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Chapter

1

Introduction
Assembly and interactions of biomolecules are fundamental processes in living
organisms to maintain the physiological cellular behavior. The majority of the
time protein assembly is useful and vital for the organism, like the formation of
the cytoskeletal filaments in cells or the assembly of the mitotic spindle during
division. However, sometimes atypical aggregates are produced. These protein
aggregates are usually generated from a fault during the normal assembly pathway
[1]. Typically, the human body has mechanisms to detect these modifications and
discard them, but sometimes the aggregates can be unseen and subsequently lead
to pathological situations [2]. The diseases caused by protein aggregation are not
always life threatening, as in the case of cataracts, which is the leading cause
of blindness worldwide [3]. In other cases, protein aggregation is responsible for
more severe diseases. A typical example is the aggregation of proteins from the
synuclein family, which are considered one of the main factors in the outbreak
of some neurodegenerative diseases [4]. This family of diseases, which are called
synucleinopathies, includes Parkinson’s disease, dementia with Lewy bodies, a
variant of Alzheimer’s disease and others. Aggregates of α-synuclein are usually
found in unsoluble and toxic inclusions in the brain called Lewy bodies [5].
It is fundamental to study both the ordered protein assembly and the disordered protein aggregation with spatial resolution on the order of some nm to
gain a complete knowledge of the resulting assemblies at a single molecule level.
Furthermore, good time resolution of the reaction kinetics, on the order of ms,
is also very important. In particular for the pathological aggregation it is fundamental to find out the exact moment when the assembly changes from ordered to
disordered, in order to try to prevent the disease caused by the faulty aggregation.
In this thesis, fluorescence fluctuation spectroscopy (FFS) is combined with
microfluidics to study protein interactions and assembly with high temporal resolution. FFS is a family of techniques which are all based on studying the fluctuations of the fluorescence signal detected within a confined excitation volume [6].
The fluctuations can be, for example, correlated in time as in fluorescence correla1
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tion spectroscopy (FCS) to obtain information about protein mobility [7]. Alternatively, the frequency of the fluctuations can be evaluated, as in photon counting
histogram (PCH) or in fluctuation intensity distribution analysis (FIDA) [8, 9]
to measure the brightness of the fluorescence molecules. FFS is often applied
to quantify aggregation [10, 11, 12], however, all the techniques from this family
lack high temporal resolution, since long acquisition times are usually needed for
a good signal-to-noise ratio. Thus, microfluidic methods are integrated into our
measurements to access different time points in protein reactions. Microfluidics
is largely applied to study biological samples since it offers multiple advantages,
such as high throughput, low costs, short reaction times and a reliable control on
the small volume employed [13]. Here, continuous flow microfluidics is employed
to track the dynamics of protein interaction and assembly over time [14, 15, 16].
In Chapter 2, an overview of FFS and microfluidics is provided. In particular, the general aspects of fluorescence are introduced, as well as FCS and PCH.
Afterwards, the biological systems studied in this thesis are introduced. First,
intermediate filaments (IFs) are described, focusing on the hierarchical assembly
of vimentin. Second, a brief introduction of synapses and synaptic vesicles is
given. Third, in the last section of Chapter 2, α-synuclein is presented, focusing
in particular on the conformational changes of this protein. Chapter 3 contains
the description of the protein preparation, the manufacturing of the microfluidic devices, the experimental procedures and the data analysis. The results of
the experiments are presented in Chapter 4. In the first part of the chapter,
experiments on vimentin assembly in flow are presented. The early time points
of vimentin assembly are captured and the results are discussed in the context
of current literature. In the second part of Chapter 4, the experiments on the
protein interactions and mobility in synapses are described. Interactions between
synaptic vesicles and α-synuclein are measured on patterned glass substrates and
a microfluidic chamber is build to access the temporal information of the reactions. Finally, in Chapter 5, the results of the experiments are summarized and
the conclusions of this thesis are formulated and, as an outlook, possible new
experiments and open questions are discussed.

Chapter

2

Theoretical background and state of the
art
In this chapter, there will be a theoretical introduction to the techniques employed
in this thesis and the biological samples studied. Moreover, the experiments will
be contextualized within the current state of the art.

2.1

Fluorescence fluctuation spectroscopy

The sentence “one man’s noise is another man’s signal” [17] summarizes the general idea of fluorescence fluctuation spectroscopy (FFS). In fact, the techniques
in the family of FFS instead of focusing on the average fluorescence intensity, are
based on the fluctuations around the average signal. The historical starting point
of this group of techniques can be pointed back to the first observations made
by Robert Brown on the random movements of pollen grains suspended in water
[18]. The phenomenon later attracted the attention of Einstein and Smoluchwski
who developed a theory describing these movements. In the 1950s and in the
1960s these fluctuation theories have been applied to light scattering, developing
dynamic light scattering (DLS), which is used to measure diffusion coefficients of
suspended samples [19]. Soon later, in the early 1970s, they were also applied
to fluorescence by Magde, Elson and Webb with a series of three seminar papers [7, 21, 22] that describe theory and applications of fluorescence correlation
spectroscopy (FCS) in the absence of external perturbation. The widespread application of FCS arrived only in the 1990s with the development of confocal [23]
and two-photon [24] microscopy which reduce the observation volume, improving
the signal-to-noise ratio and the sensitivity to single molecule fluctuations.
Since then FCS is applied to various types of samples and used to answer
many questions both in vivo and in vitro. It can be applied to measure rotational
and translational diffusion [25], molecular interactions [26], flow rates [27], kinetic
3
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processes [28] and aggregation formations [29]. FCS is now not only used with
confocal or two-photon microscopy, but it can be applied to all microscopes, where
the volume of excitation is well defined, as in total internal reflection (TIRF) [30]
or stimulated-emission depletion microscopy (STED) [31]. While FCS focuses
on the temporal correlation of the fluctuations, there are other techniques that
exploit statistical tools to study directly the intensity of the fluctuations. The
first approaches were made in the 1980s trying to analyze the moments of the
photon counts [32]. Almost at the same time, two groups developed two very
similar methods to analyze the distribution of the photon counts: photon counting
histogram (PCH) [8] and fluorescence-intensity distribution analysis (FIDA) [9].
Another similar approach is called fluorescence cumulant analysis (FCA) [33].
While in PCH and FIDA, the probability distribution of the photon counts is
calculated and then fitted, in FCA the photon counts are analyzed using the
cumulant generating functions. Cumulants are similar to the moments describing
probability functions and they are in particular used to characterize distributions
of random, independent processes. With PCH, FIDA and FCA the number and
the brightness, which is defined as the photon counts emitted per second per
molecule, of the molecules can be determined without any information about the
dynamics involved. A more straightforward approach to fluorescence fluctuations
data is called Number and Brightness (N & B) analysis [34], where just the
first and the second moment (i.e. the mean and the variance) of the intensity
fluctuations are needed to create a map of brightnesses and numbers at every pixel
of an image. It can be applied directly to confocal images. If these techniques are
used in combination with microfluidics, temporal information can be accessed. In
the next sections a general introduction to fluorescence and two techniques based
on fluorescence fluctuation, FCS and PCH, will be discussed in more detail.
2.1.1

The principles of fluorescence

Fluorescence is a process, where an excited electron returns to the ground state
loosing energy in the form of photon. A molecule can be excited by a photon that
carries an energy hν equal to the difference between the molecular energy levels.
This process is called absorption. It is a very fast process, the time scales are in
the order of 10−15 s. Since it is so fast, the molecules do not have time to undergo
any structural changes (Franck-Condon principle). Absorption can be described
by the Beer-Lambert law [6]:
I 
0
A = log
≈ cλεl,
(2.1)
I
where A is a dimensionless quantity called absorbance, I0 is the intensity of the
incident light, I is the intensity of the transmitted light after a distance l, c
is the molar concentration of the absorbing molecule, λ is the wavelength of the
absorbed light and ε is the molar extinction coefficient. The last parameter is proportional to the one-photon absorption cross section of the specific molecule. This

5
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Figure 2.1: Jablonski diagram. It shows graphically the possible decaying paths for an excited
molecule. The dotted arrows correspond to non-radiative decays. The molecule is excited by
absorption of a photon that carries an energy equal to the energy difference between S0 and S1
(green arrow). From S1 , the molecule quickly relaxes in a non-radiative manner to the lower
vibrational level of S1 by internal conversion (orange dotted line). The excited molecule can
relax to S0 by fluorescence (red arrow), by non-radiative relaxation or by quenching (purple
dotted arrow). Or, the molecule can decay from S1 to the triplet excited state (T1 ) by intersystem crossing, and emits from there (phosphorescence, dark red arrow).

equation is actually used to calculate the concentration of an unknown sample
measuring the absorbance. There are three main contributions to the absorption
spectrum:
• Electronic: corresponds to the electronic gap transition. The light absorbed
in the electronic gap is in the UV-visible light spectrum (between 200 nm
to 900 nm).
• Vibrational: corresponds to the transition between vibrational levels in the
same electronic state; these transitions are caused by IR radiation.
• Rotational: corresponds to transition between rotational states within the
same vibrational state. In this case the energies correspond to microwaves.
Both the excitation and the de-excitation of a molecule can be graphically described by the Jablonski diagram [41], shown in Figure 2.1. At room temperature,
thermal energy is not sufficient to significantly populate the excited vibrational
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states in the ground state S0 , thus absorption typically occurs from the lowest
vibrational energy level. The energy gap between S0 and the excited states S1 is
usually too big for thermal energy only, that is why also light is needed to induce
absorption. The dotted lines in Figure 2.1 represent the non-radiative decaying
pathways. Typically, the molecule is excited to an higher vibrational level in the
S1 state (green arrows in Figure 2.1) and from there it rapidly relaxes to the lower
vibrational level in the excited state. This process is called internal conversion
(orange dotted in Figure 2.1) and generally occurs in 10−12 s or less. Fluorescence
lifetimes are shorter than the internal conversion (around 10−9 s), thus the return
to the ground state via fluorescence (red arrows in Figure 2.1) typically occurs
from the lower vibrational state in S1 . The emission spectrum is usually a mirror
image of the absorption spectrum. Molecules in the S1 state can also decay to
the first triplet state T1 (inter-system crossing, dotted cyan arrow) and emit from
there. The radial emission that occurs from this state is called phosphorescence,
it is slower than fluorescence emission (occurs in times on the order of 10−3 s) and
it is shifted to longer wavelengths. The molecule can also lose energy from the S1
state via non-radiative emission, it can either be forced to relax to S0 (quenching,
purple dotted arrow) or it can decay spontaneously to the ground state. Because
of internal conversion, fluorescence typically occurs at lower energies than absorption, thus the emitted light has a longer wavelength than the absorbed light.
This phenomenon is called Stokes shift and was first observed by Sir G. G. Stokes
in 1852 in Cambridge [42]. The Stokes shift was fundamental during the development of fluorescence microscopy because it ensures the distinction between
excited and emitted light [43].
To characterize a fluorophore the most important parameters are the fluorescence lifetime and the quantum yield. The quantum yield (Φ) is the number of
emitted photons relative to the number of absorbed photons. It is defined as the
ratio between the rate of emitted photons (Γ) and the total rate of absorption,
i.e. the rate of emitted photons plus the rate of non-radiative decay (S0 (knr )):
Γ
.
(2.2)
Φ=
Γ + S0 (knr )
Note that the quantum yield is always lower than 1 because of the non-radiative
decay during the internal conversion. The lifetime determines the time available
for the fluorophore to interact or diffuse in its environment before emitting. The
lifetime of the excited state is defined by the average time the molecule spends in
the excited state prior returning to the ground state. It can be expressed using
again the emission rate and the rate for non-radiative decay:
1
τfluo =
.
(2.3)
Γ + S0 (knr )
However, since fluorescence emission is a random process, and only few molecules
emit their photons at precisely t = τfluo , the lifetime is an average value of the
time spent in the excited state.
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Fluorescence correlation spectroscopy

Fluorescence Correlation Spectroscopy (FCS) is a versatile technique based on
the analysis of fluorescence fluctuations over time [6]. The fluctuations are the
result of molecular dynamics in the excitation volume. They are usually mostly
caused by Brownian motion of molecules moving across the observation volume
shaped on the laser Point Spread Function (PSF). When a fluorophore passes
trough the excitation volume, a burst of photons is emitted depending on how
fast the molecules diffuse; slowly diffusing fluorophores will have longer pulses
than fast fluorophores. By correlating the time dependent fluctuations it is possible to measure the diffusion coefficient of the molecule. For bulk experiments
photo-bleaching is usually not an issue since molecules are quickly replaced by
diffusion. It could be an issue, however, for fixed samples or cell measurements
[36]. Intensity fluctuations could also be caused by other dynamics happening in
the sample as molecular interactions, rotational diffusion or photo-physical effects
[7]. To properly measure the local changes in concentration, that usually are the
cause of the intensity fluctuations, it is important to have a low concentration
of emitters and a small confined excitation volume. Otherwise the fluctuations
caused by a single fluorophore are not distinguishable anymore from the average
intensity. The detailed mathematical derivation can be found in the Appendix
A.2. The normalized auto-correlation function (ACF) can be defined as follows:
G(τ ) =

hδF (t) · δF (t + τ )i
,
hF (t)i2

(2.4)

where δF (t) represents the fluctuation of fluorescence intensity in a certain time t
measured on the detector, and τ is the time delay relative to an earlier time point
in the measurement. The fluctuations of the measured fluorescence intensity can
be written as:
Z
W (~r)δ(bC(~r, t))dV ,
(2.5)
δF (t) =
V

Here, W (~r) is the spatial distribution of the emitted light intensity, or PSF,
V is the volume, C is the concentration of the diffusing fluorophores and b is
the brightness of the molecule, defined as the product between the quantum
efficiency of photon detection, the cross section of absorption and the quantum
yield of emission (Φ). In our case, the brightness is considered constant and only
concentration fluctuations are considered. Then, equation (2.4) can be written
as:
RR
0
W (~r)W (r~0 )hδC(~r, 0)δC(r0~, τ )idV dV
VV0
G(τ ) =
,
(2.6)

2
R
hCi V W (~r)dv
If the fluctuations of the concentration over time are only caused by 3D Brownian motion, then they can be written as:
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Figure 2.2: Illumination volume for one photon excitation and observed volume with confocal
detection. w0 and z0 represent the beam profile parameters, defined as the position where the
intensity is decreased by a factor 1/e2 .

hδC(~r, 0)δC(r0~, τ )i = hCi

0 2
1
e(~r−~r ) /4Dτ ,
3/2
(4πτ D)

(2.7)

where D is the diffusion coefficient. Then, it is possible to re-write equation (2.6)
as:
RR
~0 )e(~r−~r0 )2 /4Dτ dV dV 0
r
)W
(
r
0 W (~
1
VV
G(τ ) =
.
(2.8)
2
R
hCi(4πτ D)3/2
W (~r)dv
V
In our case W (~r) is described by a 3D Gaussian (confocal case):
W (~r) = I0 e−2(x

2 +y 2 )/w 2
0

e−2z

2 /z 2
0

,

(2.9)

where ~r = (x, y, z), and w0 and z0 are the beam profile parameters, as shown
in Figure 2.2. Evaluating equation 2.8 with equation 2.9, it is finally possible to
write the ACF for molecules diffusing in the volume defined by the PSF:
GD (τ ) =

γ
1
1
τ r
 2 ,
N 1 + τD
1 + ττD wz00

(2.10)

For the one photon excitation (OPE) case γ = 0.35 (γ is a constant related to
w2
the PSF calculation) and τD = 4D0 .
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Figure 2.3: Example of FCS curves for different parameters. (a) Increasing the diffusion coefficients translates the curve towards shorter times (green to blue). (b) Increasing the concentration (or the number of molecules in the observation volume), inversely affects the amplitude.
(c) ACF curves with (red) and without (blue) triplet component. (d) ACF curves of just one
diffusing component (blue) and two diffusing components (red).
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As τ increases, G(τ ) decreases towards 0. To measure the diffusion coefficient,
a least-squares fit is performed on the measured data. As the diffusion coefficient
increases, the correlation function shifts to smaller values of τ , as in Figure 2.3a.
Since the correlation curve is inversely proportional to the number of molecules
in the volume of excitation, an increase in N is reflected as a decrease of the
amplitude of the function (Figure 2.3b). The concentration of the sample can be
calculated from the number of molecules in the effective volume:
hCi = N/Vef f ,

(2.11)

where the effective volume is described as Vef f = ( π2 )3/2 w02 z0 .
It is fundamental to measure the effective volume if a quantitative value of
D is the goal of the experiment. In fact, even if D is independent from the
instrumentation, τD is dependent on the radius of Vef f . For this reason, before
every measurement the setup is calibrated using a dye with a known diffusion
coefficient. The correlation function describes how long a diffusing molecule takes
to diffuse out of the excitation volume. In particular, equation (2.6) is limited
only to diffusion; however, FCS can be used also to characterize the correlation
function in general for any process that produces intensity fluctuations.
For example, FCS can be used to describe the fluctuations caused by changes
in photo-dynamics [45], rotational effects [44] or motion caused by convective
flow [27]. Instead of expressing the fluctuations only as a function of δC, another model is used to describe the photo-physical fluctuations and derive the
correct autocorrelation function. Under certain conditions, depending on the dye
molecule, there could also be changes in the brightness on top of the changes due
to diffusion. An example is the excitation of the triplet state during absorption,
which causes a dark state that leads to an additional term in the correlation
function (Figure 2.3c) described as follows:
Gphot (τ ) = Xphot (τ )GD (τ ).

(2.12)

Gphot (τ ) is the correlation function that describes the triplet effects. It can be
defined as the product between the diffusion correlation function GD (τ ) (the same
of equation 2.10) and the triplet component Xphot (τ ), which can be described as:
Xphot (τ ) = 1 +

Θ
exp −(τ /τphot ),
1−Θ

(2.13)

1
where τphot = kb +k
, kD and kb are the transition rates for the dark and the
D
D
bright state and Θ = kDk+k
is the fraction of molecules in the dark state. If the
b
system is composed of two diffusing components with the same brightness, the
ACF curve can be written as the composition of the two diffusing populations:

1 
G2comp (τ ) = 2 N1 GD1 (τ ) + N2 GD2 (τ ) ,
(2.14)
N
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Figure 2.4: ACF with and without convective flow. (a) The ACF curves are calculated with
the same diffusion coefficient (D= 20 µm2 /s) and different velocities. Note how the curves get
steeper with increasing flow velocity. (b) ACF curve with the same velocity (5 mm/s, τF =
66 µs) but different diffusion coefficients. When the diffusion coefficients are too small compared
to the flow velocity, diffusion does not influence the curve anymore. In this image, in the case
of D = 2 µm2 /s and D = 20 µm2 /s, τD is too big compare to τF , thus the two ACFs cannot be
distinguished anymore. However, for 200 µm2 /s τD is actually smaller than τF , thus diffusion
can still be measured.

where N1 and N2 are the numbers of the diffusing fluorophores, and N is the
total number of fluorophores. GD1 (τ ) and GD2 (τ ) represent only the diffusion
part of the correlation function (equation (2.10)) for the two components. Figure
2.3d is an example of a two component correlation function. With two detectors
on the setup, it is possible to cross-correlate the signal from the two channels.
If the emission filter is the same for both detectors, the signal-to-noise ratio
increases and the effects caused by the detector artifacts (afterpulsing and deadtime) decrease [47]. If there are two different emission filters on the detectors,
then the cross-correlation function (CCF) can be used to measure for example
dynamics in binding experiments: if two populations are labeled with two different
dyes, then the cross-correlation signal will be measurable only during a binding
event, thus when the photons are detected in both channels at the same time [6].
If the emitting molecules move with an active velocity v, the ACF gains an
additional component that describes how the combination between convective
flow and Brownian motion influences the correlation time:
 τ
τ 2
2
(2.15)
G(τ )flow = GD (τ ) · exp −( ) · (1 + ) ,
τF
τD
Here τF = wv0 is the time decay due to the convective flow. If v is too high
(τD >> τF ) then the contribution of diffusion becomes negligible and this technique cannot be used to measure diffusion (as in Figure 2.4b) but it is employed
to characterize, for example, velocity in microfluidic devices [48]. The effect of
the convective flow on the ACF curve is a steepening of the curve due to the extra

Chapter 2. Theoretical background and state of the art

12

component, as shown in Figure 2.4a.
Since FCS is based on diffusion, it can in principle be also used to measure the
molecular weight (MW). If the molecule is spherical, the Stokes-Einstein equation
can be used to retrieve the radius of the molecule:
D=

kB T
,
6πηR

(2.16)

where kB is the Boltzmann constant, T the temperature, η is the viscosity of
the solvent and R the hydrodynamic radius. The radius is related to the MW
through the specific gravity ν̄ and the volume:
4
V = M W ν̄ = πR3 ,
3
 3(M W )ν̄ 1/3
⇒R=
.
4π

(2.17)

The equations show that the radius and the diffusion coefficient are weakly
dependent on the MW, in fact an increase of 10-fold in MW corresponds only to
a 2.15-fold increase in D. The formation of a dimer from two monomers leads
to an increase in D only by a factor of 1.26 or 26 % [6], which could be difficult
to measure with FCS. Therefore, if the aim of the experiment is to measure the
aggregation of two single molecules forming a dimer, diffusion-based FCS is not
the best choice but it can be easily combined with more sensitive techniques as
FRET or PCH. The concept of fluorescence correlation spectroscopy was further
developed and applied also directly to images from scanning microscopes, confocal
or multi-photon microscopes, where it is possible to correlate the signal of each
single pixel in time and space [49]. Techniques such as raster image correlation
spectroscopy (RICS) or spatial image cross-correlation spectroscopy (ICCS) are
applied to study biological systems, as cells or tissue, with high throughput [37,
38].
2.1.3

Photon counting histogram

An alternative approach to study fluorescence fluctuations is called Photon Counting Histogram (PCH). Suppose to have a sample containing two types of molecules
with the same diffusion coefficient but a different number of dye molecules attached. In this case it would be impossible to distinguish the two populations
based on FCS only. However, independently by their diffusion behaviour the two
types of molecules would emit different fluorescence intensities, lower for the dimmer molecule and higher for the brighter molecule. Therefore, if a histogram of
the number of appearances of high and low intensity fluctuation is calculated, it is
possible to distinguish the two molecules as represented in Figure 2.5. The figure
shows the basic idea of PCH; instead of correlating the intensity fluctuations in
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Figure 2.5: Comparison between FCS and PCH for two populations with different brightness
and same diffusion coefficient. (a) Two populations of fluorescent molecules with different B
are diffusing with the same D. (b) Based only on the ACF, distinguish the two populations is
impossible. (c) If a histogram of the frequency of the photon counts per time bin are calculated,
the two populations can be discriminated by their brightness. Figure inspired by [6].

time, a histogram of fluorescence intensities is created. The detailed mathematical derivation can be found in the Appendix A.3. The first step to analytically
illustrate the distribution of intensities is Mandel’s formula, which describes, for
the semiclassical case, where the light is modeled as an electromagnetic wave
and the atom is described according to quantum mechanics, the photon counting
statistics measured by the detector [46]:
Z
p(k, t, T ) =
0

∞

(ηW W (t))k e−ηW W (t)
p(W (t))dW (t),
k!

(2.18)

Here p(k, t, T ), the probability of observing k photoelectrons at time t, depends
on the detection efficiency ηW , the integration time T and the energy distribution
p(W (t)). W (t) represents the light energy falling on the detector surface. It is
given by the light intensity integrated over the area of the detector A during the
integration time T :
Z t+T Z
W (t) =
ID (r, t)dAdt,
(2.19)
t

A

Equation 2.18 is mathematically a Poissonian distribution with two sources of
randomness. The first one is a form of noise known as shot noise and it cannot be
eliminated. If the light intensity is constant and described as p(W ) = δ(W − W̄ ),
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the photon count distribution can be written as:
P oi(k, hki) =

(ηW W )k e−ηW W
,
k!

(2.20)

The second source of randomness is caused by the fluctuations of light intensity
on the detector, described by p(W ). Any source of noise will cause an additional
broadening of the photon count distribution. The PCH is indeed described by a
super-Poissonian distribution, where the variance is larger than the mean. The
fluctuations of light intensity are dependent on the integration time T . In the
limit of T → ∞ the fluctuations average out, p(W ) approaches a delta function
and the PCH narrows down to a Poissonian distribution. In the other limit,
T → 0, the fluctuations perfectly track the light intensity (I) in time. In this
case, the probability distribution of energy and intensity are proportional to each
other: p(W ) = p(I)∆t. It is fundamental to choose an integration time shorter
than the fluctuation time scale of the studied process (T < τfluc ) to be able to
approximate p(W ) with the intensity. For simplicity, it is also assumed that the
detector area A is so small that the intensity is constant on the detector surface.
If so, we can rewrite 2.18 as:
Z
p(k) =
0

∞

(ηI ID )k e−ηI ID
p(ID )dID =
k!

Z

∞

P oi(k, ηI ID )p(ID )dID ,

(2.21)

0

It was assumed here that the statistical proprieties of the intensity fluctuations are not time dependent, thus the photon count distribution is also time
independent. The new detector efficiency ηI is dependent on the light intensity
upon the detector ID and takes into account the integration time T (ηI = T ηW ).
The emitted fluorescence intensity by a fluorophore at a position r~0 (defined as
the PSF center), which is measured on the detector plane, can be written as:
ID = I0 βP SF (~
r0 ),

(2.22)

where the constant β includes the excitation probability, the fluorescence quantum yield and all the set-up related factor such as the transmittance of light after
the optics. The probability of fluorescence intensity on the detector can now be
written as:
Z
p(ID ) = δ(ID − I0 βP SF (~r))p(~r)d~r,
(2.23)
Here p(~r) is the probability distribution for the position of the fluorophore.
In a first approach it is assumed that there is a single emitting particle inside
a reference volume V0 . Because it is equiprobable to find the particle in any
position inside V0 , the probability p(~r) is given by 1/V0 if the particle is in V0 , or
0 otherwise.
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The molecular brightness is defined as b = I0 βηI = I0 βηW T ; it represents the
intensity measured on the detector emitted from a particle in the center of the
PSF during one integration time. It is dependent on the detection optics and the
integration time. Combining b with equation 2.21 and equation 2.23 it is possible
to write the PCH for a single particle in a closed volume V0 as:
Z
1
(1)
p (k, V0 , b) =
P oi(k, bP SF (~r))d~r,
(2.24)
V0 V0
The reference volume V0 is chosen so that it contains the PSF. There is no
photon excited outside V0 , thus extending the integration limits to infinity does
not change p(1) , unless k = 0. The probability of receiving 0 photon counts
is then
by normalizing the probability distribution: p(1) (0, V0 , b) =
P∞ calculated
(1)
1 − k=1 p (k, V0 , b). Since the analytic form of the PSF is known (equation 2.9
for the confocal case), it is possible to expand the integral from V0 to infinity:
Z
1 πω02 z0 ∞
2
(1)
γ(k, be−2x )dx, for k > 0
(2.25)
p (k, V0 , b) =
V0 k!
0
where γ represents the incomplete γ−function. Equation 2.25 represents the
case for only one emitting particle. If there are N particles in V0 with identical
brightness, at position ~rn , then the PCH becomes:

p

(N )

Z
(k, V0 , b) =

Z
···

P oi(k, b

N
X

P SF (~ri ))p(~r)1 . . . p(~rN )d~r1 . . . d(~rn ), (2.26)

i=1

If it is assumed that the particles are non-interacting, the N variables can be
treated as statistically independent. The probability distribution of the sum of
statistical independent variables can be then expressed as the convolution of N
individual probability distribution functions [50].
p(N ) (k, V0 , b) = (p(1) ⊗ · · · ⊗ p(1) )(k, V0 , b),

(2.27)

This equation represents the photon count distribution for N identical particles
in a closed reference volume V0 . If an open system is considered, with a reference
volume V0 much smaller then the open system, the number of fluctuating particles
in V0 is governed by Poisson statistics:
p# (N ) = P oi(N, N ),

(2.28)

where N is the actual number of molecules in the reference volume and N is
the average number of molecules. N can be calculated from the concentration
of the sample in V0 , N = CV0 NA (NA is Avogadro’s number). The final step in
calculating the PCH for an open system is averaging the individual probability
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function for N particles weighted by the Poissonian probability of observing N
particles:

Π(k, N P SF , b) = hp

(N )

(k, V0 , b)iN =

∞
X

p(N ) (k, V0 , b)p# (N ),

(2.29)

N =0

Since the PCH is independent of a physical volume, instead of calculating the
distribution for a reference volume, the distribution is calculated using N P SF ,
that is the average number of molecule in the PSF. Changing N with N P SF
is justified because C = N P SF /(VP SF NA ) = N /V0 NA . The average number of
photon counts for an open system can be later calculated from Π(k, N P SF , b) as:
(2.30)

hki = bN P SF ,

If the sample is composed by two species N1 and N2 with two different brightnesses b1 and b2 , the PCH is given by:

p

(N1 ,N2 )

Z
(k, V0 , b1 , b2 ) =

Z
···

p(~ri )d(~ri ) . . . p(~rj )d(~rj )

N1
N2


X
X
P oi k, b1
P SF (~ri ) + b2
P SF (~rj ) ,
i=1

(2.31)

j=1

If the two species are independent the convolution trick can be applied again:
Π(k, N 1 , N 2 , b1 , b2 ) = Π(k, N 1 , b1 ) ⊗ Π(k, N 2 , b2 ),

(2.32)

For N species the PCH will be described by the N -times convolution of the
single species distribution. It is important to notice that in the PCH model there
is no explicit dependence on the size of the PSF but only on the geometrical
shape. However if the shape of the experimental PSF is not perfect, an additional
correction factor has to be introduced [51]. The deviations from the 3D Gaussian
model, used in the OPE case, are critical especially for bright particles in the
region away from the focal point. In [51] the authors approach this problem
by introducing the factors Fj defined as the the relative difference between the
integral of the j-th power of the experimental volume and that of its 3D Gaussian
approximation. In most cases, the first order correction alone is sufficient to
correct the deviations. The correction is applied to the one-photon distribution
and then the calculation of the PCH for N molecules is carried on as explained
before.
p(1) (k, V0 , b) =

1
(1)
pG (k, V0 , b) for k > 1
2
(1 + F )

(2.33)
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p(1) (1, V0 , b) =

h
1
bF i
(1)
√
for k = 1
p
(1,
V
,
b)
+
0
(1 + F )2 G
2 2V0

(1)

Here pG (k, V0 , b) is the count distribution for a 3D Gaussian model (eq. 2.25)
and F describes the fraction of detected photons from the deviated part of the
PSF. The PCH can also be affected by detector artifacts caused by the nonideality of the photodetectors [52]. The two main effects are the dead-time and the
afterpulse. Afterpulses are spurious pulses generated by the detector after having
detected a real event. Usually afterpulses increase the counts for high count
rates. The dead-time is a short fixed time in which the detector is “blind” after the
registration of a photon. It is particularly important when the concentration of the
sample is high, because at high count rates many photons can be lost during the
dead-time. The effect on the PCH in this case is a narrowing of the distribution
at the higher channels. In [52] the theory behind PCH is developed to take into
account also these two effects. Regarding the dead-time, it is demonstrated that
the count distribution affected by dead-time can be written as the sum of ideal
PCH distributions with a reduced brightness.

Π(k, b, N , δ) =

k
X
j=0

Π(j, b(1 − kδ), N ) −

k−1
X

Π(j, b(1 − (k − 1)δ), N ),

(2.34)

j=0

where δ = τDt /T is the parameter that represents the dead-time effect with
τDt being the dead-time of the used detector (usually it is around 50 µs). This
model analytically describes the dead-time effects and it is normally employed for
all the PCH analysis when N > 1 . There is no analytical model to correct for
afterpulses. Since the probability of afterpulsing is usually very low, especially at
low count rates, it was not considered in the model used for this work.
PCH can also be applied in combination with microfluidics. As long as undersampling is avoided, flow does not affect the distribution of photons [53]. Thus,
as long as the integration time T , called also sampling time, is faster than the
time scale of the considered fluorescence fluctuations, the shape of PCH is not
dependent on the flow, while the autocorrelation function is affected by it (see
the previous section). To treat fluorescence fluctuations data in a statistical way
it is fundamental that the process studied is stationary. A stationary process is
a process whose distribution function does not change when shifted in time or
space. Laminar flow acts like a translation in space, and the fluctuations are in
fact caused by a stationary process. However, to faithfully tracks the fluorescence
intensity over time, which allow us to switch between energy and intensity in the
PCH derivation (equation 2.21), we have to take into consideration that the fluctuation rate increases when the flow velocity is increased [53]. If the velocity is
too high and the sampling time T is too short to track the intensity, then the PCH
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model is not valid anymore. PCH is often used in combination with FCS to characterize the observation volume [59], to study receptor-receptor interactions in
cells [60] and to study protein folding or unfolding [61] or changing conformations
in molecules with single molecule resolution [62]. FCS and PCH are complementary techniques. For example, in [60] the authors use FCS to map protein
diffusivity in cell membranes. However, since diffusion times scale with the cubic
root of the mass, it is difficult to measure protein aggregation with FCS. For this
reason PCH is used to then measure the oligomerations of proteins at the uPAR
receptors, since it can measure the brightness of the emitting molecules. PCH was
also used to study cytoskeleton filaments, in particular actin polymerization [63].
The authors could measure the size distribution of actin oligomers during polymerization in vitro, measuring again the brightness and the label stoichiometry
of the sample.

2.2

Microfluidics

This chapter will introduce the concepts of microfluidics for studying biological
samples. Microfluidic techniques are popular tools which can be employed to manipulate, in a controlled manner, small amounts of fluids inside micrometer-sized
channels. Apart from being a very controlled method, microfluidics also allows us
to utilize little amounts of sample, helping to decrease reactions time [69]. Thus,
microfluidics is engaged to measure fast protein kinetics, such as unfolding and
folding [74], using a continuous flow scheme, since dead time in microfluidic mixers is drastically reduced. To decrease the mixing times, hydrodynamic focusing
is applied. The protein stream is narrowed down to decrease the time needed
for the second component to diffuse completely inside the focused stream [58].
A basic microfluidic device used for hydrodynamic focusing has just three inlets,
in this case the diffusive mixing starts before the central stream is completely
focused. However, to have a better control on the starting point of the studied
process, the mixing should be as fast as possible, therefore it should start only
when the central stream is already focused to the smallest stream possible. To
delay the diffusion of the side inlets solution into the central stream, a pair of
diagonal inlets are inserted between the central and the side inlets [75]. A buffer
solution with a slow flow rate is pumped through the diagonal inlets, “moving”
the starting mixing point down along the outlet channel where the central stream
is already focused, as shown in Figure 4.5a. Applications of microfluidics are very
broad in biophysics [13] since, apart from being employed as tool to reliably control small scale systems, microfluidic devices have other advantages such as low
cost of manufacturing, high throughput and short reaction times [13]. Here, in
particular continuous flow microfluidics is applied to track molecular interactions
and protein assembly over time [14, 15, 16].
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Flow at low Reynolds number

The Navier-Stokes equation is used to describe fluid dynamics in general [70, 71]:
 ∂~v

~ v = −∇p
~ + η∇2~v + F~ext .
ρ(~r, t)
+ (~v · ∇)~
∂t

(2.35)

Here ~v is the velocity of the fluid, p is the pressure, η the viscosity and F~ext
represents all the possible external forces applied to the system. This equation,
in its general form (non-linear, second order partial differential equation), is not
at all easy to handle, however it can be simplified under certain conditions. If the
fluid studied is incompressible, as for example water, the density ρ(~r, t) is constant
and it can be simplified to ρ. The left hand side of the equation represents the
inertial forces, with the terms of fluid acceleration and convection. The terms on
the right hand side are related to pressure, viscous force and external forces [71].
A dimensionless number can be defined to compare the two sides of equation 2.35.
This quantity is called the Reynolds number (Re) and it can be considered as the
ratio between inertial and viscous forces:
Re =

ρV0 L0
,
η

(2.36)

where V0 and L0 are the characteristic velocity and the characteristic length scale
of the system respectively. When Re is small, the inertial component is negligible
with respect to the viscous component. In this case, the flow is in a laminar
regime. Under this condition the flow is stationary and time reversible, there is
no turbulence. Equation 2.35 can be simplified to the Stokes equation:
~ = η∇2~v .
∇p

(2.37)

Equation 2.37 is valid in laminar flow when there are no external forces. For
Re > 2300 inertial forces dominate and the flow starts to show signs of turbulence
[72]. In microfluidics, usually the length scales are in the order of micrometers;
for water in a channel with a width of 100 µm, flowing with a velocity of 1 mm/s,
Re is in the order of 0.1. In this case, since Re is smaller than the critical value,
and we can assume laminar flow.
2.2.2

Flow profile at low Reynolds number

When the flow is laminar (low Re) the flow profile can be described, in certain
conditions, by the Poiseuille equation that analytically solves equation 2.35. The
fluid has to be incompressible and Newtonian. In Newtonian fluids, the viscosity
is constant and not dependent on the shear stress arising from the flow. The
shear stress in Newtonian fluids is linearly proportional to the shear rate through
a constant, the dynamic viscosity η. A “no-slip” condition at the boundary is
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chosen to solve the Poisseuille equation (the velocity is zero at the channel walls).
The solution for the flow rate Q in a channel of circular cross section is:
Q=

∆p
πR4 ,
8ηL

(2.38)

and for the velocity:


∆pR2 
1 − (~r/R)2 ) ,
(2.39)
4ηL
where R is the radius of the channel, ∆p is the pressure difference between inlet
and outlet, η is the viscosity, L is length of the channel segment considered and ~r
is the axial coordinate with the origin at the center of the pipe. For a rectangular
cross section the solutions are more complicated, however the velocity profile
still depends quadratically on ~r. This means that the velocity in the microfluidic
devices used in this work, which all have rectangular cross section, has a parabolic
profile in y and z (x is the direction of the flow). The complete derivation can be
found in [71].
v(~r) =

2.2.3

Mass transport in microfluidic devices

Since microfluidic devices are employed in this work as mixers, it is important to
consider how mass is transported within the device. Mainly two processes occur,
the active transport due to convection and the passive transport due to diffusion.
They can be both described by the diffusion-convection equation:
∂C
= ∇(D∇C) − ∇(~v C) + S,
(2.40)
∂t
here, C is the concentration of the transported sample, D is its diffusion
coefficient and S is a coefficient denoting any other additional sources or sinks
of C. The velocity field, ~v , is calculated from equation 2.35. When the diffusion
coefficient is small, the convection component of the equation dominates. The
diffusion coefficient can be expressed for a generic particle, following Einstein and
Smoluchwski relation, as:
D = µkB T,
(2.41)
where µ is the mobility of the particle, kB is Boltzmann constant and T the
temperature. When the flow studied is laminar, the mobility can be written as
the inverse of the drag coefficient (cd ), µ = c−1
d . If the particles flowing are small
spheres with a radius R, then:
cd = 6πηR.

(2.42)

The diffusion coefficient can be easily calculated using equation 2.16. In the
experiment, where assembly of vimentin is studied (Chapter 4.1), these equations are employed to check when the salt concentration is uniform in the protein
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stream. The full characterization of these processes is realized using Finite Elements Methods simulations (FEM) that will be explained in Chapter 3.5. As
for Navier-Stokes equation, where a dimensionless number is defined to quantify
the ratio between viscous and inertia forces (Re), here the Péclet number (P e)
quantifies the ratio between diffusion mixing and convective mixing [73]. If two
solutions are brought in contact in a channel junction, the time until mixing by
diffusion only is completed, τDmix , is inversely proportional to D:
ωc2
τDmix ≈
,
(2.43)
D
where ωc is the channel width. During the same time τDmix , the solution will flow
down the channel with a velocity v for a length s:
s = vτDmix ≈

ωc2 v
,
D

(2.44)

Dividing s by the channel width we find P e:
ωc v
.
(2.45)
Pe =
D
The Péclet number quantifies the distance along the channel, in terms of the
channel width, after which mixing of two solutions is completed. If P e is small,
diffusion dominates the transport in the device. If P e is big, the solute follows
the flow lines; in the limit of P e → ∞ there will be no mixing in the laminar
flow regime. In our case, diffusive mixing is relevant for the mixing of monovalent
ions in the protein stream during the assembly measurement. For a protein with
a diffusion coefficient in the order of 10−11 , moving with a velocity of 1 mm/s
and ω = 100 µm, P e is around 104 , while for an ion with a diffusion coefficient
in the range of 10−9 , P e is around 100. In this case the ion will diffuse along
the width of the channel faster than the proteins. Thus, due to the laminarity of
the flow in continues flow microfluidic devices, mixing becomes purely a diffusion
process. Mixing time scales can be approximated with the diffusion times of
the ions. In this case, the mixing has a low efficiency, which can be exploited
to create concentration gradients [77]. When a total mixing is the final goal of
the experiments the geometry of the device is usually adapted and improve to
increase the mixing of the streams [76]. In Section 4.1.4 the initiation of vimentin
assembly is achieved by addition via diffusion of ions into the weakly diffusive
vimentin stream. The mixing times are reduced by hydrodynamic focusing the
protein stream, thus the length required for mixing is reduced [163]. The focusing
can be controlled changing the flow rates applied [163], therefore also the mixing
times can be easily regulated tuning the flow rates. This mixing approach, where
small reactants are mixed with slowly diffusive molecules, has been applied also
to study for examples controlled assembly of spider silk proteins [64], collagen
self-assembly under a pH gradient [164], ion induced RNA folding [65], kinetics
of protein folding [66] or kinetics of induced hydrogelation and nanofibrils [67].
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Biological background

In this section the biological components studied in the thesis will be introduced.
In the first part of the section, there will be an introduction to vimentin, a component of the cytoskeleton in the family of intermediate filaments. In particular,
vimentin assembly will be described, as in Chapter 4.1 the early temporal steps
of vimentin assembly are studied. In the second part of this section, synapses
and synaptic proteins will be introduced. In one project the interaction between
synaptic vesicles and synaptic proteins is studied in cellulo and in vitro; this
project is in collaboration with Sofiia Reshetniak and Prof. Silvio Rizzoli from
the Institute for Neuro- and Sensory Physiology in University Medical Center of
Göttingen. In the other project, a microfluidic chamber is build to help studying
in a controlled fashion neurotrasmitters uptake by synaptic vesicles; this project
is a collaboration with Helena Maria (Linda) Olsthoorn and Prof. Reinhard Jahn
from the Laboratory of Neurobiology of the Max Plank Institute for Biophysical
Chemistry in Göttingen.
2.3.1

Intermediate filaments

In the human body around 200 different types of cells are present [78]. Despite their huge diversity, from long and branched nerve cells, to highly motile
fibroblasts, all different types of cells have the same underlying architecture, the
cytoskeleton. The cytoskeleton is considered playing the major role in keeping the
cell shape and in providing cells with mechanical resistance [78]. It is composed by
a dynamic network of filaments and it is involved in cell migration and in some
cell signaling pathways [79, 95]. The cytoskeleton is composed by three types
of filaments: microtubules, microfilaments (or actin filaments) and intermediate
filaments, as shown in Figure 2.6.
Microtubules are hollow cylinders formed by monomers of alpha and beta
tubulin, they are the thickest filaments (23 nm of diameter) in the cytoskeleton.
Microtubules are considered the “highways” of cells, as they are used by kinesin
proteins for intracellular transport. Microtubules are also involved in the correct
positioning of cell organells and in cell division, where they are part of the mitotic
spindle. Microfilaments are linear polymers (diameter around 7 nm) composed
by α-actin monomers, in muscle cells, or β-actin or γ-actin, for all the other cell
types. They are important in maintaining the proper cell shape, in cell signaling,
division and in cell motility [79].
Intermediate filaments, IFs, are the least well studied cytoskeletal filaments.
They have a diameter in between microtubules and microfilaments, around 10
nm. They help cells to resist mechanical stresses and conformational changes.
While microtubules and microfilaments are conserved between all cell types, different IFs are expressed in different cell types. In fact there are at least 70 genes
in humans that are known for encoding different types of IFs. In mammals, IFs
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Figure 2.6: Fluorescence confocal images of cytoskeleton filaments, microtubules (a), actin (b),
vimentin (c), in 3T3 mouse fibroblast cell. The overlay of the three channels is shown in (d).
The scale bar is 20 µm in all pictures. Images courtesy of Dr. Ulrike Rölleke.

can be grouped into five categories [81] based on their sequence homology [80], as
shown in table 2.1. The division into 5 categories reflects also different biological
origins and functions in cells. For example keratins are typically found in epithelial cells, vimentin is usually found in mesenchymal cells and neurons involve
neurofilaments. Lamins are found around the nuclei [82] in higher organisms,
forming an inner envelope for the nucleus.
Despite the different classes, all IFs share similar secondary structure, including helical rod domains and unstructured heads and tails. The central α-helical
rod domain is conserved in size in all the IFs apart from the lamins. It is composed by three coils (1A, 1B and 2) connected by linkers (L1 and L12), as shown
in Figure 2.7a. They also have a similar hierarchical process for assembling and
this will be the main topic of the following subsection.
Assembly of vimentin

While microtubules and actin assemble into filaments starting from globular
monomers in a polar fashion [79, 95], IFs follow a hierarchical assembly starting
from rod shaped monomers. In particular, we will focus on the assembly process
of vimentin, an IF from the third class of IFs, typically present in mesenchymal
cells.
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Class

IFs

SHC 1
SHC 2
SHC 3

acidic keratins
basic keratins
e.g. vimentin,
desmin, GFPA
α-internexin, neurofilaments
lamins (type A/C and B)

SHC 4
SHC 5
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cell type
epithelial cells
epithelial cells
mesenchymal cells, muscle
cells, astrocytes, glia cells
neurons
nucleated cells

Table 2.1: SHC (sequence homology class) classes of IFs, examples of the IFs in that class and
their occurrence in mammalian cells (adapted from [80]).

A schematic representation of vimentin assembly in vitro is shown in Figure
2.7. The assembly starts from the monomer. Two monomers align laterally
to form a coiled-coil dimer and two dimers align, again laterally but in antiparallel mode, to form a half-staggered non-polar tetramer [83, 95]. These steps
of assembly happen spontaneously in vitro during the dialysis of the protein from
a denaturing agent buffer (e.g. 8 M Urea) into a more physiological buffer (in our
case 2 mM phosphate buffer). With available crystal data structures of vimentin
dimer, an atomic model of the anti-parallel vimentin tetramer is constructed [121].
These tetramers are formed in a half-staggered fashion, so that the first parts of
the rod domains are roughly aligned with each other in the “ A11 -mode”[119, 121].
In the atomistic model from [121], the α-helical L1 domain is aligned with the
C-terminal of coil 1B of the second dimer. This alignment is partly promoted
by a complementary charge pattern in the rod domain of the two dimers, which
helps to maintain the A11 -mode [121]. While the charge pattern on the rod
domain is important, also the head domain of vimentin monomers is fundamental
for the tetramer formation [95], as experiments with mutant “headless” vimentin
or isolated vimentin rod stay in the dimeric stage even in tetrameric condition
buffers [119].
With the addition of monovalent salt (increasing the buffer ionic strength) the
assembly proceeds with the formation of unit length filaments (ULF) that finally
start to assemble longitudinally forming filaments. The number of monomers in
each ULF depends on the IFs considered; in the case of vimentin, 32 monomers
are present on average. However mass-per-length measurements showed that the
number of sub-units per ULF can vary in filaments of the same type or even
inside one single filament [85, 86, 88]. This “polymorphism” was shown to be
influenced by the method used to start the assembly [119]. When the monovalent
salt solution is added instantaneously to the protein the number of sub-units per
cross section along the filament is less uniform than when the filament is formed
by dialysis into a salt buffer [119]. In vimentin and some other IFs, there is an
additional compaction step, during the filament formation, that decreases the
diameter of the filament from 17 nm to 10 nm. It is important to notice that the
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Figure 2.7: The assembly starts from monomer of vimentin (5x60 nm composed by α-helices rod
domains and unstructured head and tail domains) and continues laterally up to the formation
of ULF structures. ULFs starts then to assemble longitudinally forming a filament.

assembly of IFs does not require any additional energy, in contrast to microtubules
and actin. Moreover IFs are non-polar, due to the anti-parallel annealing step that
forms the tetramers, while both microtubules and microfilaments are polar.
Unusually for proteins, IFs tend to form stable dimers even at high concentration of urea, for example, vimentin forms ordered tetramers already in 5 M urea
[119] and at the same urea concentration keratin forms dimers [84]. The assembly dynamics is influenced by temperature, ion type, ion concentration [93], and
protein concentration [88, 95]. The assembly dynamics was revealed by electron
microscopy (EM) [119, 88, 120] and atomic force microscope (AFM) [89, 91].
IF assembly can be considered as a two step process: the lateral assembly, up
to ULF formation, is very fast, within seconds [91], while the elongation of the
filaments is a slower process that takes place in minutes. Commonly, vimentin assembly is studied using “static” techniques such as EM or AFM. With these two
microscopy methods, the first step of assembly vimentin, the lateral assembly,
cannot be measured. In fact, the time needed to prepare the sample to measure,
is longer than the ULF assembling time. Vimentin assembly was also monitored
using light-scattering methods such as dynamic light scattering (DLS) [87]. DLS
is used to measure the first elongation steps of vimentin filaments. For these
measurements, as in the case of EM and AFM experiments, the vimentin later
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Figure 2.8: Basic illustration of a neuron. Neurons are composed by the soma, or cell body,
dendrites and a long axon. At the end of the axon the information are transmitted through the
terminal bulb. Adapted from [112].

assembly cannot be accessed, since the sample preparation takes between 10 to
30 seconds [87]. A similar technique, static light scattering (SLS), in combination
with a stopped-flow setup, was used to overcome the time limitations and measure
the dynamics during the formation of ULF [96]. Due to fast mixing of vimentin
and buffer, assembly was measured after just 10 ms of dead time. The authors
confirm that the formation of ULF is very rapid, most of the tetramers assemble
into ULFs in the first 100 ms of assembly. However, in the stopped-flow device
chaotic mixing is used to achieve fast mixing, leading to differences in the number of vimentin monomers for single ULFs. As an alternative to the stopped-flow
measurements, slow measurement techniques can be use in combination with microfluidics in laminar flow regime. Microfluidic devices are used to mix, this time
by diffusion, protein and assembly buffer, in a similar condition to the slow assembly by dialysis. As soon as the assembly starts, measurements can be taken in
different positions along the channel, translating the spatial coordinates into time
coordinates. To obtain a better time resolution, X-ray scattering was combined
with microfluidics [92, 93], also confirming the formation of ULF to be on the time
scale of one second [14]. However, X-rays methods are limited by the high protein concentration needed to have good signal. Fluorescence methods, as FCS or
PCH, can be used even at very low concentration [53], and the combination with
microfluidic devices, decreases the acquisition time for each measurement, making
these techniques good candidates to measure the fast assembly of vimentin.
2.3.2

A brief introduction to synapse

Neuronal cells, or simply neurons, are the cells dedicated to transport signals
between the different parts of the body. They are excitable cells that respond to
electric stimuli. They are mainly composed of a cell body, called soma, dendrites
and a single long axon, as shown in Figure 2.8. The dendrites and the axons are
extensions from the soma, and axons can be up to 1 m long in humans. Most
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Figure 2.9: Schematic representation of a chemical synapse. An action potential causes the
neurotransmitters, transported by the synaptic vesicles, to be released from the axon terminal,
or synaptic bouton, into the synaptic cleft, causing an electrical signal in the post synaptic
region. Image reprinted under the Creative Commons Attribution (CCBY) license.

of the neurons receive information through the dendrites and send the signal
via the axons. The actual information are passed through neurons via synapses.
The synaptic bouton transmits the information to the next neuron with chemical
neurotransmitters. Neurons may have additional synapses along the length of the
axons in addition to synapses in the axons.
There are two types of synapses in humans, electric and chemical [98]. Electric
synapses have shorter gap distance between the two neurons, thus can propagate
nervous impulses faster. They are mostly found in neural systems where a fast
response is fundamental, as defence reflexes. They differ from chemical synapses
because they lack gain response to the original signal, but their signal transmission can be bidirectional. Chemical synapses have a larger gap (around 40 nm)
between the two neurons and transmit information via small neurotransmitter
“containers” called synaptic vesicles (SVs). A chemical synapse is composed by
three elements: the pre-synaptic terminal, or synaptic bouton, the synaptic cleft
and the post-synaptic membrane (Figure 2.9). A 3D model of an average synapse
is proposed in [99], where a combination of immunoblotting, mass spectrometry,
super-resolution microscopy and EM microscopy is used to quantify and localize
synaptic proteins. The model was created from purified synaptic boutons taken
from the cellular layer or the cortex and the cerebellum of adult rats. It is like
a snapshot of the average synapse in the brain, however it lacks dynamic information. The synapse is a rather crowded environment, as shown in Figure 2.10,
limiting, probably, diffusion and dynamics inside the synapse.
The question that we try to address here is: how can we study single proteins
interaction in the synapse if it is such a crowded environment? The idea is to

Chapter 2. Theoretical background and state of the art

28

Figure 2.10: 3D model for an average synapse. Cross section on the average synaptic bouton
from [99]. 60 proteins are shown with copy number in agreement with the measurements and in
the location determined by the imaging data. The figure is reprinted from reference [99] under
the Creative Commons Attribution (CC BY) license.

create a more simple in vitro primitive version of the synapse and then add the
protein to study and measure the interactions using FFS and eventually microfluidics to gain also temporal information. In Section 4.2 data of FCS measurements
done in cellulo and in vitro will be presented. Moreover, a microfluidic device that
allows to quickly switch the sample measured on the SVs, has been developed.
Synaptic vesicles

SVs are the storage-transporters for neurotransmitters inside synapses. They are
small uniform vesicles with ≈ 20 nm of radius with at least 40 different [108] proteins at their surface, including trafficking proteins, such as the SNARE proteins
or SNAP-25, and transport proteins involved in neutransmitters release and uptake. They are concentrated in the presynaptic terminal of every neurons [108];
in resting neurons, typically, a small part of SVs are docked on the presynaptic membrane while most of them form a “pool” of vesicles behind the first ones
[109]. They are filled with neurotransmitters thanks to active transport via an
electrochemical proton gradient maintained by the V-ATPase. The creation and
the maintaining of the proton gradient is called vesicles acidification [154]. The
filled SVs docked at the active zone are released from the presynaptic terminal
via Ca2+ dependent exocytosis upon the arrival of an action potential. After exocytosis, SVs are recycled and refilled with neurotransmitters, ready to undergo to
a new cycle [110] of exocytosis. There are three recycling pathways: they can be
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refilled directly on the presynaptic membrane without undocking from it (called,
“kiss-and-stay”), they can undock and be locally refilled (called, “kiss-and-run”)
or lastly, they can undergo clathrin-mediated endocytosis and recycling through
endosomes.
Alpha-synuclein

Synucleins are a family of three small (127 to 140 aa) soluble proteins found mainly
in neural tissue and in some types of tumor [97]. In particular, α-synuclein and
β-synuclein are mainly located in the presynaptic terminals in the brain while
γ-synuclein is found mostly in the peripheral nervous system and in breast tumors. Despite the synucleins being so widely spread in the neural tissue, the
physiological functions of these proteins are poorly understood [1]. In particular,
α-synuclein has attracted the attention of neuroscientists because it was identified as one main component of Lewy bodies, the pathological characteristic of
different neuronal diseases such as Parkinson. The pathological aggregation of the
protein inside the Lewy body might be responsible for some neurodegenerative
diseases [4]. The mechanism, by which α-synuclein starts to aggregate, is also still
unknown. However, it is known that it changes structural conformation if it is
bound to lipids. From an intrinsically disordered structure in solution, it forms an
extended helical structure on small unilamellar vesicles [101] or lipid membranes
[5]. Two apparently diverging theories on the physiological function of α-synuclein
have emerged during the years. In the first one, α-synuclein is supposed to bind
to VAMP2 and helps the SNARE complexes during synaptic activity without any
effect on neurotranmission [102]. In the other one, α-synuclein is considered an
attenuator of neurotransmitter release, based on the observation that overexpressing α-synuclein attenuates SVs recycling and exocytosis [103]. More recently, a
connection between these two theories has been proposed, with a unified model
for α-synuclein function [104], where through the binding to VAMP2, α-synuclein
helps to maintain the proper recycling and clustering of SVs. It was shown that
α-synuclein interacts also with proteins, for example it acts as molecular chaperon
assisting folding and refolding synaptic proteins [105], and in general it has been
shown to interact with at least 50 proteins [106].
α-synuclein also interacts with several polyvalent metal cations including Fe2+ ,
2+
Cu and Ca2+ [5]. One factor that probably helps α-synuclein to be able to
interact so diversely is the ability to modulate the conformation depending on
the environment condition. Listed here, are some of the known conformations [5]:
• The intrinsic unfolded state of α-synuclein in vitro and in vivo.
• The globular state, that is the predominant state of α-synuclein at low
pH, high temperature, at the presence of metal ions, with some common
pesticides, with polycations and with various salts.
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Figure 2.11: Two possible conformations of human α-synuclein. a) α-synuclein conformation
when bound to a micelle. Image from the RCSB PDB (rcsb.org) of PDB ID: 1XQ8 ([54]). b)
α-synuclein fibril measured by NMR spectroscopy. Image from the RCSB PDB (rcsb.org) of
PDB ID: 2N0A ([55]).

• The α-helical state, typical when α-synuclein is bound to lipid membranes,
as shown in Figure 2.11a. It is shown with circular dichroism that upon
addition of small unilamellar vesicles the dichroism spectrum shifts from
random coil pattern to an α-helical pattern [107].
• A dimeric structure that appears when α-synuclein starts to form oligomers
and aggregates. It could also be the result of high temperature exposure.
• An oligomeric structure. Starting from the dimers α-synuclein can form
morphologically different soluble oligomers depending on the type of ions in
solution. It can be for example ring like or spherical aggregates.
• Insoluble aggregates. α-synuclein can forms two insoluble aggregates, an
amorphous aggregate and fibrils. Again the type of aggregate is dependent
on the condition of the sample, in most of the cases the major insoluble
species are the amyloid-like fibrils (Figure 2.11). These insoluble aggregates
might represent the main cause of some neurodegenerative diseases due to
their possible toxicity, since they are found in Lewys bodies [100] .
Due to this structural conformation behaviour, α-synuclein can be considered as a
chameleon-protein that is able to change its structure depending on its surroundings. In vivo, α-synuclein exists in equilibrium between the soluble intrinsic
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unfolded state and the helical membrane bound state [111]. Despite more than
25 years of research on α-synuclein, the physiological function of this protein is
still unclear, nevertheless its importance in neurodegenerative diseases is clear.
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Chapter

3

Materials and methods
In this chapter, first there will be an introduction to the preparation of the biological samples studied in this thesis. Second, the manufacturing of the microfluidic
devices employed and the sample preparation will be described in detail. At
last, the experimental settings and the methods used to analyze the data, will be
reported.

3.1
3.1.1

Protein preparation
Vimentin protocols

Human vimentin C328A, carrying three additional amino acids GGC at the Cterminus, is recombinantly expressed in Escherichia coli bacteria with a protocol
adapted from [113]. Expression and purification of vimentin is performed in-house
by Susanne Bauch. The plasmid used for bacteria transfection is provided by
Harald Herrmann, DKFZ Heidelberg, Germany. This type of mutation is used to
label vimentin via a maleimide reaction at the mutated cysteine. Since attaching
the label at the rod domain cysteine (aa 328) of wild type vimentin affects the
assembly process, the cysteine at 328 is replaced with alanine. Vimentin is labeled
with Atto-532-maleimide (AttoTech GmbH, Siegen, Germany) as described in
[114]. Briefly, vimentin is dialyzed, using dialysis tubing with a cut of at 50 kDa
(Spectra/Por7, dialysis membrane made of regenerated cellulose, MWCO50000,
Carl-Roth GmbH, Karlsruhe, Germany), into labeling buffer (5M urea, 50mM
phosphate buffer pH 7.5 (PB, 50mM NaH2 PO4 , 50mM Na2 HPO4 ), all chemicals
are from Carl Roth GmbH). The dye is dissolved in water-free DMSO (Dimethyl
sulphoxide, Carl Roth GmbH) to a concentration of 10 mM. 20 µL of dye solution
are added in steps of 5 µL to the vimentin (concentration 1 g/L). After every
addition of the dye, the solution is vortexed and incubated for 5 minutes. Once
all the 20 µL of dye are added to the vimentin, the solution is incubated for two
hours. After the incubation, 100 µL of 1 M cysteine (Carl Roth GmbH) are added
33
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Figure 3.1: Fluorescence image of vimentin filaments after 8 h of in vitro assembly at 37◦ C with
a protein concentration of 0.1 g/L. Labeled and unlabeled vimentin monomers are mixed at a
ratio of 25% labeled protein.

to the mixture of vimentin-dye for 1 hour. This step is fundamental to remove
excess free dye in the solution that might bind unspecifically to vimentin. Free
dye and labeled vimentin are separated using a 300 mm Bio-Gel P-30 (Bio-Rad
Laboratories GmbH, Feldkirchen, Germany) polyacrylamide gel column via size
exclusion chromatography. The column, with a bed volume of 24 mL, is prepared
as recommended in the instruction manual. The vimentin-dye solution is loaded
on top of the column and it is allowed to enter completely in the gel bed. To flush
the column the labeling buffer is used. Fractions of labeled protein are collected in
aliquots of about 250 µL. Vimentin and dye concentrations are measured by UVvis absorption spectroscopy (Nanodrop ND-1000, Thermo Scientific Technologies,
Inc., Wilmington, USA) and peak fractions are pooled. The labeled protein is
dialyzed against storage labeling buffer (8M urea in 2mM PB, pH = 7.5) and
the protein is stored at -80◦ C. Before the experiment, a mixture of labeled and
unlabeled vimentin (between 25 % to 30 % labeled protein) is dialyzed in a
step-wise manner (6M, 4M, 2M, 1M, 0M), into 2 mM PB (pH = 7.5) at room
temperature, using a 50 kDa cut-off membrane. Afterwards, an additional step is
performed at 8◦ C into 2 mM PB overnight. Finally, the protein is further dialyzed
at room temperature for 1 hour into fresh PB. At 2 mM of PB pH 7.5 vimentin
molecules have already assembled into tetramers. The protein concentration and
labeling ratio are determined again from absorption data at 280 nm (Nanodrop
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ND-1000). In vitro, the assembly is started by mixing equal volumes of assembly
buffer (2mM PB with 200 mM KCl, pH 7.5) and vimentin (concentration of
0.2 g/L), diluting the salt concentration to 100 mM KCl. A typical image of
vimentin filaments is presented in Figure 3.1 after 8 hours of assembly at 37◦ C
at a concentration of 0.1 g/L with a labeling ratio of 25%.

3.2

Printing synaptic vesicles on glass surfaces

SVs are attached to the glass coverslips via a neutravidin pattern. The antibodies
and the SVs employed for the patterning are provided by the group of Prof.
Rizzoli of the University Medical Center of Göttingen in the Institute for Neuroand Sensory Physiology and Biostructural Imaging of Neurodegeneration, who
is our collaborator for this project. To create a pattern of SV on a microscope
glass coverslip (24x60 mm, No.1 thickness, VWR, Radnor, Pennsylvania, USA),
the PRIMO micropattening system (Alveole, Paris, France) is employed. The
PRIMO system is mounted on top of an Olympus IX 83 microscope (Olympus
IX73, Olympus Europa SE & CO. KG, Hamburg, Germany). Glass coverslips are
cleaned by rinsing them with isopropanol. After drying the coverslips with N2 ,
air plasma treatment (ZEPTO, plasma cleaner, Diener electronics GmbH, KG
Ebhausen, Germany) is applied on them for 3 minutes at 40 W.
Subsequently to the plasma treatment, a PDMS stencil, that creates a circular
chamber which will contain the patter (diameter 3.5 mm), is applied to the surface
and 20 µL of 0.1 mg/mL of PLL-g-PEG (PLL(20)-g[3.5]-PEG(2 kDa), SuSoS AG,
Dübendorf, Switzerland) diluted in phosphate buffered saline (PBS 10X stock
solution: 1.37 M NaCl, 27 mM KCl, 43 mM Na2 HPO4 · 12 H2 O, 14 mM KH2 PO4 ;
working solution 1X) is added into the PDMS well and incubated for 1 hour. The
PLL-g-PEG coating provides the coverslip with anti-fouling properties preventing
unspecific protein adsorption (Figure 3.2a). After rinsing three times with PBS, 810 µL of UV-sensitive photoinitiator (PLPP, Alveole) are added into the PDMS
well (Figure 3.2b). To create the virtual mask with the pattern (in this case
circular dots with 130 µm diameter), the open source software Inkscape is used.
The pattern is loaded into the PRIMO software, Leonardo, and a 20X objective
(Olympus LUCPLFLN 20X, NA=0.45) projects UV light through the virtual
designed mask (Figure 3.2c). The PLPP, once activated by UV light, degrades
the anti-fouling layer of PLL-g-PEG, leaving the exposed regions available for the
attachment of the protein of choice (Figure 3.2d). A dose between 1800 and 2000
mJ/mm2 is sufficient to have the protein uniformly coating the pattern. After
patterning, the PLPP is removed by washing three times with PBS and then
neutravidin (Thermo Fisher Scientific, Waltham, MA USA) at a concentration of
0.05 mg/mL is added to the pattern in the PDMS well. The protein is incubated
for at least two hours, and after washing of the remaining protein with PBS, the
pattern is ready to be used.
Anti-synaptotagmin-biotinlated mouse monoclonal antibodies (synaptotagmin1
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Figure 3.2: Patterning of a glass coverslip using PRIMO micropatterning system. (a) The
substrate, in this case a glass coverslip, is uniformly coated with an anti-fouling layer of PLLg-PEG. (b) The photoinitiator (PLPP) is added on top of the PLL-g-PEG layer and (c) the
substrate is exposed with UV light through a photomask. (d) Under UV light, the PLPP is
activated and it degrades the anti-fouling layer of PLL-g-PEG, leaving available regions for the
protein of choice to attach.

cytoplasmic tail, mouse monoclonal, purified IgG, biotin-labeled, Synaptic Systems GmbH, Göttingen, Germany), diluted 1 to 100, are added to the pattern
and incubated for 1 hour. During the incubation time, SVs (purified by the group
of Prof. Rizzoli) are incubated with FluoTag anti-VGLUT1-STAR635, a single
domain antibody with one antigen binding site for the glutamate-1 transporter in
the membrane of synaptic vesicles (NanoTag Biotechnologies GmbH, Göttingen,
Germany). After one hour, the pattern is washed with PBS 3 times and the
labeled SVs are incubated with the pattern for 1 hour. Subsequently the pattern
is washed three times with PBS to remove free SVs.

3.3

Microfluidic devices

In this thesis, different types of microfluidic devices are employed. In particular, for the study of the protein assembly two designs of devices are utilized: a
five-inlet device to study protein aggregation (device B) and a single channel device to characterize the protein and the method (device A). To measure protein
interactions with printed SVs, a three-inlet device is employed.
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Microfluidic device to study protein aggregation

All the master wafers are fabricated in the class 1000 clean room of the physics
faculty at the University of Göttingen by standard photo-lithography methods
[115, 116]. The device for testing the PCH behavior at different velocities (device
A) is a simple straight channel (channel length 2.5 cm, width 250 µm, height
25 µm). Briefly, SU8-3025 (MicroChem., Newton, MA, USA) is spin coated on
a 2-inch silicon wafer (MicroChemicals GmbH, Ulm, Germany) to a final height
of 25 µm. The velocities used to achieve a certain photo-resist thickness on the
wafers are summarized in Table 3.1. The wafers are soft baked for 15 minutes at
95◦ C, exposed to UV light (MJB4 Mask-Aligner, Süss MicroTec AG, Garching,
Germany) through a photo mask (Selba S. A., Versoix, Switzerland), post baked
(5 minutes at 95◦ C), and developed (MR-Dev-600, Micro Resist Technologies
GmbH, Berlin, Germany).
The device for studying protein assembly (device B) is a five-inlet and oneoutlet device with a channel width of 200 µm and a height of 100 µm for the
central inlet, and 200 µm for the remaining channels. The height constriction
in the central channel helps to engulf the protein central stream into a buffer
layer, preventing the protein to touch the channel walls. Two different wafers are
produced by photo-lithography for device B, (i) the five-inlet geometry (master 1)
and (ii) a “step” for the protein inlet (200 µm width and 50 µm thickness, master
2) to create one side of the height constriction, as sketch in Figure 3.3. To create
the second half of the constriction on master 1, a 3D structure is created using
two layers (150 µm and 50 µm thick) of SU8-3050 photo-resist. To improve the
uniformity of the first layer, the resist is spin coated twice with a height of 75 µm
each (Figure 3.3a). After the first layer, the wafers are soft baked for 2 hours
at 95 ◦ C. The first layer is exposed to UV-light through a photomask (Figure
3.3b). After the post exposure bake, 20 minutes at 95 ◦ C, the wafers are spin
coated with the second layer of photo-resist with a thickness of 50 µm (Figure
3.3c). The wafers are soft baked again at 95◦ C for 30 minutes, aligned to the first
structure and exposed to UV light once more, using a second mask (Figure 3.3d).
The wafers are baked for 15 minutes at 95◦ C and the photo-resist is developed
(Figure 3.3e). Master 2 is fabricated by spin coating SU8-3050 to a height of
50 µm (Figure 3.3f). After being soft baked at 95◦ C for 30 minutes, the wafers
are exposed to UV light (Figure 3.3g). Afterwards, the wafers are baked again for
15 minutes at 95◦ C and then developed (Figure 3.3h). All masters are coated with
(heptafluropropyl)-trimethylsilane (Aldrich, Steinheim, Germany) overnight. The
coating helps to remove the PDMS replicas from the master wafers.
Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Midland, MI, USA)
replicas are fabricated from the master structures (ratio polymer:cross-linker =
10:1, at 65 ◦ C for 1 hour) and holes are punched at the inlets channels (biopsy
puncher, 0.75 mm diameter, World Precision Instruments, Sarasota, FL, USA)
for connecting the tubing to the device. The top part of the central channel
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Figure 3.3: Main photo-lithography steps to produce device B. Two different wafers are produced
for device B. Master 1 is employed to create the five-inlet geometry (width = 200 µm , height =
150 µm for the central inlet and height = 200 µm for the other channel). Master 2 is employed
to create the “step” for the protein inlet (200 µm of width and 50 µm of height), used in the next
steps of the protocol to create the channel constriction. In master 1, to have the central channel
with a different height than the rest of the geometry, two layers of photo-resist are subsequently
spin-coated, aligned and exposed.
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Height
[µm]
25

Resist
SU8-3025

50

SU8-3050

75

SU8-3050

100

SU8-3050

Duration
[s]
30
30
40
5
30
40
5
30
40
5
30
40

Speed
[rpm]
500
1000
4000
500
2000
3000
500
1000
1850
500
800
1000

Ramp
[rpm/s]
100
200
300
100
200
300
100
200
300
100
200
300

Table 3.1: Spin coating velocities used to achieve the corresponding resist heights.

constriction for device b is integrated in the PDMS replica stemming from master
1. For the bottom part, a step is created directly on the glass coverslip (number 1,
ThermoScientific Technologies, Inc., Wilmington, USA) using master 2 (Figure
3.4). A cut-open PDMS replica of master 2 is placed on top of a clean glass
coverslip (Figure 3.4a) and a drop of liquid adhesive (NOA H83, Norland Optical
Adhesives, Cranbury, NJ, USA) is used to create a step, exploiting the technique
of micromolding in capillaries (MIMIC) [117]. The liquid adhesive fills the channel
by capillary forces (Figure 3.4 b). To speed up the process, the glass slide with
the liquid adhesive is placed in a desiccator. The liquid adhesive is then cured by
UV light (Figure 3.4c) at 365 nm for 3 hours. Afterwards, the PDMS channel is
removed (3.4d) and the glue is further cured under UV light for 30 minutes. To
covalently bind the two sides of the microfluidic device air plasma activation is
used. Both, the PDMS channel replica and the glass slide with the glue step are
cleaned with isopropanol, dried with nitrogen and exposed to air plasma (ZEPTO,
plasma cleaner, Diener electronics GmbH) for 12 seconds at 40 W. They are
aligned under a stereo microscope (Olympus SZ61) and pressed together to form
a covalent bond (Figure 3.4e). The device is placed on an heating plate at 95◦ C
for 2 hours to improve the strength of the bond.
3.3.2

Microfluidic device to study patterned SVs under a switchable
flow

This project is in collaboration with the group of Prof. Reinhard Jahn from the
Laboratory of Neurobiology of the Max Plank Institute for Biophysical Chemistry
in Göttingen. To measure the interaction of molecules with printed SVs in flow,
a three-inlet device (channel length 2.3 cm, width 1 mm and height 100 µm) is
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Figure 3.4: Sketch of the construction of the five-inlet microfluidic device to study protein
aggregation. The central channel of the microfluidic device has a constriction to reduce the
height. One side of the constriction is already integrated in the PDMS replica of master 1. The
second side of the constriction is created directly on the glass coverslip. a) A cut-open PDMS
replica of master 2 is applied to a clean glass slide. b) A drop of liquid adhesive (NOA H83)
fills, via capillary forces, the channel. c) After being cured by UV light for three hours, the
liquid adhesive channel is furthermore cured under UV light without the PDMS slab. d) The
cured glue channel is aligned with the PDMS replica of master 1 and the two sides are bound
after air plasma treatment. e) The device is ready to be employed in experiments.

employed. This microfluidic device is used to flush different fluids on top of the
SV pattern in a controlled manner. To measure how fast, for example, the SVs
react to a different pH or to a particular molecule, we have to be able to change
the reactant agent quickly. The idea is to have a device with the SV pattern
in the center of the outlet channel and to control the flow in a way to be able
to switch the solution flowing, for example, from the one contained in inlet 1
to the one in inlet 2, in a controlled and fast manner, as shown in Figure 3.5.
To achieve the switching of the solution flowing on top of the patterned SV, a
rectangular function is applied to the side inlets of the microfluidic device, with
a maximum velocity of 1 mm/s, a minimum velocity of 0.1 mm/s and width 10s,
as shown in Figure 4.38a (Section 4.2.3). When the flow from the side-1 channel
has the maximum velocity, as in Figure 3.5a, the flow from the side-2 channel
has the minimum velocity. In the central outlet, the flow from side-1 pushes the
solution from side-2 towards the channel wall, filling the central part of the outlet
channel where the SV are patterned. When the flow from the side-1 channel has
the minimum velocity, as in Figure 3.5b, the flow from the side-2 channel has the
maximum velocity. In this case, the solution from side-1 channel is pushed away
from the central part of the outlet by the solution from side-2 channel. Thus, the
patterned SVs are now exposed to the solution coming from the side-2 inlet.
The master wafers are created in the 1000 class clean room of the physics
faculty at the University of Göttingen by standard photo-lithography methods
[115, 116]. Briefly, a 100 µm layer of negative photo-resist (SU8-3050) is uni-
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Figure 3.5: Schematic representation of the microfluidic device to study SVs under a switchable
flow. When the velocity is maximum in one side inlet, for example side 1, the solution from
that specific inlet fills the central outlet channel. When the velocity from that side inlet reaches
the minimum, the solution from that inlet is not anymore in the center of the device, but the
solution from the second side inlet fills the outlet channel.

formly spin coated on top of a 2-inch cleaned silicon wafer with velocities according to Table 3.1. The wafers are soft baked at 95◦ C for 45 minutes and then
exposed to UV light through a photomask via the mask aligner. The wafers are
baked again for 15 minutes at 95◦ C and developed for 15 minutes. After cleaning
the wafers with isopropanol, they are coated overnight with (heptafluropropyl)trimethylsilane. PDMS replicas are created by mixing the liquid PDMS with the
cross-linker at a ratio of 10:1 and pouring the mixture on the wafers. After removing the air-bubbles with a desiccator, the PDMS is cured in the oven (DryLine,
VWR, Darmstadt, Germany) at 65 ◦ C for 1 hour.
As in this case, SVs are patterned on the glass surface, which is the bottom
of the microfluidic device, plasma treatment cannot be used to covalently bind
the PDMS channel replica with the glass coverslip because the plasma would
destroy the previously patterned SVs on the surface. To assemble the device, the
PDMS channel and the patterned glass coverslips are placed inside an home-made
device holder (a sketch is presented in Figure 3.6) inspired by [118, 134]. The
device holder consists of two metal plates clamped together with 8 bolt screws.
The patterned glass coverslip is inserted between the two plates. A window in
the bottom metal plate allows us to image the patterns with a microscope. The
PDMS replica with the channel is aligned on top of the glass coverslip effectively
closing the device. Uniform pressure on the device is achieve by inserting a plastic
(PVC), or glass, plate (1 mm of thickness) before the second metal plate. The
uniform pressure prevents also leaking of the device. Tubings are inserted to the
device through holes in the top metal plate and in the plastic plate. A photograph
of the microfluidic device mounted in the holder is shown in Figure 3.6b.
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Figure 3.6: Device holder for microfluidic chips with patterned molecules on the glass coverslip.
The microfluidic device is held together by two metal plates screwed together via 8 bolts screws.
The bottom metal plate has an opening to allow us to image the microfluidic device in an
inverted microscope. The PDMS replica of the channels is mounted on top of the patterned
glass slide closing the microfluidic device. On top of the PDMS, a thick glass slide or a PVC
plate is used to uniformly spread the pressure on the device preventing leakage. Tubings are
inserted via holes on the top metal plate and the PVC plate.

3.4

Setup for FFS and experimental conditions

In this section, the experimental conditions for the experiments reported in the
following sections are reported. In particular, the confocal microscope and the
epi-fluorescence microscope, employed in the FFS experiments, will be described.
Following the setup descriptions, the data acquisition and analysis will be illustrated.
3.4.1

Confocal microscopy

The setup used is based on a modified inverted microscope (Olympus IX73,
Olympus Europa SE & CO. KG, Hamburg, Germany). The excitation light
is provided by two diode pulsed lasers (Cobolt Samba-532 100mW and Cobolt
Calypso-491 25mW, Cobolt AB, Solna, Sweden) inserted into a laser combiner
box (C-Flex, Cobolt AB, Solna, Sweden). After exiting the optical fiber, the
laser light passes through a clean-up filter (HC Laser Clean-Up MaxLine 491/1.9,
AHF Analysentechnik, Tübingen, Germany HC Laser Clean-up MaxLine 532/2).
The laser beam is expanded by a factor of 10 using a 10X objective (Olympus
UPLFLN10XP, NA=0.30) and a f = 200 mm lens (Qioptiq Photonics GmbH
KG, Göttingen, Germany) in order to illuminate the full back aperture of the
microscope objective. The laser intensity is attenuated with a neutral density
filter (OD = 6, Qioptiq Photonics) before being deflected by a dichroic mirror
(DualLine zt488/532rpc, AHF Analysentechnik AG, Tübingen, Germany) into
the microscope. The laser beam is focused onto the sample using a 60X water
immersion objective (UPlanApo, NA = 1.2, Olympus). The fluorescence light is
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Figure 3.7: Schematic representation of the confocal microscopy setup.

then focused using a f = 200 mm lens to the pinhole (diameter 50 µm, Qioptiq
Photonics) cutting off the out off focus light contribution. After the emission filter
(razor Edge Long Pass Filter 488 or RazorEdge LP Edge Filter 532, AHF analysentechnik AG) the light is collimated using a f = 50 mm lens and directed to the
active area of two different avalanche photo diodes (τ -SPAD, Picoquant GmbH,
Berlin, Germany and CountBlue Count50, Laser Components GmbH Olching,
Germany), using a 50:50 beam splitter (Thorlabs BSW10R, Thorlabs Inc. Newton, New Jersey, USA). A scheme of the optical path is shown in Figure 3.7.
The τ -SPADs are connected either to a digital correlator card (ALV-7004 USB,
ALV-Laser Vertriebsgesellschaft mbH, Langen, Germany) used for autocorrelation
measurements, or to an acquisition card (NI-6602, National Instruments, Austin,
USA) to access directly the raw photon arrival times. The digital correlator can
calculate four correlation functions simultaneously: the autocorrelation functions
of the two distinct APDs and the forward and backward cross-correlation functions between the two detector signals. In principle, it is also possible to measure
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2-color cross-correlation functions, if the 50:50 beam splitter is replaced by a
dichroic mirror. The digital correlator card is directly connected to the PC to
store and analyze the data. To access the data from the acquisition card, we use a
custom-written code written using on a python interface [123]. The photon arrival
times are measured relative to an arbitrary start point with an internal clock of
10 MHz. All the experimental data are then analyzed using self-written Python
code (Python Software Foundation, https://www.python.org/). To access different positions in the sample, an automated sample stage (Prior Scientific, Inc.,
Rockland, MA, USA) is used.
3.4.2

Epi-fluorescence microscopy

The same microscope described above can also be used for epi-fluorescence microscopy. A mirror in the second deck of the microscope body allows us to switch
between the two microscope configurations. The excitation light comes from a
mercury arc lamp (X-Cite 120 PC Q, Excelitas Technologies) and it is guided onto
a fluorescence filter cube (filter sets available: DAPI, GFP, Cy3, TxRed and Cy5,
all from AHF analysentechnik AG, Tübingen) which selects the wavelength of the
excitation and filters the emission light. Images are acquired using a CCD-camera
(Hamamatsu Orca R-2, Hamamatsu Photonics Deutschland GmbH, Herrsching
am Ammersee, Germany) controlled by Micro-Manager [124].
3.4.3

Data acquisition and analysis

Settings for microfluidic experiments

Flow measurements are performed using the microfluidic devices described in Section 3.3. Polyethylene tubings (inner diameter 0.38 mm, outer diameter 1.09 mm,
Intramedic Clay Adams Brand, Becton Dickinson and Company, Sparks, USA)
are connected to Hamilton Gastight glass syringes (Bonaduz, Switzerland) using
disposable needles. For a precise control of the flow, syringe pumps (neMESYS,
Cetoni GmbH, Korbußen, Germany) are employed to regulate the flow rates of
the syringes connected to all the inlets. In the microfluidic experiments where
vimentin assembly is studied, Chapter 4.1, the starting vimentin concentration is
0.003 g/L and the assembly is initiated by adding 100 mM KCl by diffusive mixing. Flow rates in these experiments are 12 µL/h (central inlet), 10 µL/h (sheath
inlets) and 190 µL/h (side inlets).
In the experiments, where SVs interactions under flow are investigated, in
Chapter 4.2.3, the total inflow velocity used is 3 mm/s and it is divided over the
three inlets. In the central channel a constant velocity of 0.1 mm/s is employed,
while in the side inlets a periodic rectangular anti-synchronous flow velocity profile
is applied. As shown in Figure 4.38, the velocity profile of the side inlets has a
maximum flow velocity of 1 mm/s, a minimum of 0.1 mm/s and a width of 10 s.
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The velocities in the two side inlets are shifted in time to achieve a constant flow
velocity in the center of the channel.
FCS experiments

Stationary FCS or PCH measurements are performed using 300 µL of sample
placed in an eight-well glass slide (Nunc Lab-Tek chamber slides, Thermo Fisher
Scientific, Pittsburg PA). Before every measurement on the confocal microscope,
the setup is aligned and the observation volume is measured. The calibration procedure is fundamental to determine the absolute value of the diffusion coefficients
[125] obtained during the measurements. The diameter of the observation volume
is calculated measuring the autocorrelation function of dyes with a known diffusion coefficient. For measurements at 532 nm, rhodamine 6G (Thermo Fisher,
D = 414 ± 5 µm2 /s at 25 ◦ C [126]) is used. For measurements at 491 nm, Atto
488 (AttoTech GmbH, Siegen, Germany , D = 400 ± 10 µm2 /s at 25 ◦ C [127]) is
used respectively. The measurements are usually performed at a temperature of
22 ◦ C. The detection volume ω0 is then calculated with:
p
ω0 = 4DτD
(3.1)
Usually the measured diameter is 300 ± 10 nm. For FCS measurements, data are
collected between 10 and 60 s for each curve, depending on the expected diffusion
coefficient. The data are analyzed either using the software Quickfit 3.0 [128] or
using a self-written fitting routine with Python code (Python Software Foundation, https://www.python.org/). Measurements, where strong fluorescence peaks,
caused by aggregates, affect the correlation curves are excluded from the analysis.
If bleaching occurs, the trace of fluorescence intensities over time is fitted using a
double exponential [129] and the data are re-correlated to overcome the decrease
in intensity. A Levenberg-Marquardt non linear least-square algorithm is used to
fit the data.
FCS measurements in living neurons

The sample containing living neurons in Tyrode’s solution is mounted on the sample stage of the microscope. Measurements are performed on mature hippocampal cultured neurons expressing EGFP-synapsin, mEGFP, membrane EGFP and
mEGFP-SNAP25. Data are acquired from different positions along axons for
each protein analyzed. Each position is measured at least 20 times, with acquisition times between 10 s to 30 s for each round of acquisition. All of the data
are then fitted with a Levenberg-Marquardt non linear least-square routine using
a self-written Python code. Data, in which large fluorescence peaks are observed
or with pronounced photobleaching, are excluded from the analysis. The cell
culture, transfection and manipulation was carried out by our collaborator Sofiia
Reshetniak from the University Medical Center of Göttingen in the Institute for
Neuro- and Sensory Physiology.
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PCH experiments

The data for each PCH are collected for a time duration between 300 s and 800 s.
To decrease the computational time, the data are acquired in slots of 10 s each and
then combined together, excluding the runs where aggregates were present. The
acquired photon arrival times are binned with a binning time between 2 and 20 µs,
stored and used to build the experimental PCH curves. A histogram of the counts
per bin, k, is created and normalized. The experimental PCH, p(k) is fitted with
the theoretical model described in [8] using a Levenberg-Marquardt non linear
least-square algorithm. All the scripts used during the PCH calculation and
analysis are custom written with Python code. The OPE correction parameter F
for our experiment is fixed to 0.6 and the dead-time is measured to be 86 ± 19
ns (45 ns is the value provided the manufacturer).

3.5

Finite element methods simulations

In Section 2.2, an introduction to the governing equations of fluid mechanics is
presented. However, a simple analytical solution for the fluid mechanic equations
exists only in very exceptional cases, for all the other cases numerical simulations
have to be performed to approximate a solution [71]. Here, FEM simulations
are performed using COMSOL Multiphysics 5.2a (COMSOL GmbH, Göttingen,
Germany). In this method the object to simulate is discretized in a tetraedic
mesh, as shown in Figure 3.8. Transport equations and Navier-Stokes equation
are approximated and solved for every component of the mesh. The mesh dimension is not uniform but it is adapted to the object to simulate. Simulations
are performed using the time independent Navier-Stokes equation with no slip
boundary condition. To decrease the computational time, the simulated channels
are shorter and only a quarter of the device is simulated (Figure 3.8) with imposed symmetry conditions. The simulations of vimentin assembly are performed
using an upper limit diffusion coefficient for vimentin (Dvim = 22 µm2 /s). The
sheath buffer is simulated as water while DKCl = 1850 µm2 /s is used for the assembly buffer. The concentration and the velocities used in the simulations are
equal to the experimental conditions (cvim = 0.0025 g/L and cKCl = 100 mM,
and Q = 12 µL/h for the central inlet, Q =10 µL/h for the diagonal inlets and
Q = 190 µL/h for the side inlets). The change in viscosity along the channel is
not included in the simulations, since viscometry measurements show that the
viscosity does not significantly increase during the first assembly steps [119, 122].
The simulations for the device used with patterned SVs are performed using
the diffusion coefficient of water in the central inlet and the diffusion coefficient
of fluorescein for the side inlets (425 µm2 /s). The velocity in the central inlet is
fixed to 0.1 mm/s while in the side inlets the velocities over time are defined as
a periodic rectangular function (max 1 mm/s, min 0.1 mm/s and width 10s), as
shown in Figure 4.38a (Section 4.2.3). The velocity functions have a periodicity
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Figure 3.8: First section of the geometry of the channel used for a FEM simulation. A quarter
of the microfluidic device (step device with 5 inlets) is simulated to reduce the computational
time. The tetraedic mesh is shown. Here the mesh has a coarse size (max size 36 µm and min
size 7 µm) for visualization purposes. In reality, a much smaller mesh is used to simulate the
channel (maximum size 7 µm and minimum size 0.0007 µm). The local adaptation of the mesh
is visible at the inlet junctions.

of 20 s and they are shifted in time, to achieve a constant flow velocity in the
center of the channel of 1.2 mm/s.
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4

Results
In this chapter, the main results of the experiments conducted will be presented.
First, the experiments on vimentin assembly are presented. The combination of a
specific microfluidic device and FFS techniques allows us to measure the early time
points of vimentin assembly. The outcomes of these experiments will be described
and discussed in relation to the current scientific results. Second, the experiments
conducted on live neurons and SVs, are presented. Diffusion and interactions of
synaptic proteins are measured, using FCS, in living neurons and on patterned
SVs. These experiments are carried out in collaboration with Sofiia Reshetniak
and Prof. Silvio Rizzoli from the Institute for Neuro- and Sensory Physiology
in University Medical Center of Göttingen. A third microfluidic approach is
employed to achieve a controlled exchange of buffer on the patterned SVs. This
project is in collaboration with Helena Maria Olsthoorn and Prof. Reinhard Jahn
from the Laboratory of Neurobiology of the Max Plank Institute for Biophysical
Chemistry in Göttingen.

4.1

Studying protein interactions and labeling stoichiometry under flow

The main subject of this section is the study on the early temporal steps of
vimentin assembly, which are measured with a combination of FFS techniques
and microfluidics. The microfluidic devices used and the experimental results
are presented and discussed within the framework of vimentin assembly. The
combination of microfluidics and FFS presented here is particularly interesting,
because it can also be applied to study the aggregation of other molecules. For
example, it can be employed to study the assembly of proteins with fast assembly
dynamics, like keratin, or to study proteins in a controlled environment that could
be important for a “chameleon” protein, like α-synuclein.
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Figure 4.1: Vimentin assembling in flow inside a five-inlet microfluidic device with the same
height for all channels (i.e. no-step device). At the beginning of the measurement, the vimentin
stream is clearly focused by the side inlets. After 6 hours of assembly, protein aggregates are
formed in the device. Since some of our measurements can last up to 9 hours, the aggregation
of vimentin in the device is an important factor to take into consideration. Images courtesy of
Manuela Denz.

4.1.1

Microfluidic device optimization

The microfluidic device is essential for this experiment because it gives access to
the early temporal points of the assembly. The device acts as a mixer, it brings
in contact vimentin and assembly ions. We can assume a laminar flow regime
as the Re is lower then the critical value (with maximum velocity ≈ 5 mm/s,
L = 200 µm and η = 0.9 mPa s, Re ≈ 100). The mixing between vimentin and
KCl ions happens only via diffusion. The Péclet number quantifies the distance
along the channel, in terms of the channel width, after which the mixing of two
solutions is complete. If P e is small, diffusion dominates the transport in the
device. If P e is big, the solute follows the flow lines. As described in Section
2.2.3, in a microfluidic device, protein transport is mostly convectional, while
diffusion dominates the transport for ions. For a protein with diffusion coefficient
in the order of 10−11 with a 1 mm/s velocity and ω = 100 µm P e is around 104 ,
while for an ion with diffusion coefficient in the range of 10−9 P e is around 100.
In this case the ion will diffuse along the width of the channel faster than the
protein molecules. To reduce the mixing times [163] of the ions in the vimentin
stream, the protein is focused by the side inlets.
To achieve a controlled assembly starting point, a five-inlets geometry is chosen, where the diagonal inlets prevent the mixing of the ion solution before the
focusing of the stream [75]. Since in laminar flow regime there are no turbulences,
the spatial coordinate of each measured position can be directly converted, once
the velocity is known, in the time coordinate of the assembly process. Moreover,
the laminar flow regime ensures that molecules measured at the same position
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Figure 4.2: Sketch of the step microfluidic device (width = 200 µm, height = 100 µm for the
central inlet and 200 µm for the remaining channels) employed to study the assembly of vimentin.
Vimentin assembly starts at 110 µm in the x-direction, from the “step” in the center channel.
From there, PCH measurements are acquired in the center of the outlet channel (green dots).

in the channel find themselves in the same temporal step of the assembly. This
means, that even “slow” techniques, such as PCH, can be used to measure fast
kinetics. The time resolution of the process is constrained by the microscope
stage movement and the beam size, but not by the technique used.
Originally, a five-inlet geometry with the same channel height everywhere, i.e.
with no step, was tested. However, it has been shown that assembling vimentin
molecules in microfluidic devices with uniform channel height tend to stick to the
channel walls. Figure 4.1 shows an experiment of vimentin assembly under flow.
Vimentin, after some hours from the starting of the experiment, starts to create
aggregates in the channel that, with time, will clog the device. To avoid the
adsorption of protein, passivation with BSA and Poloxamer 407 has been tried
without any success.
Figure 4.2, shows a sketch of the five-inlet device used during the experiments.
Examples of the measured positions are depicted as the green dots along the
outlet. A width of 200 µm is used for all the channels. A height of 100 µm is used
for all the channels apart from the central channel where a height of 100 µm is
employed. This device will be called from here on, step device. Instead of using
a chemical to passivate the surface, a “physical passivation” is used to prevents
vimentin from touching the channel walls [14]. The idea is to have a protection
layer of buffer solution that engulfs the vimentin stream in the cross section of
the device, preventing any contact, not only with the side walls, but also with the
top and the bottom channel surface. To create the protection layer, the height of
the central stream is halved compared to the other channels and flow rates have
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Figure 4.3: Result of a FEM simulation for a five-inlet microfluidic device (width = 200 µm,
height = 100 µm for the central inlet and 200 µm for the remaining channels) with vimentin
tetramers at slow flow rates. Just a quarter of the microfluidic device is simulated. (a) Top
view of vimentin concentration and KCl concentration. (b) Side view of the central section of
the microfluidic device. Vimentin tetramers are in contact with the channel walls (top part).
(c) Flow velocity in the channel. The maximum value of the velocity is ≈ 300 µm/s. This
simulation is performed with a flow velocity of 7 µm/s for the central inlet, 2 µm/s for the
diagonal inlets and 65 µm/s for the side inlets.

to be adjusted in a way that the flow from the side inlets can actually surround
the protein stream.
FEM simulations provide a tool to find out the perfect flow parameters. Figure
4.3a-b shows the concentration of vimentin tetramers in the cross section of the
step device simulated with a set of slow flow rates. The maximum flow velocity
in the central channel is around 300 µm/s as shown in Figure 4.3c, in particular,
7 µm/s is used for the central inlet, 2 µm/s for the diagonal inlets and 65 µm/s for
the side inlets. These set of flow rates are chosen because these are the velocities
to use if FCS is the technique of choice to measure the assembly. As explained in
Section 2.1.2, FCS can be applied to measure aggregation even when molecules
are under flow, however the flow must be slow enough to still be able to measure
diffusion. It has been shown that when the ratio of the flow time, τF = wv0 (with
w0 being the diameter of the observation volume in the radial direction), and the
w2
diffusion time, τD = 4D0 , is smaller than 0.02, flow dominates over diffusion [53].
As a first approximation, the flow time τF has to be at least the same value as
the diffusion time τD to be able to measure diffusion. If vimentin tetramers are
considered, with a diffusion coefficient of D = 22 µm2 /s in an observation volume
with a diameter of w0 = 300 nm, τD is around 1024 µs. Then, the maximum
velocity allowed is ≈ 300 µm/s, which is similar to the maximum velocity in the
center of the device in the simulation with slow flow rates (Figure 4.3). Vimentin
assemblies, such as ULFs, have even lower diffusion coefficients, limiting the ve-
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Figure 4.4: Results of a FEM simulation for the step device B, with a width of 200 µm, a height
of 50 µm for the central inlet and 100 µm for the remaining channels. (a) Top view of vimentin
concentration and KCl concentration. (b) Side view of the central section of the microfluidic
device. Vimentin tetramers are in contact with the channel walls (top part). (c) Flow velocity
in the channel. The maximum value of the velocity is ≈ 6 mm/s. Despite the higher flow
rates respect the simulation with slow flow rates (set of high flow rates: 1.35 mm/s for the side
inlets, 0.15 mm/s for the central inlet and 0.07 mm/s), the geometry of the device prevents the
creation of the buffer protection layer, thus vimentin molecules are in contact with the channel
walls.

locity to smaller values. If, for example, a diffusion coefficient around 5 µm2 /s is
considered, τD is ≈ 4500 µs, consequently the maximum flow velocity has to be
60 µm/s.
However, with the slow flow rates, even if there is the step in the device, vimentin tetramers are still in contact with the channel walls, as shown in Figure
4.6 (orange line), where at z = 0, i.e. at the channel wall, the concentration is
still not zero. This is due to the slow flow rates used for this simulation. Here,
the fluid from the side inlets is not enough to surround the central stream and
create the protection layer. A previous PhD student in our group, Dr. Viktor
Schroeder, actually tried to measure assembly of vimentin using FCS [130]. However, he concluded that with the restrictions imposed on the flow velocities by the
microfluidic device and the limitations of FCS in flow, it is impossible to combine
the two techniques.
Other geometries were also simulated. A device with a channel width of 200 µm
and height of 50 µm for the central inlet, and 100 µm for the other channels, (called
step device B) has been simulated using a set of high flow rates. The velocities
used here are higher than the ones used in the simulation for the step device at
slow flow rates (1.5 mm/s for the side inlets, 0.3 mm/s for the central inlet and 0.1
mm/s for the diagonal inlets). Also in this case, vimentin is still in contact with
the channel walls, as shown in Figure 4.4b and in Figure 4.6 (blue line). Thus,
also the geometry of the device plays an important role in preventing vimentin
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Figure 4.5: Results for a FEM simulation of the step microfluidic device (width = 200 µm, height
= 100 µm for the central inlet and 200 µm for the remaining channels) used to study vimentin
assembly. The flow velocities used during the simulations are the experimental ones (set of
high flow rates). (a) Top view of the vimentin tetramers concentration and of the KCl buffer
concentration. At 110 µm from the end of the central inlet the assembly starts. In this position
the concentration of KCl reaches the threshold to start the assembly of vimentin (10 mM). This
position is set to be time 0. (b) Side view of the flow streamlines. (c) Side view of vimentin
and KCl concentration in the cross section of the device. Note how vimentin concentration is
0 at the channel wall. (d) KCl concentration and velocity magnitude in the central channel.
Since the velocity is not constant at the beginning of the device, the calculated reaction time is
not uniformly spaced. Negative time points corresponds to positions before the KCl threshold
concentration of 10 mM is reached.

to stick to the channel walls.
If the step device is simulated with the high flow rates set (1.35 mm/s for
the side inlets, 0.15 mm/s for the central inlet and 0.07 mm/s for the diagonal
inlets), vimentin molecules are finally not in contact anymore with the channel
walls as shown in Figure 4.5. The flow velocities used here, combined with the
constriction of the central channel, allow for the creation of the buffer protection
layer around the central stream, preventing vimentin from touching the channel
walls. In Figure 4.5b, the vimentin streamlines are shown at the cross section of
the step device (side view). The lines are not in contact with the channel walls.
The concentration of vimentin is 0 at the channel walls in the cross section of
the device, as shown in Figure 4.5c. Figure 4.5a shows the top view of vimentin
concentration and KCl concentration inside the device.
The ions of the assembly buffer in the side inlets diffuse into the vimentin
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Figure 4.6: Comparison of vimentin concentration along z for the three microfluidic devices
simulated. The concentration of vimentin tetramers is plotted along the z-axis at 10 µm from
the end of the central inlet in the x-axis. The lowest concentration at the channel wall (z = 0)
is for the step device (width = 200 µm and height = 100 µm for the central channel and 200 µm
for the remaining channels) simulated with the fast flow rates.

protein stream starting the assembly. The trigger concentration of KCl buffer to
start the assembly is 10 mM [87]. This value is reached after 110 µm from the end
of the central inlet, this position is set to be the origin of the x-axis. The trigger
position is calculated from the line plot of the KCl concentration along the outlet
(Figure 4.5d). The velocity inside the device increases when the solutions from all
the inlets meet. At ≈200 µm from the origin the velocity has a constant value of
5.7 mm/s This velocity is too high for FCS measurements, therefore PCH is used
as an alternative technique. The limitations on the device geometry and the flow
rates are part of the reason that convinced us to use PCH instead of FCS. PCH
is also more sensitive to aggregation processes: it can distinguish two molecules if
the brightness differs at least a factor of 2 in brightness, thus, in principle if every
monomer has one label, the dimer formation can be followed. On the contrary,
the formation of a dimer leads to an increase in D of a factor of 1.26 which is
be difficult to measure with FCS in flow. Since PCH is not dependent on the
flow rates there is no limitation on the velocities chosen, on the condition that
undersampling is avoided, as explained in Section 2.1.3. The sampling time T
has to be faster than the fluorescence fluctuation time scales. With the set of
high flow rates, the maximum velocity in the center of the microfluidic devices
used here leads to a flow time τF of 50 µs. The binning time used for all the PCH
measurements in flow is 5 µs. Since the velocity is not constant along the central
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Figure 4.7: Vimentin concentration along the center of the microfluidic device. The concentration decreases along the device due to the dilution caused by the flow coming from the other
inlets. The kink in the vimentin concentration, at x = 600 µm, is an artifact due to the finite
size of the calculated mesh in the FEM simulation.

channel, the calculated reaction time is not uniformly spread. Time 0 is set to
be the x position where KCl concentration is 10 mM in the center of the device
[15]. Positions before this threshold are associated with negative time, as showed
in the inset of Figure 4.5d. When the velocity is increasing, the calculated time
points are closer to each other, as soon as the velocity reaches a constant value,
the time points are uniformly spread along the outlet positions. While the KCl
concentration increases along the center of the outlet, reaching a plateau of 100
mM at ≈ 1.5 mm from the origin, the vimentin concentration decreases along
the outlet, as shown in Figure 4.7. In the simulations, the decrease of vimentin
concentration is only to be attributed at the dilution of the vimentin stream by
the other inlets, as the assembly reaction is not simulated.
To summarize, the geometry chosen to measure the assembly of vimentin in
flow is a five-inlet and one outlet microfluidic device with a channel width of
200 µm for all the channels and an height of 100 µm for the central channel and
of 200 µm for the remaining channels (step device). The flow velocities applied
in the experiments are equal to the simulated ones (set of high flow rates: 0.15
mm/s for the central inlet, 1.35 mm/s for the side inlets and 0.07 mm/s for the
diagonal inlets).
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4.1.2

PCH measurements of vimentin tetramers in bulk

In this section, PCH measurements and simulations of vimentin tetramers are
presented. The simulations are used to test the self-written PCH analysis code
and to find the optimal vimentin labeling ratio to use during the assembly experiments. Afterwards, PCH measurements of vimentin tetramers in bulk are
discussed.
Optimization of the PCH experiments to study vimentin assembly

PCH measurements of vimentin tetramers in bulk are acquired to test the method
on our setup. Ideally, for studying molecular aggregation with PCH, exactly one
label is attached to each molecule. In this way, once the brightness of a single
molecule is known, the aggregation can be followed measuring the brightness of
the aggregates. A dimer would have a brightness twice the value of the single
molecule, a trimer three times the value and so on. However, if one dye molecule
is attached to one vimentin monomer, the assembly does not work anymore [114].
In fact, even if the dye molecule is attached to the tail domain of vimentin, it
prevents the full lateral and longitudinal assembly for sterical reasons. A labeling
ratio between 25% and 36% is typically used here.
The distribution of labels in a vimentin sub-unit is given by the binomial
distribution. The probability to have k labeled molecules in a polymer made of
n monomers is:
 
n k
k
pn =
r (1 − r)n−k .
(4.1)
k
With this equation, knowing the initial labeling ratio, defined as the percentage
of the ratio between labeled vimentin monomer and labeled+unlabeled vimentin
monomers, it is possible to calculate the expected average number of labels for
vimentin sub-unit at each stage of the assembly. For example, to calculated the
average number of label for a vimentin tetramer, we have to take into consideration the probability of having 0,1,2,3 or 4 fluorophores (4 is the maximum number
of dye molecules attached because 4 vimentin monomers are assembled into one
tetramer) attached to each tetramer. If the labeling ratio is 40 %, the probability
of having 0,1,2,3 or 4 fluorophores is calculated with equation 4.1;
for
 in1particular,4−1
4
1
the case of 1 fluorophore per tetramer, equation 4.1 is p4 = 1 0.40 (1 − 0.40) .
Then, to obtain the average number of fluorophores for the tetramer (Ndye/4 ),
each probability is multiply with the related number of labels and the sum of all
the resulting values is divided by the sum of the binomial probabilities excluding
the 0-fluorophore case (Ndye/4 = (p04 ·0+p14 ·1+p24 ·2+p34 ·3+p44 ·4)/(p14 +p24 +p34 +p44 )).
To test if is possible to distinguish vimentin molecules during the assembly
with PCH at labeling ratios between 10% and 33%, simulations are carried out using the software Global Images-SimFCS4 developed by the group of Prof. Enrico
Gratton (Laboratory for Fluorescence Dynamics, USA). The software simulates
movements of fluorescence molecules and their acquisition through a microscope.
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Figure 4.8: PCH and FCS simulation results and fits. The dots represent the simulated data, the
lines are the fits analyzed with the custom written code. Population 1 represents 100 particles
diffusing with D = 10 µm2 /s and B= 100000 cps. Population 2 represents 50 particles diffusing
with D = 10 µm2 /s and B= 50000 cps.

The acquired data can be analyzed with the same software. It can be used to
simulate the fluorescence signal from Brownian motion or convective flow of fluorescence particles. Initially, we use it to test the validity of the self-written PCH
fitting algorithm.
For this simulation, two populations of particles diffusing in a box are simulated separately in the confocal acquisition mode. First, 100 particles diffusing
in the box (D = 10 µm2 /s) with a brightness (B) of 100 kcps, (population 1) are
simulated. Subsequently, in another simulation, 50 particles with a brightness of
50 kcps (population 2) are simulated with the same box size, acquisition parameters and diffusion coefficient. Counts per second or cps is considered in the field,
the unit of brightness. The fluorescence signal from the diffusing molecules is acquired for 163 s and then ACF and PCH are built from the acquired intensity. In
Figure 4.8, the dots represent the PCH of the simulated data, blue for population
1 and light green for population 2. The lines are the fitting curves obtained with
the self-written algorithm. The model to fit the data is the one component PCH
model, described by equation 2.29. The parameters obtained from the fit are the
brightness of the measured molecule and the average number of particles, with
that brightness, in the observation volume. Both FCS and PCH are also analyzed
with SimFCS software. The fitting parameters, summarized in Table 4.1, are in
good agreement with each other.
As expected, the brightness of one molecule from population 2 is half the value
of the molecular brightness from one molecule of population 1. The value of the
fitted brightness represents the brightness emitted from each molecule during one
time bin (10 µs). Also, the number of molecules per observation volume scales
according to the initial values. The average number of molecules in the obser-
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Population
1
2

bSimF CS
3.39
1.67

bself
3.44
1.68

NSimF CS
0.16
0.08

Nself
0.16
0.08

NF CS
0.1671 ± 2×10−4
0.0830 ± 1×10−4

D [µm2 /s]
9.17 ± 0.04
9.33 ± 0.04

Table 4.1: Fitting results from the analysis of the simulated data shown in Figure 4.8. The
parameters computed with the custom code are in good agreement with the results from the
SimFCS software. The parameters obtained from the FCS analysis are comparable with the
PCH parameters, same N values and same diffusion coefficients for both curves.

LR
%
10
25
33

B4mer (No.dye)
[kcps]
37.6 (1.16)
47 (1.46)
53 (1.66)

B8mer (No.dye)
[kcps]
45.4 (1.40)
72 (2.22)
89 (2.77)

B16mer (No.dye)
[kcps]
63.5 (1.96)
130 (4.04)
172 (5.33)

B32mer (No.dye)
[kcps]
107.2 (3.3)
259 (8.00)
344 (10.65)

Table 4.2: Table summarizing the brightnesses and the numbers of label per vimentin molecule
(in brackets) at different assembly stages for three different labeling ratios.

vation volume agrees well also with the FCS analysis. The diffusion coefficients
obtained from the fits are in agreement with the input value in both simulations.
SimFCS is used to test vimentin samples with different labeling ratios at
different assembly stages. As already introduced, the labeling ratio should be as
low as possible to allow for a normal assembly reaction but high enough to allow
for distinguishing the various components during vimentin assembly. Since PCH
can distinguish populations when they differ in brightness by a factor of two, we
test which labeling ratio allows us to distinguish at best the vimentin sub-units
during the different stages of the assembly. For this assessment, two different
populations of particles with the brightness of vimentin sub-units, are simulated
diffusing together in the same box. Three labeling ratios are tested: 10%, 25%
and 33%. Higher labeling ratios are not taken into consideration because vimentin
would not be able to form filaments. In Figure 4.9 two batches of vimentin, one
with a LR of 25 % and one with a LR of 100 %, are shown after 7 hours of
assembly at 37◦ C. When the LR is 100 % vimentin filaments are not formed,
possibly due to the high density of the attached fluorophores which inhibits the
assembly.
The brightness of each component, tetramer, octamer, hexadecamer and ULF,
is estimated, calculating the number of labels per vimentin sub-unit, using equation 4.1. The obtained number of label is multiplied with the brightness of a
single Alexa-532 molecule, which was measured, B ≈ 33×103 cps. In Table 4.2,
the calculated numbers of labels and the brightnesses used in the simulations are
summarized for the different labeling ratios.
As an example, the simulation for tetramers and ULFs diffusing together is
reported. In Figure 4.10 the simulated PCH data are shown together with the fits

Chapter 4. Results

60

Figure 4.9: Epi-fluorescence images of vimentin filaments with different LRs after 7 hours of
assembly at 37◦ C. When the LR is 25 % filaments are properly formed. At LR = 100% no
vimentin filaments are visible in the sample.

LR [% ]
10
25
33

B4mer (fit) [kcps]
37 ± 128
57 ± 11
53 ± 10

B32mer (fit) [kcps]
106 ± 20
259 ± 2
338.9 ± 0.8

N4mer (fit)
0.2 ± 0.7
0.24 ± 0.05
0.2 ± 0.1

N32mer (fit)
0.2 ± 0.2
0.233 ± 0.003
0.248 ± 0.002

Table 4.3: Brightness (B) and number of molecules per observation volume (N ) of simulated
vimentin tetramers and ULF retrieved with a two components model fit.

obtained with a one component PCH model (equation 2.29) and a two components
model (equation 2.32), for the three LRs tested. From the graph it is clear that
for higher LRs, the two component PCH model can describe the data better.
However, even for LR = 10%, the two component fit can retrieve the proper
initial values. In Table 4.3, the parameters obtained with the two component
model are summarized for the different labeling ratios. The fitted values are
comparable with the calculated ones (Table 4.2). Nevertheless, for LR = 10%,
the errors of the fitting parameters are higher than to the ones for the other
LRs. In fact, in principle at LR = 10%, even the one component model could
describe the data (χ2R ≈ 10−12 ). The measured brightness retrieved with the
single component model lies in between the brightness of the tetramer and the
ULF. The average numbers in the observation volume are correctly retrieved in
all three cases. However, as for the brightness, the fitting errors are higher in the
lowest labeling ratio simulation. Observing the fitting parameters, on average,

61 4.1. Studying protein interactions and labeling stoichiometry under flow

Figure 4.10: PCH data and fits for simulated vimentin assemblies, using the SimFCS software,
at different assembling stages for different LRs. The simulated data in this figure represent
the case of just tetramers and ULFs diffusing together. The PCH data are fitted with the selfwritten algorithm, with a one component model (red lines, equation 2.29) and a two component
model (blue lines, equation 2.32) (a) At LR = 10% it is very difficult to distinguish the two
components, in fact the data can also be fitted with just one component fit. (b) As the labeling
ratio increases a two components model describes better the data. (c) At LR= 33% a single
component fit is not in agreement with the data anymore.

Chapter 4. Results

62

Figure 4.11: PCH of vimentin tetramers in bulk at three different concentrations. The symbols
represent the experimental data and the lines the corresponding fits. The data are acquired for
300 s for each concentration.

the errors are lower than for the brighter component. That is probably due to
the higher signal-to-noise ratio that the the brighter particles have. Since at a
labeling ratio of 25% the two components can be correctly distinguished with
low fit errors and good signal-to-noise ratio, vimentin samples have been mostly
prepared with a labeling ratio between 25% and 33%.
Brightness of vimentin tetramers in bulk

After the simulations described in the previous section, PCH measurements of
vimentin tetramers can now be acquired with the setup. Vimentin tetramers are
first measured in bulk at different concentrations to test if the PCH results can be
reliably trusted. In Figure 4.11, PCH of vimentin tetramers in bulk at different
concentrations (8.0, 0.8 and 0.4 nM, which correspond at 0.01, 0.001, 0.0005 g/L)
are shown. For the three samples, the brightness of a single vimentin molecule
is constant with an average value of 106 ± 2 kcps while the average number of
molecules in the observation volume decreases according to the concentrations,
as summarized in Table 4.4.
The PCH data can also be compared with the FCS curves. An example is
shown in Figure 4.12, where the FCS and the PCH from vimentin at two labeling
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sample
8.0 nM
0.8 nM
0.4 nM

B [kcps]
101 ± 3
113 ± 1
104 ± 2

N
0.22 ± 0.01
0.023 ± 0.004
0.0106 ± 0.0004

Table 4.4: Fit parameters retrieved with a single component fit of the PCH data shown in
Figure 4.11. The brightness values, B, are comparable with each others at the different concentrations. While, the average numbers of molecules per volume of observation, N , are decreasing
accordingly with the concentrations measured.

ratios (LRs), 22% and 36%, and at two different concentrations are shown. The
brightness (B) obtained from the single component fits are in agreement with
each other between same the labeling ratios (Table 4.5). Actually, the brightness
values are similar between the two labeling ratios, since the average number of
labels per vimentin tetramer is similar in the two cases, 1.4 label molecules in
average for LR = 22% and 1.6 for LR = 36%.
The average number of molecules in the observation volume N obtained with
the PCH fits scales with the concentrations, as shown in Table 4.5. The numbers
of molecules are in agreement also with the autocorrelation data, where a diffusion
coefficient comparable with the value for vimentin tetramers is retrieved in all the
conditions (hDi = 27 ± 2 µm2 /s) .

Figure 4.12: PCH (a) and FCS curves (b) of vimentin tetramers in bulk at different concentrations and LRs. The FCS curves are the average of 10 runs with 30 s of acquisition time each.
The parameters obtained from the fits are listed in Table 4.5.

The brightness of vimentin tetramers in general might show some variability.
This could be caused by small changes in the setup or by intrinsic protein variability during the labeling of vimentin molecules. In fact, the number of label
per vimentin sub-unit is calculated using the binomial distribution (equation 4.1)
which is an average value of the label distributions in the sub-units. In gen-
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LR [%]
22
22
36
36

C [nM]
2
0.2
2
0.2

B [kcps]
96 ± 3
100 ± 1
104 ± 2
100 ± 2
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NP CH
1.36 ± 0.08
0.14 ± 0.02
1.01 ± 0.04
0.14 ± 0.04

NF CS
1.201 ± 0.008
0.1739 ± 0.0007
1.04 ± 0.01
0.1736 ± 0.0007

D [µm2 /s]
27 ± 2
29 ± 2
26 ± 2
29 ± 1

Table 4.5: Summary of the fitting parameters of curves shown in Figure 4.12. The data represent
PCH and FCS measurements of vimentin tetramers in bulk of samples at two LRs with two
different concentrations. The brightnesses measured are in agreement with each other and
they are similar between the two labeling ratios since the average number of fluorophores per
vimentin tetramer is similar in both cases. The values of N obtained with the PCH analysis are
in agreement with the values obtain from the FCS fits. In all four cases, a diffusion coefficient
compatible with vimentin tetramers is measured with FCS.

eral, when the number of molecules, N , in the observation volume increases, for
N >3, the PCH curves are more difficult to fit because the detector artifacts, as
dead-time or afterpulsing, start playing an important role in the signal.
4.1.3

Vimentin tetramers in flow

Here, the measurements of vimentin tetramers in the two microfluidic devices,
device A and device B, are presented. In the first microfluidic device (device
A), which is a single channel, PCH measurements of vimentin tetramers in flow
are acquired to verify the independence of the PCH from the flow velocity. The
second device (device B) is the five-inlet microfluidic step device, which is created
to study the assembly of vimentin (described in Section 4.1.1).
PCH of vimentin tetramers at different flow velocities

In general, with higher flow rates the number of recorded fluorescent events increases. Figure 4.13 shows the time trace of the fluorescence counts for a sample containing diluted fluorospheres (FluoSpheres Carboxylate-Modified Microspheres 0.02 µm, Nile Red fluorescent (535/575), Thermo Fisher Scientific) with
and without applied flow. The sample flowing with a velocity of 1 mm/s has
more events than the one without applied flow. Increasing the acquired events
is useful when samples with low concentrations are measured, because it allows
to decrease the acquisition times. It is known that FCS is affected by the flow
velocity [27]: when the flow velocity is too high diffusion cannot be measured
anymore, as explained in Section 2.1.2.
To verify that the photon count distribution is unchanged when convective
flow is applied [53], vimentin tetramers are measured in a microfluidic device at
different velocities. The microfluidic device used here has the simplest possible
geometry. It is just a single channel with a width of 250 µm and an height of 25 µm
(see Section 3.3.1). At this aspect ratio, the velocity in the device has a plug flow
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Figure 4.13: Fluorescence intensity trace over time for a sample of fluorospheres (20 nm, Nile
Red fluorescent) diluted in water 1 to 2000, in a channel with and without flow. Note how the
number of events increases when flow is applied (blue).

profile, as shown in Figure 4.14. Since the velocity is constant along the width of
the channel, we can be sure that molecules will pass through the PSF with the
same flow parameters. In this microfluidic device no changes in concentration (no
dilution or assembly) or in brightness (the assembly is not initiated) are expected,
thus the PCHs at different velocities should lay on top of each others, as long as
undersampling is avoided.
Figure 4.15a shows an example of PCHs measured at 4 different velocities
(2 mm/s, 6 mm/s, 10 mm/s and 20 mm/s) for the same vimentin tetramers
sample with a concentration of 2 nM (0.002 g/L). To avoid undersampling, the
sampling time has to be faster than the characteristic time scale of the fluorescence
fluctuations. In this case, diffusion does not play a role anymore in the fluctuation
time scale because the convective flow is too fast, in fact τD is ≈ 1020 µs for
vimentin tetramers and, with the velocities applied here, τF (the flow time) varies
between 150 µs and 15 µs. The sampling time then has to be faster than 15 µs.
Here T = 5 µs is chosen as sampling time.
The four PCHs lay on top of each other confirming the model for PCH under
flow. Moreover, the parameters obtained from the fits are in agreement with each
other. In Table 4.6 the fitting parameters of the PCH shown in Figure 4.15, are
reported. Both N and B are constant over the different velocities. The FCS
curves at these velocities cannot be used to measure diffusion, but they can be
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Figure 4.14: (a) Velocity plug flow profile of vimentin flowing in a microfluidic device of 250 µm
× 25 µm. The velocity has a constant value in the central section of the width of the channel.
(b) Simulated channel, the red line marks the position of the line plot.

Figure 4.15: PCH and FCS curves of vimentin tetramers in flow at different velocities. (a)
All PCHs are on top of each other confirming the independence of the PCH model from the
flow velocity. (b) The FCS curves show the typical steepening caused by convective flow. The
fluorescence intensities are acquired for 300 s for each PCH, while the FCS curves showed here
are the average of 10 runs with 30 s of acquisition times each.
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vinput [mm/s]
2
6
10
20

B [kcps]
23.1 ± 0.4
21.6 ± 0.4
21.2 ± 0.4
20.8 ± 0.4

N
0.73 ±
0.71 ±
0.83 ±
0.921 ±

0.01
0.01
0.02
0.002

vF CS [mm/s]
2.00 ± 0.03
6.1 ± 0.1
10.2 ± 0.5
18 ± 1

Table 4.6: Parameters retrieved from the analysis of PCHs and FCS curves showed in Figure
4.15. Vimentin tetramers are measured in a single channel with FCS and PCH.

used to measure the flow velocity. The velocities calculated from the FCS curves
faithfully recover the experimental conditions (Table 4.6). The amplitudes of the
FCS curves have a small variability, this could be caused by variability at the
single molecule level in the sample during the acquisition time. Nevertheless, the
numbers of molecules in the observation volume calculated from the FCS analysis
are in agreement with the PCH measurements.
Vimentin tetramers in the step device measured with PCH

Vimentin tetramers are measured in the microfluidic device used also to study
the assembly. In the previous section, the independence of the PCH from the
flow velocity is proved, here we want to test the stability of vimentin tetramers
in the step device. The measured brightness B is expected to stay stable over the
different positions of the device, and the average number of molecules per volume
of observation N is expected to decrease. In Section 4.1.1 the characterization
of the microfluidic device is described. It is a five-inlet device with a channel
width of 200 µm for all channels, and a height of 100 µm for the central inlet
and 200 µm for the remaining channels. Vimentin tetramers are delivered to the
central channel with a concentration of 0.0025 g/L (9 nM for the vimentin batch
used in this experiment) and a flow rate of 11 µL/h. The vimentin concentration
measured in nM is dependent on the labeling ratio of that particular vimentin
batch, while the concentration in g/L describes the overall protein concentration.
Into the remaining inlets, 2 mM of PB (pH 7.5) are injected with a flow rate
of 190 µL/h for the side inlets and 10 µL/h for the diagonal inlets. The PCH is
measured at different positions along the center of the outlet channel, as sketched
in Figure 4.2. In this case, the PCHs will not look identical to each other, because
the protein concentration is changing through the device, as shown in the FEM
simulations (Figure 4.7). However, the brightness should stay constant at the
different positions measured because the assembling ions are not present in the
buffer and thus, the protein remains in the tetramer form.
As predicted, the brightness is constant over the different positions in the
microfluidic device, as shown in Figure 4.16a. In this experiment, every dot
represents a PCH measurement with 500 s of acquisition time. The time on the
x-axis is calculated from the velocity in the central channel obtained by the FEM
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Figure 4.16: Brightness and number of Atto-532 per vimentin tetramer, obtained measuring
vimentin tetramers with PCH in the five-inlet step device. Each dot corresponds to a PCH
built after an acquisition time of 500 s. The error bars correspond to the standard deviation of
the fitting parameters. The time on the x-axis is calculated using the velocity values from the
FEM simulations. (a) The brightness is constant along the outlet within one standard deviation
(blue colored box, it is center on the measured average brightness). (b) The number of labels
per vimentin molecule is calculated dividing the brightness of vimentin tetramers with the
brightness of a single Atto-532 molecule measured in bulk. The number of labels per molecule
shows no increase in time, confirming the presence of only vimentin tetramers. The values
measured are in agreement with the expected number of labels per each vimentin assembly
sub-unit calculated with the binomial distribution for vimentin tetramers (dotted lines).

simulation. The number of labels per vimentin sub-unit can be calculated once the
brightness of a single molecule of Atto-532 is known. From bulk measurements,
with the same acquisition conditions, the brightness for a molecule of Atto-532 is
measured to be B = 54 ± 20 kcps. In Figure 4.16b the measured number of labels
per molecule is shown over time. The values are similar to the expected number
of label per vimentin tetramer calculated with equation 4.1. On average 1.6 ±
0.4 labels per molecule are measured in the experiment, which is comparable
to the expected value (Ndye/4 = 1.9) calculated with the binomial distribution
(equation 4.1). The brightness is actually constant in the different positions of the
microfluidic device and, as expected, indeed corresponds, withing one standard
deviation, to the vimentin tetramer value.
The average number of molecules per observation volume, N , is decreasing
along the outlet channel, as predicted by the simulation (Figure 4.7). In Figure 4.17 the average number of molecules per observation volume, N , is plotted
against the position in the channel and the assembling time. The origin for the
bottom x-axis is in the central inlet. At x = 500 µm, the central inlet crosses the
other channels. At the top x-axis the corresponding assembly time is shown. The
0 time point corresponds to the position in the channel where the KCl concentration is 10 mM (in the simulations), as this concentration is the threshold for
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Figure 4.17: Number of molecules per observation volume for vimentin tetramers in the step
device. The bottom x-axis represents the position of the measurement in the central channel
of the device. The top x-axis shows, for the positions measured, the corresponding assembly
time. The dotted line corresponds to an exponential decay fit used to qualitatively described
the decreasing of N .

vimentin assembly [87]. The time axis is not spaced uniformly because the velocity is not constant along the outlet channel. The time points shown in the axis
correspond to the measured position in the channel. The decrease of N along the
outlet channel is expected from the FEM simulations, however, the concentration
of vimentin tetramers decreases faster than in the simulation. In fact, for the
same positions in the device, the ratio of the initial value, N0 , and the last value,
NF , is N0 /NF = 11.8, in the experiment and N0 /NF = 5 in the simulation. In
these experiments, where no ions are added in solution to start the assembly, the
decrease of vimentin tetramers along the outlet channel should have been caused
only by the dilution of the protein solution with the PB buffers from the other
four inlets. As consequence, the measured ratio N0 /NF should have been the
same to the simulated one. However, it seems that when vimentin tetramers are
measured in the step device, the concentration decreases faster than expected.
The decrease is also qualitatively followed fitting the curves of N over time using
an exponential decay function, described by:

N (t) = N0 e−t/τN + C,
(4.2)
where τN is the characteristic decay time for the fitted curve. For the case of
vimentin tetramers in the microfluidic device (Figure 4.17) the characteristic time
decay has a value of τN = 46 ± 10 ms, while in the simulation a decay time of
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Figure 4.18: Epi-fluorescence image of the NOA glue step inside the microfluidic device during
an experiment with vimentin tetramers in flow. Vimentin tetramers are adsorbed to the NOA
step.

τN = 70 ± 2 ms is obtained. The exponential fits confirm that the decrease of N
in the microfluidic device is faster than in the FEM simulations.
A possible explanation of this not expected fast decrease of N in the device
could be related to adsorption of vimentin tetramers by some components of
the microfluidic device, such as the glue used to create the step in the central
inlet. In fact, with the step device protein adsorption is prevented in the central
mixing region, but not before that. In Figure 4.18 an epi-fluorescence image of
the microfluidic device during one experiment with vimentin tetramer is shown.
In particular, vimentin tetramers are adsorbs to the UV-curable step created on
the glass slide. It appears that a Some vimentin molecules are also adsorbed
by the PDMS side walls of the central channel (next to the step). It could be
that indeed two different “types” of concentration decay are taking place in the
device. At first, the protein concentration decreases since vimentin molecules are
adsorbed on the step in the central inlet, then the protein concentration decreases
because of the dilution of the sample by the fluids from the other inlets. Possibly,
two regions with different decay times, a first fast decay related to the protein
adsorption and a slower decay caused by dilution, might be distinguishable in the
graph of N at different positions in the device, however we do not have enough
data points to distinguish properly the two behaviours.
The data just presented are analyzed using a model for two components for
PCH. The second component measured has a constant brightness along the channel, as shown in Figure 4.19a. In every measurement, the second component
is brighter than the expected brightness for a ULF (Figure 4.19a). Since, here,
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Figure 4.19: Brightness B and average number of molecules per observation volume N for the
second component found during the analysis of the PCHs for vimentin tetramers in flow. (a)
The brightness is constant over time. The average brightness value of the second component is
higher than the values measured, and calculated, for vimentin assemblies. (b) The number of
molecules per volume is decreasing along the channel.

KCl ions are not added into the buffer solution, assemblies of vimentin are not
expected, thus the measured second component, probably, is not a result of vimentin ordered assembly. However, in Lopez et al. [87], aggregates of vimentin
were found during scattering measurements even before the assembly was initiated. Random aggregates of protein could be a cause of the second component.
The values found for the second component are consistent with other measurements of vimentin in the microfluidic devices, even during the assembly experiments. Nevertheless, since the brightness of this second component is very
different from the brightness of vimentin assemblies, we can still clearly distinguish vimentin sub-units in our measurements. The second component is not
present in PCH measurements of dyes, as rhodamine 6G or Alexa-532 in flow or
in vimentin samples measured in bulk. By now, no clear explanation has been
found to explain the second component.
4.1.4

Measurements of vimentin lateral assembly under flow

Vimentin and assembly buffer are mixed inside a microfluidic device that allows
us to access the temporal evolution of the assembly process. The five-inlet microfluidic device is employed with a constriction in the central inlet, as already
described in the previous sections. Vimentin tetramers with a concentration of
0.0025 g/L are loaded into the central channel with a flow rate of 11 µL/h. In the
side inlets, 100 mM of KCl in 2 mM PB (pH 7.5) are flushed to start the assembly
with a flow rate of 190 µL/h, and 2 mM PB buffer (pH 7.5) is used with a flow
rate of 10 µL/h for the diagonal inlets. The measured brightness, B, number of
labels per sub-unit, Ndye/unit , and number of molecules in the observation volume,
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N , correspond to the average values for all molecules in the observation volume
during one sampling time, which is set to 5 µs.
PCH measurements are employed to measure the labeling stoichiometry of
each vimentin sub-unit during the assembly, e.g. tetramers, octamers or ULFs.
For every PCH measurement the fluorescence intensity is acquired for 800 s. Since
during the assembly vimentin molecules associate, we can expect the brightness to
increase over time. In the microfluidic device employed, the elongation of vimentin
cannot be measured as this assembly step occurs in the time scale of minutes and
the maximum time point measurable with this device is around 4 s. However,
we are able to precisely measure the lateral assembly of vimentin, up to the
formation of ULF. As the brightness, B, increases the average number of molecule
per observation volume, N , decreases over time. While the increase in brightness
is caused only by the assembly, the decrease of N is caused partly by the assembly
and partly by the dilution of the central stream by the injected buffer from the
other inlets. The changing brightness over time is exploited to calculate the
number of labels per vimentin sub-unit during the assembly. The measured label
stoichiometry is then compared with the predicted label stoichiometry, calculated
with the binomial distribution (equation 4.1). An exponential fit is employed to
characterize the curves of B over time and to quantify the time scale of the ULF
assembly.
In the following part, some example of vimentin assembling experiments will
be described. Figure 4.20 shows an example of vimentin assembling in the fiveinlet step microfluidic device. The change in brightness and in label stoichiometry
over time are shown. In this case, the labeling ratio of vimentin is LR = 28 %. The
brightness is increasing over time until a plateau value, which corresponds to the
brightness of ULFs, as shown in Figure 4.20a. The increase in measured brightness corresponds to the lateral assembly of vimentin tetramer forming octamer,
hexadecamers and ULFs. Knowing the brightness value for a single molecule of
Atto-532, we can calculate the stoichiometry of the vimentin sub-units during
the early time points of assembly. The number of labels per vimentin sub-unit
increases in time, as the brightness, up to a plateau which corresponds to the
value for ULFs (Figure 4.20b). At this labeling ratio, on average, 1.5 fluorophores
are expected for each tetramer (value calculated from equation 4.1). In the experiment, a value of 2 ± 1 fluorophores is found at t = 0 s, when the assembly
has just started.
The time evolution of vimentin assembly can be qualitatively followed just
looking at Figure 4.20b. The data suggest that octamers are formed in the first few
milliseconds after the assembly and after 50 ms hexadecamers are formed. ULFs
are already produced after 100 ms from the starting of the assembly. The time
needed to form ULFs starting from tetramers is quantified with an exponential
fit, from which a formation time of 45 ± 10 ms is obtained in this case. However,
at this labeling ratio, the measured number of labels per vimentin sub-unit at
the plateau is lower than the value predicted for ULFs using equation 4.1. In
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Figure 4.20: Example of brightness and number of label per sub-unit over time for an experiment
of vimentin assembling in the five-inlet microfluidic device. In this case the labeling ratio is
28 %. (a) The brightness increases over time. The data points are fitted with an exponential
growth function. (b) The number of labels per vimentin sub-unit is calculated dividing the
brightness at each time point for the brightness of a single molecule of Atto-532 measured at
the same experimental condition. The values for the number of label per sub-unit reach a
plateau, which corresponds to ULFs. However, the measured values for the number of labels
per ULF are lower than the predicted value (red dotted line). Possibly, the high labeling density
induces self-quenching of the dye that might decreases the measured brightness for the ULF.

fact, the measured number of labels per ULF is, on average, 6.3 ± 0.3 while the
theoretical value is 7.5. The measured difference reflects an effective decrease in
the measured brightness of the labels, which is possibly caused by self-quenching
of the fluorophores attached to the ULF. Self-quenching effects are dependent on
the dye molecule itself and on the environment. In this case, in average, 3 to
4 dye molecules are attached to the tails of vimentin monomers in each side of
a single ULF, which has a diameter of 17 nm. Thus, on average, the dyes are
separated from each other by a distance between 4 and 6 nm, small enough to
see quenching effects.
This explanation is supported by a measurements with vimentin at a lower
labeling ratio (12 %), as shown in Figure 4.21. In this case, the measured number
of labels per vimentin sub-units corresponds with the predicted value (4.21b).
In Figure 4.21, the brightness and the label stoichiometry are shown during
the assembling of vimentin. The brightness increases rapidly, as before, and after
≈ 100 ms it reaches a plateau value. In particular a ULF formation time of 26 ±
5 ms is here obtained with the exponential fit. This experiment shows that even
if the labeling ratio is not as high as in other experiment, it is still possible to
measure the average increase of B over time. The number of labels per vimentin
sub-unit measured, shown in Figure 4.21b, increases over time, starting from a
value of 1.2 ± 0.2, which corresponds to the predicted value for tetramers (N o.dye/4
= 1.2) for tetramers, up to a value of 4.5 ± 0.5 comparable to the predicted value
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Figure 4.21: Example of brightness and label stoichiometry over time for vimentin assembling in
a microfluidic device with low labeling ratio (LR = 12 %). (a) The brightness increases quickly,
within 100 ms from the start of the assembly the brightness reaches a plateau value. The data
are fitted with an exponential growth function to quantify the ULF formation time. (b) The
number of label per vimentin sub-unit is calculated dividing the measured brightness with the
brightness for a single Atto-532 molecule obtained at the same experimental conditions. The
starting value corresponds to vimentin tetramers and the plateau value corresponds to ULF
molecules. The number of labels predicted with the binomial distribution for each vimentin
assemblies is depicted with dotted lines.

for ULFs (N o.dye/32 = 4). After the formation of the ULFs, the sub-units start to
assemble longitudinally forming filaments. However, higher orders of assembled
vimentin are not visible in this experiment because they form at longer time scale
(minutes) [87] and with this device the maximum time point reachable is ≈4
s. As consequence, the plateau value reached by the brightness corresponds to
the ULF formation step within the measurements errors. The first time point of
the brightness measured is in agreement with the bulk measurement of the same
vimentin sample before the assembly: the brightness measured in bulk for the
same vimentin tetramers is 40 ± 5 kcps, while in the assembly experiment, at t
= 0 s, B = 41 ± 8 kcps.
Until now, only the positive time points of assembly have been showed, in
Figure 4.22 the brightness of vimentin from “negative” assembly time points is
shown. The brightness is constant before the origin, confirming that the assembly
is not triggered if the KCl has not reached a concentration of 10 mM, which is
the position in the channel considered as the origin. The average brightness
value measured before the origin, B = 60 ± 6 kcps, is comparable with the
brightness of the same vimentin tetrameric sample measured in bulk at the same
condition, where B is 54 ± 5 kcps. After KCl has reach the threshold value of
10 mM (t = 0), vimentin molecules start to assemble, thus the increase of the
brightness. In this case, as for the first example (Figure 4.20), the predicted
brightness of ULFs (calculated with the binomial equation 4.1) is higher than
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Figure 4.22: Brightness over time for a sample of assembling vimentin with a labeling ratio of 40
%. At negative time points, the brightness is constant in time with a value which corresponds
to vimentin tetramers. As soon as the assembly starts (KCl reaches the threshold value of 10
mM), the measured brightness increases. The brightness does not reach a plateau even after
≈ 100 ms of assembly. Possibly, the high density of dye molecules slows down the assembly
reaction.

the brightness measured with PCH. At the labeling ratio of this vimentin sample
(40%) one ULF should have a brightness of 340 kcps, however here, after 130
ms of assembly, the measured brightness has a value of 240 kcps. The lower
measured brightness can be possibly explained with self-quenching of the labeled
fluorophores, caused by the high density of fluorophore per each ULF. However,
since in this experiment the brightness has not reached a plateau, it is difficult to
provide a clear explanation. In particular here, not only the brightness is lower
than expected (for ULF) but it increases also slower than in the other experiments.
The high labeling ratio might have influenced also the dynamic of the assembly,
which is slowed down perhaps by the high fluorophore density for each vimentin
sub-unit.
As the brightness increases, the average number of fluorescent molecules in the
observation volume, N, decreases. In Figure 4.23, N is reported versus the assembly time for two examples discussed previously, the one of vimentin tetramers
at LR = 12 % (Figure 4.23a) and the one with LR = 28 % (Figure 4.23b). The
decrease of N over time cannot be compared directly with the simulations, since
with PCH only the fluorescent molecules are detected and in our experiments not
all the molecules are labeled.
The behavior of N over time is consistent in the different assembly experiments. In Figure 4.24 N over time is shown for two different experiments. In
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Figure 4.23: Average number of fluorescent particles per observation volume N for two vimentin
assembly experiments discussed previously. (a) N over time for the experiment where vimentin
is labeled at 12 %. (b) N over time for the experiment where vimentin is labeled at 28 %. The
average number of molecules in the observation volume is decreasing over time in both cases,
as expected. The decrease of N along the outlet channel is partially caused by the dilution of
the vimentin sample and partially caused by the assembly of vimentin sub-units. The dotted
blue lines correspond to exponential decay fitting curves.

both cases, the values are normalized for the maximum value of N . The overlap of the two curves confirms that, at the same experimental conditions, the
lateral assembly has the same temporal evolution. Moreover, the time constants
obtained fitting the curves with equation 4.2 are very similar to each other, confirming the reproducibility of our experiments when vimentin is measured at the
same labeling ratio. The average number of particles, N , in the two datasets
shown in Figure 4.23 are decaying with similar characteristic time, τN = 33 ± 2
ms for the sample at LR = 12 % and τN = 29 ± 7 ms for the sample at LR =
28 %, confirming indeed the reproducibility of our experiments even for vimentin
samples at different labeling ratios. When assembly ions are not added into the
buffer solution, the decay time for N is on average 44 ± 13 ms, which is slower
than what measured when vimentin molecules are assembling.
The solution coming out from outlet of the microfluidic device, i.e. the assembled vimentin, has been measured directly after with FCS in bulk. In Figure
4.25, the PCH fits and the average FCS curves of before and after the assembly
microfluidic device are shown. Before the assembly in the microfluidic device, vimentin tetramers are measured with FCS and PCH in bulk. With an observation
volume of 330 nm, a diffusion coefficient of D = 25.1 ± 0.3 µm2 /s is obtained
with FCS. This value corresponds to the predicted diffusion coefficient for vimentin tetramers, calculated using Stokes-Einstein equation 2.16, D = 22 µm2 /s.
After the device, two diffusing components are found in solution. The first one,
D1 = 23.4 ± 0.1 µm2 /s, is compatible with vimentin tetramers, and the second
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Figure 4.24: Normalized average number of molecule per observation volume over time for
two independent experiments. The curves from the two experiments lie on top of each other,
demonstrating the reproducibility of our method. The dotted lines represent the exponential
decay (equation 4.2) fits. The two curves decay with similar time constants.

Figure 4.25: (a) FCS curves and (b) PCH of vimentin before and after the microfluidic device.
The FCS curves shown are the normalized average of 15 runs, each of them was acquired for
30 s. The fluorescence intensity was acquired for 900 s to build each PCH.
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Figure 4.26: Brightness and average number of molecules per observation volume over time for
the second fitting component of the low labeling ratio measurement.

one D2 = 7.5 ± 2 µm2 /s, fits with a larger assembly. The diffusion coefficient for
ULFs can be estimated with a value of D = 10 µm2 /s from an equation described
in [131], which describes the model of D for a cylinder.
D=


kB T 
log(L/d) + 0.6d/L − 0.1d2 /L2 + 0.3 ,
3πηL

(4.3)

where L is the length of the cylinder and d the diameter, which for ULF are
60 nm and 17 nm respectively. Thus, the estimated value is in agreement with
the measurement. PCH analysis confirms the presence of ULFs in the assembled
solution. A brightness of 65 ± 20 kcps is measured in the sample containing only
tetramers, which is similar to previous measurements on vimentin tetramers. By
contrast, in the sample from the outlet of the microfluidic device, two brightness
components are measured. One dimmer component of B = 68 ± 7 kcps, reconcilable with vimentin tetramers, and one brighter component of B = 242 ± 5 kcps,
consistent with previous measurements of ULF molecules.
As for vimentin tetramers in the step device, a second brightness component
is found also here. Figure 4.26, shows the brightness and the average number of
particles per observation volume N for the second brightness component obtained
in the sample of vimentin at LR = 12 %. The brightness of the second component
is not varying over time, as in the experiment of vimentin tetramers under flow
(Figure 4.19). Its average value is higher than the brightness value expected
and measured for ULFs. The number of molecules per observation volume, for
this component is also slightly decreasing over time and the maximum value is
found at the beginning of the channel, close to the NOA glue step. Since this
bright component is found when vimentin is measured in microfluidic device (even
without assembly buffer) and not when other samples are measured in flow, as
rhodamine 6G or Atto-532, it may be caused by unsystematic aggregation of the
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Figure 4.27: (a) Example of the exponential curve fit on a brightness curve over time for a
vimentin assembly experiment. In this case the characteristic time is 93 ± 27 ms. (b) Histogram
with all the time scales for vimentin lateral assembly.

protein. However, as for the experiment with vimentin tetramers, there is no
definitive explanation of the cause of this second component yet.
Qualitative information about the dynamics of vimentin assembly can be retrieved from the behavior over time of the label stoichiometry. The formation of
ULFs is a fast process and it happens at a time scale ≈ 100 ms from the starting
of the assembly. On average, the octamer formation start immediately after the
assembly is initiated and the hexadecamers units start forming around 40 ms
after the 0 time point. To have quantitative information about the assembling
dynamics, the curves of B over time are fitted with an exponential growth model:

B(t) = A 1 − e−t/τ + C.
(4.4)
A typical example of the fit is reported in Figure 4.27a. τ can be interpreted as
the time scale for the formation of the ULFs in vimentin assembly (tU LF ). An
average value of 65 ± 28 ms is found for tU LF . The average time scale is calculated
taking into consideration 9 different vimentin assembly experiments with samples
at different labeling ratios.
In Figure 4.27b, a histogram with all the time scales for vimentin lateral assembly is shown. The time scales for the formation of ULFs show some variability,
in fact the values extend from 25 to 109 ms. This may be related to flow fluctuations in the microfluidic devices. In particular, if the flow is not perfectly stable
in the device, there may be changes in the positions of the vimentin stream and
in the mixing position. Hence, uncertainties on the flow may lead to a mismatch
of the calculated reaction time on the x-axis with the actual reaction time of the
assembly. The time scale of vimentin assembly is also influenced by the protein
concentration and the ion concentration [88], furthermore the fluorophore density may also affect the assembly dynamics. In particular, we previously shown,
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in Figure 4.22, that the assembly might be slower when the labeling ratio in
high. Possibly, the dye molecules, depending on the orientation, may prevent
the two vimentin sub-units to get in contact and assemble. If this is the case,
we can expect that a higher number of fluorophores will have a larger effect on
the assembly dynamics, which might be slowed down, than a lower number of
labeled fluorophores. In fact, in the experiment where vimentin molecules are
dialyzed with a LR of 40 % (Figure 4.22), which is the highest LR tested during
these measurements, the longest tU LF (109 ms) between all the experiments is
also obtained. This hypothesis is also supported by the reaction times of the two
other examples reported in this section (Figure 4.21 and 4.21), where the time
scales tU LF increase (from 26 to 45 ms) with increasing labeling ratio (from 12
% to 28 %). The results obtained are discussed in more detail in the next section, where the quantitative results are compared with the current research on
vimentin assembly.
4.1.5

Discussion

The results presented in this chapter show that PCH combined with microfluidics
is a very suitable method to measure the first temporal steps of vimentin assembly.
PCH is a very powerful technique to measure the brightness of fluorophores [8].
In particular, it is often employed to quantify the stoichiometry of biological
samples [57], helping to measure the aggregation degree [63, 53], or to characterize
a solution identifying the components by their brightness [56]. Thanks to the
microfluidic device presented here, the early time points of protein assembly are
accessible even with a slow measuring technique as PCH. In fact, to achieve good
signal-to-noise ratio long acquisition times are needed [6]. The microfluidic device
also acts as a mixer, bringing vimentin tetramers in contact with the assembly
buffer [163]. As soon as the assembly buffer is mixed inside the protein stream,
the assembly reaction can be followed, with high temporal resolution, along the
central channel of the device [14, 15, 16]. It is important to use a microfluidic
device with a geometry that prevents clogging of the device [14]. Here a five-inlet
geometry has been used with a height constriction (step) in the center channel
which, combined with the proper flow rates, prevents assembled vimentin from
touching the channel walls. When the step is not integrated into the microfluidic
device vimentin assemblies, which are in contact with the top and bottom channel
walls, are adsorbed on the surface, as shown in Figure 4.1. If the adsorption of
vimentin is not prevented the protein concentration will change over time at each
single spot of the device. Moreover the aggregates on the surface might interfere
with the flow of the central jet, leading to, in the worst case, occlusion of the outlet
channel [14]. This microfluidic device is easy to manufacture and to handle [68].
It is compatible with microscope acquisition since the bottom layer is constituted
by a glass coverslip. We have shown that PCH is a reliable technique to measure
the brightness of molecules in bulk and under flow at a single molecule level. As
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long as undersampling is avoided, we confirm that PCH is independent of the
flow rates used [53].
Measuring the brightness is a challenge. It is a measurement that depends
on the configuration of the setup. Every small change, such as temperature
changes or vibrations, influences the values measured [8, 51, 57]. It is not an
absolute measurement, but the brightness measurements can only be analyzed
in respect to a referee measurement [53, 57]. In this work, all the experiments
in flow are compared with the bulk measurements of vimentin tetramers and
of Atto-532, used as a baseline during the microfluidic experiments. When the
monovalent ions are added to the flowing buffers, the assembly of vimentin is
initiated [15]. An increase of number of labels per sub-unit is measured during
the experiments, confirming vimentin assembly. The starting number of labels
per sub-units measured at t = 0 s corresponds to the labeling ratio measured
(in bulk) and predicted (with equation 4.1) for vimentin tetramers. The number
of labels per vimentin sub-unit increases up to a value which corresponds to
ULFs. In the time scale accessible with the step device, the assembly up to the
formation of ULFs is followed, i.e. the vimentin lateral assembly, but there are
no signs of filament elongation. The elongation reaction of vimentin protein into
filaments cannot be measured since the accessible time scales with this device
are on the order of seconds, while the elongation of the filament occurs in the
order of minutes [89, 96]. The two-step vimentin assembly, first lateral and then
longitudinal, was theoretically confirmed in [89] and in [90], where the authors
mathematically modeled the assembly reaction kinetics with first, a very fast
lateral assembly which consumes all the available tetramers in forming ULFs,
and then, an elongation of the filaments which plays a role at longer time scales.
To quantify the time scale of vimentin lateral assembly, the brightness curves
are fitted using an exponential growth model. On average, after 65 ms from the
initiation of the assembly, vimentin tetramers are assembled into ULFs.
We have shown that the number of labels per sub-unit measured during the
assembly for a vimentin sample with low labeling ratio corresponds to the values predicted theoretically, as shown in Figure 4.21. In particular, the number
of labels per ULF measured is comparable, within the experimental error, with
the calculated value. When the labeling ratio increases, the value measured for
ULF is slightly lower (Figure 4.20). One explanation of this discrepancy may be
attributed to the high label density in ULFs, which possibly affects the brightness
of single ULFs, decreasing the brightness actually measured. The fluorophores attached to the ULFs may interact with each other and the fluorescence signal could
be self-quenched. A possible experiment to test if the decrease of the measured
brightness can be attributed to quenching of the attached fluorophores would be
to measure the lifetime of the dye molecules [133] at different positions in the
microfluidic device. Higher labeling density might affect also the kinetics of vimentin lateral assembly, slowing down the process, as in Figure 4.22, where at
LR = 40 % the ULFs value is not reached after 100 ms of assembly. It is known
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Figure 4.28: Relation between the time scales for the ULF formation and labeling ratio. At
higher labeling ratios the time needed to assemble ULFs also increases. However, there are not
enough data points to confirm or to model the relation between the LR and the time scales for
the assembly.

that vimentin assembly is influenced by protein concentration and assembly conditions, thus also the labeling density might have an influence on the assembly
dynamics [114]. In Figure 4.28 the time scales for the formation of ULFs are
plotted against the labeling ratios. It seems that the assembly time increases
at higher labeling ratio. Possibly, at high labeling ratio the lateral assembly is
slowed down since the fluorophores may interfere with the interaction between
two vimentin sub-units. However, we do not have enough data points to confirm the trend. Moreover, the data show some variability which may be caused
by flow distortion inside the microfluidic device. Every small defect during the
fabrication of the microfluidic devices influences the flow during the experiment,
thus the flow streamlines will not perfectly match the simulated ones if defects
are present. This may lead to errors in the calculation of the reaction time, which
is the x-axis of the brightnesses curves, yielding, perhaps, to mistakes during the
quantification of the lateral assembly time scale.
The elongation of the filaments was already measured with other techniques
such as AFM [89, 91] or time-lapse EM microscopy [119, 88, 120]. It was shown
in these papers how vimentin ULF elongates forming filaments, and how the
assembly conditions such as ion concentration, type of ions in the assembly buffer,
protein concentration and temperature affect the elongation dynamics. Vimentin
filaments can be fully characterized by AFM and EM and the consequences caused
by the different assembly condition can be directly compared [92]. However, these
techniques cannot measure time scales faster than seconds. Our technique can be
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considered a complementary method that allows us to access the complete time
scale of vimentin assembly, adding the early time points of the assembly to the
global assembly dynamics of vimentin.
A similar approach to our method is described in [14, 15, 134], where microfluidics is combined with small angle x-rays scattering (SAXS) which is sensitive to
small length scales on the order of 10 to 100 nm. In these papers, the assembly
of vimentin is measured quantifying the change in molecular mass during the assembly, which was initiated, as in our experiments, in a microfluidic device by ion
diffusion. Since, with X-rays, the signal is proportional to the electron density of
the sample, labeling the protein with fluorophores is not necessary. With X-ray
techniques, however, to have good signal-to-noise ratios high concentrations of
protein are needed for the measurements. In PCH low protein concentration are
employed especially to avoid the detector artifacts [52]. While for SAXS measurements a concentration around 2 to 5 g/L of vimentin has to be used, for PCH
a concentration of 0.0025 g/L is enough to obtain a good signal-to-noise ratio. A
high X-ray flux is needed to measure proteins in the microfluidic devices. The
X-ray beam has to be focused down to a size on the order of µ-meters for measurements in microfluidic devices. However, the X-ray beam has still to have high
intensity after the focusing to perform scattering measurements on weak scatters, such as proteins. Consequently, experiments are performed preferably with
synchrotron light sources. The microfluidic devices have also to be adapted to
X-ray. Since PDMS is not suitable because it absorbs energy at relevant photon
energy for X-rays, microfluidic devices are manufactured with other materials.
UV-curable adhesive/Kapton and cyclic olefin copoymers devices have been positively tested and used to measure the early time points of vimentin assembly [134].
However, these devices are not straightforward to manufacture. In particular, the
constriction of the central channel device, to prevent assembling vimentin adsorption on the channel walls, is not easily reproduced in large quantities. Despite
the difficulties of X-ray measurements, these experiments confirmed that ULFs
become visible earlier than 1 s after starting the assembly, as our measurements
also confirmed [14].
The first steps of the elongation of vimentin filaments have been measure
with time-resolved multi-angles DLS and SLS [87, 94], where the assembly time
scale between seconds and minutes can be directly followed. These time scales
correspond to length scales between 100 nm and 500 nm for vimentin assembly, which are not easily measurable by SAXS or light microscopy. In DLS the
signal measured is given by the molecular weight of the system studied, thus fluorophores are not needed. It is a very powerful technique because it allowed us
to quantitatively measure the kinetics of vimentin elongation, however with just
DLS the formation of ULF can not be measured. The time needed in [87, 94] to
mix vimentin solution with the ion solution and mount the sample was typically
around 20 s. This dead-time covers the lateral assembly step. Since, the assembly of vimentin is initiated by directly mixing in the measuring cell vimentin
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tetramers and KCl buffer, a heterogeneous number of sub-units intra-filaments is
observed in these experiments. This variability of number of monomers per ULF
depending on the assembly modality was already confirmed in [119]. In fact,
mass-per-length measurements based on STEM images show the dependency on
the method to assemble the filaments: when the assembly is initiated by dialysis
vimentin tetramers into the assembly buffer, the number of monomers per subunit along the filaments is more uniform than when the filaments are formed by
directly mixing the salt buffer into vimentin [119].
The second approach that up until now has been able to quantify the early
time points of vimentin assembly is presented in [96]. In the paper, the authors
show a combination of SLS, which gives access to the changes in the molecular weight, with stopped flow, which is employed to mix vimentin tetramers and
assembly buffer, to effectively measure vimentin assembly. Vimentin tetramers
are quickly mixed with the assembly buffer with turbulent flow and the change
in mass is measured directly afterwards. The authors measured that ULFs are
formed in the first 100 ms of the assembly. The time scale of ULF formation
are actually comparable to the one measured by us with PCH in flow. In fact,
in our experiments, on average, ULF are formed at 60 ms from the starts of the
assembly. One difference between the two methods lies in the trick used to mix
vimentin tetramers and ions. In our microfluidic device, the mixing is achieved
with diffusion [163], a very similar approach to what is normally used when vimentin is assembled in vitro. In their experiments, the mixing is achieved with
turbulent flow, very quickly, and this may lead to heterogeneity of the number of
the vimentin sub-units per ULF [119]. The heterogeneity of vimentin sub-units
intra-filament was actually measured and theoretically predicted with a model
[96] in their paper. In our experiments, the heterogeneity of the sub-unit number intra-filaments is not measured, confirming that our gentle mixing method
is closer to the standard conditions. The “polimorphisity” of vimentin might be
potentially important in cells where the variability of the filament thickness might
help to locally adapt the mechanical properties of the cell [135].
For now, the combination of microfluidics and PCH was only applied to study
the assembly of vimentin, but in principle it can be applied to other molecular
reactions. For example, it would be interesting to measure the early time points
of keratin assembly, an IF that has even faster assembly kinetics than vimentin.
The flow rates could be adjusted to zoom in on the very first time points of keratin
assembly and to characterize, consequently, the dynamics involved. Or it could
also be applied, for example, with α-synuclein. For this protein, a controlled environment is fundamental since it changes conformation with even small changes
in the measuring cell. Microfluidics then could be appropriate since it allows for
a precise control on the solutions in flow. To conclude, the combination of microfluidics and PCH allows us to measure the early temporal points of vimentin
assembly, and, in the future, could be used to measure the aggregation of many
other molecules.
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Protein interactions in the synapse

In this section, experiments conducted to study protein interactions in synapses
are presented and discussed. First, in cellulo FCS measurements of protein mobility in transfected neurons are shown. Second, a method to pattern SVs on glass
surfaces is described. Interactions between α-synuclein and synaptic vesicles are
measured with FCS on patterned glass coverslips. Lastly, a microfluidic approach
that allows to access synaptic dynamics is discussed.
4.2.1

Measuring protein diffusion in living neurons

The dynamic processes inside synapses are poorly understood. Even if some
synaptic pathways are well researched, like for example synaptic vesicle recycling
[110], the general dynamic organization of synaptic proteins is still enigmatic. Understanding protein mobility in the synapse is fundamental to properly interpret
the function of the vesicles cluster during synaptic activity. Recently, a model
proposed a liquid-liquid phase model describing the interacting synapsin with
SVs [140]. Measuring the protein mobility in the synaptic cluster might confirm
the model for other synaptic proteins also in living neurons. Measuring protein
mobility in synapses of living neurons is challenging. The synapse is a complex
and crowded environment, as shown in Figure 2.10, thus the interpretation of
the data is not straightforward. A possible solution is fluorescence recovery after
photobleaching (FRAP), which was used by our collaborator Sofiia Reshetniak in
the research group of Prof. Silvio Rizzoli, to measure the mobility of 47 synaptic proteins. For the FRAP measurements, the proteins are expressed in mature
hippocampal cultured neurons. A particular focus is put on proteins involved in
exo- or endocytosis of SVs. These measurements propose themselves to be the
first data to understand the synaptic protein diffusion in living neurons.
In FRAP, the fluorophores are intentionally bleached and the time needed to
recover the fluorescence signal is measured. The recovery time is proportional to
the diffusion of the specific targeted protein. FRAP recovery curves are fitted
with an exponential growth function which provides information on the recovery
time constant and the immobile fraction. Yet, the interpretation of the recovery
times in terms of diffusion is not straightforward for FRAP experiments [136]. A
realistic 3D model of the synapse, generated starting from EM microscopy data
[141, 142], is employed to track synaptic proteins in 3D. The 3D synaptic model
is conceived by Prof. Silvio Rizzoli. With the synaptic model, protein movements
are simulated using a Monte Carlo approach, and the diffusion coefficients of the
different proteins are calculated taking advantages of particle tracking analysis.
With the 3D synaptic model, FRAP data are also simulated. The recovery time
after a bleaching event is measured and in silico FRAP recovery curves are analyzed using the same fitting procedure as for the in vivo measurements. For every
protein, the in silico FRAP recovery curves are compared with the correspondent
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Figure 4.29: Typical epi-fluorescence image of hippocampal cultured neurons expressing
mEGFP. A synapse and an axon are marked in the figure.

in vivo measurements. When the two match then, the diffusion coefficient, which
is obtained by the model, is pinned to that particular measured protein, helping
to have quantitative measurements of diffusion from FRAP data.
An alternative experimental technique is sought to compare the protein mobility measured with FRAP. FCS is commonly used to measure diffusion coefficients, thus, here, FCS is applied to measure synaptic protein mobility in living
neurons. The coverslips containing the living neuronal cells in Tyrode’s solution
are mounted on the sample holder. Data at different positions within the axons and in different cells are acquired for each protein analyzed. For the FCS
measurements, only neurons expressing mEGFP-SNAP25, EGFP-synapsin, soluble mEGFP and membrane-anchored mEGFP are analyzed. These proteins are
chosen for the measurements because mEGFP-SNAP25 and EGFP-synapsin are
common soluble proteins in the synapse, while soluble mEGFP and membraneanchored mEGFP are already well characterized when expressed in cells [148].
Epi-fluorescence images are used to identify the measuring position within the
neuron and to focus on the chosen spot. A typical epi-fluorescence image of a
neuronal cells expressing mEGFP is shown in Figure 4.29. The synapses are the
high intensity spots situated sparsely along the axon.
FCS measurements on living cells are challenging due to artifacts which might
be originated from the studied cells, such as auto-fluorescence background or
intrinsic intracellular movements [147]. The concentration of the fluorophore
cannot be controlled externally since it is determined during the expression of
the protein of interest. Usually in cells the diffusion is highly confined and, with
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Figure 4.30: Normalized average FCS curves acquired on neurons expressing mEGFP-SNAP25,
mEGFP, membrane-anchored mEGFP or EGFP-synapsin. Each curve is the average of at least
20 FCS runs, with acquisition times between 10 and 30 s for every run.

the high concentration measured in these samples, bleaching effects are common
[147]. Bleaching correction is not possible for all experiments, since usually too
much bleaching occurs (>50%) [36]. Data where pronounced photo-bleaching or
large aggregates are visible, are excluded from the analysis. Figure 4.30 shows the
normalized average FCS curves for the proteins measured in different positions
along axons. All the FCS curves are analyzed with a 2D diffusing model [6], since
the z-focus of the PSF is larger than the thickness of axons (1.2 µm compared to
300-500 nm), and thus only diffusion in x-y is taken into account.
For EGFP-synapsin, the high density of the protein and the pronounced
bleaching effects dominate the measurements. A reasonable correlation of the
data is impossible to achieve. For mEGFP-SNAP25 a diffusion coefficient of D =
2.5 ± 0.6 µm2 /s is obtained in the proximity of the synapse, while a diffusion coefficient of D = 4.6 ± 0.3 µm2 /s is measured in the axon. A faster diffusion in the
axon compared to the diffusion measured in the synapse is also recorded in most
proteins measured with FRAP. On average, we find a diffusion coefficient of D =
3.7 ± 0.6 µm2 /sin neurons expressing mEGFP-SNAP25. For membrane-anchored
mEGFP an average diffusion coefficient of D = 1.4 ± 0.4 µm2 /s is measured in
the axonal section of the neurons. Neurons expressing soluble mEGFP show an
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average diffusion coefficient of D = 0.9 ± 0.4 µm2 /s. This value is approximately
20-fold below the diffusion coefficient [143] measured in the cytoplasm of Chinese
hamster ovary (CHO) cells. The difference between our measured diffusion coefficient and the literature value may also be attributed to the difference in the
cellular environment between the CHO cells and neurons.
The FCS diffusion coefficients are surprising since the values are not in agreements with previous measurements. First of all, mEGFP is supposed to diffuse
in the cytosol faster than mEGFP-SNAP25 and membrane mEGFP, while in
our FCS measurements the diffusion coefficients are very similar to each other.
Moreover, the value measured for SNAP-25 is about 10 times higher than expected from previous measurements in neuroendocrine PC12 cells [146]. Theses
differences can be related to difficulties during the experiments and during the
data interpretation. First of all, the measurements are acquired on living samples
which are not completely characterized and controlled: e.g., the local intracellular viscosity at the evaluated position is unknown, as also the exact temperature
in the sample. Diffusion measurements are particularly sensitive to change in
temperature and while our measurements are acquired at a temperature of 21
◦
C, the FRAP measurements were acquired at a temperature of 37◦ C. Secondly,
a fitting model describing 2D freely diffusing particles is chosen to analyze the
data from all the proteins, however, it might have been not the most appropriate
model. Since some proteins measured are also not diffusing freely but interacting
and binding to other synaptic components, a model describing anomalous diffusion was also considered. However the diffusion coefficients obtained with the
anomalous diffusion model are similar to the values from the 2D free model. It
was already found in [137] that not always there is a need to invoke anomalous
diffusion for in-cell diffusion measurements. The autocorrelation analysis seems
to be dependent on the cell type measured, for example, simple diffusion of eGFP
has been observed in cells [138], as well as anomalous diffusion behavior [139].
Other models have also been proposed to measure diffusion in the synapse, such
as the so called “stick-and-diffuse” model or the “caged” model [149], in both
cases the geometry of the system is taken into consideration to properly describe
the FCS curves. In particular, the size of axons is comparable with the dimension of the observation volume in the axial dimension. This also applies to most
synapses, their size is comparable with the PSF spot of the laser. The diffusion
coefficients might have been underestimated depending on the mobility of the
molecule. Thus, complementary measurements and sophisticated analysis would
be necessary to reliable interpret the data in the context of proteins mobility in
vivo measurements at the synapse.
4.2.2

Measuring in vitro protein-vesicle interactions

The experiments presented in this section are performed together with Sofiia
Reshetniak and Prof. Silvio Rizzoli from the Institute for Neuro- and Sensory
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Figure 4.31: Sketch of the attachment protocol of SVs to glass coverslip and a typical image of
a neutravidin pattern. (a) Neutravidin at a concentration of 0.05 g/L is patterned on a cleaned
glass coverslips with the PRIMO patterning system. Anti-synaptotagmin-1 biotinylated antibodies at a concentration of 0.01 g/L are used to connect the SVs to the neutravidin patterns.
The SVs are fluorescently labeled using anti-vGlut1 nanobodies tagged with STAR-635 fluorophores with a concentration of 0.005 g/L. (b) Typical epi-fluorescence image of a neutravidin
pattern (neutravidin-FITC C=0.05 g/L).

Physiology in the University Medical Center of Göttingen. The proteins, the
vesicles, the antibodies and the nanobodies employed for this work are provided by
Sofiia Reshetniak. As shown in the previous section, measuring protein diffusion
in vivo is challenging. Since the synapse is a complex and crowded environment,
an in vitro simplified version of this biological complex is created to study protein
mobility in a controlled manner. Using patterning techniques, SVs are attached
to a glass coverslip and FCS measurements of synaptic proteins are performed on
top of the SV pattern to study the interactions.
The SVs are attached to the glass surface with the protocol described in Section
3.2. Briefly, circles with a diameter of 130 µm of neutravidin are patterned on a
glass coverslips, using the patterning system PRIMO. A typical epi-fluorescence
image of the patterns achieved is shown in Figure 4.31b. Neutravidin-FITC at
a concentration of 0.05 g/L is used for visualization purposes, however for the
actual measurements no fluorescent neutravidin is used. Anti-synaptotagmin1
biotinylated antibodies, diluted at a concentration of 1:100 in PBS (c = 0.01
g/L), are employed to attach the SVs to the neutravidin pattern. The SVs are
labeled through a FluoTag anti-VGLUT1-STAR635 nanobody, which recognizes
the cytosolic domain of VGLUT1 present on the SVs, at a concentration of 1:500
(c = 0.005 g/L). Figure 4.31a represents a sketch of the attachment strategy to
create the SV patterns.
The attachment of the α-syt-biotin antibody is tested incubating α-ms-rvs-
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Figure 4.32: Epi-fluorescence images of (a) α-ms-rvs-STAR635, which recognizes the α-sytbiotin antibody, and (b) α-vGLUT-STAR635, which recognizes the GLUT receptors on the
SVs. In (a) the attachment of α-syt-biotin antibody is tested and no SVs are added to the
patterns. The picture in (b) represents a typical image of patterned SVs.

STAR635, diluted 1:100 (c = 0.01 g/L), on top of the patterns before adding
SVs. α-ms-rvs-STAR635 is a fluorescent nanobody which recognizes anti-mouse
antibodies, in this case, the α-syt-biotin attached to the neutravidin. Figure 4.32a
shows a typical epi-fluorescence image of the α-ms-rvs-STAR635 signal on the
patterns. The attachment of the SVs is monitored with α-vGLUT-STAR635, that
allows us to visualize the SV patterns (Figure 4.32b). The patterns are also tested
with a positive and a negative control antibody. We use a fluorescent antibody
which recognizes a typical protein domain of the SVs as positive control, i.e. to
test if the patterns visible under the microscope are really patterned vesicles.
When we clearly identify a pattern which overlays with the SV patterns, also in
the antibody channel, then we confirm that indeed the patter is composed by
SVs since the antibody will attached only to them. The negative control is used
to check unspecific binding on the patterned surface. Since the negative control
antibody does not recognize any domain of the vesicles, it should not be visible on
the pattern. In the case of the negative control, however, neutravidin molecules
are patterned with a method called micro-contact printing, since the test was done
before the installation of the PRIMO system. The complete protocol for microcontact printing is reported in the Appendix A.1. Apart from the patterning
of neutravidin, all the steps of the protocol to attach the SVs to glass surfaces
are the same as before, thus we conclude that the negative control is reliable as
well. First, the biotinylated α-syt is tested again when the SVs are attached to it,
using an α-ms-Alexa532 antibody. As shown in Figure 4.33a, the α-ms antibody
positively recognizes the α-syt pattern. Second, the pattern of SV is tested with
a fluorescent version of the α-syt antibody, which is, this time, not biotinylated.
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α-syt-Atto647 shows a fluorescent signal in correspondence to the SV pattern, as
shown in Figure 4.33c. Figure 4.33b represents a typical fluorescence image of
the SV pattern labeled with the nanobody α-vGlut-STAR635. Finally, in Figure
4.33d the negative control is shown. In this case a goat α-rat antibody conjugated
with Atto532 is employed as a negative control since it is expected not to recognize
any molecule in our pattern. Note that the four images shown here are taken from
different individual samples.
The first protein tested on top of the patterns is α-synuclein (α-syn), one
component of the synuclein family, which is supposed to be involved in regulating
fusion of SVs. Expressed in E. Coli, purified and labeled (Alexa-532) α-syn is
employed first, to test the experimental conditions. The positive (α-ms-Atto532)
and the negative (α-rat-Atto532) antibody are also measured on top of the SV
pattern. In Figure 4.34, the normalized average FCS curves for α-syn-Alexa532,
α-ms-Atto532 and α-rat-Atto532 diffusing on the patterned SVs are shown. The
SV patterns are labeled using a secondary antibody labeled with Alexa-350, which
recognizes a G96 antibody attached to the SVs. The nanobody α-vGLUT was not
used in this experiment, since the red fluorescence might interfere with the signal
from the α-syn-Alexa532. Labeling the SV patterns is fundamental because it
allows focusing precisely on the plane of the vesicles, providing us to measure the
diffusion on the SV layer. Furthermore, the same sample can be employed to
evaluate the protein diffusion in area without SVs, allowing to estimate the bulk
diffusion on the same sample.
α-synuclein is measured also in bulk, without SV patterns, to have a baseline
measurements of the diffusion coefficient. A diffusion coefficient of D = 102 ±
20 µm2 /s (average done from 5 independent experiments, every experiment is
composed by 30 acquisition runs, each run is has 30 s of acquisition time) is
measured for free α-synuclein in PBS. The obtained diffusion coefficient is in
agreement with similar measurements performed on α-syn monomers with FCS
[150]. A hydrodynamic radius of 2.3 ± 0.5 nm is calculated from equation 2.16.
Our value is similar to values in literature for the hydrodynamic radius of αsynuclein measured with different techniques such as SAXS (rH = 4 nm) [151] or
FCS and DLS (from rH = 1.9 nm to rH = 3.5 nm) [152].
When α-synuclein is measured on the vesicle pattern, two diffusion coefficients
are found. A first diffusion coefficient, with a value of D = 67 ± 10 µm2 /s, probably corresponds to the fraction of freely diffusing α-syn. However, the diffusion
coefficient is smaller than the value obtained in the bulk measurement. Since
the measurements are acquired on the vesicles plane, free α-synuclein molecules
might have been slowed down by the patterned vesicles, in a similar way to what
actually happens inside the synapse due to the crowded environment. The second diffusion coefficient has a lower value, D = 3.25 ± 2 µm2 /s, reflecting a lower
protein mobility. We hypothesize that this component corresponds to α-synuclein
molecules bound to the SVs.
In the case of α-ms-Atto532, which is the positive antibody, a similar behavior
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Figure 4.33: Epi-fluorescent images of different antibodies on the SV patterns. All these controls
are done on glass coverslip with SVs attached. (a) Positive control on the α-syt biotinylated
antibody attached to the neutravidin pattern. (b) Nanobody attached to the SVs. (c) Positive
control on the patterned SVs with a labeled α-syt antibody. (d) Negative control on the SVs
with a goat α-rat (gt α-rat) antibody which should not recognize any protein in our system.
The negative test is conducted on an SV pattern created from neutravidin which was patterned
using µ-contact printing. The scale bar is 25 µm in all images.
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Figure 4.34: Normalized FCS curves of α-synuclein-Alexa532, α-ms-Atto532 and gt-α-ratAtto532 measured on top of a SV pattern. Each curve is an average of 30 single FCS runs
each of 30 s. For α-synuclein-Alexa532 two diffusion coefficients are measured: a “slow” diffusion coefficient (3.25 ± 2 µm2 /s) which corresponds to the fraction of interacting proteins and
a “fast” diffusion coefficient (67 ± 10 µm2 /s), which describes the freely diffusing component.
The same behavior is obtained when the fluorescence signal from the positive control antibody,
which interacts with SVs, α-ms-Atto532 is acquired. One diffusion coefficient corresponds to
the interacting antibody (1.9 ± 1 µm2 /s) and the other to the non-interacting component (49 ±
10 µm2 /s). While in the FCS data from gt-α-rat-Atto532, the negative control antibody, which
is not supposed to interact with the SVs, a diffusion coefficient, corresponding to the fraction
of freely diffusing antibodies is measured (43 ± 20 µm2 /s). Surprisingly a slower component is
found also for this antibody (8 ± 5 µm2 /s), which possibly reflects the crowding effects of the
patterned SVs.
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Figure 4.35: Normalize FCS average curves of α-synuclein-eGFP purified and α-synuclein-eGFP
from HEK cell lysate freely diffusing in bulk. The two protein batches have a similar diffusion
behavior, the purified α-syn has a diffusion coefficient of D= 59 ± 15 µm2 /s while the α-syn from
HEK cell lysate diffuses with D= 63 ± 20 µm2 /s. The two diffusion coefficients are compatible
with each other within the measurement error.

as for α-syn is expected. Indeed, two diffusion coefficients are measured also for
this antibody on top of the patterns. A diffusion coefficient component which
corresponds to the free antibody of D = 49 ± 10 µm2 /s (from bulk measurements:
D = 55 ± 20 µm2 /s), and one component which corresponds to the interacting
antibodies, with a lower value of D = 1.9 ± 1 µm2 /s. The last antibody measured,
α-rat-Atto532, is not supposed to interact with the SV pattern (negative control
antibody). However, again two diffusion coefficients are measured. The free
component, which has a value very similar to the previous antibody measured,
diffuses with D = 43 ± 20 µm2 /s (from bulk measurements: D = 47 ± 29 µm2 /s).
Surprisingly, a slower component is measured also in this case, with D= 8 ±
5 µm2 /s. Possibly, this component describes the crowding effect caused by the
vesicle pattern, which slows down the mobility of the antibody, or it might be
caused by aggregation of the antibody in solution.
The diffusion coefficients presented here are the averages of three independent
experiments each. For every experiment, each type of molecule has been measured
between 20 and 60 times with an acquisition time of 30 s for each FCS curve
acquired. The errors on the diffusion coefficients are high, reflecting the large
variability of the experiments. In particular for α-synuclein, which is a protein
capable of many conformational changes, a large variability between measuring
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days is expected. The aggregation process of α-synuclein is still largely unknown,
however it can be initiated with changes in temperature [150], which could locally
affect our experiments as well.
α-synuclein labeled with eGFP is also measured on the SV patterns. In this
case, the patterns are labeled with the vGLUT-STAR635 nanobody to avoid any
bleed-through of the fluorescent signal. This batch of α-synuclein is produced
from HEK293 cells which are transfected with a plasmid for α-synuclein-eGFP.
The cells are harvested after some days to ensure the expression of the protein.
Protein can be further purified for a cleaner sample or it can be measured directly
after lysing the cells for a more “physiological” measurement. The purification of
the α-syn-eGFP is carried out by Sofiia Reshetniak and Prof. Silvio Rizzoli. The
two protein batches are tested with FCS in bulk without SV pattern. Figure 4.35,
shows the normalized FCS curves for the two α-syn preparations. Each curve is
an average of 30 FCS measurements with an acquisition time of 30 s for each
single run. The two curves are normalized to the maximum value in each curve.
The two α-synucleins have a very similar mobility. The diffusion coefficients
measured are comparable to each other, D= 59 ± 15 µm2 /s for the purified αsyn and D= 63 ± 20 µm2 /s for the α-syn from HEK cell lysate. First of all, on
average, the diffusion coefficient measured for α-syn-eGFP is slower compared to
the one measured for α-syn-Alexa532, this can be related to the size of eGFP
molecule attached to α-syn. Since eGFP is a bigger molecule (MW = 27 kDa for
eGFP and MW = 14 kDa for α-syn), the diffusion coefficient is slower than the
one measured with a chemical dye as label. For both α-syn-eGFP purified and in
HEK lysate, a second diffusion component is always measured. This component
has a high diffusion coefficient (D= 370 ± 100 µm2 /s), compatible with a fast
movement within the α-synuclein and eGFP complex [145, 144].
Apparently, the two α-synuclein batches (the purified α-syn and the one measured directly in the cell lysate) are the same, however they behave differently on
top of SV patterns. The α-synuclein in the HEK cell lysate interacts less with the
SVs. Possibly, some components in the cell lysate prevent the interaction between
vesicles and α-syn. Figure 4.37, shows epi-fluorescence images of the patterned
sample during the experiment. In this case, α-synuclein is washed with PBS after
2 hours of incubation on the SV patterns. When the α-syn from the cell lysate
is measured, no pattern is visible in the green channel. For this experiment, a
diffusion coefficient of 50 ± 10 µm2 /s is obtained, which is similar to the diffusion
coefficient found for the freely diffusing α-syn-eGFP. When the purified α-syn
is used in the measurements, the same SV pattern is visible also in the green
channel, suggesting an interaction between the vesicles and α-synuclein.
Figure 4.36, shows two normalized FCS curves for purified α-syn-eGFP diffusing with or without SV patterns. The curves are the average of 20 single FCS
curves, each acquired for 30 s. Looking qualitatively at the curves in Figure 4.36,
α-syn-eGFP on the SV patterns seems to diffuse in general more slowly than the
free α-syn-eGFP, as expected.
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Figure 4.36: Normalized FCS average curves of α-synuclein-eGFP freely diffusing in bulk and
diffusing on top a SV pattern. The two FCS curves show some expected dissimilarity which
reflects the different mobility of the proteins in the two experiments. In bulk, α-synuclein is
supposed to diffuse as a globular protein, as it should be in the unfolded state. When αsynuclein is incubated on top of the SV pattern, a smaller additional diffusion coefficient is
obtained, which corresponds to α-synuclein bound to SVs.
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Figure 4.37: Epi-fluorescence images of SV and α-synuclein patterns taken after FCS measurements. In this experiment, α-synuclein is washed from the SV patterns after about 2 hours of
incubation. FCS measurements are acquired also after the washing step to reduce the freely
diffusing component. When α-syn from the cell lysate is employed, no pattern is visible in
the green channel, suggesting that there is no interaction between the vesicles and α-syn. In
the case of the purified α-syn, the same pattern is visible in the green channel and in the red
channel, suggesting an interaction between the vesicles and α-syn. The two SV patterns are
prepared with same protocol.
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When α-synuclein is measured on top of the SV patterns, two diffusing components are measured. One is related to the free component of α-synuclein still
in solution, which diffuses with D= 67 ± 10 µm2 /s. The second component has
a much slower diffusion coefficient of 4 ± 2 µm2 /s. This component represents
the α-synuclein molecules which have interacted with the patterned vesicles. The
diffusion coefficient measured for the interacting α-syn-eGFP is very similar to
the one determined for the α-syn-Alexa532 on top of the vesicles. The errors
represent the standard deviation. In this case 10 independent experiments are
averaged to obtain the mean value.
The errors are high, especially for the interacting component, because a large
variability of diffusion coefficient is measured. In particular, the diffusion coefficient of the interacting component varies between 0.2 and 9 µm2 /s. The variability
can be explained by taking all the different possible configurations of α-synuclein
in consideration. Specifically, α-synuclein changes its configuration from a globular intrinsically disordered conformation in solution to an elongated α-helix, when
bound to lipid surfaces [107]. The conformational change can influence the diffusion behavior of the protein when attached to the SVs. Depending on the local
surrounding, the α-helical structure of α-synuclein might be more constrained
than in other parts of the patterned SV area, thus movement could be slowed
down. It has been showed that the binding affinity of α-synuclein is affected
by the lipid composition and the lipid curvature [153]. In particular, there is at
least a 15-fold increase in affinity when small unilaminar vesicles are used instead
of large unilamellar vesicles. However, in our measurements, the same type of
vesicles, from the same purification batch, are used in all the experiments. Aggregation of α-synuclein is not expected since low concentrations are used for
the FCS measurements (between 2 and 50 nM). However, since α-synuclein can
change conformation and aggregates under various condition, aggregation induced
by the vesicle interaction cannot be completely excluded.
More measurements have to be performed to have a clearer picture of the interaction between α-synuclein and SVs. For example, measurements at different
concentrations of SVs would elucidate if and how SVs hinder diffusion of the interacting α-syn. Furthermore, measuring interactions between SVs and α-synuclein
in a buffer, which resembles physiological conditions, might be interesting in order
to compare these data with the in vivo FRAP data presented in Section 4.2.1.
Moreover, the interactions between SVs and aggregating α-syn could be measured
since the presence of ions in the buffers. It would be interesting to study how the
interaction between vesicles and α-syn changes when higher orders of α-synuclein
are formed.
4.2.3

Synaptic vesicles under switchable flow

This project is a collaboration with Helena Maria (Linda) Olsthoorn and Prof.
Reinhard Jahn from the Laboratory of Neurobiology of the Max Plank Insti-
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tute for Biophysical Chemistry in Göttingen. A microfluidic device is created to
enable controlled measurements of SV interactions under different flowing solutions. We are particularly interested in studying the neurotransmitter uptake by
the vesicles. Even though endo- and exocytosis of vesicles are well studied, it still
remains elusive how vesicles can be quickly filled with thousands of molecules.
It is known that the neurotransmitter uptake by the SVs is achieved creating an
electrochemical gradient on the vesicles membrane [154]. Vesicle acidification is
difficult to study in cells due to the complexity of the synaptic environment and
the fast dynamic processes involved.
Microfluidics helps to achieve temporal resolution, even with “slow” techniques.
The microfluidic device employed allows for a fast switching of the solution flowing on top of a SV pattern located in the center of the outlet channel. In this way,
dynamic processes, such as vesicles acidification, can be investigated with temporal resolution. The device can be employed to kinetically study vesicle reactions
to different consecutive buffers. The SVs are patterned to the glass coverslip with
a strong covalent bond to be able to survive the shear rates in the microfluidic
device.
The microfluidic device is described in Section 3.3.2. Briefly, it is a three inlet
and one outlet-channel device with a channel width of 1000 µm and an height on
100 µm. This aspect ratio is chosen to achieve a plug flow profile in the device. As
for the device shown in Figure 4.14, the velocity is constant along the width of the
channel. In order to be able to switch the solution flowing on top of the pattern in
the central channel, the side inlets are not pumping the fluids at constant velocity,
but with a rectangular flow protocol, as shown in Figure 4.38a. The rectangular
input flow profile applied to the side inlets have a periodicity of 20 s and they
are anti-synchronized to assure a constant velocity in the central part of outlet,
which is where the SV pattern is situated, as shown in Figure 4.38b.
FEM simulations are employed to measure the response time of the system.
The time needed to switch the solution on the SV pattern from one inlet to the
other is considered as the response time. The simulations are performed using
water as solution for the central channel and fluorescein is employed for the other
two inlets (D = 425 µm2 /s [156]). The initial fluorescein concentration is 55
mmol/m3 . In Figure 4.39 the concentration of the solute from the side inlet 1 is
shown at different time points for a simulation performed with the flow profiles
from Figure 4.38. At time zero, the fluorescein solution from inlet 1 is flowing
with the maximum velocity. At the same time, the solution from inlet 2 has
the minimum velocity. At this time, fluorescein has the highest concentration
in the center of the outlet. When the velocity of inlet 1 decreases, also the
concentration starts to decrease in the center of the outlet. The fluorescein stream
moves up towards the channel walls. At t = 10 s, the fluorescein from inlet 1
flows with the minimum velocity, while the solution from inlet 2 flows with the
maximum velocity. As consequence fluorescein concentration is zero in the center
of the outlet. If the concentration of the solution from inlet 2 was followed, the
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Figure 4.38: Input velocity profile applied to the inlets in the microfluidic device employed to
switch buffers on the SV patterns. (a) Input velocity profile applied to the three inlets of the
microfluidic device. In the central channel a constant velocity is applied. In the side inlets
the solutions are pumped with a periodic anti-synchronized rectangular function. (b) FEM
simulation of the flow velocity in a device with a width of 1000 µm and an height of 100 µm
microfluidic device. The velocity is constant on the SV pattern due to the profiles of the velocity
functions applied to the inlets.

behavior would be exactly the opposite. A zero value for the concentration will
be recorded at t = 0 s, an increase in the concentration, and then maximum value
for concentration will be measured at t = 10 s.
Measurements using the microfluidic device were acquired for comparison
with the FEM simulations by a Bachelor’s student, Sebastian Smyk. As in the
simulation, fluorescein is employed as sample solution. In Figure 4.40, the epifluorescence images of fluorescein in the device are shown at different time points.
From the microscopy images, the fluorescence intensity in a region of interest
(ROI) (200x200 pixels) in the center of the outlet channel is determined as function of time, as shown in Figure 4.40b. The intensity curves are analyzed and
compared to the simulations. To quantitatively extract the reaction time, the
increase over time of the intensity signal in the ROI is fitted using a sigmoidal
function. The measured response time in the experiments with a microfluidic device of 1000 × 100 µm2 is 0.462 ± 0.008 s. In the FEM simulations the response
time is 0.34 ± 0.01 s, which is comparable to the measured value. To decrease
the time, a smaller microfluidic device can be used. When a microfluidic device of
500 × 50 µm2 is employed, the response time decreases to a value of 0.255 ± 0.005
s in the experiment, while in the simulation, at the same conditions, the response
time is 0.250 ± 0.007 s. However, the central channel needs to be sufficiently
wide since a large area of SV is desirable for the experiments.
As in this case, SV patterns are on the glass coverslip that is the bottom
of the microfluidic device, plasma treatment cannot be used to close the device,
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Figure 4.39: Concentration of fluorescein in simulated microfluidic device at different time
points. The velocities employed in the FEM simulation are the same described in Figure 4.38a.
When the fluorescein from the top inlet is flowing with the maximum velocity, the flow from the
bottom inlet is flowing with the minimum velocity. In this case, at t = 0 s in the center of the
outlet the fluorescein from the top inlet has the maximum concentration. When the velocity
from the top inlet decreases, the concentration in the center of the outlet also decreases. At t
= 10 s the fluorescein from the top inlet flows with the minimum velocity, as consequence the
fluorescein concentration in the center of the outlet channel is null.
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Figure 4.40: Epi-fluorescence images of fluorescein flowing in a microfluidic device with switching
flow. The epi-fluorescence images are overlaid with the bright field image to show the device
geometry. As expected from the simulations, the concentration of fluorescein in the center of the
outlet is higher when the solution flows at with the maximum velocity (big blue arrow). As the
velocity decreases, the solution moves away from the center of the outlet and the concentration
decreases (small blue arrow). The arrows represent the magnitude of the velocity in the channels
(bigger arrow = higher velocity), red for the top inlet and blue for the bottom inlet. (b)
Normalized fluorescence intensity over time averaged in a ROI (showed in yellow) in the center
of the outlet channel. The intensity behaviour reflects the velocity flow profiles used in the
measurements. The velocities and the concentration employed in the experiment are the same
as in the simulation. The scale bars are 1000 µm The experiment was performed by Sebastian
Smyk.
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otherwise the SVs would be destroyed by the plasma. Thus, a custom-made
device holder, inspired by [118, 134], is exploit to clamp the device preventing
any leakage. A schematic representation of the device holder is shown in Section
3.3.2. Initially, the SVs are attached to the glass surface through antibodies
(mouse ab anti-Synaptophysin1), covalently bound to epoxy coated glass surface.
However, the vesicles detach from the glass surface when flow is applied. After 30
minutes of PBS buffer flowing on top of the SV pattern in the microfluidic device,
with the same velocity of the simulations, the SVs are mostly detached from the
surface, as shown in Figure 4.41. There is a clear difference between the controls
and the patterns which are flushed in the microfluidic device. This problem has
two possible causes. First, probably not all the synaptophisin antibodies are
covalently bound to the surface, but the large majority is only adsorbed by it.
Thus, when flow is applied, due to the shear stress on the antibody and SV
complex, the molecules detach from the surface. The second cause can be the low
density of binding site for the antibodies onto the epoxy surface.
The shear rate, for fluids in a pipe, is defined as the gradient of the velocity
measured across the height of the microfluidic device as:
γS =

∂~vi
∂~vj
+
.
∂xj ∂xi

(4.5)

Since the velocity at the channel wall is zero, the shear rate is maximum close to
the channel walls and then decreases. We can define the shear stress at a surface
element parallel to a flat plate at the point z, which for Newtonian fluids is given
by:
∂~v
τS (z) = µ ,
(4.6)
∂z
with µ the dynamic viscosity of the solutions and it is measured in Pa (dimensionally the shear stress is force per area). It can be considered as a measurement
on how “strong” the flow is on the interested surface. In our case, we can use
the shear rate to obtain a qualitative idea on the flow forces on the SV pattern.
The shear rate can be evaluated for the FEM simulations. For the microfluidic
device used here (1000×100 µm2 ) with velocities as in Figure 4.38a, a shear rate
of 170 1/s is measured in the center of the outlet channel. The reaction to the
shear stress depends on the particle type and size under the flow [157]. In fact,
previous measurements, where only the antibody was bound to the surface, show
a less pronounced detachment of the molecules from the glass coverslip when flow
is applied. In Figure 4.42, epi-fluorescence images of the antibody patterns before
and after 30 minutes in the microfluidic device with PBS flowing at a velocity
of 4 mm/s, are shown. The patterned antibodies are visualized thanks to a secondary antibody labeled with Alexa-532 (goat α-mouse-Alexa532). The controls
are mounted in the device holder, but no flow was applied to the patterned antibodies. Two different samples with synaptophisin1 are tested in the microfluidic
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Figure 4.41: (b) Epi-fluorescence images of the SV patterns after 30 minutes in the microfluidic
device with PBS flowing on the pattern at a velocity of 4 mm/s. After 30 minutes of flow,
the vesicles are visualized with a synaptobrevin antibody labeled with Oyster-550, as shown in
the sketch. (a) To check if there are differences when no flow is applied on the vesicles, the
coverslip with the SV pattern are not mounted in the device holder and no flow is applied onto
the vesicles. After 30 minutes of flow, the vesicles are detached from the glass surface. Two
different patterns, from different coverslip are shown respectively in the two lines. The images
were acquired by Helena Maria (Linda) Olsthoorn.
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Figure 4.42: Epi-fluorescence images of the antibody patterns before (a) and after (b) 30 minutes
in the microfluidic device with PBS flowing on the pattern at a velocity of 4 mm/s. (c) After
30 minutes of flow, the antibodies are visualized with a goat α-mouse antibody labeled with
Alexa-532. The controls were mounted in the device holder, but no flow was applied to the
patterned antibodies. Two different samples with synaptophisin1 are tested in the microfluidic
device. (d) The images show some variability in the fluorescence signal, however there is no
significant difference between the average fluorescence intensities between the controls and the
samples. The images were acquired by Helena Maria (Linda) Olsthoorn.

device. The epi-fluorescence images show some variability in the fluorescence signal, however there is no significant difference between the average fluorescence
intensities between the controls and the samples. Thus, it would be interesting to
study the attachment of the SV to the patterned antibody at different flow rates
to quantify a critical value for the flow rate.
A more promising approach is now employed to covalently attach antibodies
to the glass surface. This method is introduced in the paper from Cretich et al.
[155], where a polymer coating is used to allow high density of native proteins
to the substrate. The first preliminary data, not shown here, are promising. No
sign of SVs detachment is visible under flow and soon it will be possible to study
SVs reactions, as SVs acidification, with high temporal resolution as never done
before.
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Summary, conclusions and outlook
Protein assembly and molecular interactions are fundamental processes in living
organisms. In some cases, protein assembly is vital for physiological cell behavior,
such as the formation of the cytoskeleton, hemoglobin assembly in red blood cells
or the spindle creation during mitosis. In other cases, disordered aggregates of
proteins can be toxic for the organism. Usually, the body can detect and discard
the products of these faulty assembly reactions but, sometimes, the aggregates
can go unnoticed and lead to pathological situations [2]. Some diseases that are
related to unsoluble aggregate formation are not life threatening, such as cataracts
[3], some, on the contrary, are more severe, such as the synucleinopathies [4].
FFS can be used to measure protein aggregation both in vivo [11, 20, 40] and
in vitro [35, 10, 12, 132]. FFS is a family of techniques based on the analysis
of the intensity fluctuations over time to obtain parameters such as the diffusion coefficient and the brightness or the concentration of the single fluorophores
crossing the observation volume. To properly acquire the fluctuations, low sample
concentrations and a well-defined volume of observation are fundamental requirements [6]. In this thesis, we applied FCS and PCH to measure interactions and
assembly of proteins. In FCS, the fluctuation intensities are correlated in time to
gain information about protein mobility and diffusion [17]. This technique is dependent of the fluctuation duration and density, but it is independent of the laser
power applied. Everything that might interfere with the fluctuation duration, for
example applied convective flow on the sample, changes the analytical form of the
correlation function. At low flow velocities, FCS can still be applied to measure
diffusion, but if the flow velocity is too high, the molecular movement is governed
by convective flow and not diffusion [27]. Complementary to FCS, PCH is not
dependent on the flow velocity [53], but it is dependent on the laser power and
the optical path of the setup. With PCH, instead of analyzing the fluorescence
fluctuations in time, a histogram of the intensities is built to gain information
about the brightness and the concentration of the molecules in the focal volume
[8]. It can be employed, for example, to measure the stoichiometry of molecules
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during aggregation [39, 53] or to measure protein interactions at a single molecule
level [62]. A disadvantage of these techniques is the long acquisition time which
is needed to obtain a good signal-to-noise ratio. For a single FCS curve, typically
10 s of acquisition time is sufficient, while for PCH longer acquisition times of
around 800 s are needed. Thus, fast dynamics cannot be measured in bulk.
However, it is fundamental to study protein assembly and interaction with
a good temporal resolution. In fact, a complete knowledge of the dynamics of
pathological protein aggregation might help to prevent the anomalous steps during the protein interactions which might lead to diseases. To access the temporal
information, microfluidics is employed during the experiments. Microfluidic techniques are largely applied in biophysics since they can be used as a tool to reliably
control small scale systems [13]. In particular, protein assembly and molecular
interactions are studied here under continuous flow microfluidics, which allows
for tracking the progress of the reaction over time, as already shown in literature
[14, 15, 16]. In our experiments microfluidic devices also work as mixers [163].
The protein jet is focused to a small stream prior to the mixing, to achieve control
and fast mixing [75].
An example of the combination of microfluidics and FFS, in particular PCH,
is the first project of this thesis, presented in Section 4.1, where the early time
points of vimentin assembly are tracked over time. A five-inlet step microfluidic
device compatible with microscopy and FFS is manufactured. The adsorption
of assembling vimentin on the channel walls is avoided by creating a step in the
central channel, which helps to encapsulate the vimentin jet into a buffer protection layer and prevents the protein from touching the device walls [14]. FEM
simulations are performed of the conditions in the microfluidic device to optimize the geometry and the flow rates for our measurements. The independence
of PCH from convective flow is experimentally tested on vimentin tetramers in
a single channel, confirming the results obtained by Johnson et al. [53]. PCH
measurements of vimentin tetramers in bulk and in flow are used as a baseline
for the assembly experiments. The protein assembly is initiated by diffusion mixing vimentin tetramers and assembly buffer. Once the assembly is started, PCH
measurements are acquired at different positions along the outlet channel, thus
for different time points of the assembly reaction. When vimentin tetramers are
mixed with the assembly buffer, the determined brightness increases over time.
The brightnesses can be also predicted from the binomial distribution (equation
4.1) once the initial labeling ratio of vimentin molecules is known. The brightness
measured at t = 0 s corresponds to the value calculated with equation 4.1, while
the final brightness value measured corresponds to the ULF calculated value.
Thus, the lateral vimentin assembly can be measured with our technique. The
brightness curves over time are fitted with an exponential growth function to
evaluate the time needed for vimentin lateral assembly. With this method, we
are able to quantify that vimentin lateral assembly is a very rapid process, and
on average the reaction time for the formation of ULF at our conditions is 65 ms.
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The method presented here allows us to directly evaluate the very first time
points of vimentin assembly, which are difficult to measure with static techniques,
such as AFM [89, 91], time-lapse EM [119, 88] or light microscopy [114]. Light
scattering techniques, such as SLS and time-resolved multi-angle DLS, were applied in bulk to quantify the early elongation process of vimentin filaments [87, 94].
However, with light scattering in bulk the formation of ULFs cannot be quantified, since the time needed to mix vimentin tetramers with the assembly buffer is
actually longer than the time scales for vimentin lateral assembly. The absence of
a tool to quickly mix the assembly buffer with vimentin just prior the acquisition
of the data is the main reason for the lack of the early time scales of assembly in
these scattering experiments. Thus, microfluidics is an essential tool which allows
us to quickly mix vimentin and assembly buffer and start measuring vimentin assembly without any time delay. Our measurements are able to evaluate more
precisely the lateral time scale of vimentin assembly, which was measured to be
within one second with a combination of SAXS and microfluidics [14, 15, 134].
Moreover, the diffusion mixing achieved with microfluidics allows for a “gentle”
and controlled mixing, which is close to the dialysis vimentin assembly performed
in vitro. When vimentin tetramers are mixed with less controlled methods, such
as stopped-flow mixing, some variability in the average number of monomers per
vimentin assemblies is measured [96]. In the paper by Mücke et al. [96], stoppedflow mixing is combined with SLS, allowing the authors to measure the early time
points of vimentin assembly with high temporal resolution. Our measurements
confirm the time scales for vimentin lateral assembly measured in Mücke et al.,
where a time scale within 100 ms is measured for the formation of ULFs.
In the second part of the thesis, in Section 4.2, FFS and microfluidics are applied to study molecular interactions in the synapse. Synapses are very crowded
environments [99], thus measuring molecular interactions in vivo is challenging.
A bottom up approach is chosen to study synaptic interaction in a more controlled environment, in particular a simpler version of the synaptic environment
is reconstituted on a substrate by patterning SVs on glass coverslips. The vesicle patterns are used to measure the interaction between α-synuclein and SVs
employing FCS. α-synuclein has two diffusing behaviors when incubated on the
SVs. A first component which can be related to the freely diffusing protein is
measured, however, the diffusion coefficient obtained for this component is lower
than expected from bulk measurements possibly due to crowding caused by the
pattern. The crowding effect could be tested by varying the density of the SVs on
the pattern. The second component with a smaller diffusion coefficient is compatible with α-synuclein interacting with the vesicles. Nevertheless, the diffusion
coefficients show some variability which could be correlated with the different
structural conformations of α-synuclein [5]. Similar crowding effects are also detected when the positive and the negative antibodies are measured with FCS on
top of the vesicle patterns. An additional diffusion coefficient, smaller than the
one for the free diffusion component, is obtained for the positive antibody, which
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corresponds to the interacting antibodies with the SVs. These results are the
proof of principle that SVs can be patterned on glass coverslips and they can
be employed to measure the interaction between SVs and synaptic proteins in a
controlled environment. Since the goal of the project is to create a map of the
interactions between SVs and synaptic proteins, more proteins will have to be
measured.
To access the temporal information of the synaptic reactions a microfluidic
chamber is manufactured to study SV interactions under flow with a temporal
resolution on the time scales of ms. Even if some SV pathways are well studied
[110], the kinetics of vesicle acidification and neurotransmitters uptake [154] still
remain elusive. Thus, microfluidics helps here, as in the first project, to access
the time points of the reaction in a controlled environment. The bottom surface
of the microfluidic chambers is constituted by a glass coverslips with a pattern
of SV in the center of the outlet channel. To enable us to seal the microfluidic
device a custom device holder, which is inspired by [118, 134], composed by two
metal plates clamped together, is employed to prevent any leaking. The flow
controllability, a typical advantage of microfluidics, is exploited here. The fluids
are controlled using a rectangular velocity profile, allowing us to quickly switch
the solution flowing on top of the SV pattern in the center of the outlet channel.
Microscopy and FEM simulations are employed to test how fast we can switch
the solution flowing on top of the SVs in the microfluidic device. The reaction
time in the device to switch the solution depends on the geometry of the device;
for a device with a width of 500 µm we are able to switch the solution in 250 ms,
for a bigger device (width = 1 mm) the reaction time is higher (460 ms) but still
below 1 s. Thus, the fast reaction time will allow us to study synaptic reactions
with a very short dead-time. However, the strength of the patterned SVs has
to be improved to be able to exploit the system in actual experiments. A new
promising method, based on a polymer coating [155] which increases the density
and the strength of the covalent link between the surface and the SVs, is going
to be tested soon in our microfluidic chamber.
Since now, only the in vitro synaptic interactions are described, with and
without temporal information, however we still want to compare these “simpler”
experiments with measurements in living cells. Consequently we applied FCS
also on living neurons to measure protein mobility. However, some difficulties
are encountered during the analysis of these data. Pronounced photobleaching is
an important factor, especially at high concentrations of the expressed proteins
[36], which reduces the quality of the acquired data. Moreover, usually, in FCS,
a prior knowledge of the system to study is needed to properly analyze the data
[6] and it was shown that possibly the FCS analysis is different for different
cells line [137]. In this case, not many experiments with similar conditions on
living neurons are available to compare the results. Nevertheless, different FCS
models, as for example, models accounting for the cell geometry or caged diffusion
[149, 165], might be tested, under the supervision of statistic tools as the Bayesian
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information criterion [166].
To conclude, in this thesis three main results are achieved. First, a microfluidic device to study protein interactions and assembly with FFS is presented.
The combination between FFS and microfluidics allows us to study reaction dynamics with high temporal resolution and spatial resolution at a single molecule
level. Furthermore, microfluidics helps to decrease the dead-times during mixing,
making the very first temporal steps of protein assembly accessible. Second, early
time points of vimentin assembly are measured combining microfluidics and PCH.
Vimentin lateral assembly is quantified and compared with the current state of
the art. Our measurements of vimentin lateral assembly can be used to fill the gap
of the early time points in the overall dynamics of vimentin. Third, we show that
the interactions between synaptic proteins and SV can be measured in vitro on
patterned glass substrates. In particular, the interaction of α-synuclein and SVs
is measured on top of SV patterns using FCS. A microfluidic chamber is built,
compatible with patterned molecules, to allow us to access also the temporal
information during synaptic interactions.
We showed that the combination of microfluidics and FFS techniques can be
applied in general to study the dynamic of various processes in biology, varying
from cytoskeleton assembly to synaptic protein interactions. PCH and the step
microfluidic device can also be employed to study the assembly of other IFs, such
as keratin or desmin. In particular, keratin has a much faster assembly time
compared to vimentin [167], thus it is even more difficult without microfluidics to
access the very first time points during the assembly. Regarding desmin, in some
pathogenic mutations of this IF, aggregates might be formed instead of proper
filaments, causing progressive weakness in the skeletal muscles and cardiomyopathies [161]. In some desmin mutations, it was discovered that some of the first
disruptions of the assembly pathway happen during the dimer-dimer interaction
[160]. The aggregate formation of mutant desmin can be studied and characterized deeper with our technique, which will allow us to measure at a single molecule
level, where and how the assembly went wrong. The combination of microfluidics
and FFS presented here can be easily applied also on other biological systems, as
for example proteins in the synuclein family. Conformational changes, aggregation and fibril formation might be measured directly in the microfluidic device,
monitoring over time the proteins under the different buffer conditions. Similar
experiments, can be performed using synaptic proteins and SVs to measure the
dynamics of the interactions between the two components.
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A

Appendix
A.1

Microcontact printing

Microcontact printing (µ-CP) is a soft-lithography method used to transfer ink
to surfaces starting from a PDMS stamp. In this thesis µ-CP was employed
before the installation of the PRIMO patterning system to create the SV patterns
(described in Section 3.2). Both with PRIMO and µ-CP, the patterned molecules
are adsorbed on the surface, thus there are no differences in the obtained patterns
between the two methods. Neutravidin is printed on glass coverslips allowing,
later, the attachment of SVs. The method described below is adapted from [168].
PDMS stamps are produced mixing the liquid PDMS with the cross-linker
at a ratio of 10:1 and the liquid mixture is poured on top the master silicon
wafer. The liquid PDMS is cured in the oven at 65 ◦ C for 1 hour after the
removal of the air-bubbles in a desiccator. The master wafers were produced by
photo-lithography by a previous PhD student, Dr. Rabea Sandmann. A sketch
of the main steps of the µ-CP method applied on glass coverslips is shown in
Figure A.1. Neutravidin with a concentration of 0.05 g/L is incubated on top
of the PDMS stamps for 1 hour (Figure A.1 a). Shortly before the incubation
time is over, the glass coverslips are washed in a sonicator with Isopropanol for
5 minutes. The glass substrates are activated using plasma cleaning (Plasma
Cleaning, PDC-32 G, Harrick Plasma) at level “medium” for 1.5 minutes. Then,
the neutravidin solution is removed and the stamps are washed twice, each time
for about 5 seconds, in fresh ultrapure water. The stamps are dried using a dry
nitrogen gun. The neutravidin solution is now loaded on top of the PDMS stamps
(Figure A.1 c). The stamps are placed on top of the activated glass coverslips
(Figure A.1 c) for 15 minutes. The neutravidin is transferred from the PDMS
stamp to the glass coverslip, leaving the substrate with a protein pattern. An epifluorescence image of printed neutravindin-FITC is shown in Figure A.1 e. To
prevent unspecific binding, the surface is incubated with a solution of Poloxamer
407 (Sigma-Aldrich, St. Louis, Missouri, USA) at 0.2%, at room temperature for
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Figure A.1: Schematic representation of µ-CP. Once the PDMS stamps are produced from the
master wafers, (a) the protein is incubated on top of the PDMS stamps for 1 hour. (b) The
stamps are washed in ultrapure water to remove the excess of protein. (c) After the activation of
the glass substrates by plasma treatment, the PDMS stamps are pressed on the glass coverslip
for 15 minutes. (d) The adsorbed protein on the PDMS stamps is transferred to the glass
coverslips. (e) Epi-fluorescence image of printed neutravidin-FITC (c = 0.05 g/L). The scale
bar is 10 µm.

2 hours. Afterwards, the passivating solution is removed and the printed glass
coverslips are washed 3 times with PBS before continuing with the protocol to
attach SVs.

A.2

Detailed FCS derivation

FCS represents a family of correlation methods used to describe fluorescence
behaviour. Here, there will be a step-wise mathematical derivation of the ACF
(auto-correlation function), where the intensity signal is correlated with itself, for
identical molecules diffusing in a confined volume. The normalized ACF can be
defined as follows:
hδF (t) · δF (t + τ )i
G(τ ) =
,
(A.1)
hF (t)i2
where δF (t) represents the fluctuation of fluorescence intensity in a certain
time t measured on the detector, and τ is the time delay relative to an earlier
time point in the measurement. The fluctuations of the fluorescence intensity
measured by the detector can be written as:
Z
δF (t) = k
Iexc (~r)S(~r)δ(σabs ΦC(~r, t))dV ,
(A.2)
V

Here, S(~r) is the optical transfer function of the objective-pinhole, V is the
volume, C is the concentration of the diffusing fluorophores, σabs is the cross
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section for absorption, k is the quantum efficiency of photon detection and Φ is
the quantum yield of emission. This equation can be simplified, introducing the
spatial distribution of the emitted light on the detector plane W (~r), defined as
W (~r) = Iexc (~r)S(~r), and the molecular brightness b, defined as b = kσabs Φ. Thus,
equation A.2 can be written as:
Z
δF (t) =
W (~r)δ(bC(~r, t))dV ,
(A.3)
V

The explicit form of the fluorescence fluctuations can be inserted into Equation
A.1:
RR
0
W (~r)W (r~0 )hδ(bC(~r, t))δ(bC(r~0 , t + τ ))idV dV
VV0
G(τ )
.
(A.4)
R
2
W
(~
r
)hδ(bC(~
r
,
t))idv
V
The fluctuations of the fluorescence signal are dependent on the concentration of
the diffusing fluorophores and on the molecular brightness:
δ(bC(t)) = b · δC(t) + δb · C(t),

(A.5)

However, if a constant molecular brightness is considered (δb = 0), only the
concentration component is relevant for the fluorescence fluctuations:
(A.6)

δ(bC(t)) = b · δC(t),

This is true when there are no photo-physical effects. In this case equation (A.4)
can be written as:
RR
0
W (~r)W (r~0 )hδC(~r, 0)δC(r~0 , τ )idV dV
VV0
,
(A.7)
G(τ ) =
R
2
δC(~r, 0)W (~r)dv
V
where t = 0 is defined for simplicity. The correlation function for molecule moving
with Brownian motion in a three dimensional space is given by:
hδC(~r, 0)δC(r~0 , τ )i = hCi

0
1
(~
r−~
r )2 /4Dτ
e
,
(4πτ D)3/2

(A.8)

where D is the diffusion coefficient. Then, it is possible to re-write equation
(A.7) as:
1
G(τ ) =
hCi(4πτ D)3/2

RR
VV

0

0 2
0
W (~r)W (r~0 )e(~r−~r ) /4Dτ dV dV
,
R
2
W (~r)dv
V

(A.9)

In the confocal case, W (~r) is described by a 3-D Gaussian:
W (~r) = I0 e−2(x

2 +y 2 )/w 2
0

e−2z

2 /z 2
0

,

(A.10)
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where ~r = (x, y, z), and w0 and z0 are the beam profile parameters.
To simplify equation A.9, the effective volume Vef f can be defined as:
R
2
W (~r)dV
V
Vef f = R
(A.11)
W (~r)2 dV
V
For the confocal case, Vef f is equal to Vef f = ( π2 )3/2 w02 z0 . Evaluating the volume
integrals in A.9, we can explicitly write the ACF for diffusing molecules in the
effective volume defined by the PSF:
GD (τ ) =

γ
1
1
τ r
 2 ,
hCiVef f 1 + τD
τ
1 + τD wz00

(A.12)

For the one photon excitation (OPE) case γ = 0.35 (γ is a constant related to
√
w2
the PSF calculation, 1/ 8) and τD = 4D0 .
The average number of molecule in the effective volume can be calculated from
the average concentration:
N = hCiVef f ,
(A.13)
Usually, the ACF function is written as:
GD (τ ) = G(0)

1
r
1 + ττD

1
1+

τ
τD



w0
z0

2 ,

(A.14)

where the amplitude of the ACF G(0) is defined as:
G(0) =

γ
.
hCiVef f

(A.15)

The extrapolation of the ACF at 0 lag time (G(0)) is inversely proportional to
the fluorophore concentration.

A.3

Detailed derivation of the photon count distribution

A detailed derivation of the PCH is described in the following section. All the
derivation can be found also in [8]. The analytical description of the PCH starts
from the distribution of intensities measured by the detector:
Z ∞
(ηW W (t))k e−ηW W (t)
p(k, t, T ) =
p(W (t))dW (t),
(A.16)
k!
0
This is Mandel’s formula [46], which describes the photon counting statistic measured by the detector for the semiclassical cases. In the description of the photon
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statistics the semiclassical approximation is often applied since it allows us to
describe the light using the electromagnetic classical theory while the interaction
with atoms is described with quantum mechanics. p(k, t, T ) is the probability of
observing k photoelectrons at time t on the detector and it depends on the detection efficiency ηW , the integration time T and the energy distribution p(W (t))
on the detector. W (t) represents the light energy falling on the detector surface
during one integration time T and it can be described by:
Z t+T Z
dt ID (~r, t)dA,
(A.17)
W (t) =
t

A

where A is the detector area and ID (~r, t) is the light intensity reaching the detector at time t. From a mathematical point of view equation A.16 is a double
stochastic Poisson process based on two sources of randomness. The first source
of randomness is a quantum mechanical effect and it is a manifestation of the discreteness and the statistical independence of the photoelectric detection process
for coherent electromagnetic radiation. It is known as shot noise and it cannot
be eliminated. Even if the source of the light intensity is constant, thus described
as p(W ) = δ(W − W̄ ), the photon count distribution is still represented by a
Poissonian distribution:
p(k, t, T ) = P oi(k, hki) =

(ηW W̄ )k e−ηW W̄
.
k!

(A.18)

In this case, since the distribution is Poissonian, the variance of the distribution
h∆k 2 i is equal to the average of the distribution hki.
The second source of randomness is caused by the fluctuations of light intensity
on the detector, which is described by p(W ). Any source of noise will cause an
additional broadening of the photon count distribution p(k, t, T ). The photon
count distribution is now described by a super-Poissonian distribution, where the
variance is larger then the mean value (h∆k 2 i > hki). Actually, equation A.16
can be considered as a superposition of Poissonian distributions for each of the
energy values W , with the amplitudes given by of p(W ). The broadening of the
photon count distribution is dependent on ID (~r, t), which is dependent on the
integration time T . In the limit of T → ∞ the fluctuations average out, p(W )
approaches a delta function and the photon count distribution narrows down to
a Poissonian distribution, because the shot noise contribution still remains. In
the other limit T → 0, the energy fluctuations W (t) perfectly tracks the light
intensity ID in time. Thus, the probability distribution of energy and intensity
are proportional to each other p(W ) = p(I)∆t. For simplicity, the detector area
A is chosen to be small enough, so that the intensity I is constant across the
detector surface during one binning time T . To properly capture the intensity
fluctuations in the photon count distribution, the integration time T has to be
chosen shorter than the fluctuation time scales of the studied process (T < τfluc ).
We will assume this condition to be valid for all the following derivation. We are
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also assuming that the fluctuations of intensity are a stationary event, i.e. there is
no time dependence to the statistical properties of the fluctuating light intensity
I and therefore no time dependence to the PCH. The detection efficiency ηW can
be rewritten proportionally to the light intensity as:
ηI = T ηW .
In this case we can rewrite equation A.16 as:
ηI
Z ∞ ηI
( T ID T )k e− T ID T
p(k, t, T ) =
p(ID )dID ,
k!
0
Z ∞
(ηI ID )k e−ηI ID
p(ID )dID ,
p(k, t, T ) =
k!
0
This equation is actually describing a Poissonian distribution:
Z ∞
p(k, t, T ) =
P oi(k, ηI ID )p(ID )dID ,

(A.19)

(A.20)

(A.21)

0

At this point, we have to describe the fluorescence intensity. The confined
excitation volume generated by the microscope allows us to measure the fluorescence intensities. This volume is dependent on the PSF of the system, which
describes in general the response of an optical setup to a point source. In this
derivation context it is convenient to define a scaled PSF, which is normalized to
the origin:
P SF (x, y, z)
P SF =
,
(A.22)
P SF (0, 0, 0)
For our experiments (confocal case) the PSF is approximated by a 3D Gaussian:
h 2(x2 + y 2 ) z 2 i
P SF 3DG = exp −
−
,
w0
z0

(A.23)

where w0 and z0 are the effective parameters that describe the PSF geometry.
The fluorescence intensity ID at the detector plane, which is emitted by a single
fluorophore at a position r~0 (defined as the PSF center), can be written as:
ID = I0n βP SF (~
r0 ),

(A.24)

For the confocal case n = 1. The constant β includes the excitation probability, the fluorescence quantum yield and all the set-up related factor such as the
transmittance of light after the optics.
We can use equation A.24 to describe the probability of fluorescence intensity
on the detector p(ID ) which is in the equation A.21:
Z
p(ID ) = δ(ID − I0 βP SF (~r))p(~r)d~r,
(A.25)
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Here p(~r) is the probability distribution for the position of the fluorophore. Thus,
the photon count distribution (equation A.21) for one emitting molecule can be
written as:
Z ∞
(ηI I0 βP SF (~r))k e−ηI I0 βP SF (~r)
(1)
p (k) =
p(~r)d~r,
(A.26)
k!
0
which is equivalent to write:
(1)

Z

∞

P oi(k, ηI I0 βP SF (~r))p(~r)d~r

p (k) =

(A.27)

0

In a first approach, a single emitting particle is assumed to diffuse inside
a reference volume V0 . Because it is equiprobable to find the particle in any
position inside V0 , the probability p(~r) is given by 1/V0 if the particle is in V0 , or
0 otherwise. We can also define the molecular brightness b of a molecule in the
center of the PSF as:
b = I0 βηI = ηI ID (~r)/P SF (~r),

(A.28)

Thus, equation A.27 becomes:
Z
Z
1
(1)
p (k, V0 , b) =
P oi(k, bP SF (~r))p(~r)d~r =
P oi(k, bP SF (~r))d~r, (A.29)
V0 V0
V0
The photon count distribution for one particle can be considered as the weighed
average of different Poissonian distributions, each with an average value equal to
bP SF (~r), over V0 . When a fixed particle at a position r~0 is considered, the PCH
is a single Poissonian distribution:
pfixed (k, r~0 ) = P oi(k, bP SF (~
r0 )),

(A.30)

where the average value of the distribution is bP SF (~
r0 ). The average photon
(1)
count, hki, of the p (k, V0 , b) is:
Z
b
VPSF
hki =
P SF (~r)d~r = b
.
(A.31)
V0 V0
V0
The average photon count is determined by the brightness and the probability
to find the molecule within the volume of the PSF. The molecular brightness
b is dependent on the binning time T , but the ratio b/T is independent of the
experimental binning time. The unit for this ratio is counts per seconds per
molecule (cpsm) or simpler just count per second (cps).
To explicitly calculate the probability distribution for a single molecule, p(1) (k, V0 , b),
the integration needs to be solved. For mathematical convenience, equation A.29
is integrated over all space. Since the reference volume V0 is chosen so that it
contains the PSF, there are no photons excited outside V0 , thus extending the
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integration limits to infinity does not change p(1) , unless k = 0. The probability
of receiving 0 photon counts is then
by normalizing the probability
P calculated
(1)
distribution: p(1) (0, V0 , b) = 1 − ∞
p
(k,
V
,
b).
The following equation are
0
k=1
obtained integrating over all space and they are valid only for k > 0. Knowing the
analytical form of the confocal PSF (equation A.23), the analytical integration
over all space of the photon count distribution (equation A.29) for one emitting
particle diffusing on V0 leads to:
Z
1 πω02 z0 ∞
2
(1)
p (k, V0 , b) =
γ(k, be−2x )dx, for k > 0
(A.32)
V0 k!
0
where γ represents the incomplete γ-function.
Until now, only the case of a single diffusing molecule was considered. If two
independent molecules of the same species are diffusing within V0 , we can simply
write the PCH with r~1 and r~2 to account for the two particles:
ZZ
(2)
p (k, V0 , b) =
P oi(k, bP SF (~
r1 ) + bP SF (~
r2 ))p(~
r1 )p(~
r2 )d~
r1 d~
r2 ,
(A.33)
Practically to calculate the PCH for two diffusing independent identical particles (p(2) (k, V0 , b)) the Poissonian distribution calculated with the combined intensity of both particles, is averaged over all the possible positions in all space.
The two particle case can be generalized to describe the photon count distribution for N particles. If there are N independent particles in V0 with identical
brightness, at position ~rn , then the PCH becomes:
p

(N )

Z

Z
···

(k, V0 , b) =

P oi(k, b

N
X

P SF (~ri ))p(~r)1 . . . p(~rN )d~r1 . . . d(~rN ),

i=1

(A.34)
If it is assumed that the particles are non-interacting, the N variables can be
treated as statistically independent. The probability distribution of the sum of
statistical independent variables can be then expressed as the convolution of N
individual probability distribution functions. The PCH for two particles can then
be written as:
(2)

p (k, V0 , b) = (p

(1)

(1)

⊗ p )(k, V0 , b) =

∞
X

p(1) (k − r, V0 , b)p(1) (k, V0 , b).

(A.35)

r=0

The PCH for N identical and independent particles is also calculated applying
the convolution N -times on the distribution for a single particle:
p(N ) (k, V0 , b) = (p(1) ⊗ · · · ⊗ p(1) )(k, V0 , b),

(A.36)

Convoluting the single PCH N -times is equivalent of evaluating the 3N-dimensional
integral of equation A.34, but computationally is much more advantageous.
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So far, we have calculated the PCH only for particles diffusing in a confined
volume V0 , however, in experiments the particles will move in an open space.
Thus, we actually have an open system where particles are entering and leaving
the sub-volume V0 . If the reference volume V0 is chosen much smaller then the
open system, the number of fluctuating particles in V0 is governed by Poisson
statistics:
p# (N ) = P oi(N, N ),
(A.37)
where N is the actual number of molecules in the reference volume and N is
the average number of molecules in V0 . The average number of molecules, N , is
related to the concentration of the sample as:
N = CV0 NA ,

(A.38)

where NA is the Avogadro’s number. The final step in calculating the PCH for
an open system is averaging the individual probability function for N particles
(p(N ) (k, V0 , b)) weighted by the Poissonian probability of observing N particles
(p# (N )):
Π(k, N P SF , b) ≡ p̂(k, V0 , N , b) = hp(N ) (k, V0 , b)iN
(A.39)
∞
X
p(N ) (k, V0 , b)p# (N ),
=
N =0

The function p̂(k, V0 , N , b) describes the probability of observing k photon
counts in an open system for a solution with a particle concentration of c =
N /(V0 NA ). Actually, the photon count probability for an open system is independent on the reference volume V0 . For this reason, the PCH for an open
system should be referenced to the sample concentration, which is independent
of V0 , or to a standard volume with a physical meaning. Usually, the convention used in FCS is followed also for PCH. The volume of the PSF in the FCS
theory (Section A.2) serves as the standard volume which connects the average
number of molecules N within the PSF and the amplitude of the autocorrelation
function G(0). Therefore, the PCH for an open system is defined in equation
A.39 as Π(k, N P SF , b), where N P SF is the average number of molecule in the
PSF volume. Changing N with N P SF , in equation A.39, is justified because
c = N P SF /(VP SF NA ) = N /V0 NA . The average number of photon counts for an
open system can be calculated from Π(k, N P SF , b) as:
hki = bN P SF .

(A.40)

We can demonstrate that the PCH for an open system is independent of the
reference volume. The probability p(1) (k, V0 , b) for a single molecule moving within
V0 depends on the reference volume. If the reference volume is changed from V0
to V1 , where V0 = f V1 , the photon count distribution has also to be transformed.
The transformation of the probability is defined as:
p(1) (k, V1 , b) = f p(1) (k, V0 , b) + (1 − f )δ(k),

(A.41)
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where δ(k) is 1 for k = 1, and 0 otherwise. When V1 is bigger than V0 , f can be
considered as the probability of finding the molecule inside the smaller volume
V0 . Thus, equation A.41 represents the joint probability of finding the molecule
inside the volume V0 with p(1) (k, V0 , b) and the joint probability of finding the
molecule outside V0 , with the term related to (1 − f ).
In contrast to the PCH for a single molecule in a confined volume (p(1) (k, V0 , b)),
the probability distribution for an open system, (p̂(k, V0 , N , b)), which describes
the probability of k photon counts from a freely diffusing chemical species with an
average of molecules N in the volume V0 , is independent on the reference volume.
We can explain intuitively this independence. In this case, when the reference
volume is changed, the average number of molecules scales with the dimension of
the reference volume. For example, changing the volume from V0 to V1 , scales the
average number of molecules from N 0 to N 1 = N 0 /f . The choice of the reference volume for the open system case is of no importance as long as the average
number of molecules in it also changes accordingly. For a practical purpose the
reference volume is identical to the PSF volume for a confocal detection.
The three key assumptions so far for PCH are:
• The molecules do not move significantly during one time bin T , i.e. the
fluorescence intensity is properly tracked over time (T < τf luc )
• The molecular brightness is constant in time (no reactions and no photophysics)
• if N particles are diffusing within the reference volume, they are independent
and identical
If two or more different chemical species are present in the system, the differences in the molecular properties, such as the quantum yield or the excitation
probability, have to be taken into consideration for the PCH. All the differences
between the different species can be absorbed into the brightness, which will be
different for each specie.
If, for example, the sample is composed by two species N1 and N2 with two
different brightnesses b1 and b2 the PCH is given by:
p

(N1 ,N2 )

Z
(k, V0 , b1 , b2 ) =


P oi k, b1

N1
X
i=1

Z
···

p(~ri )d(~ri ) . . . p(~rj )d(~rj )

P SF (~ri ) + b2

N2
X


P SF (~rj ) ,

(A.42)

j=1

But if the two species are assumed to be independent, we can write the final PCH as the convolution between the PCH functions of the individual single
species, as:
Π(k, N 1 , N 2 , b1 , b2 ) = Π(k, N 1 , b1 ) ⊗ Π(k, N 2 , b2 ).
(A.43)
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A.3. Detailed derivation of the photon count distribution

which is again more convenient computationally than solving the integral in equation A.42. For more than two independent components, the PCH is the convolution of all the individual photon count histograms.

Appendix A. Appendix
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