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Abstract

Single-molecule spectroscopy and super-resolution microscopy o”er valuable insights into

molecular dynamics but have been limited by high costs and technical complexity. These

tools are mostly accessible to specialized labs with custom-built systems. This work aims to

make them more a”ordable and accessible to a wider range of researchers, including those

in smaller or resource-limited labs.

A major challenge in single-molecule experiments is the variability in experimental setups,

often due to the use of home-built systems, a limitation common across all single-molecule

techniques. In the context of smFRET, which this study focused on, applying established

data correction routines enabled reliable and comparable results across di”erent setups. The

most critical parameter influencing data accuracy was the gamma factor, which accounts

for di”erences in the quantum yields of the donor and acceptor fluorophores, as well as the

wavelength-dependent detection e!ciencies of the point detectors. However, its overall im-

pact was minimal given the typical FRET e!ciency di”erences observed in biomolecules,

underscoring the importance of thoughtful protein and fluorophore design to minimize vari-

ability.

Comparisons with other techniques, like Pulsed Electron-Electron Double Resonance (PEL-

DOR) and anomalous X-ray scattering interferometry (AXSI), confirmed that smFRET

provides consistent distance measurements. Discrepancies arose due to fluorophore-protein

interactions but could be mitigated through careful experimental design.

A key development of this work is Brick-MIC, an a”ordable, open-source platform for single-

molecule experiments. Built with 3D printing and open-source software, Brick-MIC allows

researchers to customize setups at a fraction of traditional costs. It supports techniques

like smFRET, fluorescence correlation spectroscopy (FCS), and super-resolution imaging,

making these tools more accessible to the scientific community.

In a simplified iteration, a blue-green FRET system was created using a 488 nm laser, mak-

ing it cost-e”ective while still providing valuable insights into biomolecular conformational

changes. This system, while lacking stoichiometric information, enables the observation of

biomolecule movements, catering to application-driven studies.

Additionally, Brick-MIC was applied to nanoparticle detection, specifically identifying SARS-
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CoV-2 virus particles. By combining microfluidics, fluorescence correlation spectroscopy,

and dual-layer detection strategies, this work enabled rapid and specific virus detection,

demonstrating the practical applications of this a”ordable platform in diagnostics and public

health.
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with you was both inspiring and enjoyable.

To my mentors, who guided me through this journey: Paulina Romo, Adrian Passow, Kai and Maria

Lamottke, Michael Boshart, Philipp Landerer, and the entire IEC team—thank you for your guidance

and encouragement.

VI



To my family, who has believed in me and supported me unconditionally for as long as I can re-

member—I hope one day I can give back to you as much as you’ve given me. A special thanks to
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1

Introduction

Horses have been depicted in prehistoric cave paintings in France, the temples of ancient Egypt, and

as statues in ancient Greece during classical antiquity1,2. However, due to their fast motion, which the

naked eye cannot break down, the precise understanding of their galloping motion—and the broader

question of whether all feet are ever simultaneously o” the ground—remained an unresolved mystery,

leading to artistic guesswork that often resulted in depictions of physically impossible horse postures,

which in turn became a contentious point of debate among artists.

The invention of the photo camera in the early 19th century was a step forward in terms of capturing

real images of the real world, however the long exposure times needed for capturing an image, made

this new tool incapable of depicting the fast locomotion of a horse, resulting in blurry images3.

This changed with Edward Muybridge, an experimental photographer of the late 19th century, who

improved the acquisition time of the camera by experimenting with various equipment and especially

with di”erent photo chemicals, reducing the exposure time to a fraction of a second. This advance-

ment made it possible to capture a snapshot of a moving horse. However, this was only one data

point, and while it provided groundbreaking evidence of a horse’s motion, it was insu!cient to fully

resolve broader questions about galloping dynamics4. In 1876, Muybridge created his most ground-

breaking experimental setup, where he lined up 12 state-of-the-art cameras in a row, each triggered

automatically by a series of wires ruptured as the horse passed. Using this method, Muybridge suc-

cessfully captured a series of photographs4,5 that depicted the complete locomotion of a galloping

horse, including two key shots that showed all four feet o” the ground.

This milestone was achieved through numerous advancements in photographic camera technology,

including the use of lenses instead of pinholes to improve spatial resolution, the development of faster

sensors with more photosensitive chemicals3,4,5, and the alignment of multiple self-triggering cameras

in a row to enhance temporal resolution, with the key breakthrough being the ability to capture and

analyze time itself, which is crucial for answering questions about motion and dynamic processes, not

only in horses but across various scientific fields.
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The challenges we face in the 21st century are similar to those mentioned above. A major challenge

is to unravel the fundamental laws of life, down to the intricate motion and synchronized choreogra-

phy of molecules6,7,8. While many techniques in biophysics can provide valuable information about

biological systems, such as protein structure through X-ray crystallography9 and CD spectroscopy10,

protein-protein a!nities through ITC11 and MST12, or biomolecule sizes through SDS-PAGE13 or

SEC14, remaining limitations blur metastable and temporally heterogeneous biomolecular states, such

as in a conformational ensemble, or when spatial interactions occur over the nanometer length scale15.

One of the main obstacles when studying biomolecules is their mere size, which on average is around

5 to 10 nm16, which is much smaller than e.g., the di”raction-limited resolution of an optical micro-

scope. Selecting electromagnetic radiation with shorter wavelength to probe biomolecules is not an

option given the high ionizing energy for example of X-rays or electron beams, which can damage

or destroy the biomolecules. However, it is still possible to visualize biomolecules by crystallizing or

immobilizing them, as in the case of X-ray crystallography9 and cryo-EM17, though these methods

typically provide only a single snapshot of the biomolecule’s structure. Therefore, biomolecule interac-

tions, sizes, and processes are typically measured indirectly, e.g., through heat flow when biomolecules

bind or undergo conformational changes, such as in ITC11; estimation of sizes based on movement

and interactions through another medium, such as SDS-PAGE13 and SEC14; or monitoring reaction

products or adducts in the visible spectrum using absorbance or fluorescence measurements18. How-

ever, these techniques require large amounts of highly purified samples, and bulk studies inevitably

blur and average out heterogeneous processes at the individual molecule level due to the bulk nature

of the measurements19. This limitation highlights the challenge of studying dynamic processes at a

single-molecule resolution, a challenge not unlike the one faced by early photographers capturing the

precise motion of a galloping horse. Just as photographers had to overcome technological limitations

to capture movement, biophysicists also had to overcome similar challenges to capture the dynamic

behavior of individual biomolecules.

In the past 30 years, advancements in optical instrumentation and the use of fluorescent tags have

enabled us to visualize biomolecules and their motion at the single-molecule level, becoming a powerful

tool for understanding life from its smallest building blocks20,21,22,23. As in the case of Edward

Muybridge, this molecular understanding is now possible not only due to advancements in the spatial

and temporal resolution of optical systems but also thanks to a deep understanding of fluorophores

and the phenomenon of fluorescence, which make biomolecules visible in the first place and go hand

in hand with the development of optical microscopes24,23,25,20,21,22.

The combination of purpose-built optical microscopes and specially designed fluorophores has led to the

development of several advanced single-molecule microscopy techniques. This progress was recognized

with the 2014 Nobel Prize in Chemistry, awarded to Eric Betzig, Stefan Hell, and William E. Moerner

”for the development of super-resolved fluorescence microscopy.” Their work led to groundbreaking

techniques such as stimulated emission depletion microscopy (STED)26, photo-activated localization

microscopy (PALM)27, and stochastic optical reconstruction microscopy (STORM)28, which surpass

the di”raction limits proposed in by Ernst Abbe’s theory. These methods achieve super-resolution by

selectively activating or deactivating fluorophores (e.g., STED and PALM) or by inducing fluorophore
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blinking or transient exchange (e.g., dSTORM and PAINT29,30).

In addition to these imaging techniques, other methods like fluorescence correlation spectroscopy

(FCS)31,32,33 and single-molecule Förster resonance energy transfer (smFRET)34,32,35,36,37 have fur-

ther expanded our ability to study properties of biomolecules in with high time resolution. FCS

allows for the analysis of molecular dynamics by measuring fluctuations in fluorescence intensity,

providing insights into di”usion rates and molecular interactions. Meanwhile, smFRET enables the

observation of conformational changes and interactions at the single-molecule level by detecting en-

ergy transfer between two fluorophores, o”ering valuable information on the structural dynamics of

biomolecules38,39,40,41.

The success of these techniques relies heavily on the understanding of fluorescence itself, which has

undergone significant advancements in recent years. Fluorescence, a phenomenon where a molecule

absorbs light at one wavelength and re-emits it at a longer wavelength, is the foundation for many of

these methods32,42,43,44. The ability to manipulate and control fluorescence emissions through various

fluorophores, and to detect and measure these emissions with high precision, has been crucial in

developing tools that allow us to probe molecular processes with unprecedented spatial and temporal

resolution. Understanding the fundamentals of fluorescence not only enables the improvement of

existing techniques but also provides the basis for the creation of new approaches to study biomolecular

dynamics at the single-molecule level.

1.1 Fundamentals of Fluorescence
§

Fluorescent substances and materials are among the smallest light-emitting units down to the molec-

ular level, ranging from 20 to 100 atoms and 1 to 2 nm in dimensions (for organic fluorophores)46.

These light-emitting materials range from organic fluorophores32, fluorescent proteins47, and quantum

dots48, which can be tailored for specific assay requirements49,50,51. For example, organic fluorophores

are frequently tailored for DNA hybridization assays, where dyes selectively bind to nucleic acids to

report on hybridization events52. Similarly, tailored fluorescent proteins are used in calcium imaging

assays to monitor intracellular calcium levels53, and in quantum dot-based tracking assays, which

allow long-term observation of cellular processes due to their exceptional photostability46.

Fluorescence was named by the scientist George Gabriel Stokes in his work ’On the Change of Re-

frangibility of Light’ in 1852, where he described the shift of absorption and emission color of light by

liquid solutions54. Advancements in the understanding of light as an electromagnetic wave, described

by Maxwell’s electromagnetism theories55, along with the introduction of quantum mechanics in the

20th century, clarified the underlying mechanisms of electronic transitions within molecules32.

§The concepts discussed in this Sections are based on the textbooks by Sauer, Hofkens, and Enderlein42 (Chapter 1),
Lakowicz32 (Chapters 1, 3 and 6), Sakurai (Chapter 5) and Walla45 (Chaper 1
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At its core, fluorescence occurs when a substance absorbs a photon of a specific wavelength, elevating

an electron to higher energy levels. This absorption process generates an excited singlet state, which

is characterized by the temporary presence of an electron in higher energy orbitals (Figure 1.1). The

absorption and subsequent deactivation process can be understood considering the frontier orbitals

HOMO and LUMO (Highest Occupied Molecular Orbital – Lowest Unoccupied Molecular Orbital)

concept: in the ground state, electrons occupy the HOMO, which is the highest energy orbital that

contains electrons. When a photon with the right energy is absorbed, an electron from the HOMO is

excited to the LUMO, the lowest energy orbital that is unoccupied in the molecule 1.2.

Figure 1.1: Basics of fluorescence: The upper panel depicts a Jablonski diagram of a hypothetical fluorophore,
illustrating excitation levels in the ground state (S0), excited states (S1, S2), and the triplet state (T). Colored
arrows indicate energy transitions involving the absorption or emission of photons, while curly arrows represent
non-radiative transitions such as internal conversions and vibrational relaxation. Dotted arrows signify redox-
relaxation pathways in the o”-state of a fluorophore. The transition rates are denoted as kex: excitation rate,
kfl: intrinsic fluorescence emission rate, knr: non-radiative decay rate, kISC : intersystem crossing rate, kpho:
phosphorescence emission rate, and kred/ox: redox rate. The lower left panel displays representative absorption
and emission spectra of a hypothetical fluorophore, corresponding to the Jablonski diagram above. The lower
right panel shows a Rhodamine fluorophore with its functional chemical groups.
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The gap between the HOMO and LUMO, known as the band gap, determines the energy required

to promote the electron to the excited state. This energy di”erence also dictates the wavelength of

light absorbed: a larger HOMO-LUMO gap requires higher energy (shorter wavelength) light, while

a smaller gap corresponds to light of longer wavelengths.

However, the excited state is inherently unstable. The electron quickly relaxes back to a lower energy

orbital, usually the HOMO. During relaxation, the excess energy gained from the absorbed photon

can be released in the form of light, which has a longer wavelength than the absorbed light due to

the energy lost in relaxation. This emitted light is what we perceive as fluorescence. This radiative

relaxation process typically takes place on the timescale of nanoseconds.

However, there are alternative relaxation pathways in which the excess energy can be dissipated which

explains why not every molecule fluoresces. Quantum mechanics describes the behavior of electrons

within molecules in a probabilistic manner, where certain molecular properties and geometries favor

di”erent relaxation probabilities from others32,42,56 (figure 1.1):

For instance, when a molecule absorbs a photon, an electron is excited from the ground state (S0) to

an excited singlet state S1, S2, or even higher, depending on the photon energy. From here, several

relaxation pathways are possible.

The electron starts dissipating energy through internal conversion, which involves a very rapid transfer

of energy through vibrational relaxation, leading to a return to the lowest singlet state (S1) which

typically occurs within femtoseconds to picoseconds. The same process can further relax the elec-

tron to the ground state (S0) leading to a non-radiative decay within a time scale of picoseconds to

nanoseconds57.

The excited electron can also undergo intersystem crossing, transitioning from the singlet excited state

(S1) to a longer-lived triplet excited state (T1) due to a change in electron spin. This process typically

occurs at rates ranging from nanoseconds to microseconds and is spin-forbidden.

From the triplet excited state (T1), the molecule can emit a photon and transition back to the ground

state (S0), resulting in phosphorescence. This process on the other hand occurs with rates ranging

from microseconds to milliseconds58.

External factors such as collisions with other molecules or impurities can lead to quenching of the

excited state’s energy without photon emission. This process, known as external quenching, results

in a non-radiative return to the ground state (S0) with timescales similar to those of non-radiative

decay49 1.3.

Fluorophores can also undergo intersystem crossing to populate the longer-lived triplet state (T1).

In the presence of molecular oxygen (O2), the triplet-state fluorophore can interact with oxygen

molecules49. During this process, energy is transferred from the excited fluorophore to molecular

oxygen, promoting the formation of highly reactive singlet oxygen (1O2). Singlet oxygen is a potent

oxidizing agent and can induce chemical reactions that damage the fluorophore molecule, leading to

photobleaching (figure 1.1).
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The property of fluorophores that favors light absorption and radiative decay are those that possesses

a rigid conjugated ϑ-electron system43. This arrangement creates a continuous orbital network where

electrons can move freely. In this system, the ϑ-electrons are delocalized, meaning they are not

localized to specific atoms but instead spread out over multiple atoms.

A large delocalized system shows an overall large transition dipole moment giving rise to high ab-

sorption cross sections and high radiative rates. Additionally, the rigidity of the ϑ-electron system

prevents non-radiative decay pathways, such as internal conversion or vibrational relaxation, thereby

promoting the radiative decay pathway toward the ground state32,56 (Figure 1.1).

Figure 1.2: Transition dipole moment of ethylene and anthracene: a) Schematic representation of bonding ϑ-
and antibonding ϑ

→-orbitals constructed from atomic p-orbitals for ethylene, with lower and higher energy levels
corresponding to the ϖHOMO and ϖLUMO orbitals, respectively. Wave function phases are depicted in purple
for negative phases and green for positive phases. b) and c) Depict the wave functions of ϖHOMO and ϖLUMO

of ethylene and anthracene, respectively, along with the corresponding transition density maps. The resulting
transition dipole moments are aligned in the optimal direction of the oscillating electric field component of light
(polarization vector) in relation to the direction of the transition dipole moment. The larger ϑ-orbital system
and molecular geometry of anthracene produce a larger transition dipole moment compared to ethylene.

A deeper understanding of this behavior involves examining the phase properties of ϑ-orbitals, which

are characterized by nodal planes where the wave function changes sign, creating distinct positive and

negative regions (figure 1.2). These regions are not related to charge but reflect the oscillatory nature

of electrons within molecular orbitals. The phase of the wave function plays an important role in
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determining the properties of conjugated ϑ-systems, as the overlap of orbitals with matching phases

leads to constructive interference and bonding interactions, which lower the energy of the system and

stabilize the molecule. In contrast, overlapping regions of opposite phase result in destructive inter-

ference and antibonding interactions, which increase the system’s energy and can lead to instability

or weaker bonding. These binding and antibonding interactions are crucial in understanding the elec-

tronic structure and stability of molecules, particularly in conjugated systems where the delocalization

of electrons plays a key role in determining their spectroscopic properties.

These interactions also directly influence electronic transitions, such as the ϑ → ϑ
→ transition,

where an electron is excited from the bonding ϑ orbital (HOMO) to the antibonding ϑ
→ orbital

(LUMO). The energy di”erence between these orbitals—shaped by the binding and antibonding in-

terference—determines the absorption of light and the potential for fluorescence. A smaller HOMO-

LUMO gap, resulting from extensive conjugation, allows for a transition with lower energy and longer

wavelength, contributing to the system’s optical properties.

This interplay of orbital phases and electronic transitions is further described by the transition dipole

moment (TDM), a vector quantity that provides insight into the interaction of a molecule with

light59,60. The TDM represents the direction of redistribution of electron density during an elec-

tronic transition, such as the excitation of an electron from the HOMO to the LUMO. Its magnitude

and direction are determined by the spatial overlap of the molecular orbitals involved in the transition

and the phase alignment of their wave functions.

Mathematically, the TDM is calculated as the integral of the product of the HOMO and LUMO wave

functions, weighted by the dipole operator, which accounts for the positional distribution of electron

density within the molecule. This can be expressed as:

µTDM =

∫
ϖHOMO(r)

→
µ̂ϖLUMO(r) d

3r (1.1)

where ϖHOMO and ϖLUMO are the wave functions of the HOMO and LUMO, respectively, µ̂ is the

dipole operator (µ̂ = ↑er, with r being the electron position vector), and d
3r represents integration

over all spatial coordinates. The resulting integral, often referred to as the transition density, quantifies

the likelihood of the electronic transition and reflects the spatial and phase relationships between the

orbitals.

The alignment of the TDM relative to the polarization direction of the incident light is a crucial factor

in determining the likehood of light absorption. When the TDM is oriented parallel to the electric field

vector of the polarized light, the fluorophore achieves maximum absorption probability. Contrarily, if

the TDM is perpendicular to this field, the absorption probability is minimal.

This geometric dependence has profound implications in fluorescence applications. For instance, the

orientation of fluorophores immobilized on surfaces or embedded in biological structures can a”ect

their excitation e!ciency and emission intensity. It also forms the basis for techniques like fluores-
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cence anisotropy and polarization microscopy, which exploit variations in TDM orientation to study

molecular interactions, conformations, and dynamics.

In conjugated ϑ-systems, the delocalized electron cloud enhances the overlap of wave functions during

ϑ → ϑ
→ transitions, leading to strong TDMs that favor light absorption and e!cient fluorescence. The

phase properties of these orbitals also influence the polarization properties of emitted light, making

them valuable tools for investigating molecular environments and designing fluorophores with desired

photophysical characteristics61.

1.2 Fluorescence lifetimes and Quantum Yields
§

Fluorescent lifetimes and quantum yields are important properties of fluorescence that provide quan-

titative information about the fluorophore and its environment62,63. The emission of photons from an

excited state follows a single exponential decay. If a number of fluorophores are excited at the same

time with a light pulse, the decay towards the ground state is described by:

[M→](t) = [M→]0 ↓ e(↑kt) (1.2)

where [M→]0 is the population of excited fluorophores at time t = 0 and k denotes the sum of all

depopulating rates, where k = 1
ω . The fluorescence lifetime ϱ describes the average time a fluorophore

spends in the excited state before returning to the ground state. For organic dye molecules, this time

is typically in the nanosecond range.

The corresponding emission from the excited fluorophore can be directly related to its fluorescence

lifetime:

[M→] ↔ I

I(t) = I0 ↓ e↑
t
ω

(1.3)

Where I is the measured light intensity. The fluorescence lifetime is defined here as the time it takes

for the intensity to drop to 1/e of its initial value I0 following first-order decay.

The quantum yield Qfl describes the ratio of photons emitted to photons absorbed by a fluorophore.

A fluorophore will rarely have an e!ciency of 100 percent since the emissive rate kfl competes with

§The concepts discussed in this Sections are based on the textbooks by Sauer, Hofkens, and Enderlein (Chapter 1),
Lakowicz (Chapters 1 and 4)
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the rate of non-radiative decay knr that depopulates the singlet state S1 back to the ground state S0

1.1. The quantum yield therefore is described by the ratio between emitted and absorbed photons

and shows the competition between kfl and knr, which is given by:

Qfl =
kfl

kfl + knr
=

Photonsemitted

Photonsabsorbed
(1.4)

The fluorescence lifetime is inversely proportional to the sum of the fluorescence rate kfl and the rate

of non-radiative decay knr that depopulate the excited state:

ϱ =
1

kfl + knr
(1.5)

The quantum yield and lifetime of fluorophores are not constant; but depend on the specific environ-

ment of the dye molecule which can alter the specific values for both radiative and non-radiative rate

constants. Non-radiative decay processes include: internal conversion, intersystem crossing and also

intermolecular processes such as energy transfer, collisional quenching, and chemical reactions—like

photoinduced electron transfer, protonation/deprotonation, or reactions with oxygen (e.g., singlet

oxygen) have to be considered. (figure 1.1). The local environment around the fluorophore, such as

solvent polarity, pH, temperature, and the presence of quenchers or other molecules, can influence all

rates mentioned above and thus alter the fluorescence lifetime.
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1.3 Fluorescence quenching & blinking
§

Fluorescence quenching refers to the process by which the fluorescence intensity of a fluorophore is

reduced through specific interactions or pathways, e.g., with another molecule, environmental factors,

or energy transfer. This interaction typically leads to an increased non-radiative relaxation of the

excited fluorophore, reducing fluorescence intensity (figure 1.3).

In dynamic quenching, the quencher molecule interacts with the excited state of the fluorophore

through collisional encounters. During these collisions, energy is transferred from the excited fluo-

rophore to the quencher molecule, with the energy typically being dissipated non-radiatively instead

of via photon emission. Dynamic quenching is described by the Stern-Volmer equation64,65:

F0

F
= 1 + kqϱ0[Q] = 1 +KD[Q] (1.6)

where F0 and F are the fluorescence intensities in the absence and presence of a quencher Q, re-

spectively. kq is the quenching constant, ϱ0 is the lifetime of the fluorophore in the absence of a

quencher, and [Q] is the concentration of the quencher. The Stern-Volmer constant constant for

dynamic quenching is given by KD = kqϱ0.

In static quenching, the quencher forms a stable complex with the fluorophore in its ground state,

typically through non-covalent interactions. This complex formation e”ectively reduces the population

of free fluorophores and thus the number of excited states available for fluorescence emission. In

static quenching, the dependence of fluorescence intensity on quencher concentration is derived by the

association constant for complex formation:

Ks =
[F ↑Q]

[F ][Q]
(1.7)

where Ks is the association constant, [F ↑Q] is the concentration of the complex, [F ] is the concentra-

tion of the uncomplexed fluorophore, and [Q] is the concentration of the quencher. Assuming that the

complexed species are non-fluorescent, the ratio of non-emitting to emitting species can be described

in a linear dependence on the association constant and the concentration of the quencher:

F0

F
= 1 +Ks[Q] (1.8)

Static and dynamic quenching can be distinguished by their di”ering dependence on temperature, vis-

cosity, and fluorescence lifetimes. Higher temperatures and/or lower viscosity result in faster di”usion

§The concepts discussed in this Sections are based on the textbooks by Sauer, Hofkens, and Enderlein (Chapter 1),
Lakowicz (Chapters 1, 6, 7,8 and 9)
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and hence an increased number of collision events. On the other hand, higher temperatures typically

destabilize weakly bound complexes and thus reduce the amount of static quenching.

Figure 1.3: Dynamic and Static Quenching: The upper panels show the quenching mechanisms of dynamic
(left, Jablonski diagram) and static quenching (right, kinetics diagram), where F

→ denotes the excited state of
the fluorophore. The lower panels show the linear F0/F dependence on quencher concentration [Q] for dynamic
and static quenching, respectively, and their inverse dependence on temperature changes.

The fluorescence intensity can be also quenched by energy transfer when the excited state energy of

a fluorophore is transferred non-radiatively for example to a nearby acceptor. Also this leads to a

reduction in fluorescence emission (see section 1.4 and figure 1.5).

It is important to note that the long-lived triplet state can also be depopulated through similar

mechanisms:

As mentioned before, fluorophores in the triplet state can be considered to be a fluorescent dark-state

(o”-state), as the likelihood of returning to the ground state via phosphorescence occurs on slow

timescales with low count rates. The triplet state can also be quenched by directly molecular oxygen.

The resulting singlet-oxygen can produce free radicals, ultimately leading to the photobleaching of the

fluorophore (figure 1.1). By reducing the concentration of oxygen from ↗ 0.5mM to low µM levels

using enzymatic oxygen scavenging systems, such as a combination of glucose, glucose oxidase, and

catalase, extends the triplet lifetime into the millisecond range. This e”ectively induces blinking of

single fluorophores as this cycle is continuously repeated49,51 (figure 1.4).
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Figure 1.4: timetraces of a surface-immobilized non-blinking (left panel) and blinking fluorophore (right panel).

These long-lived ”o”-states” can be shortened by quenching the triplet state with alternative molecules,

such as ω-mercaptoethanol, Trolox, and analogs of vitamin E, rather than molecular oxygen66,67.

The e”ect is called photo-induced electron transfer (PET), a mechanism through which fluorophores

can transition to the o”-state. In this process, an excited fluorophore interacts with electron donors or

acceptors, leading to electron transfer and the formation of non-fluorescent radical ions68 (figure 1.1).

However, it’s important to note that this phenomenon is primarily observed from the triplet state of the

fluorophore, given its longer lifetime compared to the first excited singlet state. This process induces

redox blinking and can e”ectively recycle fluorophores from their triplet states by depopulating them

more e!ciently through PET and a complementary redox reaction66,67. At concentrations above 1 nM,

the singlet state can also be quenched directly, reducing fluorescence by preventing the fluorophore

from emitting light. For example, when a triplet state interacts with a reductant such as Trolox,

it forms a radical anion, whose lifetime depends on the availability of a second electron transfer

reaction to return to the ground state. Adding an oxidizing agent accelerates this process, stabilizing

the fluorophore and minimizing o”-states—a strategy often referred to as a Reducing and Oxidizing

System (ROXS)67 in fluorescence spectroscopy.

To mitigate photobleaching and blinking, a typical ROXS cocktail might include Trolox as a reductant

and oxygen scavengers (such as sodium ascorbate) to remove oxygen, alongside an oxidizing agent like

methyl viologen or molecular oxygen. This combination has been shown to improve the photostability

of fluorophores such as ATTO647N. However, the success of this approach can be dye-dependent, as

some fluorophores may show enhanced photostability, while others might experience increased blinking

under similar conditions.
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1.4 Förster resonance energy transfer
§

Another fluorescence quenching mechanism based on excited state energy transfer, was described by

Theodor Förster in 194834 (figure 1.5). Förster Resonance Energy Transfer (FRET) describes the

transfer of excited-state energy from the donor (D), to the acceptor (A), reducing down fluorescence.

FRET occurs non-radiatively and is the result of long-range dipole–dipole interactions, which lead to a

typical distance dependency of kFRET ↔ 1
r6 for the energy transfer rate, where r denotes the distance

between donor and acceptor. This dependency makes FRET a powerful tool for measuring small

interprobe distances and distance changes between 2 nm and 10 nm69. What di”erentiates FRET

from a typical dipole-dipole coupled system is that not only do the distance and the orientation of the

transition dipole moments play a role in the energy transfer, but also an overlap between the spectra

of the donor emission and the acceptor absorbance is required for FRET to occur (figure 1.5).

§The concepts discussed in this Sections are based on the textbooks by Sauer, Hofkens, and Enderlein (Chapter 6),
Lakowicz (Chapters 1, 4,8 and 13)
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Figure 1.5: Förster Energy Transfer (FRET) Principle: The upper left panel depicts a Jablonski diagram of a
hypothetical fluorophore pair as the donor (D) and acceptor (A), illustrating excitation levels in the ground state
(S0) and excited states (S1) of the donor and acceptor respectively. Colored arrows indicate energy transitions
involving the absorption or emission of photons, while curly arrows represent vibrational relaxation. The dotted
arrow represents energy transfer from the donor to the acceptor fluorophore. The transition rates are denoted
as kex: excitation rate, kflD , kflA : fluorescence emission rate for the donor and acceptor, respectively, and
kFRET : energy transfer rate. The lower left panel displays representative absorption and emission spectra of a
hypothetical fluorophore pair, corresponding to the Jablonski diagram above, where J(ς) denotes the overlap
between the emission spectrum of the donor and the absorption spectrum of the acceptor. The upper right
panel shows FRET e!ciency as a function of the distance between a donor and an acceptor, where R0 stands for
the Förster radius. The lower right panel shows all possible dipole orientations between the donor (green arrow)
and acceptor (red arrow) within one plane (cosφ = 1), where ↼D and ↼A denote the angles formed between
these dipoles and the vector connecting the donor and the acceptor (purple arrow), and ↼T signifies the angle
between the emission transition dipole of the donor and the transition absorption dipole of the acceptor.
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The e!ciency of this energy transfer, as an equivalent of fluorescence quantum yield of the donor

(QD) is also known as FRET e!ciency (E) and can be estimated by comparing the energy transfer

rate kFRET with all possible relaxation pathway rates of the donor excited state:

E =
kFRET

kflD + knrD + kFRET
(1.9)

Here the energy transfer rate kFRET is described as a function dependent on the distance between the

donor and the acceptor dye (r)

kFRET (r) =
1

ϱD
(
R0

r
)6 (1.10)

Where ϱD represents the lifetime of the donor in the absence of the acceptor, and R0 denotes the

Förster radius. This radius describes the distance between donor and acceptor when the energy

transfer e!ciency E equals 50 percent. Determining the Förster radius requires a more elaborate

process, as various factors contribute to it. These factors include the unique characteristics of the

donor and acceptor, such as the overlap of their emission and absorption spectra, respectively, as well

as their relative orientation to each other70 (figure 1.5).

R0 =
6

√
9000 ln(10)

128 ϑ NA

↽2

n4
QD J(ς) (1.11)

Here, QD is the quantum yield of the donor in the absence of the acceptor, ↽2 describes the orientation

of the two dipoles in respect to each other, NA is Avogrados’s number and n is the refractive index

of the medium, which is typically assumed to be 1.4 for biomolecules in aqueous solution. J is an

integral that describes the overlap between the emission light spectrum of the donor and the absorption

spectrum of the acceptor, as shown below (figure 1.5)

J(ς) =

∫↓
0 FD(ς) ⇀A(ς) ς4

dς∫↓
0 FD (ς)dς

=

∫ ↓

0
FD(ς) ⇀A(ς) ς

4
dς (1.12)

where FD is the wavelenght-dependent emission spectrum of the donor, normalized such that
∫↓
0 FD(ς)dς = 1 and the acceptor absorption spectrum is expressed in its exctinction coe!cient ⇀A.

The orientation factor ↽
2 describes all possible orientations by averaging the dipole-dipole interac-
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tion over all potential orientations of the donor transition dipole moment and acceptor transition

dipole moment71 (figure 1.5).

↽
2 = (cos ↼T ↑ 3 cos ↼D cos ↼A)

2

↽
2 = (sin ↼D sin ↼A cosφ↑ 2 cos ↼D cos ↼A)

2

(1.13)

Within these equations, ↼T signifies the angle between the emission transition dipole moment of

the donor and the absorption transition dipole moment of the acceptor. Meanwhile, ↼D and ↼A

describe the angles formed between these dipoles and the vector connecting the donor and the acceptor.

Additionally, φ characterizes the angle between the planes involved in the process. Figure 1.5 depicts

all possible orientations of ↽2 within one plane, eg. when cosφ = 1. When the transition dipole of

the donor and the acceptor align parallelly, ↽2 assumes a value of 1, while perpendicular dipoles yield

a value of zero, indicating no energy transfer at this alignment 1.13. The peak value of ↽2 arises

when the dipoles are parallel and oriented head-to-tail, yielding a value of 4. However, assuming rapid

isotropic motion of the dipoles, the average value of ↽2 becomes 2
3 . Isotropic motion and a constant

↽
2 is a prerequisite to use FRET as a distance ruler that is independent of dipole orientation.

From equations 1.9 and 1.10, we can directly estimate the FRET e!ciency (E) by measuring the

lifetime of the donor in the absence of an acceptor, ϱD = 1
kflD+knrD

, and comparing it with the lifetime

of the donor under FRET conditions, e.g. in the presence of an acceptor, ϱDA = 1
kflDA

+knrDA+kFRET
.

E = 1↑ ϱDA

ϱD

=
1

1 + ( r
R0

)6

(1.14)

As shown above, by measuring the donor’s lifetime alone, it is possible to determine/calculate the

distance between the donor and the acceptor, provided that R0 is known.

If acceptor molecule itself is a fluorophore, the sensitized acceptor fluorescence is another useful in-

dicator of energy transfer from the donor. To determine FRET e!ciency based on this value is

advantageous because, as demonstrated in equation 1.3, the lifetime of fluorophores is proportional to

their fluorescence intensity. Consequently, it becomes feasible to directly determine FRET e!ciencies

by simply comparing the fluorescence intensities of the donor and the acceptor.

E
→ =

IAFRET

IDFRET + IAFRET

(1.15)
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Where, IAFRET is the light intensity of the accpetor via direct FRET excitation and IDFRET is the

light intensity of the donor in the presence of the acceptor dye. It is important to note that E* is

a setup-dependent proximity ratio which requires correction for background, spectral cross-talk and

di”erences in quantum yield and detection e!ciences for donor and acceptor before direct correlation

of E and interprobe distance are possible.

1.5 Confocal and Widefield Microscopy: Instrumentation for Single

Molecule Detection
§

Optical microscopes were invented to magnify and enlarge objects that are too small for the human

eye to see. The human eye has a resolution limit of approximately 0.1 millimeters, meaning it cannot

distinguish objects that are in closer proximity than this distance. In its most basic configuration, an

optical microscope consists of an arrangement of two lenses: a lens with a small focal length called the

objective, which collects light from the sample at the focal plane of the objective, and a tube lens with

a longer focal length than the objective, which collects the collimated light beam from the objective

and projects it as a magnified image onto the detector or eyepiece (figure 1.11). This arrangement

allows for the detailed observation of microscopic structures with varying degrees of magnification and

clarity.

Basic optical microscopes can achieve a resolution of approximately 200 nanometers, a limit imposed

by the wavelength wave nature of light and the resulting di”raction and intereference phenomena

at apertures e.g., of the objective lense. The numerical aperture (NA) is a critical parameter in

microscopy that quantifies the light-gathering ability of a lens and determines its resolving power.

Mathematically, NA is defined as:

NA = n · sin(↼) (1.16)

where n is the refractive index of the medium between the lens and the sample (e.g., air, water, or

immersion oil), and ↼ is the half-angle of the maximum cone of light that can enter the objective lens.

A higher NA value indicates the ability to collect more light and resolve finer details. This parameter

directly impacts both the resolution and brightness of the image.

The resolution of a microscope is fundamentally limited by di”raction, and this limit is mathematically

related to the NA of the lens. The di”raction-limited resolution, d, is given by:

d =
ς

2 ·NA
(1.17)

§The concepts discussed in this Section are based on the textbooks by Sauer, Hofkens, and Enderlein (Chapter 8),
Lakowicz (Chapters 2 and 23)
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where d is the resolution, or the smallest distance between two points that can still be distinguished

as separate; ς is the wavelength of light used for imaging and NA is the Numerical Aperture of the

objective lens.

This equation shows that the resolution d improves (i.e., decreases) as the NA increases. A higher

NA allows the lens to gather more light, which results in a finer resolution. Conversely, a lower NA

results in a lower resolution.

For example, using an objective with a higher NA or using immersion oil with a higher refractive

index allows for greater light collection and better spatial resolution. However, these improvements

are constrained by the wavelength of light used, as shorter wavelengths can resolve finer details.

The highest Numerical Aperture (NA) achievable with traditional optical microscopy was ¡0.9 (for

air objectives) and can be improved by using immersion oil reaching NA values up 1.5-1.7. This

corresponds to a resolution limit of approximately 200 nm, which is typical for di”raction-limited

resolution using visible light, depending on the numerical aperture (NA) and wavelength (ς) of the

system (equation 1.17) and figure 1.11 and 1.12 upper left panel).

In addition to resolution, contrast is crucial for e”ective imaging, as high spatial resolution alone is

not useful if the sample cannot be distinguished from its background. Many biological samples, for

instance, are transparent, making them di!cult to see without proper contrast. This is typically ad-

dressed through staining techniques, which add color to specific components of the sample, enhancing

visibility. Alternatively, contrast can be achieved without staining by using techniques like phase con-

trast72, dark field73, or di”erential interference contrast (DIC)74, all of which enhance the contrast of

transparent specimens, allowing for clearer observation of structures that would otherwise be di!cult

to detect.

Fluorescence microscopy provides a unique form of molecular contrast by utilizing the sample’s own

emitted light. Unlike traditional staining methods that require external dyes to enhance contrast, flu-

orescence allows the sample to generate its own signal. By labeling specific molecules with fluorescent

probes, the sample becomes self-illuminating, providing high contrast without the need for additional

contrast agents75. This makes fluorescence microscopy particularly useful for imaging live cells or

dynamic processes.

Fluorescence microscopes rely on the Stokes shift, where the emitted light has a longer wavelength

than the excitation light. This shift is fundamental, as it enables the microscope to distinguish between

the two types of light—excitation and emission—by exploiting their di”erent wavelengths.

In fluorescence microscopy, the sample is epi-illuminated, with excitation light directed onto it from

the objective, rather than using transmitted light as in traditional microscopy. To e”ectively separate

the excitation light from the emitted fluorescence, several optical filters are employed. A dichroic

mirror reflects the excitation light towards the sample while allowing the emitted fluorescence to pass

through toward the detector.

Additionally, a combination of bandpass, long-pass, and short-pass filters is used to isolate and select
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the relevant emission wavelengths75. Bandpass filters are used to transmit a narrow range of wave-

lengths corresponding to the fluorophore’s emission spectrum, ensuring that only the relevant emission

signals are captured (figure 1.10). Long-pass filters allow longer wavelengths to pass while blocking

shorter ones, and short-pass filters allow only shorter wavelengths to pass while blocking longer ones.

When multiple fluorophores are used in a sample, these filters can be combined to e”ectively separate

emission signals from di”erent emitters.

In the case of confocal microscopy, these filters help isolate specific emission spectra from di”erent fluo-

rophores. Additionally, multiple point detectors—such as photomultiplier tubes (PMTs) or avalanche

photodiodes (APDs)—can be used to separately capture the emission from di”erent fluorophores in

distinct detection channels (figure 1.9). This allows for sensitive imaging of multiple emitters, either in

a single image through careful filter combinations or across di”erent detectors, reducing crosstalk and

enhancing clarity. By selecting and combining these filters and detectors, fluorescence microscopes

can capture precise, molecular-level information with high contrast and minimal interference. Micro-

scopes are now capable of detecting single photons emitted from individual fluorophores, allowing for

high-precision, molecular-level imaging76,77,78.

Fluorescence microscopy has since expanded, tailored around fluorophores and taking advantage of

many fluorescence phenomena as described above, creating a large array of methods and microscope

configurations, such as PALM27, STORM28, STED26, and FLIM79, to name a few. Importantly,

all existing microscopy methods are built upon two foundational configurations: wide-field (figure

1.11) and confocal microscopy (figure 1.7 and 1.9), distinguished primarily by their illumination and

detection approaches:

In the wide-field approach, the entire sample plane is illuminated with a broad beam of light. To

create this even illumination, the excitation light beam must be focused onto the back focal plane of

the objective lens. This ensures that the objective produces a uniform illumination over the entire field

of view. The light is transmitted through the sample, exciting all fluorophores within the illuminated

field. The emitted fluorescence from these fluorophores is then collected by the objective and guided

through a tube lens, which creates a real image at the camera sensor plane, where the image is formed.

However, this approach su”ers from out-of-focus noise, as the emitted light from fluorophores not in

the focal plane (but above and below it) is also captured. This leads to blurred images and reduced

contrast. While traditional wide-field microscopy inherently captures this unwanted out-of-focus light,

newer imaging techniques like lightsheet microscopy80 and total internal reflection fluorescence (TIRF)

microscopy81 have been developed to mitigate this problem. Lightsheet microscopy uses a thin sheet

of light to illuminate only a specific plane of the sample, reducing the amount of out-of-focus light

detected. TIRF, on the other hand, uses an evanescent wave to illuminate only the region near

the sample surface, significantly reducing background noise from out-of-focus areas and allowing for

high-contrast imaging of surface interactions.

In contrast, confocal microscopy uses a di”erent approach for illumination. The excitation light is

directed into the objective lens in a collimated beam, meaning the light rays are parallel as they enter

the objective82. The objective then focuses this collimated light into a very small, di”raction-limited
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spot within the sample83 (Figure 1.7). This tightly focused laser excites fluorophores only within a

specific, small region of the sample. The emitted fluorescent light is then collected through a small

aperture, or pinhole, which acts as a spatial filter84,85. The pinhole only allows light coming from the

focal plane to pass through, blocking out-of-focus light from above and below the plane of interest.

The result is a cleaner, sharper image with reduced background noise86. To generate the final image,

the sample is scanned in a raster pattern, with the laser beam moving across the sample in small

steps, capturing fluorescence data ”pixel by pixel.” The detector used in confocal systems is typically

a photomultiplier tube (PMT) or an avalanche photodiode (APD), which are sensitive enough to detect

low-intensity fluorescence signals down to single photons. This scanning process, together with the

pinhole aperture, allows confocal microscopy to achieve greater optical sectioning compared to wide-

field microscopy, e”ectively eliminating out-of-focus blur and improving resolution. However, this

comes at the cost of longer acquisition times, as the entire sample must be scanned point by point to

build the image. Despite these di”erences, confocal microscopy’s ability to perform optical sectioning

and reduce background noise makes it particularly useful for 3D imaging and detailed studies of thick

or complex samples, whereas wide-field microscopy is generally faster and better suited for imaging

large areas or dynamic processes.

1.5.1 Confocal and Widefield Microscopy: Instrumentation for Single Molecule

Detection
§

As mentioned briefly above, confocal microscopes create a very small observation volume, also known

as the confocal volume, if di”racted limited for visible light and high NA objectives in the femto liter

range87. Additionally, the most powerful point detectors (APDs) possess not only a single photon

detection e!ciency but also high temporal resolution down to the nano and pico second timescale.

This means that confocal setups can be used to obtain information from freely di”using fluorophores

when they enter the confocal volume randomly and gain enough photons in the short period of a

di”usional transit33.

The e”ective volume of a confocal microscopy can be calculated based on the light intensity profile.

When focusing a collimated laser beam operating in the fundamental transverse mode (TEM00), which

has a Gaussian intensity profile, a di”raction-limited spot in the shape of an ellipse is generated88

(figure 1.7):

I(x, y, z) = I0 e
↑2(x2+y2+ z2

ε2
)/w2

0 (1.18)

Here, I0 represents the maximal intensity at the center of the confocal volume, also known as the

beam waist (w0) in the xy axis, and decreases inversely proportional to the beam radius in the z-axis

§The concepts discussed in this Section are based on the textbooks by Sauer, Hofkens, and Enderlein (Chapter 8),
Lakowicz (Chapters 2 and 23)
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(w(z)). ↽ is the structural factor, describing the ellipticity of the confocal volume by dividing the

focal length (z0) by the xy resolution (w0). The beam waist and focal length can be approximated by

Gaussian optics by w0 = 0.61ε
NA and z0 = 2nε

NA2 , respectively, where ς is the wavelength of the laser, n

is the refractive index of the sample, and NA is the numerical aperture of the objective.

Operating with a laser source at a 550 nm wavelength, using an objective with a high numerical

aperture (NA > 1), and imaging a sample with a refractive index n = 1.3, the e”ective confocal

volume can be calculated by:

Veff = ϑ
3
2 w

2
0z0 (1.19)

This yields a volume of approximately 1 femtoliter. This small observation window leads to a Poisson-

distributed probability of detecting di”using fluorophores at a given concentration:

P (n,N) =
N

n

n!
e
↑N (1.20)

Here, P (n,N) describes the probability of finding n fluorophores in the confocal volume, given an

average number of fluorophores in the confocal volume of N . For example, with a fluorophore solution

of 1 nM, the average number of fluorophores in the confocal volume would be N ↗ 0.6. This means

that at this concentration, there is a 55% probability of having no fluorophore in the confocal volume,

33% probability of detecting one fluorophore, 10% probability of detecting two, and 2% probability of

detecting three (figure 1.6, middle panel).

In contrast, for a 5 nM fluorophore solution where N ↗ 3, the probability of finding no fluorophore

would decrease to 5%. The probabilities for detecting one, two, or three fluorophores would be 15%,

22%, and 22%, respectively (figure 1.6, left panel).

At a lower concentration of 0.1 nM, the average number of fluorophores in the confocal volume reduces

to N ↗ 0.2. This means the probability of finding no fluorophore in the confocal volume increases

to 82%, while the probabilities of finding one and two fluorophores drop to 16% and 2%, respectively

(figure 1.6, right panel).

This example demonstrates that lowering the concentration of the fluorophore solution increases the

likelihood of detecting a single fluorophore compared to multiple fluorophores. This principle forms

the basis of di”usion-based single-molecule detection, where it becomes possible to extract information

about individual events, such as the amplitude and duration of recorded bursts.

The detection and analysis of bursts—short-lived photon emission events from individual fluorophores—are

critical for example in single-molecule Förster resonance energy transfer (smFRET) and related tech-

niques. To distinguish these bursts from background noise, various burst detection algorithms have

been developed. A common approach is to segment the intensity time traces into fixed time bins,
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roughly matching the di”usion time of the fluorophores, and apply a threshold to identify bursts

within these bins.

Advanced methods, such as sliding window algorithms, dynamically identify the start and end points

of bursts by integrating photons within defined time intervals. The all-photon burst search (APBS)

algorithm aggregates photon streams from multiple detection channels into a single dataset for simpler

burst identification89,90,91. In contrast, the dual-channel burst search (DCBS) algorithm analyzes sep-

arate detection channels independently, helping to account for artifacts like photobleaching, blinking,

or coincident detection of multiple molecules in the focal volume92.

These methods rely on specific parameters for optimal burst identification, such as a time window size

(500 µs), a minimum photon count per window (5–15 photons), and a total photon count threshold

for a valid burst (30–200 photons).

Figure 1.6: Time traces comparing the concentrations of di”erent freely di”using fluorophores: The left and
middle panels show fluorescence intensity fluctuations of freely di”using fluorophores at 5 nM and 1 nM, respec-
tively. The right panel displays single burst events from individual di”using fluorophores at a low concentration
(0.1 nM). Here, it is possible to determine the burst amplitude and duration (highlighted by purple rectangles)
by distinguishing the bursts from the background noise (dashed line).

.

1.5.2 Fluorescence correlation spectroscopy FCS
§

Fluorescence correlation spectroscopy (FCS) takes advantage of the probabilities of finding small

numbers of fluorophores in a confocal volume, so that the fluorescence signal changes with their

dynamic properties91,31. This makes FCS a potent tool for determining di”usion times, concentrations,

molecular rotations, and estimating triplet state lifetimes of a sample. In practice, FCS measures

fluorescence intensity fluctuations over time that arise from changing fluorophore occupation or activity

numbers in the confocal volume over time (figure 1.7). The fundamental concept behind FCS involves

§The concepts discussed in this Section are based on the textbooks by Sauer, Hofkens, and Enderlein (Chapter 7),
Lakowicz (Chapters 2, 23 and 24)
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measuring fluorescence intensity at a specific time point I(t) and comparing it with the intensity a

little later in time I(t + ϱ). If the di”usion of a molecule is very slow, it can be assumed that the

fluorescence intensity would not change over time, i.e., I(t) = I(t+ ϱ). In contrast, for fast-di”using

molecules, a change in intensity is expected, i.e., I(t) ↘= I(t+ ϱ). This distinction heavily depends on

the chosen time shift ϱ . However, by opting for even shorter time shifts, it is possible to distinguish

fluorescence fluctuations not arising from pure di”usion but resulting from photophysical e”ects, such

as transitioning into an o”-state of a fluorophore or the rapid rotation in solution. In FCS, the

timescales of dynamic fluorescence changes are, calculated by the correlation of I(t) and I(t+ ϱ) for

a range of di”erent time shifts (ϱ) which results in an autocorrelation function G(ϱ) defined by

Figure 1.7: Fluorescence correlation spectroscopy (FCS): The left panel depicts the basic construction and
light path of a confocal microscope, where a collimated laser beam (pink light path) is reflected through a
dichroic mirror (DIC) and focused with an objective with a high numerical aperture into the sample, creating
a di”raction-limited excitation spot (confocal volume). Fluorescence (purple light path), originating from the
fluorophores (green balls) di”using through the femtoliter excitation volume, is collected by the same objective
and spatially filtered with a pinhole before reaching the point detector. The upper middle panel depicts the
elliptical confocal volume with its dimensions, where w0 is the x, y dimension, also known as the beam waist,
and z0 is the lateral resolution in z. w(z) represents the beam radius dependent on z. The green marbles
represent di”using fluorescent particles. The upper right panel shows a representative FCS time trace where
⇁I is the fluctuation intensity di”erence of the mean intensity ≃I⇐ at time point t, and ϱ stands for the time
lag. The lower right panel shows a representative FCS autocorrelation curve where G(ϱ) is the autocorrelation
function, N is the average number of molecules in the confocal volume, and ϱD is the di”usion time of the
molecules.
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G(ϱ) =
≃⇁I(t)⇁I(t+ ϱ)⇐

≃I(t)⇐2 (1.21)

Here ≃I(t)⇐ is the average fluorecence intesity and ⇁I(t) = I(t)↑≃I(t)⇐ is the deviation from the mean

intensity at time t (figure 1.7). The autocorrelation funtion is normalized by ≃I(t)⇐2 because then

the correlation at ϱ = 0 is related to the average number of fluorophores in the confocal volume (see

below). It is now possible to model G(ϱ) for di”using molecules with the geometry of the confocal

volume Veff and a mobility term #:

G(ϱ) =
1

≃C⇐Veff
· #

G(ϱ) =
1

≃C⇐ϑ
3
2 w2

0z0

(1 +
4Dϱ

w2
0

)↑
1
2 (1 +

4Dϱ

w2
0

)↑
1
2 (1 +

4Dϱ

z20

)↑
1
2 + 1

(1.22)

where ≃C⇐ is the averange concentration of the fluorphore and D is its di”usion coe!cient. In the left

part of the equation the denominator describes the e”ective confocal volume mentioned previously in

the equation 1.19. The next terms essentially describe the di”usion mean square displacements within

the xy axis (w0) and z axis (z0) of the confocal volume, from which we can extract average di”usion

times as ϱD =
w2

0
4D . From here G(ϱ) can be rewritten with useful variables that extract information of

the di”using sample:

G(ϱ) =
1

N
· (1 +

ϱ

ϱD
)↑1 · (1 +

ϱ

↽2ϱD
)↑

1
2 + 1 (1.23)

Where N is the average number of molecules in the confocal volume and ↽ is the structural factor

already mentioned before. Although the previous derivation assumes only di”usion and constant

photon emission rates for the fluorophores based on their location in the confocal volume, the reality is

more complex. As mentioned earlier, common fluorophores show variations in their emission rates due

inter-system crossing (ISC). Taking these e”ects into account, the auto-correlation function becomes

a product of these contributing factors.

G(ϱ) =
1

N
· Gdiff (ϱ) GISC(ϱ) + 1 (1.24)

Here the autocorrelation function GISC(ϱ) includes singlet-triplet kinetics:

GISC(ϱ) =
1↑ T + T e

↑ ω
ωT

1↑ T
(1.25)
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where, T is the average population of fluorophores which are in the triplet state and ϱT is the relaxation

time for the triplet relaxation. Both T and ϱT depend on all kinetic rates involved in this process:

T =
kex kISC

kex(kISC kT ) + kfl kT

kT = (kT +
kex kISC

kex + kfl
)↑1

(1.26)

As shown in the equation 1.24 a complete auto-correlation function is a a product of many contributing

factors, each describing fluctuations in a di”erent time scale (figure 1.8):

G(ϱ) =
1

N
· Gdiff (ϱ) · GISC(ϱ) · Gdynamics(ϱ) · Gantibunching(ϱ) + 1 (1.27)

Figure 1.8: Complete FCS autocorrelation function illustrating four distinct regions characterized by antibunch-
ing, dynamics, intersystem crossing, and translational di”usion.

.

1.5.3 Alternating laser excitation (ALEX) for smFRET

Equation 1.15 demonstrates how FRET e!ciencies can be determined by measuring fluorescence

intensities from both the donor and acceptor in energy transfer conditions. A confocal microscope
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equipped with a second point detector (figure 1.5) is ideal for observing di”using FRET species at a

single-molecule level.

E =
f
Aem
Dex

(fDem
Dex + fAem

Dex )
(1.28)

Here, fDem
Dex is the photon-stream within the donor emission spectrum window, excited by a donor-

specific light source, while f
Aem
Dex photon-stream within the acceptor emission spectrum window under

the same excitation.

However, FRET e!ciencies determined through this approach contain artifacts due to fluorophores,

setup configuration, and sample properties, yielding only apparent FRET e!ciencies (Eapp).

The practicality of accurately measuring FRET e!ciencies becomes challenging due to cross-talk

between the donor and acceptor signals, influenced by the emission and absorption spectra of both

fluorophores.
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Figure 1.9: Alternating laser excitation (ALEX) smFRET setup: The left panel depicts the basic construction
and light path of an ALEX microscope. The light source emits a collimated alternating red and green laser
beam (pink light path), which is reflected through a dichroic mirror (DIC) and focused with an objective with
a high numerical aperture into the sample, creating a di”raction-limited excitation spot (confocal volume).
Fluorescence (purple light path), originating from the biomolecules di”using through the femtoliter excitation
volume, is collected by the same objective and filtered for background with a pinhole before it is split into green
and red detection channels. On the right side, a representative ES histogram is shown, where the green and
red marbles represent donor-only and acceptor-only populations, respectively, and green-red marbles represent
FRET populations. Crosstalk aberrations are depicted as Lk for leakage and Dir for direct excitation. The
gamma factor ε is depicted as the slope of the line between two FRET populations with di”erent FRET
e!ciencies E.

Cross-talk is categorized into two e”ects: leakage (Lk) and direct excitation (Dir). Leakage occurs

when the long emission tail of the donor spectrum reaches the spectral window for acceptor emission

recording, leading to erroneous readings in the f
Aem
Dex photon-stream. Direct excitation happens when

the long absorption tail of the acceptor interferes with the wavelength region of the donor excitation

light source, resulting in non-FRET-related acceptor emission.
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Figure 1.10: Fluorescence crosstalk between two di”erent fluorophore pairings: Absorption and emission spectra
of the donor and acceptor fluorophores. Dashed lines indicate the excitation light source wavelengths—purple
for the donor and pink for the acceptor. The black boxes represent the bandpass filters used to record the
fluorescence of the donor and acceptor, respectively. The shaded areas within the emission spectra depict the
fluorescence captured by the respective bandpass filters. The donor window is used for the fDem

Dex photon-stream,
while the acceptor window is used for the f

Aem
Dex and f

Aem
Aex photon-streams.

The donor excitation light source also excites the acceptor due to the overlap between the donor excitation
wavelength and the acceptor absorption spectrum (Dir, direct excitation). Similarly, part of the donor fluo-
rescence leaks into the f

Aem
Dex photon-stream because the donor emission spectrum overlaps with the bandpass

filter window of the acceptor (Lk, leakage).

Moreover, di”erences in the quantum yields of the donor and acceptor, as well as disparities in the de-

tection e!ciencies of the point detectors at a given wavelength, significantly impact the determination

of intensity-based FRET e!ciencies.

Moreover, the ideal sample consists solely of FRET species, yet this is often not the case. In protein-

based samples, a common strategy involves labeling with a donor and acceptor fluorophore through

direct mutagenesis. This process replaces endogenous amino acids with more chemically reactive ones,

such as cysteine, capable of reacting with maleimide chemistry. This labeling occurs in a one-pot

reaction, resulting in eight plus one unlabeled distinct stoichiometric populations:
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unlabeled = P

FRET = P
A
D P

D
A

Donly = P
D

PD P
D
D

Aonly = P
A
PA P

A
A

(1.29)

Here, P y
x denotes the sample number of molecules, and the subscripts represent the labeling sites with

either a donor or an acceptor. The challenge lies in filtering undesired species from FRET species

while simultaneously correcting for the aforementioned artifacts. In contrast to fluorescence correla-

tion spectroscopy (FCS), single-molecule FRET (smFRET) relies on direct observation of individual

molecules to distinguish between di”erent species in the sample. This is achieved by reducing the

sample concentration to the picomolar range: using a 50 pM solution after equation 1.20 would result

in an average occupation probability of 1.5%, thereby reducing the likelihood of encountering two

molecules simultaneously to 0.011% (figure 1.6).

Furthermore, the introduction of Alternating Laser Excitation (ALEX) enhances smFRET measure-

ments by addressing cross-talk and the di”erences in quantum yields and detection e!ciences. In

ALEX, an acceptor excitation laser is added which alternates with the donor excitation laser, provid-

ing for di”erent photon-streams37,93,94:
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f
Dem
Dex = D

f
Dem
Dex + A

f
Dem
Dex + D↔A

f
Dem
Dex

= D
f
Dem
Dex + 0 + 0

= (PD
D + P

A
D (1↑ E)) · D

f
Dem
Dex

f
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Dem
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(1.30)

Here, all the possible emission sources that a given photon-stream could record are dissected into three

di”erent light sources using the following nomenclature Z
f
Y
X , where f represents the fluorescence

quantity emitted by the fluorophore Z upon being excited with light source X and recorded with

detector Y . P
D
D , PA

A , and P
A
D denote the number of sub-populations species of donor-only, acceptor-

only, and FRET populations, respectively35.

The photon-stream f
Dem
Dex records signals coming from Donly and FRET species. Here, the emission

coming from the FRET species is subjected to FRET, and after equation (1.15), the loss of donor

emission, in energy transfer conditions, is proportional to the FRET e!ciency E. This loss of donor

emission is manifested in the equation by multiplying the FRET species with (1↑ E).

The photon-stream f
Aem
Dex records signals coming only from FRET species, along with distorted signals,

a product of leakage and direct excitation.

f
Aem
Aex records signals emitted from Aonly and FRET species. After equation (1.28), the excitation of

acceptor fluorophores will not have an e”ect on FRET. Subsequently, the recorded fluorescence f
Aem
Aex

comes from the Aonly and FRET populations.

The photon-stream f
Dem
Aex theoretically cannot record any signal: The emission of a donor fluorophore

upon acceptor excitation would break the energy conservation law and considers only background

signals of the donor channel. Therefore, this photon-stream will be ignored for the rest of this work.
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The equations in (1.30) describing the photon-streams can also be expressed as a function of the

excitation and emission properties and FRET e!ciencies:

f
Dem
Dex = IDex · σD

Dex · φD · ηDDem ((1↑ E) · PA
D + P

D
D )

f
Aem
Dex = IDex · σD

Dex · φD · ηDAem ((1↑ E) · PA
D + P

D
D )

+ IDex · σD
Aex · φA · ηAAem (PA

D + P
A
A )

+ IDex · σD
Dex · φA · ηAAem (E · PA

D )

f
Aem
Aex = IAex · σA

Aex · φA · ηAAem (PA
D + P

A
A ),

(1.31)

where I denotes the excitation powers of the two light sources; σ stands for the excitation cross-section

at the wavelength given by the light source, which is denoted in the upper index and of the given

fluorophore denoted in the lower index; φ denotes the quantum e!ciencies of donor and acceptor.

Finally, η represents the detection e!ciency of the given point detector in the lower index at the

emission wavelength of the given fluorophore in the upper index.

The introduction of fAem
Aex enables the introduction of another dimension called stoichiometry (S).

S =
(fDem

Dex + f
Aem
Dex )

(fDem
Dex + fAem

Dex + fAem
Aex )

(1.32)

Stoichiometry enables the separation of donor-only, acceptor-only, and FRET species, with donor-only

populations with a S value of 1, acceptor-only a value of 0, and FRET species of intermediate values.

Plotting E against S generates an ES-histogram (figure 1.5), a powerful tool with multidimensional

layers of information. The ES-histogram visualizes cross-talk e”ects and di”erences in donor-acceptor

quantum yields, allowing for the estimation of correction factors.

As shown in equation 1.30, leakage is contributed by P
D
D and P

A
D species in the f

Aem
Dex photon-stream.

With the ES-histogram now available, it is possible to isolate P
D
D species and visualize and quantify

the leakage directly: P
D
D species should have an E value of zero (equation 1.28); the slightly shifted

population towards higher E values indicates a direct leakage contribution. The division of the f
Aem
Dex

and f
Dem
Dex photon-streams of the isolated P

D
D species results in the quantification of leakage in percent.

f
Aem
Dex

fDem
Dex

=
IDex · σD

Dex · φD · ηDDem P
D
D

IDex · σD
Dex · φD · ηDAem PD

D

=
η
D
Dem

ηDAem

= lk (1.33)

Similar to leakage, it is possible to visualize direct excitation by isolating P
A
A . In this case, S is shifted
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towards higher values. The division of the f
Aem
Dex and f

Aem
Aex photon-streams of the isolated P

A
A species

also results in the quantification of direct excitation in percent.

f
Aem
Dex

fAem
Aex

=
IDex · σD

Aex · φA · ηAAem P
A
A

IAex · σA
Aex · φA · ηAAem PA

A

=
IDex · σD

Aex

IAex · σA
Aex

= dir (1.34)

Now, with dir and lk, it is possible to correct the fAem
Dex photon-stream, leaving a cross-talk-free signal

f
FRET with which it is possible to calculate proximity FRET e!ciencies Epr.

f
FRET = f

Aem
Dex ↑ lk · fDem

Dex ↑ dir · fAem
Aex

⇒ Epr =
f
FRET

(fDem
Dex + fFRET )

(1.35)

The final step is to correct for the di”erent quantum yields of the donor and acceptor, as well as for

the di”erent detection e!ciencies of the point detectors. This can be estimated by a single factor

called the gamma factor (ε).

ε =
φA · η

A
Aem

φD · ηDDem

(1.36)

The gamma factor is also visible in the ES histogram, represented by a distinct S value between two

FRET populations, resulting in a linear relationship between 1/S and Epr.

1

S
= 1 + εω + ω(1↑ ε)Epr (1.37)

Where ω = IAex σ
A
Aex/IDex σ

D
Dex. This implies that with di”erent FRET populations, a y = ax + b

line can be fitted between them, where the intercept b = 1 + εω and the slope is a = ω(1 ↑ ε). By

doing so, ε and ω can be estimated.

ε =
(b↑ 1)

(b+ a↑ 1)

ω = b+ a↑ 1

(1.38)
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With the gamma factor, it is now possible to calculate accurate FRET e!ciencies (Eacc) as shown

below35.

Eacc =
f
FRET

(ε fDem
Dex + fFRET )

(1.39)

.

1.5.4 Super-resulotin imaging through single-molecule localization microscopy (SMLM)
§

Ernst discovered that di”racted light from a periodic specimen such as a grating produces a di”raction

pattern at the rear focal plane of the objective – this di”raction pattern is reponsible for image

formation and the minimal distance between two objects to observe the pattern is the resolution:

dmin =
ς

2 · n · sin ↼ =
ς

2 ·NA
(1.40)

where dmin is the minimal distance between two points, ς is the wavelength of the light, n is the

refractive index and sin ↼ is the maximal half-angle of the light cone entering the lens. n · sin ↼ is also

called the numerical aperture.

Di”raction is the cause of this limitation, wherein the image formed by a lens-based microscope of even

a single emitter is not a point but an Airy disc. Mathematically, a single point source is convolved

with the microscope’s point spread function (PSF), resulting in an Airy pattern. This pattern features

a central peak approximately 200–300 nm in width (Figure 1.11). Consequently, structures smaller

than the di”raction limit cannot be resolved.

However, in the case of a single emitter, its location and center of mass can be determined with

high precision by computing the x-y location (centroid) of the airy disc. There are many localization

algorithms available, among which a Gaussian approximation of the PSF is the most commonly used.

The primary parameter that defines the accuracy of the position of a single fluorophore is essentially

the standard error of the mean of the fitted Gaussian over the PSF95,96.

σloc ↔ σPSF⇑
N

(1.41)

where σPSF is the standard deviation of the PSF an N is the number of photons recorded from the

single emitter.

§The concepts discussed in this Section are based on the textbooks by Sauer, Hofkens, and Enderlein (Chapter 8),
Lakowicz (Chapters 2, 8 and 23)
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The principle behind single molecule localization microscopy is the spatiotemporal separation of fluo-

rophore signals that are in close proximity. When individual signals are separated, their point spread

functions can be fitted individually, essentially enabling the determination of their positions below

Abbe’s di”raction limit95 (figure 1.12).

Figure 1.11: Single molecule localization microscopy (SMLM): The left panel depicts the basic construction and
light path of a widefield epi-fluorescence microscope. The excitation laser beam (pink light path) is focused
and reflected through a dichroic mirror (DIC) into the back focal plane (BFP) of an objective, producing a
wide collimated light beam that illuminates the complete field of view. The fluorescence (purple light path)
emitted from the sample (pink arrow) is collected by the objective and focused with a tube lens (TL) onto a
camera, creating a real image (pink arrow) of the sample. The upper right panel shows a di”raction-limited
image of a single emitter (left side) and two emitters in close proximity (right side). The lower right panel
shows an intensity profile of the two emitters in close proximity mentioned previously (purple line), as well as
the intensity profile of the emitter on the left side (pink line) while the right one is in an o” state.
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dSMLM =
ς

2 ·NA ·
⇑
N

(1.42)

The spatiotemporal separation of fluorophore signals is enabled by switching them on and o”. One

way of achieving this is with PALM or photoactivated localization microscopy, which employs mutants

of fluorescent proteins displaying controllable photochromism, such as photo-activatable GFP27. The

principle behind it is to activate a handful of fluorescent proteins with a short UV light pulse. After

determining their positions, the emitters are photo-bleached, after which the cycle can be repeated.

In contrast, stochastic optical reconstruction microscopy (STORM) takes advantage of intersystem

crossing (ISC) to the dark triplet state of organic fluorophores28. Here, the on-o” states can be tuned

with di”erent laser powers combined with the usage of a mixture of oxygen scavenging bu”ers with

reducing agents, such as -mercaptoethanol49,97,51. The main limitation of PALM and STORM is the

inevitable photobleaching of the emitters, which consequently limits the number of photons that can

be collected and, as a result, limits their localization precision. A possible solution for this problem

is the use of transiently binding probes as done in PAINT and DNA-PAINT. The latter technique

uses short oligonucleotides (imager) that bind to complementary (docking) strands, thereby creating

the necessary spatiotemporal separation of single localization events29,30. In contrast to STORM and

PALM, PAINT does not su”er from photobleaching events since the imager is constantly replaced by

another imager, resulting in even higher localization precision.
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Figure 1.12: Principle of Single-Molecule Localization Microscopy (SMLM): The upper-left panel illustrates
seven fluorophores in close proximity, emitting simultaneously and resulting in a di”raction-limited image. The
lower panel presents fluorescence intensity time traces of individual fluorophores (1–7).
SMLM techniques such as PALM, STORM, and PAINT induce stochastic blinking events, enabling spatiotem-
poral separation of single emitters. The camera’s frame rate must be fast enough to capture these events. The
dashed lines indicate the camera’s time frames: the first frame shows all fluorophores emitting simultaneously;
the second frame captures the ”on” states of fluorophores 1–3; the third frame captures fluorophores 1, 4, and
5; and the fourth frame captures fluorophores 6 and 7.
The corresponding images are displayed in the upper-middle panel, where crosses represent the localization
precision (σloc) of each emitter. These localizations are subsequently used to reconstruct a super-resolution
image that exceeds the di”raction limit.”
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1.6 Aims and milestones for this thesis

Edward Muybridge’s milestone was achieved through advancements in the spatial and temporal res-

olution of optical instrumentation, enabling the depiction of a single horse in galloping motion with

all feet in the air. However, access to his invention, now recognized as a video camera, was limited to

individuals with skill, understanding of imaging, and financial resources. This limitation seems almost

unimaginable today, given the widespread availability of cameras in our modern world.

Today, single-molecule spectroscopy and super-resolution microscopy have advanced significantly and

by now represent important tools for life science research. Yet, there remains a gap between state-

of-the-art technology and its accessibility to non-optics specialists, such as biologists, biochemists,

medical researchers, and laboratories with financial constraints.

This thesis aims to bridge the accessibility gap by making cutting-edge single-molecule spectroscopy

and super-resolution microscopy more accessible in terms of both usage and costs. My vision is that

this work represents a significant step forward in bringing single-molecule spectroscopy and super-

resolution microscopy beyond the confines of academia, transforming them into tools not only for life

sciences but also for more application-oriented fields such as drug discovery, early clinical diagnostics,

or even environmental pollutant detection.

There are a series of early milestones that will facilitate the initial steps of this transition, forming the

backbone of this thesis:

Emerging technologies require consensus and validation from multiple experts in the field. This thesis

particularly focuses on the implementation and advancement of single-molecule Förster resonance

energy transfer (smFRET) and super-resolution microscopy. SmFRET is widely used in structural

biology, where pairs of fluorophores are strategically placed at specific sites on biomolecules to monitor

their dynamics and conformational changes.

One of the significant obstacles in smFRET and super-resolution microscopy is that many of the

devices used for these techniques are home-built, tailored specifically to the needs of individual labs.

This introduces a high degree of experimental variability, as each setup is unique in terms of hardware,

software, and calibration protocols. As a result, comparing data across labs becomes challenging, and

discrepancies in results can arise from these setup-dependent di”erences. While the community has

made progress in advancing the understanding of smFRET in DNA-based systems, the same level

of precision and accuracy has not been achieved for protein systems, which are more complex and

dynamic.

The use of proteins, in particular, adds another layer of complexity to sample preparation. Unlike

DNA, proteins are highly complex biomolecules with diverse structures and functions. Their intricate

interactions within biological systems and dynamic surfaces, which show a rich array of physicochem-

ical properties—such as varied charge distributions, hydrophobic regions, and binding sites—make

them significantly harder to work with in experimental settings.
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In collaboration with Agam et al., as published in Nature Methods (“Reliability and reproducibility

in single-molecule fluorescence experiments across laboratories”)98, we focused on addressing these

challenges, particularly those introduced by the variability in home-built setups. Interestingly, despite

the di”erences in setups worldwide, the data produced across these diverse systems were surprisingly

similar. This finding suggests that the key factors influencing the data were not necessarily the dif-

ferences in the setups themselves, but rather the methods used to correct for setup-specific artifacts.

Our study relied on established data correction procedures that accounted for several setup-specific

factors, including background noise, fluorescence crosstalk, and the gamma factor35,94. These calibra-

tion corrections were essential for ensuring that data collected from di”erent setups could be compared

reliably.

Despite the complexities involved, the variation in the outcomes was surprisingly low. However, when

a single person analyzed the data, the variation decreased even further, demonstrating a clear human

factor in the analysis. This reduction in variability highlights the importance of consistency in data

processing, as even small di”erences in how data is handled can influence results.

The most delicate correction factor in the procedure was the gamma factor, as even small changes

in its value can dramatically alter the results. However, an interesting observation from the study

was that when there was a significant di”erence in the FRET e!ciencies between two states—greater

than 0.1, which is the average range in which proteins typically move—the relative uncertainty of the

gamma factor decreased to below 0.1%. This explains why the results from di”erent labs worldwide

were similar, despite the variability in their home-built setups.

While the gamma factor is crucial and its precise determination is challenging, careful protein design

and optimal fluorophore pairing can significantly reduce the relative error. This is key to ensuring that

the gamma factor correction does not introduce significant deviations in the data, even when working

with highly dynamic protein systems. Despite its sensitivity, when handled properly, the gamma

factor allows for more accurate and reproducible smFRET measurements across diverse experimental

setups.

Furthermore, smFRET was compared with Pulsed Electron-Electron Double Resonance or Double

Electron-Electron Resonance (PELDOR/DEER) spectroscopy and anomalous X-ray scattering inter-

ferometry (AXSI) to establish the reliability and consistency of the methods when applied to the same

macromolecular systems, using model proteins known for their conformational changes upon ligand

binding.

In both the study by Martin F. Peter et al., “Cross-validation of distance measurements in proteins

by PELDOR/DEER and single-molecule FRET,” published in Nature Communications 99, and the

work by Samuel Stubhan et al., “Determination of absolute intramolecular distances in proteins using

anomalous X-ray scattering interferometry,” published in Nanoscale 100, the key focus was on com-

paring the performance of smFRET with other techniques, namely PELDOR/DEER and AXSI, in

measuring distances within proteins. Both PELDOR/DEER and AXSI were found to show good

agreement with smFRET under most conditions, confirming the reliability of smFRET in protein



1.6. Aims and milestones for this thesis 39

distance measurements. However, both studies also revealed isolated instances where discrepancies

arose, which were attributed to specific interactions between the protein and the fluorophores used in

smFRET. These interactions, such as fluorophore sticking or changes in the microenvironment of the

fluorophores, led to artifacts in the smFRET data. Both studies highlighted that these issues could

be corrected by carefully selecting fluorophore pairings with distinct properties, thus minimizing such

artifacts and improving the accuracy of the measurements. Although PELDOR/DEER and AXSI

o”ered complementary insights, the findings showed that smFRET remains a powerful and versatile

method, with the key challenges related to fluorophore-specific interactions being e”ectively mitigated

through thoughtful experimental design.

The next step toward the democratization of single-molecule spectroscopy and super-resolution mi-

croscopy was the availability of the instruments themselves. While core facilities for imaging and

biophysical techniques existed, they were often limited in number, provided restricted or infrequent

access, and sometimes required travel. These limitations were particularly challenging since many

biological and medicinal studies required long iterative refinements, local sample analysis, or point-of-

care applications that were not feasible under these constraints. Beyond the financial barriers posed

by the high cost of equipment, the expertise required for calibration and operation further restricted

accessibility. Addressing these challenges required user-friendly interfaces, standardized protocols, and

training programs to enable a broader range of researchers to e”ectively use these advanced tools.

In the paper titled ”Single-molecule detection and super-resolution imaging with a portable and adapt-

able 3D-printed microscopy platform (Brick-MIC),” published in Science Advances,101 We introduced

an innovative solution to these accessibility challenges. Brick-MIC, a versatile, open-source, and af-

fordable 3D-printed platform, was designed for micro-spectroscopy and imaging. Supporting a range of

fluorescence techniques—including smFRET, fluorescence correlation spectroscopy (FCS), and super-

resolution methods like STORM and PAINT—this platform enabled sophisticated single-molecule

experiments in a cost-e”ective and user-friendly manner. By eliminating the need for specialized

laboratories and making these techniques accessible to researchers in smaller labs or resource-limited

settings, Brick-MIC represented a key step toward making single-molecule spectroscopy and super-

resolution imaging more widely accessible.

This platform was specifically designed to be modular, flexible, and easy to assemble using 3D-printed

parts, which significantly reduces the cost of building such setups. Moreover, its open-source nature

ensures that the system can be easily adapted and customized to fit the needs of di”erent research

groups. The Brick-MIC platform not only provides an a”ordable alternative to traditional single-

molecule spectroscopy and super-resolution microscopy setups, but it also empowers researchers to

conduct experiments in their own labs without the need for specialized training or expensive equipment.

Building on the flexibility of Brick-MIC, an innovative assay for nanoparticle detection was developed

and applied to identify SARS-CoV-2 virus particles. This work, published by Paz Drori et al. as

“Rapid and specific detection of nanoparticles and viruses one at a time using microfluidic laminar

flow and confocal fluorescence microscopy,” in iScience 102, highlighted the potential of Brick-MIC

for practical diagnostics. The assay leverages microfluidic laminar flow and confocal fluorescence
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microscopy to detect individual nanoparticles and viruses with high specificity, demonstrating how

Brick-MIC can be adapted for real-world applications, such as disease detection, and bringing the

platform closer to point-of-care diagnostics.

The detection process combined direct labeling of virus particles with an additional indirect signal in-

spired by intensity-based Fluorescence Correlation Spectroscopy (iFCS). In this method, the detection

volume was saturated with a high concentration of freely di”using fluorophores, creating a constant

background signal. When a virus particle moved through this volume, it displaced some of the fluo-

rophores, producing a void in the fluorescent signal. The size of this void was directly proportional

to the size of the particle. By correlating this void signal with the specific fluorescence from labeled

virus particles, we were able to achieve a reliable and specific detection.

The incorporation of laminar flow in the microfluidic design further enhanced the detection process,

increasing the number of recorded events and improving throughput. This approach bypassed the need

for sample replication, allowing for direct and e!cient detection. The dual-layer information—specific

labeling and particle size—provided by this assay makes it a robust and versatile method for virus

detection.

By integrating these techniques, Brick-MIC demonstrated its adaptability to real-world challenges,

o”ering a straightforward, cost-e”ective, and innovative tool for nanoparticle and virus detection with

significant implications for diagnostics and public health.

As a final contribution of this thesis, we developed a new modality of Brick-MIC that we believe

represents the most a”ordable approach to performing smFRET to date. This iteration focused on

simplifying both the instrumentation and methodology, making it more accessible for application-

oriented users. Instead of the conventional red-green FRET pair, we opted for a blue-green FRET

system. This choice was motivated by the poor detection e!ciency of the photomultiplier tube (PMT)

used in this setup, which performs better in the blue-green spectral range.

To further simplify the system, we employed a 488 nm continuous-wave laser diode instead of using

alternating laser excitation (ALEX), a common approach in smFRET experiments requiring two lasers.

While this decision meant we lacked stoichiometric information about the sample, we implemented

a dual-channel burst search algorithm to identify real FRET species. This allowed us to measure

inter-fluorophore distances using DNA samples as test systems.

Although the data collected in this setup is insu!cient for correcting FRET e!ciencies to accurate

values, the focus of this work was not on achieving the highest precision but rather on enabling users

to observe relative movements of biomolecules. This trade-o” aligns with the needs of application-

oriented users, where the goal is often to monitor conformational changes or interactions rather than

determine absolute molecular distances.

This modality of Brick-MIC demonstrates that even with minimal and cost-e”ective instrumentation,

smFRET can be made accessible to a broader audience. By prioritizing ease of use and a”ordabil-

ity, this work takes another step toward democratizing single-molecule fluorescence techniques for
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researchers with limited resources or expertise in optical setups.

In this thesis, the goal is to make single-molecule spectroscopy and super-resolution microscopy as

accessible and widespread as the video camera, which has become a ubiquitous tool in everyday life.

To illustrate this, one can look back at the work of Edward Muybridge, whose experiments with

photography at the end of the 19th century captured the first high-speed images of a galloping horse.

At the time, Muybridge’s setup involved a series of cameras, each capturing one frame as the horse

moved past, thus revealing the motion of all four hooves leaving the ground. While his invention was

groundbreaking, it was still limited by the technology of the time—requiring a complex and expensive

setup, and only accessible to a small number of researchers.

Today, thanks to the invention of the video camera, which stemmed from Muybridge’s work, capturing

motion has become as simple as pressing a button on a smartphone. Everyone now has the ability to

record high-speed motion, a task that was once restricted to specialized labs and expensive equipment.

Muybridge’s groundbreaking work with motion photography has, in a sense, paved the way for the

democratization of motion capture. Similarly, the goal of this thesis is to move single-molecule tech-

niques, such as smFRET and super-resolution microscopy, along a similar trajectory—making these

powerful tools widely accessible for researchers and even applied users in a variety of fields.

In this context, the Brick-MIC platform developed during this thesis acts as a step toward this vision.

Just as Muybridge’s series of cameras enabled the capture of complex movements, the Brick-MIC

platform allows for the visualization of complex molecular interactions and dynamics at the single-

molecule level, but with a focus on cost-e”ective and user-friendly design. By simplifying the setup and

making it accessible to a wider range of researchers, this thesis aims to bring single-molecule techniques

closer to the level of ubiquity that video recording reached with Muybridge’s initial innovations.

Just as smartphones today can replicate what once required expensive and specialized equipment, the

hope is that in the future, single-molecule techniques will follow a similar path. As this thesis demon-

strates, the development of a”ordable, versatile, and easy-to-use tools for molecular spectroscopy is

a crucial step forward in making these methods commonplace, enabling more researchers to explore

biomolecular dynamics in real-time.
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Methodology

2.1 Sample preparation

2.1.1 DNA-labelling & annealing

Fluorescently labeled DNA probes are well-suited for single-molecule di”usion-based experiments due

to their structural rigidity, which results from their long persistence length, and their high hydrody-

namic radius, which prolongs di”usion times. The double-stranded DNA (dsDNA) structure provides

an e!cient platform for testing various fluorophore combinations and inter-dye distances.

The DNA template used in this study consisted of a top strand (T) with the sequence 5’-TAAAT

CTAAA GTAAC ATAAG GTAAC ATAAC GTAAG CTCAT TCGCG-3’, labeled with a donor flu-

orophore, typically at the 5’ end (T1) or at specific thymine residues. The complementary bottom

strand (B) had the sequence 3’-ATTTA GATTT CATTG TATTC CATTG TATTG CATTG GAGTA

AGCGC-5’, carrying the acceptor dye at designated thymine positions. Fluorophore-labeled oligonu-

cleotides were synthesized as described in ref.103 and obtained from IBA (Göttingen, Germany).

For annealing, the single-stranded oligonucleotides were mixed in equimolar concentrations (1 µM) in

a 100 µL solution of annealing bu”er containing 500 mM sodium chloride, 20 mM TRIS-HCl, and 1

mM EDTA at pH 8. The solution was heated to 95°C for 4 minutes and then cooled gradually to 4°C
at a rate of 1°C/min to ensure proper hybridization of the complementary strands.

2.1.2 Protein stochastic cysteine labeling & purification

Proteins, composed of 21 amino acids, fold into complex functional structures, with certain residues

like lysines (amine groups) or cysteines (thiol groups) o”ering reactive sites for covalent binding with

functionalized fluorophores via NHS or Maleimide chemistry104. For cysteine-labeling, the protein

must include desired labeling sites introduced via mutagenesis, favoring solvent-exposed and non-

conserved regions to optimize labeling e!ciency, maintain functionality, and suit the intended assay105.

42
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For FRET assays, labeling sites should ideally be at distances close to the Förster radius, enabling

dynamic range measurements for di”erent conformational states. Additionally, endogenous solvent-

exposed lysines or cysteines must be removed to prevent non-specific labeling.

Histag labeling is another widely used approach. This method utilizes a histidine tag, typically 6-

10 residues long, appended to the N- or C-terminus of the protein106,107. The histag’s a!nity for

bivalent metal ions, commonly used for purification via Ni-NTA resin, is extended by labeling with

fluorophores functionalized with Ni-NTA groups. However, since this labeling is based on a!nity,

neither the number nor the position of attached dyes can be precisely controlled. Moreover, this

method is unsuitable for single-molecule assays, as the high dilution needed for such assays can result

in dye dissociation due to weak a!nity.

Incorporating unnatural amino acids (UAAs) o”ers an alternative labeling strategy for cases where

the above methods fall short108. However, this thesis focuses exclusively on cysteine labeling.

Protein Labeling Protocol

For each labeling reaction, 600 µg of protein from frozen stocks was used. Proteins were incubated for

30-60 minutes in PL1 bu”er (50 mM Tris-HCl pH 7.4, 50 mM KCl) supplemented with 1 mM DTT to

maintain the reduced state of cysteine residues. Labeling was performed using a Bio-Rad Poly-Prep

Chromatography column containing 160 µL of Ni Sepharose 6 Fast Flow resin. After washing the

resin with milli-Q water and equilibrating it with PL1 bu”er, proteins were added to the column and

immobilized on the resin. Remaining DTT was removed by washing with PL1 bu”er.

For labeling, a dye mixture containing 25 nmol dye for FCS/anisotropy measurements or 25 nmol each

of donor and acceptor dye (for FRET experiments) was prepared in 5 µL DMSO. The dye mixture

was added to the immobilized protein, gently mixed, and incubated overnight at 4°C. Excess dyes

were removed by washing with PL1 bu”er, followed by PL2 bu”er (PL1 with 50

The labeled protein was further purified using size-exclusion chromatography to separate aggregates,

free fluorophores, and contaminants. A Superdex 75 Increase column (GE Healthcare), selective for

proteins in the 3-70 kDa range, was used, and protein elution was monitored via absorbance at 280

nm (protein) and the fluorophore’s maximum wavelength.

2.1.3 Sample surface immobilization for dSTORM

For each experiment, an ibidi µ-Slide 8 Well Glass Bottom chamber was used (µ-Slide VI 0.5 Glass

Bottom, Ibidi). Prior to use, the chamber was washed three times with 500 µL of PBS. Then, 200

µL of a BSA-biotin solution (1 mg/mL in PBS; 140 mM NaCl, 10 mM phosphate bu”er, 3 mM KCl,

pH 7.4) containing 100 nm fluorescent tracking beads (TetraSpeck, Thermo Fisher) was added and

incubated for 10 minutes. After incubation, the solution was removed, and the chamber was carefully

washed three times with 500 µL PBS.
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Subsequently, 200 µL of streptavidin solution (1 mg/mL in PBS) was added to the chamber and

incubated for another 10 minutes. The streptavidin solution was removed, and the chamber was

washed three times with imaging bu”er (IB; PBS with 10 mM magnesium chloride). A 1–10 µL
solution of DNA origami nanorods (Gatta-STORM 94R, Gattaquant) was diluted in 200 µL IB and

added to the chamber. DNA origamis were incubated until a density of 1/µm2 was achieved. The

DNA origami solution was then removed, and the chamber was washed three times with 500 µL IB.

For photoswitching during imaging, 500 µL of an oxygen scavenging system bu”er was used. This

bu”er contained pyranose oxidase (3 U/mL), catalase (90 U/mL), and 40 mM glucose in PBS, mixed

with 0.1% (v/v) -mercaptoethanol51.

2.1.4 DNA-PAINT

DNA-PAINT samples were obtained pre-prepared from Gattaquant (Gatta-PAINT 80RG, Gattaquant,

Germany).

2.1.5 Preparation of Polystyrene Beads for Size Determination Assays

For proof-of-concept experiments and size comparisons, polystyrene beads with mean diameters of

1,100 ± 100 nm (LB11, Sigma), 600 ± 30 nm (LB6, Sigma), and 300 ± 30 nm (LB3, Sigma), as

well as red polystyrene carboxylate-modified beads (FluoSpheres Size Kit 1, F8887, Thermo-Fisher)

(excitation/emission ςmax = 580/610 nm) with mean diameters of 100 nm (110 ± 8 nm), 200 nm

(170±8.8 nm), and 500 nm (490±11 nm), were used. The beads were added to a bu”er containing 75

mM KCl (Sigma, 60128), 0.025% Triton (Sigma, 93443), 20 mM TRIS (pH 8.6), and 1% PEG 10,000.

The particle concentration was adjusted to range from 105 to 108 particles/mL.

The mixture was sonicated for 20 to 35 minutes to ensure proper dispersion. Free dye (Fluorescein,

excitation/emission ςmax = 488/510 nm) was then added to a final concentration of 500 µM. The

prepared sample was loaded into a 1 mL syringe for use in microfluidic experiments. The samples

were pumped at a constant flow rate into a microfluidic channel (µ-Slide VI 0.5 Glass Bottom, Ibidi)

for analysis.
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2.2 Microscopy Setups, Measurements & Data Analysis

2.2.1 Lab´s confocal microscope

The experimental setup utilized alternating laser excitation (ALEX) with two diode lasers: OBIS

532-100-LS (Coherent, USA), operated at 60 W for donor molecules at 532 nm, and OBIS 640-100-

LX (Coherent, USA), operated at 25 W for acceptor molecules at 640 nm. For FCS measurements,

the 532 nm diode laser was set to continuous-wave (CW) mode and operated at 25 W, while the

640 nm laser was turned o”. The lasers were combined and coupled into a polarization-maintaining

single-mode fiber (P3-488PM-FC-2, Thorlabs, USA) and directed into an epi-illuminated confocal

microscope (Olympus IX71, Hamburg, Germany).

The laser light was guided to the sample using a dual-edge beamsplitter (ZT532/640rpc, Chroma/AHF)

and focused through a water-immersion objective (UPlanSApo 60×/1.2w, Olympus, Hamburg, Ger-

many). Emitted fluorescence was collected through the same objective, spatially filtered using a 50 m

diameter pinhole, and spectrally separated into donor and acceptor channels by a single-edge dichroic

mirror (H643 LPXR, AHF).

Fluorescence emission was filtered by band-pass filters placed in front of each detector: for the

donor channel, FF01-582/75-25 (Semrock/AHF, Germany), and for the acceptor channel, ET700/75m

(Chroma/AHF, Germany). The detector outputs for µALEX were recorded by an NI-Card PCI-6602

(National Instruments, USA) using LabView data acquisition software from the Weiss laboratory109.

ALEX data analysis

All samples for smFRET analysis were measured in a 100 µL PBS droplet with concentrations ranging

from 50 to 100 pM, placed on a coverslip passivated with BSA (1 mg/mL in PBS). Data analysis was

performed using a home-written software package39. Single bursts were first identified using All-

Photon-Burst-Search (APBS) with a threshold for burst start/stop of 15 photons91, a time window

of 500 µs, and a minimum total photon number of 150 within the burst. Based on these data,

donor leakage (Lk) and direct acceptor excitation (Dir) were determined as mean values from a

1D fit of background-corrected donor-only (E*) and acceptor-only (S*) distributions. Next, a Dual-

Channel-Burst-Search (DCBS) was performed with similar parameters to determine excitation flux

(ω), detection e!ciency, and quantum yields (ε)35,98. E-histograms of double-labeled FRET species

were generally extracted by selecting 0.3 < S < 0.7. The E-histograms were fitted with a Gaussian

function of the form:

1

σ
⇑
2ϑ

exp

(
↑(E ↑ µ)2

2σ2

)
(2.1)
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where E represents the measured FRET e!ciency for each detected molecule, µ is the mean, and σ

is the standard deviation.

For the conversion of FRET e!ciency to inter-dye distance, the Förster equation was used:

RDA = R0

√
6(1↑ E)

E

(2.2)

The Förster radius R0 is given by the following equation110:

R
6
0 =

9 ln(10)

128ϑ5NA
↽
2 1

n4
QD

(∫ ↓

0
FD(ς)⇀A(ς)ς

4
dς

)/(∫ ↓

0
FD(ς)dς

)
(2.3)

where NA is Avogadro’s constant, ↽2 is the dipole orientation factor, n is the average refractive index

of the medium, QD is the donor quantum yield, FD is the donor emission spectrum, and ⇀A is the

acceptor absorbance spectrum.

FCS data analysis

All samples were studied by positioning the confocal excitation volume into a 100-l PBS droplet with

concentrations ranging from 5 to 10 nM on a coverslip passivated with BSA (1 mg/ml in PBS).

Data analysis was performed using a home-written Python script (https://github.com/PSBlmu/FCS-

analysis), where the intensity fluctuation of freely di”using molecules, F (t), is analyzed via autocor-

relation.

G(ϱ) =
≃F (t)F (t+ ϱ)⇐

≃F (t)2⇐ ↑ 1 (2.4)

The correlation amplitude, G(ϱ), describes the self-similarity of the signal in time. Average fluores-

cence intensities at time points t and later lag times ϱ were used for analysis. G(ϱ) was analyzed with

a 3D di”usion model,

G(ϱ) =
1

N

(
1 +

ϱ

ϱD

)↑1(
1 +

ϱ

ϱD
· r

2
0

z20

)↑ 1
2

(2.5)

where N represents the average number of molecules in the confocal volume, ϱD is the average di”usion
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time, and r0 and z0 define the lateral and axial radial distances of the detection volume, which together

determine the geometry parameter ↽ = z0
r0.

2.2.2 3D Printing of the Brick-MIC Platform

All models were designed and created using Onshape versions 1.114 to 1.172. 3D printing was con-

ducted with PLATech filament (OLYMPfila) on an Ultimaker +2 Extended, equipped with a 0.4 mm

nozzle. All models were printed with an infill density of 17%, three outer wall layers, and a layer height

of 0.1 mm. The printing speed was set to 50 mm/s, and the nozzle temperature was maintained at

210°C. To prevent warping, all parts were printed with a brim and without any support structures.

2.2.3 3D-printed FCS microscope (µFCS)

The experimental setup used a 532-nm wavelength CW laser diode (5-mW output; CPS532, Thorlabs)

contained in the excitation layer of the Brick-MIC as the excitation light source. The beam passed

through a clean-up filter (FL05532-10 12.5 mm, Thorlabs), underwent attenuation via a continuous

neutral density filter wheel (NDC-50C-2M, Thorlabs), and was expanded using a telescope consisting

of a biconcave lens (f = 50 mm, KBC043AR.14, Newport) and a plano-convex lens (f = 150 mm,

LA1433-A-ML, Thorlabs). A dichroic beam splitter with high reflectivity at 532 nm (ZT532/640rpc,

Chroma, USA) separated the excitation and emission beams to and from a high-NA apochromatic

objective (60×, NA 1.2, UPlanSAPO 60XW, Olympus, Japan).

The emitted fluorescence was collected by the same objective and guided into the emission layer of

the Brick-MIC. It was then directed via a mirror into a piezo-controlled optical mount (AG-M100N,

Newport) and passed through an inversely mounted 12-mm reflective collimator (RC12FC-P01, Thor-

labs). This collimator focused and coupled the emission beam into a multimode optical fiber (10-µm
core diameter, M64L01, Thorlabs). The fiber guided the emission light into a detection box, where

it was collimated with a fixed-focus collimator (F220FC-532, Thorlabs) and spectrally split into two

separate photon streams by a dichroic mirror (DM, ZT640rdc longpass, Chroma, USA).

Each photon stream was filtered with band-pass filters: for the green channel, FF01-582/75-25 25 mm

(Semrock, Rochester, NY, USA), and for the red channel, ET700/75m (Chroma). These streams were

detected by two distinct photomultiplier tubes (PMTs) with di”erent spectral sensitivities: for the

green channel, H10682-210 (Hamamatsu, Japan), and for the red channel, H10682-01 (Hamamatsu,

Japan).

The detector outputs for FCS analysis were either recorded by a NI-Card PCI-6602 (National In-

struments, USA) using LabView data acquisition software from the Weiss laboratory109, or via a

counter/timer device module (USB-CTR04, Measurement Computing, USA) with custom-made ac-

quisition software written in Python, which is available for download as a compiled executable or

editable Python code at https://github.com/harripd/mcc-daq-acquisition.
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Data analysis was performed as described in section 2.2.1

2.2.4 3D-printed ALEX microscope (µALEX)

The experimental setup utilized alternating laser excitation (ALEX) with two diode lasers: OBIS 532-

100-LS (Coherent, USA), operated at 60 µW for donor molecules at 532 nm, and OBIS 640-100-LX

(Coherent, USA), operated at 25 µW for acceptor molecules at 640 nm. Both lasers alternated with a

100 µs period. The lasers were combined through an aspheric fiber port (PAF2S-11A, Thorlabs, USA)

and coupled into a polarization-maintaining single-mode fiber (P3-57 488PM-FC-2, Thorlabs, USA),

which guided the light into the excitation layer of the Brick-MIC. The light was then collimated

(RC12APC-P01, Thorlabs, USA) before entering an epi-illuminated confocal microscope (Olympus

IX71, Hamburg, Germany).

Excitation and emission collection were performed using the same water-immersion objective (60⇓,

NA 1.2, UPlanSAPO 60XW, Olympus, Japan), and spectral separation was achieved using a dual-

edge beamsplitter (ZT532/640rpc, Chroma/AHF, Germany). Fluorescence emitted from the sample

was collected by the same objective, guided to the emission layer of the Brick-MIC, and focused

via an achromatic lens (AC254-200-A, Thorlabs) directly onto single-photon avalanche diodes (PDM

50-Micron, MPD). The small active area of the detectors (ø 50 µm) served as a pinhole.

Before detection, the photon streams were spectrally split into donor and acceptor channels by a

single-edge dichroic mirror (H643 LPXR, AHF, Germany). Fluorescence emission was filtered by band-

pass filters placed in front of each detector: for the donor channel, FF01-582/75-25 (Semrock/AHF,

Germany), and for the acceptor channel, ET700/75m (Chroma/AHF, Germany). The detector outputs

for µALEX were recorded by an NI-Card PCI-6602 (National Instruments, USA) using LabView data

acquisition software from the Weiss laboratory109.

Data analysis was performed as described in section 2.2.1

2.2.5 3D-printed Time-correlated-single-photon-counting microscope (µTCSPC)

The setup for fluorescence lifetime decay measurements combined the excitation layer of the ALEX

modality with the emission layer of the FCS modality (see section 2.3.3-4) The configuration employed

a 532 nm fiber-coupled pulsed laser operating at a repetition rate of 20 MHz and a power of 55 µW

(LDH-P-FA-530B with PDL 828 ’Sepia II’ controller, Picoquant, Germany). Detection was performed

using PMTs connected to a Multiharp 150 8N module (Picoquant, Germany).

All samples were measured in a 50 µL PBS droplet at a concentration of 10 nM on a coverslip for 10

minutes. The instrument response function (IRF) was acquired by measuring a 50 µL PBS droplet

for 60 minutes.
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Fluorescence lifetime decays were analyzed using the SymPhoTime 64 software and fitted with a single

exponential tail-fit model (n = 1). A fitting window of 21.79 ns was used for all measurements.

2.2.6 3D-printed blue-green CW smFRET microscope (µBG)

The setup for blue-green smFRET measurements integrated the excitation layer of the ALEX modality

with the emission layer of the FCS modality (see Section 2.3.3-4). Key modifications included the

use of a USB-powered 488 nm CW laser pointer (488-30-1235-BL, Q-LINE), which was coupled into

an optical fiber (P5-488PM-FC-2, Thorlabs) via an inversely mounted reflective collimator (RC08FC-

P01, Thorlabs). To accommodate the new excitation and emission wavelengths, the DIC mirrors and

emission filters were swapped: DICex: ZT491rdc (Chroma), DICem: ZT543rdc (Chroma), and the

donor channel filter FF03-525/50 (Semrock). A notch filter (NF488-15, Thorlabs) was introduced in

the acceptor channel to block scattered light and optimize photon collection across the full emission

spectrum of the acceptor.

Data collection & analysis

All samples for smFRET analysis were measured in 100 L PBS droplets, with concentrations ranging

from 50 to 100 pM.

Detector outputs were recorded using a counter/timer device module (USB-CTR04, Measurement

Computing, USA) with custom acquisition software written in Python (described in Section 2.2.3).

For smFRET assays, the software exported photon arrival times in a binned format (1 ms bins) to a

CSV file.

FRET e!ciencies were determined by processing the binned data with an R script. FRET events were

identified when the photon counts from both the donor and acceptor channels exceeded predefined

thresholds (10 counts/ms for the donor and 25 counts/ms for the acceptor) simultaneously. A FRET

event was registered as long as both signals remained above the thresholds. If both signal traces

exceeded the thresholds for consecutive time stamps, the corresponding bins were combined and

considered part of the same FRET burst. These thresholds were chosen to minimize the inclusion of

donor-only and acceptor-only events, while ensuring that FRET events with distinguishable donor and

acceptor signals were accurately captured. FRET e!ciencies were calculated as described in Equation

1.28. FCS measurements were performed as described in Section 2.2.3.

2.2.7 3D-printed epi-fluorescent microscope

The setup for widefield imaging employs an external fiber-coupled laser unit (READY Beam™ ind

2 1007773, Fisba, Switzerland) with a 640 nm continuous-wave excitation laser, delivering 30 mW
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output (measured after the objective). The beam is collimated using a parabolic mirror (RC04APC-

P01, Thorlabs), passed through a clean-up filter (ZET 635/10 25 mm, Chroma), and expanded with

a plano-concave lens (f = -25 mm, LC1054-ML, Thorlabs). A plano-convex lens (f = 60 mm, LA1134-

A-ML, Thorlabs) focuses the beam into the back focal plane of the objective. A dichroic beam splitter

with high reflectivity at 640 nm (ZT532/640rpc, Chroma, USA) separates the excitation and emission

beams into and from the high numerical aperture (NA) apo-chromatic oil immersion objective (60X,

NA 1.35, UPlanSApo60XO, Olympus, Japan).

Fluorescence emitted from the sample is collected by the same objective, then further focused using

an achromatic lens (AC254-150-A-ML, Thorlabs) to project a real image onto the chip of a CMOS

camera (U3-30C0CP-M-GL rev.2.2, IDS)111. The photon stream is filtered with a band-pass filter

(ET700/75m, Chroma, AHF, Germany) before reaching the camera sensor.

Data collection & analysis

Photoswitching of the fluorophores was facilitated by adding 500 L of an oxygen-scavenging bu”er51,

composed of pyranose oxidase (3 U/mL), catalase (90 U/mL), and 40 mM glucose in PBS, mixed

with 0.1% (v/v) -mercaptoethanol. The laser power used for imaging was 30 mW, corresponding to

approximately 37 kW/cm² in an illuminated area of 80 x 80 µm². Di”raction-limited recordings were

acquired using the original software provided with the camera. Imaging was performed at 10 frames

per second, with an exposure time of 100 ms, and the analog gain set to maximum.

Super-resolution image reconstruction was performed using the ImageJ plug-in Thunderstorm96. Lo-

calizations were filtered using a B-Spline wavelet filter. Molecule localization was performed using

the local maxima method, followed by sub-pixel localization via fitting an Integrated Gaussian model

using a weighted least-squares approach with a 3-pixel fitting radius. The resulting super-resolution

image had a pixel size of 12 x 12 nm².

For STORM, drift correction was achieved using the fiducial marker algorithm with fluorescent

tetraspeck beads (100 nm, Thermo Fisher), and lateral drift was monitored by tracking bead po-

sitions over approximately 30 minutes. The maximal search tracking distance was set at 20 nm, and

the minimum visibility ratio was kept at 0.9 per frame. For PAINT, drift correction was applied using

a cross-correlation algorithm, correlating the positioning of all blinking events of each molecule across

the movie’s duration.

2.3 Label-free microscale thermophoresis

Binding a!nities were determined using Microscale Thermophoresis (Monolith NT.LabelFree, Nan-

otemper), where the ratio of fluorescence intensity of the target before and after heating, $Fnorm =
Fcold
Fhot

, was recorded at varying concentrations of ligand112. The fluorescence data were normalized to

the minimum and maximum fluorescence intensities.
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For the measurement of binding a!nities for MalE and its mutant variants, a 400 µM maltose stock

solution was prepared by mixing 8 µL of a 10 mM maltose solution with 192 µL of dilution bu”er.

This stock was then serially diluted in PCR tubes, starting from 400 µM down to 0.5 µM. To each

dilution, 10 µL of 500 nM MalE was added, and the samples were incubated for 5 minutes at room

temperature in the dark before being loaded into capillaries.

The binding data were analyzed using a standard receptor-ligand binding model:

$Fnorm =
Kd + cP + cmalt ↑ p

(√
(Kd + cP + cmalt)2 ↑ 4cP cmalt

)

2cP
(2.6)

where Kd is the dissociation constant, cP is the protein concentration (set to 0.25 µM), and cmalt is

the maltose concentration.

2.4 Quantum yield determination via UV/Vis absorption & fluores-

cence spectroscopy

2.4.1 Absorption and Fluorescence Spectroscopy

Absorbance measurements were conducted in a bu”er solution (50 mM Tris-HCl, pH 7.4, 50 mM

KCl) using a continuous-wave UV/VIS spectrometer (LAMBDA 465, Perkin Elmer). The absorbance

spectra were recorded at an absorbance of approximately 0.4, with baseline correction applied to

eliminate background interference.

Fluorescence emission was measured in the same bu”er solution on a fluorescence spectrometer (LS

55, Perkin Elmer) with an excitation/emission slit width of 5 nm and a PMT gain set to 775 V

(Hamamatsu R928). The recorded spectra were corrected for variations in detection e!ciency as a

function of wavelength. For subsequent analysis and Förster radius calculation, the absorbance and

emission spectra were averaged over three measurements and normalized.

2.4.2 Quantum Yield

For quantum yield determination, six di”erent concentrations of the fluorophore were prepared in

triplicates, and absorbance and fluorescence emission measurements were taken. The absorbance

at the excitation wavelength was averaged over the range 510±2.5 nm for green fluorophores. The

integrated fluorescence was calculated by the following equation:
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I =

∫

↓
I(ς) dς (2.7)

Absorbance values (A) at the excitation wavelength of 510 nm for green fluorophores were fitted to

the model function:

I(A) = m ·A · 10↑Aϑex/2 (2.8)

Here, the factor 10↑Aϑex/2 accounts for the absorption of the excitation light during emission spec-

trum measurement. The fitting procedure yielded initial slopes (m), where mfluo is the slope for the

fluorophore of interest, and mref is the slope for a reference fluorophore with a known quantum yield.

The fluorescence quantum yield (%) of the fluorophore was calculated using the equation:

%fluo =
mfluo

mref
· %ref (2.9)

Rhodamine 6G (%ref = 91%) was used as the reference fluorophore, with the quantum yield value

taken from the literature113. All quantum yield measurements were performed in triplicate, and the

reported values and standard deviations reflect the results from three independent experiments.
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Results

3.1 Reliability and accuracy of single-molecule FRET studies in pro-

teins
§

Single-molecule Förster-resonance energy transfer (smFRET) studies have evolved into an essential

tool in structural biology, o”ering valuable insights into biomolecular interactions and conformational

changes. The energy transfer between a donor and acceptor fluorophore within a specific distance

range enables the probing of biomolecular structures at the nanometer scale. Additionally, smFRET

allows for the recording of short-lived heterogeneous conformational states on time scales ranging from

nanoseconds to microseconds, occurrences that are often masked in bulk measurements or crystal

structures114,115,116,117,118,119.

In previuos work, Hellenkamp et al.120 conducted an extensive multilaboratory smFRET blind study

to a!rm the reliability of smFRET in structural measurements, employing standardized data analysis

routines initially proposed by Lee et al35. By utilizing static double-stranded DNA (dsDNA) as model

system, they revealed a high level of precision and accuracy among the 20 di”erent participating

laboratories, achieving an uncertainty of 6Å for the FRET-derived distances.

However, in contrast to DNA molecules, proteins are highly complex macromolecules characterized

by significant variation in physical properties such as flexibility, surface charges, and hydrophobicity,

while also maintaining a high degree of conservation for their specific functions. This complexity

thus poses a greater challenge for smFRET studies114. The Cordes lab addressed this challenge and

§This study, titled ”Reliability and accuracy of single-molecule FRET studies in proteins,” was published in Nature
Methods in 202398. My contributions included labeling and purifying MalE variants, assessing their functionality
through binding assays before and after stoichiometric labeling with Alexa546 and Alexa647 dyes, using label-free
microscale thermophoresis (MST). I also conducted single-molecule FRET (smFRET) experiments, where I carefully
monitored FRET e!ciencies in the open (apo) and closed (holo) states, as well as under equilibrium conditions (KD).
Data analysis of the smFRET experiments involved accurate FRET value extraction through multiple correction steps:
background correction, crosstalk correction, and gamma factor correction, as outlined by Lee et al.35.

53
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published its results in 2023 through a similar multilaboratory blind study involving 19 participants,

akin to the one conducted by Hellenkamp et al.120

In this study, two distinct model proteins known for exhibiting large conformational changes and

dynamics across various time scales were examined. These proteins included the maltose-binding

protein MalE from E. coli 121,122,123, supplied by the Cordes lab, and the human U2 Auxiliary Factor

2 (U2AF2)124,125,126 from the Sattler lab at TU-Munich.

The Cordes lab prepared multiple double cysteine mutants of MalE, designed to span the dynamic

range of FRET and exhibit varying FRET e!ciencies upon binding to its substrate maltose (figure3.1

a-b). MalE1 (K29C-S352C) features labeling sites on each lobe of the protein, which come into

close proximity during a closed conformation. MalE2 (D87C-A134C) has labeling sites adjacent to

the protein’s hinge region, separating during a closed conformation. Finally, MalE3 (A134C-A186C)

possesses labeling sites on the same lobe of the protein, resulting in no distance change between the

open and closed conformations.

My personal contribution to this study involved assessing the functionality of the MalE variants

through binding assays both before and after stoichiometric labeling with Alexa546 and Alexa647

dyes using label-free microscale thermophoresis (MST) (Figure 3.1 c-d). Additionally, I monitored

the resulting accurate FRET e!ciencies in the open (apo) and closed (holo) states, as well as under

equilibrium conditions (KD) (Figure 3.1 e), utilizing standardized data analysis procedures as outlined

by Lee et al.35

The measured a!nities for all mutants were consistent with the literature KD values of the wild type

(1 µM), suggesting no loss of function, notably even after the labeling procedure. These KD values

were further confirmed via smFRET, where populations of both conformational states were observed

with an equal number of events (in equilibrium) using 1 µM substrate. (Figure 3.2 e middle row).

Importantly, MST measurements of MalE-3 confirmed its functionality, as the lack of interdye distance

change between conformations would not have provided any functional information using smFRET.

To assess potential influences between fluorophores and the high concentration of maltose used for the

closed conformation in the assay (1 mM), another MalE-1 variant (D65A) with a reduced maltose-

binding a!nity of approximately 5 mM was employed (Figure 3.2 a). Here, no changes in FRET

e!ciencies were observed upon the addition of 1 mM substrate when testing the binding-deficient

MalE-1 variant, suggesting the absence of interactions between the fluorophores and the substrate

(Figure 3.2 b, right panel). Therefore, the FRET e!ciency changes observed in MalE-1 could be

ensured to arise from changes in interdye distances, rather than being a”ected by any unforeseen

artifact originating from the substrate (Figure 3.2 b, left panel).
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Figure 3.1: Functionality test of MalE variants adapted from Agam et al.98: a, Crystal structure of MalE in
its ligand-free apo state (PDB ID: 1OMP) with domains D1 and D2 linked by flexible beta sheets (highlighted
in blue). b, Comparison of the crystal structure of MalE in the apo (gray, PDB ID: 1OMP) and holo (green,
PDB ID: 1ANF) states with mutations at K29C-S352C (MalE-1), D87C-A186C (MalE-2), and A134C-A186C
(MalE-3). c,d show binding a!nities of maltose to MalE measured with microscale thermophoresis (Monolith
NT.LabelFree, Nanotemper) where the ratio of fluorescence before and after heating $Fnorm = Fcold/Fhot is
recorded at di”erent maltose concentrations. c shows binding a!nities of the unlabeled MalE variants, while d
shows the binding a!nities of fluorescently-labeled MalE (Alexa547 and Alexa647) mutants. e, Shows accurate
FRET e!ciency E histograms for the MalE mutant MalE-1 (left), the mutant MalE-2 (middle), and the mutant
MalE-3 (right) in the presence of 0 (top), 1 µM (middle), and 1 mM maltose (bottom). The peak positions of
the apo and holo populations are shown with a solid line and dashed line, respectively.
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The reported accurate FRET mean values of the di”erent laboratories aligned with good agreement

and reproducibility, demonstrating the anticipated changes for MalE-1 and MalE-2, while no shift was

observed for MalE-3127 (figure 3.3 a). MalE-1 exhibited an average FRET e!ciency of 0.49 ± 0.06

in the apo state, which increased to 0.67 ± 0.05 in the holo state. Conversely, MalE-2 demonstrated

the expected decrease in FRET e!ciency, transitioning from 0.83 ± 0.03 to 0.71 ± 0.05 in the apo

and holo states, respectively. Meanwhile, for MalE-3, showed no significant alteration in FRET

e!ciency (Eapo = 0.91 ± 0.02 and Eholo = 0.92 ± 0.02). Across all participating laboratories, the

standard deviation of the mean FRET e!ciency was less than ±0.06, demonstrating a level of precision

comparable to that observed by Hellenkamp et al. for dsDNA120.

Figure 3.2: MST and smFRET measurements of the low-a!nity MalE variant MalE(29/352)-D65A adapted
from Agam et al.98 a shows the binding a!nity measurement of the maltose binding-deficient MalE variant
using microscale thermophoresis112 (Monolith NT.LabelFree, Nanotemper). b shows apparent FRET e!ciency
histograms for MalE(29/352) (left side) and the low-a!nity MalE variant MalE(29/352)-D65A (right side)
labeled with Alexa546/Alexa647. The top panel displays FRET e!ciencies without ligand, and the lower panel
shows the addition of 1 mM maltose. The low-a!nity MalE variant MalE(29/352)-D65A does not exhibit any
change in FRET e!ciency between both conditions.

Notably, the comparison revealed systematic deviations among the participants, a finding confirmed

by analyzing the di”erence between the determined apo and holo FRET e!ciencies of each lab (refer

to Figure 3.3 b). This process reduced the standard deviation by half, indicating that the errors were

systematic. Importantly, this finding suggests significant uncertainties in determining each correction

factor necessary for accurate FRET determination, which then propagate throughout the analysis.

Since the study used the same dye pair the correction factors for leakage (lk), excitation flux (ω),

detection e!ciency and quantum yields (ε), and direct excitation (dir) were setup-specific, depending

only on dichroic mirrors, emission filters, detectors, excitation wavelengths, and laser powers.
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Figure 3.3: Multilaboratory determination of accurate FRET e!ciencies for MalE variants labeled with
Alexa546/Alexa647 adapted from Agam et al.98 a shows FRET e!ciency values of MalE(29/352),
MalE(87/186), and MalE(134/186) in absence (top panel) and presence (bottom panel) of 1 mM maltose,
accros 16 di”erent labs. The mean FRET e!ciency and the standard deviation of all 16 laboratories are shown
by the black line and gray area. b shows individual FRET e!ciency di”erences for each laboratory, between
the apo and holo states (≃Eholo⇐ ↑ ≃Eapo⇐. The mean FRET e!ciency di”erence and the standard deviation of
all 16 laboratories are shown by the black line and gray area.

Figure 3.4 a shows the distributions of all correction factors reported by each lab. Here, leakage (lk)

showed the narrowest spread (0.05±0.01) which is determined by the emission filters and detectors in

both detection channels and is, therefore, the only pure setup-specific correction factor. In contrast,

both direct excitation (dir) and ω additionally depend on the laser powers chosen by each laboratory,

resulting in a wider spread in their distribution, with values of 0.12± 0.08 and 1.6± 0.6, respectively.
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Figure 3.4: Correction factors & error propagation adapted from Agam et al98: a displays the distributions in
the form of histograms and violin plots for each correction factor used in calculating accurate FRET e!ciencies,
as determined by each lab individually. In the violin plot, the dot represents the mean, and the line represents
the standard deviation. b illustrates the error propagation of uncertainties on the FRET e!ciency, $E. The
contributions of the uncertainty in di”erent correction factors to the total uncertainty are shown as colored
lines ($Elk, leakage; $Edir, direct excitation; $Eω ε-factor; and $EbgD and $EbgA, background in donor
and acceptor channels). The total uncertainty, $E, is represented by a gray line, evaluated according to 3.1.
The following values and uncertainties were used for the correction factors: lk = 0.048 ± 0.005, ω = 1.6,
ε = 0.38 ± 0.04, dir = 0.12 ± 0.01, and $I

BG
/≃F ⇐ = 0.003. c depicts the standard deviation of the reported

FRET e!ciencies from all laboratories (as a measure of the experimental uncertainty) plotted against the
average FRET e!ciency for all MalE variants. The black line represents a fit of the estimated uncertainties
under the assumption that the variations arise solely due to uncertainty in the ε factor. The inferred relative
uncertainty of the ε factor is around 23%. Shaded areas indicate relative uncertainties of 5–50%. Error bars
indicate 95% confidence intervals around the average value.

The ε factor that corrects for the di”erent quantum yields of the fluorophores as well as the di”erent

detection e!ciencies of the detectors had an average of 0.4 ± 0.1 and is arguably the most di!cult

factor to obtain and therefore prompt for large uncertainties. While correcting for background, spectral

crosstalk, and direct excitation can be carried out with confidence, the correction factor ε poses greater

challenges, with the best approach depending mostly on the specific characteristics of the sample. The

determination of ε requires at least two or a ladder of multiple static FRET populations on an ES-

histogram to be accurately established. In contrast to DNA samples, proteins are dynamic and it is

often observed that labeling proteins can alter the quantum yield of the fluorophores and even shift the

spectra due to variations in the local environment, potentially leading to an inaccurate determination

of ε.

Additionally, the process involves a step-wise workflow comprising background subtraction followed

by leakage and direct excitation correction, followed by the determination of ε and ω
35,94,120. Any

errors made in prior steps would consequently propagate into the determination of ε.
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The last point suggests that the ε-factor e”ectively combines the uncertainties from all correction

factors, establishing it as the primary contributor to error and thereby serving as a reliable indicator for

the total calibration uncertainty. This was further validated through the application of standard error

propagation, which calculates the uncertainty of the reported FRET e!ciency ($E) by considering

the uncertainties associated with all correction factors. The total uncertainty of the FRET e!ciency

is then given by:

$E =
√

($Elk)2 + ($Edir)2 + ($EbgD)2 + ($EbgA)2 + ($Eϑ)2

$Elk =
(1↑ E)2

ε
$lk

$Edir = (1↑ E)ω$dir

$EbgD = [εE + lk(1↑ E)]
$I

BG
D

≃F ⇐

$EbgA = (1↑ E)
$I

BG
A

≃F ⇐

$Eϑ = E(1↑ E)
$ε

ε

(3.1)

Where $E represents the total reported uncertainty in FRET e!ciency, and $Ex denotes the prop-

agated uncertainty of the specified correction factor with the lower subscript. $EbgD and $EbgA are

the propagated uncertainties of the background signal in the donor or acceptor channel, respectively,

where $I
BG
D and $I

BG
D stand for the uncertainties associated with the estimated background signal in

the donor and acceptor detection channels, and ≃F ⇐ indicates the average sum of the corrected donor

and acceptor fluorescence collected during a single-molecule event.

For the calculation of$E, the absolute values for the correction factors (lk, dir,ω and ε) were extracted

from the average values reported by the participants (Figure 3.4 a), while the relative uncertainties

were derived from the estimations provided by Hellenkamp et al.120, yielding !lk
lk = !dir

dir = !ϑ
ϑ = 0.1.

This input resulted in the following values for the correction factors and their uncertainties: lk =

0.048 ± 0.005, dir = 0.12 ± 0.01, ε = 0.038 ± 0.04, and ω, which is not required for the propagation,

set at 1.6. The background uncertainties were assumed to be $I
BG
D = $I

BG
A = 0.25, considering a

relative uncertainty of !IBG

IBG ⇔ 0.1, and ≃F ⇐ was set at 90 photons. Figure 3.4b illustrates the total

estimated uncertainty, $E, along with all the independent uncertainties per correction factor. Here,
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$Eϑ follows a parabolic shape since it is proportional to E(1 ↑ E) (refer to equation 3.1), but more

notably, it describes the majority of the total uncertainty in the range of FRET e!ciency higher than

0.4. Remarkably, the reported FRET values and their uncertainties (figure 3.3a) cover this range of

FRET e!ciency higher than 0.4, and their trend can be precisely described by $Eϑ of equation 3.1

(figure 3.4 c). With this recognition, the relative uncertainty !ϑ
ϑ for proteins could be determined,

resulting in 23%, corresponding to $ε = 0.07.

The study also explored how variations in absolute ε values and the separation between the two

FRET populations would impact its uncertainty (see figure 3.5). For the simulation, the positions

of the two populations were symmetrically placed with respect to E = 0.5, expressed as EPR,i =

0.5 ± (EPR,2↑EPR,1)
2 . Figures 3.5 a-c demonstrate that $ε increases with higher ε values and smaller

changes in FRET e!ciency between the two populations. Interestingly, $ε is also influenced by ω,

showing a broader spread in its trajectories with higher ω values. Notably, when computing the relative

error !ϑ
ϑ , the di”erent trajectories converge into a narrow range (Figures 3.5 d-f), suggesting that the

relative uncertainty is largely una”ected by the absolute values of the correction factors ε and ω. This

was further confirmed by analyzing the relative uncertainty with fixed (EPR,2 ↑ EPR,1) values and

varying absolute ε and ω values (Figures 3.5 g-i). As anticipated, the uncertainty is highest when the

di”erence between the FRET populations is minimal. However, the relative uncertainty remains low

across a wide interval of ε and ω values, approximately ranging from 0.1 to 3, which encloses the range

where most experimental values lie (figure 3.4 a). This finding indicates that the primary determinant

of uncertainty in the ε factor is predominantly the low contrast between FRET populations, while

varying ε and ω values have minimal impact on uncertainty over a broad range.

To gain structural information of biomolecules, FRET e!ciencies have to be converted into distances.

Due to the flexible and highly dynamic fluorophore linker, typically in the range of 10 carbon atoms

long, the measured FRET e!ciencies and consequently, the calculated distances are an average of the

relative position between the two fluorophores R↗E↘.

The accuracy of the FRET-derived distances was compared with crystal structure modeling using FPS

(FRET positioning and screening), where all possible positions of the fluorophores are modeled into

accessible volumes (AVs)116,117,128,129,130,131. From there it is possible to calculate average distances

between the fluorophores RModel
↗E↘ (Figure 3.6 a, c).

With the Förster radius of Alexa546–Alexa647 on MalE determined to be R0 = 65±3Å it was possible

to extract apo and holo distances with an uncertainty of 3–5 Å over all variants and compare it to

the distances obtained with AV models. For this, additional MalE variants were included (MalE-4,

K34C-N205C and MalE-5, T36C-N205C) with a larger FRET e!ciency contrast between the apo and

holo states, complementing the results of the other variants.
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Figure 3.5: Simulations of the ε-factor error propagation, adapted from Agam et al.98 EPR,i denotes the
FRET e!ciency of a theoretical population at a given position. For the simulation, the positions of the two
populations (EPR,1 and EPR,2) are chosen to be symmetric with respect to the Förster radius (R0), i.e.,
EPR,i = 0.5± (EPR,2 ↑EPR,1)/2. a-c The absolute uncertainty $ε is evaluated as a function of the di”erence
of the apparent FRET e!ciencies of the two states, EPR,2 ↑ EPR,1, at the indicated absolute values of the
ε-factor (see color bar) and di”erent ω values of 1 (a), 0.5 (b), and 2 (c). d-f show the same data as in a-c
normalized with respect to the absolute value of ε to compute the relative uncertainty !ω

ω . g-i show the relative

uncertainty !ω
ω evaluated as a function of the absolute values of ε and ω, and are plotted for contrast between

the apparent FRET e!ciencies of 0.1 (g), 0.25 (h), and 0.5 (i).

The comparison showed a high correlation between the experimental and modeled results, except for

MalE1 (Figure 3.6 d).

Further investigation on the role of dye–protein interactions using single-cysteine variants of MalE1

by measuring the fluorescence lifetimes, and time-resolved and steady-state anisotropies, revealed

sticking of both fluorophores at labeling site S352C and only the acceptor fluorophore at labeling site

K29C61 (Figure 3.6 b). These position-specific interactions can cause the observed deviations in the
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experimental data, by changing their mean position on the protein. Hence, an improved accessible

contact volume (ACV) approach was implemented, which accounts for dye–protein interactions132

(Figure 3.6 c). This approach led to a more favorable agreement between the experimental and

modeled distances.

Figure 3.6: Assessing the accuracy of FRET-derived distances with FPS adapted from Agam et al.98 a Schematic
of Alexa546 attached to MalE (PDB 1OMP) showing the parameters needed for the AV calculations. b Flu-
orescence anisotropy decays of single-cysteine mutants for the donor (Alexa546, left) and acceptor (Alexa647,
right) at the labeling positions K29C and S352C. c AV (light color) and ACV (dark color) calculations for
Alexa546 (cyan) and Alexa647 (pink) at labeling positions 352 and 29. The zoom-ins show the mean positions
of the dyes based on the AV (light shade) and ACV (darker shade) models. d Comparison of the experimentally
obtained FRET-averaged distance R↑E↓ with the theoretical model distances using the AV (filled squares) and
ACV (empty squares) calculations. Errors represent the standard deviation in experimental distances. The
solid line represents a 1:1 relation, and the gray area indicates an uncertainty of ±3Å for a Förster radius of
R0 = 65Å.

Despite the complexities inherent in protein samples, the study achieved a precision in FRET e!cien-

cies comparable to that reported for dsDNA (ranging between ±0.02 and ±0.06). This high level of

agreement is noteworthy, especially considering the diverse experimental setups employed. Accurate

FRET e!ciencies resulted in consistent inter-dye distances, with a precision of 3 Å and an accuracy

of 5 Å against structural models of MalE, similar to findings in dsDNA samples. This positive out-

come is particularly significant given that dsDNA provides a consistent and homogeneous chemical

environment for each labeling position, contrasting with the variable dye environment encountered in

proteins. Improving distance determination could involve considering the interaction of fluorophores

with the protein surface using ACV calculations132.
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3.2 Cross-validation of distance measurements in proteins by PEL-

DOR/DEER and AXSI
§

Biophysical methods are essential tools in life sciences, yet none of them are immune to the pres-

ence of unforeseen artifacts that can lead to misleading interpretations of acquired data. Predicting,

identifying, or preventing such artifacts is di!cult, if not impossible, and therefore remains a con-

stant challenge for researchers to navigate and mitigate potential pitfalls in their experimental designs

and data analysis pipelines. However, the ground truth of the biosystem in question can be narrowed

down by comparing many di”erent tools with similar outputs, which di”er considerably in the physical

phenomena they exploit for measurement.

In line with this, smFRET-derived distance measurements in proteins were compared to and cross-

validated with alternative methods that also extract distance information from proteins. These studies

were conducted in collaboration with the Hagelueken lab, where smFRET was compared to Pulsed

Electron-Electron Double Resonance Spectroscopy (PELDOR/DEER), published in Nature Commu-

nications in 2022 under the title ”Cross-validation of distance measurements in proteins by PEL-

DOR/DEER and single-molecule FRET”99, and in collaboration with the Lipfert lab, where smFRET

was compared with Anomalous X-ray Scattering Interferometry (AXSI), published in Nanoscale in

2025 under the title ”Determination of absolute intramolecular distances in proteins using anoma-

lous X-ray scattering interferometry”100. These two methods were ideal for cross-validation, as the

determined distances also originate from labels within the protein (spin-labels for PELDOR/DEER

and gold nanoparticles for AXSI), both of which utilize thiol groups in cysteines for their site-specific

labeling. Consequently, the same protein construct can be utilized for all three di”erent methods,

facilitating a direct comparison of their outcomes133,134,135,136,137,138,139.

Pulsed Electron-Electron Double Resonance Spectroscopy (PELDOR/DEER) is a powerful

technique used to measure distances between paramagnetic centers of spin labels140. This method

relies on the magnetic dipole-dipole interactions between unpaired electron spins. Similar to smFRET,

this interaction depends on the distance between the spins and the orientation of their magnetic

moments relative to each other141,142,99.

PELDOR/DEER applies modulated microwave pulses (pump and observer pulses) to selectively ma-

nipulate the spins and measure the resulting electron spin echo decay. By analyzing the time evolution

§This chapter includes collaborative work with the Hagelueken and Lipfert labs, which resulted in two publications:
”Cross-validation of distance measurements in proteins by PELDOR/DEER and single-molecule FRET,” published in
Nature Communications in 202299, and ”Determination of absolute intramolecular distances in proteins using anomalous
X-ray scattering interferometry,” published in Nanoscale in 2025100. My personal contribution to the first study
involved replicating all measurements, except for YopO. This included preparing all samples, conducting all smFRET
measurements, processing the data to obtain accurate FRET values, and converting them into distances. Additionally,
I determined the quantum yield of TMR, which was necessary for calculating the Förster radius (R0) for the Acceptor
Cy5. For the second study, my personal contribution involved replicating all measurements, including stochastic labeling
of all samples with Alexa555 and Alexa647, conducting all smFRET measurements, and processing the data to acquire
accurate FRET values, which were then converted into distances.
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of the echo decay, information about the distances between the spin labels can be extracted (Figure

3.7).

The typical workflow of a PELDOR/DEER experiment consists of identifying microwave frequencies

for the pump and observer pulses. This is accomplished by recording an Electron Paramagnetic Reso-

nance (EPR) spectrum of a highly concentrated frozen solution of the sample, labeled with spin labes

(10-13 µM)((Figure 3.7 b,c). By utilizing these pump and observer frequencies, specific subpopulations

of spin centers within the sample can be excited, resulting in the formation of either pump spins or

observer spins143,144,145,146,147. This characteristic explains why PELDOR/DEER e”ectively requires

only a single label type for the measurement, unlike smFRET, which necessitates both a donor and

acceptor label.

The actual PELDOR/DEER experiment involves applying a sequence of three microwave pulses at

the probe frequency, generating an electron spin echo signal (refocused echo) from a subset of spin

centers in the sample (probe spin). A fourth pump pulse, positioned variably between the last two

probe pulses, flips the spins of the remaining spin centers subpopulation (pump spin)(Figure 3.7 d). At

this point, probe and pump spins can interact through dipolar coupling if they are in close proximity,

e.g., within the same protein, resulting in a change in the spin echo’s amplitude. By analyzing the

shape and amplitude of the spin echo signal, it is possible to extract distance information between the

paramagnetic centers. The modulation of the echo decay curve, caused by the dipolar interactions

between spins, provides the basis for distance measurements.

For this comparative study, four di”erent model proteins were used. The Hageleuken Lab provided

the four double cysteine variants of the periplasmic substrate binding protein from the sialic acid

TRAP transporter of Haemophilus influenzae ,HiSiaP148,149 (HiSiaP-58/134, HiSiaP-175/228, HiSiaP-

55/175 and HiSiaP-122/175) and a double cysteine mutant of YopO (YopO-113/497) from Yersinia

enterocolitica, a type-III-secretion system e”ector protein150,151 . The Cordes lab provided four double

cysteine variants of MalE122,152,153(MalE-87/127, MalE-134/186, MalE-36/352 and MalE-29/352) and

two double cysteine variants of SBD2 (SBD2-319/392 and SBD2-369/451), the second of two substrate-

binding domains that are constituents of the glutamine ABC transporter GlnPQ from Lactococcus

lactis 39,154,155,156.

The samples for PELDOR/DEER experiments were labeled with MTSSL spin labels (S-(1-oxyl 2,2,5,5-

tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate) and measured with cryo-protectants

(ethylene glycol) at 50° K. The distance distributions were determined using Tikhonov regulariza-

tion157,158 and DeerNet159 and the distance predictions were calculated with mtsslWizard160. The

samples for smFRET experiments were stochastically labeled with Alexa555 and Alexa647127,161 and

the distance predictions were calculated with FPS (FRET positioning and screening)117.
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Figure 3.7: Workflow comparison between PELDOR/DEER & smFRET adapted from Peter et al99. a Two
conformations (apo, left and holo, right) of HiSiaP (PDB-IDs: 3B50 and 2CEY). The labeling positions are
indicated by the blue and magenta spheres. b–e Workflow of a PELDOR/DEER experiment. b Schematic
representation of a frozen micromolar solution of the sample, labeled with spin labels under an external magnetic
field. c Field-sweep EPR spectrum of the sample in b; microwave frequencies chosen for the observer and pump
pulses are depicted in the pink and blue regions, respectively. f Pulsed microwave sequence pattern for the
observer (pink) and pump (blue). Subpopulations of the spin centers can serve as either pump or observer
spins for the pulse sequence. Integration of the refocused echo signal for di”erent times T of the pump pulse
leads to the time trace. The distance information is contained in the di”erent oscillation frequencies of the time
trace (blue brackets). e Time traces are converted to distance distributions through Tikhonov regularization
or DerrNET. f–i Workflow of smFRET experiments. f Schematic representation of a di”usion-based smFRET
measurement. g Representative raw ES histogram depicting two FRET populations, as well as donor-only
(upper left corner) and acceptor-only (lower right corner) populations. h Corrected ES histogram depicting
accurate FRET e!ciencies of the FRET populations shown in g. i Theoretical function of FRET e!ciencies
and its conversion into distances.
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My personal contribution to this study involved replicating all measurements, except for YopO. This

included preparing all samples and conducting all smFRET measurements, along with processing the

data to acquire accurate FRET values and converting them into distances. Additionally, I determined

the quantum yield of TMR, which was necessary for determining the Förster radius (R0) with the

Acceptor Cy5 (see below).

The initial comparison conducted on the sialic acid binding protein HiSiaP resulted in unexpected

discrepancies between the two methods, particularly concerning the predicted distances and the ex-

perimental distances obtained through smFRET. All four HiSiaP variants were selected based on

pronounced distance changes between the open and closed conformations. In this study, all labeling

sites were positioned at the lobes of the protein, with the expectation of a reduction in distance be-

tween them when transitioning into a closed conformation (figure 3.8 a,b). Figure 3.8 b shows the

open (PDB-ID: 2CEY) and closed structures (PDB-ID: 3B50) of HiSiaP with the predicted accessible

volumes of the spin- (magenta) and FRET-(blue) labels at the selected labeling sites. The PEL-

DOR/DEER experiments demonstrated well-defined distance distributions for all variants (Figure

3.8c, black curves, with red shading indicating uncertainties), revealing the anticipated reduction in

distance between the spin-labels upon substrate binding. These findings were largely consistent with

the in silico modeled and predicted distances (grey areas). In contrast, the experimental distances

obtained with smFRET (black line, with red shading denoting uncertainties) yielded contradicting

results compared to the expected changes in distances and the in FPS predicted distances (grey line),

except for variant 58/134. Especially variants 175/288 and 112/175 exhibited an unexpected increase

in distances in the closed conformation, contrary to both expectations and predictions from in silico

calculations. Importantly, this finding revealed an unforeseen artifact in the experimental data ob-

tained from smFRET, as it contradicted all predictions and expectations. A closer look into the data

revealed that the open conformation in variants 55/175, 175/288, and 112/175 was the problematic

condition, where experimental and in silico data were in disagreement by a large margin. Interest-

ingly, the source of the artifact seemed to be linked to the labeling site 175, since all variants showing

discrepancies carried the same labeling site.

For this reason, single-mutant variants of HisiaP were selected, one containing the problematic 175

residue, and a control mutant (HiSiaP-58), which were labeled with either donor (Alexa555) or acceptor

(Alexa647) fluorophores. Fluorescence anisotropy and lifetime decay measurements of these mutants

revealed significant di”erences between the residues61 (Figure 3.9a,b). The control variant 58 did

not exhibit any di”erences in its anisotropy and lifetimes for both fluorophores in open and closed

conformations; attributes desired and essential for smFRET measurements: Changes in fluorophore

lifetimes may be problematic for the determination of the ε factor since it is linked to the quantum yield

of the fluorophore162,163,164,103. On the other hand, the free rotation of fluorophores, characterized by

fast decay of initial anisotropy values, is essential for the determination of the Förster Radius (R0),

which is described by the orientation factor ↽2.
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Figure 3.8: Distance measurements on HiSiaP determined with PELDOR/DEER & smFRET, adapted from
Peter et. al.99 a shows a di”erence distance map of HiSiaP in the open (PDB-ID: 2CEY) and closed (PDB-ID:
3B50) conformation. The dark regions show amino acid positions which undergo large conformational changes
relative to each other. The double variants for distance measurements are highlighted with colored circles.
b depicts the surface presentation of HiSiaP (grey) in the open (left) and closed (right) conformation. The
accessible volumes of the spin label at six di”erent labelling positions were calculated with mtsslWizard and are
represented by magenta meshes. Accessible volumes of FRET label maleimide-Alexa647 were calculated with
FPS, and are shown as blue meshes. The double variants that were used for experiments are identified with
coloured lines, corresponding to the circles in a. c Distance measurements with four di”erent double variants
of HiSiaP without (↑) and with (+) substrate. The PELDOR/DEER results are shown above (grey curves for
simulation, black curves for experiment) and the FRET distances below the x-axis (grey bars for simulation,
black bars are the mean of n=3 independent experiments). The red shade around the PELDOR/DEER data is
the error margin calculated using the validation tool of DeerAnalysis. The red shades around the experimental
smFRET distances are error bars based on the standard deviation of n=3 independent experiments.

In contrast, HiSiaP-175 exhibited di”erences in its anisotropy and lifetimes for both fluorophores in

the open conformation. Here, high anisotropy values in the open conformation suggested restricted

motion of the fluorophore due to unwanted dye-protein interactions, highlighting the source of the

unexpected results in smFRET involving this residue. This dye-protein interaction seemed to be

specific to the fluorophores chosen for the experiment, and therefore, another dye pair consisting of

TMR and Cy5 was selected. These dyes showed, in contrast to the previous combination, no di”erence

in their anisotropy and lifetimes values between the open and closed conformation (Figure 3.9 c).
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Figure 3.9: Time resolved fluorescence anisotropy and lifetime measurements on HiSiaP, adapted from Peter et.
al.99 a Anisotropy decay curves of Alexa555 (top row) at residue 175 (left) and 58 (right) and lifetime decay
curves (bottom row) for apo (black) and holo state (green). b Same measurements as in a with Alexa647 in
apo (black) and holo state (red). c Anisotropy decay curves of TMR (top left) and Cy5 (top right) at residue
175 and lifetime decay curves of TMR (bottom left) and Cy5 (bottom right) for apo (black) and holo state
(coloured). d FRET e!ciency distributions of HiSiaP variant 175/228 for Alexa555 – Alexa647 (left) and TMR
– Cy5 (right) in apo (grey) and holo state (green). e Converted distances from the mean FRET e!ciencies
are shown as black bars (mean of n = 3 independent experiments) in comparison to simulation (grey bar) and
PELDOR/DEER results from Fig 3.8 . The red shade around the experimental smFRET distance are error
bars based on the standard deviation of n = 3 independent experiments.
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Figure 3.10: Quantum yield measurement of TMR in reference to Rhodamine 6G, adapted from Peter et. al.99

a Shows the absorbance spectra of Rhodamine 6G (top), TMR (middle), HiSiaP-175-TMR in apo and holo
states (bottom) at 6 di”erent concentrations. The dashed line indicates the extracted absorbance values from
the excitation wavelength at 510 nm. b shows the emission spectra of Rhodamine 6G (top), TMR (middle),
HiSiaP-175-TMR in apo and holo states (bottom) of the sample in a excited at 510 nm. c The integrated
emission from b is plotted against the absorbance extracted from a and fitted to the function Iint = m ↓ A.
Triplicates were used to determine the quantum yield (QY) of TMR.
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Furthermore, smFRET experiments with the new dye pair for the HiSiaP-175/228 variant showed

the expected change in FRET e!ciency changes compared to the previous combination of dye pairs

(Figure 3.9 d). For the conversion into distances, the Förster radius of TMR and Cy5 had to be

determined. For this, the quantum yield of the donor (TMR) was experimentally determined by using

the literature quantum yield of rhodamine 6G (93%) as a reference113 (Figure 3.10). The quantum

yield of free TMR dye in the imaging bu”er yielded an e!ciency of 35%, which increased to 40% once

labeled to HiSiaP. More importantly, the determined quantum yield did not change between the open

and closed conformation of HiSiaP, which was in agreement with the results of fluorescence lifetime

decays (Figure 3.9 c). The resulting Förster radius for TMR and Cy5 was determined to be 62.7 Å,

with which the acquired FRET e!ciencies could be converted into distances (Figure 3.9 d,e), which

were in much better agreement with the crystal structures FPS calculations.

For the MalE comparison, the mutants selected were the same as those used in the multilaboratory

comparison: MalE-1 (K29C-S352C), MalE-2 (D87C-A134C), and MalE-3 (A134C-A186C) (figure 3.11

a,b). Additionally, another variant, 29/352, with a similar change in inter-residual distance as the

MalE-1 variant, was included (exhibiting closer proximity of the labeling sites when in the closed

conformation). As expected through previous studies, smFRET experiments and predicted distances

were in good agreement with each other for all variants (firgue 3.11 c).

PELDOR/DEER experiments, although having a lower signal to noise ratio (SNR) compared to

HiSiaP measurements it was possible to measure time traces with su!cient length to resolve the

expected distances (firgue 3.11c). Here only variants 87/127 and 134/186 showed good agreement

between the experimental and the predicted distances. In contrast variants 36/352 and 29/352 showed

only agreement in the open configuration of MalE, whereas the condition with ligand showed a mix

between the open and closed configuration.

The possibility of altering the binding constants of the protein due to the frozen state in which

PELDOR/DEER experiments are conducted was eliminated by applying a substrate concentration

ten times higher (10 mM maltose), which yielded consistent results. However, the discrepancy was

found to be caused by the cryoprotectant used in the assay (ethylene glycol). Removing this additive

resulted in a single population showing distance probabilities close to the predicted in silico values

(Figure 3.11, magenta line).

The third comparison involved the Glutamate/Glutamine binding protein SBD2 of the GlnPQ amino

acid transporter (Figure 3.12a,b). The selected variants (319/392 and 369/451) had previously been

utilized in smFRET studies to elucidate their binding mechanism and their involvement in amino acid

transport. In these experiments, the conducted smFRET experiments and the resulting distances

obtained were in good agreement with the in-silico predictions (Figure 3.12 c).
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Figure 3.11: Distance measurements on MalE determined with PELDOR/DEER & smFRET, adapted from
Peter et. al.99 a shows a di”erence distance map of MalE in the open (PDB-ID: 1OMP) and closed (PDB-ID:
1ANF) conformation. The dark regions show amino acid positions which undergo large conformational changes
relative to each other. The double variants for distance measurements are highlighted with colored circles.
b depicts the surface presentation of MalE (grey) in the open (left) and closed (right) conformation. The
accessible volumes of the spin label at six di”erent labelling positions were calculated with mtsslWizard and are
represented by magenta meshes. Accessible volumes of FRET label maleimide-Alexa647 were calculated with
FPS, and are shown as blue meshes. The double variants that were used for experiments are identified with
coloured lines, corresponding to the circles in a. c Distance measurements with four di”erent double variants
of MalE without (↑) and with (+) substrate. The PELDOR/DEER results are shown above (grey curves for
simulation, black curves for experiment) and the FRET distances below the x-axis (grey bars for simulation,
black bars are the mean of n=3 independent experiments). PELDOR/DEER results without cryoprotectant
are shown as magenta curves. The red shade around the PELDOR/DEER data is the error margin calculated
using the validation tool of DeerAnalysis. The red shades around the experimental smFRET distances are error
bars based on the standard deviation of n=3 independent experiments.

However, PELDOR/DEER experiments in the apo conditions displayed two and even three prominent

distance peaks for SBD2-369/451 and SBD2-319/392 variants, respectively. The in-silico predictions

indicated that at least two peaks corresponded to the open and closed conformations. The addition

of the substrate glutamate variants shifted the distance distribution towards the closed conformation,

but at least 10% of the open conformation remained present. The possibility of substrate contami-

nation due to co-purified glutamine was ruled out after no detectable traces of glutamine were found

following liquid chromatography mass spectrometry (LC-MS) experiments. In contrast to the MalE

PELDOR/DEER experiments, the removal of cryoprotectants did not show any improvements in the

results. The reason for this result remains elusive.
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Figure 3.12: Distance measurements on SBD2 determined with PELDOR/DEER & smFRET, adapted from
Peter et. al.99 a shows a di”erence distance map of SBD2 in the open (PDB-ID: 4KR5) and closed (PDB-ID:
4KQP) conformation. The dark regions show amino acid positions which undergo large conformational changes
relative to each other. The double variants for distance measurements are highlighted with colored circles.
b depicts the surface presentation of SBD2 (grey) in the open (left) and closed (right) conformation. The
accessible volumes of the spin label at six di”erent labelling positions were calculated with mtsslWizard and are
represented by magenta meshes. Accessible volumes of FRET label maleimide-Alexa647 were calculated with
FPS, and are shown as blue meshes. The double variants that were used for experiments are identified with
coloured lines, corresponding to the circles in a. c Distance measurements with two di”erent double variants
of SBD2 without (↑) and with (+) substrate. The PELDOR/DEER results are shown above (grey curves for
simulation, black curves for experiment) and the FRET distances below the x-axis (grey bars for simulation,
black bars are the mean of n=3 independent experiments). PELDOR/DEER results without cryoprotectant
are shown as magenta curves. The red shade around the PELDOR/DEER data is the error margin calculated
using the validation tool of DeerAnalysis. The red shades around the experimental smFRET distances are error
bars based on the standard deviation of n=3 independent experiments.
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Anomalous X-ray Scattering Interferometry (AXSI) is a method that builds upon traditional

X-ray scattering methods, such as Small-angle X-ray scattering (SAXS), with the ability to resolve

the positions of atoms and measure intramolecular distances within biomolecules with high preci-

sion165,166,167.

AXSI relies on the usage of electron-rich labels, such as heavy atoms like gold168,169,170, which scat-

ter X-rays strongly100 (figure 3.13 a). X-rays are directed at the sample, and the scattering pattern

that results is collected (figure 3.13 b). The scattered X-rays produce interference patterns when

they recombine after scattering. These interference patterns contain information about the relative

phases and amplitudes of the scattered waves, which in turn are related to the positions and scat-

tering strengths of the labels within the biomolecule. In AXSI, the scattering is made ”anomalous”

by tuning the X-ray energy to a level where the scattering from the heavy atom labels is partic-

ularly strong and distinctive (figure 3.14a). By isolating and analyzing the anomalous interference

term, it is possible to extract information about the distances between the labeled positions within

the biomolecule169,170,171,172,173(figure 3.14b). A Fourier transformation converts the anomalous in-

terference term into a spatial distance distribution of pairwise distances within the molecule (figure

3.14 c). This distribution is often denoted as P (d), where d represents the distance between labeled

points. AXSI has several advantages over other techniques for measuring intramolecular distances. It

provides distance measurements on an absolute length scale and is not sensitive to label orientation

or the specific label environment98. Additionally, AXSI can be applied to distances greater than 10

nm, which is challenging for other methods like NMR, EPR174,175,176, or smFRET177.

Anomalous X-ray Scattering Interferometry (AXSI) is a relatively new method that has been suc-

cessfully applied to measure distances in DNA samples173 but not in proteins. This study represents

the initial exploration of distance measurements in proteins using AXSI, validating its results with

the well-characterized protein model MalE178,179 and established distance measurements using sm-

FRET127,122,98. For this study, two MalE variants were provided by the Cordes lab: MalE-36/352,

which was utilized in the multilaboratory and PELDOR/DEER studies99, and MalE-31/212, an un-

published mutant.

My personal contribution to this study involved replicating all measurements. This included stochastic

labeling of all samples with Alexa555 and Alexa647, conducting all smFRET measurements, and

processing the data to acquire accurate FRET values, which were then converted into distances.

Stubhan et al. successfully labeled the MalE variants with gold nanoparticles consisting of approx-

imately 85 atoms and a radius of 0.7 nm by coating them with thiol glucose following a one-phase

Brust-Schi”rin method180 (Figure 3.13a). The thiol group in the sugar was then used to specifically

attach the nanoparticles to the MalE cysteines using a conventional procedure, similar to that used

for FRET labeling. However, size exclusion chromatograms and gel electrophoresis analysis indi-

cated low labeling e!ciency for both variants, resulting in approximately 60% unlabeled species, 30%

single-labeled species, and 10% double-labeled species.
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Figure 3.13: Schematic of anomalous X-ray scattering measurements to determine intramolecular distance
distributions, adapted from Stubhan et. al.100 a Illustrations of double-labeled MalE in the apo and holo state
with gold nano particle labels at amino acid positions 36 and 352 (rendered from PDB ID 1OMP (red – apo)
and 1ANF (blue – holo), respectively. The zoom depicts the thioglucose shell on the gold nano particles as
well as the S-Au attachment to the protein. b Illustration of the SAXS experiment. The undulator and X-ray
optics at the synchrotron beam line provide X-rays with tunable energy. The monochromator is used to select
energies and collimated X-rays being are scattered by the sample in a quartz capillary. Scattered photons are
collected with a camera

Scattering profiles of both MalE constructs were recorded at 9 di”erent energy levels around the gold

L-III absorption edge at 11.919 keV (Figure 3.14 a). Oscillations in the scattering profile in the range

q = 0.1 ↑ 0.2 Å
↑1 were responsive and shifted after the addition of 10 mM maltose, indicative of

gold-gold interference contributions (Figure 3.14 a,b).

In principle, only the double-labeled sample population should contribute to the gold-gold term in the

scattering pattern. However, the presence of unlabeled and single-labeled species might deteriorate the

signal by adding their scattering contributions. This background noise was corrected by additionally

measuring unlabeled samples, as well as single mutant variants of the double cysteine mutants. This
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way, their scattering contributions could be identified and subsequently subtracted from the raw

scattering profile, according to the percentage population of the subspecies, e.g., 60% unlabeled and

30% single-labeled species (Figure 3.15 a).

Subsequent analysis of the corrected scattering profiles, and the resulting gold-gold interference con-

tributions, yielded the gold label-gold label distance distributions P (d) for the two MalE variants

(Figure 3.14 c) with standard deviations of the main peak positions averaging 0.5 Å.

However, the obtained distance distributions were only possible to acquire by considering the contri-

butions of the non-labeled and single-labeled subspecies, as well as their exact percentage presence in

the sample. Subtracting di”erent percentage ratios from the raw scattering profile resulted in many

secondary distance distribution peaks; however, the main peak remained the most predominant and

shifted by at most 1 Å (Figure 3.15b).

Figure 3.14: AXSI data and distance distribution for MalE variants, adapted from Stubhan et. al.100 a AXSI
measurements of both double-labeled MalE mutants with and without maltose measured at 9 energies around
the gold L-III absorption edge. 1○ MalE31-212 2○ MalE31-212 with 10 mM maltose 3○ MalE36-352 and 4○
MalE36-352 with 10 mM maltose. Data are vertically o”set for clarity (by scaling factors 1○:10, 2○:6, 3○:2
and 4○:1). Indicated energies are relative to the Au L-III edge. b Goldgold scattering interference terms for
MalE36-352 (left) and MalE31-212 (right) in the absence and presence of 10 mM maltose after correction for
60% single-labeled and 30% unlabeled contributions. c Distance distributions P (d) obtained by maximum
entropy inversion from the interference terms in panel b. The insets show a zoom on the main peaks in the
distance distributions
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Figure 3.15: Corrections for unlabeled and single labeled proteins, adapted from Stubhan et. al.100 a Scattering
Data after the subtraction of unlabeled (60%) and single labeled (30%) proteins. b Distance distributions
for MalE36-352 for di”erent background subtraction schemes. Example distributions for di”erent subtraction
of unlabeled and single-labeled. 30% unlabeled 20% single-labeled (blue), 45% unlabeled 30% single-labeled
(orange) and 60% unlabeled 30% single-labeled (red). The zoom in depicts the main peak positions.

The experimental intramolecular distances determined by AXSI and FRET agreed for both MalE31-

212 and MalE36-352 in both the apo and holo states (Figure 3.16 d). This agreement, despite the

use of di”erent labels with distinct physicochemical properties and geometries, suggested that these

di”erences did not significantly a”ect the mean positions of the labels. Consequently, the accuracy of

the AXSI-derived distances was further investigated by comparing them to simulated label positions

in crystal structures of MalE. Stubhan et al. had developed an additional modeling tool similar to

FPS (FRET positioning and screening)117 to generate accessible volumes for the gold nanoparticles

based on coarse-grained simulations (Figure 3.16 c).

Upon comparing the experimentally determined distances to the modeled distance distributions for

both FRET and AXSI results, strong agreement of the mean distances in the closed or holo states

for both MalE31-212 and MalE36-352 was observed (Figure 3.16 e). However, in the open state, the

predicted distances tended to surpass the experimentally determined values, particularly noticeable

for MalE36-352.

It is noteworthy that in the open conformation, the challenges of modeling were more pronounced

compared to the closed conformation. Specifically, predictions based on accessible surface volume

using FRETraj (ACV)117,181 aligned better with experimental data for FRET than accessible volume-

based predictions128,130,131, suggesting that fluorescent labels had a tendency to adhere to the protein’s

surface. In contrast, AXSI-modeled distance distributions did not deviate as significantly from the
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experimental data, likely due to the restricted movement of the labels on the protein surface, as

predicted by all modeled simulations.

Figure 3.16: Comparison of AXSI and smFRET derived distances, adapted from Stubhan et. al.100 a-c Sim-
ulations of label positions for FRET dyes and gold nanoparticles using FPS (a), FRETraj117,181(b), and a
coarse-grained computation of accessible volumes (c). All panels show MalE36-352 in the apo state (PDB
ID: 1OMP). The left side depicts positions for the FRET dyes Alexa555 and Alexa647 are shown as colored
clouds as computed with FPS (a), FRETraj (b), and coarse-grained simulations (c). The right side depicts
Positions of the gold nanoparticles used for AXSI measurements computed with FPS (a), FRETraj (b), and
coarse-grained simulations (c).d Experimentally determined distances from AXSI and FRET for both MalE
variants. Errorbars depict experimental errors. e Comparison of experimentally determined distances and the
structural models: coarse-grained for AXSI labels (crosses), FPS for AXSI labels (circles), FPS for FRET labels
(upward triangles) and FRETraj for FRET labels (left triangles). Experimental uncertainties of the respective
techniques are shown. The solid line marks a 1:1 relation and the grey area indicates 5% deviation.
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3.3 Single-molecule detection and super-resolution imaging with 3D-

printed microscopy platform
§

Single-molecule detection based biophysical methods have advanced significantly in the past decade

and by now represent important emerging tools for life science research.

This is attributed to the rapid advancement of instrumentation, which continuously enhances spatial

and temporal resolution as well as sensitivity182,183,184,185,186. Consequently, these advancements push

the possibilities and progress of single-molecule-based assays, as demonstrated in the preceding sections

on smFRET.

This progress, however, typically takes place in engineering and in specialized (bio)physics labs and it is

di!cult to benefit from it in more application-oriented research such as molecular biology, biomedicine

and even clinical diagnostics187,188.

The reasons for this can be attributed to the high cost associated with the instrumentation and the

large dimensions of the setups, which typically necessitate a completely separate room, thereby restrict-

ing their operability outside of lab conditions. Moreover, emerging state-of-the-art single molecule-

based spectroscopy and microscopy often require instrumentation that is not commercially available

e.g. home-built by modification of existing microscope bodies. The expertise needed for the assembly,

calibration, maintenance, operation, and data analysis is likely the primary factor contributing to the

inaccessibility of state-of-the-art single molecule-based experiments.

Consequently, there is a growing gap between the possibilities of the state-of-the-art in microscopy

and spectroscopy and what is accessible to all interested users188,189.

In recent years, di”erent research groups and companies have started to bridge this gap by miniaturiz-

ing microscopy research platforms and reducing costs of commercial systems. Currently, the available

compact microscopy setups o”er high spatial- and temporal-resolution or high sensitivity. The se-

tups often utilize commercially available optomechanical components, as has been implemented in the

smfBOX190 and miCUBE191. On one hand, despite their performance, these setups still cannot be

used easily outside of optical laboratories and still requires significant expertise for setting them up,

maintaining them, and operating them – making them less suitable for application-oriented users. On

the other hand, Oxford Nanoimager’s video-based device is small, powerful, and user-friendly, but

is inflexible in terms of microscope modalities192,193,194. Another drawback of all the microscopes

mentioned above are high costs, which are well over 100,000 $. On the contrary, 3D-printing with

plastic materials has gained popularity to replace expensive optomechanics and parts of the microscope

frame. AttoBright, a user-friendly, minimalist, confocal microscope, showed that a 3D-printed setup

§This study, titled ”Single-molecule detection and super-resolution imaging with a portable and adaptable 3D-printed
microscopy platform (Brick-MIC),” was published in Science Advances on September 27, 2024101. As a co-first and co-
corresponding author, my contributions included conceiving and designing the modular platform architecture, planning
the microscope layouts, building the microscopes, conducting experiments, analyzing data, preparing all figures, and
writing the manuscript.
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can facilitate singlemolecule detection195. It comes, however, with significant limitations in terms of

data quality and general adaptability compared to the smfBOX or miCUBE. Another option, the

”UC2”, a camera-based microscope, represents an adaptable platform for various imaging modalities,

including bright field, dark field, and fluorescence microscopy196. Recently, it has been updated to

perform STORM imaging197.

Figure 3.17: Overview of the adaptable Brick-MIC design. A The platform uses shape-complementary parts
that can be stacked (Lego-like or Japanese “poka yoke”), consisting of di”erent layers: the sample holder,
lid, excitation, detection and base layers. The excitation and detection layers are interchangeable, allowing to
establish di”erent imaging methods with the same platform and easy exchange of components. B Photograph
of a confocal Brick-MIC modality as used below for analysis of labelled biomolecules in free di”usion (section
“Single particle fluorescence detection and fluorescence correlation spectroscopy”)

To overcome those challenges, we introduced an open-source microscopy platform named Brick-MIC.

Brick-MIC was designed with the philosophy to create a user-friendly, portable and stable, cost-

e”ective and adaptable platform that can be used outside of optical labs under ambient light.

It o”ers the possibility to realize various microscopy modalities, including confocal and video detec-

tion, fluorescence spectroscopy assays, state-of-the-art single-molecule detection, and super-resolution

optical imaging using the same platform. To reduce costs and facilitate robust operation, an adaptable

microscope body was established, fully 3D-printed.

The sca”old of the microscope comprises four layers crafted from 3D-printed plastic material: a sample

holder, an excitation layer, a detection layer, and a base plate designed for interchangeable excitation

and detection layers (Figure 3.17).
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This platform is combined with optical components such as mirrors, filters, etc. from commercial

suppliers to establish one microscope modality. Once the microscope frames for all modalities are

printed, the Brick-MIC platform enables rapid exchange between distinct microscopy modalities within

minutes. The enclosed sample holder is suitable for the incorporation of microfluidics components,

such as Ibidi microfluidics slides and tubing, and allows to fix microscope slides with magnets. A

single-axis translation stage, which is integrated into a rack and pinion system, controls the Z-axis

position of the coverslip and sample, and ensures high positional stability. The design was tested to

generally ensure mechanical stability via an accurate fit of the di”erent layers and vibration dampening

by use of thermoplastic Polyurethane (TPU), a resilient and rubber-like material, as the base layer

of the microscope (Figure 3.17). The detection layers of Brick-MIC are all equipped with essential

optical components mounted onto piezo motors for convenient alignment of the setup and use of

autocalibration software. We further provide (compiled) Python-based data acquisition and analysis

software to perform experiments with di”erent confocal modalities, making the Brick-MIC a true

open-source microscopy platform. The only requirement to start your own Brick-MIC is access to

a standard, low-cost 3D printer and to purchase of a minimal list of optomechanical and optical

components.

To date, we have established various distinct modalities of the platform, from which we use three

as representative examples in this paper. The first is a confocal microscope for single-particle detec-

tion, fluorescence correlation spectroscopy (FCS)31, and time-correlated single-photon counting (TC-

SPC)32,198, with which we were able to detect individual fluorescent particles, such as freely di”using

nano-sized fluorescent beads, dye molecules, and labeled biomolecules of varying sizes. Second, we

established a two-color confocal microscope that we used for single-molecule Förster resonance energy

transfer (smFRET)199,200 experiments with microsecond alternating-laser excitation (sALEX)93,94.

Last, we realized a camera-based microscope that allows standard wide-field or dark-field imaging and

can be upgraded to an epifluorescence microscope for fluorescence and super-resolution imaging via

STORM28,97 and DNA-PAINT29,30. We consider our approach a “Swiss-knife” microscope with full

flexibility and hope that Brick-MIC will be used inside and outside of research laboratories in the

future due to its small size and portability, high stability, and state-of-the-art performance.

Single particle fluorescence detection and fluorescence correlation spectroscopy (FCS).

The first modality presented is a minimalist confocal microscope with a single cw-laser excitation source

and dual-channel detection using photomultipliers, PMTs (Figure 3.18). The confocal geometry of

the setup is achieved using an inversely mounted parabolic collimator that couples the emitted light

into an optical fiber (OF). The OF serves as a pinhole (PH) with a diameter related to its core size.

The emitted light is captured by a high NA water-immersion microscope objective (60X, NA = 1.2,

Olympus – UPLSAPO60XW) and directed by the OF into an external detection box. Here, the

emission is spectrally separated via a dichroic mirror (DM) into short (green) and long wavelength

emission (red) before reaching two photomultiplier tubes (PMTs; Figure 3.18 B). Signals of both PMTs

are read out via an a”ordable single-photon counter (MCC-DAQ-USB-counter)195 in combination with

in-house written Python software. The data can be used for online inspection of fluorescence time

traces in binned format, e.g., for calibration purposes, or can be exported to hdf5 single-photon data
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Figure 3.18: Single molecule detection and fluorescence correlation spectroscopy (FCS) with Brick-MIC. A
CAD model showing Brick-MIC including optical components and the light path (pink: excitation; purple:
emission; green and red: spectral split emission after dichroic mirror (DM)). B Overview of the optical layout.
The modality utilizes a single laser diode (pink), which is expanded using a telescope comprising a bi-concave
lens (L1) and a plano-convex (L2) and focused into the sample through an objective lens (Obj), for excitation.
The emission is collected through the same objective lens and directed via a pair of mirrors on piezo-directed
optical mounts (M2 and M3) through an inversely mounted reflective collimator, which focuses and couples
the emission beam into an optical fiber. The optical fiber directs the coupled emission light into an external
detection box, where it is collimated with a fixed-focus reflective collimator for spectral separation by a dichroic
mirror and detection by PMTs. Further details are provided in the Online Methods. C Single molecule time
trace of a 100 pM dsDNA sample labeled with Cy3B donor (D) and ATTO647N acceptor (A) dye at a 13
bp inter-dye distance. Individual bursts are recorded in two di”erent photon-streams under continuous green
excitation: donor (DD) and acceptor emission (DA). D Zoom-in on time traces (max counts: 50 kHz) of 500
nm Tetraspeck-beads (TS) in laminar flow (2.5 µl/s) measured with di”erent core diameters of the OF, which
acts as a pinhole. E Representative FCS curve of a 5 nM solution of a 40-mer dsDNA sample labeled with
Cy3B recorded using a 10 µm pinhole core diameter; fit parameters are number of molecules N , geometry
parameter ↽, di”usion time ϱD and tripletfraction T . F Boxplot showing FCS-based best-fit average di”usion
times of a 5 nM solution of a 40-mer dsDNA sample labeled with Cy3B measured using di”erent PH sizes. G
Boxplot showing FCS-based best-fit average di”usion times of di”erent biomacromolecules labeled with Cy3B
with di”erent masses and hydrodynamic radii recorded using a 10 µm PH. Error bars are standard deviations
from n > 3 repeats.

(https://github.com/harripd/mcc-daq-acquisition) for further processing. Alignment of the setup can

be achieved with an automated self-alignment procedure via two piezo mirrors using concentrated

solutions of, e.g., 100 nM Cy3B.
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A notable benefit of this design is the convenient accessibility and interchangeability of the OF,

serving as a PH with tunable diameter. This allows for easy modifications to the detection volume

of the microscope by selecting optical fibers with varying core diameters, thereby o”ering enhanced

flexibility in tailoring the parameters to specific experimental requirements.

Using this setup, single fluorescently-labeled nanoparticles of varying diameters (100 nm) and individ-

ual fluorophore-labeled double-stranded DNA (dsDNA) molecules were observed. Di”usional transits

of donor-acceptor labeled dsDNA molecules (donor Cy3B, acceptor ATTO647N in 13 bp distance)

were clearly visible as coinciding bursts in both detection channels (Figure 3.18 C). Variation of the

OF core size revealed the e”ect of shrinking excitation volume in fluorescence time traces (Figure 3.18

D, F). Larger PH sizes, i.e., large detection volumes, showed higher and longer signal periods, higher

burst detection frequency, as well as increased background compared to smaller PH diameters (Fig-

ure 3.18 D). Further implementation of fluorescence correlation spectroscopy (FCS) was conducted

to characterize the setup. Measurements were performed on a 5 - 10 nM solution of 40mer-dsDNA

labeled with Cy3B, with varying setup parameters such as laser power and PH diameters (Figure 3.18

E,F, Figure 3.19, and Figure 3.20).

Using a custom analysis script based on Jupyter, molecular brightness (B), di”usion times (ϱD), triplet

fraction (T ), triplet lifetime (TD), and their associated amplitude were extracted from a standard

di”usion and triplet fit (Figure 3.18 E). Laser power dependency assays were conducted to establish

a suitable working window for Cy3B samples (between 25↑ 50µW ), ensuring that the triplet fraction

(T ) did not exceed 5% and the geometry parameter (↽) remained below 8 (Figure 3.19). Furthermore,

the e”ects of di”erent pinhole (PH) diameters were examined while maintaining a constant excitation

power of 50µW . As expected, the average di”usion times of dsDNA increased to approximately 100

µs, 150 µs, 200 µs, and 250 µs for increasing PH diameters. Similarly, the average number of molecules

observed was approximately 0.75, 1.8, 2.2, and 6.5, respectively (Figure 3.20 and Figure 3.18 F).

The use of an OF with a core size diameter of 10 µm resulted in comparable results to those obtained

from a custom-built confocal microscope which employs a 50 µm PH. The brightness of Cy3B was

lower in the Brick-MIC microscope (10 kHz vs. 80 kHz per molecule, Figure 3.21 and 3.22) according

to a reduced PH diameter. The analysis of di”usion times of biomolecules with varying masses

and hydrodynamic radii revealed that both setups correctly assessed the expected trends related to

molecular mass di”erences (except for the non-spherical dsDNA sample; Figure 3.21 and Figure 3.18

G).
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Figure 3.19: FCS laser power dependency with Brick-MIC. Measurements were done on a 10 nM solution
of a 40mer dsDNA sample labeled with Cy3b using the 10 µm pinhole configuration. The same sample was
measured at 25 µW (A), 50 µW (B), 100 µW (C), 200 µW (D), and 500 µW (E) laser power exciting at 532
nm wavelength, respectively. Fit parameters are depicted as molecular brightness B, number of molecules N ,
geometry parameter ↽, di”usion time ϱD, and triplet fraction T .
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Figure 3.20: FCS Pinhole size dependency of Brick-MIC. Measurements were done on a 10 nM solution of a
40mer dsDNA sample labeled with Cy3b excited at 532 nm wavelength with 50 µW laser power. The same
sample was measured using a pinhole diameter of 3 µm (A), 5 µm (B), 10 µm (C), and 25 µm (D), respectively.
Fit parameters are depicted as molecular brightness B, number of molecules N , geometry parameter ↽, di”usion
time ϱD, and triplet fraction T .
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Figure 3.21: Comparative FCS performance of a home-built confocal setup and the Brick-MIC modalities.
FCS experiments of the home-built confocal microscope (left), the PMT detection-based Brick-MIC with a 10
m pinhole diameter (middle), and the APD detection-based Brick- MIC variant (right) . Measurements were
carried out using various biomolecules with di”erent masses and hydrodynamic radii labeled with Cy3b and
excited at 532 nm wavelength at a 25 µW laser power. Samples were (A) 40mer single-stranded DNA (12.5
kDa), (B) 40mer double-stranded DNA (25 kDa), (C) the glutamate substrate binding protein of L. lactis
SBD2 (22 kDa), and (D) the maltose substrate binding protein of E. coli MalE (42 kDa). Fit parameters are
depicted as molecular brightness B, number of molecules N , geometry parameter ↽, di”usion time ϱD, and
triplet fraction T .
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Figure 3.22: Comparative FCS analysis of a home-built confocal setup and the Brick-MIC modalities: Boxplots
of FCS fit values comparison shown in Figure 3.21. Comparison between the a home-built confocal setup
(control) and two modalities of Brick-MIC: the PMT variant using a 10 m pinhole diameter (FCS), and the
APD variant (ALEX). A) di”usion times of dsDNA and ssDNA shown for all setups. B) molecular brightness,
C) confocal structure parameter , and D) triplet state fraction.

To highlight the versatility of Brick-MIC, such as the ability to switch from continuous to pulsed laser

excitation, we modified the excitation layer by incorporating a reflective collimator connected to a fiber-

coupled laser (Fig. 3.24, A and B). With this updated excitation layer combined with the emission

layer from the FCS modality (Fig. 3.18), we demonstrated time-correlated single-photon counting

(TCSPC) by determining fluorescence lifetimes for Cy3B, Alexa 546, and Atto550 fluorophore–labeled

dsDNA samples. The measured lifetimes for Cy3B, Alexa 546, and Atto550 were 2.82 ± 0.01 ns, 3.91

± 0.01 ns, and 4.15 ± 0.04 ns, respectively (Fig. 3.23), consistent with values obtained using a

previously described home-built cuvette-based setup equipped with a single avalanche photodiode

(APD)61. Each measurement was performed in triplicate using pulsed laser excitation at a 532-nm

wavelength, a repetition rate of 20 MHz, and a power of 55 W (LDH-P-FA-530B with PDL 828 ”Sepia

II” controller, Picoquant), while detection was carried out by a Multiharp 150 8N (Picoquant) for the

PMT variant.
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Figure 3.23: Fluorescence lifetime comparison. Time-correlated single-photon counting (TCSPC) measurements
of 40-mer dsDNA labeled with three di”erent fluorophores (rows) were obtained using the Brick-MIC platform
(left panel). Lifetimes were determined by a single exponential (n=1) tail fit. The determined lifetimes for
Cy3B, Alexa546, and Atto550 were 2.82±0.01 ns, 3.91±0.01 ns, and 4.15±0.04 ns, respectively, matching values
obtained from a home-built cuvette-based setup with one APD. The IRF (purple line) FWHM were 0.32 ns and
0.65 ns for the Brick-MIC and the control, respectively.

Single-molecule FRET and ALEX modality

FRET and its single-pair variant, spFRET (or smFRET), have become key methods in the expand-

ing toolkit of integrative structural biology98,120,201,115,114,35,116,117,202,118,132. With smFRET, it is

possible to examine biomacromolecules in aqueous solution at ambient temperature, uncover confor-

mational heterogeneity and subpopulations, accurately measure distances, and characterize conforma-

tional changes (kinetic exchange rates)200,94,61,98,202,201,115,114,35,203,204,99,205,206,103,207.

As anticipated from the sensitivity of the setup, we were able to use the PMT version of our micro-

scope (shown in Fig. 3.18) for ratiometric determination of the apparent FRET e!ciency (E*) of

single donor-acceptor pairs under continuous green excitation with PMTs (Fig. 3.18 C). However, we

observed that the sensitivity of the red detection channel was less than optimal, and the dynamic range

of E* was relatively limited compared to our home-built setups. To address this, we further optimized

the system for this specific application. We enhanced the detection e!ciency by incorporating two

single-photon avalanche diodes (SPADs; model PDM 50-Micron, Micro Photon Devices) in the detec-

tion layer. These detectors, with a small active detection area of 50 m in diameter, function as both

single-photon counters and pinholes193. As illustrated in the optical setup scheme (Fig. 3.24, A and

B), this design significantly reduces the number of required optical and optomechanical components

compared to traditional home-built setups.
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Figure 3.24: Single-molecule FRET and µsALEX modality. A CAD model showing all optical components
including the light path (pink: excitation; purple: emission; green and red: spectral split emission after the
DIC). B Overview of the optical layout: The modality uses an external laser coupled to the microscope through
an OF. In this arrangement, the excitation beam is collimated with a reflective collimator and then focused
into the sample through an objective lens. The emission is collected by the same objective lens and is further
focused via an achromatic tube lens (TL) directly onto two di”erent single-photon avalanche diodes (SPADs).
Spectral separation is achieved by a DM and appropriate bandpass filters for each detector. The M3 Mirror
and the DIC in the emission layer are mounted onto piezo-directed mirror holders, which are used to direct the
photon stream into each detector channel. C Time trace of a 100 pM dsDNA sample labeled with Cy3B donor
(D) and ATTO647N acceptor (A) dye at a 13 bp inter-dye distance. Individual bursts are recorded in three
di”erent photon-streams: DD (green) for donor excitation and donor emission; AA (red) for acceptor excitation
and acceptor emission; and DA (yellow) for donor excitation and acceptor emission. D Representative ES-
histogram of the open conformation of the substrate binding protein MalE (left side). (Right side) Observation
of di”erent conformational states of MalE (open, closed, and KD conditions) for apo (no substrate), holo (100
µM maltose), and KD (1µM maltose). E Determination of accurate FRET e!ciency values and corresponding
distances (RDA) using a DNA ladder for di”erent dye combinations.

Employing this modality in combination with microsecond alternating laser excitation (µsALEX) of

fiber-coupled green and red lasers at an alternation rate of 20 kHz (50 µs excitation periods), bursts

from individual freely-di”using FRET-labeled biomolecules were observed ( Figure3.24). The molec-

ular brightness of Cy3B in this setup was around 60 kHz and thus far superior compared to the PMT

variant (10 kHz) and only slightly lower than that of a home-built setup (80 kHz; Figure 3.21 and

3.22). From these setups, we extracted photon streams relevant for ratiometric FRET determination
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(Fig. 3.24, D and E; apparent FRET e!ciency E*) and apparent fraction of donor brightness (S*)

for each single-molecule transit through the confocal excitation volume. The well-characterized MalE

variant (T36C-S352) labeled with Alexa555-Alexa647 dyes122 was utilized to evaluate Brick-MIC and

compare it with the laboratory-built ALEX microscope (Figure 3.25 and Figure 3.24 D). Brick-MIC

successfully detected the expected change in FRET e!ciencies for both the open and closed confor-

mations, as well as for both states at maltose concentrations near the dissociation equilibrium (Figure

3.25 and Figure 3.24 D). Additionally, the data quality obtained with Brick-MIC was comparable to

that of the laboratory-built ALEX microscope, albeit with slightly lower FRET e!ciency values and

di”erences in stoichiometry value changes between the open and closed conformations of MalE (Figure

3.25). This could be attributed to the use of di”erent point detectors in each setup, as well as the

employment of di”erent filters for the red channel (Brick-MIC utilizing a band-pass filter, while the

laboratory home-built ALEX microscope utilizing a long-pass filter). All other components remained

identical between the setups.

Thus, the ability of the setup to determine accurate FRET e!ciencies was assessed by correcting all

setup-dependent parameters using established procedures, as described in previous sections98,202,35.

The comparison of the E values for an inter-dye base-pair (bp) separation of DNA ladder samples with

di”erent distances (in five bp steps) between the donor and acceptor dyes was conducted, ranging from

8 to 33 bp. Additionally, various dye pair combinations were tested to study di”ering Förster radii

(R0) known from the literature: Cy3-ATTO647N: R0 = 5.1 nm205,206(Figure 3.26); Cy3B-ATTO647N:

R0 = 6.7 nm206,103,207(Figure 3.27); Cy3B-Cy5: R0 = 7.4 nm (Figure 3.28).

Importantly, all experiments were consistent between Brick-MIC and the corresponding experiments

performed on laboratory home-built ALEX microscope, exhibiting the same deviation trends as de-

scribed above, before applying corrections.

Furthermore, the independently determined accurate FRET values and subsequently the derived RDA

values of all three dye-combinations are internally consistent and the inter-dye distances derived from

the di”erent dye pairs cannot be distinguished within the error margins, except for large distances

(> 8nm) that are outside of the sensitive dynamic range of the FRET approach (Figure 3.24 E and

Figure 3.29).
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Figure 3.25: Raw smFRET data (apparent ES histograms) from the E. coli maltose substrate binding protein
variant MalE (T36C-S352) labeled with Alexa555-Alexa647 dye pair, measured with Brick-MIC (left side) and
the lab’s ALEX microscope (right side). All measurements were carried out using 532 nm wavelength at 60 µW

laser power for donor excitation and a 640 nm wavelength at 25 µW laser power for acceptor excitation. The
measurements were carried out using di”erent maltose concentrations: 0 mM (upper panels), 2 µM (middle
panels), and 1 mM (lower panels), reflecting the apo, KD, and holo states of the protein, respectively.
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Figure 3.26: Raw smFRET data (apparent ES histograms) from the Cy3-Atto647N DNA ladder set, measured
with Brick-MIC (left side) and the lab’s ALEX microscope (right side). All measurements were carried out using
532 nm wavelength at 60 µW laser power for donor excitation and a 640 nm wavelength at 25 µW laser power
for acceptor excitation. The corresponding interdye distances for Brick-MIC and the lab’s ALEX microscope
are 8 bp (top-left), 13 bp (top-right), 18 bp (middle-left), 23 bp (middle-right), 28 bp (lower-left), and 33 bp
(lower-right), respectively.

Figure 3.27: Raw smFRET data (apparent ES histograms) from the Cy3b-Atto647N DNA ladder set, measured
with Brick-MIC (left side) and the lab’s ALEX microscope (right side). All measurements were carried out
using a 532 nm wavelength at 60 µW laser power for donor excitation and a 640 nm wavelength at 25 µW

laser power for acceptor excitation. The corresponding interdye distances for Brick-MIC and the lab’s ALEX
microscope are 8 bp (top-left), 13 bp (top-right), 18 bp (middle-left), 23 bp (middle-right), 28 bp (lower-left),
and 33 bp (lower-right), respectively.
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Figure 3.28: Raw smFRET data (apparent ES histograms) from the Cy3b-Cy5 DNA ladder set, measured with
Brick-MIC (left side) and the lab’s ALEX microscope (right side). All measurements were carried out using
532 nm wavelength at 60 µW laser power for donor excitation and a 640 nm wavelength at 25 µW laser power
for acceptor excitation. The corresponding interdye distances for Brick-MIC and the lab’s ALEX microscope
are 8 bp (top-left), 13 bp (top-right), 18 bp (middle-left), 23 bp (middle-right), 28 bp (lower-left), and 33 bp
(lower-right), respectively.

Figure 3.29: Accurate FRET values and inferred distances comparison between Brick-MIC and the lab’s ALEX
microscope. smFRET measurements were performed on 40mer double-stranded DNA samples with a set of
donor and acceptor fluorophore pairs Cy3b-Cy5, Cy3b-Atto647N, and Cy3-Atto647N, and with di”erent interdye
distances in terms of DNA base pairs (8, 13, 18, 23, 28, and 33). All measurements were carried out using 532
nm wavelength at 60 µW laser power for donor excitation and 640 nm wavelength at 25 µW laser power for
acceptor excitation. Panel a (upper panel) shows setup-independent accurate FRET values (Eacc) acquired
from Brick-MIC (colored symbols) and the laboratory’s ALEX microscope (black filled symbols). Error bars
represent standard deviations from n > 3 repeats. The lower panel shows the di”erence between accurate
FRET values ($Eacc) between Brick-MIC and the laboratory’s ALEX microscope in a given donor-acceptor
fluorophore set. Panel b shows the calculated interdye distances (R[Å]) from FRET values in a. The respective
Förster radii used for the conversion were 51Å for Cy3-Atto647N, 67Å for Cy3b-Atto647N, and 74Å for Cy3b-
Cy5. The lower panel shows the di”erence between determined interdye distances ($R[Å]) between Brick-MIC
and the laboratory’s ALEX microscope in a given donor-acceptor fluorophore set.
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Camera-based light microscopy, single-molecule fluorescence detection and super-resolution

imaging modality

In a final step, the potential of Brick-MIC for camera-based imaging was explored. Figure 3.30 A,

B illustrates the developed wide-field epi-fluorescence modality. In this configuration, the excitation

layer is connected to the light source via an optical fiber, similar to the previously described µsALEX
modality.

The microscope was then tested for localization-based super-resolution imaging using STORM28,97

and DNA-PAINT29,30. For this purpose, DNA-origami nano-rulers from GATTAquant with a single

95 nm distance (STORM) and two 80 nm distances (DNA-PAINT) between dye attachment positions

on the respective origami structure were obtained.

These fluorescent structures were sparsely immobilized on BSA/BSA-biotin coated surfaces and pro-

vided images as shown in the left panels of Figure 3.30 C and Figure 3.31. Applying thiol-containing

photoswitching bu”er28,97 or DNA-imager strands to the solution29 enabled the use of the blinking

emission of individual labels to construct super-resolved images with the ImageJ plugin Thunder-

storm96. We found that beads were helpful but not strictly necessary as fiducial markers to compensate

for lateral drift, since lateral drift was ¡250 nm over time spans of 30 min (Figure 3.32. Both structures

were resolvable, and a localization precision of approximately 30 nm FWHM for STORM and 65 nm

FWHM for PAINT was obtained from isolated dyes or binding sites (Figure 3.30 D). Importantly,

this localization precision was achieved from analyzing 2500 consecutive frames. While the device was

specifically tailored for fluorescence imaging, its versatility was demonstrated through its use in stan-

dard transmission light microscopy or contrast-enhancing techniques such as dark-field and oblique

illumination. This was exemplified by images of Radiolarians recorded with the setup (Figure 3.30 E).

To obtain these images, minimal modifications of the optical components were required (Figure 3.33).

A LED desktop lamp was used as transmission light, positioned right on top of the sample holder.

Additionally, the objective was interchanged for a 20x air objective with a low numerical aperture

(NA=0.4, 1-U2B225, Olympus). Darkfield imaging, as well as oblique illumination, was achieved by

covering the sample holder with aluminum foil and punching small holes in it with di”erent patterns.

For darkfield, a round pattern approximately 5 cm in diameter was used. For oblique illumination, a

crescent moon shape was punctured in the foil approximately 3 cm away from the objective’s axis.

As shown, Brick-MIC is a high-performance and cost-e”ective multi-functional microscopy platform

that facilitates various state-of-the-art microscopy applications including single-molecule detection

and super-resolution microscopy. The modular philosophy of the platform allows for development of

additional new modalities not shown here, e.g., TIRF81, FLIM198 or light-sheet80 microscopy. This

versatility might make it a valuable technology platform not only for imaging, but also for a wide

range of other scientific directions, e.g., flow cytometry or spectroscopy. Notably, the compact size of

the platform o”ers advantages beyond the confines of the laboratory and that of previous works in

terms of performance and portability. The portability and small footprint of Brick-MIC make it ideal

for conducting research in challenging conditions or real-world scenarios, opening new possibilities for

scientific exploration.
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Figure 3.30: Camera-based light microscopy, single-molecule fluorescence detection and single molecule local-
ization microscopy superresolution imaging. A CAD model showing all optical components, as well as the light
path (pink: excitation; purple: emission). B Overview of the optical layout: The modality uses an external
laser box coupled to the microscope through an OF. In this arrangement, the excitation beam is collimated with
a reflective collimator, which is expanded using a plano-concave lens (L1) and focused with a plano-convex lens
(L2) into the back focal plane of the objective lens, resulting in an even illumination of the sample. The emission
is collected by the same objective lens and focused via an achromatic tube lens (TL) onto a CMOS camera
creating a real image of the sample. C dSTORM and DNA-PAINT imaging (up and down, respectively) using 2
x 95 nm and 3 x 80 nm DNA-origami nano-ruler structures, respectively. Representative epi-fluorescence image
and reconstructed super-resolution single-molecule localization image (left, white line represents 1 µm), with
a zoom in (right). D Representative cross-section profile of a single DNA-origami showing the zoom (yellow
dotted line). E Imaging of Radiolarians using classical contrast methods: transmission light microscopy (left),
darkfield illumination (middle), and oblique illumination (right).
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Figure 3.31: Raw epi-fluorescent dSTORM and DNA-PAINT images using Brick-MIC. All images were acquired
using a 100 ms exposure time and exciting the sample with a 640 nm wavelength laser at 30 mW laser power,
measured after the objective. The white ruler represents a distance of 10 µm for both images. Panel A shows
surface-immobilized DNA origami nano rulers interspaced at 95 nm with Alexa647 fluorophores for dSTORM
imaging. The arrows point at 100 nm diameter surface-immobilized tetra speck beads used as fiducial markers
for drift correction. Panel B shows surface-immobilized DNA origami nano rulers. Target sequences for PAINT
measurements are interspaced two times at 80 nm. Corresponding freely di”using DNA-probes are labeled with
ATTO 655 at a concentration of approximately 100 pM resulting in high background for epi illumination. In
contrast to dSTORM measurements, PAINT measurements did not use fiducial markers for drift correction.

Figure 3.32: Quantifying long-term lateral drift. Panel A depicts the x-y drift of 100-nm- sized Tetraspeck
beads (image shown in panel B) over a time interval of 2000 s, where the initial location is shown in blue and
later locations in red.
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Figure 3.33: Transmission light microscopy using Brick-MIC. The left panel shows the Brick-MIC video modality
with an LED desktop lamp used as light source, which was positioned right on top of the sample holder. The
sample holder is covered with aluminum foil with a punctured circular pattern for darkfield imaging (middle
right panel). The upper right panel shows an uncovered sample holder used for bright field imaging. The lower
right panel shows the aluminum covering used for oblique illumination, where the foil has a punctured crescent
moon shape.
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3.4 Expanding Brick-MIC for rapid and specific detection of single

nanoparticles and viruses
§

The sensitive and rapid detection of bio-nanoparticles (bio-NPs), including viruses, liposomes, extra-

cellular vesicles, or specific biomolecules, is key in life science research and its subsequent transition

into application-oriented diagnostics and treatment. Nonetheless, conventional methods and equip-

ment utilized in diagnostic facilities continue to depend on labor-intensive lab procedures, sample

purification, and signal amplification of the targeted analyte. This is evident in techniques such as

polymerase chain reaction (PCR)208,209,210, DNA sequencing211,212, serological tests213,214, and ELISA

assays215.

The COVID-19 pandemic in 2020 presented significant challenges to current diagnostic methodologies,

highlighting weaknesses in existing approaches, especially in a pandemic scenario216. These shortcom-

ings included the low accuracy and high false-negative rates of rapid antigen-based test kits217, the

time-consuming nature of PCR assays, limitations in the availability of diagnostic labs, and shortages

of highly qualified personnel to conduct experiments208.

Hence, the concept of directly detecting virus particles using confocal fluorescence microscopy became

appealing, as it addressed many of the limitations described previously218.

Importantly, the addition of the Brick-MIC microscopy platform addressed in the first place the

accessibility of confocal setups, through its 3D-printing nature, and additionally facilitated operation

with a low training barrier.

The concept of directly detecting virus particles using confocal fluorescence microscopy was explored

in a study conducted in collaboration between the Lerner lab, the Cordes lab (which designed and

conceived the study), and the Zahavy lab (which prepared and provided viral samples).

My contribution to the study involved customizing the confocal PMT Brick-MIC variant to suit the

requirements of the assay. I conducted initial tests and characterized the setup using fluorescent

nanobeads in flow through microfluidics. Additionally, I provided training for the use of Brick-MIC

at the Lerner lab.

The presented assay detects single nanoparticles (NPs) in microfluidic laminar flow by correlating

fluorescent signals associated with the virus volume and specific antibody labels on its capsid. In-

spired by inverse fluorescence cross-correlation spectroscopy (iFCCS)219,220, which utilizes high dye

concentrations to count cross-correlated events of signals from single NPs, this assay relies on changes

§The study titled ”Rapid and specific detection of nanoparticles and viruses one at a time using microfluidic laminar flow
and confocal fluorescence microscopy” was published in iScience in 2024102. My contributions to this work involved the
customization of the confocal PMT Brick-MIC variant to meet the specific requirements of the assay. I also performed
initial characterization of the setup by conducting tests with fluorescent nanobeads in flow-through microfluidic systems.
Additionally, I provided training on the use of the Brick-MIC platform at the Lerner Lab. This research was conducted
in close collaboration with the Lerner Lab.
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in nonspecific and specific fluorescence signals to indicate the presence of NPs in the sample. As an

NP moves through the confocal volume, the nonspecific signal decreases creating a dip, due to the

exclusion of free dye molecules by the particle volume, accompanied by a specific burst signal from

the specific antibody labels on its capsid (Figure 3.34).

Figure 3.34: Overview of the confocal-based viral detection workflow: Viral samples undergo specific labeling
with fluorescent antibodies and are then mixed with a solution containing a high concentration of a di”erent
fluorophore. The analyte, comprising the labeled viruses and the fluorophore solution, is pushed through a
microfluidics slide in laminar flow. It is then measured using a confocal setup, which splits the collected fluores-
cence signal into specific (fluorescent antibody) and unspecific (fluorophore milieu) acquisition channels. The
highly concentrated fluorophore milieu generates a constant unspecific signal, which is disrupted when a particle
traverses the confocal volume, displacing the fluorophores. The resulting signal dip is directly proportional to
the volume of the transversing particle, represented through the loss signal magnitude and its duration time.
If the particle is additionally labeled with a fluorescent antibody, such as a virus particle, the unspecific signal
dip will coincide with the fluorescent burst detected in the specific acquisition channel.

To mitigate the heterogeneity of the sizes and durations of changes in the signal, experiments were

conducted under laminar flow conditions within a commercially-available microfluidic channel (Figure

3.35). Laminar flow conditions minimize variations in both the durations and sizes of changes in the

signal, thus refining the direct relation between signal changes and NP volumes. Additionally, laminar

flow conditions contribute to higher particle count rates (Figure 3.35).

The principle of detecting a dip or burst in the specific or nonspecific channel is based on identifying

local extrema of the signal and defining the initial and final time points of the event. The data is

initially divided into 1,000 ms time frames. For each time frame, the mean and standard deviation

of the signal are calculated, and a threshold line is defined based on 3-5 standard deviations above

or below the mean. Local extreme points are then identified between the data and threshold lines.
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The initial and final time points of the dip or burst are determined by finding intersection time points

between the data and a line equal to the mean before and after the local extreme point. The size of

the signal is calculated by subtracting the mean value from the value of the extreme point, while the

duration is calculated by subtracting the value of the final time point from the value of the initial time

point. For coincident detection events, the initial and final time points of the event in the nonspecific

signal are compared with those of the burst in the specific signal to determine if there is a time overlap

between the two.

Figure 3.35: Characterization of unspecific signal properties using di”erent bead sizes and flow rates, adapted
from Drori et al.: a . Ibidi µ-slide VI 0.1, with sample flow through, mounted on top of microscope stage. b
depicts a representative dip in the nonspecific signal caused by the flow of beads with diameters of 600 nm
through the confocal volume in a 1-second time window. c Distributions of signal duration of 7-minute mea-
surements of 300 nm beads in the presence of 500 µM fluorescein with either without flow (green, accumulation
of 65 detection events from 3 repetitions) or flow rate of 750 nL/min (brown, accumulation of 314 detection
events from 4 repetitions). The orange horizontal line represents the median value. The durations (d) and sizes
(e) of the dips in the nonspecific signal from measurements of beads with diameters 300, 600, and 1,100 nm,
traversing the confocal volume at flow rates 500, 750, 1000, and 1500 nL/min.
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Initially, the concept of detecting fluorescence reduction in the nonspecific signal was tested using

unlabeled polystyrene beads with various diameters in the presence of 500 µM fluorescein at di”erent

flow rates (Figure 3.35 d,e) within a microfluidic channel featuring a 100x1,000 µm² cross-section

area, utilizing a costume build confocal microscope (Figure 3.35 a). As polystyrene beads traversed the

confocal volume, a temporal reduction in the constant nonspecific signal occurred, resulting in a signal

dip (Figure 3.35 b). The sizes and durations of the signal dips per bead diameter were recorded, and

their distributions were calculated (Figure 3.35 d,e). Discrepancies between the histograms of sizes and

durations of the observed dips confirmed the assay’s capability to di”erentiate between nanoparticles

(NPs) of various diameters. At fast flow rates, the variance of dip sizes and durations decreased;

however, the distinguishability between the di”erent diameter NPs also diminished. Consequently, a

flow rate of 750 nL/min was selected for further experiments, o”ering optimal discrimination between

NPs of di”erent diameters. The lower limit for employing this approach was the detection of particles

with a diameter of 300 nm.

As the next step, the assay described above was implemented using the Brick-MIC platform101 (Figure

3.36). For the assay requirements, the single laser diode with PMT detection variant was utilized. Here,

the single laser diode (532 nm wavelength) was used to excite both, the unspecific and specific signals

at the same time (see below). Importantly, using photomultiplier tubes (PMTs) instead of the more

sensitive hybrid PMTs (as in the setup in Figure 3.35) allows for recording larger signals due to higher

detection saturation levels, without the risk of damaging the point detectors. This, in turn, enables

the reduction of signal variances for larger signals, thereby enhancing the signal-to-background ratio in

the signal change detection procedure. Since a detection scheme based solely on one nonspecific signal

does not reveal the identity of a particle, but only its volume, the information from the nonspecific

signal was combined with a specific signal from spectrally distinct fluorophores that uniquely tag the

NP surface. This produces a specific fluorescence burst as a temporal change in the specific signal

(Figure 3.36 c-e). Both the changes in the nonspecific and specific signals are detected simultaneously

using two spectrally-separated PMTs (Figure 3.34 and Figure 3.36 b-e). Based on this layout, the

detection of coincident pairs of nonspecific and specific signal changes, i.e., a coincident pair of dip

and burst, allows the unequivocal identification of a specific NP.

To evaluate this approach, labeled polystyrene beads were initially used, where the red dyes on the

beads mimic specific binders, such as antibodies (Figure 3.34 and Figure 3.36 c-e). Using this approach,

it was possible to detect coincident bursts and dips (Figure 3.36 e) arising from beads with diameters

↖ 100 nm. There is a well-established direct relationship between the duration of a signal burst and

the diameter of a spherical NP221 (Figure 3.36 c). The burst durations in the specific signal and the

dip durations in the nonspecific signal are correlated. Therefore, one can use the duration of either

the dip in the nonspecific signal or the burst in the specific signal to assess the NP diameters. Note

that only coincident dip-burst detection events are considered as specific NP events.

Importantly, the size of a burst in the specific signal is a”ected by the concentration of fluorescein

interacting with the NP. In contrast, the duration of a burst remains una”ected by the number

of interacting dyes. Therefore, to ensure an unbiased assessment of NP diameters, the focus is on
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analyzing burst durations of coincident signal events in both detection channels. In laminar flow, it is

expected that spherical NPs will experience increasing drag as their diameters increase. This, in turn,

results in velocity reduction as their size increases, thereby extending burst durations.

Figure 3.36: Detection of fluorescent beads using the Brick-MIC confocal PMT modality, adapted from Drori
et. al.: a CAD render of the Brick-MIC confocal PMT modality. The durations of signal dips (b) and bursts
(c) from coincident dip-burst detection events of fluorescent polystyrene beads with diameters of 100, 200, and
500 nm. (accumulation of 37, 114 and 169 detection events from 4, 5 and 5 repetitions of 5 min. acquisitions,
respectively). Measurements in b and c were conducted in the presence of 500 µM fluorescein at a constant flow
rate of 750 nL/min. d Depicts 50-second time traces from measurements of beads with diameters of 100 nm
(upper panel), 200 nm (middle panel), and 500 nm (lower panel). e Close-up of measurements in d depicting
1-second time trace windows. Blue line indicates the mean of 1-second measurement time, orange line represents
the threshold of 3 standard deviations below the mean of 1-second measurement time for dips, and the threshold
of 5 standard deviations above the mean of 1-second measurement time for bursts.
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The assay was further tested for the detection of bio-nanoparticles samples, starting with paraformalde-

hyde (PFA)-fixed and neutralized rVSV-$G-spike virus particles (Figure 3.37 a and b left panels).

The rVSV-$G-spike virus is a vesicular stomatitis virus (VSV), genetically-modified to express the

SARS-CoV-2 Spike protein, replacing its native G-protein222. In contrast to the observed dips in

the nonspecific signal for polystyrene beads (Figure 3.36 d and e), virus solutions exhibited bursts

in the nonspecific signal, likely due to the integration of free dyes onto the virus (Figure 3.37 a).

All measurements using the Brick-MIC platform with virus particles were conducted with 5-minute

acquisition times, and the detection event rate was calculated for each measurement.

For the specific detection of rVSV-$G-spike, Alexa594-labeled antibodies targeting the SARS-CoV-2

spike protein were employed as the source of bursts in the specific signal, with BSA-fluorescein serving

as the source of changes in the nonspecific signal223. This approach facilitated the identification

of antibody-labeled virus particles via coincident bursts in both the nonspecific and specific signals

(Figure 3.37 a). The rVSV-$G-spike virus, with a bullet-shaped morphology and dimensions of

approximately 70 nm in diameter and 180 nm in height224, showed burst durations corresponding to

spherical nanoparticles with diameters of around 100 nm, indicating a similarity with experimental

results. In contrast, the burst durations of PFA-fixed rVSV-$G-spike viruses, which tend to cluster,

corresponded to spherical nanoparticles with diameters exceeding 500 nm, indicating a deviation from

the detection of non-clustered single particles (Figure 3.37 a and b, left and center panels).

The virus detection assay was further tested with PFA-fixed and neutralized SARS-CoV-2 viruses.

These viruses, known to be spherical with diameters in the 60-140 nm range225, exhibited burst

parameters similar to beads with 100 nm diameters (Figure 3.37 a and b, right panels).

The virus detection assay successfully detected viral particles and reasonably associated burst signals

(specific and nonspecific signals) with corresponding beads sizes. However, the average recorded rate

of events was relatively low (8.72 ± 4.32 per 5 minutes), considering the initial particle load of the

sample ranging from 107 to 108 particles per mL (Figure 3.38 a). To adapt the assay for the detection

of viruses in patient samples, particularly from bodily fluids like saliva where typical SARS-CoV-2

loads range from 103 to 107 particles per mL226, modifications are necessary.

Intertignly, doubling the flow rate to 1500 nL per minute enhances the detection rate by 3 fold

(23.6 ± 6.6 per 5 minutes), albeit compromising the signal with shorter burst durations, thereby

reducing the detectability of signal changes (Figure 3.38 a, b).

The low detection rate is likely attributable to the large cross-section of the microfluidic channel

(100x1,000 m²), resulting in many particles not traversing through the femtoliter confocal volume. To

address this limitation, hydrodynamic focusing was explored within the assay using a commercially

available 3-to-1 microfluidic chip. This focusing mechanism involves increasing the sheath flow rate

relative to a constant analyte flow rate, resulting in a reduction in the cross-sectional area of the

analyte stream227.

However, it’s important to highlight that hydrodynamic focusing requires precise x-y control over

the sample holder to accurately position the squeezed analyte stream within the confocal volume.
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Unfortunately, this capability was not available with the Brick-MIC sample holder at the time of the

study. As a result, the hydrodynamic focusing experiments had to be reverted back to the custom-built

laboratory’s confocal microscope setup. In this setup, 1000 nm fluorescent nano beads were utilized

as the analyte for further experimentation (Figure 3.38).

Figure 3.37: Counting single virus detection events, adapted from Drori et al.: a 1 s time trace windows of
fixed rVSV-$G-spike (left panel), live rVSV-$G-spike (middle panel), and fixed SARS-CoV-2 (right panel) viral
particles. Time traces show coincident bursts, where the green bursts arise from the high-density accumulation of
fluorescein on top of the particles detected in the nonspecific signal, and the red bursts arise from fluorescence
of the bound antibodies observed in the specific signal. b The duration of bursts in the specific signal of
coincident burst events of detected viruses from a shown together with the burst durations of beads with
di”erent diameters. All virus samples were measured in the presence of 10 µM BSA-fluorescein at a constant
flow rate of 750 nL/min.

Once the probe volume is successfully focused within the hydrodynamically-focused analyte stream,
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single detection events with fluorescent beads were counted. This approach significantly enhanced

the count rate of detection events, exemplified by an increase from approximately 5 to about 150

detections per 5 minutes acquisition time with an increase in sheath flow rate from 2 to 30 L/min

while maintaining a constant analyte flow rate of 1 L/min.

The maximal focusing of the analyte stream, resulting in a reduction from a width of 1,000 m to 30

m, is achieved at a sheath flow rate of 700 L/min.

Figure 3.38: Increasing NP detection rate with microfluidic hydrodynamic focusing, adapted from Drori et al.:
a,b Measurement of fixed and neutralized rVSV-$G-spike at di”erent flow rates. a Burst durations from a 5
min. acquisition at di”erent flow rates, 750 and 1500 nL/min. b Number of events detected from a. c Illustration
of a 3-to-1 microfluidic chip (left panel). The analyte stream (green) is focused at the junction between the
analyte flow channel (central channel) and two peripheral sheath flow channels (lower and upper channels) at
higher flow rates relative to the analyte flow rate. The probe volume (red dot) is placed at the center of the
hydrodynamically-focused analyte. The middle and right panels show pictures of the 3-to-1 microfluidic chip
with the analyte flow rate at 1 L/min while being focused by the sheath flow at 2 L/min (middle panel) and 10
L/min (right panel). d Time traces of fluorescent 1,000 nm latex beads flowing at a rate of 1 µL/min measured
with sheath flow rates of 5 µL/min (upper panel), 10 µL/min (middle panel), and 30 µL/min (lower panel).
The right panel shows a close-up of the time traces demonstrating a representative burst duration shortening as
the sheath to analyte flow rate ratio increases. e The average number of detected single particle bursts (blue)
and their durations (red) as a function of the sheath to analyte flow rate ratio. f The higher the sheath to
analyte flow rate ratio, the more focused the analyte stream becomes. Sheath flow rates 100 (left) and 700
(right) µL/min.
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3.5 Blue-Green smFRET: A Cost-E!ective and Minimalist Instru-

mentation Approach
§

The design of smFRET instrumentation has increasingly centered on a framework that reflects the

state-of-the-art in the field, with Alternating Laser Excitation (ALEX) systems as a key feature93,94,98,114,228.

ALEX requires two lasers, which are modulated by fast triggering electronics to alternate the excitation

sources. Additionally, high numerical aperture objectives, expensive single-photon avalanche diodes

(SPADs), and fast counting electronics—used for counting the photons detected by the SPADs—are

the components of choice for enhancing detection e!ciency and temporal resolution98,190. However,

these features significantly contribute to the high cost associated with state-of-the-art smFRET se-

tups188,190,191,196,189. More importantly, they may not be critical for many smFRET applications,

particularly for users focused on application-driven studies. In such cases, FRET is often employed

not as an absolute ruler but as a tool to monitor relative biomolecular movements and interac-

tions127,39,229,230,231,232,233,115,234. For instance, in drug screening assays, the primary questions typi-

cally focus on the behavior of the target: Is there binding? How strong is the interaction? Does the

target adopt an open, closed, or intermediate conformational state? These requirements highlight the

need for accessible and application-specific instrumentation. For these reasons, it may be helpful to

take a step back and pursue good science with less complexity and cost.

There remains significant potential for instrumental trade-o”s that could align more closely with the

needs of application-oriented users. One such trade-o” could be the elimination of the ALEX sys-

tem, which, while enabling the sorting of di”erent labeled sample species and providing the ability

to correct raw data for accurate FRET e!ciency values93,94, may not be necessary for many users,

given that the extra information provided by state-of-the-art instrumentation may not significantly

contribute to the questions being asked. It is also common for smFRET data to be presented un-

corrected in papers until absolute distance values are required. In fact, the majority of smFRET

use cases, particularly in routine applications, do not involve data correction for precise FRET e!-

ciency values127,39,229,230,231,232,233,115,234. Instead, instruments are commonly used for biomolecular

characterization under various conditions, as previously mentioned, where the calculation of absolute

distances is relevant only once the system is well understood or when real distances are required. In

these cases, the presence of an ALEX system does not provide substantial additional information un-

less data processing is involved161,235. The sorting of di”erent labeled species could be achieved using

alternative methods, such as the double-channel burst search (DCBS) algorithm92, which processes

the photon streams digitally and through software, rather than using ALEX, which filters the photon

streams directly in an analog manner.

§This section presents preliminary data (unpublished) from the master’s thesis of Jorge R. Luna Piedra, titled ”1D
smFRET Through the Usage of the Brick-MIC Microscopy Platform”, submitted in November 2024. The work is being
continued and prepared for publication under the tentative title ”A Minimalistic Single-Molecule FRET Setup: Can it
Get Even Cheaper?” with a preliminary author list including Gabriel G. Moya Muñoz, Jorge R. Luna Piedra, Pazit Con,
Siyu Lu, and Thorben Cordes. My contributions included conceiving and designing the microscope layout, planning the
experimental design, and evaluating the data. The data and figures presented were adapted or replotted from Jorge R.
Luna Piedra’s master’s thesis.
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Building on the Brick-Mic FCS modality, which already incorporated essential elements for advancing

this new project, previous studies demonstrated the system’s capability for single-molecule detection

using a single CW laser and two photomultiplier tube detectors (PMTs) (figure 3.18)101. This setup

enabled the detection of freely di”using FRET-DNA samples (Cy3B-ATTO647N) in both donor and

acceptor channels with a 532 nm CW laser excitation. While FRET events were recorded, the acceptor

channel’s poor detection e!ciency in the red spectrum (figure 3.39) resulted in low apparent FRET

e!ciencies (E = 0.12), even for samples with short interdye distances. Consequently, the system lacked

a su!cient FRET e!ciency dynamic range, making it challenging to distinguish between samples with

even large interdye distances (e.g., 8 and 23 base pairs).

However, by shifting the acquisition wavelength windows to regions with higher sensitivity for the

PMTs in use (between 500–600 nm), fine-tuning experimental conditions, and selecting appropriate

dye pair combinations, there is significant potential to improve the detected photon budget236. This

approach could enable the measurement of FRET e!ciencies with an unprecedentedly low entry cost

in terms of instrumentation. While the quality of the data may be compromised compared to state-

of-the-art systems, this trade-o” o”ers a cost-e”ective solution for many application-driven studies,

where precision may be less critical.

Figure 3.39: Detection e!ciency of the Hamamatsu PMT counting head model H10682-210.

The modifications made to the system included, first and foremost, the use of an a”ordable, generic

USB-powered 488 nm CW laser pointer (488-30-1235-BL, Q-LINE). Due to its undesirable laser profile,

the laser was coupled into an optical fiber using the excitation layer of the ALEX modality (figure

3.24), as opposed to being used directly, as in the case of the FCS excitation layer modality (figure

3.18). Additionally, the DIC mirrors and emission filters were switched out accordingly to match the

new excitation and emission wavelengths (DICex: ZT491rdc, Chroma; DICem: ZT543rdc, Chroma;

Donor channel: FF03-525/50, Semrock). To maximize photon collection in the acceptor photon-

stream, a notch filter (NF488-15, Thorlabs) was employed solely to block reflected or scattered light

from the excitation laser, enabling the collection of photons across the full emission spectrum of the

acceptor, unlike a band-pass filter that restricts detection to a narrower wavelength range (figure

1.10). While this approach enhances the overall photon collection, it also introduces the potential
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drawback of increased cross-talk by capturing photons from the donor. Nevertheless, the primary

objective was to maximize the photon budget in the acceptor channel, addressing the poor dynamic

range observed in previous setups. Data were collected using an a”ordable USB counter module,

previously used with the FCS modality, along with the same Python-based acquisition software. This

software features the ability to save recorded data per photon-stream in binned format (1 ms bins)

in a CSV file. Apparent FRET e!ciencies were calculated bin-by-bin using a DCBS-like algorithm92,

which filtered FRET events from donor-only bursts when a burst had signal in both photon-streams,

and applied a minimum photon threshold for each channel independently.

Initial tests were performed using DNA-FRET-based samples with an 8 bp interdye separation, test-

ing two dye combinations: Alexa488-Alexa594 and Alexa488-ATTO542, both with similar Förster

radii (R0 ↗ 6, nm). Photon streams from both samples were analyzed using a DCBS-like sorting

algorithm with thresholds set to 10 and 25 counts/ms in the donor and acceptor channels, respec-

tively. Single FRET populations were obtained, yielding mid-to-high FRET e!ciencies of 57% for

Alexa488-Alexa594 and 66% for Alexa488-ATTO542 (Figure 3.40).

Figure 3.40: Apparent FRET e!ciency histograms measured under 488 nm excitation at 100 µW laser power.
(a) FRET e!ciency histograms comparing DNA labeled Alexa488–Alexa594 (blue) and Alexa488–ATTO542
(orange) dye pairs with an 8 bp interdye separation distance, analyzed using a DCBS-like algorithm where the
thresholds where set to 10 and 25 counts/ms in the donor and acceptor channels, respectively. The blue star
indicates donor photobleaching events observed in the Alexa488–Alexa594 sample. (b) Leakage contribution
of an Alexa488-only sample under 488 nm excitation at 100 µW laser power, analyzed using an APBS-like
algorithm, where the threshold in the acceptor photon-stream was lowered to 10 counts/ms .

The DCBS sorting algorithm successfully captured FRET species while e”ectively filtering out donor-

only populations. Additionally, the leakage (Lk) contribution, measured with a donor-only DNA

sample and using an All-Photon-Bust-Search-like algorithm (APBS)89,91, was considerably high at

around 16% (Figure 3.40 b). This was not unexpected, given the use of the notch filter in the acceptor

channel, compared to the typical 6% leakage observed in state-of-the-art smFRET setups that use

band-pass filters98. The two dye combinations showed significant di”erences in performance, with

Alexa488-ATTO542 demonstrating clear superiority over Alexa488-Alexa594. Alexa488-ATTO542

recorded 10-fold more events (400 compared to 40) and exhibited fewer donor photophysical e”ects,

presumably donor bleaching events, as indicated by the non-Gaussian shape and long tail in the FRET

histogram distributions toward low FRET e!ciency values. For this reason, Alexa488-ATTO542 was

selected as the primary dye combination for the setup characterization.
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The optimal laser power was estimated based on the power dependence of the dye combinations, aiming

for peak performance in terms of the highest photon collection, which is reflected in the higher number

of FRET events recorded while avoiding photophysical e”ects that often widen and distort the FRET

distribution, as mentioned above. The laser powers tested were 100, 200, and 500 µW, respectively

(Figure 3.41). The lowest laser power used showed a Gaussian-shaped FRET histogram with the

narrowest distribution (σE ↗ 0.06). Similarly, using 200 µW excitation resulted in a Gaussian-shaped

FRET histogram with minor photophysical e”ects, causing a slight increase in distribution width

(σE ↗ 0.068), but more importantly, it recorded 2-fold more FRET events (18.6k events compared to

6.5k events) in comparison when excited with 100 µW laser power. The highest laser power resulted

in a widened, non-symmetrical distribution (σE ↗ 0.087), presumably due to donor photobleaching,

which also explains the lower number of FRET events recorded (12.4k events). Therefore, 200 µW was

determined to be the optimal laser power for balancing photon collection and minimizing unwanted

photophysical e”ects.

Figure 3.41: Laser power dependency of Alexa488–ATTO542 dye pairs: (a) shows the relationship between
FRET e!ciency standard deviation (σE) and the laser power used. Error bars represent technical triplicate
measurements. (b) Apparent FRET e!ciency histograms comparing excitation at 100µW (blue) and 200µW
laser power (orange) in the upper panel, and 200µW (orange) and 500µW laser power (blue) in the lower panel.
The blue star indicates donor photobleaching events observed at 500µW excitation.

The remaining photophysical e”ects observed when using 200 µW laser excitation were examined us-

ing FCS (Figure 3.42 a). The autocorrelation FCS curve revealed a significant triple-state fraction of

approximately 33%, indicating a corresponding loss in energy transfer rate. To prevent this, seven pho-

tostabilizers were tested with varying outcomes. Trolox, for example, worsened the e”ect by increas-

ing the triple-state fraction to 40%, while other candidates, such as (Dimethylaminomethyl)ferrocene

(DAMF) and (+)-Sodium L-ascorbate (ascorbic acid), reduced the triple-state fraction to 15% and

19%, respectively (figure 3.42 b, c and e). The reduction in the triple-state fraction was also reflected
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in the molecular brightness of the donor, which increased from 17k counts
s·mol with no photostabilizer

used to 37k counts
s·mol . DAMF was chosen as the photostabilizer due to its slightly better performance

compared to ascorbic acid. It reduced the triplet-state fraction by 25% compared to ascorbic acid and

improved molecular brightness by 5%.

Figure 3.42: Photostabilizer screening of Alexa488 using FCS under 488 nm excitation at 200µW laser power.
Fit parameters include molecular brightness (B), number of molecules (N), geometry parameter (↽), di”usion
time (ϱD), and triplet fraction (T ). Photostabilizer concentrations used when measured where 1 mM , for e)
(DAMF) and h) (FTAC) the final concentrations where set to 100 µM

By depopulating the triplet state of Alexa488 more e!ciently with the use of DAMF, the energy trans-

fer pathway was favored, as reflected by the 2-fold increase in FRET events recorded compared to

when no photostabilizer was used under 200 µW laser power excitation49 (Figure 3.43). Additionally,

this reduction in the triplet state fraction minimized photobleaching events, which occur when pro-

longed triplet state transitions facilitate reactions with molecular oxygen, causing irreversible chemical

damage to the fluorophore. This e”ect is reflected as a non-Gaussian distribution stretched toward

lower FRET e!ciencies, resulting from donor bleaching occurring mid-acquisition.
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Figure 3.43: FRET e!ciency histograms comparing the e”ects of (Dimethylaminomethyl)ferrocene (DAMF) as
a photostabilizer: Apparent FRET e!ciency histograms comparing the e”ects of DAMF (orange) as a photo-
stabilizer and no photostabilizer (blue) for a DNA-Alexa488–ATTO542 sample. The samples were measured
under 488 nm excitation at 200µW laser power. The blue star indicates donor photobleaching events observed
under conditions without a photostabilizer.

These optimized conditions were further tested by measuring a series of FRET-DNA samples with

varying inter-dye distances, including 8, 18, and 23 bp (Figure 3.44). Measurements of individually

prepared homogeneous samples yielded clear, Gaussian-shaped distributions with distinct apparent

FRET e!ciencies as expected: 66% for the 8 bp sample, 42% for the 18 bp sample, and 35% for the

23 bp sample. Importatly, these FRET e!ciencies where clearly distinguishable when measuring a

heterogeneous mix of two samples combined between the 8bp and 18bp sample (figure 3.44 a, lower

panel). This was also the case when mixing all three samples thogherte, the 8 and 18 bp samples

where clearly distinguishable, however this was not the case for the 18 and 23 bp sample. Here the

23 bp sample population merged with the 18 bp resulting in a wider FRET population (figure 3.44

b, lower panel). The underlying reason for this may be attributed to the limited detection e!ciency

of the acceptor photon-stream and the DCBS-like algorithm. In this algorithm, a FRET event is

only considered when a burst contains signals in both photon-streams and surpasses the minimal

photon thresholds imposed (10 counts/ms in the donor channel and 25 counts/ms in the acceptor

channel). Samples with higher interspaced dye separations reduce the emission rate of the acceptor,

emitting fewer photons, which results in lower FRET e!ciency. However, this reduction in emitted

photons, combined with the poor detection e!ciency of the acceptor channel, may have prevented

the detection of more FRET events, as the photons did not surpass the threshold imposed by the

algorithm, resulting in fewer events being recorded. Consistent with this, the systematic reduction

in the number of recorded FRET events from high- to low-FRET samples, despite using the same

sample concentrations for all measurements (Figure 3.44b), supports this explanation. The 8 bp

sample yielded 1000 events, the 18 bp sample yielded 500 events, and the 23 bp sample yielded only

130 events.

Despite challenges in detection sensitivity, the shift from green-red to blue-green FRET with a single

CW laser enabled us to achieve detectable FRET events at a fraction of the cost. While state-of-the-

art smFRET setups require expensive modulable lasers (↗$4,000 each), APDs (↗$8,000 each), and

specialized electronics (↗$2,000), our Blue-Green FRET system, using a $35 laser pointer, two PMTs



3.5. Blue-Green smFRET: A Cost-E!ective and Minimalist Instrumentation Approach 111

($1,000 each), and a USB counter module ($400), totals just $2,435. This cost-e”ective approach

demonstrates that reliable FRET data can be obtained without high-end components, making it

accessible for labs with limited resources.

While less sensitive than traditional setups, the Blue-Green method still provides reliable measure-

ments, o”ering a promising, budget-friendly alternative for FRET research. These results represent the

first steps toward more accessible FRET experiments, with further improvements and advancements

to come.

Figure 3.44: FRET e!ciencies of Alexa488–ATTO542 dye pairs at di”erent interspacer distances, shown sepa-
rately for each sample and combined in a single experiment. All samples were measured under 488 nm excitation
at 200, µW laser power with the addition of 1 mM (Dimethylaminomethyl)ferrocene (DAMF). (a) shows mea-
surements of individual interspacer samples: 8 bp (upper panel) and 18 bp (middle panel), as well as the
combined measurements of both sample recorded simultaneously (lower panel). (b) presents measurements for
the same interspacer samples as in (a), along with an additional 23 bp sample. The lower panel depicts the
combined measurement of all three samples.
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Discussion & outlook

Progress in optical instrumentation has enabled the detection and study of individual molecules and

of a macromolecule, providing a valuable tools to comprehend life at the fundamental building block.

This achievement originates not only from enhancements in the spatial and temporal resolution of

optical systems but more importantly from a profound comprehension of fluorophores and fluores-

cence. The comprehensive studies of proteins with smFRET in this thesis not only confirmed prior

understanding of the technique, but also uncovered unexpected fluorescence anomalies, likely stem-

ming from interactions between proteins and dyes, while shedding light on critical and intricate steps

of data analysis. Furthermore, discrepancies in smFRET assays were found to be primarily setup-

independent. To allow a broader use of the techniques for researches with a non-physics background,

we intruduced a user-friendly and 3D-printed microscopy platform called, Brick-MIC. The versatile

modular design of Brick-MIC enabled the execution of smFRET experiments, fluorescence correlation

spectroscopy (FCS) assays, and single molecule localization microscopy with data quality comparable

to the state-of-the-art. Its 3D-printed nature facilitated rapid prototyping tailored for specialized ap-

plications, as envisioned for an experimental and rapid virus detection assay. Importantly, Brick-MIC

democratizes access to state-of-the-art single-molecule spectroscopy and super-resolution microscopy

for non-specialized users, while also serving as an experimental platform for the advancement of

fluorescence-based methods, oriented towards upcoming applications.

4.1 Accuracy and reproducibility of protein-based single-molecule

FRET experiments

The multilaboratory study, involving 19 participants, yielded significant insights into the precision

and accuracy determination of distances in proteins. Despite the inherent challenges associated with

studying proteins, the study achieved a precision in FRET e!ciencies comparable to that reported

for double-stranded DNA samples. The study showcased the capacity of smFRET to accurately

determine distances between di”erent conformational states of proteins. Notably, all experiments were

112
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conducted using well-established techniques and analyzed independently with freely available software,

achieving overall good agreement between the di”erent outcomes but importantly highlighting crucial

and potential pitfalls in data analysis and interpretation. The study reduced variables linked to the

sample and the dyes of choice, leaving only a direct comparison of the di”erent confocal setups and

the chosen laser powers for each group. The established data analysis procedures were then tested

individually to correct for all the remaining setup-dependent variables. Of the 19 laboratories taking

part in the study, three labs were not able to create the necessary data quality mainly because of

setup-specific properties and measurement procedures. The problems reported were minor: for one

lab, a nonfunctional red laser impeded the stoichiometric filtration of the di”erent sample populations,

leading to the missing of the vital ES-histograms used for determining the needed correction factor.

The second lab used an inappropriate acceptor filter, resulting in poor detection e!ciency in its

photon-streams and thus reporting a ε-factor of 0.09, which consequently a”ected the determination

of accurate FRET values. In the case of the third lab, the individual populations could not be clearly

separated in the data due to photoblinking and/or photobleaching that may be potentially caused by

the high laser powers used. The reported problems were overall minor and easy to fix from the setup

perspective. However, from the procedure side, it shed some light on inadequacies with the chosen

laser power. Nonetheless, this issue is easily fixed, as photophysical e”ects are readily detectable in

ES-histograms, displaying characteristic tails from FRET populations, thereby making the separation

of individual FRET populations challenging. Choosing adequate laser powers would address the issue.

However, since the lab was not able to identify photophysical e”ects in their procedure, smFRET

assays might potentially necessitate a consensus on optimal laser power settings and photophysical

e”ects identification.

The remaining 16 laboratories reported accurate FRET e!ciencies, notably with a high level of con-

sensus despite the diversity of setups. The mean standard deviation of ±0.06 was largely influenced

by systematic errors in the data analysis procedures, as evidenced by the comparison of the FRET

e!ciency changes (≃Eholo⇐↑≃Eapo⇐), which reduced the spread by roughly twofold. Despite the strong

agreement among the results from di”erent laboratories, this observation indicates potential areas for

improvement in the data analysis procedures. It might be necessary to implement control tests for

each step in the analysis procedure to ensure that the correction factor is functioning as intended. For

example, in the case of leakage (lk) and direct excitation (dir), a sanity check would involve testing

whether the mean of the donor-only and acceptor-only populations equals zero in E and S, respec-

tively, after their application. For ω testing whether the mean of the FRET-populations equal 0.5

would provide further validation of the correction factor’s e”ectiveness in accurately representing the

FRET e!ciency. Although the suggested sanity checks may improve marginally the reliability and

systematic errors of the analysis procedure, the correction factor ε was found to be the most crucial

and sensible of all, describing the majority of the total FRET e!ciency uncertainty reported among

the participating laboratories. The determination of ε requires at least two or a ladder of multiple

static FRET populations on an ES-histogram to be accurately established and hence its correct de-

termination depends by a large margin on the sample itself. The observed experimental uncertainty

$E was well described by a relative uncertainty of !ϑ
ϑ = 23% corresponding to a ε uncertainty of
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0.07. Importantly, it was observed in error propagation simulations that the relative uncertainty !ϑ
ϑ

was mostly independent in a big range of di”erent absolute ε and ω values, starting to be a”ected by

extreme values (< 0.1 and > 3) and that the relative uncertainty !ϑ
ϑ was mostly dependent on the

dynamic range of the sample and thus on separation of their FRET populations.

By refining analysis methodologies and emphasizing key parameters such as ε, the accuracy of FRET

measurements could be enhanced, thereby achieving higher reproducibility with improved precision

and accuracy. As a rule of thumb, higher FRET uncertainty can be expected if the determined ε

and ω values are extreme. Screening for alternative fluorophore pairs could help improve such values.

From the sample perspective, if the dynamic range of the sample is limited and the di”erence between

the FRET populations (E2 ↑E1) is less than 10%, the use of a calibration ladder, for example, DNA

labeled with di”erent interspaced fluorophore pairs, would be a recommended practice for determining

the ε-factor.

Further, reproducible interdye distances with a precision of 3Å and an accuracy of 5Å against structural

models of MalE were obtained from accurate FRET e!ciencies. This result was in high agreement

with findings observed in dsDNA samples120. This positive result was notable, especially considering

that dsDNA provides a consistent, homogeneous chemical environment for each labeling position,

unlike the variable dye environment encountered in proteins237,238,239,240.

However, this achievement was made possible by identifying key interactions between fluorophores and

specific protein-variant surfaces through fluorescence anisotropy assays, thus incorporating these in-

teractions into the in-silico calculations (ACV). Despite the improved precision and accuracy against

structural models of MalE, the result exposed potential pitfalls in interpretation, protein design,

and dye selection: without fluorescence anisotropy assays that evolved to produce additional single

cysteine variants, fluorophore-protein interactions wouldn’t be identified, potentially leading to mis-

interpretation of the results. Although the improved ACV calculations found better agreements with

FRET-inferred distance determinations, they do not address the presence of fluorophore-protein inter-

actions in the experimental approach initially. Therefore, as in the case of the ε-factor determination,

it would be advisable to additionally conduct smFRET assays using a di”erent pair of fluorophores

with di”erent molecular properties, such as hydrophobicity or chemical structure, to gain a deeper

understanding and mitigate potential e”ects of fluorophore-protein interactions on the experimental

results.

4.2 Evaluating smFRET against comparative distance measurement

methods

Biophysical methods are essential in life sciences, but they are vulnerable to unforeseen artifacts,

complicating data interpretation. Comparing various tools with similar outputs can refine the un-

derstanding of a biosystem’s ground truth. Here, smFRET-derived protein distance measurements

were compared and cross-validated with Pulsed Electron-Electron Double Resonance Spectroscopy
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(PELDOR/DEER) and Anomalous X-ray Scattering Interferometry (AXSI), alternative biophysical

methods that also rely on the use of site-specific-labels to determine distances inter alia. Overall,

the results of the comparative study were consistent across each method, indicating good agreement.

However, also weaknesses and challenges associated with each method were identified, o”ering com-

prehensive insights into potential pitfalls for each technique.

Overview of analytical challenges in bulk vs. single-molecule data acquisition procedures.

The low sensitivity in both Pulsed Electron-Electron Double Resonance Spectroscopy (PELDOR/DEER)

and Anomalous X-ray Scattering Interferometry (AXSI) results in the need for high concentrations of

the sample (approximately 20 µM and approximately 200 nM , respectively) and long measurement

times, which can extend up to several hours. In contrast, the single-molecule sensitivity and high tem-

poral resolution of smFRET enable the observation of dynamic biomolecular processes in real time.

The nature of imaging each molecule one by one additionally makes the acquired data easier to handle

by already sorting each species and conformational state out on an ES-histogram, thus providing a

real-time preview of the acquired data without needing to process it. Exactly this aspect was the

major challenge in AXSI measurements. The poor labeling e!ciency of the gold nanoparticle labels

and the bulk measuring nature of the method made it di!cult to di”erentiate scattering signals from

double, single, and non-labeled species. Although the resulting distance distribution after data anal-

ysis showed predominantly the expected inter-dye distances, it was accompanied by additional peaks

in the distance distribution, making its interpretation challenging. These additional peaks were cor-

rected by first measuring the scattering contributions of single and non-labeled proteins and, secondly,

subtracting these scattering contributions from the raw sample based on their respective population

percentages. In the case of PELDOR/DEER, although it’s also a bulk method, it exclusively detects

interactions between probe or pulse labels, which, given its dipole-dipole nature, must be in close prox-

imity, and thus, present within the same biomolecule. However, as in the case AXSI, PELDOR/DEER

necessitates complex data processing to obtain distance distributions.

Temporal resolution.

The high sensitivity of single-photon detectors used for smFRET instruments leads to an enhanced

temporal resolution, requiring less acquisition time to achieve a satisfactory signal-to-noise ratio.

The time resolution of smFRET by now reaches microseconds to nanoseconds, which represents fast

biomolecular dynamics241,242,243,244. While PELDOR/DEER experiments are almost always con-

ducted on bulk frozen samples, limiting the ability to study real-time molecular motions directly,

dynamic processes can be inferred indirectly by interpreting the width of distance distributions or by

employing freeze-quench experiments. In contrast, anomalous X-ray scattering interferometry holds

promise for its high spatial resolution; it’s an emerging method used primarily for absolute intramolec-

ular distance determination in biomolecules and not for real-time observation of dynamic processes.

Potential for sample distortion and/or deterioration.

Every method can cause artifacts e.g., by sample damage or influences. SmFRET, as well as AXSI

assays, have the advantage of operating within a wide temperature window, e.g. at room temperature
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or cell culture conditions. On the other hand, PELDOR/DEER experiments are conducted with frozen

sample solutions, inevitably influencing the kinetics, binding a!nities, and dynamics of the sample.

Furthermore, cryoprotectant additives are commonly employed to prevent crystal formations. Yet, as

evidenced by experiments of certain MalE variants, these additives can impact the sample, potentially

yielding misleading results.

Further, AXSI assays come with the drawback of potential radiation damage to the sample. The

intense X-ray radiation employed in anomalous X-ray scattering experiments can induce structural

alterations or degradation in the sample. In line with this, smFRET assays entail continuous exposure

to the excitation laser, which can lead to blinking or even photobleaching of fluorophores. As observed

in the multilaboratory study, this can result in wider FRET populations, making the distinction

between multiple FRET populations challenging. More importantly, such photophysical e”ects are

di!cult to di”erentiate from fast biomolecule dynamics.

Another aspect to consider when choosing smFRET is its low sample concentration, which in some

cases can be incompatible with protein complexes which might dissociate. Holoenzymes tend to

have lower binding a!nities between each protein subunit and thus tend to be unstable at picomolar

concentrations.

Labels

Fluorescent dyes, heavy atoms, and paramagnetic spin labels serve as distance indicators from which

spatial relationships and interactions within biomolecules are derived. Due to the diverse physical

phenomena in which they operate, these labels vary considerably in their shape, size, and composition.

These di”erences ultimately impact the determined outcome of their distance distribution.

Paramagnetic spin labels and gold nanoparticles, utilized in PELDOR/DEER and AXSI respectively,

are generally smaller and possess shorter linkers in comparison to fluorescent dyes. In smFRET, the

orientation and rotational freedom of fluorescent labels attached to biomolecules are crucial as they

influence the e!ciency of energy transfer between them245,246,247,61. Similarly, in PELDOR/DEER

experiments, the spin labels attached to biomolecules must have some rotational freedom for accurate

distance measurements. Constraints on label rotation can impact the orientation-dependent dipolar

interactions between spin labels, thereby a”ecting the precision of distance measurements248. How-

ever, the di”erences in size and linker length play a significant role in their distance determination.

Distances measured with PELDOR/DEER were on average about 5 Å shorter than those measured

with smFRET, as the labels do not protrude as far from the globular surface of proteins. Additionally,

the broader occupancy radii of the fluorophore accessible volumes results in a wider distance distribu-

tion of ±5Å compared to ±3.5Å in PELDOR/DEER (Figure 3.8). Gold nanoparticles used in AXSI

are highly resilient in their environment and are orientation-independent, theoretically not requiring a

linker to the protein’s surface. As a result, AXSI o”ers absolute distance measurements between the

labels, rather than average distance distributions as seen in smFRET and PELDOR/DEER. However,

the absence of a linker and the spherical geometry of the labels may have contributed to the low la-

beling e!ciency with cysteines that have hindered solvent exposure. Additionally, due to the rigidity
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and lack of movement of the gold nanoparticles, it is plausible to assume hindered protein motion or

even disruption in their secondary structures.

Moreover, a notable advantage of AXSI and PELDOR/DEER is their utilization of two identical

label, which can be further employed to measure multiple distances within the same experiment or

biomolecule without requiring modifications to the equipment or data analysis procedures249. In con-

trast, smFRET necessitates a minimum of two distinct fluorescent dyes, which may exhibit varying

labeling e!ciencies on the target. While smFRET can be expanded to include multimeric measure-

ments with the inclusion of a third fluorophore, this approach is technically demanding250. Further,

the wide range of various fluorophores and their di”erent properties, such as hydrophobicity and

charge, along with their large accessible volumes, make them prone to interact with local chemical

surface environments of proteins. Local pH changes, electrostatic interactions, and hydrogen bonding

can a”ect fluorophores, altering their quantum yield, rotational freedom, or even inducing spectral

shifts61. This, combined with stoichiometric labeling, may lead to the existence of di”erent Förster

radii within the same sample using the same fluorophore pair. To detect such artifacts from the ac-

quired data is di!cult, if not impossible, without a comparative control. For instance, in the case of

the MalE variant K29C-S352C, discrepancies were observed from the expected distances computed

with the theoretical crystal structure model using AV (Figure 3.11), or HiSiaP variants 175/228 and

112/175, which were not in agreement with results obtained with PELDOR/DEER (Figure 3.8). In

both cases, it was demonstrated through time-resolved fluorescence anisotropy the inherent mobility

of specific fluorophores at specific labeling residues and even at di”erent conformational states of the

protein. In the case of the HiSiaP variant 175/228, agreement between PELDOR/DEER and smFRET

was achieved by changing the dye pair to others with di”erent chemical properties (Figure 3.9).

Equipment

Anomalous X-ray Scattering Interferometry (AXSI) is indeed one of the most complex and expensive

methods in biophysical research, both in terms of instrumentation and accessibility. Unlike many

other techniques, AXSI relies on synchrotrons, specialized facilities housing cyclic particle accelerators.

These synchrotrons generate X-ray beams by accelerating electrons along a closed-loop path, producing

high-energy photons suitable for scattering experiments.

Synchrotrons are massive facilities that require substantial infrastructure and maintenance. They

typically consist of large experimental halls housing beamlines, which are pathways for the X-ray

beams to reach the experimental stations. The equipment within these experimental stations includes

X-ray sources, detectors, and sample handling systems, all of which are complex and expensive to

operate.

Access to synchrotron facilities is limited and highly competitive, further contributing to the complex-

ity and expense of AXSI experiments. Researchers must submit proposals and undergo a peer-review

process to gain access to beamline time, often requiring collaborations with experts in the field and

extensive planning.

PELDOR/DEER experiments typically require specialized Electron Paramagnetic Resonance (EPR)
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spectrometers with pulsed capabilities, which are commercially available. The EPR spectrometer

serves as the core instrument for PELDOR/DEER experiments. It generates and detects microwave

pulses used to manipulate and probe the electron spin states of paramagnetic centers in the sample.

Microwave sources provide the microwave pulses necessary for manipulating the electron spin states

during PELDOR/DEER experiments. These sources are typically high-frequency generators capable

of producing precise and adjustable microwave pulses.

Operating these instruments remains challenging, requiring familiarity with EPR spectroscopy tech-

niques, instrument setup, parameter adjustment, and data analysis.

As for the cost, commercial EPR spectrometers with pulsed capabilities are commonly priced in the

range of hundreds of thousands of euros. Constructing an EPR spectrometer from scratch, particularly

one with pulsed capabilities for PELDOR/DEER experiments, is a highly complex and challenging

work that demands expertise in multiple disciplines, including physics, engineering, electronics, and

spectroscopy. While theoretically possible, most laboratories and institutions opt to purchase com-

mercial instruments due to the complexity and cost-e”ectiveness of building custom systems.

Single-Molecule Förster Resonance Energy Transfer (smFRET) o”ers a more accessible approach to

studying biomolecular interactions. SmFRET setups are generally more compact compared to the two

other techniques. Confocal fluorescence microscopes used in intensity-based smFRET experiments

involve the addition of two alternating modulated lasers with di”erent wavelengths for donor and

acceptor excitation, as well as the addition of two single-photon counter detectors for donor-acceptor

emission recording. SmFRET setups have recently become commercially available, typically priced

in the hundreds of thousands of euros. However, it’s common for specialized optical labs to choose

to construct their own setups, taking advantage of the reduced number of parts required to adapt

microscopy bodies, which significantly reduces costs to even below one hundred thousand euros. This

relieves to some extent the availability of smFRET microscopes; however, their home-built nature,

combined with the high precision in light paths required in confocal microscopes, requires periodic

and extensive tedious adjustments and alignment procedures that necessitate expertise and training.

Additionally, the customization process involved in constructing smFRET setups can lead to variability

in performance and stability, potentially requiring ongoing maintenance and troubleshooting. Despite

these challenges, the flexibility and cost-e”ectiveness of home-built smFRET systems make them a

valuable option for research labs.

4.3 Democratization of single-molecule detection setups

The multi-laboratory smFRET study demonstrated strong agreement with independently accurate

FRET determinations across various home-built confocal setups. Importantly, the study revealed

that challenges associated with smFRET procedures primarily originated from systematic errors in

the established data analysis procedure rather than being dependent on the setup or the user during

data acquisition. This crucial recognition served as a pivotal starting point for identifying the factors
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influencing accessibility for non-smFRET specialists:

Clearly, reaching a more rigid consensus on the established data analysis procedure is crucial to reduce

user-dependent errors. By doing so and incorporating additional checkpoints in the data processing,

automating the entire procedure becomes feasible. This could lead to the generation of accurate FRET

values in real-time, thereby further reducing the entry barrier for non-smFRET specialists.

Despite the consistent outcomes observed across various confocal setups following data analysis, their

maintenance requires expert knowledge and are to less accessible to non-optics specialists188,195. Fur-

ther, even specialist labs can su”er from accessibility to the equipment since it is often a bottleneck

in terms of availability and the high demand from multiple users. This issue can be attributed to how

currently home-built confocal setups are constructed, which are often designed for various applications

rather than being dedicated to a single purpose. Consequently, the setups incorporate numerous com-

ponents tailored for specific applications, thereby increasing their complexity and size, often requiring

a separate specialized room for operation.

The introduction of the Brick-MIC platform represents a significant step forward in terms of setup

accessibility and was designed with a focus on addressing the majority of the points listed above:

In the past decade, advancements in 3D printing technology, marked by increased precision, a”ord-

ability, and user-friendliness, have transformed it into a hobby for enthusiasts without expertise, and a

common additional service o”ered in copy shops. Consequently, the 3D printed nature of Brick-MIC,

aligns with the widespread accessibility and familiarity of 3D printing technology, expanding its reach

to such setups worldwide.

The core concept behind Brick-MIC was to prioritize a single application and modality while allow-

ing flexibility to switch between di”erent microscopy modalities through its interchangeable modules,

with a strong emphasis on addressing one application at a time. This guiding principle resulted in a

reduction in required parts, simplifying complexity and leading to a significant decrease in size and

costs. Particularly for the confocal modalities, the design eliminated or replaced additional compo-

nents, diverging considerably from the orthodox layout of conventional confocal setups. Specifically,

regarding the workings of the pinhole, which in a conventional setup involves at least three parts: a

tube lens to focus the emission beam through a pinhole, followed by a second lens to focus the filtered

light beam onto the point detectors. This assembly is the most critical part in terms of alignment

precision, requiring precise focusing of the light path to hit a 50 µm target twice consecutively, making

it challenging to align and a weak point in terms of stability. In the Brick-MIC PMT detection variant,

the entire pinhole assembly was streamlined into a single continuous unit. This unit comprises two

collimators interconnected by an optic fiber, eliminating the need for alignment procedures between

the three components. For the APD detection variant, the entire assembly was simplified to a single

lens. This lens focuses the emission beam directly into the detectors, utilizing the small aperture of

the detectors as the pinhole. Consequently, the alignment procedure was simplified to a single vari-

able, focusing solely on hitting the first element of the pinhole assembly. This simplification made the

alignment procedure suitable for automation, facilitated by a mirror mounted onto a motorized x-y
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piezo mount.

Furthermore, the reduction in size significantly shortens the light path from several meters in tradi-

tional setups to approximately 30 cm, thereby enhancing the strength and stability of the Brick-

MIC platform. Despite the lower material sti”ness of PLA (with a modulus of elasticity of 3.5

GPa\cite{atakok2022tensile}) compared to steel (200 GPa\cite{spittel20094}), it proves suitable for

the task. Recent advancements in 3D printing filaments now o”er more robust alternatives, such

as carbon-fiber-reinforced PLA, carbon-fiber-reinforced nylon, and polycarbonate composites, which

significantly enhance mechanical strength and thermal stability, making them ideal candidates for

higher-performance applications.

In general, all tested Brick-MIC modalities demonstrated remarkable and comparable data quality,

yielding results similar to those obtained with the lab’s microscope assemblies, and providing a higher

level of user-friendliness. However, while the platform has taken a step forward in usability, it still

presents obstacles for non-optic specialists. These challenges stem from incomplete automatic align-

ment procedures and the unconventional design and assembly of the platform, highlighting the need

for further revision:

As mentioned, only the emission layer of all modalities possesses auto-alignment capabilities, leaving

the excitation layer to be aligned manually. On one hand, the ALEX modality is more forgiving

regarding minor misalignment in the excitation layer because the method relies solely on capturing

photons from the di”using sample rather than on the shape of the confocal volume. The emission

layer compensates for any misalignment in the excitation layer and aligns to the mispositioned ex-

citation focus. However, for FCS experiments, precise alignment of the excitation path is crucial,

as the method relies on several assumptions regarding the shape of the confocal volume, which can

otherwise lead to inaccurate results. Although misalignment can be detected through fit parameters

( ↽ factor, which describes the ellipticity of the confocal volume), fine-tuning of the excitation layer

is still necessary. In the case of the epi-fluorescent modality, misalignment in the excitation layer can

pose challenges, particularly in experiments requiring precise and uniform field-of-view illumination,

such as photophysics studies.

The modular design of the platform facilitated rapid interchangeability between modalities and easy

access to replaceable components such as filters. However, in practice, this concept introduced some

stability issues. The interlocking mechanism between the modules relies on friction and pressure,

similar to the mechanism used in Lego building blocks. Consequently, the modules are subjected to

constant mechanical stress, leading to an initial rapid loss of stability and misalignment when the

setup is freshly assembled. However, over time (approximately 30 minutes), the assembly reaches an

equilibrium in terms of inter- and intra-module stress forces, allowing for long-term measurements.

Therefore, while the intended rapid interchangeability between modalities theoretically takes only min-

utes, in reality, it takes longer until measurements become feasible, which requires high mechanical

stability. One potential solution could be to utilize the platform’s auto-alignment feature, incorpo-

rating periodic automated fine-tuning and alignment checks during measurements. Moreover, the

epi-fluorescent modality, which relies on bolts rather than friction for assembly, exhibited significantly
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enhanced stability compared to other configurations. Therefore, implementing this approach would

be beneficial. However, concerning practicality, the interchangeable modality feature of Brick-MIC

does not o”er significant advantages for users, as real-world scenarios rarely require this capability.

Particularly for non-optic specialists, the motivation to interchange parts may be low due to concerns

about incorrect handling, damage, and data reproducibility. Therefore, for certain applications, it

would be beneficial for end-users to have multiple Brick-MICs, each tailored for a specific application,

rather than needing to switch between modalities. The modularity feature of Brick-MIC adds value in

terms of flexibility and rapid prototyping when the platform is used for method development, allowing

for the rapid testing of new configurations, parts, or ideas by creating new modules within the plat-

form without designing a completely new setup, it also enriches the Brick-MIC toolbox by potentially

incorporating new modalities.

Of all the modules, the sample holder presents the most significant challenges in terms of usability and

stability. The sample holder operates using a manually operated commercially available translational

stage in combination with a fully 3D printed pinion and rack system, restricting its movement to

only a z-axis displacement. This setup functions su!ciently for di”usion-based assays, where no x-

y translation of the sample is necessary, and variations in z-dependent signals are compensated for

using a water immersion objective. However, imaging surface-immobilized samples revealed significant

limitations of the system: The micrometer head of the translational stage has poor resolution, as a

complete rotation of the head displaces the stage by 500 microns. Consequently, users are left with

only about 2 degrees to precisely position the sample in the focal plane of the objective, demanding

fine motor skills from the user. Furthermore, it was noted that the sample holder drifted over time

toward the objective, necessitating continuous refocusing. However, the z-drift also exhibited time

dependency, becoming less prominent over time. Once equilibrium was reached, it became feasible

to image for up to 10 minutes without requiring refocusing. It is evident that the current state of

the sample holder does not meet the criteria of immobilized molecules or appliocations such as FLIM

imaging. Implementing at least an auto-alignment system, similar to those found in common TIRF

microscope assemblies, is a minimum requirement to elevate this modality to a user-friendly category.

In line with this, automated x-y translation is also desirable, not only for navigating through the

sample but also for extending scanning capabilities for the confocal modalities.

The unconventional design of the platform brought both benefits and challenges to the individual

modalities, which impacted their usability and performance in various ways:

Confocal modality with PMT based detection

The pinhole design, comprising two collimators interconnected by an optical fiber, in combination

with the large apertures of the PMTs (8 mm in diameter), made this assembly by far the most robust

in terms of stability. Additionally, the capability to adjust the size of the confocal volume by simply

interchanging the optical fiber for di”erent core sizes is a major advantage compared to conventional

confocal microscopes, where exchanging the pinhole would require extensive and tedious realignment

of the assembly. However, while the modality demonstrated single-molecule detection capabilities, the

poor detection e!ciency of the red photon-stream made it impractical for reliably measuring FRET
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e!ciencies (50-fold less e!cient compared to the green channel).

Modifications to adapt the modality to operate with wavelengths more suitable for the PMTs’ detection

e!ciency range have already been implemented and are detailed in Section 3.5 (blue-green smFRET).

This shift towards blue-green detection now enables more reliable FRET e!ciency measurements

and significantly lowers operational costs, given that PMTs are typically 4 to 8 times cheaper than

APDs. Furthermore, coupling the complete emission into an optical fiber extends the modality’s

adaptability, facilitating integration with other devices that accept optical fiber input. This includes

its expansion into a fluorimeter by replacing the detection box containing the PMTs with an optical

fiber-coupled spectrometer. This configuration has been preliminarily tested and shown to work (see

Outlook section).

Confocal modality with APD-based detection

The data quality of the ALEX modality was comparable to that of the laboratory-built ALEX mi-

croscope, with practically indistinguishable di”erences between the two when computing accurate

FRET values. However, this outcome was expected, as both pieces of equipment share the same

components for the most part, with the exception of a di”erent tube lens, APD manufacturer, and

red filter. However, its design, where the pinhole is directly replaced by the aperture of the APDs,

introduced an additional alignment challenge not found in conventional confocal layouts. This issue

arises from having two di”erent point detectors, resulting in two independent pinholes for donor and

acceptor emissions, respectively. As a consequence, both confocal volumes can vary in shape and po-

sitioning, leading to mismatches in the overlap between donor and acceptor detection volumes. While

both detectors shared the same tube lens, aperture size, and x-y autoalignment capabilities, the only

independent variable requiring manual calibration is the z-positioning of both detectors. Initial mea-

surements demonstrated this issue as wider FRET populations compared to the laboratory’s confocal

setup when measuring the same sample. This issue could have been addressed through an extensive

iterative fine-tuning of the z-positioning of both detectors through measurements until the width of

the FRET populations became comparable to that of the reference measurements. This issue could

potentially be addressed by fixing the APDs in their z-positioning directly from the CAD design.

However, the high tolerances required raise questions about the 3D printer’s resolution and accuracy

for the task. Consequently, the current design opted to place the detectors on translational stages

rather than fixing them. However, given the challenges associated with the current design, it is worth

experimenting with fixed detectors instead of relying solely on speculation regarding the capabilities

of the 3D printer.

Epi-fluorescence wide-field modality

The Epi fluorescent modality, the most recent addition to the Brick-MIC platform, addressed con-

struction issues observed in previous modalities, thereby enhancing stability through minor changes

such as fixing modules with screws, using reinforced PLA filament with carbon fiber, and positioning

the tube lens directly under the dichroic mirror in the excitation layer rather than in an intermediate

layer as in the Confocal ALEX modality, consequently reducing complexity and shortening the light

path. However, as previously mentioned, the sample holder, whose design remained unchanged from
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the first modalities, proved to be the weak point in terms of stability. The tendency of the sample

holder to drift towards the objective until reaching equilibrium meant that refocusing using the trans-

lational stage of the sample holder was not feasible, as it would require reaching equilibrium again.

This issue was addressed with a non-optimal approach involving the adjustment of the z-positioning

of the CMOS camera, which is mounted on a translational stage, akin to the mounting of the APDs in

the ALEX modality. This approach enabled imaging of immobilized samples for extended periods but

at the expense of compromising the proper operating distance of the objective. As a result, this leads

to a reduction in its numerical aperture, loss in z-dependent signal due to the nature of oil immersion,

resulting in reduced resolution, and may also be accompanied by other aberrations. Furthermore, the

CMOS camera su”ered from overheating, commonly resulting in higher noise levels and promoting

the appearance of hot pixels. Nevertheless, although these issues are addressable for future builds,

it was possible to resolve nanostructures using PAINT or dSTORM approaches with a reasonable

localization precision of approximately 30 nm FWHM for dSTORM and 65 nm FWHM for PAINT.

Insights from Brick-MIC: Overview and Learnings

The Brick-MIC microscopy platform has proven to be a valuable and promising upcoming option by

enhancing the accessibility of state-of-the-art microscopy techniques, primarily through its focus on

cost-e”ectiveness and usability. More importantly, the broader lessons of the Brick-MIC project lie

in identifying key factors contributing to the growing gap between non-optic specialists and state-of-

the-art technology. This disparity may stem in part from current microscopy know-how conventions

and mindsets, which opens a discussion on rethinking how microscopy can be done and reconsidering

other alternative approaches. The Brick-MIC project demonstrated that alternative manufacturing

techniques, di”erent optical layouts, and a focused approach on individual applications can significantly

reduce the entry barrier for non-microscopy specialists. The experimental nature of this approach has

revealed various unique challenges associated with each modality. However, the knowledge gained has

provided valuable insights, which have engineering solutions that will be addressed in future iterations

and advancements of the platform.

Additionally, focusing on equipping application-oriented users with state-of-the-art microscopy tech-

niques has the potential to uncover new opportunities for implementing the technology in other fields,

identifying new solutions, problems, and additional needs of the setups. This, in turn, will directly

drive advancements in microscopy across di”erent fields.

4.4 Exploring new scientific fields

Direct virus detection

The 2019-2022 SARS-CoV-2 pandemic presented unprecedented challenges to global health and pre-

vention systems216. In my view, these systems were unprepared, revealing a lack of flexibility in sci-

entific methods, facilities, and qualified personnel. The pandemic particularly highlighted the limited
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capabilities of developing countries and the selfishness of developed nations, which raced to purchase

equipment and supplies for themselves. This approach is unsustainable, especially during a pandemic.

During the SARS-CoV-2 pandemic, the Brick-MIC demonstrated its strengths in flexibility and rapid

assay prototyping. In a real-case scenario, a specific virus detection test was conceived from scratch,

tested, and able to detect the pathogen in less than two years. This achievement was significant,

but the key value revealed by the Brick-MIC project in emergency scenarios was its low cost, easy

access, portability, and ease of use in terms of instrumentation and assay workflow procedures. It was

designed so that every country could implement it, regardless of its economic situation, infrastructure,

and availability of qualified personnel.

Starting with the instrumentation itself, where the assays were initially tested in a full-scale custom-

made confocal microscope. Besides the high costs involved and the expertise required to operate such

a device, the sheer size and scarcity of similar setups worldwide would not meet the requirements

needed in an emergency situation.

Additionally, conducting validation tests with actual SARS-CoV-2 viral particles would be impractical,

as it necessitates high biohazard safety laboratories. Integrating a full-scale custom-made confocal

microscope into such a facility is challenging due to limited lab space and the extensive training

required for personnel. This is particularly problematic considering the experimental phase of the

assay and the competing priorities of these facilities, especially during a pandemic scenario.

Furthermore, working in high biohazard safety laboratories poses another challenge: any item brought

into the facility must be rigorously decontaminated or destroyed, typically through incineration, to

prevent any potential pathogen from exiting the facility. This adds another layer of impracticality,

especially in terms of the potential loss of expensive equipment for a single experiment, or the feasibility

of disposing of large instrumentation such as microscope bodies and optical tables.

The Brick-MIC platform addresses the issues listed above, starting with its accessibility in terms of its

3D printable design, straightforward assembly, and ease of use. This implies that anyone worldwide

could set up the device, provided they have access to a 3D printer and the necessary optical parts.

Even in cases where these requirements are unavailable, its tiny footprint makes it portable and ready

to use in any situation of need.

Although this was not detailed in the results, this feature of Brick-MIC was successfully tested in

a collaborative study with the Lerner Lab. In this study, two identical setups (one without optical

elements) were transported to Israel in common luggage on an economy flight. The team at Lerner

Lab successfully assembled and learned how to operate Brick-MIC independently with the provided

instructions and minimal supervision. This positive outcome suggests that Brick-MIC could be e”ec-

tively used in high biohazard safety laboratories, where specialized personnel can be trained outside

the biohazard zone and conduct experiments independently without the support of an optics specialist.

Additionally, the Brick-MIC variant built for this application-oriented study was specifically designed

to be cost-e”ective (less than $10,000), which would not be a significant financial sacrifice if the
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device were to be incinerated or otherwise disposed of after use in a high biohazard environment. This

a”ordability, combined with its portability and ease of use, makes Brick-MIC a promising tool for

widespread, rapid deployment in emergency situations.

Further, the sample preparation and assay workflow were meticulously designed to ensure that in-

dividuals with no lab experience could handle the samples using a straightforward two-step process.

The original idea was to have a test tube containing Alexa594-labeled antibodies targeting the SARS-

CoV-2 spike protein, mixed with a highly concentrated Fluorescein-BSA solution (approximately 100

µM in 50 µL volume).

The first step involves adding approximately 500 µL of saliva (or a similar fluid) to the test tube and

mixing it. After a specified incubation time, the analyte must be transferred into a syringe and placed

in a perfusion pump. This design ensures that the assay can be performed with minimal technical

expertise.

Although the results were encouraging, having detected SARS-CoV-2 virus particles directly, the data

revealed numerous issues and significant room for improvement for it to become a viable tool and

compete with existing virus detection methods. The most predominant issues were the low counting

rate of viral particles and the wide size distribution inferred from the duration of bursts and dips caused

by particles traversing the detection volume. Both issues relate to the large cross-sectional area of

the microfluidic channel (100x1,000 m²) compared to the detection volume, which is approximately

1 fL. This discrepancy means that the vast majority of viral particles will miss the confocal volume,

reducing the count rate, and particles that partially pass through the confocal volume will generate

varying burst/dip durations. Consequently, measuring times have to be extended considerably to

gather enough data to make a statistically meaningful conclusion, which could take up to hours. This

makes the assay non-competitive in terms of time e!ciency compared to other methods, such as PCR.

The solution to this was implementing hydrodynamic focusing, which employs a commercially available

3-to-1 microfluidic chip. This focusing mechanism involves increasing the sheath flow rate relative

to a constant analyte flow rate, resulting in a reduction in the cross-sectional area of the analyte

stream. This approach elevated the count rate by 30-fold and consequently reduced acquisition time.

However, the addition of hydrodynamic focusing added considerable complexity in terms of usability.

Hydrodynamic focusing requires fine-tuning of both the sheath flow and the analyte flow, as well as

precise positioning of the microfluidic chip relative to the confocal volume, which, in my opinion, is a

step back from the user-friendly workflow of the assay.

It is worth mentioning that the measures taken were implemented to fine-tune the original principle

of the assay, which involved identifying a virus particle by a specific signal from the labeled virus and

correlating this signal with the size of the viral particle. This was originally intended to be inferred

from the size and duration of the signal dip in the nonspecific channel caused by the dispersion

of highly concentrated fluorescein molecules when the virus particle traversed the confocal volume.

Accordingly, the analyte flow rate was fine-tuned to maximize the size and duration of the dips without

losing inferred particle size determination due to excessively high flow rates. However, experiments
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showed that viral capsids incorporated fluorescein molecules, which produced a burst rather than a

dip in the nonspecific channel. This unforeseen interaction could not be prevented even by using

BSA-labeled fluorescein instead of freely di”using fluorescein. Additionally, the data showed that the

burst durations in the specific and nonspecific channels were not distinguishable from each other, and

therefore, either burst duration was used to infer the viral particle size.

In my opinion, by omitting the original inferred viral particle size determination, the assay remains

robust enough to detect specific virus particles without any changes, although it may potentially

increase the false positive detection rate: The Alexa594-labeled antibodies targeting the SARS-CoV-2

spike protein do not produce any signal change in terms of dips or bursts in the nonspecific channel.

If the signal of the labeled antibodies correlates with any signal change in the nonspecific channel, it

is a good indication of a potential positive hit.

Therefore, significantly increasing the analyte flow rate would elevate the viral count rate at the

expense of not being able to determine its size from signal durations. The new limitation is to address

how specific the binding of the antibody is toward its target, which would require extensive control

experiments with real analyte compositions, such as patient saliva. Another idea would be to establish

a two-step screening assay, where an initial quick screen is performed under a high analyte flow rate

to explore if signals appear cross-correlated in both channels. Having acquired enough evidence of

possible infection, the flow rate can then be reduced to the point where viral sizes can be inferred

from signal duration.

Despite the unforeseen results of the assay, the most significant takeaway from this study was the rapid

development and deployment of the Brick-MIC platform for an application-oriented assay. Notably,

the device was independently assembled and operated by another team, who successfully utilized

the acquired data. This experience highlights the platform’s adaptability and user-friendly design,

promoting its potential application in diverse fields of science.

This success encourages further exploration in various areas of science and the exploration of potential

solutions through the implementation of single-molecule spectroscopy assays. Such initiatives could

enable application-oriented researchers with no background in optics to e”ectively use advanced mi-

croscopy techniques. This approach not only widens the accessibility of sophisticated microscopy tools

but also encourages innovation and collaboration across disciplines.

4.4.1 CW Blue-Green smFRET: Challenges, Insights, and Future Directions

The Blue-Green Brick-MIC approach demonstrates a cost-e”ective alternative for single-molecule

FRET (smFRET) studies, transitioning from traditional green-red systems to a simplified setup that

is approximately 10 times less expensive.

This optimized system successfully measured DNA-FRET samples with inter-dye distances of 8, 18,

and 23 bp, yielding FRET e!ciencies of 66%, 42%, and 35%, respectively. Challenges such as reduced

detection e!ciency for low-FRET samples and photon thresholds were mitigated with the use of
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(Dimethylaminomethyl)ferrocene (DAMF), which minimized photobleaching and doubled the number

of recorded FRET events.

Recently, more biologically relevant samples were measured using this system, revealing the open and

closed conformational states of the substrate-binding protein MalE upon the binding of maltose (data

not shown). These findings highlight the potential of the system for studying dynamic processes in

biomolecules.

The primary goal moving forward is to further enhance the signal from the acceptor, a current bot-

tleneck in the system, which limits the detection of low-FRET samples. To achieve this, future work

will involve testing additional dye combinations better suited for blue-green excitation, as well as

systematically optimizing the concentration of photostabilizers. A particular focus will be placed on

identifying photostabilizers specifically tailored for the acceptor dye to increase its brightness and

stability.

A promising acceptor candidate is Cy3B, due to its high molecular brightness, especially when com-

bined with the photostabilizer Trolox66. However, as previously shown, Trolox negatively impacts the

donor dye (Alexa488) used in the current setup (Figure 3.42b). Recent tests using the Alexa488-Cy3B

dye pair combination with both DAMF and Trolox (data not shown) showed reduced performance

compared to conditions without Trolox. Balancing the concentrations of these two photostabilizers

could improve performance, particularly by reducing Trolox concentrations. To date, only the com-

bination of 100 µM DAMF and 1 mM Trolox has been tested, and if no improvement is observed,

exploring alternative donor dyes will be necessary.

Another approach to improve the data from the setup would be to experiment with increasing the

confocal volume. Currently, the system is operating with a di”raction-limited spot, achieved by

expanding the excitation laser beam to fill the back aperture of the objective. By reducing the laser

profile, a larger detection volume can be produced. The idea is that increasing the detection volume

will allow molecules to remain in focus for a longer period, providing more time to collect photons98.

However, this will require testing with di”erent laser powers, as a larger volume will reduce light

density.

Additionally, the possibility of obtaining accurate FRET measurements without the need for an ALEX

system is being revisited. This concept was previously explored in my master’s thesis in 2019, titled

“Development of Accurate Ensemble FRET and Comparison to Single Molecule FRET,” where the

aim was to generate accurate FRET e!ciency values in bulk using a series of di”erent measurements.

However, in that work, the presence of donor-only populations consistently introduced artifacts, lead-

ing to lower-than-expected FRET e!ciencies due to the limitations of the bulk approach. With the

current ability to identify single molecules and filter out donor-only species, this approach is now being

reexamined to assess its potential for obtaining accurate FRET e!ciency values without the reliance

on an ALEX system.

In this procedure, the correction factors—such as background, crosstalk (including leakage and direct

excitation), and the ε factor—are calculated by measuring a series of species involving FRET-labeled
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samples, donor-only samples (for Lk correction), acceptor-only samples (for Dir correction), and just

the bu”er (for background correction) independently. The ε factor, which is one of the more complex

values to obtain, is determined by comparing the di”erence in photons collected from the two FRET

populations with di”erent FRET e!ciencies in both the donor and acceptor photon.-streams and

dividing them, as shown below.

From Equation 1.31, the ε factor is derived as follows:
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Where E1 and E2 represent the di”erent FRET e!ciencies recorded from varying interspaced dye

separations.

The ALEX-free Blue-Green Brick-MIC approach revisits an older but valuable concept, demonstrating

that while ALEX is a powerful tool, it may not always be necessary for FRET measurements, making

it worthwhile to explore simpler alternatives. While the primary goal is not necessarily achieving data

of the same high quality as state-of-the-art setups, this approach is still a significant advancement,

o”ering measurements at a fraction of the cost—roughly ten times cheaper. With room for fine-tuning

and optimization, there is potential to further increase the signal and enhance the performance of the

system. Additionally, revisiting accurate FRET measurements to explore the limits of this approach

is valuable. Ongoing e”orts will continue to focus on optimizing the acceptor signal and refining the
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method, with the potential for future advancements that could lead to more precise, accessible, and

cost-e”ective FRET experiments.

4.5 Outlook

Single-molecule detection has revolutionized the ability to directly analyze rapidly changing, metastable,

and temporally heterogeneous biomolecular states—processes often obscured and averaged out in tra-

ditional bulk measurements. As this technology becomes increasingly accessible, it holds the potential

to make conventional bulk methods and common laboratory practices, such as purifying and amplify-

ing biochemical signals, obsolete or far less relevant. This advancement unlocks new possibilities for

the development of more sensitive and versatile tools with transformative implications for diagnostics,

drug screenings, environmental monitoring, and even high-security barcoding.

The Brick-MIC platform represents a significant advancement in enabling the transition to single-

molecule-based assays across various scientific fields. Currently, the platform is being expanded in

collaboration with the Stibor lab at LMU, as well as the Lerner lab and the Keren lab at the Hebrew

University of Jerusalem, to monitor and distinguish individual phytoplankton species based on the

unique fluorescence spectra and fluorescence lifetime fingerprints of their multiple light-harvesting

pigments.

This collaboration builds on previous work by the Lerner lab, which found that phytoplankton species

employ di”erent strategies to acclimate to light intensity changes. Cyanobacteria transition to a

long fluorescence lifetime state, while dinoflagellates reduce their fluorescence lifetime through non-

photochemical quenching (NPQ) mechanisms. These distinct fluorescence signatures can be used to

di”erentiate phytoplankton species and monitor their respective metabolism in various environmental

conditions.

Building on these findings, the Brick-MIC platform has already been customized for fluorescence

lifetime measurements and as a fluorimeter, creating an on-site, field-ready, highly sensitive water

quality and environmental monitoring system. This system could help detect early algal blooms,

preventing ecological disruptions and public health risks.

Initial tests using the upgrades successfully recorded individual phytoplankton cells, capturing fluo-

rescence lifetimes across two spectral windows and their spectra (Figure 4.1). Ongoing work involves

validating the system, with future plans for deployment in floating stations across various aquatic

environments, including the Red Sea, the Sea of Galilee, and five lakes in Bavaria, Germany. These

e”orts aim to demonstrate the system’s potential for in situ environmental monitoring and single-cell

fluorescence analysis.
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Figure 4.1: Overview and workflow of the field-deployable micro-spectroscopy setup for single phytoplankton
cells, based on Brick-MIC. (a-b) Schematic drawing of a new Brick-MIC variant for single phytoplankton cell
analysis with one-color pulsed excitation and two-color PMT detection and spectrometer. (c-f) Preliminary data
of fluorescence intensity traces of single Chlamydomonas cells (c) in laminar flow and fluorescence lifetime decays
(d) with spectra (e) and analysis of multiple single phytoplankton cell detection events as viewed through two
parameters (f): fluorescence lifetime in one detection channel and the brightness ratio of two detection channels.

While the fluorimeter modality was developed for phytoplankton fluorescence spectra analysis, it also

has broader applications. It provides a valuable tool for routine fluorescence spectra recordings of small

sample volumes and low concentrations, where conventional cuvette-based setups face limitations. By

utilizing a high numerical aperture (NA) objective, this modality can acquire spectra from as little as

10 microliters of sample and fluorescence concentrations as low as 1 nM (Figure 4.2). For example,

protein labeling and purification procedures often result in low concentrations and volumes, making the

fluorimeter particularly useful for protein labeling analysis, where standard fluorimeters may struggle

to measure accurate fluorescent spectra.
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Figure 4.2: µ-fluorimeter. The left image shows the detection box of Brick-MIC replaced by a commercially
available fiber-coupled spectrometer (USB4000, Ocean Optics). The right panel displays normalized fluorescence
spectra of 40-mer dsDNA labeled with Alexa546 or Cy3B, acquired from a 10 µL sample volume at a 1 nM
concentration, respectively. Excitation was performed at a 532 nm wavelength with 1 mW laser power.

In line with the growing potential of the Brick-MIC platform, it is being explored for its application

in the diagnostics sector through a collaboration with the startup AIcendence, founded by Johannes

Strodel and Moritz Koch. Their goal is to automate white blood cell diagnostics, a process that is cur-

rently done manually with microscopy. The current manual method involves identifying and counting

cell types by eye, such as monocytes, eosinophils, basophils, and neutrophils. However, Strodel and

Koch identified several challenges with the existing workflow: it is time-consuming, requires specialized

training, and is prone to human error.

Initial tests with the existing Brick-MIC system were successful, capturing images of single cells that

were identified by the AI algorithm (Figure 4.3 a). However, scanning capabilities are necessary

to capture a larger number of cells and ensure the required statistics for reliable diagnostics. To

meet these requirements, the Brick-MIC platform is being further developed with upgrades, including

the integration of a motorized x-y sample scanner, a new LED array for transmitted light, and an

RGB camera (Figure 4.3 b, c). These enhancements will enable a fully autonomous, cost-e”ective cell-

counting system, improving the e!ciency of white blood cell diagnostics and making it more accessible

and reliable than traditional methods.
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Figure 4.3: Aicendence preliminary test and future plans: (a) Single cells acquired with the Brick-MIC system
using a microcavity chip for single-cell sorting. The imaged cell was identified by the AI workflow as a ciliated
epithelial cell. (b-c) CAD renderings of Brick-MIC’s next modality, which incorporates a motorized x-y stage
to enable automated scanning of the entire sample.

The Brick-MIC project represents a significant advancement in making single-molecule spectroscopy

and super-resolution imaging more accessible, especially for non-optical specialists. Its modular de-

sign, inspired by a ”LEGO-like” philosophy, allows for easy expansion and customization for specific

applications. This modularity, combined with the flexibility of 3D printing, encourages experimenta-

tion and the development of application-specific solutions. Each new module can be integrated with

existing components to create customized setups.

Much like how Muybridge’s motion photography laid the groundwork for the video camera, making

high-speed motion capture available to all, the Brick-MIC platform is opening the door for single-

molecule techniques to become a routine tool in scientific research.
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Looking forward, as more researchers contribute to this open-source project, the potential for further

improvements grows. We may see the development of additional modules that push the limits of

what’s possible with microscopy, making advanced imaging techniques more accessible and adaptable.

This collaborative, iterative process holds the potential to make high-end microscopy tools more

widely available, facilitating breakthroughs across various scientific disciplines by making powerful

tools available to a broader community.
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tative identification of di”erent single molecules by selective time-resolved confocal fluorescence

spectroscopy. The Journal of Physical Chemistry A, 102(33):6601–6613, 1998.

[92] Eyal Nir, Xavier Michalet, Kambiz M Hamadani, Ted A Laurence, Daniel Neuhauser, Yevgeniy

Kovchegov, and Shimon Weiss. Shot-noise limited single-molecule fret histograms: comparison

between theory and experiments. The Journal of Physical Chemistry B, 110(44):22103–22124,

2006.



BIBLIOGRAPHY 141

[93] Achillefs N Kapanidis, Ted A Laurence, Nam Ki Lee, Emmanuel Margeat, Xiangxu Kong, and

Shimon Weiss. Alternating-laser excitation of single molecules. Accounts of chemical research,

38(7):523–533, 2005.

[94] Johannes Hohlbein, Timothy D Craggs, and Thorben Cordes. Alternating-laser excitation:

single-molecule fret and beyond. Chemical Society Reviews, 43(4):1156–1171, 2014.
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Manley, Ralf Jungmann, Markus Sauer, Melike Lakadamyali, and Christophe Zimmer. Single-

molecule localization microscopy. Nature reviews methods primers, 1(1):39, 2021.
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