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Preface

Fluorescence microscopy is an indispensable tool in biology, which allows direct
visualisation of a plethora of structures and processes in organisms. In particular, single-
molecule microscopy (SMM) is an especially powerful set of techniques for molecular and
cell biology. It is based on attachment of light-emissive luminophore moieties to biological
molecules or their assemblies and allows visualizing their movement, probing their
interactions, or precisely pinpointing their location with high resolution. However, SMM has
strict requirements towards the utilized luminophores, especially concerning the homogeneity

of their luminescence, resistance against light and chemical degradation, and brightness.

Recently, a new luminophore called upconverting particles (UCNPs) gained attention of
the research community due to their efficient emission of visible light upon excitation with
infrared light. This property makes UCNPs a valuable luminophore for biological applications
due to the elimination of autofluorescence background, commonly associated with regular
visible light excitation. Extreme photostability of UCNPs and absence of sporadic

photoswitching are also valuable for SMM experiments.

The objective of this thesis was to adapt UCNPs to SMM applications, with the ultimate

goal of exploiting their unique properties towards superior performance of SMM experiments.

As this project is highly multidisciplinary, an ample amount of introduction is provided
for the fields of fluorescence microscopy in biology, SMM, and UCNPs. Readers who are
thoroughly familiar with either of these fields are advised to skip the corresponding parts of

the introduction.

The main results of the work are presented in two published research articles about
UCNP-dye FRET and UCNP dissolution in water, and one article manuscript under
development about single-particle tracking of UCNPs. Each article is provided with a brief
preface that summarizes the work performed in it and provides the context for the work

relative to the thesis project.
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The best that most of us can hope to achieve in physics is simply to misunderstand at a

deeper level.

— Wolfgang Pauli



Chapter 1. Bibliographical review.

Part 1. Fluorescence microscopy.

1.1.1. Basics of optical microscopy.

Since its invention in the X VII century, the optical microscope remains an indispensable
tool in physics, chemistry and especially life sciences. The ability to directly see the
microstructure of living objects has yielded over the centuries a plethora of information that

led to numerous discoveries and breakthroughs in biology and medicine.

First, let us consider the naked human eye (Fig. 1.1.1.1A). This organ by itself already
allows researchers to resolve objects down to ~100 um in size in good lighting conditions
(Yanoff and Duker, 2008). While its structure is quite complicated, from a purely optical point
of view it can be reduced to four elements (Fig. 1.1.1.1B): a thin refracting layer (cornea), an
aperture (pupil), a lens, and a liquid-filled reservoir. Together, these elements focus the image
of the observed object onto the retina, a detector surface consisting of multiple types of
photosensitive cells. Eye muscle contractions allow to change the shape of the lens to focus
on closer or farther objects (accommodation), and also change the size of the pupil to increase

or reduce the amount of light falling on the retina.

Fig. 1.1.1.1. A: Structure of a human eye, with the components labeled. B: Simplified optical
system of a typical relaxed human eye. Distance and radii of curvature are given in

millimeters. Starred values depend on accommodation. Image adapted from (Atchison and



Smith, 2000).

The relaxed human eye has a lower limit on the distance at which the object stays in
focus (“near point”, typically ~25 cm (Hecht, 2002)). Accommodation of the eye allows to
view objects even closer, however even with accommodation there is still a lower limit on the
distance at which objects stay in focus, after wahich the object's image becomes blurred and

the fine details cannot be seen.

A simplest microscope can be built by putting a single lens in front of the human eye,
known as magnifying glass (Fig. 1.1.1.2B). The angular magnification power (MA) of such a
system is defined by the focal distance of a single lens (f) and the near point distance. In the

case of the object being close to the lens it is equal to:

MA=(25cm/f)+1 (Eq. 1.1.1.1)

Imaging objects with a magnifying lens was perfected by Antonie van Leeuwenhoek in
late XVII century, with reported magnification of up to ~125x using custom-made lenses,
used for discovery of microorganisms. However, limits of human eyesight, issues with
reliable production of such lenses, and difficulties in recording images from such setups

ultimately required more advanced experimental setups than the magnifying glass.



Fig. 1.1.1.2. Principles of image magnification by magnifying glass and a compound
microscope. A: Formation of an image on the retina of a human eye. B: Formation of an

image using a magnifying glass. C: Formation of an image using a compound microscope.

Adding a second lens into this system produces a compound microscope (Fig. 1.1.1.2C).
The lens closer to the object is defined as objective, and the one closer to the eye is called an
eyepiece. The magnification power of such system is defined as a product of magnification of

an image by the objective and the eyepiece:

M = Mopjeciive Meyepicce = (Si/ S )((25em /f) +1) (Eq. 1.1.1.2)

where s; is the distance of the real image from the objective and s, is the distance of the object

from the objective (has to be higher than the focal distance of the objective).

This system allows for much higher magnification powers (>100x) and provides much
more flexibility in regards to changing the magnification, imaging modality, etc. Also, both
the objective and the eyepiece can be replaced by sets of lenses and other optical elements
designed to correct for image distortions (aberrations) produced by manufacturing
imperfections as well as fundamental physical effects, e.g. unequal refraction of different

wavelengths of light.

Meanwhile, the size of the objective lens and its focal distance determine the numerical
aperture (NA), a dimensionless value that characterizes the angle of the most tilted ray from

the optical axis that can still be collected:

NA =nsin 0 (Eq. 1.1.1.3)

, where # is the refraction index of the medium between the sample and the lens, and 6 is the
half-angle for the cone of light that can enter or exit the lens. Higher NA values allow to
collect more light from the sample, but require the objective to be positioned closer to the

sample.

After having passed through all optical elements of the microscope, light that carries
information about the object is eventually perceived by the detector. There is a wide variety of
detectors used in optical microscopy, ranging from the researcher's eye retina to point
detectors like avalanche photodiodes (APDs), photomultiplier tubes (PMTs), to

semiconductor detector arrays like CMOS and CCD sensors.
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The response of the detector after collecting light is a sum of the following components:
Signal: the value of the measurement which contains information about the sample.

Background: the systematic error in the measurement. In microscopy, sources of
background usually include stray light, uneven surface of optical components (e.g.
dust or scratches), uneven response of the detector, and the response from out-of-focus

parts of sample.

Noise: the random error in the measurement. In microscopy, noise can arise due to
imperfections in the experimental setup (e.g. electronic noise or thermal fluctuations in

the detector) and fundamental phenomena (e.g. particle nature of light).

All in all, the aforementioned parameters ultimately define the performance of an

optical microscopy experimental setup. It is typically expressed through the parameters that

characterize its performance in regards to the information that can be extracted from the

experiment:

Signal-to-noise ratio (SNR), that describes the contrast between the useful
information-carrying signal and the useless noise in the measurement (Fig. 1.1.1.3A).
SNR characterizes the sensitivity of the setup and is defined as the ratio of signal
amplitude to standard deviation of noise. High SNR is a desirable parameter.
However, at high values, increasing SNR has diminishing (logarithmic) returns. The
Shannon-Hartley theorem predicts that at high SNR values, increasing SNR by a
factor of 10 increases the information content of the image by approximately a factor

of 2 (Shannon, 1949a; Cox and Sheppard 1986).

Resolution, that describes the minimum distance between two point sources of light at
which they are distinguishable from one another. Increasing resolution gives more
information about smaller features in the sample (Fig. 1.1.1.3B). The resolution
depends on multiple parts of the microscopy setup, most notably the objective and the

detector.

Readout time/imaging frequency that describes the minimum time/maximum
frequency at which the observation can be made. Lower readout time / higher imaging
frequency gives information about fast processes in the sample. Readout time is

usually synonymous to exposure — the amount of time the detector is open to

11



accumulate light, although in some experimental setups those parameters can be
different. Per Nyquist-Shannon theorem, the imaging frequency should be at least
twice as high as the frequency of the fastest process to be investigated (Shannon,

1949b).

These three parameters are locked in a tradeoff between each other. For example,
consider a simple microscope setup consisting of two lenses and a detector array. Resolution
can be increased by using a more finely divided detector array with more individual sensing
elements. However, this means that each sensing element will collect less light due to its
lower surface area, thus lowering the signal-to-noise ratio. One can then increase the readout
time, illuminate the detector for longer amounts of time and compensate for loss in SNR.
However, this will make the setup unable to resolve fast processes that happen during the

readout time.

Fig. 1.1.1.3. Signal-to-noise ratio and resolution. A: A microscopy image is a sum of signal,
background, and noise. With lower SNR, image quality becomes lower and the finer details
eventually become indistinguishable from noise. Red graphs correspond to red-highlighted
sections in corresponding images. B: with increase in resolution, smaller features and edges

can be observed with more precision. Initial “signal” image adapted from Twitter, Inc.
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Another very important aspect of optical microscopy is that at a certain point any further
magnification does not improve the details in the image. This limit of resolution in
conventional optical microscopy is known as the diffraction limit (Abbe limit). In brief, in an
ideal optical system with a spherical objective lens, an infinitely small point source of light
will yield a spherical wavefront entering the objective (Fig. 1.1.1.4A). As they exit the
objective, the waves diffract on the objective aperture and eventually arrive at the image
plane. Depending on the position in image plane, the wavefront may perform constructive or
destructive interference, resulting in a formation of a distinct pattern with a central peak and
multiple progressively weaker concentric circles around it, called an Airy pattern (Fig.
1.1.1.4B). The width of the peak depends only on the NA and the wavelength of light (1)

collected from the sample:

FWHM = 0.51 1./ NA (Eq. 1.1.1.4)

where FWHM is full width at half maximum of the peak. In practice, typical objectives used
for biological imaging have NA values up to 1.4. This means that for green light (530 nm) the
peak width would be roughly 190 nm. Thus, at a certain point, increasing the magnification of
an objective stops improving the resolution, as point sources at a distance lower than the
diffraction limit are indistinguishable (Fig. 1.1.1.4C). Also, in non-ideal systems, the resulting
shape of a single-spot image can deviate from Airy pattern due to optical aberrations. The
shape of the image of an infinitesimal single point source is generally known as instrumental
point spread function (PSF). Overall, this effect is unfortunate for many biological studies, as
a number of the features on molecular and cellular levels are smaller than the diffraction limit

(Fig. 1.1.1.4D).

13
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Fig. 1.1.1.4. Diffraction limit in optical microscopy. A: Formation of a point spread function
on a 2D plane by objectives with high or low NA. B: Airy pattern. C: as two point sources
come closer to each other, their Airy patterns start overlapping, preventing the possibility to
distinguish them. D: Comparison of sizes of biological objects with Abbe limit (logarithmic
scale). Images adapted from Nikon Instruments Inc., (Patterson, 2009) and Royal Swedish

Academy of Sciences.

Nevertheless, for the larger features, optical microscopy remains one of the main tools
in biologist's arsenal. It can be performed in a wide variety of modes. Light can be collected
after being transmitted through the sample (bright-field microscopy), reflected from the
sample (reflected light microscopy), after being scattered by the sample (dark-field
microscopy), after being emitted by the sample (luminescence microscopy), etc. The
illumination and collection pathways can be modified to observe the differences in rotation of
light polarization by the sample (polarized light microscopy), the differences in phase shift

when light passes through the sample (phase contrast and differential interference contrast
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microscopy), the three-dimensional topology of the sample by simultaneously collecting light

through two slightly angled optical pathways (stereomicroscopy), etc (Murphy, 2002).

Among this cornucopia of optical microscopy modes, one set of techniques has become
particularly prominent in molecular, cellular and tissue biology over the last three decades.
These techniques are called fluorescence microscopy, a subset of luminescence microscopy,
in which the sample is illuminated by a high-energy, low-wavelength light and then reemits
low-energy, high-wavelength light through a process known as fluorescence. The advantages
of fluorescence microscopy for biological imaging include non-invasiveness, fast readout
times, high contrast, resolution down to hundreds of nanometers (or even lower with certain
techniques), ability to work both in vitro and in vivo, possibility to selectively label and image
particular features of the specimen, extraction of microscale information and interactions
within the specimen, and possibility for combination with other imaging modes or techniques

(Combs, 2010).

1.1.2. Principles of fluorescence

As a phenomenon, fluorescence is a type of photoluminescence (emission of light by a
material after absorption of light). There are multiple definitions of fluorescence. Most
commonly, when referring to fluorescence, researchers mean “emission of light from excited
singlet state of a molecule after light absorption in ground singlet state”. In this context, the

fluorescing molecule is called a fluorophore.

Fluorescence and other processes related to the electronic transitions from and to low
excited states of molecules are usually represented together with their timescales via a
Jablonski diagram (Fig. 1.1.2.1) (Lakowicz, 2011). The process of fluorescence starts from
absorption of light from the ground singlet electronic state (S,) of the fluorophore and its
transition to one of the vibrational sub-levels of one of the excited singlet states (S; or S,).
This transition and the change of the shape of molecular orbitals occurs extremely quick (on
the order of femtoseconds). This amount of time is too small for significant changes in the
positions of atom nuclei. This is known as Franck-Condon principle. As the position of nuclei
immediately after excitation usually does not match their equilibrium position for the new
molecular orbital, the nuclei start moving to accommodate themselves to the new electronic

structure. This process is known as vibrational relaxation.
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Fig. 1.1.2.1. Jablonski diagram and timescales of fluorescence and related processes. Figure

adapted from the website of Florida State University.

From the S, state, the molecule performs a transition into a high vibrational sub-level of
S, state through a process known as infernal conversion. Afterwards, through vibrational
relaxation, the fluorophore decays to the lowest sublevels of excited singlet state (S,), with the
energy transformed into vibrations of the molecule. From the S; state, the fluorophore can
decay to one of the vibrational sub-states of the S, state, with the emission of a photon
(fluorescence) or with dissipation of energy into vibrations of the molecule through internal
conversion to high vibrational sub-levels of S, state. The fluorophore can also perform
intersystem crossing — a transition to the excited triplet state (T;), from which it then can relax
to the ground state with emission of light (phosphorescence) or non-radiatively through

internal conversion.

All of these processes have different, sometimes comparable timescales. One of the
important parameters of fluorophores is fluorescence lifetime — the average time that the

fluorophore spends in the excited state. Typical fluorescence lifetimes are ranged from 100 ps
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to 100 ns. This time can be defined as the inverse of the sum of radiative and all non-radiative

relaxation rate constants from the S; state:
t=1/(k+2k,) (Eq. 1.1.2.1)

Due to the losses associated with vibrational relaxation, the energy of the emitted
photons is lower than the energy of absorbed ones. This difference between the wavelengths
of absorption and emission is known as Stokes shift (Fig. 1.1.2.1B). The efficiency of the
fluorescence process can be defined by quantum yield (QY) — the ratio of the quantity of

emitted photons to the quantity of absorbed ones:
QY = Nemitted /Nabsorbed (Eq 1122)

As fluorophores are more prone to chemical reactions in excited state, eventually most
fluorophores undergo irreversible chemical reactions, in a process known as bleaching.

Conversely, the resistance of fluorophores to bleaching is termed photostability.

Absorption and emission wavelength ranges, fluorescence quantum yield, lifetime and
photostability are the main parameters for any fluorescent molecule. A large variety of
fluorophores exist and are being developed for a multitude of applications, including

fluorescence microscopy.

Fluorescence microscopy can be done with biological samples without any labeling,
through visualizing the natural fluorescence (autofluorescence) of certain molecules (e.g.
tryptophan aminoacids in proteins, NADPH and some others) (Billinton and Knight, 2001).
However, their fluorescence isn't particularly efficient and gives information only on their
own localization. Thus, the objects to be visualised are typically selectively labeled with
fluorescent labels and probes. Those include organic dyes, fluorescent proteins, fluorescent
nucleosides, quantum dots and other nanoparticles. Labeling strategies for fluorescence

microscopy are discussed more thoroughly in the part 1.2.4.

1.1.3. Brief overview of fluorescence microscopy techniques and modalities

There is a vast range of techniques and modalities for fluorescence microscopy for
biological imaging, and new ones are still being invented today. The most distinct and well-

known types of microscopy are described in this section, however this list is not exhaustive,
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and most of these techniques can be combined and modified to produce unique imaging

modalities.

Wide-field epifluorescence microscopy is the simplest and most popular technique
used in biological imaging (Fig. 1.1.3.1). The microscopy setup for this mode involves
illuminating the sample with excitation light through an objective and then collecting its
fluorescence signal. A point of fundamental importance is the optical separation of the
excitation and emission beams. Typically, such setups rely on interference filters, with the use
of band-pass filters in conjunction with dichroic mirrors that can transmit light in a fixed
range of wavelengths and reflect all other light. Excitation is typically performed either by
filtering the light from a white lamp or using lasers, while emitted light is typically being
detected by a digital camera.

Due to the ease of setting it up, fast readout frequencies (up to 100 frames per second
dependent on the camera), simultaneous sampling of a large area (typically from 10x10 um?
upwards, although smaller areas can be imaged as well), and a number of possible
modifications, epifluorescence microscopy remains one of the most prominent techniques in
routine biological experiments. However, epifluorescence microscopy is limited by low

signal-to-noise ratio and difficulty in observing the three-dimensional structure of the

specimen due to collection of light from out-of-focus parts of the sample.
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Fig. 1.1.3.1. Basic fluorescence microscopy illumination modes. A: Epifluorescence mode. B:

Confocal microscopy mode. C: Total internal reflection. Image adapted from (Park et al.,
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2015).

In confocal microscopy the excitation beam (typically a laser) is focused in a small
spot in the sample. Fluorescence from the focal volume is collected by a point detector. In
order to reconstruct an image, the focal point is scanned over the sample typically by
deviating the excitation beam with galvanometric mirrors. Thus in contrast to wide field
microscopy where one full field of view is snapped at a time, the image is collected pixel by
pixel in the confocal geometry. The advantage of confocal microscopy stems from the
presence of a pinhole positioned in front of the point detector (usually a photomultiplier tube,
PMT, or avalanche photodiode, APD). As a result, only the light from the focal volume is

being collected whereas all out-of-focus signal is being rejected (Fig. 1.1.3.1B).

Higher signal-to-noise ratio, ability to resolve finer details in the sample, the possibility
to image thicker sections of a specimen, and large amounts of additional imaging modalities
are the main advantages of confocal microscopy. However, scanning is usually slower than

imaging with a camera, resulting in longer readout times than wide-field microscopy.

In total internal reflection wide-field fluorescence microscopy (TIRFM), the
excitation beam illuminates the sample with a sharp angle so that total internal reflection
occurs at the interface between the thin coverglass (on which the sample resides) and the
medium containing the sample (typically water or buffer). This reflection produces an
evanescent field, which is a non-propagating electromagnetic field that concentrates the
energy in the vicinity of the interface. Typically the excitation intensity close the surface can
be increased by up to a factor of 4-6 (Axelrod, 2001) and it decreases exponentially away
from the interface (characteristic thickness of ~100-300 nm). Fluorophores can interact with
this field as they would with a regular electromagnetic wave; for example, they can absorb

energy from it and subsequently fluoresce (Fig. 1.1.3.1C).

This mode of imaging allows selective excitation of fluorophores in very close
proximity to the reflecting surface. This permits to perform wide-field microscopy with much
higher signal-to-noise ratio due to the absence of out-of-focus background light. The main
disadvantage of TIRFM is the inability to image fluorophores farther than ~1 pm away from

glass surface.
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Light sheet fluorescence microscopy (LSFM) uses a separate objective to illuminate a
small section of the sample through its side by an excitation beam (Voie et al. 1993). A
variety of beam shaping methods can be used for this purpose, most commonly passing the

beam through a cylindrical lens. An example of a setup for LSFM is provided on Fig. 1.1.3.2.

LSFM allows to drastically reduce the background fluorescence coming from the
sample, by avoiding illuminating the parts of the sample that are not in focus. This facilitates
imaging of three-dimensional structure of the sample. Reducing the amount of incident light
also has the advantage of reducing phototoxicity — damage of the biological sample by light-
induced chemical reactions. However, LSFM has higher instrumental setup costs and requires

more calibration compared to epifluorescence setups.
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Fig. 1.1.3.2. An example of a setup for light sheet fluorescence microscopy. Image adapted
from (Gualda et al., 2017).

In near-field scanning optical microscopy (NSOM) (Synge 1928; Ash and Nicholls
1972) the excitation and collection pathways are coupled to an optical fiber with a very small
exit aperture (<1 pm), which is positioned on a controllable piezoelectric scanning stage very
close to the sample, at distances lower than a single wavelength of light (Fig. 1.1.3.3) In these
near field conditions an evanescent field is formed in the immediate proximity of the fiber
aperture, and can excite the sample. Correspondingly, the evanescent field produced by the
fluorescing sample can then get detected back through the same optical fiber. By scanning the

surface of the sample with the optical fiber probe, an image can be reconstructed.
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The regular laws of diffraction do not apply to evanescent fields. Thus, the key
advantage of the NSOM is the ability to improve the image resolution past the diffraction
barrier and achieve what is known as super-resolution imaging, a feat that is not achievable
by aforementioned conventional microscopy techniques. Also, NSOM allows correlating the
physical topology of the sample with its luminescence. The major disadvantages of NSOM
are its inability to access the deeper parts of the sample, costly instrumental setups, long
scanning times, and its potential to influence and/or damage the sample due to a very small

working distance.
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Fig. 1.1.3.3. Near-field optical microscopy. Image adapted from Olympus Corporation

website.

Structured illumination microscopy (SIM) techniques involve an uneven excitation
beam forming an uneven illumination pattern on the sample with a defined structure (typically
a grid) (Fig. 1.1.3.4 A). High-frequency features in the sample lost in conventional
microscopy form Moire patterns with the illumination profile and can be recovered (Fig.
1.1.3.4 B). By acquiring a sequence of images by rotating the excitation pattern by small
incremental steps it is possible to recover many spatial frequencies (and henceforth, finer
details). Moire patterns are very sensitive to phase and/or angle shift and their changes can be
easily resolved. By processing the set of images, the fluorescent structures can be resolved
with higher precision (typically down to ~150 nm) (Fig. 1.1.3.4 C, D) (Gustafsson et al.,
2008).

The main advantage of this method is achievement of super-resolution, usually lowering

the diffraction limit by a factor of ~2 compared to conventional microscopy. However, it
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needs complicated experimental setups with multiple potential sources of error, longer
readout times compared to wide-field microscopy and computation-intensive post-processing

steps, complicating investigation of the fast processes in the sample.
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Fig. 1.1.3.4. Structured illumination microscopy. A: an example of a SIM setup. B: Principle
of reconstruction. C and D: a regular wide-field microscopy image and a SIM reconstruction
of the same sample of fluorescent spheres. Images adapted from (Gustafsson et al., 2008) and
the website of Andor Technology Ltd.

Stimulated emission depletion fluorescence microscopy (STED) is based upon
stimulated emission, a fundamental phenomenon where a photon can interact with a
fluorophore in excited state, forcing it to emit another photon (Hell and Wichmann, 1994).
STED operates in a confocal configuration, but requires a second laser beam, with a
doughnut-shaped PSF that is superimposed with the excitation beam. The wavelength of the
so-called depletion beam is chosen in such a way that it forces the fluorophores to relax to
ground state through stimulated emission. Therefore only the fluorophores in the middle of
the depletion doughnut remained excited and their fluorescence can be collected afterwards.

The net result of this process is a reduction of the effective excitation volume (Fig. 1.1.3.5).

By scanning the sample with a smaller excitation PSF, super-resolution imaging can be
achieved, providing unique information about the fine structure of the sample with a much
simpler setup compared to NSOM. The disadvantage of STED is the high excitation power
required for stimulated emission, leading to fast bleaching of fluorophores and high

phototoxicity in live samples.
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Fig. 1.1.3.5. STED microscopy. A: Simplified Jablonski diagram for the case of STED. The
transition from S; to Sy state can be induced (stimulated) if the excited molecule is illuminated
with light at a correct wavelength. B: STED can be used to decrease the effective
fluorescence PSF. C: Principle of STED microscopy with a doughnut depletion profile. A
smaller effective excitation PSF can excite fluorophores in a small region and make them
distinguishable from their nearby neighbors. D: Example of two combined STED images of
nuclear pore complexes. STED allows to resolve the spatial configuration and directly
visualize the stoichiometry of protein complexes (Gottfert et al., 2013). Images adapted from
(Gottfert et al., 2013) and Scientific Volume Imaging, b.v.

Another type of super-resolution microscopy, single-molecule localization microscopy

(SMLM) and its variations, is more thoroughly discussed in part 1.2.1.

The importance and necessity of super-resolution techniques was underlined by the
2014 Nobel Prize in Chemistry awarded to Hell, Betzig and Moerner for their development of
STED, SMLM and PALM/STORM. SMLM and PALM/STORM are described in much
higher detail in Part 2.

23



For some of the aforementioned techniques, the excitation and detection pathways can
be modified to observe particular behaviors of fluorophores. Frequently these modifications
are performed in confocal microscopy mode, as it allows a lot of flexibility due to the

simplicity of its collection pathway.

In multichannel imaging, the dichroic mirror, filters and/or excitation sources are
sequentially changed during imaging. This allows to observe the response of several different
types of fluorophores in the same sample. The method can be modified to be performed
simultaneously, by splitting the collection beam with a dichroic mirror and passing the
separate beams through a set of filters, and collecting them afterwards by multiple detectors
(or a single detector split in several parts). A subtype of multichannel imaging, ratiometric
imaging observes the different spectral responses of the same fluorophore dependent on its
interactions with the sample. In a similar fashion, in spectral imaging the collection pathway
contains a diffraction grating or another dispersive element that allows to spatially separate
the emission with different wavelengths. By using a line of detectors (or by moving the

dispersive element), the emission spectrum can be reconstructed (Zimmermann et al. 2003).

In two-photon imaging, the excitation is performed by pulsed lasers (typically
femtosecond laser) with high peak intensity and a long wavelength, usually in red or near-
infrared region. Under high excitation intensity, molecules can undergo a nonlinear process
called two-photon absorption (TPA), in which they are excited to the S, state by simultaneous
absorption of two photons. While the process is very inefficient, its high dependency on
illumination intensity ensures excitation only in the center of the focused beam. Also,
biological samples are more transparent to long-wavelength light, allowing deeper penetration
for tissue imaging. The disadvantage of this imaging mode is mainly associated with the high
cost of the experimental setup and inefficiency of TPA process, requiring quite high

excitation powers, which can be detrimental to the sample and/or fluorescent labels.

In fluorescence lifetime imaging microscopy (FLIM), a short-pulsed excitation source
i1s used. Fluorophores exhibiting different lifetimes will fluoresce at different delay after
excitation, which can be measured by using time-gated detection, time-correlated single
photon counting (TCSPC) or phase-modulation techniques. This can be used to reconstruct a

spatial map of fluorophore lifetimes in the sample (Becker, 2012).
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1.1.4. Biological applications of fluorescence microscopy

In modern biology and medicine, fluorescence microscopy techniques are an
indispensable tool. Frequently microscopy is performed with chemically fixed samples, in
which the whole sample is permeated with chemical agents (commonly formaldehyde or
glutaraldehyde) that link and polymerize the proteins in the sample to make it resistant to
short-term degradation while retaining its microstructure. This procedure results in a solid or
gel-like specimen that can be imaged for extensive periods of time. Some fluorescent
microscopy techniques are adapted to work in living specimens, although those usually have

more stringent demands to the experimental setup.

On the tissue level, fluorescence microscopy is performed typically in experiments
investigating the structure of the tissue. For this, the tissues are stained with fluorescent labels
which are selectively uptaken into specific types of cells. As fluorescence microscopy allows
to observe multiple labels with different excitation and emission spectra, different types of
cells or extracellular elements can be stained. This allows to investigate overall morphology
of the tissue, differences between tissues exposed to different conditions, relative quantities of
different cells in tissue, and many more parameters. Imaging can be performed either on thin
tissue sections, thicker tissue slabs, or even living organisms (Fig. 1.1.4.1). As light scattering
and out-of-focus background adversely affect the image quality, usually confocal and two-

photon techniques are preferred for tissue imaging.
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RFP tumor

Fig. 1.1.4.1. Examples of tissue imaging. A: Confocal microscopy image of a section of a
fixed section of dental gyrus of mouse brain from a mouse stochastically expressing red,
vellow and cyan fluorescent proteins (so-called “Brainbow” strategy) (Livet et al., 2007). B:
Two-photon microscopy image of the neocortex of a living mouse expressing a fluorescent
protein (Helmchen and Denk, 2005). C: confocal microscopy image of a fixed section of
mouse distal colon, with a protein (Muc2, green) labeled by a fluorescent antibody and DNA
(blue) labeled by an organic dye, DAPI (Ermund et al., 2013). D: Time-lapse two-photon
microscopy of Hoechst dye permeation into nuclei (green) of salivary glands of a live rat.
Vasculature was highlighted by Texas Red-dextran injected systemically. E: Full-body
imaging of a green fluorescence protein (GFP) expressing mouse with a red fluorescent
protein (RFP) expressing tumor (Ntziachristos et al., 2005). Images are adapted from

corresponding references.

On the cellular level, fluorescence microscopy is used for observing the structure of the
sample and its internal interactions. Simplest cell experiments involve labeling of organelles
or specific biomolecules to observe their cellular localization and elucidate their function (Fig.

1.1.4.2A). Multiple dyes emitting in separate spectral regions can be used for colocalization
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experiments, which can shed light on interactions between different biomolecules (Fig.
1.1.4.2B). Fluorescent probes that change their response according to their local environment
can be used to elucidate the spatial structure of the internal parameters of the sample like local

analyte concentration, hydrophobicity, and many other properties (Johnson, 2010) (Fig.
1.1.4.2C).

A 10 min. 20 min. 40 min. 90 min.

Fig. 1.1.4.2. Examples of cell imaging. A: Wide-field time-lapse microscopy of self-assembly
of Gag, a HIV-1 protein, in live HelLa cells microinjected with DNA encoding a mixture of
Gag and Gag with GFP tag (El Meshri et al., 2015). B: Confocal microscopy image of a co-
culture of multiple mammal cell lines pre-labeled with fluorescent nanoparticles with
different spectral responses (shown in pseudocolor) (Andreiuk et al., 2017). C. Confocal
microscopy of tubulin (green), DNA (blue) and CREST protein (red) in a dividing cell

(Shrestha et al., 2017). Images are adapted from corresponding references.
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On the molecular level, fluorescence microscopy is primarily used to observe inter- or
intramolecular interactions of biomolecules. This typically involves observation of the
response of individual environment-sensitive fluorophores coupled to individual
biomolecules. Depending on the interactions of the biomolecules, the fluorophores can change
their positions, brightness, spectral response, lifetimes (e.g. through various energy transfer
processes), fluorescence anisotropy, or other luminescence parameters. This permits to

elucidate the mechanisms by which the biomolecules perform their functions.

The molecular-level fluorescence microscopy experiments usually involve observation
of individual fluorophores. Such techniques are dubbed single-molecule microscopy

techniques, or SMM.
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Part 2. Single-molecule microscopy techniques (SMM).

1.2.1. Single-molecule localization microscopy (SMLM)

In a labeled sample, the diffraction limit precludes distinguishing fluorophores that are
close to each other. There are several methods (Rayleigh, Abbe and Sparrow) to quantify this
limit (Fig. 1.2.1.1 A). All three are based on the width of the PSF for a microscopy setup,

which is an Airy pattern in the idealized case.
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Fig. 1.2.1.1. Distinguishing separate fluorophores. A: Rayleigh, Abbe and Sparrow limits. B:
Comparison of the shape of the Airy disk PSF and the Gaussian fit of its central peak. C.
Single-molecule localization procedure. An image of the PSF in presence of noise is fitted by
a Gaussian curve. By finding the center of the peak, the precise position of the fluorophore
can be found. Images adapted from the website of the University of Utah (“Super-Resolution
Tutorial - Education - Advanced Microscopy,” n.d.), Wikimedia Foundation and Florida

State University (“ZEISS Microscopy Online Campus | Introduction to Superresolution
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Microscopy,” n.d.).

However, if a single fluorophore is observed with no other fluorophores in its vicinity,
its position can be derived much more precisely. This is known as localizing the fluorophore
(Bobroff 1986, ). The simplest way to do it is finding the position of the peak maximum,
either by finding the center of mass of several bright pixels (centroid) or by fitting the peak
with a Gaussian curve, which is a very good first approximation for the main peak in the Airy
pattern (Fig. 1.2.1.1 B). This concept is core for single-molecule localization microscopy
techniques (SMLM), which achieve super-resolution imaging by separating the response of

individual, single fluorophores (Fig. 1.2.1.1 C).

To localize individual fluorophores that are in close proximity to each other, there are

several possible approaches:

e Distinguish their luminescence spectrally. A sample can be labeled with several
fluorophores with identical labeling specificity, but different spectral response. If two
labels with different spectral response are close to each other, the intensity profile of
their combined emission peaks will look differently through different emission filters.
This is the base for techniques called spectral precision microscopy and spectral
precision distance microscopy (SPM and SPDM, Fig. 1.2.1.2) (Cremer et al., 2011).
This approach works best at moderate labeling densities. With a high labeling density
there is a high probability that two labels with the same spectral response will be close

to each other.
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Fig. 1.2.1.2. Principle of SPM. A: Three fluorophores are located in close proximity. Even at
very high magnification, their PSFs overlap too strongly for the positions to be resolvable. B:
Three fluorophores with different spectral signatures are located in close proximity. If they
are imaged on a multichannel microscope with good band separation, emission belonging to

different fluorophores can be separated, and the fluorophores can be localized.

e Distinguish their luminescence temporally. If two neighboring fluorophores perform
emission sequentially, their positions can be extracted from the images where only one
of them is emitting. Taking multiple images (making a video) yields a high probability
of capturing the positions of multiple individual fluorophores with high precision. This
is a base for techniques known as stochastic super-resolution microscopy (Fig. 1.2.1.3)
(Hell et al., 2015, Patterson et al., 2010). This approach trades the readout time for
resolution improvement; thus, stochastic super-resolution techniques are best used for
immobile samples, or samples where only sufficiently slow processes are imaged.
Also, special fluorophores have to be used, that can either spontaneously or

controllably be switched on and off.
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Fig. 1.2.1.3. Principle of stochastic super-resolution microscopy. A: An object is stained by

fluorophores. If the wide-field image of the object is taken, the fluorescence PSFs from

individual fluorophores overlap, and the finer features in the object become unrecognizable.

B: If only a few fluorophores emit at the same time, they can be precisely localized. This can

be repeated multiple times to accumulate a lot of fluorophore positions. C: By combining

together the accumulated localizations, the object can be reconstructed. More localizations

yield more information about the features in the object.

Distinguish their luminescence fluctuations. If two identical labels exhibit a
fluctuating fluorescence intensity, the shape of their combined intensity peaks will
fluctuate slightly over time. From the autocorrelation of the combined peak intensity
profile, the fluorophore positions can be located. This is the base for a method called
super-resolution ~ optical ~ fluctuation = imaging  (SOFI,  Fig. 1.2.1.4)
(Dertinger et al., 2009; Girsault et al., 2016). The advantage of this method relies on

its lower instrumental requirement and the ability to work with samples even when the
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PSFs of the emitters heavily overlap. Its disadvantages include a low resolution

improvement factor (usually about 2) and the potential formation of artifacts.

Fig. 1.2.1.4. Principle of SOFI. A: a wide-field video is taken, and the images are upscaled,

with extra virtual pixels corresponding to cross-correlations of interleaving pixels. B: Time
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trace of a 1D profile of the upscaled video. C: Cross-correlation function with different time
lags for the 1D profile. D_and E: Comparison of the average 1D profile and the cross-
correlation 1D profile at zero time lag. F: Average wide-field image and its comparison with
reconstructed images calculated from cross-correlations. The order of cross-correlation

functions yields the SOFI image of respective order. Image taken from (Girsault et al., 2016).

e Mix the aforementioned approaches to yield more information and thus improve the
resolution. For instance, SPM can be combined with stochastic super-resolution to

achieve a further increase in resolution (Zhang et al., 2015).

In SMLM, the second (stochastic) approach is by far more common due to lower
requirements for instrumental setups and higher reliability. Commonly several methods are

distinguished for achieving temporal separation of fluorophore emission:

e Photoactivated localization microscopy (PALM). In PALM, photoactivatable
fluorescent proteins (PAFPs) are used. By themselves, these proteins fluoresce
inefficiently. However, upon absorption of short-wavelength light (typically with
wavelength of ~400-500 nm), they perform a chemical reaction which transforms
them into a highly fluorescent molecule. Using a short burst of UV light, only a few
fluorophores can be activated in the sample, with high probability of being spatially
well-separated. Afterwards, fluorescence microscopy is performed and their positions
are localized. Then, if the reaction is irreversible, the excitation is left on until these
fluorophores are photobleached; otherwise, the fluorophores are switched back into
non-emissive form (if the reaction is reversible). These three steps are repeated to
sequentially localize all fluorophores in the sample and reconstruct its structure (Fig.

1.2.1.5) (Betzig et al., 2006, Hess et al., 2006, Sengupta et al., 2014).
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bleached

Initial Viewfield

Fig. 1.2.1.5. Principle of PALM. A PAFP in “off” state can be transformed (photoactivated)
into a fluorescent “on” state by absorbing high-energy light. After multiple cycles of
fluorescence, it eventually photobleaches. A: A sample contains multiple PAFPs. B: Using a
short pulse of high-energy light, a few PAFPs can be activated. C: Their fluorescence can be
then observed as in usual wide-field microscopy. D: PAFPs are localized and their positons

are recorded. E: After a period of illumination PAFPs eventually photobleach. F: a new

subset of PAFPs can then be activated to repeat the process. Image adapted from Carl Zeiss
AG website.

The main advantage of PALM is the usage of fluorescent proteins, which allows to
generate fluorophores intrinsically in cells, typically by transfecting cells with
plasmids encoding the target protein together with the PAFP. The usage of fluorescent
proteins is also a disadvantage, as cell transfection protocols can be quite
cumbersome, capricious and expensive compared to staining/washing protocols used

with organic dyes.

e Stochastic optical reconstruction microscopy (STORM). STORM and PALM are

essentially the same technique, however STORM is performed with photoswitchable
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organic dyes instead of fluorescent proteins. There is a large variety of
photoswitchable dyes with multiple photoswitching mechanisms available (Fig.
1.2.1.6). A frequently used approach, direct STORM (dSTORM) utilizes blinking, the
natural stochastic transitions of fluorophores into a non-emissive triplet state, which
can be modulated by adding oxidation and/or reduction agents in the solution (Linde

etal., 2011; Rust et al., 2000).

The advantage of STORM lies in the wide variety of available dyes and labeling

approaches, allowing for a lot of flexibility in the experimental design.
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Fig. 1.2.1.6. Examples of mechanisms of dye switching for STORM. In photoactivation, the
dye can be irreversibly changed to a fluorescent form by absorbing high-energy light.
Photoswitching is the same process, however it can be reversible. In photoconversion, the
“off” state is also fluorescent, but with different excitation and emission wavelengths
compared to “on” state. In blinking, the dye spontaneously undergoes transition from excited
singlet state to a long-lived intermediate non-fluorescent triplet state, and eventually returns

to ground state over time. The rate of blinking can be changed by controlling the excitation
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intensity and adding reduction/oxidation reagents in the system.

e Point Accumulation for Imaging in Nanoscale Topography (PAINT). In PAINT,
special organic fluorophores (fluorogenic probes) are used that bind to their targets
selectively yet reversibly, and exhibit fluorescence only upon binding to the target.
This leads to sporadic, transient fluorescence events in the sample, yielding temporal

separation required for SMLM (Fig. 1.2.1.7) (Sharonov and Hochstrasser, 20006).

PAINT is the easiest of the approaches for temporal-separated SMLM, and is the most
straightforward to set up and troubleshoot. The disadvantage of PAINT is the

requirement for reversible binding, limiting selectivity for certain biological targets.

add
object fluorogenic
probe

reversible binding
and activation

Fig. 1.2.1.7. Principle of PAINT. The fluorogenic probes are added to the object and diffuse
around it, reversibly binding to it. The fluorogenic probe becomes fluorescent only upon

binding, thus only a few probes are fluorescent at any given moment.

Frequently, SMLM requires resolving fluorophores in three dimensions (3D). For this,
the experimental setup can be modified by implementing elements that change the PSF of
detected emission. A simplest way to do this is by adding a cylindrical lens in the detection
pathway, which induces astigmatism, a type of optical aberration where rays propagating in
perpendicular planes have different foci. If the original PSF was a circular spot, the resulting
PSF will be elliptical, elongated horizontally or vertically dependent on the emitter's position
relative to the focal plane (Fig. 1.2.1.8) (Huang et al, 2008b). Its ellipticity contains

quantitative information about the distance from the focal plane. Advanced techniques for 3D
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SMLM use special phase masks that reshape the PSF to maximize the range of distances,

precision and accuracy of such measurements (Fig. 1.2.1.9) (Sah! and Moerner, 2013).
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Fig. 1.2.1.8. Three-dimensional fluorophore localization via an astigmatic collection
pathway. A: The collection pathway of the microscope includes a cylindrical lens. This forms
an elliptically shaped PSF with ellipticity that depends on the axial (z) position of the
fluorophore. B: Calibration curves obtained by imaging immobilized fluorophores on a flat
surface with a known offset from the surface plane. w, and w, correspond to lateral width of
the elliptical Gaussian-fitted spot. C: Localization distribution for individual molecules with

the astigmatic setup. Note that axial resolution is lower than the lateral resolution. Image

adapted from (Huang et al., 2008b).
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Fig. 1.2.1.9. Comparison of typical PSFs for 3D localization microscopy. Image adapted
from (Sahl and Moerner, 2013).

An important parameter in SMLM is localization error, which describes the estimated
average deviation of the position of the detected fluorophore from its actual position (“ground
truth”). This parameter is sometimes also called localization accuracy or localization
precision. For the simple case of a circular Gaussian PSF fitted by the least-squares method,

the squared localization error can be calculated as (Mortensen et al., 2010):

sP+at/12{16 . EJI[_S'E +a’ 1_?}} (Eq. 1.2.1.1)
N 9 Na?

¥l

O;s

where N is the number of detected emitter photons, s the standard deviation of the fitted
2D Gaussian peak, a the pixel size, and b the photon background (approaching zero in a well-

isolated system).

To summarize, SMLM allows precise localization of individual molecules in the
sample, often with localization error as little as ~20-30 nm. Experiments involving SMLM
include localization and colocalization of proteins and nucleic acids in cells, investigation of
geometry of protein complexes, etc (Fig. 1.2.1.10) (Huang et al., 2008a; Loschberger et al.,
2012; Xu et al., 2012). The majority of experiments is done with fixed samples due to low
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readout times; however, in recent years there have been multiple advancements in protocol
adaptation to live cell imaging (Fig. 1.2.1.11). Since its inception, SMLM became one of the
best methods for investigating the structure and topology of cells and organelles, allowing
unsurpassed imaging resolution and contrast, while using relatively simple experimental

setups.

Conventional A

immunofluorescence STORM

Conventional
immunofluorescence 2D STORM Horizontal section

Vertical section

300 nm {

Fig. 1.2.1.10. Examples of SMLM applications. A: Comparison of conventional wide-field
fluorescence and STORM images of mitochondria (magenta) and microtubules (green)
(Huang et al., 2008a). B: dSTORM images of gp210 membrane protein in African clawed
frog oocytes, and comparison of resolution and contrast with electron microscopy of the same

sample (Loschberger et al., 2012). C: (i) Full-cell imaging of actin cytoskeleton with dual-
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objective 3D STORM. (ii) Close-up of boxed region. (iii) Conventional wide-field image of
the boxed region (Xu et al., 2012). Images adapted from the respective references.

C uPAINT

A PALM

Diffusive
Confined
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Fig. 1.2.1.11. Examples of live-cell SMLM applications. A: numerous single trajectories of
[3-integrin fused with mEOS2, obtained on a single MEF cell with PALM, revealing that 3-
integrin undergoes slower free-diffusion inside focal adhesions (gray) than outside (Rossier
et al, 2012). B: spatial dynamics of cortical actin skeleton stained with Lifeact-
HaloTag/ATTO655 (Wilmes et al., 2012). C: live cell super-resolution imaging of membrane
epidermal growth factor receptor (EGFR) dimers based on single-molecule fluorescence
resonance energy transfer induced by fluorescent ligand activation. Inset shows referential
cell-edge localization of EGFR dimers (Winckler et al., 2013). Image and references adapted
from (Godin et al., 2014).

1.2.2. Single-molecule Forster Resonance Energy Transfer (smFRET)

Forster Resonance Energy Transfer (FRET) is a type of nonradiative energy transfer
between two fluorophores. The excited fluorophore giving the energy is called a donor, and
the receiving one is called an acceptor. For FRET, three conditions are necessary (Fig.

1.2.2.1) (Forster, 1948, Lakowicz, 2011):
1. The energies of donor emission and acceptor absorption must match.
2. Donor and acceptor must be at a close distance to each other, typically <10 nm.

3. Donor and acceptor must be at a proper angle relative to each other. Transition dipoles

are defined as the difference in dipole moment vectors between ground and excited
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state. For FRET, the transition dipoles of donor and acceptor must be non-

perpendicular, achieving maximum efficiency in parallel orientation.
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Fig. 1.2.2.1. Conditions necessary for FRET between a donor and an acceptor fluorophore.
Image adapted from (Broussard et al., 2013).

Those stringent conditions make FRET a valuable phenomenon for probing short-
distance interactions in biological samples. For this, the donor and acceptor are attached to the
interacting biomolecules, or two sites on the same molecule in case of intramolecular
interactions and conformation changes. From the ratio of donor and acceptor emission, the
FRET efficiency is calculated, and the distance between the fluorophores can be extracted,

providing information about the binding process or conformational changes (Fig. 1.2.2.2).
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Fig. 1.2.2.2. Using FRET to measure short intra- and intermolecular distances. A: as the
distance between fluorophores decreases, the ratio of donor to acceptor fluorescence
intensity lowers. B: Classical FRET sensing scheme for binding between two biomolecules.
Binding brings fluorophores closer, increasing FRET efficiency. C: FRET sensing scheme for
conformational changes within a biomolecule. Upon binding, fluorophores can come closer
or farther from each other, changing the FRET efficiency. D: FRET sensing scheme for two
biomolecules with a tether for precise stoichiometry. This approach gives more control over
the experiment. E: FRET scheme for probing enzymatic activity. When the biomolecule
keeping donor and acceptor together gets cleaved, they can diffuse apart, lowering the FRET
efficiency. Image adapted from Carl Zeiss AG website.

Quantitatively, FRET efficiency (£) is defined as the quantum yield of energy transfer

transition, i.e. the ratio of the energy transfer rate to the total relaxation rate of the donor:

E = ket (Eq. 1.2.2.1)
k_f + kgt + Z k;

where kzr is the energy transfer rate, &, is the rate of fluorescence, and ; are the rates of the

various non-radiative relaxation process.

FRET efficiency is strongly dependent on the distance between donor and acceptor:
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B — 1 (Eq. 1.2.2.2)
1+ (r/Ry)°

where r is the distance between donor and acceptor and R, is the Forster distance, which is

defined as the distance at which the FRET efficiency is equal to 50%.

In turn, the Forster distance depends on multiple parameters:

¢ 2.07
128 7o NA

k% Qp o 4 (Eq. 1.2.23)
’ —— [ Fo(\)ea(N) A" dA 122

where N, is Avogadro's number, «” is the transition dipole orientation factor (averaging to 2/3
for freely rotating dipoles), Op is the donor quantum yield, # is the refractive index of the
medium around the fluorophores, Fp is the donor fluorescence spectrum (normalized to an
area of 1), ¢4 is the acceptor extinction spectrum, and 4 is wavelength. The latter integral term

is frequently called an overlap integral.

While being a powerful tool for probing binding interactions, classical FRET
experiments performed on a spectrofluorimeter yield information only on the averaged
behavior of a vast quantity of individual molecules. This is still very useful, but a number of
information about the system is not retrieved, especially concerning the binding dynamics,
possible intermediate binding states, and intra-population deviations. Fortunately, FRET

experiments can be performed in a different way to extract such information.

In single-molecule FRET (smFRET) experiments, FRET is observed on individual
molecules in microscopy conditions (Fig. 1.2.2.3A) (Blanchard et al., 2004, Juette et al.,
2014). A typical smFRET experiment is performed as a continuous fluorescence wide-field
videomicroscopy with TIRF excitation, with the donor-labeled binding partner immobilized
on the surface. The surface is continuously illuminated to excite the donors. The emissions of
the donor and the acceptor are observed simultaneously via multichannel detection. From the

tracks of their luminescence, the FRET efficiency can be calculated. Usually dozens or even
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hundreds of donor-acceptor pairs are being observed simultaneously, which allows to quickly

build up the statistics necessary for extracting the information about the system.
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smFRET principle. A: Biomolecules with donor fluorophores are fixed on a

surface. The acceptor-marked molecules are floating in the solution, and can bind to their

immobilized partners on the surface, potentially in multiple binding modes (two modes in this

case). Excited donors can either emit or transfer their energy to the acceptor fluorophore if it

is in close vicinity. Multichannel wide-field microscopy allows to observe the donor and

acceptor fluorescence. B: proximity of the dyes determines FRET efficiency and the ratio of

donor to acceptor fluorescence upon donor excitation. C: by continuously monitoring a single

spot, a trace of donor and acceptor luminescence in time can be found. From this, FRET

efficiency in time can be calculated, and be used to quantify the interfluorophore distance. In

this case the experiment yields information about two distinct binding modes, which would be

hidden or averaged out in a bulk FRET experiment. Image adapted from (Roy et al., 2008).
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A typical track of smFRET luminescence is shown on Fig. 1.2.2.3C. As the donor and
acceptor come in close proximity, acceptor fluorescence increases, and donor fluorescence
decreases (Fig. 1.2.2.3B). During the process, the donor and/or acceptor fluorophore may
blink (occupy a non-emissive triplet state) and temporarily stop being fluorescent. After some
time, typically after 10*-10° absorption-emission cycles (Vaughan et al., 2012), the donor

and/or acceptor fluorophore become photobleached and incapable of further fluorescence.

A modification of smFRET called alternating laser excitation (ALEX) involves quick
intermittent switching of excitation mode from donor excitation to acceptor excitation
(Kapanidis et al., 2004). This allows to precisely monitor donor-acceptor stoichiometry and
distinguish events where multiple acceptor-labeled molecules bind to the same donor-labeled

molecule.

The advantage of smFRET experiments over conventional FRET is the possibility to
extract information about the kinetics and dynamics of binding and/or conformational changes
that is normally unavailable in ensemble experiments due to ensemble averaging effect.
smFRET can be also extended to multiple fluorophores, e.g. cascading FRET from a donor to
an acceptor that itself can serve as a donor for another acceptor, competitive FRET from a

single donor to multiple acceptors, etc (Ha, 2008).

The main caveats of smFRET are its high demands in fluorophore photostability and
uniform luminescence, difficulty of data interpretation in case of multiple binding modes, and

low SNR due to collection of light from individual fluorophores.

In biology, smFRET is one of the most powerful techniques for elucidation of kinetics
and dynamics of protein and nucleic acid binding. Examples include probing the dynamic
behavior of neurotransmitter symporters (Zhao et al., 2010), simultaneously probing multiple
distances within a protein-nucleic acid complex (Uphoff et al., 2010), monitoring protein
folding and nucleic acid bending in real time (Pirchi et al., 2011; Vafabakhsh and Ha, 2012),
etc (Fig. 1.2.2.4).
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Fig. 1.2.2.4. Examples of smFRET applications. A: (a) A short (91 bp) DNA duplex with
complementary “sticky ends” is bound to a glass surface via a biotin-avidin linkage. It can
reversibly form a strained circular chain. (b) Performing sequential smFRET experiments
with different time lags shows a gradual increase in FRET efficiency in the population.
Starting from a population with all chains unwrapped, more and more individual duplexes
eventually wrap into a circular chain (Vafabakhsh and Ha, 2012). B: (a) Protein-nucleic acid
complex monitored via ALEX, with two acceptors bound to the protein and one donor bound
to the nucleic acid. The acceptor dye, Alexa 647, is photoswitchable, temporarily going into
dark state upon direct excitation. This permits to temporarily “switch off” one of the

acceptors during imaging. (b) During ALEX, the fluorescence of the donor and acceptor can
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be detected with sequential donor excitation and direct acceptor excitation. This allows to
monitor both the FRET efficiency and the ratio of donor to acceptor fluorophore active at the
current moment. (c) Plots of FRET efficiency vs stoichiometry for collected ALEX traces.
Several states are observed, corresponding to FRET with either of the dyes, or both, yielding
information on two distances inside the complex using one acceptor type (Uphoff et al.,
2010). C: (a) A protein labeled by two dyes is confined inside a vesicle bound to a glass
surface, and the smFRET experiment is performed. (b) In the presence of guanidinium
chloride (a chaotropic agent) the protein has several distinct folding states, with reversible
transitions between each other, characterized by their energy barriers and transition rates.
By changing the concentration of the chaotropic agent, the folding landscape significantly
morphs (Pirchi et al., 2011). Images are adapted from appropriate references.

1.2.3. Single-particle tracking (SPT)

If a videomicroscope is sufficiently fast and sensitive, the movement of individual
molecules can be observed, and the trajectories of their movement can be reconstructed
afterwards by localizing the positions of the molecules in each frame. This method is called
single-particle tracking (SPT). SPT provides valuable information on the diffusion and
transport behaviors in living cells, and also gives insights on the size of different biomolecule

complexes, both stable and transient (Manzo and Garcia-Parajo, 2015).

SPT experiments are typically performed with two techniques: wide-field fluorescence
videomicroscopy and wide-field scattering videomicroscopy with gold nanoparticles. Another
approach called single-particle orbit tracking can be also used, where the particle is followed
by rapidly moving the focus of a confocal microscope around it and following the fluctuations
in the emission response. In this chapter, the wide-field fluorescence approach is discussed as

it remains the most popular approach due to its relatively low cost and ease of setting up.

As native fluorescence of biomolecules is usually very inefficient, SPT is typically
performed with labels. In context of SPT, they are typically called reporters and are
comprised of a conjugate of a fluorophore (usually an organic dye or a quantum dot) and a
specificity module (antibody, protein, ligand for a receptor) that selectively binds to the target.

Typical sizes of specificity modules are 5 nm for streptavidin, 5-10 nm for antibodies, and 2-
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4nm for nanobodies and aptamer (Manzo and Garcia-Parajo, 2015). In the case of
fluorescent proteins, specificity is already intrinsically imparted by the cells expressing the

protein of interest with the fluorescent protein.
An SPT experiment consists of several steps (Fig. 1.2.3.1):

1. Acquisition: the sample is labeled and the video is taken. Depending on the
interaction being visualised and the stability of the reporters, imaging can take from
several seconds to tens of minutes. A balance between exposure time, reasonable SNR
and illumination power has to be found: long exposure leads to loss of time resolution
and motion blur, while low SNR leads to higher localization error and worse spatial
resolution. High SNR can be combined with short exposure if high illumination
intensity is used, but this approach suffers from excessive fluorophore blinking, fast

photobleaching, and sometimes even absorptive sample heating.

2. Pre-processing: videos with sample drift have to be corrected to avoid mixing the
trajectory information with the drift. Ideally, this is avoided by stabilized microscopy
setups. However, strategies for drift correction exist, which can be based solely on
image information or on locating multiple bright immobilized fluorophores in the
sample (reference markers). During this step, background correction can be performed

as well.

3. Spot localization: all frames of the video are treated by spot detection algorithms and
the fluorophores are localized in each frame. The algorithms for spot detection that are
used for SPT are usually the same as the ones used for SMLM (centroid location,
Gaussian fitting, etc.) (Chenouard et al., 2014). Stricter thresholds on spot detection
give more reliable localization of particles, but may lead to false negatives: frames in
which the particle is clearly present, yet not recognized. Conversely, relaxed

thresholds will lead to detection of phantom “particles” in the noise.

4. Tracking (linking trajectories): the spots from successive frames belonging to the
same fluorophore are linked to form a full trajectory. Multiple linking approaches
exist, each with its advantages and caveats (Chenouard et al., 2014). A simplest
linking algorithm is finding the nearest neighbours in successive frames. Low labeling
density makes linking more reliable, as there is a lower probability of fluorophores

passing close by each other. However, this approach yields a smaller amount of
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trajectories per image, requiring multiple experiment repeats to extract sufficient

information about the system under investigation.

5. Post-processing: overlapping trajectories can be broken in several separate ones;
short trajectories that are detected on a small amount of frames can be discarded to
avoid polluting the data with information from unreliably detected particles. To
compensate for blinking, trajectories can be linked together by interpolating the

particle position in frames where the particle is absent.

Acquisition

Localization Tracking

Fig. 1.2.3.1. Principle of SPT. A sequence of images is taken, typically with multiple
fluorophores in the field of view. Afterwards, the positions of fluorophores can be localized in
individual frames, provided their spots are well-separated. Next, the positions of the same
fluorophores in successive frames are linked together to reconstruct the trajectory of the
fluorophore, which contains information about the movement of the target to which the

fluorophore is attached. Image adapted from (Manzo and Garcia-Parajo, 2015).

The obtained trajectories contain information about the nature of the movement of the
molecules under investigation. The simplest and most widely used approach is the analysis of

mean square displacement (MSD) in the trajectory.
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MSD,, is characterized as the mean of the square of the distance that particle travels
during At frames. From the theory of Brownian motion, a linear relationship between MSD

and the diffusion coefficient D can be derived (Michalet, 2010, Saxton, 1994):

MSD,; =2 n D At (Eq. 1.2.3.1)
, where n is the amount of dimensions in which the particle moves. In biological
samples, n is usually 2 (for membrane components) or 3 (for freely diffusing components, e.g.
in cytosol).
By fitting the MSD,-At curve with a line, one can then extract the diffusion coefficient,

which in turn depends on the size and the shape of the diffusing biomolecule. (Fig. 1.2.3.2A)
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Fig. 1.2.3.2. MSD analysis and typical movement regimes. A: For a trajectory, each MSD
value for different time lag At corresponds to the mean square distance which the particle
traveled during this time lag. MSD is calculated sequentially for all time lags in the
trajectory. The MSD,-At dependence contains information about the type of diffusion the
particle is undergoing. B: Trajectories corresponding to typical movement regimes. (i)
confined, (ii) restricted, (iii) free (Brownian), (iv) directed. C: idealized MSD curves for types
of movement in B. Image adapted from (Martin-Fernandez and Clarke, 2012).
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This relationship is linear for the case when the motion is truly Brownian (Fig.
1.2.3.2B(iii)), which is not always the case in biological systems, where diffusion is

frequently anomalous.

Consider the case of a straight line motion. In this case, the MSD relationship depends

only on the speed of the particle, v, and shows a quadratic 4¢ dependence:

MSD,, =V AP (Eq. 1.2.3.2)

In biological systems, directed motion (e.g. transport of vesicles along cytoskeleton) is

frequently a mixture of Brownian and directional motion (Fig. 1.2.3.2B(iv)):

MSD4 =2 n D At +1* AP (Eq. 1.2.3.3)

For the case of restricted diffusion, there is a variety of possible dependencies,
depending on the nature of the restriction (Saxton, 1994). For example, a particle can be
confined inside an immobile vesicle of relatively large size, allowing seemingly Brownian
diffusion restricted in a fixed volume (Fig. 1.2.3.2B(i)). The ultimate asymptote for restricted
diffusion is the case of a completely immobile particle, in which case MSD,, remains zero for

all values of 4¢.

However, in practice, single particle imaging always has a localization error. This
means that even a perfectly immobile particle will exhibit some degree of phantom
“movement” due to imperfections in the microscopy setup and the fundamental limits on the
information content of collected photons. Similarly, the observed trajectory of a moving
particle contains both valuable information about the random movement and useless noise of
“phantom” movement. In terms of MSD, this usually leads to a vertical offset in the MSD
curve. For two cases (Brownian movement and immobile particle) this offset depends on the

localization error, o, and the exposure time 7z (Michalet, 2010):

offset = 46° — (4/3) Dtx (Eq. 1.2.3.4)

In biology, SPT is typically used for the investigation of cell membrane dynamics and
organization (Kusumi et al., 2014), transport and signaling processes in cells (Bdlint et al.,

2013), virus internalization (Arhel et al., 2006), etc (Manzo and Garcia-Parajo, 2015) (Fig.
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1.2.3.3). Experiments that are closely related to SPT include flow cytometry (Han et al.,
2016) and investigation of taxis and kinesis of cells (Mitchison and Cramer, 1996).
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Fig. 1.2.3.3. Examples of SPT applications. A: SPT of FPR receptors marked with a dye-
conjugated ligand in live cells. Spots corresponding to the receptor show movement with
occasional long periods of colocalization which imply transient dimerization of receptors.
From the tracks, the rate constants of reversible dimerization can be extracted (Kusumi et al.,
2014). B: 3D SPT of HIV-1 (green spots) complexes in close proximity to a HeLa cell
nucleus (red blob). MSD analysis shows upward-curved, almost parabolic tracks, indicating

highly directed movement. Diffusion speed analysis shows periodic acceleration bursts,
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consistent with transport along actin filaments (Arhel et al., 2006). C: Correlation of SPT of
lysosomes (red) with subsequent STORM of microtubules (green). Additional resolution
provided by STORM reveals sudden changes of trajectory on microtubule intersections

(Balint et al., 2013). Images adapted from respective references.

1.2.4. Overview of luminophores used for the SMM

Imaging individual molecules is not a straightforward task, and it highly depends on the
performance of utilised fluorophores. Fluorescence microscopy can be performed with light-
emitting structures whose luminescence is based not only on fluorescence, but also on other
photoluminescence phenomena; thus the more general appropriate term would be
luminophores. Some requirements and desirable characteristics for luminophores are general

for fluorescence microscopy, and some are specific for the SMM:

e Brightness: while there are multiple definitions for it, typically brightness is referred
to as the product of absorption coefficient, luminescence quantum yield and the

quantity of individual light-emitting elements per luminophore:

B=ned (Eq. 1.2.3.4)

Higher brightness allows to collect more photons per image from the luminophore,

yielding more information about its position or other properties, e.g. spectral response.

e Luminescence wavelength: as the size of PSF is proportional to the wavelength,
luminophores with shorter emission wavelengths concentrate the light in a smaller
area, allowing more precise localization. However, in case of fluorescence this
requires using an even shorter excitation wavelength, inducing autofluorescence in the

sample, lowering the SNR and increasing background.

e Photostability: it is almost always a desirable characteristic, as higher photostability
allows to collect more total photons from a luminophore. In SMLM, this allows to
lower the localization error. In smFRET, higher photostability allows to collect more
information from each individual luminophore, yielding more reliable statistics. In
SPT, photostability allows to collect longer tracks, relaxing the upper time limit on

processes under investigation.
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e Blinking: for SMLM, blinking can be a desired characteristic, or even the basis of the
method in case of dASTORM. Blinking is typically characterized by the ratio of time
that the fluorophore spends in emissive and non-emissive states (on-off ratio).
However, SPT and smFRET suffer from blinking, as it obscures the response of the
molecules, lowers the amount of information that can be extracted from a single

luminophore and complicates data treatment.

e Size: if the combined size of the luminophore and its targeting moiety is too large, it
will affect the properties of the target to which it is attached. This can lead to lower the
binding specificity, as a larger surface leads to a higher probability of non-specific
binding. In smFRET, large luminophore size can lead to steric hindrances, changes in
local hydrophobicity and/or electric charge, all of which will bias the experiment,
frequently in unpredictable ways. In SPT, a substantial reporter size lowers the
observed diffusion coefficient by increasing drag forces, and also may introduce non-

specific interactions.

Generally, luminophores do not perform well in relation to all of these characteristics at
the same time. Thus a compromise between the parameters has to be found. Here, a
comparison of conventional luminophores and their strengths and weaknesses is provided. A

brief overview is shown on Fig. 1.2.4.1.
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Fig. 1.2.4.1. Comparison of luminophores for SMM applications, ranked by performance in
appropriate property. In case of blinking, performance is appraised for SPT/smFRET (i.e.
lower blinking — better performance). Conversely, for SMLM, the blinking performance
should be generally rated as inverse (Cognet et al., 2014, Giepmans et al., 2006).
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Fig. 1.2.4.1.1. Examples of fluorescent organic dyes and conjugation reactions. A. Organic
dyes. Hoechst 33342 and DAPI naturally bind to DNA and can be used for staining cell
nuclei without any conjugation. Acridine orange naturally binds to nucleic acids with
spectral shift depending on whether it bound to DNA or RNA. FITC and Alexa Fluor dyes are
used for protein labeling. B: Conjugation reactions commonly used for biomolecule labeling.

“Clicking” and biotin-streptavidin linkage can be used for in vivo labeling,
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1.2.4.1. Organic dyes

Organic dyes are most frequently used for SMLM and smFRET, with some examples of
SPT applications as well. Typically, the label is constructed through conventional organic
chemistry, by covalently attaching the dye to the specificity module. Examples of some
organic dyes are provided on Fig. 1.2.4.1.1A. Linking reactions typically employed to this
aim are known as bioconjugation reactions and include amine-carboxyl coupling (usually via
activated esters), azide-alkyne clicking reaction, thiol-maleimide Michael reaction (Fig.
1.2.4.1.1B), isocyanate thiourea formation with amines, biotin-streptavidin non-covalent
bond, and some other techniques (Patterson et al., 2014). A lot of conjugates and labeling kits

suitable for use in SMM are available commercially.

In terms of performance in SMM, the brightness of organic dyes is not high, but usually
sufficient for imaging with sensitive cooled CCD cameras. The wavelength choice is quite
wide, however due to broad absorption and emission bands it may be difficult to perform
SMM with more than three types of dyes at the same time. Low photostability is the bane of
the SMM experiments with organic dyes, and imaging with sufficient SNR is usually possible
only in short timeframe, <10 min. For smFRET and SPT, blinking is an issue, as the vast
majority of organic dyes tends to exhibit substantial blinking, especially at higher excitation
intensities. Meanwhile, for stochastic SMLM, controlled blinking is actually a desirable trait.
In terms of size, organic dyes are the smallest usable luminophores and thus usually the least
likely to perturb the behavior of the target. Small size also allows to better label “crowded”

areas of the sample.

1.2.4.2. Fluorescent proteins

In context of SMM, fluorescent proteins generally have a similar performance to
organic dyes. Essentially, they consist of an organic fluorophore confined in a protein barrel
that shields it from quenching by other molecules, and also keeps its conformation fixed,
enhancing its quantum yield (Fig. 1.2.4.2.1A) (Cranfill et al., 2016, Ormé et al., 1996, Tsien,
1998). Typically, the label is constructed endogenously in transfected cells, where the protein
of interest is expressed with an attached fluorescent protein. To target nucleic acids, a recently
developed approach uses fluorophores that exhibit very dim fluorescence, but show highly
enhanced fluorescence upon binding with specific RNA aptamers (fluorogenic dyes). The

overall structure of the complex highly resembles fluorescent proteins. An aptamer combined
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with a nucleic acid strand that is complementary to the target sequence can be produced. After
transfection, the cells start the transcription of the target RNA with an attached aptamer. In
presence of the fluorogenic dye, individual target RNAs can be tracked (Fig. 1.2.4.2.1C)
(Dolgosheina et al., 2014, Huang et al., 2014).
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Fig. 1.2.4.2.1. Fluorescent proteins and aptamer-fluorogenic dye complexes. A: 3D Structure
of GFP and scheme of a typical experiment involving fluorescent proteins. Cells are
transfected with plasmids that contain consecutive sequences corresponding to GFP and the
target protein. The protein is expressed with attached GFP, highlighting its location in cell
(in this case in cytosol). B: Certain RNA aptamers can confine a fluorogenic dye, forming an
aptamer-dye complex and enhancing the dye's fluorescence by several orders of magnitude.
This can be used for RNA labeling: cells are transfected with plasmids that contain
consecutive sequences corresponding to the aptamer and the targeted RNA. After

transcription, incubation of cells with the fluorogenic dye will yield fluorescent aptamer-dye
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complexes, highlighting the RNA's location in cell (in this case in cytosol).

Fluorescent protein brightness, blinking and photostability are quite similar to organic
dyes. The choice of excitation and emission wavelengths is more constrained, although in
recent years the spectral range of fluorescent proteins has been considerably widened
(Cranfill et al., 2016). The size of fluorescent proteins is typically ~5 nm in diameter. This
may significantly affect the diffusion and activity of smaller peptides in cytosol, but is usually
not an issue for labeling bigger proteins or membrane components. Aptamer-fluorogenic dye

complexes exhibit very similar properties in regards to imaging.

1.2.4.3. Quantum dots

Quantum dots (QDs) are small semiconductor crystals, usually from 2 to 20 nm in
diameter. Ordinarily, semiconductors have two distinct energy bands — valence band,
comprised of multiple energy levels filled with electrons, and conduction band, with
unoccupied levels. In QDs, due to their small size of and the small amount of atoms in the
crystal, the energy levels are discrete. As a result, QDs exhibit a defined bandgap that is wider
than in the bulk material. The width of the bandgap in QDs depends on their size, shape and
composition (Fig. 1.2.4.3.1). For the aforementioned size range, typical QDs have a bandgap
energy that corresponds to the energy of photons in the visible region. Upon absorption of
light, an electron-hole pair can be formed. Unlike in bulk material, the electron-hole pair is
confined in space, preventing its dissociation and facilitating recombination with photon

emission (photoluminescence) (Michalet et al., 2005).

To construct a reporter, surface modification of QDs is required, and depends on the
used material. For chalcogenide materials (metal sulfides, selenides, tellurides) typically used
to construct QDs, biological molecules may be attached directly through strong bonds formed
by thiol groups with the chalcogenide surface. Other approaches include covering the particle
by surfactants or biological membrane mimics, silica shells and polymer coatings. For the
purposes of surface modification to impart functionality on the particle, active groups can be

added during or after the particle coating (Sperling and Parak, 2010).
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Fig. 1.2.4.3.1. Quantum dots. A: semiconductor band structure. B: if a sufficiently small
semiconductor particle is prepared, the energy levels become discrete, widening the bandgap.
Smaller particles possess a wider bandgap. C: By modifying the QD composition, the
bandgap can be changed in ODs of constant size. D. Photoluminescence of multiple QD
dispersions of same size and different compositions under UV excitation. Images are adapted

from Merck KGaA.

QDs are usually brighter than organic dyes, and can be engineered to have various
emission spectra. QDs have size-dependent tunable emission with relatively narrow bands
(usually with ~50 nm half-maximum band width). However, their absorption spectra are quite
different compared to organic dyes; they all exhibit high absorption in UV that gradually falls

in the visible range and includes one or several additional local maxima in that region. Thus,
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spectral separation of QDs through excitation filtering is not straightforward, and sometimes

can be impossible.

Photostability of quantum dots is higher than for organic dyes, although they still
eventually photobleach. There are multiple mechanisms suggested for QD photobleaching,
most of which involve charge separation and chemical reactions on their surface (Lee and
Osborne, 2009). Recent efforts suggest that forming protective shells around the QD helps to
counter photobleaching (Mahler et al., 2008; Sark et al., 2002). Overall, in typical SMM

conditions QDs can emit for ~10-20 minutes before bleaching.

Typically, QDs show extensive blinking that also depends on excitation intensity. The
mechanisms for blinking are not entirely clear, but seem to involve particle charging and
formation of trions (electron-hole-electron or hole-electron-hole systems). This can be a
detriment for SPT; however, special low-blinking QDs are being developed for this aim

(Mahler et al., 2008, Sark et al., 2002).

In size, QDs are slightly larger than fluorescent proteins. QDs and other nanoparticles
frequently exhibit non-specific binding, especially in live cell conditions, and usually require

passivating coatings to reduce this effect.

Overall, their properties make QDs a popular choice for SPT and smFRET, rivaling

organic dyes in usefulness (; Pinaud et al., 2010).

1.2.4.4. Gold nanoparticles

While not directly related to fluorescence microscopy, SPT with gold nanoparticles
(GNPs) in scattering (also known as dark-field) mode has to be mentioned due to its high

popularity in SPT experiments.

In dark-field imaging, the sample is illuminated with a focused beam with a ring profile.
Some light is transmitted through the sample, and some light is scattered. The objective is
positioned at a position which permits collection of scattered light, while the transmitted light
falls outside the objective aperture. The end result is a dark image with bright regions that
correspond to the regions of the sample with high scattering power (Fig. 1.2.4.4.1).
Afterwards, the data treatment for SPT is the same as for videos taken on a fluorescence

microscope.
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GNPs exhibit high scattering cross-sections. For comparison, a GNP 80 nm in diameter
scatters light in water as efficiently as a 300 nm polystyrene nanosphere (Jain et al., 2006).
For small (<100 nm) gold nanoparticles, the scattering cross-sections depends on the sixth
power of particle radius. This means that their scattering properties rapidly fall off as the
particle gets smaller. Because of this, the bottom limit for reporter size in dark-field

microscopy with GNPs tends to be ~20-40 nm (Sperling et al., 2008).
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Fig. 1.2.4.4.1. Dark-field imaging. Image adapted from Wikimedia Foundation.

GNPs do not stop scattering light even when exposed to extremely high illumination
intensities, and their scattering is constant over short and long timescales. Thus, dark-field
imaging with GNPs allows robust tracking with very high imaging frequencies, up to several

kHz (Fujiwara et al., 2002; Kusumi et al., 2014, 1993). Moreover, light scattering by
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biological objects is usually much lower than scattering of typical GNPs, leading to high
SNR. The major disadvantages of tracking with GNPs include their large size, high potential
for non-specific binding to proteins, and the need of a dedicated well-calibrated setup for

dark-field imaging.

1.2.4.5. Dye-loaded nanoparticles

A simple method to increase the brightness of a fluorophore is to confine several
smaller fluorophores in a small volume. This idea is the basis for the burgeoning field of
imaging with dye-loaded, dye-grafted and conjugated polymer nanoparticles, in which the
dyes are trapped inside a nanoparticle, grafted on its surface, or conjugated in a chain to form
a giant fluorophore, respectively (Fig. 1.2.4.5.1) (Braeken et al., 2017; Montalti et al., 2014,
Reisch and Klymchenko, 2016).

Fig. 1.2.4.5.1. Dye nanoparticles. A: Dye-loaded nanoparticles incorporate dyes during
nanoparticle formation. For this, dyes can be either trapped in a lipid micelle or wrapped
with an inert polymer. B: Dye-grafted nanoparticles are prepared by chemical reactions of
dyes with nanoparticle surface. Typically this approach is used for silica and polymer
nanoparticles. C: Fluorescent conjugated polymers have multiple dyes with conjugated
electronic systems, forming a giant fluorophore. Similarly to semiconductors, the fluorophore

has a bandgap that depends on the polymer composition and chain length.
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Usually, bringing organic dyes close together leads to quenching of their fluorescence.
However, if the dyes are properly oriented or have specific structures, this effect can be
countered. Certain dyes even exhibit an inverse phenomenon, increasing their fluorescence in
close proximity to each other, which is known as aggregation-induced emission (AIE) (Mei et

al., 2015).

As dye-loaded nanoparticles are much brighter than a single organic dye, they are of
potential interest for SMM and especially SPT, with a few prototypes already presented in the
literature (Kilin et al., 2014, Reisch and Klymchenko, 2016, Yu et al., 2009). Their main
advantage is the substantial improvement in brightness compared to individual dyes, leading
to enhanced performance in single-particle imaging conditions (particles of 30 nm diameter
can be 10-100 times brighter than an individual quantum dot). However, at high loadings dye-
loaded nanoparticles can exhibit strong blinking due to cooperativity effects (Reisch et al.,
2017, 2014). While certain types of dye-loaded nanoparticles shield the dyes from external
influence, they are nevertheless prone to photobleaching. Moreover, similarly to other

nanoparticles, a major caveat is ensuring their specificity and selectivity of binding.

1.2.5. Limitations of SMM

After overviewing the single-molecule microscopy techniques and the performance of
luminophores, it is evident that SMM has a lot of room for improvement in regards to the

used luminophores, each of which having substantial problems associated with it.

Keeping these limits in mind, one could then imagine an ideal luminophore for SMM

that should exhibit the following characteristics:

e High SNR in the experiments employing the luminophore in single-particle imaging
conditions, which can be achieved through increasing brightness and/or reducing the
non-specific light collection (e.g. autofluorescence). High SNR can be afterwards
traded off for resolving nuanced details of dynamical processes in smFRET, lowering
the readout time for tracking fast processes in SPT and smFRET, reducing localization
error in SMLM and SPT, or reducing the instrumental setup costs through using

cheaper optics and cameras.
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e No blinking for reliable data collection in smFRET and SPT, or controlled blinking
for stochastic SMLM.

e No bleaching for long-timescale smFRET and SPT in order to achieve better

localization in SMLM.

e Simple instrumental setup, compatible with commercially available fluorescence

microscopes, requiring little to no changes.

e Small size, comparable with the size of typical specificity modules (antibodies,

aptamers and other targeting groups).

Such a set of parameters is currently unachievable by any of the luminophores
conventionally used for SMM. However, during the last decade, a particular novel
luminophore has been actively investigated for a variety of applications including biological
imaging, with a number of properties that make it a very good candidate for SMM

applications. This luminophore is called upconverting nanoparticles, or UCNPs.
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Part 3. Upconverting nanoparticles (UCNPs).

1.3.1. Terminology

The most common definition of upconversion, which will be used in this work, is

“sequential absorption of low-energy photons through one or more intermediate non-virtual

excited states with subsequent emission of a high-energy photon from a high excited state”. In

literature, there is still some inconsistency related to the definition of upconversion, as some
sources generalize it to be defined as any process yielding a high-energy photon from multiple
low-energy photons, including completely different processes like second-harmonic
generation (SHG) and two-photon absorption (TPA), which proceed through virtual

intermediate states.

As the luminescence wavelength of upconverting materials is by definition shorter than
the absorption wavelength, a commonly used term referring to upconversion is “anti-Stokes

emission”, referring to the opposite behavior compared to Stokes shift in fluorescence.

1.3.2. Principles of upconversion

There are multiple ways to achieve upconversion in materials. In this chapter, the
mechanisms that allow highly efficient upconversion are presented (a more in-depth review of

those is provided in Joubert, 1999).

1.3.2.1. Triplet-triplet annihilation (TTA)

Triplet-triplet annihilation (TTA) occurs when two (usually identical) dye molecules
are both in their long-lived intermediate triplet state. TTA involves transition of one of the
dyes to a ground singlet state and transition of another dye to an excited singlet state, which
afterwards can emit light via conventional fluorescence (Fig. 1.3.2.1A). For such a transition
to be spin-permitted, the electron systems of the molecules have to overlap, so TTA happens

only when the interacting molecules are at a short distance, ca. <1-2 nm.

TTA can be observed in concentrated solutions of dyes under pulsed excitation and was
originally named “delayed fluorescence”, as it has emission identical to fluorescence (with

transition from S; to S, state) and can be observed some microseconds after an excitation

67



pulse. The delay is caused by the time it takes for two diffusing molecules in the long-lived

triplet state to encounter each other (Parker and Hatchard, 1962).

To make TTA efficient, it is necessary to keep two dyes close to each other and make
them both occupy a triplet state as much as possible. For this, the efficient approach is
utilizing another dye, called a sensitizer, which is tailored to have a high absorption and high
rate of intersystem crossing. After absorbing light, the sensitizer can absorb light and perform
triplet-triplet energy transfer (TTET), returning to the ground state and forcing the TTA-
capable dye (called an emitter) into the triplet state. This is known as sensitized TTA (Fig.

13.2.1B).
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Fig. 1.3.2.1. TTA and sensitized TTA. A: (1) Two dyes absorb high-energy photons and go to
an excited singlet state. (2) Both dyes relax to a long-lived triplet state. (3) Dyes perform
triplet-triplet annihilation, which puts one dye to ground state and one dye to excited singlet
state. (4) The excited dye emits a low-energy photon. B: (1) Two sensitizer dyes absorb low-
energy photons. (2) Sensitizer dyes efficiently transition to long-lived triplet state. (3)
Sensitizer dyes perform TTET to emitter dyes, exciting the emitters to a triplet state. (4)

Emitters perform TTA. (5) The excited emitter emits a high-energy photon.
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In practice, TTA with organic dyes can have remarkably high quantum yields,
sometimes approaching the theoretical limit of 50% (Zhao et al., 2011). Unlike two-photon
absorption that requires short excitation pulses of extremely high intensity, TTA can be
performed with cheap continuous-wave diode lasers. The anti-Stokes shift is usually in range
of ca. 0.5 eV (100-200 nm depending on the part of the spectrum), with occasional higher
values being reported for specifically tailored systems (Huang et al., 2017). The main caveat
of TTA is the rapid drop in efficiency in presence of ambient oxygen and/or
oxidation/reduction agents, which is a significant hurdle for applying TTA in biological
systems. Also, the photostability of TTA systems is usually quite low, due to high chemical
reactivity of the dyes in long-lived excited states (Dzebo et al., 2017).

1.3.2.2. Excited state absorption (ESA)

The ions of d- and f-elements frequently have multiple intermediate states. In lanthanide
ions in particular those intermediate states are frequently very long-lived, since the transitions
between them are symmetry-forbidden. By sequentially absorbing light at one or multiple
wavelengths with appropriate energy, the ion can be excited to progressively higher excited
states, from which it can emit. This upconversion mechanism is called excited state

absorption, or ESA (Fig. 1.3.2.2A).

However, because these transitions are usually symmetry-forbidden, the absorption
cross-sections corresponding to those transitions are quite low compared to organic dyes or
metal complexes. Thus, upconversion through ESA requires high excitation intensity, albeit

much lower compared to two-photon absorption.

1.3.2.3. Energy transfer upconversion (ETU)

To make ESA more efficient, the ions can be excited through energy transfer instead of
using direct absorption, in an approach similar to sensitized TTA. For this, one or multiple
sensitizer ions can be put in close proximity to the emitter (also known as activator) ion.
Sensitizers can efficiently transfer their excitation energy to emitter to sequentially pump it
into a high excited state. This process is known as energy transfer upconversion (ETU) (Fig.

1.3.2.2B).

Efficient ETU requires multiple conditions to be satisfied:
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e Sensitizers and emitters have to be close to each other for efficient energy transfer.

e Sensitizers have to be chosen to have appropriate transition energies resonant with the

emitter ion's transitions, to be able to perform energy transfer.
e Sensitizers have to have high extinction coefficients.

e Both emitter and sensitizer ions should have long-lived excited states, to facilitate

energy transfer and upconversion.
e The non-radiative relaxation pathways have to be minimized.

The most common systems to perform ETU are based on lanthanide-doped inorganic
matrix materials (e.g. fluoride or oxide crystals). The typical sensitizer ion is Yb*", which has
strong absorption at 980 nm. The commonly used emitter ions include Er*’, Tm*', Ho* and

some others.

ETU typically has lower quantum yields than TTA. However, its energy conversion
efficiency is usually quite high, translating to large anti-Stokes shifts of 1 eV or more. Also,
ETU can happen with acceptable efficiency in three- or even four-photon upconversion. Due
to the usage of inorganic materials, ETU systems are usually extremely photostable. The
major caveat of employing ETU in biological context is significant quenching by water via

non-radiative transitions, lowering the upconversion quantum yield.
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Fig. 1.3.2.2. ESA and ETU. A: (1) A metal ion absorbs a low-energy photon and goes to a
long-lived intermediate excited state. (2) From this state, the ion can absorb another photon
of the same or different energy to go to high excited state. (3) The excited ion emits a high-
energy photon. B: (1) Two sensitizer ions absorb low-energy photons. (2) One of the
sensitizer ions transfers its energy to the emitter ion, exciting it to a long-lived intermediate
excited state. (3) Another sensitizer ion transfers its energy to the emitter ion, exciting it to a

high excited state. (4) The emitter ion emits a high-energy photon.

1.3.2.4. Photon avalanche (PA)

Photon avalanche (PA) is a unique mechanism that bears similarities to both ESA and
ETU. In its simplest form, two ions of the same type are located close to each other, and both
ions are capable of very efficient absorption if they are in an intermediate excited state. One
spontaneously transitions to an intermediate state, either via non-resonant absorption or even
via thermal population. From this intermediate excited state, it can perform ESA to transition
to a high excited state. Afterwards, it can either dissipate energy in heat, perform radiative
relaxation (thus achieving upconversion), or efficiently transfer its energy to the second ion,

returning to intermediate state and forcing the second ion to occupy the intermediate state as
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well, in a process known as cross-relaxation. In the latter case, the net result is two ions in the
intermediate state. They both can then efficiently absorb light and transition to a high excited
state. Now, if there are two more ions of the same type in close vicinity, the two ions in high
excited state can transfer their energy to them. This now yields four ions in intermediate state.
Continuing this process, the population of ions in intermediate state continues to increase
exponentially (hence the comparison to an avalanche), occasionally losing energy into heat or
releasing it as high-energy photons, thus achieving upconversion. Fig. 1.3.2.3 illustrates the

process.
There are several conditions required for PA:

e The ions must have a high absorption cross-section in intermediate state and capable

of cross-relaxation.
e The ions must be in sufficiently close proximity to enable efficient cross-relaxation.

e Excitation intensity needs to be sufficiently high, so that cross-relaxation overcomes

the spontaneous relaxation of the intermediate state.

e The intermediate state should be long-lived so that the excited state absorption and

cross-relaxation are efficient.

Over time, PA process eventually reaches a steady state due to the saturation of the

intermediate excited state and equilibration of excitation and relaxation transitions.

The advantage of PA upconversion is that the excitation light has to be resonant with
only one transition, between intermediate and high excited state, while the ground state-
intermediate state transition can be induced by non-resonant absorption or thermal population.
PA, however, is a relatively rare phenomenon, that happens only with certain ions in specific

conditions (an example is presented in Levy et al. 2016).
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Fig. 1.3.2.3. PA upconversion. A: (1) an ion is spontaneously excited to an intermediate state,
e.g. through thermal population. (2) the ion can efficiently absorb a low-energy photon and
transition to a high excited state. From this state, it can either emit light (3a) or efficiently
transfer energy to another ion of the same type (3b). B: With steady intense illumination, the
excitation can spread through multiple ions located close to each other, requiring only one
spontaneously excited ion to initiate the process. Occasionally, the ions can emit high-energy

photons instead of performing energy transfer.

For applications in biology, upconversion holds a lot of promise. In tissue experiments,
the long-wave excitation light in red or infrared region can penetrate the tissues much deeper,
as they absorb and scatter much less. The large anti-Stokes shift is not exhibited by any
biological materials, so the problem of autofluorescence in imaging can be entirely
circumvented. Also, red and infrared light can be used at high intensities without cell damage,
unlike blue or UV light (Wolbarsht, 1971). Certain inorganic materials with extreme
photostability can exhibit upconversion, potentially permitting uninterrupted long-term
experiments. Unlike TPA, upconversion does not require expensive short-pulsed laser sources

and can be induced by cheap continuous-wave laser diodes.
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To harness the mechanisms of upconversion for usage as a luminophore in biological
context, the materials capable of upconversion can be constructed into upconversion
nanoparticles (UCNPs). While the solid-state upconversion itself is not a particularly new
phenomenon with examples dating back to 1960s (Auzel, 2004), active research on UCNPs
has started only in late 2000s (Heer et al., 2004, Kuningas et al., 2005, Shalav et al., 2005,
Wang et al., 2005, Yan and Li, 2005). Thus, UCNPs are still a novel luminophore with a lot

of room for improvement and potential for applications.

Out of the multiple types of UCNPs, the most well-developed UCNPs are inorganic
lanthanide UCNPs upconverting via ETU mechanism. They currently exhibit most potential
for a variety of applications, especially in biology (Zhou et al., 2015). For brevity, all
subsequent chapters of this work use “UCNPs” as a shorthand for specifically this type of

particles operating via this type of mechanism.

1.3.3. Lanthanide upconverting nanoparticles

1.3.3.1. Structure

There is a large variety of UCNPs engineered for different applications. As an
illustrative example, we may consider the spherical p-NaYF, UCNPs doped with 20% Yb**
and 2% Er’*, which are currently by far the most investigated and most used kind of UCNPs
in literature, due to their efficient upconversion. It should be noted that “doping” in this case
is not quite a valid term, as in most other fields it usually refers to sub-1% quantities of
substituting element, so “mixing” would be more appropriate. However, in UCNP-related
literature the “doping” term seems to be dominant, and will be used throughout this work to

maintain consistency with the rest of the literature.

The luminescence mechanisms of UCNPs involve a large amount of processes besides
ETU and can be intimidating at a glance (Fig. 1.3.3.1A), however recent efforts have allowed
to model and sometimes predict these processes to a decent extent (Anderson et al., 2014;

Chan et al., 2015; Hossan et al., 2017; Wiirth et al., 2018, 2017).

There are several key parameters in UCNPs which are important for efficient

upconversion (Fig. 1.3.3.1B):
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e Sensitizer ions and their concentration (Yb*" at 20% in the example). Yb*" ions are
a common choice for ETU due to to having only one excited state that is within the
reach of excitation by low-energy UV, visible, or near-infrared (NIR) light. The
transition from the ground state to this excited state corresponds to approximately
980 nm photon wavelength, and is notable for relatively large absorption cross-
section. The excited Yb’* ions typically have a long lifetime in the range of 100-
1000 ps (Wiirth et al., 2017). This long lifetime and very narrow energy band structure
with practically no sublevels allows these ions to efficiently transfer energy to each
other, forming a sensitizer network in which the energy can quickly migrate
throughout the crystal (Fig. 1.3.3.1C). This permits the energy to be efficiently
transferred to emitter ions, which quickly deplete the sensitizers around them,
allowing far-off excited sensitizers to transfer their energy to depleted ones and

transfer even more energy to emitters.
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Fig. 1.3.3.1. Typical UCNPs and mechanisms of their luminescence. A: Luminescence
mechanism in Yb’"-Er'" system upon excitation at 980 nm and some related processes. BET,

CR and ET correspond to back energy transfer, cross-relaxation and energy transfer,
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respectively. Blue arrows correspond to relaxation processes associated with quenching by

O-H vibrations, e.g. by water. B: structure of a UCNP, with labeled components. C: energy

propagation through sensitizer network. Nearby senmsitizer ions can exchange energy,

eventually transferring it to the emitter to perform upconversion. D: typical luminescence

spectrum of a Yb’*-Er’" UCNP dispersion at 980 nm excitation. Image adapted from (Wiirth
etal., 2017).

Emitter ions and their concentration (Er’* at 2% in the example). Er’" ions can
perform efficient ETU with several bands in visible region, with most intense being
the green band at 540 nm and red band at 660 nm (Fig. 1.3.3.1D). Typically emitter
ions are used at a low doping proportion due to cross-relaxation processes that reduce
the population of high excited states, leading to lower upconversion efficiency. The
exception is PA-based UCNPs, where cross-relaxation is actually a beneficial
phenomenon. Also, recent evidence suggests that high doping concentrations can be
beneficial for applications of ETU-based UCNPs requiring high excitation intensity
(e.g. microscopy) (Gargas et al., 2014, Tian et al., 2018).

Matrix material (3-NaYF, in the example). The choice of matrix material is governed
by several concerns. First, multiphonon relaxation is one of the main non-radiative
relaxation mechanisms for lanthanide ions in inorganic materials, resulting in
dissipation of energy into several simultaneous vibrations of the nearby ions in the
crystal, which are eventually dissipated into heat. The multiphonon relaxation rate is
dominated by the highest-energy phonons in the given crystal structure (Egorov and
Skinner, 1995). For a given phonon, the multiphonon relaxation rate associated with it
decreases approximately exponentially with the energy gap. Conversely, for a fixed
energy gap the relaxation rate exponentially decreases with lower maximum phonon
energy. Thus, the material should be chosen to have lowest possible phonon energies.
Second, the presence of defects in the bulk material can be both beneficial and
detrimental. f-f transitions are partially unforbidden when the local crystal symmetry
is distorted, resulting in more efficient upconversion (Cheng et al., 2012; Wisser et
al., 2016). However, certain defects yield additional relaxation channels via local
high-energy vibrations, yielding new non-radiative relaxation channels. This is

typically observed in crystalline fluoride and oxide materials. Other concerns for a
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matrix material are the ease of preparation and chemical stability, which will be

discussed below.

Particle surface. Surface effects are extremely important and can significantly affect
the particle emission parameters. Surface defects and certain coordinated ligands can
serve as energy sinks by scavenging energy from nearby sensitizers and emitters.
There are multiple mechanisms for such effects. For example, in particles constructed
with Yb’" as a sensitizer, the whole sensitizer network can quickly get depleted by
relaxation via O-H vibrations of ligands close to the surface, lowering the brightness
of the UCNPs (Fig. 1.3.3.1A, blue arrows). This can lead to quenching of

upconversion by surface-coordinated water molecules (4rppe et al., 2015).

Particle shape (spherical in the example). Depending on the synthesis method,
UCNPs can be prepared in different shapes. Particles of different shapes have exposed
surfaces corresponding to different crystal planes. This can affect the particle
luminescence, quenching, strength of ligand attachment, and other parameters (Shan

etal., 2010; Yeet al., 2010).

Particle size. Size has a direct effect on the brightness of individual UCNPs: lower
particle size results in lower amount of active ions per particle. This leads to lower
brightness via lower total extinction coefficient and lower amount of individual
emitters. Also, smaller particles have larger surface-to-volume ratio which can
potentially lead to stronger quenching, further reducing brightness by lowering the
upconversion quantum yield. Increasing the size of the particle tends to make its
behavior closer to the bulk material, reaching it at particle size of several micrometers

(Boyer and Veggel, 2010; Hossan et al., 2017, Kaiser et al., 2017).

Ion distribution (uniform in the example). UCNPs can be prepared in a variety of
ways, and some allow sequential growing of differently doped shells, resulting in
core-shell structures, reminiscent of gobstopper candy. The shells can be doped in a
variety of ways. Examples include separating sensitizer and emitter for enhanced
upconversion (Vetrone et al., 2009), isolating the upconverting composition inside an
inert shell to reduce surface quenching (Gargas et al., 2014), segregating several
sensitizer/activator compositions inside the same particle to make a dual-mode particle

with response dependent on excitation wavelength (Lai et al., 2014), etc.
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All of these parameters are intertwined with each other. For instance, different matrix
materials may impart better or worse performance on a given sensitizer/emitter pair. As an
another example, certain multilayer ion distributions require a minimum particle size, below
which the layers cannot be sufficiently separated due to their intermixing during synthesis.
Thus, all of these parameters have to be considered simultaneously when choosing an optimal

particle for a given application.

1.3.3.2. Synthesis and matrix materials

Synthesis of inorganic nanoparticles is an actively developing field. Numerous
methodologies have been applied to construct metallic, ionic and covalent particles with
different size, composition, monodispersity and crystallinity. Quite a lot of mechanisms
governing the nanoparticle formation are well-investigated, some are even predictable in
quantitative fashion. However, to this day the field remains mostly empirical due to its
sensitivity to minute details of the experimental conditions and dependence of the synthesis

on a large quantity of parameters, complicating screening for optimal conditions.

Synthesis of lanthanide UCNPs has an advantage of having very similar protocols for
very different dopant compositions, due to close ionic radii of lanthanide ions and their

similarity in reaction profile.

Typical particle diameters achievable by commonly used methods range from ~10 to
100 nm, although in recent years there have been breakthroughs that allow production of
monodisperse sub-10 nm particles (Gargas et al., 2014, Li et al, 2017; Ostrowski et al.,
2012; Ryu et al., 2010).

Particle geometries can depend on the method, but generally are spherical or
approximately spherical. Similar to microcrystals, nanocrystals frequently have preference for
exposing particular crystal planes to the outer environment due to lower surface energy,

giving the particles a slightly angular appearance.

The following methodologies are typically employed to synthesize UCNPs (DaCosta et
al., 2014):

e Thermal decomposition, which involves decomposing organic lanthanide salts (e.g.
oleates) and matrix material precursors at high temperatures in a high-boiling non-

polar solvent in presence of surfactants, usually in inert atmosphere. The control over
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temperature, heating/cooling rate, reaction time, reagent and surfactant concentration
allows to achieve uniform nucleation and slow growth of nanoparticles. This also
helps to achieve high UCNP crystallinity. Additionally, core-shell geometries can be
produced by adding precursor or small sacrificial nanoparticles at appropriate time
during the reaction (Gainer and Romanowski, 2014, Haase and Schdfer, 2011).
Multiple variations of the method exist, differing mostly in the choice of the reagents

and the temperature regime.

Thermal decomposition is one of the most popular and consistent methods of UCNP
production which allows to prepare highly crystalline monodisperse particles with low
amount of defects and good control over their size. Typically, UCNPs produced by
thermal decomposition range from ~5 to >100 nm in diameter. The key disadvantage
of the method is the requirement of precise and consistent temperature control, which
can affect reproducibility. To overcome this problem, two approaches exist:
preparation of particles in large batches (Wilhelm et al., 2015) and process automation

(Chan, 2015, Chan et al., 2010).

Coprecipitation, in which the UCNPs are prepared via rapid mixing of solutions of
lanthanide salts and/or complexes with the dissolved matrix materials in the conditions
forcing the precipitation of the material. Formation of nanoparticles can be achieved in

certain ranges of concentration, mixing speed and mixture polarity.

Despite being by far the easiest and most straightforward method, it typically produces
UCNPs of relatively low quality in regards to upconversion. This drawback can be

partially amended by annealing the particles after synthesis.

Solvothermal synthesis. One of the oldest methods to produce crystals of inorganic
materials, the method entails taking a suspension of inorganic microcrystals to high
temperatures and pressures in an autoclave, typically in aqueous conditions. The
precursor microcrystals are formed by mixing lanthanide salts with an appropriate
counterion, e.g. ammonium fluoride. Above the critical point of the solvent, the
mixture forms a single phase, in which nanoparticles slowly form over time if an

appropriate temperature/pressure regime is used.

The largest advantage of this method is its potential for scalability and the usage of

“green” reagents, utilizing only solutions of inorganic salts as the main precursor. The
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disadvantages include high particle polydispersity, low crystallinity and lower control

over the reaction compared to other methods.

Numerous other less popular ways to produce UCNPs exist, ranging from classic
methods like milling and sol-gel processing to unconventional approaches like microwave-

assisted heating and gas phase flame synthesis (Gainer and Romanowski, 2014).

1.3.3.3. Luminescence properties and doping strategies

The cornerstone element of UCNP optical response is the choice of sensitizer and
emitter. Fig. 1.3.3.3.1 shows the energy levels of trivalent lanthanide ions in a LaCl; lattice.
As can be seen from the image, lanthanide ions possess significantly more distinct states
compared to organic dyes or transition metal complexes. This, coupled with the fact that a lot
of transitions between these states can have comparable rates, makes ETU upconversion a
highly nonlinear and sometimes quite unpredictable process. Moreover, the rates can also
depend on the local crystal field, and other processes like ion cross-relaxation may appear at
higher dopant ion concentrations. Nevertheless, during the development of bulk upconversion
materials and later upconversion nanoparticles, certain sensitizer/emitter pairs have been
found to produce robust upconversion with relatively high quantum yields. Table 1.3.3.3.2
provides the overview of commonly used sensitizer/emitter pairs, and their

absorption/emission wavelengths.
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Fig. 1.3.3.3.1. Energy levels of Ln’" in a LaCl; lattice. Image adapted from (Moore et al.,
2009).

Both absorption and emission bands of UCNPs are formed by f-f transitions in
lanthanide ions. The 4f orbitals are shielded from the environment by the filled 5s° and 5p°
orbitals. This makes their coupling to electrons of the molecules and ions in their immediate
environment very weak, significantly lowering the amount of sublevels for each state. Due to
this, lanthanide energy states are very narrow and the energies of the transitions between these
states are very consistent in different local environments. This results in narrow absorption
and emission bands that are very similar in quite different matrix materials, typically differing

in their relative intensity, but not the wavelength (Wang and Liu, 2014).

The absorption spectra of UCNPs are dominated by the peak of the sensitizer due to its
higher extinction coefficient compared to the emitter. Peaks for commonly used sensitizers
are located in NIR region. Occasionally, double-sensitizer systems are used, in which one

type of sensitizer transfers the energy to a different one, which then performs ETU with the
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emitter. UCNPs can also exhibit some direct absorption by the emitter, usually followed by
luminescence at the same wavelength. The direct excitation can be sometimes useful in
mechanistic investigations of upconversion behavior, although the extinction coefficients for

direct excitation are typically quite low (Eliseeva and Biinzli, 2010).

Sensitizer Emitter Aabs Aem
Yb** Er* 980 nm 410 nm, 525 nm, 545 nm,
660 nm, 810 nm
Yb* Tm** 980 nm 450 nm, 470 nm, 650 nm,
695 nm, 800 nm
Yb* Ho* 980 nm 485 nm, 540 nm, 645 nm,
750 nm

Nd&**-Yb*  Er"or Tm’" or Ho’* 810 nm, 980 nm  identical to three previous ones,
dependent on the emitter choice
Table 1.3.3.3.2. Typical dopant compositions for UCNPs. The primary emission peaks are
highlighted in bold.

The emission spectra of UCNPs following sensitizer excitation consist of sensitizer and
emitter bands. Typically the sensitizer emits with nearly the same energy it was excited with
(due to the narrow band structure), while the emitter shows multiple peaks in visible region.
Emitters also frequently have luminescence bands with lower energy than that of the
excitation, due to downshifting processes involving decay of emitters in a high-energy state to
a low-energy state with subsequent emission. An example of downshifting is the Er**
luminescence at 1.55 um after excitation at 980 nm. Downshifting should be not confused
with downconversion (a.k.a. quantum cutting), a process in which a single high-energy photon

1s transformed by the system to two or more low-energy photons.

The quantum yield of upconversion (UCQY) can be defined in multiple ways.
Commonly, the empirical definition is used, in which UCQY is defined as the ratio of the
quantity of photons emitted by the emitters in the system to the quantity of photons absorbed
by the sensitizers and emitters. By this definition, theoretical maximum UCQY are 50%,

33.3%, 25%, 20%, etc., corresponding respectively to two-, three-, four-, five-, or higher-
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order multiphoton upconversion processes. As UCNPs usually possess multiple emission

bands, sometimes partial quantum yields are defined for individual bands in a similar fashion.

The UCQY depends on the speed of the transitions between the states of lanthanide ions
and on a variety of energy transfer processes inside the particle: sensitizer-emitter transfer,
emitter cross-relaxation, emitter-sensitizer back-transfer, and some others (Chan et al., 2012a,
2012b). Those processes, in turn, depend on a wide variety of parameters: matrix material,
particle surface quenching, quenching on defects, dopant concentration, excitation power,
pulse shape and length in case of pulsed excitation, etc. Due to strong interconnection
between these parameters and difficulties in standardization of experimental setups
(especially in relation to excitation intensity), experimental determination of UCQY is not an
easy task, as it requires direct determination of UCNP absorption coefficient using infrared
spectrophotometers and complicated setups with integrating spheres. Moreover, the
experimental UCNP absorption coefficient also has to be corrected for scattering, which can

be significant in concentrated nanoparticle dispersions (Wiirth et al., 2013).

In typical UCNPs, UCQY values are usually in the range of 0.1-1%. This is 1-2 orders
of magnitude lower than the QY of organic dyes and quantum dots, which can occasionally
reach values close to their theoretical maximum of 100%. As a result, the brightness of
UCNPs is typically orders of magnitude lower than that of quantum dots, and can be
comparable to the brightness of an organic dye. However, the loss of signal-to-noise ratio in
UCNP applications due to their low brightness is more than fully compensated by the absence
of background luminescence noise even at high excitation intensities, resulting in SNR
comparable to other conventional luminophores. Also, due to their extreme photostability, the
excitation intensities may be elevated to much higher levels, typically limited only by the
sample absorption of light and its speed of heat dissipation. Another advantage is that in
biological samples NIR light does not have any significant phototoxic effects besides heating

(Khan et al., 2015).

The lifetimes of excited states of lanthanides in typical UCNPs are usually at the order
of 10 us to 10 ms, multiple orders of magnitude longer than the nanosecond lifetimes of
organic dyes or quantum dots. An example of a decay curve for a UCNP dispersion is
provided on Fig. 1.3.3.3.3. Long lifetimes can be both an advantage and a detriment,

depending on the application. For instance, time-gated microscopy with long-lifetime
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luminophores can be done with very cheap chopper-based experimental setups, while
confocal microscopy tends to require much longer readout times due to “streaking” artifacts
(Gainer et al., 2012; Zheng et al., 2016). The shape of decay curve and the lifetime depend on
the interplay of a large quantity of parameters. There are some theoretical models with decent
predictive value for calculating UCNP decays and transition rate constants, but they are

typically valid only at low excitation intensities (below 100 W/cm?) (Hossan et al., 2017).
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Fig. 1.3.3.3.3. Luminescence decay of a Yb’'-Er’* UCNP dispersion (black line). Decay
shape may differ dependent on the excitation pulse length, so boxcar excitation mode (red
line) is typically employed to record UCNP decays from a steady state. This is also useful for
comparing the information extracted from decays with the spectra, which are typically

recorded in a steady state.

UCNPs show unsurpassed photostability, due to absence of irreversible low-activation-
energy chemical reactions of lanthanide ions with their environment in their excited states.
This puts them at significant advantage compared to organic dyes and quantum dots, which
are amenable to photooxidation and photoreduction (Lee and Osborne, 2009; Resch-Genger

etal., 2008).

As emitters in the vast majority of UCNPs have quite slow emitter-emitter energy
transfer, they show mostly independent emission. Because of this, UCNP emission tends to be

uniform in time with low variation, as the luminescence of a typical UCNP corresponds to
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concurrent luminescence of hundreds and thousands of individual emitters (Gargas et al.,

2014).

Luminescence properties of UCNPs highly depend on dopant concentration. Sensitizer
concentration typically has an optimum in relation to particle brightness. At too low sensitizer
concentration, the particle has lower total extinction coefficient, and the probability of two
sensitizers being in close proximity to an emitter is also low, leading to inefficient ETU. At
too high sensitizer concentration, surface quenching effects can quickly deplete the sensitizer
network, leading to higher energy losses despite higher total extinction (Ma et al., 2017).
Similarly, emitter concentration also has an optimum. At too low emitter concentration, the
total quantity of emitters in particle is lower, resulting in lower overall luminescence. At too
high emitter concentration, cross-relaxation effects start coming into play, resulting in UC
energy loss at lower excitation powers. However, if higher excitation powers are used (e.g. in
microscopy conditions), the gain in luminescence due to larger quantity of emitters can
overcome the cross-relaxation losses, resulting in higher particle brightness (Gargas et al.,

2014, Tian et al., 2018).

UCNPs can be constructed from several different materials using layer-by-layer
synthesis techniques, which can be used to modulate their luminescence. Usually the layers
are made from the same matrix material, but differ in dopant choice and concentration. Some

doping strategies of UCNPs are shown on Fig. 1.3.3.3.4. Common strategies include:

e Doped core, inert shell. This approach aims to reduce surface quenching effects by
increasing the distance between dopant ions and the quenching centers on the particle
surface (Ding et al., 2015; Gargas et al., 2014). Employing this approach yields
higher particle brightness in exchange for slight increase in particle size. Also, because
of lower surface quenching, the particle core can be doped more than usually
(especially with sensitizers), improving the brightness even further (Tian et al., 2018).
The disadvantage of this approach is worse particle performance in FRET

applications, due to larger distances from emitters to particle surface.

e Inert core, doped shell. This approach is inverse to the previous one, and aims to
improve particle performance in FRET applications, sacrificing some particle

brightness for it (Bhuckory et al., 2017).
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Segregated dopant layers. For certain UCNP compositions, homogeneous mixture of
dopants may have mediocre performance due to introduction of additional undesirable
non-radiative relaxation mechanisms. This is especially true for UCNPs doped with
more than two dopant types, combining ETU and intra-particle energy transfer to tune
their absorption or emission spectra. By isolating incompatible dopants in different
regions, this drawback can be eliminated (Deng et al., 2016, Wang et al., 2011, Zhong
etal., 2014).

Segregated full UC compositions. Different sensitizer/emitter pairs can be isolated in
different regions in a same particle, separated with layers of inert matrix material. This
approach yields particles with drastically different emission spectra that depend on

excitation wavelength (Lai et al., 2014).

External sensitization. A promising recent strategy to drastically improve the
extinction coefficient of UCNPs involves isolating the sensitizers and emitters in the
core of the particle, and doping the shell with sensitizer only. Afterwards, additional
sensitizing moieties are grafted to the surface of the particle, typically red and NIR-
absorbing organic dyes, which can transfer their excitation energy from the T, state to
the sensitizer ions. The total energy cascade is external sensitizer — sensitizer —
emitter. This approach allows to improve the brightness of UCNPs by 2-4 orders of
magnitude, which can be critical for certain applications (Chen et al., 2015, Garfield
etal, 2018; Zou et al., 2012). However, so far the resulting conjugates show mediocre
photostability, especially in the presence of oxygen, where photostability half-life

drops to ~1 min.
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Fig. 1.3.3.3.4. Common UCNP doping strategies. A: doped core, inert shell. B: inert core,
doped shell. C: segregated dopant layers. D. segregated full UC compositions. E. external

sensitization.

To summarize, upconversion in UCNPs is a highly intricate mechanism that depends on
a large set of both internal and external parameters. This is both a boon and a bane for UCNP
research, as such behavior presents exceptional possibilities for its modification, at a price of

making it difficult to model, predict, and (sometimes) reproduce.

1.3.3.4. Surface modification

Depending on synthesis and purification method, UCNPs may have a variety of ligands
on their surface. The most commonly used fluoride-based UCNPs produced via thermal
decomposition typically have a layer of fatty acid ions on their surface (commonly oleates),
weakly coordinated to positively charged ions on particle surface. Due to high hydrophobicity

of this layer, the particles are dispersible only in nonpolar solvents, e.g. hexane or
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dichloromethane. While such dispersibility may be passable for certain applications,
biological studies typically require the luminophore to be dispersible in aqueous conditions.
Frequently there is a need for some potential for further attachment (a.k.a. grafting or
decoration) of biological moieties to the particle surface, e.g. for constructing luminescent
labels. To achieve these goals, multiple surface modification processes have been invented.
Fig. 1.3.3.4.1 provides an overview of typical approaches, which will be briefly described
below. Multiple reviews on the topic exist, providing a more in-depth look (Muhr et al.,

2014, Sedlmeier and Gorris, 2015).
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Fig. 1.3.3.4.1. Common strategies for UCNP coating for water dispersibility.
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Ligand stripping is the simplest way to render particles hydrophilic. In this process,
the hydrophobic ligands are chemically removed from the particle surface. In the most
common case which involves surface-bound fatty acids, the particles are treated with
strong mineral acid (e.g. HCl), leading to protonation of organic acids and their
detachment from the particle surface. Afterwards, the particle surface is hydrophilic,
and particle can be dispersed in aqueous environment. This process can sometimes
induce particle degradation, so acid precursors such as nitrosonium tetrafluoroborate
(NOBF,) can be used for more controlled and gentle ligand stripping (Dong et al.,
2011). Typically, particles produced by ligand stripping are not very colloidally stable
in aqueous dispersions, although dispersions in polar solvents can be stable for years.
In case of ionic matrix materials, strong ligand grafting is difficult, quite unlike the

covalently modifiable organic dyes or thiol-modifiable chalcogenide QDs.

Ligand exchange is a similar process to ligand stripping, however in this case
stripping is followed by particle coating with a hydrophilic ligand. By far the most
popular method for UCNP hydrophilisation, ligand exchange protocols combine easy
protocols with high subsequent particle colloidal stability (Sed/meier and Gorris,
2015; Wilhelm et al., 2015). Further functionality may be imparted on the particles by
mixing in ligands modified with an appropriate recognition moiety, e.g. a protein or a
nucleic acid. The main disadvantage of ligand exchange is the detachment of ligands
from particle surface if an equilibrium concentration of ligands is not maintained in
the dispersion, leading to particle aggregation upon dilution. This can be amended by
using polymer ligands, or crosslinking monovalent ligands after coating the particle

(Boyer et al., 2009).

Silica shells can be grown on the particle using techniques similar to Stober process
(Hlavacek et al., 2014). This results in a layer of silica on the surface of particle,
which renders the particles hydrophilic. To further enhance colloidal stability,
additional groups may be grafted to silica surface during the coating process, or after
it. Silica shells are highly modifiable, and a great variety of grafting protocols exist.
Silica shells are also quite chemically stable, and are destroyed only via hydrolysis at
high pH. The main drawback of the method is partial aggregation of the particles if the

growth conditions are not strictly controlled. Even then, slow aggregation over time
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limits the shelf life of the particles. Also, silica shells are typically porous, leading to

access of water molecules to particle surface, resulting in partial luminescence loss.

Surfactant coatings. Surfactants can form lipid bilayer-like structures with
hydrophobic ligands on the surface of UCNPs, making the particle surface hydrophilic
without the need to remove the ligands. A modification of the method utilizes cross-
linked surfactants also known as amphiphilic polymers, which can be kinetically
entrapped in the surface layer to form a stable coating that persists on the particle
surface (Wilhelm et al., 2015). Another modification of the process includes cross-
linking of the surfactants after coating, essentially encasing the particle in a thin layer
of plastic (Jiang et al., 2012). Typically charged polymers are used to further stabilize
the particles by introducing interparticle electrostatic repulsion. Surfactant coatings
can impart aqueous dispersibility combined with extreme colloidal stability, for years
and beyond. Similarly to ligand exchange, the key disadvantage of the method is
detachment of surfactants and slow particle aggregation in dispersions that do not
contain equilibrium concentration of surfactant. In case of amphiphilic polymer
coatings, the disadvantage is the requirement of polymer preparation, as optimal

polymers for this goal are not readily commercially available.

Nanoparticle entrapment (emulsification). A method not commonly used for
UCNPs aside from niche applications (Meruga et al., 2018), entrapment protocols
involve trapping nanoparticles in surfactant-stabilized oil-in-water emulsions,
typically with droplet size comparable to UCNP diameter (ranoemulsions). The
method is usually very fast to perform, and a lot of biocompatible nanoemulsion
oil/surfactant pairs exist. The disadvantage of the method is severe UCNP aggregation
during the formation of nanoemulsion, and low loading ratio (amount of UCNP-

containing droplets relative to total amount of droplets in emulsion).

Ligand transformation involves chemical modification of hydrophobic ligands to
render them hydrophilic. An example is permanganate/periodate oxidation of oleic
acid to azelaic acid, which has carboxylic groups at both ends (Naccache et al., 2009).
This method requires strict reaction control to avoid side processes (e.g. MnO,
formation) that may introduce undesirable hard-to-remove impurities in nanoparticle

dispersion.
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Attachment of biological moieties to nanoparticle surface can be done either directly
during coating process, or after it, using bioconjugation techniques. There is a vast variety of
different bioconjugation methods for nanoparticles, each with its own advantages and
drawbacks. Most of them originate from fields of bioorthogonal chemistry, solid-phase
synthesis, protein-drug conjugation, and some others. Multiple well-written reviews provide
information on this topic (Sapsford et al., 2013, 2011; Sperling and Parak, 2010). The ones
highlighted here are commonly used for nanoparticle bioconjugation (Fig. 1.3.3.4.2):

rd + wn—r, PO°% R amide formation
AG NH-R,
(o] e}
H~7 — . ..
ResH + N-R: P Rfﬁ’“? maleimide-thiol linking
[0} o]
R, R,
IR T | )
N\*\N_ o pH-412 NI\\ . azide-alkyne cycloaddition

strain-promoted copper-free
azide-alkyne cycloaddition

biotin

Fig. 1.3.3.3.6. Common strategies for nanoparticle bioconjugation.
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Amide formation. A covalent amide bond is produced by a reaction between a
primary amine and an activated carboxylic acid ester (or less commonly used
anhydride or acyl halide). For grafting, the nanoparticle can be either an amine-
bearing or activated acid-bearing partner. For bioconjugation the particle is typically
the acid partner, and the amine can be present on a protein lysine side chain, or
attached to an appropriately modified nucleic acid. The advantage of amide bonds is
their high chemical resistance. In biological conditions, they can be broken down only
by certain hydrolase enzymes, and only if the environment around the bond is
available for the enzyme attachment. The disadvantage of the method is the
requirement for forming an activated carboxylic acid ester on the particle surface,
which is achievable in aqueous conditions only by few specific reagents (e.g.
EDC/NHS reagent combination). Also, activated esters slowly react with water,

requiring to follow the activation immediately with the amide formation.

Maleimide-thiol linking. Maleimide groups react with thiols (sulfhydryls) via a
Michael reaction at neutral pH, forming a covalent bond. Typically, maleimide group
is tethered to nanoparticle surface, and the thiol is present natively on protein cysteine
side chains, or attached chemically to a nucleic acid. Maleimide-thiol linking is one of
the most frequently used bioconjugation approaches due to its simplicity. However,
the reaction can be capricious: at pH>8, the reaction can proceed with non-protonated
amine groups on proteins. Moreover, the reaction is reversible, and products can
slowly degrade, especially in presence of other thiols. Maleimide can also hydrolyse in
basic buffers, forming non-reactive maleamic acid. For the reaction to proceed
quantitatively, reducing agents like hydrophilic phosphines have to be added to reduce
disulfide groups that form upon oxidation of the thiol reaction partner by air. Overall,
these conditions impose a lot of constraints that may be sometimes incompatible with

the particles and their coatings.

Azide/alkyne cycloaddition. A staple of click chemistry methods, formation of
triazoles via [3+2] cycloaddition of azides to alkynes is widely used to produce
bioconjugates. The reaction can proceed in a variety of conditions and is insensitive to
presence of non-marked biomolecules in the dispersion. Classical azide/alkyne
cycloaddition requires either high temperature or catalysis by Cu’ ions, which are

usually generated in situ, e.g. with CuSO./ascorbate system. For the cases where the
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reducing conditions or the presence of copper ions are undesirable, copper-free click
chemistry with strained cycloalkynes is used, which can efficiently proceed at room
temperature and neutral pH without any catalyst. A wide variety of reagents for
making substrates “clickable” are commercially available. The advantage of
azide/alkyne cycloaddition is its high selectivity, absence of side reactions, and very
simple protocols (in case of copper-free cycloaddition). This allows it to efficiently
work even in vivo. The disadvantage is the requirement to install the azide or alkyne

functionalities on the biomolecule partner, as neither is available natively.

Biotin-avidin interaction. One of the strongest non-covalent interactions in nature,
the binding of biotin (vitamin B;) to avidin or related proteins (streptavidin,
neutravidin) has dissociation constants in the pico- and femtomolar range, approaching
the strength of a covalent bond. Avidin and its relative proteins are tetrameric,
possessing four binding sites available for four biotins, although mutated variants can
be produced with some of the binding sites deactivated. Biotin can be installed on
biomolecules either chemically or enzymatically. Avidin can be installed by any of the
aforementioned bioconjugation reactions. As avidin is multivalent, there is also a
possibility of “sandwich” linking approach, in which both partners are biotinylated
and linked through an avidin. The advantage of biotin-avidin linking is the flexibility
of attachment and very simple conjugation protocols, consisting of mixing the partners
together. Also, biotynilated variants of a variety of proteins are commercially
available, as well as kits for biotinylation. The disadvantage of this coupling method is
the size of avidin and its variants (ca. 5 nm), making it impractical for FRET

applications.

To summarize this subchapter, UCNPs are a luminophore that allows a lot of flexibility

regarding its optical performance. They possess unique characteristics that set them apart

from conventional luminophores, namely large anti-Stokes shift, narrow emission bands, long

lifetimes, high photostability and uniform, non-blinking emission. Of course, they also have

their disadvantages (at least for now), which include low brightness compared to other

luminophores, more limited surface modification compared to QDs or gold nanoparticles, and

excitation spectra restricted by the choice of the sensitizer. Issues inherent to most other
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nanoparticles are present as well, namely colloidal instability in high ionic strength
dispersions, non-specific binding of biomolecules to the particle surface, occasional protocol
irreproducibility, lack of standardization, and problematic production upscaling. Due to the
sensitivity of ETU to a large variety of parameters, care should be taken when choosing the
synthesis method, composition, surface modification and subsequent conjugation of UCNPs

for a given application.

Development of UCNPs and their applications is a very active field, and new insights
are gained on a frequent basis. The next subchapter describes some of the fields in which

UCNPs are being applied, especially in biological context.

1.3.4. Applications of UCNPs

At the present time, the majority of the research in UCNP applications involves
substituting luminophores in existing techniques with UCNPs to gain advantage of their
superior performance. Most efforts are concentrated in biological applications, due to their

demands for low-background nanoscale luminophores and IR excitation.

1.3.4.1. Biological sensors and assays

Basing sensors on UCNP luminescence has a benefit of eliminating undesirable
autofluorescence background. Typically sensing applications involve using UCNPs in

following ways:

e Luminescent label. In this approach, the particles are grafted with sensing moieties to
signal the presence of the analyte. The particle itself is used only as a label, and does
not yield any additional information about the system. For this approach, bright

UCNPs are preferred.

The key advantage of UCNPs as labels is higher sensitivity of the assays. High
photostability of UCNPs can be also an advantage, allowing long continuous sensing

(e.g. for kinetics experiments) with no photodegradation problems.

The issues in using UCNPs as labels involve lower specificity in certain cases due to
non-specific binding, as well as reproducibility, both being common problems in all
nanoparticle applications. Aggregation and binding stoichiometry can also influence

the assay performance. Employing UCNPs that use Yb*" as a sensitizer also requires
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stricter illumination geometry control, as water has a large absorption peak close to
980 nm (ca. ~0.2-0.5 cm” depending on the wavelength). This can lead to the

dependence of signal intensity on the thickness of the aqueous sample.

Examples of the label approach are provided on Fig. 1.3.4.1.1.
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Fig. 1.3.4.1.1. Examples of applying UCNPs as a label element in a bulk assay. A: A lateral
flow multi-target heterogeneous immunoassay. Antibody-decorated UCNPs bind to the
patterned target, showing luminescence under IR illumination in regions corresponding to
the respective targets (Liang et al., 2017). B: A competitive UCNP-linked immunosorbent
assay (ULISA) for detection of diclofenac. After washing, luminescence of substrate-bound
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UCNRPs indicates the presence of the analyte in the initial solution (Hlavacek et al., 2016).

Images are adapted from the respective references.

Luminescent probe. In contrast to labels, probes report the changes in their
environment (e.g. presence of analyte) by changing the parameters of their
luminescence. Signaling parameters include changes in intensity, emission spectrum

band shifts or band ratios, and luminescence decay parameters.

In probing applications, UCNPs are typically used as the integral probe component,
the one which changes its luminescence. This is commonly achieved through energy
transfer to quencher or acceptor moieties in close proximity to particle. In another
probing approach, UCNPs are employed as a nanoantenna, where they are introduced
in a fully functional sensing system purely as a means to shift the excitation
wavelength into infrared, via energy transfer to the actual sensing element (e.g. a
donor in a FRET dye pair). This allows to benefit from the significant reduction of
sample autofluorescence, while maintaining the good performance of an already

optimized sensing system.

The major advantage of using UCNPs as probes lies in the removal of sample-caused
background, which may be critical in certain applications. As UCNPs exhibit
luminescence on several bands, the ratio of luminescence on these bands can serve as

an additional signal dimension, allowing construction of robust ratiometric assays.

However, all issues present in applications of UCNPs as labels are also valid for using
UCNPs as probes. Aside from those, additional caveats involve the possibility of
nonlinear response of the particles due to sensitivity to other elements of the
environment, and heterogeneities in binding stoichiometry and particle response. The
latter in particular can introduce biases in the data: for instance, a UCNP aggregate in
the sample can yield roughly the same amount of signal as the sum of signals of the
individual particles that comprise it, however the response of the aggregate is biased
due to the internal particles being shielded from the environment by their neighbours.
Due to this, UCNP-based sensors require careful calibration in a variety of conditions,

to ensure the stability of the sensor's response.

Examples of the probe approach are provided on Fig. 1.3.4.1.2.
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Fig. 1.3.4.1.2. Examples of applying UCNPs as a probe element in a bulk assay A: A dual
oligonucleotide hybridization assay. Oligonucleotide-decorated (C) UCNPs are mixed with
dye-decorated oligonucleotides (P). If a target (T) is present, it binds C and P together,
keeping the dye close to the particle. Upon IR illumination, the particle can perform RET to
the dye, which then fluoresces. The UCNP has two luminescence bands, allowing independent
detection of two targets at the same time, using two dyes (Rantanen et al., 2009). B: A

homogeneous aptamer UCNP assay. UCNPs are decorated with oligonucleotide aptamers
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that have a quencher dye on their terminus. Upon binding to the target, the aptamers fold,
bringing quenchers close to the particle, resulting in particle-quencher RET and a drop in
luminescence (Jo et al., 2018). C: A composite material containing UCNPs decorated with
oligonucleotides is washed with the solution of target ebola virus oligonucleotide and with
gold nanoparticle dispersion decorated with another oligonucleotide, in an assembly similar
to the one described in A. Upon binding, the gold nanoparticles can quench the UCNP
luminescence and allow detection of the analyte at low concentrations (Tsang et al., 2016).

Images are adapted from the respective references.

1.3.4.2. Photodynamic therapy (PDT) and other tissue applications

In comparison to visible light, NIR light in certain wavelength ranges is much less
absorbed and scattered by biological tissues. These wavelength regions are called NIR
biological windows. Frequently this term is used specifically for the first NIR window with
the wavelength range in ~700-1000 nm. Using luminophores with excitation in these ranges —
for instance, UCNPs — allows biological tissue imaging and light-induced tissue modification

at a much higher sample thickness compared to conventional fluorescence imaging.

One of the techniques of tissue imaging and its light-induced modification that has a lot
of medical value is called photodynamic therapy (PDT). In the most common varieties of
PDT (so-called type I and type II PDT), living tissues are exposed to a photosensitizer
substance, typically an organic dye that binds to undesired parts of tissue. Upon excitation by
light, the photosensitizer can either transfer an electron to the environment, forming a highly
reactive hydroxyl radical (type I) or transfer its energy to molecular oxygen (type II), exciting
it from the ground triplet state to a metastable excited singlet state, known as singlet oxygen.
Radical ions and singlet oxygen are extremely chemically reactive, and can irreversibly
modify biological molecules in their immediate vicinity, ultimately leading to cell death via a
variety of mechanisms (Bonnett, 2014) (Fig. 1.3.4.2.1). The agent binding specificity and the
illumination pattern allow high degree of control over destruction of undesirable tissue. This
makes PDT a very useful non-invasive method of treating a variety of skin conditions and
malignant cancers, especially melanomas (Agostinis et al., 2011, Dolmans et al., 2003). A
variety of modifications of PDT exist, with different phototoxicity mechanisms, agent types,

cell type specificities, etc.
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Fig. 1.3.4.2.1. Jablonski diagram for type I and type Il photodynamic therapy. Image adapted
from (Silva et al., 2015).

A common caveat of PDT is the requirement of excitation via visible light, as most of
the efficient photosensitizers typically absorb in visible region. This results in poor tissue
penetration and permits only superficial layer treatment (usually ~300 um depending on the
wavelength). To gain tissue penetration depth, alternative PDT agents are being developed
with absorption in NIR biological window, however shifting the excitation wavelength often

comes with sacrifice in performance.

Employing UCNPs as a nanoantenna in PDT systems allows to excite highly efficient
photosensitizers with NIR light, thus improving the overall system performance.
Nanoparticle-based PDT agents can be grafted with targeting agents, guiding the active
photosensitizer payload towards the targets with higher selectivity. Moreover, UCNPs are
known to have low cell and tissue toxicity, especially compared to other types of

nanoparticles (Grnach et al., 2015).
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Fig. 1.3.4.2.2. Examples of UCNP applications in PDT. A: A UCNP is decorated with
mesoporous silica containing photosensitizer dyes for type Il PDT. Upon IR irradiation, the
particle generates singlet oxygen (Idris et al., 2012). B: In a similar nanocomposite, certain
UCNPs can be used also as a contrast agent for MRI imaging, as well as luminescence
imaging upon low-intensity IR irradiation. Additionally, the particles can use Nd-Yb
sensitizer system to move the excitation band to 808 nm to counter tissue heating by 980 nm

light absorption (Li et al., 2016). C: UCNPs can be used as an antenna element to provide
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NIR excitation to persistent luminescence materials, which then transfer the energy to
photosensitizers. The composite material containing these elements (called an “optical
battery” by the authors) can be implanted on the tumor surface and excited with low-intensity
laser pulses to yield consistent singlet oxygen generation for significant amounts of time

without tissue heating (Hu et al., 2018). Images are adapted from the respective references.

A large variety of PDT systems based on UCNPs exist. Some examples are presented
on Fig. 1.3.4.2.2. One of the frequently investigated approaches involves combining sensor
and PDT functionalities in UCNP-based platforms, achieving combined diagnostics and
therapy (commonly known as theranostics). Some systems combine PDT and other anti-
cancer functionalities (photothermal therapy or chemotherapy) in a single UCNP-based
platform (Wang et al, 2013). In a similar vein, using UCNPs as nanoantennas for drug
delivery systems triggered by NIR illumination is also a promising application field (Yang et

al,, 2015).

The major hurdle in applying UCNPs in PDT and other tissue applications is their low
extinction coefficient, resulting in a need for higher illumination intensities, using which may
cause non-discriminate heat damage of the tissue during therapy. High reproducibility of
particle preparation and their homogeneity, as well as multiple characterization methods are
required for approval as a therapy. Rapid clearance, an uncommon trait in nanoparticles, is
vitally important for PDT, as otherwise the patient would have continuous post-therapy tissue
phototoxicity upon exposure to ambient light, which may severely endanger their health.

Recent advances in small UCNPs (<10 nm) have potential to improve their clearance profile.

1.3.4.3. Biological microscopy

In cell and tissue imaging, UCNPs offer a lot of immediate advantages due to absence

of autofluorescence, extreme photostability and no blinking.

There is a vast variety of experiments involving UCNPs in biological imaging. They can

be divided in following categories:

e Labels and probes. Some UCNP-based systems used for aforementioned bulk
sensing techniques can be also applied as luminophores in microscopy for determining

the spatial distribution of the analyte, with a similar set of advantages and caveats as in
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bulk assays. Of particular note is higher relevance of particle heterogeneity, the effects
of which become more significant when visualizing micro- and nanoscale processes.
The particle dispersibility requirements are also more strict, as the particles should be

colloidally stable for sufficiently long amounts of time for reliable imaging.

Examples of such UCNP applications are provided on Fig. 1.3.4.3.1.

T47D Ex, nm

MuUC1
; N (EEB1) 980
Y P
M,.:\-\._“*“-i: -\.}\1_'
L N "
%\\:\,L = & \\\-:\-‘,‘ Fuc
o | DIBO (AF555) 514
| Y|
brasin ¢
o - " Cell membrane
ycan F MUC1
metabolic labeling . L;E%ET” 980
£
X LRETfe 2 &
5.l 3 : Muc1 980
(EEB2)
o2 A Sia 633
% (AF660)
0000000000000 111 o
Sia@MUC1 080
3{, Apt-UNP &= Metabolic @) AF555 . AF660 (LRET2)

.~ (Donor) N, reagents (Acceptort) (Acceptor2)

B Collection Windows
— Signal Collection :
L |
[l 1
Chopper e i
Controller [
Eyeprece. :
D o
Pulse o
Synchronizer o
Pinhole : !
Chopper ¢ I I
(A 1
Camera Laser T
Lens Controller e
980 Laser L
'
.,;’1—, . ) -
v >

N sonabuse o i e

 —_—

102



C LRET

e PO
b _ ”’
Al

HaloTag ¢ - “EGFP

Cytosol

™ R¥ LRET

4 .
HaloTag dsRed

Tom

=

Cytosol 0 {

Tom
MOM 40 (&

Fig. 1.3.4.3.1. Examples of wusing UCNPs in biological imaging. A: Different
oligosaccharides expressed on cell surface proteins (here - MUCI) can be selectively labeled
with acceptor dyes. Binding of a UCNP via protein-recognizing aptamers to these proteins
allows to excite these dyes via RET, forming a high-contrast map of proteins labeled with the
respective oligosaccharides. Two luminescence channels can be used simultaneously to map
two oligosaccharides at the same time (here — Fuc and Sia) and determine if the protein is
decorated with them or not. In the provided example only Sia oligosaccharide is present on

the probed protein (Wu et al., 2016). Scale bar: 10 um. B: Due to long luminescence lifetime
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of UCNPs, time-gated microscopy can be performed with inexpensive imaging setups to

achieve even higher contrast in tissue imaging. Images show a mouse injected with UCNPs

under visible light, IR excitation and combined visible/IR excitation (Zheng et al., 2016). C:

Cells can be microinjected with nanobody-decorated UCNPs to allow targeted imaging of the

proteins inside the cell. Tagging the target protein with a dye capable of performing RET

with UCNPs allows to improve the contrast by reduction the influence of non-specific

binding. D: This approach can be extended to in vivo protein interaction experiments, in

which such dyes are attached to a component of a protein complex, resulting in a high-

contrast map of protein interaction inside a cell (Drees et al., 2016). Scale bar: 10 um.

Images are adapted from the respective references.

Nanothermometers. In certain lanthanide ions, e.g. Er’’, there are pairs of emissive
states with very similar energies, with energy difference on the order of ~0.01-0.1 eV,
roughly equivalent to k7 energy at room temperature. Excitation of ions into either of
these states results in a formation of a metastable thermal equilibrium, in which the
ions undergo reversible transitions from one state to another. Emission from either of
the states has distinct wavelengths. This results in the dependence of the fine structure
of emission spectrum on temperature, and can be exploited for thermometry with high
spatial resolution. Experimental design for nanothermometry involves multichannel
luminescence imaging on the appropriate wavelengths with post-processing to extract
temperature information. Information yielded by nanothermometry is useful for
investigation of temperature-dependent processes in biology, including abnormally
fast metabolism associated with tumor growth. Also, monitoring temperature with
high spatial resolution is beneficial for photothermal therapy, in which cells are
destroyed by heat generated from light absorption. Non-biological applications include
development of integrated photonic devices and accurate location of microcircuitry

defects (Vetrone et al., 2010).

Examples of this application are provided on Fig. 1.3.4.3.2.
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Fig. 1.3.4.3.2. Examples of nanothermometry with UCNPs. A: Fine structure of Er'* UCNP

green band depends on temperature, with the band ratio linearly dependent on reciprocal

temperature. This is exploited to monitor temperature in cells attached to a heated support.
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Increasing the voltage on the heater leads to higher intracellular temperature, which is
calculated from UCNP luminescence (Vetrone et al., 2010). B: UCNPs coated with carbon
can be used as a photothermal therapy agent with internal temperature reference. Applying a
readout beam at 980 nm allows monitoring temperature inside cells, while applying a heating
beam at 730 nm heats the particles, leading to cell destruction. Temperature monitoring
allows highly selective cell destruction through using minimized amounts of excitation power

(Zhu et al., 2016). Images are adapted from the respective references.

e Multiplexing labels (barcoding). As UCNP luminescence is highly customizable by
changing the ion concentrations and their distribution throughout the particle, this
customizability may be exploited to produce a large set of labels with distinct spectral
and/or lifetime response dependent on the particle (so-called barcodes). In biological
context, this enables the design of assays with simultaneous readout of multiple
parameters, with different sensing moieties being bound to different barcodes.

Barcoding is also useful in cell sorting applications for encoding-controlled flow
cytometry.

Examples of this application are provided on Fig. 1.3.4.3.3.
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Fig. 1.3.4.3.3. Examples of UCNP-based multiplexing labels. A: Tuning dopant
concentrations changes the spectra of UCNPs. If the spectra of UCNPs are sufficiently
different, they can be reliably distinguished. For higher intensity in barcoding applications,
multiple UCNPs can be embedded in polymer microspheres (Zhang et al., 2011). B: Tuning
sensitizer and emitter content yields UCNPs with significantly different luminescence
lifetimes. Using time-gated microscopy allows to distinguish different types of UCNP-loaded
particles in the same sample (here — patterned microsphere arrays) (Lu et al., 2014). Images
are adapted from the respective references.

e Multimodal imaging labels. For certain applications in tissue imaging, it may be
desirable for a luminophore to be visualizable via multiple imaging modalities, e.g.
luminescence with excitation on multiple wavelengths with different emission
response, magnetic resonance imaging (MRI), positron emission tomography (PET),
X-ray tomography (a.k.a. computed tomography, CT), and some others. This approach
is occasionally combined with PDT to allow visualization of the particles without their

activation.

UCNPs by definition exhibit luminescence. Due to being a high density inorganic

material, they can also absorb X-rays. Doping of UCNPs by paramagnetic ions
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(e.g. Gd*) allows them to become a contrast agent in MRI. Other functionalities may
be added by decorating the UCNP surface with imaging contrast materials, or
incorporating them into such materials. Combined together, these properties give

UCNPs a lot of potential for multimodal imaging.

Examples of this application are provided on Fig. 1.3.4.3.4.
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Fig. 1.3.4.3.4. Examples of multimodal imaging labels based on UCNPs. A: Nd** UCNPs
decorated with antibodies allow targeting of tumors for pre-operative MRI and intra-
operative guidance through luminescence (Lee et al., 2016). B: UCNPs using Ba.GdF; as a
matrix material not only exhibit luminescence, but also work as a contrast agent in X-ray
tomography (CT) and MRI (Feng et al., 2017). Images are adapted from the respective

references.

o Cell/tissue control and IR-triggered optogenetics. As a NIR-absorbing
nanoantenna, UCNPs can be used as components of platforms that modulate and
control the performance of cells and tissues. The most prominent example of this
approach is very recent series of reports on employing UCNPs in low-invasive brain
stimulation approach via an optogenetics platform (S. Chen et al., 2018, Pliss et al.,

2017; Shah et al., 2015; X. Wu et al., 2016).

Examples of this application are provided on Fig. 1.3.4.3.5.
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Fig. 1.3.4.3.5. Examples of IR-triggered cell and tissue control. A: Neurons, modified to
express light-sensitive ion channels (channelrhodopsins, ChR), are cultured with a
fluorescent dye/UCNP conjugate. Illumination with infrared light induces firing
(depolarization) of neurons (X. Wu et al., 2016). B: (a) A system similar to that described in A
is assembled in live mice, using localized gene therapy. (b) Constructing such system in

medium septum (MS) allows IR-controlled induction of theta oscillations, that can be
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measured throughout the mouse's brain (e.g. in hippocampal region). (c¢) Fear-conditioning
mice with ChR protein expression activated by removal of doxycycline from diet induces
construction of photoactivatable neurons that are specifically involved with the pathways
associated with the fear stimulus. After addition of UCNPs into dental gyrus (DG) region,
where most of these neurons are located, the fear response can be induced via IR illumination

in live awake mice (S. Chen et al., 2018). Images are adapted from the respective references.

Overall, UCNPs hold a lot of potential for biological microscopy. Synthetic techniques
that reproducibly yield highly homogeneous and bright UCNPs required for microscopy are a
relatively recent advancement (~2012-2014), so the field currently enjoys a lot of progress.
Importantly, existing microscopy setups can be easily retrofitted for upconversion, using a
cheap infrared diode laser and inexpensive shortpass dichroic mirrors and corresponding

filters.

1.3.4.4. Other applications

UCNPs also enjoy an assortment of applications in other fields. Due to them being more
niche and less relevant to the topic of this work, most prominent examples will be described

here in brief:

e Anti-counterfeiting. UCNPs (and upconversion microparticles) are proposed as an
IR-responsive anti-counterfeiting security marker for documents and currency,
similarly to fluorescent inks (Han et al., 2017; Sangeetha et al., 2013; You et al.,
2016, 2015). This approach can be combined with multiplexed labeling to provide

unique particle response combinations that are difficult to reproduce by the forger.

e High-performance solar panels and concentrators. A layer of upconversion
material can transform low-energy infrared light unusable by silicon solar panels into
visible light. This enlarges the useful part of the absorption spectrum of the solar
panel, improving the energy collection efficiency (Meng et al., 2017, Ramasamy and

Kim, 2013).

e Displays. Similarly to quantum-dot based displays, tailored UCNPs can be used for
tunable RGB and/or white light output with high spatial resolution (Park et al., 2017).
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IR-responsive materials. UCNPs can be applied as a nanoantenna in a variety of
light-responsive elements, wherever NIR excitation is more beneficial compared to
visible light. Applications range from NIR-activated photopolymerization 3D printing
on microscale (Rocheva et al., 2018) to drug delivery and controlled payload release in

tissues (Yang et al., 2015).

After considering the luminophore-imposed limits of SMM techniques, and the

advantages of UCNPs as a luminophore for microscopy, it is clearly apparent that UCNPs are

a very promising candidate for single-particle imaging. Indeed, this sentiment has been shared

by several research groups around the world. A field still in its infancy, imaging of individual

UCNPs currently has only few published proof-of-concept experiments:

Single-particle imaging has been used as a quality control measurement for
characterizing UCNPs after synthesis to check the homogeneity of their luminescence
on particle-to-particle basis, as well as investigate their luminescence behavior and
extract their mechanistic behavior (Gargas et al., 2014, Kilbane et al., 2016, Tian et
al., 2018).

Prototypes of single-particle tracking with UCNPs have been reported in
experiments showing endocytosis of non-decorated UCNPs and their subsequent
diffusive movements characteristic of endosome movement along microtubules. No
experiments reporting targeted single-particle tracking with individual UCNPs have

been reported to date (Nam et al., 2011; Wang et al., 2018).

Super-resolution imaging in STED-like configuration has been reported in a series of
recent articles, as well as one from 2011 that went largely unnoticed until recently
(C.Chen et al., 2018; Kolesov et al., 2011; Liu et al., 2017; Zhan et al., 2017). UCNPs
are advantageous in this application because of their extreme photostability — a very

rare virtue in conventional luminophores used for STED.

To author's best knowledge, no smFRET systems based on UCNPs have been

assembled to date.
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To conclude, SMM with UCNPs as a luminophore is a field ripe with untapped
potential for development with immediate applications, especially in biological context. This

work is devoted to exploration of this field.
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Research objectives.

The subject of this project was defined as adapting upconversion nanoparticles

towards their application in SMM techniques, with final goal of building proof-of-

concept systems employing UCNPs for SMM, that show comparable or superior

performance to existing SMM methods.
At the outset of the project, a roadmap was devised:

1. For synthesis of the initial particles, our group relied on a collaborator's expertise
(research group of Dr. Thomas Hirsch from University of Regensburg). UCNP
synthesis is still a developing field with a large number of caveats and, like other
nanoparticle synthesis methodologies, requires strict control over a large variety of
parameters. Due to this, it commonly has low inter-laboratory reproducibility, where
slight equipment mismatches can affect the resulting product significantly, and
troubleshooting of protocols can sometimes require local screening of the reaction

space, which can take significant amount of time.

2. Afterwards, particle coating methodologies have to be refined to find methods that
yield highly monodisperse particles with highly homogeneous luminescence. Unlike
in staining or bulk assays, where particle aggregation has to be avoided but
oligomerization is usually only a moderate nuisance, in SMM particle oligomerization
can be a direct problem due to very different behavior of particle oligomers and

aggregates compared to individual particles.

3. The particle performance in SMM conditions has to be estimated, and optimized
imaging conditions have to be found, to achieve robust, information-rich experimental

design.

4. Simplistic model experiments have to be performed to test the feasibility of SMM with
UCNPs, with focus on smFRET and SPT.

5. Based on the more promising model experiments, UCNPs have to be adapted towards
their usage in actual smFRET and SPT experiments, and their performance has to be
validated and assessed by performing SMM experiments on well-known systems with

UCNP as a substitution luminophore.
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Chapter 2. Results and discussion.

Part 1. Particle functionalization and characterization.

The initial particles for the project were synthesized by our collaborator group from

University of Regensburg led by Dr. Thomas Hirsch.

To ease the comparison of particle performance with the literature sources, we opted for
the most well-studied UCNP composition, namely B-NaYF.: 20% Yb*', 2% Er**, core-only
(homogeneous particles with no core-shell doping). The particles for the project were
synthesized in several sizes : 16, 21, and 31 nm in diameter. The particle size was modulated
by co-doping with Gd*" (0%, 10% and 20%), which helps to reduce the particle size while
keeping the crystallinity and luminescence properties intact (Damasco et al., 2014). Examples
of particle transmission electron microscopy (TEM) images with particle size histograms and
dynamic light scattering (DLS) size distributions are provided on Fig. 2.1.1. The particles are
approximately spherical and have a remarkably narrow size distribution. X-ray diffraction

spectra (XRD) confirm that particles have highly crystalline B-phase (hexagonal) matrix.
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Fig. 2.1.1. Initial particle characterization. A.B.C: TEM images and image-based particle

size histograms for 16 nm, 21 nm and 31 nm UCNPs, respectively. D: XRD spectra for
UCNPs. E: DLS size distributions of UCNP dispersions in cyclohexane.

Spectra of bulk particle luminescence and their luminescence decays are shown on
Fig. 2.1.3. The particles show a behavior typical of Yb**-Er’* UCNPs. Differences in the
spectra and the decay shapes are characteristic of increasing surface quenching as the particle

gets smaller (Arppe et al., 2015; Wiirth et al., 2018).

Fig. 2.1.3. Spectra and luminescence decays for oleate-capped UCNPs of 16, 21 and 31 nm
diameters, measured in cyclohexane. A: spectra of UCNPs, normalized by the maximum of
the red band. B: luminescence decay curves of the green band emission. C: luminescence
decay curves of the red band emission. Excitation was performed at 980 nm with a focused

beam, using an average excitation power of 6.2 KW/cm’.
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After confirming that the initial material was of sufficient monodispersity to be used as
a basis for SMM experiments, the next step was testing different surface coating protocols.
The aim is to obtain particles that are dispersible in water, retain high monodispersity and
homogeneous luminescence, and show long-term colloidal stability. At that moment,
literature reports on particle dispersion in water frequently showed partial particle
oligomerization (Hlavacek et al, 2014, Sedlmeier and Gorris, 2015). While mostly
acceptable for bulk assays, oligomerization can cause severe issues in SMM experiments,
where it can induce significant systematic errors and poor assay performance due to large
particle-to-particle heterogeneity. It should be also noted that nanoparticle coating and
modification protocols are notorious for their poor inter-laboratory reproducibility. Keeping

all of this in mind, the following strategy was chosen:

e Silica shell coatings were deemed to have low priority for investigation. The main
concerns were a large quantity of sensitive parameters in literature protocols,
difficulties in subsequent nanoparticle purification, gradual aggregation in storage, and

issues in strict control of shell thickness, which is especially needed for smFRET.

e Surfactant coatings, specifically amphiphilic polymers were assigned the highest
priority, due to the reports of exceptional colloidal stability of resulting particles, high
potential for surface modification through attachment of active moieties to the

polymer, and laboratory's previous experience with the method.

e Ligand exchange attracted our attention due to the simplicity of the protocols, large
choice of available surface chemistries, and low thickness of the surfactant layer that
could aid FRET applications. The main concern about the method was the detachment
of ligands upon dilution of the dispersion, as the fluoride matrices from which the
bright UCNPs are made do not exhibit any strong interactions with common ligand

moieties.

e Entrapment in nanoemulsion was not described in UCNP literature at the time. Our
interest for this approach was due to the very rapid nanoemulsion formation protocol
for certain combinations of non-polar phase and surfactant (Anton and Vandamme,

2010, 2009).
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We decided to first screen these methods in the order of priority, and then refine the

protocol for the one that yielded most promising results “out of the box™.

2.1.1. Amphiphilic polymer coatings

Amphiphilic polymer coatings are widely employed for nanoparticles to make them
dispersible in aqueous buffers. The most well-known protocols for coating inorganic
nanoparticles were pioneered by Parak group (Lin et al, 2008; Pellegrino et al., 2004).
Afterwards, multiple groups, including our collaborators, have adapted these protocols to

UCNPs (Jiang et al., 2012; Wilhelm et al., 2015; Wu et al., 2009).

Typically, amphiphilic polymers can be formed either via polymerizing variously
decorated monomers, or via modification of an already formed polymer backbone.
(Fig. 2.1.1.1) We opted for the latter approach, as this method allows easy polymer

customization, shorter and more reliable protocols and a defined polymer size.

Fig. 2.1.1.1. Strategies for preparation of amphiphilic polymers.

For the polymer synthesis, we used a protocol similar to the one previously described in
literature (Wilhelm et al., 2015). Briefly, the reaction entails opening of anhydride rings on a
commercially available polyanhydride polymer with dodecylamine in the presence of a base,
with subsequent hydrolysis to ensure full opening of all rings (Fig. 2.1.1.2A). The obtained
polymer has a hydrophilic backbone with carboxylic groups and hydrophobic side chains

attached via robust amide bonds (Fig.2.1.1.2B). We also included a size-exclusion
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chromatography purification step to ensure removal of any small-molecule impurities. After
the synthesis, the polymer is dispersible in non-polar organic solvents (e.g. chloroform).
Importantly, the polymer allows easy attachment of fluorophores, bioorthogonal linkers and
other useful moieties during synthesis, by adding an appropriate primary amine during the

ring opening step.

75 eq n-C,,H,{NH,, X ¢q. X-NH,
1) 0.75 eq n-CpHyNH, X0, X-NH, 0 0K oo b geo

(o)
A o 9 3 eq DIPEA, anhydrous DMF, 25 C R = —NH-X (x%
= --NH-X (x%)
2
, HH0 " R=—OH (25 %)

B (o] OH O OH O OH O OH O OH O OH O OH O OH

Fig. 2.1.1.2. Amphiphilic polymer synthesis. A: grafting of groups on a polyanhydride
backbone through amide group formation. B: example of structure of the formed polymer,

with hydrophobic side chains and hydrophilic backbone highlighted.

Afterwards, we performed UCNP coating by the polymer, using aforementioned
literature protocols as a basis. The protocol is illustrated on Fig. 2.1.1.3 (full version available
in Materials and Methods chapter). Briefly, the UCNPs and the polymer are dispersed
together in chloroform (Fig. 2.1.1.3A). Addition of a highly basic aqueous buffer results in
polymer residing on the water-chloroform interface, forming large solvent droplets (>1 um in
diameter) (Fig. 2.1.1.3B). Mild heating under a weak vacuum with constant agitation of the
dispersion leads to slow evaporation of the chloroform from the mixture. As evaporation of

the chloroform reduces the amount of space on the solvent-water interface, the droplets

119



shrink, forming progressively more rugged surface, and eventually break apart. The
mechanism of droplet breaking is not clear, but is likely to be induced by mechanical agitation
and electrostatic repulsion of charged carboxyl groups on the particle surface. Evaporation
continues until the droplets either contain no solvent at all (thus becoming micelles), or
contain one or multiple UCNPs. If a sufficiently high excess of the polymer is used, the
resulting droplets will have lower probability to contain multiple UCNPs, ultimately leading
to individual particles locked inside a polymer shell (Fig. 2.1.1.3C). At the same time, using
an excess of the polymer results in formation of a high quantity of empty polymer micelles,
which then need to be separated from the coated UCNPs. Such purification can be performed
by centrifugal filtration, size-exclusion chromatography, centrifugal sedimentation with

subsequent redispersion, and other nanoparticle purification methods (Fig. 2.1.1.3D).

Fig. 2.1.1.3. Coating protocol. A: initial two-phase mixture. Particles remain in chloroform,
while the polymer migrates to the interface. B: formation of large solvent droplets via mixing.
C: formation of coated particles and polymer micelles. D: separation of particles and

micelles.
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We tested a variety of conditions for the coating/purification protocol, including
changing polymer/UCNP concentration ratio, buffer pH, use of ultrasound to facilitate
dispersion of UCNPs, and some other parameters. We eventually succeeded in finding a set of
conditions that reliably produced a dispersion containing individual UCNPs locked inside
polymer micelles, without substantial oligomerization or aggregation of the particles. We
were unable to reproduce literature protocols for separating UCNPs from polymer micelles.
However, we found a set of conditions for centrifugal sedimentation/redispersion that yield

monodisperse particles with no polymer micelles present after two cycles of purification.

To characterize the particles after synthesis and purification, we performed dynamic
light scattering (DLS) measurements, which are commonly used as a fast semi-quantitative
method for sizing nanoparticles in bulk dispersions. While it does not allow to precisely
resolve the relative concentrations of individual particles and particle oligomers, it can
qualitatively signal significant oligomerization or aggregation. Examples of DLS size
distributions for particle dispersions with micelles, purified individual particles, and

oligomerized/aggregated particle dispersions are provided on Fig. 2.1.1.4.
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Fig. 2.1.1.4. Examples of DLS size distribution by volume for the dispersions of the polymer-
coated particles. Purple: initial sample, containing both UCNPs and polymer micelles. Red:
UCNPs purified by centrifugation and redispersion in buffer. Blue: polymer micelles residing

in supernatant that was removed after centrifugation.
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For SMM experiments, the particles need to be as homogeneous as possible in their size
and luminescence. This is required to reliably distinguish individual nanoparticles from
oligomers and aggregates based only upon their luminescence intensity, which can be
immensely useful for experiments where particle size is not directly accessible (e.g. cell
experiments). To assess both parameters at the same time, we performed correlated AFM and
wide-field luminescence microscopy. Fig. 2.1.1.5 illustrates the concept of the experiment and
an example of obtained images for 31 nm particles. Briefly, a particle dispersion is dried on a
surface and then AFM and wide-field microscopy are performed simultaneously or
sequentially on a given region of interest of the sample. If the initial concentration of the
particles is sufficiently low, they will be separated far apart on the surface, and their
luminescence peaks will be at sufficiently large distance from each other to allow their

integration for comparing the intensity of luminescence of individual particles.
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Fig. 2.1.1.5. Sample preparation for correlated AFM/wide-field upconversion luminescence
microscopy. A: Initial assembly of mica attached to a steel washer, with a marker on the bottom
side (red arrow). B: A drop of nanoparticle dispersion is added. C: After evaporation, AFM is
performed on the sample. D: The sample is then inverted, fixed to a glass coverslip and the
assembly is fixed on a microscope objective. The marker is located by eye in the bright field mode,

and the exact ROl is located with an XY stage. Afterwards, luminescence microscopy is performed.

Fig. 2.1.1.6 shows an example of highly monodisperse sample of polymer-coated

UCNPs. The particles show homogeneous luminescence and size (Fig. 2.1.1.6C). As AFM
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images are convolved laterally with the shape of the imaging tip, the particle size is estimated

from the height dimension, which can be measured very accurately with AFM.

Fig. 2.1.1.6. Purified polymer-coated particles. A: DLS measurement of the water-dispersed
UCNPs. B: Top: Region of interest (ROI) of an AFM image of UCNPs dried from an aqueous
dispersion and its correlated wide-field upconversion microscopy image in the red channel
(shown in red; 660/30 bandpass filter, excitation at 980 nm with intensity of 8 kW/cm2).
Bottom: Height and intensity of the three particles highlighted in the top panel. C: Size and
relative intensity (black spots) and histograms of these parameters (teal and red) for a sample

of 28 particles.

As a side set of experiments, we have also performed synthesis and purification of
zwitterionic amphiphilic polymers. Similarly to naturally occurring phospholipid membranes,
zwitterionic surfactants have a covalently bound pair of positively and negatively charged
groups on the hydrophilic end. In aqueous conditions, such polymers have a tendency to form
a very dense strongly coordinated water shell around the zwitterionic group. This, combined
with the neutral surface charge at physiological pH, allows zwitterionic surfactant micelles to
be colloidally stabilized via steric repulsion of their strongly coordinated water shells. This
allows them to exhibit aggregation-preventing and nonfouling properties in biological
conditions in a way similar to polyethyleneglycol (PEG) grafting, but with a much smaller
stabilizing group size (Fig. 2.1.1.7) (Estephan et al., 2011; Garcia et al., 2014; Schlenoff,
2014).
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Fig. 2.1.1.7. Steric stabilization by PEGs and zwitterions. A: a surfactant with a PEG chain
exposed to aqueous conditions has a moderately coordinated shell of water molecules. B: a
zwitterionic surfactant (here: DOPC) has a small shell of strongly coordinated water
molecules. C: Comparison of particle sizes for stabilization methods. Single-charge
surfactants stabilize particles through electrostatic repulsion, however cease to do so in
presence of salts. PEG surfactants stabilize particles through water shell steric repulsion, but

require a substantial increase of particle size. Zwitterionic surfactants behave in the same
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way, but allow to keep small particle size.

Imparting zwitterionic functionality on amphiphilic polymers, forms compounds known
as amphiphilic polyzwitterions or polysoaps, which have potential applications for stabilizing
nanoparticles in aqueous dispersions. Nonfouling properties induced by low net surface
charge would allow to protect the particles against nonspecific binding of biomolecules, while
thin shell size would be beneficial towards FRET applications that require close distance
between the particle and an acceptor moiety. Another beneficial property of zwitterion-coated
nanoparticles would be their colloidal stability in physiological buffers that usually have high

ionic power, which is an issue with nanoparticles stabilized via electrostatic repulsion.

As there was scarce information in the literature on stabilizing nanoparticles with
amphiphilic polyzwitterions, we decided to investigate the feasibility of preparing such
compounds and stabilizing UCNPs with them. We have tested several strategies to prepare a
zwitterionic polymer, all based on the modification of a polyanhydride backbone with a
sulfobetaine-amine. Fig. 2.1.1.8 illustrates the only approach that resulted in significant
decoration of the polymer backbone with sulfobetaine moieties. We characterized the
polymers by NMR and IR spectra to verify their composition. Due to solubility issues, only
one protocol was found to lead to a polymer with a significant quantity of sulfobetaine groups
(failed protocols are not presented here but are available upon demand). Unfortunately,
coating the UCNPs with this polymer was not successful. Neither of the coating approaches
that we tested has yielded anything beyond aggregates of polymer and UCNPs. The likely
reason for that was the high thermodynamic stability of polymer films and aggregates
obtained during the solvent evaporation step, due to the lack of electrostatic repulsion
between individual “head” groups. Another possibility was the insufficient hydrophilicity of
the sulfobetaine due to the presence of ethyl groups, hindering the coordination of water
molecules. While the subject warrants more investigation, we decided to postpone this side

project and instead focus on other dispersion approaches, as well on UCNP applications.
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Fig. 2.1.1.8. Synthesis of zwitterionic amphiphilic polymer.

2.1.2. Ligand exchange experiments

We performed a small set of ligand exchange experiments to see if they would yield
satisfactory particle quality. For the ligand exchange experiments, we decided to opt for
gentle ligand stripping via NOBF, with simultaneous extraction of the particles into DMF .
(Dong et al., 2011). DLS of the obtained particle dispersions in DMF showed that no
significant aggregation had occurred during ligand stripping and that the particles were

colloidally stable over extended periods of time, evidenced by DLS (Fig. 2.1.2.1).
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Fig. 2.1.2.1. DLS of 21 nm UCNPs that underwent ligand exchange with NOBF,.

The next step was dispersion of the particles in water with stabilization by surfactant
and subsequent purification to remove residual DMF and empty micelles. As a surfactant, we
used Tween 20, a neutral surfactant with a branched PEG hydrophilic moiety. The particles
remained colloidally stable, but only in the presence of polymer micelles. In the small set of
experiments that we performed, we consistently found particle oligomerization and colloidal

instability over time to be a problem if the excess surfactant was removed from the dispersion.

2.1.3. Nanoemulsion experiments

Nanoemulsions enjoyed a large amount of attention during the last years, particularly
for encapsulating non-polar drugs in oil droplets for drug delivery applications (4Anton and
Vandamme, 2010). Out of the nanoemulsification methods, one method, called spontaneous
emulsification, is particularly notable for its low experimental setup requirements and
possibility to work with fragile substances that would be degraded by conventional

emulsification methods like sonication (Anton and Vandamme, 2009).

Spontaneous emulsification is based upon making a homogeneous mixture of oil and
nonionic surfactant in a certain proportion and then mixing the obtained solution with water
or aqueous buffers. Upon mixing, the two-phase system is thermodynamically non-
equilibrated and spontaneously follows to the nearest kinetically stable state, resulting in rapid

repositioning of surfactant molecules to the oil/water surface. If the surfactant proportion is
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sufficiently large, the two phases spontaneously form a large surface area between them,
resulting in the formation of nanoemulsion. Afterwards, coalescence of the oil droplets is
hindered by the presence of the surfactant at the interface. This leads to nanoemulsions
kinetically stable for weeks or months. Successful formation of stable nanoemulsions depends
on the surfactant and oil nature, their proportions in the mixture, the temperature at which the

mixing is performed, the presence of ions in the aqueous phase, and several other parameters.

If a lipophilic substance is added to the oil/surfactant mixture before forming
nanoemulsion, it gets entrapped (encapsulated) inside the emulsion droplets. As UCNPs
capped with oleate ions are hydrophobic, they can be potentially entrapped in the droplets,
provided that the average droplet size is sufficient to fit a UCNP inside it.

We have performed a broad exploration of possible experimental conditions to find the
combinations of oil/surfactant and experimental conditions that would yield reliable loading
of UCNPs inside oil droplets. Two relatively successful experiments and some comments are
highlighted in Table 2.1.3.1 (full protocol is available in Materials and Methods section).
Sadly, no experimental conditions yielded particles with sufficiently long colloidal stability,

with the very best showing aggregation and visible sedimentation within 2-3 days.

Nanoemulsion composition and emulsification Size by DLS Comments
conditions (volume
distribution)
Sample NE42: 55uL. Labrafac WL1349, 55uL 38 nm dodecylated amphiphilic polymer used
Solutol HS15, 1.25 mg UCNP 31 nm, 100 pL as a co-surfactant; sample shows
chloroform (cosolvent for mixing, removed by substantial aggregation over 2 days

evaporation before emulsification), emulsification

with 25 C water

Sample NE25: 45uL. Suppocire C, 55uL Solutol 34 nm dichloroethane aids dispersion with
HS15, 1.25 mg UCNP 31 nm, 50 pL chloroform and high-melting-point oil (Suppocire C);
100uL dichloroethane (cosolvents for mixing, sample shows substantial aggregation
removed by evaporation before emulsification), overnight

emulsification with 25 C water

Table 2.1.3.1. Examples of relatively successful nanoemulsification experiment conditions.

We have also performed multi-channel wide-field microscopy and TEM to estimate the

loading proportion of UCNPs inside the droplets. For this, the droplets were loaded with
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organic dyes together with UCNPs, and afterwards immobilized on glass surface. Excitation
with visible light induces dye fluorescence, while IR excitation induces UCNP luminescence.
By combining the images, the total amount of droplets and the amount of droplets containing
UCNPs could be compared. Fig. 2.1.3.2 illustrates the results. The images suggest that the
loading proportion is extremely low, with only few UCNP-loaded droplets among hundreds of
empty ones. We tried to separate the particles and droplets using mild centrifugation,
reasoning that the major separation-enabling difference between “empty” and UCNP-
containing droplets would be their density. Unfortunately, we did not find conditions that
allowed sufficient separation of UCNP-containing droplets without inducing their

coalescence.

. _ - v

Fig. 2.1.3.2. Nanoemulsion-entrapped UCNP sample. A:

two wide-field colocalization
microscopy images of UCNPs (cyan) and organic dyes (red) immobilized by drying on glass.
“Spreads’ around the spots likely correspond to the oil from the emulsion droplets spreading
on the surface upon drying. UCNPs are sparsely present and show large spots with high
emission, corresponding to aggregates. B: A typical TEM image for the same nanoemulsion

sample immobilized by drying on a carbon-coated Formvar TEM grid, using uranyl acetate
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staining. Both “empty” nanoemulsion droplets (donuts) and UCNPs (filled circles) are
present. Unlike droplets, UCNPs were always found in large clumps, implying they were

aggregated before immobilization.

Summing up this chapter, we have found conditions using amphiphilic polymers that
allowed hydrophilisation and purification of UCNPs while retaining their monodispersity.
Other methods we have tried did not yield satisfactory results for the purposes of applying
particles in SMM.

The next step was testing the feasibility of using UCNPs for SMM techniques. We
decided to start with smFRET.

Part 2. Estimating applicability of UCNPs to smFRET.

At the beginning of this part of the project, proof-of-concept applications using UCNPs
as FRET donors were quite well represented in the literature (/dris et al., 2012; Lahtinen et
al., 2016; Mattsson et al., 2015; Rantanen et al., 2007; Wang et al., 2016). Meanwhile, we
haven't found any example of smFRET experiments based on UCNPs. A particular issue that
attracted our attention was the lack of a systematic overview of FRET from UCNPs to organic
dyes, especially the quantitative assessment of it. As smFRET is a quantitative technique,
employing UCNPs for smFRET requires understanding and predicting UCNP-dye FRET at
least at a semi-quantitative level, with the possibility to use this model to find optimal

nanoparticle parameters and imaging conditions for reasonable sSmFRET performance.

In the context of FRET, UCNPs can be considered as a rigid system of independently
emitting point donors inside a spherical region, scavenging energy from the volume of the
whole sphere, and transferring their energy to individual point acceptors close to the surface
of the sphere (Fig. 2.2.1). Qualitatively, we could expect a lower FRET efficiency for larger
particles, as they would have a lower total percentage of emitter ions located in vicinity of the
organic dye. Meanwhile, increasing the amount of dyes on the nanoparticle surface would

increase FRET efficiency due to the larger amount of acceptors scavenging energy from
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donors. We thus decided to build a theoretical framework for predicting the efficiency of

FRET between UCNPs and organic dyes based on the quantity of dyes and the UCNP size.

actual mechanism simplified model

Fig. 2.2.1. Mechanism of FRET from UCNPs to organic dyes and its simplified model. Red
and green stars represent sensitizer and emitter ions, respectively. Orange stars represent
organic dyes. In the simplified system, the particle absorbs light homogeneously with all its
volume, uniformly transferring its energy to the emitter ions, which can then either emit or
transfer their energy to the dyes. Both emitter ions and dyes are assumed to be infinitely

small.

Considering the complexity of the upconversion processes and quenching pathways in
UCNPs, we decided to build a semiempirical theoretical model based on a set of experiments
estimating FRET efficiency on particles with different sizes and amounts of dyes on the
surface. In regards to the choice of mathematical approach, due the relatively low amount of
dyes and emitters, using an analytical integration-based approach could yield inaccurate
results. We thus used a simple Monte Carlo model as a basis for theoretical estimation of

FRET.

The results are presented in the following research article that we have published in
Nanoscale in 2017. We reframed and extended the model to be applicable not only to
smFRET, but also to other UCNP-based FRET systems (e.g. FRET-based assays with

multiple sensing moieties attached to one particle).
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After applying the system to estimate FRET efficiency from an individual UCNP to a
single organic dye, we found that obtaining a reasonable FRET efficiency of ~10% would
require using particles of sub-10 nm size. We have performed experiments to estimate for
individual UCNPs the dependence of their SNR in imaging on their size, using our wide-field
microscopy setup and a reasonably slow framerate (25 fps, exposure of 40 ms). Extrapolating
this dependence towards nanoparticles of 10 nm in diameter results in a too low SNR to
image them on our setup. We thus did not proceed with further smFRET experiments and
focused on other applications of UCNPs. Very recent literature (7ian et al., 2018) suggests
that particles with highly-doped core — inert shell architecture provide reasonable SNR in
microscopy even at very small particle sizes. Thus, adapting our theoretical model towards
investigating the feasibility of using such particles in smFRET applications could be an

interesting direction for future research on the subject.
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Upconverting nanoparticles (UCNPs) are luminophores that have been investigated for a multitude of bio-
logical applications, notably low-background imaging, high-sensitivity assays, and cancer theranostics. In
these applications, they are frequently used as a donor in resonance energy transfer (RET) pairs. However,
because of the peculiarity and non-linearity of their luminescence mechanism, their behavior as a RET
pair component has been difficult to predict quantitatively, preventing their optimization for subsequent
applications. In this article, we assembled UCNP-organic dye RET systems and investigated their lumine-
scence decays and spectra, with varying UCNP sizes and quantities of dyes grafted onto their surface. We
observed an increase in RET efficiency with lower particle sizes and higher dye decoration. We also
observed several unexpected effects, notably a quenching of UCNP luminescence bands that are not
resonant with the absorption of organic dyes. We proposed a semi-empirical Monte Carlo model for pre-
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dicting the behavior of UCNP-organic dye systems, and validated it by comparison with our experimental
data. These findings will be useful for the development of more accurate UCNP-based assays, sensors,
and imaging agents, as well as for optimization of UCNP-organic dye RET systems employed in cancer
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rsc.li/nanoscale treatment and theranostics.

Introduction

Upconverting nanoparticles (UCNPs) have attracted strong
interest over the last decade in biological imaging and
sensing."™* UCNPs owe their name to the upconversion
phenomenon, where high-frequency light is emitted upon
sequential absorption of several quanta of low-frequency light.
Several systems have been developed for achieving efficient
upconversion on a nanometric scale. One of these systems,
lanthanide-doped UCNPs, is of particular interest due to the
high efficiency of their upconversion, excitation in near-infra-
red with several narrow luminescence bands in the visible
region, and remarkable photostability.” Typically, these
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particles are crystals of an ionic insulating matrix material
(e.g. B-NaYF,, Y,O;3 and CaF,), 10-100 nm in size, which are
doped with lanthanide ions.> A common and popular example
of UCNPs employs two dopant ions performing energy transfer
upconversion (ETU). In this process, one of the dopants plays
the role of a sensitizer that absorbs low-energy light and then
sequentially transfers its excitation energy to an activator
(emitter) ion. A typical example of a sensitizer-activator system
is the Yb**~Er*" pair.®

Using a luminophore with near-infrared excitation and
visible emission allows sidestepping of several critical pro-
blems inherent in biological experiments employing conven-
tional fluorescent dyes, namely autofluorescence, excitation
light scattering and phototoxicity. As a result, UCNPs can be
imaged with an exceptional signal to noise ratio." Another
advantage is the possibility of customizing UCNPs for multi-
plexed imaging. For example, conjugating UCNPs with iron
oxide nanoparticles or doping with Gd ions allows their use in
magnetic resonance imaging as well as in luminescence
microscopy.”

UCNPs can also be used for constructing resonance energy
transfer (RET) systems, where UCNPs act as an IR-absorbing
antenna for a conventional fluorophore (e.g. organic dye).

This journal is © The Royal Society of Chemistry 2017
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These systems were used for developing UCNP-based sensors
for small molecules, proteins and nucleic acids,'™® and IR-
responsive  drug release systems.'”?° However, the
peculiarities of UCNP photophysics, like the dependence of
their quantum yields on excitation intensity®>"?* and multiple
transitions between several emitting energy levels, make the
behavior of the overall RET system challenging to predict
quantitatively. Moreover, as the emitter ions in UCNPs are
point emitters with low cooperativity due to a large emitter—
emitter distance, the behavior of RET systems with UCNPs
cannot be predicted from the base case of Forster theory (inter-
action of two point dipoles). Also, the emitter ions close to the
particle surface seem to have lower luminescence yields due to
surface quenching effects, which lead to further compli-
cations.>'* Finally, the field is still in an early stage and methods
to construct monodisperse and homogeneous small bright
UCNPs required for efficient RET appeared only recently.>*>*

While there are a number of examples for dye-decorated
UCNPs in the literature, they mostly concentrate on proof-of-
concept systems and their direct applications.'"'*>®?377 In
contrast, few efforts were done to thoroughly investigate and
optimize the RET behavior in UCNP-dye systems.”*”' For
example, recent work by Ding et al.*® shows the dependence of
the relative contribution of RET and reabsorption in dye-deco-
rated UCNPs on the thickness of an inert shell between the
active UCNP core and dyes. However, the dependence of RET
on the dye density at the UCNP surface was not systematically
investigated. In our previous work,> we reported the depen-
dence of RET efficiency on particle size with full coverage of
the particle surface by dye molecules, with particles dispersed
in DMF. To explore the dependency of RET efficiency on dye
loading independently of particle size and to move to a more
biological context, an alternative method for solubilization
and dye decoration is required.

In this context, the objective of this work was to quantitat-
ively predict the RET behavior of water-dispersed UCNPs of

View Article Online
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various sizes decorated with rhodamine B at different extents.
To reach this goal, we have developed a Monte Carlo model for
describing RET processes based on an extension of Forster
theory to a multiple donor-multiple acceptor system.*”> The
model was validated by comparison of the predicted data with
experimental RET data obtained on the designed rhodamine
B-decorated UCNPs using luminescence lifetimes and spectra.
This model will be useful for designing optimized UCNP-dye
systems for sensing and theranostics, by predicting the best
particle size and composition, as well as the optimal decora-
tion, in respect of the dye properties and coating levels.

Results and discussion
Design of the dye-grafted UCNPs

As the first step, we designed UCNPs decorated with
Rhodamine B dyes for providing experimental data to develop
a theoretical model. To this end, we selected UCNPs with
B-NaYF, as a matrix, doped with 20% Yb*" and 2% Er*" as sen-
sitizer and activator ions, respectively. This choice of matrix
and dopants is one of the most common in UCNP studies, as
it produces bright upconversion over a wide power range with
well-established synthesis protocols. A simplified scheme of
the upconversion mechanism for the Yb-Er UCNPs is provided
in Fig. S1.}

Three types of particles with different diameters were pre-
pared: 16.2 + 0.6 nm particles (NaYF,:20%Yb,2%Er,20%Gd),
20.9 + 0.6 nm particles (NaYF,;:20%Yb,2%Er,10%Gd), and
30.6 + 1.1 nm particles (NaYF,:20%Yb,2%Er). The particle size
and morphology were evaluated by TEM (Fig. 1). A variation in
Gd*" doping was used to change the size of the obtained
particles while keeping other synthesis conditions constant, as
well as to retain high monodispersity for all samples.>® The
X-ray diffraction data confirm a hexagonal crystal structure for
all samples (Fig. S21).

Fig. 1 TEM images of UCNPs. Left-to-right: 16 nm diameter, 21 nm diameter, 31 nm diameter. Top: TEM images, bottom: histograms of the particle

size distribution obtained from TEM images.

This journal is © The Royal Society of Chemistry 2017
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Two sets of sharp emission bands arising from Er*" tran-
sitions are observed in the green and red regions of the visible
spectrum of the prepared UCNPs (Fig. 2). For convenience,
these luminescence bands are referred to as “green” and “red”
bands.

The synthesis produces UCNPs coated with a hydrophobic
layer of oleic acid of ~1.1 nm thickness.>* As the majority of
RET systems with UCNPs are developed for applications in bio-
logical systems, the UCNPs have to be modified to become
water-dispersible. Several methods exist to reach this goal.*®
We chose to coat the hydrophobic UCNPs using an additional
layer of poly-isobutylene-alt-maleic acid with dodecyl side
chains (PMA, Fig. 3), an amphiphilic polyanionic polymer that
can form a thin bilayer at the UCNP surface combining the
oleic acid chains on the particle surface and the hydrophobic
chains of the polymer.** This coating permits UCNP suspen-
sions to be colloidally stable in water over extended periods of
time and have a high negative zeta-potential (protocol in the
ESL1 based on Wilhelm et al.**). Moreover, PMA coating does
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Fig. 2 Luminescence spectrum of polymer-coated water-solubilized
31 nm UCNPs (black), and absorption (pink) and fluorescence (green)
spectra of Rhodamine B in water. UCNP luminescence was measured
with a 980 nm excitation and 8 kW cm™2 power density.
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not strongly affect particle brightness, which is a common
problem  for other UCNP  hydrophylisation
methods.**?*

Finally, to construct a RET pair with UCNPs, we selected
rhodamine B (RhB) as an organic fluorophore. RhB was modi-
fied to contain a side chain with a primary amine, to allow its
covalent binding to the UCNP-polymer conjugate (Fig. 3, syn-
thesis protocol and spectra in Fig. S3-S9t). The RhB absorp-
tion band overlaps with the UCNP emission band in the green
region, so the dye can act as a RET acceptor (Fig. 2). At the
same time, the RhB absorption band does not overlap with the
red emission band of UCNPs, thus allowing the use of the red
band as an internal reference of luminescence intensity. It
should be noted that using the red band as an internal refer-
ence contains the implicit assumption of the “red” state popu-
lation not being affected by quenching of other emissive
states. While this is a quite serious assumption to make, as is
discussed later in this article, this approach is still commonly
used in the literature.*®*” Concerning the luminescence, the
RhB emission band is located between the green and red
UCNP luminescence bands, which allows separation of the
emission of UCNPs and RhB and avoids crosstalk.

The PMA polymers are conjugated with dyes before forming
a shell around UCNPs, so that UCNPs of different sizes with
the same polymer have the same amount of dyes per unit
surface to allow comparison of RET efficiency between par-
ticles of different sizes. After conjugation, the absorption
spectra of dye-modified PMA are measured to calculate the
accurate quantity of dyes grafted per monomer. The compari-
son of the absorption and fluorescence spectra of RhB dyes
and UCNP-PMA-RhB is provided in Fig. S10.f

Twelve samples of UCNP-PMA-RhB particles of three
different particle sizes were prepared. The preparation of each
sample and the full set of subsequent measurements were per-
formed in triplicate. The samples were classified as S (16 nm),
M (21 nm) and L (31 nm), according to their size. The samples
were further named 0, 1, 2 and 3 to describe that the UCNPs
were coated with polymers containing 0%, 0.33%, 1.5% and
6.6% eq. of RhB per monomer (determined from absorption
spectra). Therefore, using our nomenclature, the M2 sample
corresponds to 21 nm-diameter UCNPs coated with the polymer
containing 1.5% eq. dye per monomer, which corresponds to

several

Fig. 3 Scheme of UCNP coating. Left: Initial UCNPs doped with lanthanide ions and coated with oleic acid. Center: Polymer used to disperse
UCNPs in water. Hydrophobic parts are highlighted in pink, hydrophilic parts are in blue, and sensitizers, emitters and dyes are symbolized by red,
green and orange stars, respectively. Right: Final water-dispersible RhB-labeled UCNPs.
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approximately 123 grafted dyes per UCNP (the same calcu-
lation for other samples is provided in Table S17).

To confirm the size of the obtained hydrophilic UCNPs and
to check that no aggregation occurs post-coating, we per-
formed DLS measurements. All samples show a peak at their
respective sizes, indicating low to no aggregation (Fig. S11-
S131). DLS also shows some smaller particles of about
5-10 nm in diameter, that likely correspond to polymer
micelles with no UCNPs inside, as the protocol uses an excess
of polymer to ensure complete coating of the UCNPs. As the
presence of the dyes bound to polymer micelles may induce
“inner filter” effects, all measurements were performed with
diluted samples and a setup configuration collecting light only
from the focal volume, with a minimized optical path of emis-
sion through dispersion, with transmission on green and red
bands calculated to be >95% for even the most concentrated
samples (see Fig. S20t for the scheme of the setup).

Emission spectra of the dye-grafted UCNPs

The spectra of M1-M4 dispersions with 980 nm excitation,
normalized by the red UCNP band are shown in Fig. 4 (average
of normalized curves over 3 measurements). In the absence of
RhB, the spectrum of the 21 nm UCNPs is consistent with the
spectrum of previously described 21 nm-sized particles, with a
green-to-red ratio of about 2.4. As expected from RET theory,
an increase in the acceptor dye concentration on the particle
surface leads to an increase in the RhB fluorescence band and
a drop of the UCNP green band. It should be noted that the
drop in the green band in this case is induced by RET, as the
inner filter effects would account for a drop of no more than
5% for even the most concentrated sample. On the other
hand, the dye band rise is the result of a mixture of
RET-induced fluorescence and reabsorption with subsequent
reemission. Therefore, in this experiment, quantitative
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Fig. 4 Spectra of UCNP—PMA—-RhB samples M1—-M4 diluted 10x in water,
normalized to 664 nm (right shoulder of the red band) to minimize the
UCNP/dye crosstalk. The percentage of grafted RhB dyes per monomer is
0% (black), 0.33% (red), 1.5% (blue) and 6.6% (cyan). UCNP luminescence
was measured with an excitation at 980 nm and 8 kW cm™ power density,
at an approximate concentration of ~0.1 mg mL™
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conclusions can be drawn only from the intensities of green
and red bands, but not from the dye band. The same behavior
can be observed for 16 nm and 31 nm particles (Fig. S14 and
S15%).

Comparing the ratio of integrated intensities of the green/
red bands in the UCNP-PMA-RhB and UCNP-PMA samples
can provide information about the total RET efficiency in the
system, using an equation similar to that used for deriving the
FRET efficiency from the donor intensity in the donor-
acceptor dye pairs (eqn (1)). This approach is typically used to
characterize the performance of RET sensors based on
UCNPs.'071#2%38 1t jg important to note that this comparison
is only valid under the assumption that the red band works as
an internal reference not affected by the RET-induced quench-
ing of the UCNP green band.

n= 1 ; Igreen/Ired (1)

green,no dye /Ired,no dye

The calculated RET efficiencies for the tested UCNP-PMA-
RhB samples are provided in Fig. 5. Two trends are observed
and can be qualitatively (but not quantitatively) explained by
the base case of Forster theory. Firstly, smaller particles have
higher RET efficiencies due to the larger percentage of emitter
ions (RET donors) being in the vicinity of organic dyes (RET
acceptors). Secondly, an increasing amount of dyes on the par-
ticle surface increases the RET efficiency, due to a higher quan-
tity of acceptors per donor.

Emission decays of the dye-grafted UCNPs

Luminescence decay curves of the particles in solution were
recorded using the Time-Correlated Single Photon Counting
(TCSPC) technique with a setup coupled to a monochromator
in order to investigate the time-resolved decays of the different
emission bands. As the optical properties of UCNPs depend on
the excitation intensity, both steady-state (spectral) and time-

100 - [ 10.33% RhB
90 | I 1.5% RhB
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Fig. 5 RET efficiency values for UCNP-PMA—-RhB samples based on
the intensity ratios of green to red bands, as calculated in eqn (1) (bars
correspond to the mean values over three independent measurements,
error bars correspond to +1 standard deviation).
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resolved luminescence measurements were performed using
the same excitation intensity of 8 kW cm™2.
The decay curves for the green and the red bands of UCNP

luminescence for samples M1-M4 are provided in Fig. 6A and
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Fig. 6 Luminescence decays of samples M1-M4 diluted 10x from the
initial concentration in water. (A) Normalized green band decay fit and
raw data (inset). (B) Normalized red band decay fit and raw data (inset).
Excitation was at 980 nm, with 8 kW cm™2 power density. Curves are
color-coded black, red, blue, and cyan for samples M1-M4, respectively.
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B, respectively. The lifetime values were determined by fitting
the decays using multiexponential models by a maximum
entropy method (MEM).>*> MEM was chosen to treat the decay
curves because it does not require initial assumptions in the
fit concerning the number of decay components. This method
consistently determines three components for the green-band
decays and two components for the red band decays for all
particles.

For UCNPs coated with PMA without dye (samples S1, M1
and L1), the lifetime data (Fig. 6, Fig. S16-S19 and Table S27)
are consistent with those in the literature, with a long com-
ponent of 100-300 ps and a short component of 50-100 ps.>®
The short lifetime component is commonly assigned to direct
Er*" emission, while the longer one may be attributed to an
emission after sensitizer-mediated emitter-emitter energy
transfer, as has been recently reported by Wiirth et al.*® When
the number of RhB dyes at the surface of UCNPs is increased,
not only the green band, but also the red band of UCNPs
shows faster decay (Fig. 6), evidencing a strong interconnec-
tion between the emissive states of UCNPs. Using the data
obtained for UCNP-PMA not coupled to RhB molecules as a
reference, we calculated the apparent RET efficiency of the dye-
coated UCNPs with the classical equation used for single
donor-single acceptor pairs:

_ Twithdye ( 2)

n=1
Tnodye

For all samples, the RET efficiencies were calculated from
both the short and long lifetime components for both the
green and red bands (Fig. 7 and Table S27).

For RET efficiencies based on the short decay component of
the green band (Fig. 7A), the same trends as for spectral
measurements were observed (Fig. 5). Indeed, the RET
efficiency improved on increasing the dye quantity and
decreasing the UCNP size. However, spectral measurements
show higher RET efficiency values for UCNPs with a large
quantity of dyes. This can be attributed to light reabsorption
(inner filter effects), and non-reliability of the red band as an
internal reference in spectral measurements, as the lifetime
data indicate that the red band is also affected by the RET-
induced quenching of the green band.
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90| I 1.45% RhB
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Fig. 7 RET efficiencies, as calculated from UCNP-PMA-RhB decay lifetimes. The RET efficiencies were calculated from eqn (2), using either the
short component of the green band (A) or the short component of the red band (B).
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In the case of the red band, the short decay component
(Fig. 7B) shows a trend similar to the one observed for the
green band, indicating that the red band is also affected by the
RET-induced quenching of the green band. One can attribute
this effect to the red-emissive state being populated partially
by non-radiative processes occurring from the green-emissive
states, “Hy;/, and *S;, (Fig. S11). However, this is thought to
occur with a low probability,*"**> and therefore, the drop in
this lifetime component cannot be explained only by the green
to red population mechanism. We hypothesize that indirect,
higher-order effects may be in play, such as faster depopula-
tion of the green-emissive states reducing the probability of
Er*" cross-relaxation with subsequent upconversion to red-
emissive states.

Calculating RET from long decay components does not
yield any consistent trends (Table S27).

In the last step, the dye fluorescence upon excitation at
980 nm was investigated. As expected, the dye fluorescence
decay is extremely long and roughly follows the UCNP emis-
sion decay, as under these conditions, the dye can be excited
by RET or reabsorption from UCNPs (Fig. 8). Interestingly, the
dye decay is faster than the decay of the green-band emission
of UCNPs. Normally one would expect the same decay rate,
due to the nearly instantaneous emission of the acceptor after
energy transfer or reabsorption. This effect might be explained
by considering the division of emitter ions into two popu-
lations differing by their distance to the surface, the core
emitter ions and the shell emitter ions. The RET-induced dye
emission mainly occurs by dye excitation from the shell
emitter ions, as only these ones are close enough to the RhB
dyes to perform efficient RET. These ions, being quenched by
the dyes and other surface quenching effects, should have
faster decay rates compared to the core emitter ions. As the
dye mirrors the decay of these shell emitter ions, this explains
that the dye decay is faster than the overall decay of the green
luminescence band of the UCNPs. Quantitative measurements
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Fig. 8 Comparison of the luminescence decays of the green and red
bands with the RhB emission decay for the UCNP-PMA-RhB sample
M2. Green: green UCNP band. Orange: dye band. Red: red UCNP band.
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of this effect will require finding a good protocol for removing
dyed polymer micelles from solution without inducing UCNP
aggregation, and are left as a subject for future work.

Monte Carlo modeling of RET in RhB-grafted UCNPs

The obtained experimental data on the RET behavior of
UCNPs allowed us to develop a theoretical model, using the
extension of basic Forster theory for multiple donor-multiple
acceptor systems via a modification of a Monte Carlo algor-
ithm proposed by Corry et al.>* We first modelled the UCNPs
as a collection of point donors simulating the Er*" emitter
ions with a uniform random distribution inside a sphere. The
RhB dyes are simulated by a collection of point acceptors, with
a uniform random distribution on the surface of a slightly
larger sphere, taking into account the width of the oleic acid-
PMA layer on the particle surface, assuming that the dyes are
hidden in the hydrophobic layer instead of being exposed to
water, due to their hydrophobic nature (Fig. 9).

For calculating the probability of RET events, a table of
coefficients for each donor-acceptor pair of the modeled
UCNP is built, with each coefficient being equal to the ratio of
R,® (Forster radius) to r°, where r is the donor-acceptor dis-
tance. The transfer of energy from Er’* to RhB is assumed to
conform to Forster theory, proceeding through dipole-dipole
interactions, with R, being calculated using eqn (3). The
dipole orientation factor, x*, is assumed to be equal to 2/3
(isotropic dynamic regime). This assumption is valid because
the local reorientation of organic dyes in hydrophobic layers is
much faster than the luminescence lifetimes of lanthanide
ions.”® The refractive index of the environment, n, is assumed
to be isotropic and equal to 1.48.**

An important distinction from regular calculations of the
Forster radius is the fact that the donor quantum yield in the
absence of an acceptor, @p, does not correspond to the total
quantum yield of upconversion in UCNPs. The reason for this
is that upconversion is a sequential process with several inter-
mediate states, while FRET occurs only from the final state of

Fig. 9 UCNP-PMA-RhB modeled as an ensemble of point donors (Er**
ions, blue points) and point acceptors (RhB dyes, red points).
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the system with emitter ions in highly excited states, here the
*H,,,, and ’S;), states of Er*". As a result, in the context of
FRET, the appropriate value of the luminescence quantum
yield for the donor, in this case the emitter ion, should be the
ratio of its radiative rate constant to the sum of all relaxation
constants from the states involved in FRET, also known as the
emitter radiative branching ratio (eqn (4)). The exact value of
the branching ratio for UCNPs is not given in the literature,
but lower and upper bounds can be set. The lower bound
value (0.1%) corresponds to the total upconversion quantum
yield on the green emission band measured experimentally*’
for 21 nm NaYF,:20%Yb,2%Er UCNPs. The upper bound value
(9%) corresponds to the radiative branching ratio for the bulk
material, which can be calculated from the literature data.**

fo(A)ea(1)A*da (3)

6 90001n100px> J‘”
,6 = 2000 N 19Dk

12875Nnt

kr 3+

ad. green,Er

¢D = k (4)
Kead. green,Er** + Znon—rad green Er’’

To perform the simulation, a sequence of excitation events
was generated, the events being uniformly distributed over the
total time of simulation and equally likely to occur for each
Er** ion. Each excitation event corresponds to a full process of
upconversion from Yb** ions in the ground state to Er*" in an
excited state, ready to emit. The quantity of events depends on
the size of the particle, dopant concentration, laser power
density, absorption cross-section of Yb** ions, quantum yield
of upconversion and radiative branching ratio of excited Er*".
We assume that a given particle uniformly absorbs light
through all its volume. Its total absorption coefficient is thus
dependent on the quantity of Yb*>" ions. The transfer of exci-
tation energy to Er’* ions is assumed to occur uniformly
throughout the particle. This is a reasonable assumption, as
Yb**-Yb®" excitation transfer inside the particle is known to be
much faster than the excited state lifetime of Er’" ions.*® We
treat the upconversion process as a “black box” process from
the absorption of IR light up to obtaining Er’" in the excited
state. This upconversion process is assumed to exhibit an
efficiency that is equal to the total green-band upconversion
quantum yield of 0.1% measured for non-modified UCNPs of
the same composition and size,*> divided by the green-band
radiative branching ratio.

The simulation is performed using the excitation event
schedule and sequentially marking donors as “excited”. These
excited donors are then allowed to emit after a randomly
chosen period of time that is dependent on the lifetime of the
donor and the energy transfer efficiencies to the acceptors that
are not excited at that moment of time. In case the donor is
already excited when it receives an excitation event, the event
is dismissed as “lost”. This allows simulation of the saturation
effects in the system and the possible competition between
donors to deliver their energy to the same acceptor. A random
decision for whether the donor emits by itself or performs RET
to an acceptor is made, with probabilities weighted depending
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on acceptor coefficients for this donor. Finally, after the simu-
lation is finished, the total quantity of RET events is divided by
the total quantity of all emissive events, which gives the
effective RET efficiency for the system under steady-state con-
ditions (eqn (5)).

N, FRET events ( 5)

NrrETevents T Nrad. events

Because each UCNP has a different geometry of donor ions
and acceptor dyes, the effective RET efficiency will be slightly
different for each simulated particle. To obtain an average
value and to see how much the RET efficiency will differ
because of the system geometry, we repeated the simulation
multiple times. This emulates the RET behavior of a popu-
lation of particles, simulating what is observed in spectral and
lifetime experiments.

Simulation results and comparison with experimental data

Fig. 10 sums up the results of the Monte Carlo calculations of
the RET efficiency for all samples. Three sets of calculations
with different Er*" radiative branching ratios were performed.
We select branching ratios of (i) 0.1%, a lower limit corres-
ponding to nearly 100% efficient Yb**~Er*" RET processes, (ii)
9%, an upper limit, corresponding to the branching ratio in
the bulk material, and (iii) 1%, a value in between the two pre-
vious values.

As expected, the RET efficiency increases with the branch-
ing ratio, due to the increase in the Forster radius. Even
though the Forster radius is proportional to the sixth root of
the radiative branching ratio (\"/GD_D) and therefore increases
only by a factor of 1.44 when the branching ratio increases by a
factor of 9, this is enough to increase the RET efficiency by a
factor of two or more. This can be explained by the small par-
ticle size and the cumulative RET to a large number of dyes.
For instance, even if the RET efficiency of a single dye—-emitter
ion pair is only 1% for an emitter ion in the center of a 21 nm
particle, the combined RET to 100 dyes at the surface becomes
as large as 63%.

To compare the simulation values with the experimental
data, we selected the data with the lower bound branching
ratio. Fig. 11 compares the simulation and experimental RET
efficiency values for all UCNP-PMA-RhB samples. Overall, we
found rather good agreement between the simulation and
experimental data, suggesting that the simulation and the
assumptions we made are reasonable. The proposed model
can thus be used as a tool to predict the RET efficiency of
UCNP/dye systems. It can also serve as an indirect method for
the determination of the radiative branching ratio, by adjust-
ing this parameter in the model until the model fits the experi-
mental data.

Further improvement of this model to obtain a better
match with the experimental data will require to include indir-
ect emitter-emitter transfer. Wiirth et al experimentally
measured the Er’* radiative branching ratio,’® heterogeneities
in the Er’" emitter behavior, and a more detailed modeling of
the upconversion process itself.

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 RET efficiency values obtained by Monte Carlo modeling of all UCNP-PMA-RhB samples, with different green-band radiative branching

ratios for Er** jons (mean values and 1 standard deviation).
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Fig. 11 Comparison of experimental and theoretical RET efficiency values for all samples.

Conclusions

We have performed spectral and lifetime-based measurements,
as well as Monte Carlo simulations, to determine the energy
transfer efficiency in a set of water soluble UCNPs decorated
with organic dyes, mimicking RET-based sensors.

Our results underline the importance of carefully consider-
ing the complex behavior of UCNP-organic dyes systems
before attributing the spectral/lifetime changes purely to
energy transfer events. We showed that the red band of UCNPs
with Er’" as an emitter ion is not a reliable internal reference
for calculating the energy transfer efficiency based on the
changes in the spectra. However, this observation does not
invalidate the use of UCNP/dye systems for sensing appli-
cations based on the changes in the green/red ratios. Indeed,
these systems are usually calibrated to correlate the green/red
ratios with known analyte concentrations. The consequence of
the indirect quenching of the red band by RET is that any

This journal is © The Royal Society of Chemistry 2017

change in the UCNP/dye system or measurement conditions
will require to perform a new calibration curve.

Moreover, we found that the luminescence decays of UCNPs
decorated with dyes consist at least of two components that
showed different behavior on RET. As a result, simplified cal-
culations using the FRET relationships for single donor-single
acceptor systems may not provide the exact RET efficiency
values. An additional difficulty stems from the dependence of
UCNP luminescence lifetimes on the excitation intensity.

The model developed in this study provides a framework
for quantitative prediction of the behavior of RET systems
based on UCNPs, and is validated by comparison with experi-
mental data. This model is flexible and can be applied to other
system geometries. For example, the popular approach used to
increase the brightness of RET systems is the use of core-shell
UCNPs, which have an optimal shell thickness value - enough
to increase particle brightness by reducing solvent/coating
quenching effects, but not enough to severely reduce RET to

Nanoscale, 2017, 9, 11994-12004 | 12001
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acceptors on their surface. Experimentally searching the
optimal balance between parameters like the UCNP size, core
and shell compositions, shell thickness, and choice and quan-
tity of acceptors is a tedious and time-consuming task, which
can be considerably sped up by employing computational
models to predict the optimal parameter set. As more data on
the parameters of the upconversion process become known,
the model described herein can be improved to account for
processes that have been neglected. The model will be useful
in the future design of UCNP-based systems, including
sensors, imaging probes and photodynamic therapy agents.

Experimental section
Materials and synthesis

Reagents and solvents were bought from Sigma-Aldrich and
used without further purification. UCNPs were synthesized as
previously described.** The synthesis of the PMA polymer used
to coat the UCNPs and the synthesis of Rhodamine-NH,, the
Rhodamine B derivative used to decorate the UCNPs are
described in the ESI.t

XRD patterns

The XRD patterns were recorded on a Huber Guinier G670
diffractometer (http:/www.xhuber.de) with a Cu-Ka source (1 =
1.54060 A).

DLS measurements

The DLS measurements were performed to characterize the
size of the coated and dye-loaded UCNPs. DLS measurements
were performed in Brand plastic cuvettes (lot #759015) on a
Malvern Zetasizer instrument. Correlation curves for each
sample were accumulated 3 times. Treatment parameters are
normal resolution and size distribution by volume.

TEM images

The TEM images were acquired using a 120 kV Philips
CM12 microscope on carbon coated copper grids and were
analysed using Image] and Origin.

Luminescence spectrometry

Luminescence spectrometry for UCNP solutions was performed
in quartz cuvettes. Excitation at 980 nm was provided by a con-
tinuous-wave laser coupled to a single mode fiber with a
maximum output of 350 mW (Qphotonics, QFBGLD-980-350).
Excitation light was focused in the cuvette using a lens of
100 mm focal distance. Excitation power inside the cuvette was
calculated to be 8 kW em™. The emission was collected using a
fiber spectrometer (Avaspec ULS3648). The scattered/reemitted
laser light was removed using a low pass filter (Semrock,
E700SP). The scheme of the setup is provided in Fig. S20.}

Time-resolved luminescence measurements

Lifetime measurements of UCNPs shared the same excitation
path as the spectral measurements but the output power of the
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laser diode was controlled by an external analog modulation
generated by a National Instruments multifunction board
(PCIe 6361). During lifetime measurements, the laser output
power followed a 250 Hz square wave waveform with a 30%
duty cycle. The emission was collected using a monochroma-
tor (Jobin Yvon HC10IR). The single-photon events were
detected using an avalanche photodiode (Excelitas
SPCM-AQRH-16) and recorded on a time-correlated single
photon counting board SPC-830 (Becker-Hickl GmbH).

Monte Carlo simulation algorithm

The algorithm is based on the algorithm described by Corry
et al*® It was adapted to dye-loaded UCNPs. The algorithm
works with the following steps:

1. Generate coordinates in three dimensions for point
donors (emitter ions) and point acceptors (organic dyes).
Construct the matrix of RET transfer probability coefficients
for each pair of donors and acceptors. Calculate the number of
excitation events during the simulation (dependent on the
excitation power, size of the nanoparticle, concentration and
absorption cross-section of sensitizer ions, quantum yield of
upconversion). Uniformly randomly position excitation events
at the timescale of simulation, assign a target donor to each
event, and arrange them chronologically. Initialize counters
for radiative emission events and RET events.

2. Move to the next excitation event. Flag any donors that
should have emitted by the time of the event as “non-excited”.
If the current target donor is flagged as “non-excited”, change
it to “excited”, otherwise reject this event and move to the next
one. Calculate the apparent lifetime of the donor using the
transfer probability coefficients for each non-excited acceptor.
Assign a random relaxation time to the donor, weighted to an
exponential decay distribution.

3. The donor can relax non-radiatively, radiatively, or trans-
fer its excitation to one of the non-excited acceptors. Using the
transfer probability coefficients, roll a weighted random
number to determine the outcome of the situation, and
increase the respective event counter. If the situation results in
RET, roll another weighted random number to choose
which of the available acceptors will receive the excitation.
Flag this acceptor as “excited” and assign a random relaxation
time to this acceptor, weighted to an exponential decay
distribution.

4. Repeat steps 2 and 3 until the excitation event schedule
is exhausted.

5. The total number of events when the acceptor success-
fully received excitation is divided by the total number of emis-
sive events, resulting in total RET efficiency.

6. Steps 1-5 are repeated several times, to obtain RET
efficiency for different possible geometries of the system, and
an average RET efficiency for the system is calculated.

The algorithm was implemented in Python 3.4.3. The simu-
lations were performed with parameters gathered from the lit-
erature*>*” or determined experimentally.

This journal is © The Royal Society of Chemistry 2017
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1. Scheme of UCNP upconversion mechanism
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Fig. S1. Simplified upconversion mechanism in Yb-Er UCNPs. Reprinted from Haase and Schafer,
20151

2. XRD data for raw UCNPs
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Fig. S2: X-ray diffraction patterns of NaYF, (20% Yb, 2% Er, 0-20% Gd) nanocrystals with
decreasing size from 31 nm to 16 nm (top to bottom) and the corresponding standard pattern of
hexagonal phase NaYF, (red, ICDD PDF #16-0334).




3. Synthesis and spectra of Rhodamine-NH,

Fig. S3. Scheme of synthesis of Rhodamine-NHs.

1 was synthesized according to a reported procedure. >

Synthesis of 2. To a solution of 1 (210 mg, 0.360 mmol) in DMF (5 mL) was added N-boc-3-
Alanine (72 mg, 0.360 mmol, 1 eq), HOBt (58 mg, 0.360 mmol, 1 eq) and HBTU (145 mg, 0.360
mmol, 1 eq). The solution was stirred under argon and DIEA (188 uL, 1.080 mmol, 3 eq) was
added. The mixture was allowed to stir overnight under argon. The solvents were evaporated and
the product was extracted with DCM, then washed with water before being dried over MgSO,. The
solution was filtered and evaporated. The crude was purified by column chromatography on silica
gel (DCM/MeOH : 94/6) to give 250 mg of 2 as dark pink foam (yield= 96%). Rf=0.42
(DCM/MeOH : 96/4). *H-NMR (400 MHz, CDCls): 7.60 (m, 2H, H Ar), 7.46 (m, 1H, H Ar),7.24-
7.13 (m, 3H, H Ar), 6.95-6.80 (m, 2H, H Ar), 6.72-6.66 (m, 2H, H Ar), 5.20 (m, 1H, NH), 3.59-
3.49 (m, 8H, 4 CH,),3.40-3.25 (m, 10H, 5 CH,), 2.46 (m, 2H, CH,), 1.34-1.21 (m, 21H, CH3 Boc, 4
CHs). *C-NMR (100 MHz, CDCls): 170.7 (CO), 170.3 (CO), 167.7 (CO), 162.5 (C Ar), 157.6 (C
Ar), 155.8 (C Ar), 155.6 (C Ar), 135.0 (C Ar), 131.9 (C Ar), 130.9 (C Ar), 130.2 (C Ar), 130.0 (C
Ar), 127.4 (C Ar), 114.3 (C Ar), 114.0 (C Ar), 113.7 (C Ar), 96.4, 46.0 (CH;, Et), 45.1-44.8
(multiple peaks), 41.6-40.8 (multiple peaks), 38.5, 36.4-36.2, 33.3, 31.3, 28.4 (CH3 Boc), 12.5 (CH3
Et). HRMS (ES™), calcd for C4oHs,NsOs [M]* 682.3963, found 682.3960.

Synthesis of Rhodamine-NH;. To a solution of 2 (250 mg, 0.348 mmol) in DCM (5 mL) was
added TFA (4 mL), the solution was sonicated for 20 s and the solvents were evaporated. The crude
was then dissolved in a minimum of DCM and the solution was poured in stirring Et,O. The
solution was filtered to obtain 195 mg of Rhodamine-NH, as a deep red solid (yield = 69%).
Rf=0.15 (DCM/MeOH : 95/5). The purity was checked by *H-NMR and LC-HRMS. *H-NMR (400
MHz, DMSO-d6): 7.76-7.72 (m, 6H, H Ar, NHs"), 7.54 (s, 1H, H Ar), 7.18-7.10 (m, 4H, H Ar),
6.96 (s, 2H, H Ar), 3.66 (q, 8H, CH; Et), 3.39 (m, 12H, CH; pip, CH, p-ala), 1,24 (t, 12H, CHj3 Et).
HRMS (ES™), calcd for CasHasNsO3 [M+H]" 582.3439, found 582.3434.
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Fig. S5. *C NMR spectrum of 2 (CDCl5)
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Fig. S6. HRMS spectrum of 2
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Fig. S7. Chromatogram of Rhodamine-NH, (ACN 0.1% formic acid / Water 0.1% formic acid ; C-
18 column)
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Fig. S8. HRMS spectrum of Rhodamine-NH,
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Fig. S9. '"H NMR spectrum of Rhodamine-NH, (DMSO-d6)

4. Synthesis of the PMA amphiphilic polymer

In a 10 mL flask with a septum and flushed with argon, 18 mg dodecylamine (97 umol, 0.75¢eq)
were dissolved in 2 mL anhydrous DMF under magnetic stirring. Diisopropylethylamine (67 pL,
390 umol, 3eq) was added. 1 mg of piperidyl-beta-alanine-coupled Rhodamine B (1.3 umol, 0.01 eq)
was added. The solution was allowed to stir for 10 min, then 20 mg of poly(isobutylene-alt-maleic
anhydride) were added in one portion (130 pmol, 1 eq monomer, avg MW 6000). The vessel was
purged with argon a second time, and the reaction mass was stirred at room temperature. After 30
min, a drop of water (approx. 100 eq) was added. The reaction mass was evaporated, redissolved in
dichloromethane and purified on LH20 size-exclusion chromatography column (eluent:
dichloromethane-methanol 1:1 v/v). Combined elutes were evaporated, and the residue was
redissolved in 2.6 mL spectral grade chloroform, corresponding to a theoretical 0.05 M
concentration (assuming quantitative yield). This solution was used as a stock for subsequent
coating of UCNPs.

5. Polymer coating of UCNPs and calculation of dye quantity per particle

We used a modified version of the protocol from Wilhelm et al., 2015.% 0.33 mL of UCNPs with
20.6 nm diameter (5 mg/mL) in cyclohexane were mixed with 0.42 mL 0.05 M PMA solution,
sonicated for 1 min at room temperature, and evaporated. The residue was dissolved in 0.75 mL
spectral grade chloroform and sonicated for 1 min at room temperature. Then, 1 mL 0.01 M NaOH
were added. The mixture was vortexed for 30 s and slowly evaporated on rotavap (high speed of
rotation and low vacuum are recommended to avoid bumping), until only aqueous phase remained.
Obtained phase was filtered through a Millex GP syringe filter (0.22 wm pore size). The filter was



washed once with 1 mL 0.01 M NaOH. Obtained filtrates were combined.

The quantity of polymer stock solution required for the coating process was calculated using:

WycNp d2 1
F pVUCNP eff Cpolymer
where R, is the number of polymer, expressed in monomers, applied per nm? of UCNP surface (100
in case of UCNP coated with oleic acid, which is about 5 times in excess compared to the tight fatty
chain packing on surface), wucne IS the mass concentration of UCNPs (e.g. mg/mL), p is the density
of UCNPs (4.21'10% g/nm?®), V is the volume of UCNP in nm?, d is the effective diameter of
UCNP, which includes the thickness of the oleic acid layer (e.g. for a 20.6 nm diameter the
effective diameter is 21.7 nm, because of two 0.55 nm thick layers of oleic acid).

Vpolymersolution =R

The number of surface dyes per particle can be calculated by:

N=m(d+21)? * C¢cp * P
where d is the diameter of the particle (nm), | is the thickness of the polymer-oleic acid layer (nm),
Ci.n. is the number of fatty chains per nm? in the tightly packed monolayer, and P is the percentage
of dyes per monomer.
The calculated number of dyes per particle is provided in following table (thickness of oleic acid
layer assumed to be 1.1 nm, packing density of fatty chains in monolayer is assumed to be 5 nm™).
It should be noted that this calculation represents the quantity of dyes bound specifically on the
surface of UCNPs. Due to excess of polymer being used to ensure proper UCNP coating, some
polymer micelles are formed in dispersion. Dyes in polymer micelles are not considered surface-
bound to UCNPs and are not accounted for in the calculation.

dye percentage per monomer

particle diameter, nm quantity of surface-bound dyes per particle
after coating process

0% 0.33% 1.5% 6.6%

16 0 17 78 343
21 0 27 123 539
31 0 54 244 1075

dye:Er** ratio

particle diameter, nm 0% 0.33% 1.5% 6.6%
16 0 0.043 0.196 0.861
21 0 0.035 0.157 0.692
31 0 0.020 0.093 0.409

Table S1. Calculated dye quantities and dye-Er** ratios per particle.
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Fig. S10. Normalized absorption and emission spectra of Rhodamine B (black) and UCNP-PMA-
RhB conjugates in water (red). Absorption spectra were measured on a Cary 4000 spectrometer.
Fluorescence spectra were recorded with a 520 nm excitation wavelength on a Fluoromax-4
spectrofluorimeter.

6. Characterization of the UCNP-PMA-RhB by Dynamic Light Scattering (DLS)

Size distributions have been obtained by “volume” treatment of the correlation curves. This type of
treatment was chosen due to overestimation of the percentage of larger particles by “intensity”
treatment. All curves and polydispersity indexes (Pdl) were calculated as an average of three
consecutive measurements. Measurements were done at 298 K. Each curve in figures is an average
of 3 measurements of 3 samples of one type. Pdl values are given as a mean + 1 standard deviation.
Samples were diluted 10x in mQ water.
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Fig. S11. Mean size distributions for samples S1-S4. Pdl are 0.369+0.047, 0.341+0.020,
0.428+0.046, and 0.432+0.033, respectively.
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Fig. S12. Mean size distributions for samples M1-M4. Pdl are 0.296+0.037, 0.191+0.021,
0.260+0.048, and 0.302+0.034, respectively.
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Fig. S13. Mean size distributions for samples L1-L4. Pdl are 0.230+0.038, 0.199+0.088,
0.149+0.027, and 0.186+0.032, respectively.

7. Emission spectra of the dye-grafted UCNPs

All spectra were measured in samples diluted 10x in milliQ water, with continuous 980 nm
excitation. The position of the beam inside the cuvette was chosen to be as close to the detector as
possible, to mitigate any possible inner filter effects (see Figure S20 for details). Each spectrum
represents an average of 480 spectra, each with signal accumulation of 5 s. After averaging, the
spectra are smoothed (adjacent averaging, 5 points, corresponds to ~1nm spectral resolution),
normalized by the intensity at 664 nm (to minimize dye crosstalk), and the bands are integrated to
obtain the intensities used in equation 1 (510-565 nm for the green band and 655-680 nm for the red
band).
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Fig. S14. Mean normalized luminescence spectra of samples S1-S4. Excitation wavelength 980 nm.
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Fig. S15. Mean normalized luminescence spectra of samples L1-L4. Excitation wavelength 980 nm.




8. Emission decays of the dye-grafted UCNPs

All decays were collected to obtain total 2M photons per decay curve (including the truncated rising
part). For each sample 5 curves have been collected and independently fitted. VValues provided in
the table are mean + 1 standard deviation over 15 decays in total (5 curves x 3 sample repeats).
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Fig. S16. Examples of normalized decay curves of one batch of samples S1-S4 at 542 nm emission.
Excitation wavelength 980 nm.
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Fig. S17. Examples of normalized decay curves of one batch of samples S1-S4 at 542 nm emission.
Excitation wavelength 980 nm.
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Fig. S18. Examples of normalized decay curves of one batch of samples L1-L4 at 542 nm emission.
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Fig. S19. Examples of normalized decay curves of one batch of samples L1-L4 at 662 nm emission.

Excitation wavelength 980 nm.




16 nm diameter
S1, 542nm S2, 542nm S3, 542nm S4, 542nm
Al 0.68+ 0.01 0.62+ 0.08 0.65 % 0.06 0.68 £ 0.05

t1 60+ 6 51+ 6 49+ 5 42+ 3
A2 0.20+ 0.02 0.25% 0.06 0.22+ 0.05 0.20+ 0.04
t2 149+ 8 122 + 22 130+ 29 134+ 41
A3 0.12+ 0.01 0.14* 0.03 0.13+ 0.02 0.12+ 0.04
t3 364 + 35 331+ 26 329+ 30 348 + 69

S1, 662nm S2, 662nm S3, 662nm S4, 662nm
Al 0.57+0.10 0.53+0.04 0.53+0.05 0.57 £ 0.06

t1 76 +14 6519 66 + 11 53+9

A2 043+0.10 0.47+0.04 0.47 £0.05 0.43 £0.06

t2 236 + 13 223+ 15 228+ 14 224 +11
spectral

ratio 2.06+049 1.88x0.21 1.37+0.15 0.58 £0.12

21 nm diameter
M1, 542nm M2, 542nm M3, 542nm M4, 542nm
Al 0.51+ 0.08 0.55% 0.06 0.49+ 0.06 0.59 + 0.03

tl 58+ 6 58+ 4 50+ 4 46+ 2
A2 0.31+ 0.08 0.26+ 0.06 0.31+ 0.06 0.24 + 0.03
t2 127+ 13 131+ 12 114 + 10 123+ 7
A3 0.18+ 0.01 0.19% 0.01 0.20+ 0.01 0.18+ 0.01
t3 345+ 6 329+ 9 321+ 6 332+ 11

M1, 662nm M2, 662nm M3, 662nm M4, 662nm
Al 0.87+ 0.02 0.86x 0.03 0.85+ 0.03 0.88 + 0.02

t1 108 + 4 103+ 8 95+ 7 92+ 8

A2 0.13+ 0.02 0.14+ 0.03 0.15+ 0.03 0.12+ 0.03

t2 302+ 16 297 + 24 278 + 23 297 + 24
spectral

ratio 235016 2.04+0.63 1.95+0.57 1.49+0.15

30 nm diameter
L1, 542nm L2, 542nm L3, 542nm L4, 542nm
Al 0.56+ 0.03 0.56+ 0.03 0.58 + 0.03 0.61+ 0.03

tl 86+ 4 85+ 4 83+ 3 77+ 3
A2 0.37+ 0.08 0.37* 0.02 0.35+ 0.03 0.33+ 0.02
t2 195+ 9 192 + 11 193+ 10 195+ 10
A3 0.07+ 0.01 0.07% 0.01 0.07+ 0.01 0.07+ 0.01
t3 551+ 19 543 + 26 539+ 21 549+ 15

L1, 662nm L2, 662nm L3, 662nm L4, 662nm
Al 091+ 0.01 091+ 0.01 0.88 = 0.02 0.87 £ 0.02

t1 198+ 5 196+ 9 191+ 5 188+ 6

A2 0.09+ 0.01 0.09% 0.01 0.12+ 0.02 0.13+ 0.02

t2 398 + 19 396 + 23 371+ 14 369+ 16
spectral

ratio 1.10+0.03 1.12+0.07 1.09+£0.03 0.88 +0.07

Table S2. Bi- and triexponential decay fit parameters for all samples. Decay lifetimes are given in

us. Preexponential parameters are unitless. All values are given as a mean + 1 standard deviation.

The choice of the number of components was determined by maximum entropy method. All samples
were measured diluted 10x in milliQ water, with 8 kW/cm2 continuous-wave 980 nm excitation.
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Part 3. Refining single-particle microscopy with UCNPs.

For imaging individual UCNPs, we used wide-field microscopy as a main tool. To
observe the individual particles, we needed to immobilize them for imaging. The common
approach we used involved drying a diluted nanoparticle dispersion. However, as UCNPs
exhibit quenching and changes in relative band intensity upon contact with water (Arppe et
al., 2015), we had to immobilize UCNPs on a surface to observe them in their “native”
experimental environment, i.e. keeping aqueous conditions. For this, we chose electrostatic
immobilization through depositing a layer of branched polyethyleneimine (PEI) on the glass
surface (Fig. 2.3.1). In aqueous buffers at pH values up to ~10, PEI is positively charged, and
thus attaches electrostatically to the glass surface, which itself is negatively charged due to
silanol group dissociation at pH values of ~2 and above. PEI-coated glass surface is positively
charged, thus attracting negatively charged UCNPs coated in amphiphilic polymer. By
controlling the concentration of the particle dispersion, the quantity of UCNPs on surface
could be modulated. Compared to drying, this approach also has an advantage of avoiding
drying-induced aggregation of particles, that results in uneven coating, via what is

colloquially known as “coffee stain effect” (Deegan et al., 1997).
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Fig. 2.2.1. Immobilization of UCNPs for wide-field imaging in aqueous conditions.

After depositing UCNPs on glass-polymer surface, we rinsed the surface with an
aqueous buffer to increase imaging SNR by removing the freely diffusing particles that
increase the background due to out-of-focus luminescence. Our initial experiments used
deionized water for this aim. Unexpectedly, we noticed an unusual effect: several minutes
after deposition, some particles vanished, and within an hour, most of the particles were
absent. We initially attributed this effect to the particles detaching from the surface. However,
upon continuous examination of the particles, we observed that all particles lost their
luminescence gradually over time, in contrast to the stepwise luminescence loss anticipated

for nanoparticle detachment.

Turning towards literature, we noticed several reports in the last years that described
gradual luminescence loss in diluted UCNP dispersions due to slow particle dissolution in
aqueous buffers (Lahtinen et al., 2017, Lisjak et al., 2016, 2015, Plohl et al., 2017b, 2017a;

Wang et al., 2012). This phenomenon could potentially have very direct consequences for
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UCNP imaging, as imaging is typically done in very diluted UCNP dispersions, in which the

dissolution is exacerbated.

However, at that time, there were no reports on the estimation of this effect on a single-
particle level. For SMM, keeping the luminophore response stable over time is critical for
obtaining sufficient amount of reliable information from the experiment. Moreover, if the
particles exhibited heterogeneous loss of luminescence, distinguishing individual particles
from oligomers based on their intensity could be problematic. Other potential issues could
arise from the possible different response from partially dissolved and intact particles. We
decided to systematically investigate this process, and see if the existing strategies to

counteract this effect also work on a single-particle level.

The results are presented in the following communication that we have published in
Nanoscale in 2018. We noticed extremely high heterogeneity in particle dissolution if the
particles were kept in deionized water, with remarkable changes not only in intensity, but also
in spectral band ratio. Keeping the particles under relatively high concentrations (1 mM) of
sodium fluoride was enough to keep the particle response stable over a time frame of

~20 min.

Following this work, we were quite confident in our ability to image hydrophilic
UCNPs in SMM conditions. We decided to focus on single-particle tracking as the most
promising SMM application.
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Single-particle luminescence microscopy is a powerful method to
extract information on biological systems that is not accessible by
ensemble-level methods. Upconversion nanoparticles (UCNPs)
are a particularly promising luminophore for single-particle
microscopy as they provide stable, non-blinking luminescence and
allow the avoidance of biological autofluorescence by their anti-
Stokes emission. Recently, ensemble measurements of diluted
aqueous dispersions of UCNPs have shown the instability of
luminescence over time due to particle dissolution-related effects.
This can be especially detrimental for single-particle experiments.
However, this effect has never been estimated at the individual
particle level. Here, the luminescence response of individual
UCNPs under aqueous conditions is investigated by quantitative
wide-field microscopy. The particles exhibit a rapid luminescence
loss, accompanied by large changes in spectral response, leading
to a considerable heterogeneity in their luminescence and band
intensity ratio. Moreover, the dissolution-caused intensity loss is
not correlated with the initial particle intensity or band ratio,
which makes it virtually unpredictable. These effects and the sub-
sequent development of their heterogeneity can be largely slowed
down by adding millimolar concentrations of sodium fluoride in
buffer. As a consequence, the presented data indicate that
microscopy experiments employing UCNPs in an aqueous environ-
ment should be performed under conditions that carefully prevent
these effects.

Introduction

Lanthanide upconverting nanoparticles (UCNPs) are a family of
nanomaterials that exhibit efficient upconversion. Through this
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*3 Frédéric Przybilla,® Verena Muhr,® Markus Buchner,”
® and Yves Mély ) *2

property, UCNPs sequentially absorb several quanta of low-energy
light with subsequent anti-Stokes emission of a single quantum
of high-energy light." Typically, they consist of an inorganic
matrix doped with two types of lanthanide ions. The first ion (the
sensitizer) absorbs light and transfers energy to the second ion
(activator or emitter) in a mechanism known as energy transfer
upconversion (ETU). A classic example of an efficient UCNP com-
position is p-NaYF,:20% Yb,2% Er that absorbs in the infrared
region (980 nm) and has several emission lines in the visible
region (main emissions at 540 nm and 660 nm).>*

The unique properties of upconversion make UCNPs a prom-
ising alternative luminophore for a variety of applications,*”
particularly in biology.>*'® As no biological molecule exhibits
upconversion, imaging with UCNPs avoids autofluorescence
and thus enables tissue and cell imaging applications with a
high signal-to-noise ratio. Excitation with infrared light also
reduces absorption and scattering effects by the biological
sample. Other advantages of UCNPs include virtually no photo-
bleaching and steady luminescence with no blinking.

To date, the brightest UCNPs are made of fluoride-based
ionic materials"*'" and have hydrophobic surface ligands
after the synthesis (e.g. oleic acid). Most biological applications
require UCNPs to be dispersible in water and buffers.
Therefore, multiple strategies to disperse them in aqueous
media have been devised, the most popular being the
exchange of surface ligands with hydrophilic ones, or the
coating with a silica shell or amphiphilic polymers.®***?

However, in recent years, there have been several reports on
the luminescence loss of water-dispersed UCNPs,"*2° as a
result of nanoparticle dissolution, also known as ion leakage.
A basic scheme of the dissolution process is provided in Fig. 1.
This dissolution is not significant for the concentrated dis-
persion of UCNPs in water that can be stable for months, but
only appears in diluted dispersions. Indeed, even though fluo-
ride matrix materials typically show a low solubility product
constant (e.g. 3.98 x 107" M* for YF;?'), the high dilutions
employed for instance in imaging experiments likely shift the
equilibrium towards partial or complete particle dissolution,
as shown by the theoretical estimation provided in the ESLf

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic representation of dissolution of a doped -NaYF4 nanocrystal in contact with water (hydrophilizing coating omitted for clarity). A:
Intact nanoparticle. B: If an oleic acid ion has desorbed (e.g. during the coating process), a vacancy is left and gets occupied by water molecules. C:
If the vacancy is in contact with the bulk aqueous phase, dissolution will start from the initial vacancy due to the sub-saturated ion concentration in

the bulk aqueous phase.

The reported means to inhibit or prevent dissolution are (a)
stabilization of UCNPs by amphiphilic polymers, (b) coating
UCNPs with thick shells that are resistant to percolation by
water, or (c) adding fluoride ions in the solution to shift the
dissolution equilibrium towards the solid phase.'®*® The dis-
solution of UCNPs can be a major source of artifacts in biologi-
cal experiments due to the possibility that it may not be
uniform and lead to particles with a large distribution of
luminescence properties that vary as a function of time.

To date, all experiments investigating UCNP dissolution in
aqueous solutions have been performed in a cuvette to observe
the behavior of the ensemble of particles. While this yields
general trends in nanoparticle luminescence, its variability at
the single-particle level remains hidden. Knowing this vari-
ability and the ways to mitigate it would be especially impor-
tant for quantitative experiments, which are based on observ-
ing time- or space-dependent changes in luminescence inten-
sity and/or spectra.

In this work, we monitored in real time the luminescence
of individual water-dispersed UCNPs in aqueous solutions in
the presence and absence of fluoride ions using a wide-field
upconversion microscope. Highly monodisperse UCNPs with
homogeneous single-particle luminescence were selected for
the experiments. We observed a gradual loss of luminescence
for the majority of individual UCNPs. We also noted that this
loss was highly heterogeneous at the single-particle level.
Moreover, dissolution also affected the ratio of the intensities
of the different luminescence bands. We found that these
effects can be largely inhibited, but not fully eliminated, by
using buffers containing sodium fluoride that shift the dis-
solution equilibrium back to the solid phase. We believe that
our data will be highly useful for the development and appli-
cation of water-dispersed UCNPs.

Results and discussion

Particle preparation and initial characterization

In this study, the particles composed of $-NaYF,:20% Yb,2%
Er are prepared via a solvothermal method.'” Transmission

This journal is © The Royal Society of Chemistry 2018

electron microscopy (TEM) and dynamic light scattering (DLS)
measurements show that the initial UCNPs have a diameter of
31 nm and are highly monodisperse, with no aggregates
(Fig. S1A and Bf). X-ray diffraction (XRD) confirms that the
UCNP matrix is indeed in the p-phase (Fig. S1C¥).

After the synthesis, the initial particles are found to be
hydrophobic due to the layer of oleic acid molecules bound to
their surface. To disperse these particles in water, we coated
them with an amphiphilic polymer, N-dodecyl-polyisobutyl-
ene-alt-maleamic acid (PMA), and purified them by centrifu-
gation, as previously described.">** We chose this coating
because it allows the particles to maintain a high monodisper-
sity and partially protects them against dissolution.'® The
luminescence spectrum of the obtained UCNP dispersion
recorded with a home-made setup (Fig. S21) shows fine-struc-
tured green and red emission bands at 540 and 660 nm
respectively (Fig. S47), typical of Er’**-doped UCNPs.

The monodispersity of the polymer-coated particles was evi-
denced by DLS (Fig. 2A), showing a single-peaked distribution
with a PDI value of 0.121 and an average diameter of 32 nm.
To further confirm their monodispersity and investigate the
homogeneity of their luminescence, we performed correlated
atomic force microscopy/wide-field upconversion lumine-
scence microscopy of the immobilized UCNPs obtained by
drying a diluted dispersion on mica (Fig. 2B; the full image is
provided in Fig. S8t). The observed particles have a uniform
height of approx. 33 nm and a homogeneous luminescence
intensity (Fig. 2C). Moreover, the particles exhibit no corre-
lation between these two parameters.

To further characterize the luminescence of individual
UCNPs and check their homogeneity under aqueous con-
ditions, we electrostatically immobilized them on a polyethyl-
eneimine (PEI) layer adsorbed on glass and performed wide-
field upconversion microscopy in red and green channels
(using 535/50 and 660/30 bandpass filters). A high concen-
tration of NaF (1 mM) was used to prevent the nanoparticle
dissolution during their imaging.>® A 144 x 144 pm region of
interest (Fig. 2D) was stitched from a sequence of 49 individual
images of 20 x 20 um (Fig. 2E).>® Each of the 2968 luminescent
spots was fitted with a 2D free-angle elliptic Gaussian func-

Nanoscale, 2018, 10, 15904-15910 | 15905
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Fig. 2 Characterization of the polymer-coated UCNPs. A: DLS measurement of the water-dispersed UCNPs. B: Top: Region of interest (ROI) of an
AFM image of UCNPs dried from an aqueous dispersion and its correlated wide-field upconversion microscopy image in the red channel (shown in
red; 660/30 bandpass filter, excitation at 980 nm with an intensity of 8 kW cm~2). Bottom: Height and intensity of the three particles highlighted in
the top panel. C: Size and relative intensity (black spots) and histograms of these parameters (teal and red) for a sample of 28 particles. D: Wide-field
image of water-dispersed polymer-coated UCNPs adsorbed on a thin layer of PEl and incubated for 5 min with 1 mM NaF. The image shows a 144 x
144 pm ROl in the red channel stitched from 49 (7 x 7) individual wide-field images. Excitation was at 980 nm with an intensity of 8 kW cm™2. The
detailed protocol of immobilization is provided in the ESI.{ E: 10-fold enlargement of the boxed region in D. Note that some of the spots look larger
than the others (highlighted with red arrows). F: Histogram of the integrated intensities of the 2D free-angle elliptic Gaussian spot fits (red) and the
same histogram excluding spots that have widths more than 25% larger than the theoretical diffraction limit (blue). The theoretical standard devi-

ation of the Gaussian-approximated PSF for diffraction-limited spots was calculated to be 193 nm for the 660 nm emission.

tion. The histogram of the integrated intensities of the fitted
spots shows at least two populations with an approximately
2-fold difference in luminescence intensity, and a small
number of higher intensity outliers (Fig. 2F, red). We hypoth-
esized that the brighter subpopulation consists of either UCNP
dimers or two single particles that adsorb close to each other.
To confirm this, we filtered out the spots that had one or both
of their widths 25% higher than the theoretical diffraction
limit of the system (Fig. 2F, blue). The abnormal spot size is
predominant for the brighter subpopulation, especially for the
outliers. As particle dimers would be expected to have the
same size as monomers due to the diffraction limit in wide-
field imaging, the brighter population of abnormal size is
mainly attributed to two single particles adsorbed close to
each other. These larger particle spots were subsequently
ignored in the analysis of the kinetics of the luminescence
loss.

Kinetics of time-dependent luminescence loss

To investigate the kinetics of the luminescence loss for individ-
ual nanoparticles, we monitored as a function of time a region
of interest containing multiple spots corresponding to single
nanoparticles. Briefly, the particles were immobilized on PEI
in 1 mM NaF, and then the solution was flushed twice with
1 mM NaF to remove non-adsorbed particles. The images were
recorded for 30 min to establish the brightness of the particles
before degradation. Then, the solution was flushed thrice with
deionized water and images were obtained at different time

15906 | Nanoscale, 2018, 10, 1590415910

points. At each time point, the luminescent spots on each indi-
vidual image were fitted with a 2D free-angle elliptic Gaussian.
Particles with close neighbors (<1 um distance) were removed,
and the XY drift was corrected using one of the well-separated
particles as a reference.

Comparison of the particles just after flushing with water
(Fig. 3A) and after 150 min (Fig. 3B) revealed that the incu-
bation with water led to a time-dependent decrease in intensity
and a considerable heterogeneity in particle brightness. This
gradual loss of intensity strongly supported the dissolution-
related nature of the observed effect. Several particles even dis-
appear from the image, likely as a result of their dissolution to
such a degree that their luminescence gets below the detection
limit.

To further prove that the observed effects are indeed related
to dissolution, we performed combined conductometry/dialy-
sis to directly monitor the ion leakage over time in nano-
particle dispersions. Briefly, an aqueous dispersion of UCNPs
was dialysed against deionized water and the conductivity of
the dialysate was monitored continuously, periodically replac-
ing the dialysate with deionized water. A gradual increase in
conductivity was observed after each replacement, confirming
that the ions leave the UCNPs and diffuse through the mem-
brane (Fig. S9BT). In addition, the ion leakage was consistent
with the theoretical estimates of ion diffusion through the
membrane under our experimental conditions (Fig. S9Ct). To
exclude the possibility that the intensity loss is related to laser
illumination and its associated local heating, we performed

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Time-dependent luminescence loss of individual polymer-coated UCNPs in water and fluoride solutions, as monitored by wide-field upcon-
version microscopy. A and B: The same ROl with the red emission of UCNPs immediately after washing (A) and after 150 min incubation in deionized
water (B), with several particles highlighted. C: Time-dependent intensity changes of the particles highlighted in A and B (1.28 x 1.28 pm). D:
Intensity traces for the highlighted particles, normalized to their average intensity during the pre-incubation step (colored lines). The black line
corresponds to the average trace for 21 single particles, and the grey area describes the interval corresponding to one standard deviation. E: Traces
of normalized red band intensity for particles incubated in 30 uM NaF (colored lines). The black line is the average trace of 15 individual particles,
and the grey area depicts the interval corresponding to one standard deviation. F: Traces of normalized red band intensity for particles incubated in
1 mM NaF (colored lines). The black line is the average trace of 20 individual particles and the grey area depicts the interval corresponding to one

standard deviation. Wide-field images corresponding to E and F are shown in Fig. S8 and S9.7}

large-scale imaging of UCNPs before and after 150 min of incu-
bation with water, without laser illumination during incu-
bation. The images show that the intensity loss occurs to the
same extent in continuously illuminated and non-illuminated
samples (Fig. 3A, B and Fig. S10A-E¥), indicating no influence
of illumination on the rate of luminescence loss. Moreover, we
found no correlation between the initial particle intensity and
the extent of luminescence loss, suggesting that the lumine-
scence loss cannot be reliably predicted based upon the initial
particle intensity (Fig. S10FT).

The intensity traces of individual particles showed a high
heterogeneity. Examples of individual particles of the same
image at different time points and the traces of their inte-
grated intensity, normalized to their initial intensity, are
given in Fig. 3C and D. We did not observe any correlation
between the initial particle intensity and the rate of intensity
loss. The particle intensity decays were found to exhibit
different shapes, ranging from exponential-like to practically
linear.

There may be several reasons for the heterogeneity of the
luminescence loss caused by dissolution. First, no sample is
perfectly monodisperse, so the particles probably have slight
differences in their surface to volume ratio. Second, as in any
crystal, different crystal faces and in particular regions around
the defects have different surface energies, resulting in
different potential barriers for the ion detachment, leading to

This journal is © The Royal Society of Chemistry 2018

the kinetics of dissolution dependent on the crystal face.”®
Third, the porosity and permeability of the surface coating
layer may vary from particle to particle. Fourth, the Yb*" ions
are known to rapidly transfer energy between each other,
forming a cooperative network that allows efficient energy
transfer to Er’" ions.”® The Yb®" quenching by water is non-
linear and highly dependent on the amount of Yb*" ions in
close contact with water, as they serve as sinks for energy
depletion in the whole Yb*" network. A slight variation in the
amount of Yb*" in contact with water could thus lead to large
differences in the overall quenching efficiency. Fifth, the
amount of Er’" exposed to water may vary substantially on a
particle-to-particle basis due to its low doping percentage.
Those Er’" ions that are quenched by water can deplete the
sensitizer network much faster than the emissive Er’* inside
the particle and thus contribute substantially to surface
quenching.”

Therefore, building a theoretical basis for the dependence
of the particle intensity upon dissolution would require the
inclusion of a number of parameters that are difficult to
measure or estimate for individual particles, such as the poro-
sity of the coating layer, the rate of water percolation through
it, the distance dependence for water quenching, and the an-
isotropy of dissolution dependent on the crystal face. Thus, we
believe that a purely empirical approach is the most appropri-
ate for such systems.

Nanoscale, 2018, 10, 15904-15910 | 15907



Published on 31 July 2018. Downloaded by Université de Strasbourg, Service Commun de la Documentation on 10/15/2018 10:39:39 PM.

Communication

Countering the luminescence loss with sodium fluoride

To investigate the effect of sodium fluoride on the lumine-
scence loss of individual UCNPs, we recorded the UCNP inten-
sity over time for particles with a final wash in 30 pM NaF and
for particles kept continuously in 1 mM NaF without any
washing. Examples of intensity traces are provided in Fig. 3E
and F, while the raw images are shown in Fig. S11 and S12.}

In 30 pM NaF, the intensity loss clearly slowed down com-
pared to the UCNPs in water, confirming their dissolution-
related nature, in line with the data on ensemble measure-
ments.”° In other words, the addition of sodium fluoride is
thought to displace the dissolution equilibrium towards the
solid phase, so that the ions remain within the particles and
retain the luminescence of the UCNPs. However, heterogeneity
appeared to be even greater than that for UCNPs in water, with
some outlier particles showing a transient increase in their
luminescence. The causes of this increase are unclear, but the
observed increase is too high to be attributed to spot fitting arti-
facts or fluctuations in the excitation power. We hypothesize
that it may be caused by a reorganization of the UCNP coating
during flushing, which can temporarily reduce the amount of
water bound to the surface and thus increase the luminescence
intensity. This reorganization could induce a brief increase in
intensity, followed by a dissolution-caused intensity decrease.
Another possibility is the removal of surface-bound quenchers,
again leading to a temporary increase in intensity.

In line with the literature,® the luminescence of individual
particles was much more stable in the presence of 1 mM NaF
than in its absence, though some time-dependent decrease
was observed with most particles. At the end of the experi-
ment, a significant intensity heterogeneity can be observed as
well. This heterogeneity has implications for any quantitative
experiment or assay that assumes a uniform intensity response
of UCNPs, either between individual particles or for the same
particle at different time points. For instance, a time-depen-
dent change in the luminescence intensity in response to a
given agent or property sensed by an UCNP sensor could be
difficult to discriminate from the changes related to its dis-
solution. Distinguishing particles from particle aggregates also
becomes more challenging as partially dissolved aggregates
could show roughly the same intensity as an intact single par-
ticle, while having different size-related properties.

View Article Online

Nanoscale

Time-dependent changes in luminescence band ratio

As all of our wide field microscopy experiments were per-
formed in dual-view mode with an image splitter, we simul-
taneously imaged the red and green emission bands of the
particles on the same camera. By fitting the spots in the red
and green channels and dividing the red intensity by the green
one, a ratiometric signal was produced (“red-to-green ratio”,
RTGR). Fig. 4 shows the changes in the RTGR parameter for
the UCNPs described in Fig. 3. It should be noted that the
RTGR values in microscopy measurements slightly differ from
those measured in cuvettes (Fig. S131), as they were measured
with slightly different excitation intensities (8 kW c¢cm™ for
microscopy and 6.2 kW ¢cm™ for the focused beam in cuv-
ettes). Ample literature evidence suggests that RTGR values
nonlinearly depend on the excitation intensity.>*>®

For the particles in water and 30 pM NaF, the changes in
RTGR values with time seem to correlate well with the changes
in intensity. Curiously, this effect is opposite to what is nor-
mally observed for water quenching, where the increased
access of the particle surface to water increases the RTGR
values by establishing non-radiative relaxation channels for
the green-emissive states of the emitter ion, Er**.>>*” However,
we believe that other effects may be in play here and explain
the observed changes in RTGR values. As the particles dissolve,
more and more sensitizers are exposed to water, and the
overall amount of energy available in the cooperative sensitizer
network becomes lower. This behavior is functionally equi-
valent to a lowering in the excitation intensity, which decreases
the RTGR value (Fig. S147 and ref. 27). It seems that in our par-
ticular case, the effect of the sensitizer power loss surpasses
the effect of the depopulation of the green state of the emitter,
resulting in a net decrease of RTGR. Interestingly, the RTGR
for the particles in 1 mM NaF was found to be stable despite
the intensity loss (Fig. 4C).

Combined together, these observations have profound
implications for applications based on ratiometric measure-
ments, for both microscopy and bulk assays. As each individ-
ual particle has a different pattern of dissolution, a quantitat-
ive response will unpredictably depend on time and compli-
cate the interpretation of microscopy experiments. Moreover,
the intra-population heterogeneity may also nonlinearly affect
the response of bulk assays that depend on time, dilution,

Fig. 4 RTGR curves for individual polymer-coated UCNPs incubated in (A) deionized water, (B) 30 pM NaF and (C) 1 mM NaF (the same particles as

the ones shown in Fig. 4, S8 and S9+).
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buffer, differences between particle batches, and other dis-
solution-related conditions.

Conclusions

To conclude, we observed multiple dissolution-related effects
in water-dispersed UCNPs that generate considerable hetero-
geneity over time at the individual particle level both in their
luminescence intensity and band intensity ratio. We note that
fluoride-containing buffers tend to considerably slow down,
but not fully prevent these effects. Moreover, the dissolution-
caused intensity loss is not correlated with the initial particle
intensity or band ratio, which makes it virtually unpredictable
at the single particle level. Thus, quantitative measurements
and microscopy experiments employing UCNPs in an aqueous
environment should be performed that prevent these effects.
For this, several approaches are available: (a) using fluoride
buffers to shift the dissolution equilibrium towards the solid
phase; (b) using particles with sacrificial shells that shield the
particle from water until they are dissolved; (c) using extremely
tight coatings that are resistant to percolation by water; (d)
using matrix materials that are more resistant to dissolution
(e.g. oxides).

The gradual particle dissolution implies that UCNPs are
biodegradable in aqueous media, provided that their surface
coating is degradable as well. This property could be perceived
as an advantage over other inorganic nanoparticles (e.g. gold
or semiconductor quantum dots) of similar sizes, as in prin-
ciple they should have better clearance. However, dissolution
could also cause localized cytotoxicity due to the release of
fluoride and lanthanide ions.?® This should be carefully con-
sidered when UCNPs are applied in cell and animal
experiments.

Moreover, from our data, it may be advisable to include dis-
solution stability tests for experiments involving water-dis-
persed UCNPs in biological applications, as they could be a
major source of artifacts.

Experimental section

Full description of experimental methods and any associated
references are available in the ESL.}
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Experimental methods

Materials and synthesis. Reagents and solvents were purchased from Sigma-Aldrich and used
without further purification. Water for all experiments was purified with a Merck Millipore Milli-Q
system.

Oleate-coated UCNPs were prepared and characterized (Fig. S1) as described in Wilhelm et al.
2015." To render the UCNP hydrophilic and thus, water dispersible, N-dodecyl-polyisobutylene-alt-
maleamic acid (PMA) was synthesized and used to coat the UCNPs, as described in Dukhno et al.
After coating, the particles were purified by centrifugation (12000 g RCF, 4°C, 1 h) and pellet
redispersion in 10 mM NaOH with 1 mM NaF. This treatment was performed twice to ensure
removal of empty polymer micelles. Quality control was done by DLS measurements.

XRD patterns were recorded on a Huber Guinier G670 diffractometer with a Ka-Cu source (A =
1.54060 A). TEM images were acquired with a 120 kV Philips CM 12 microscope on carbon-coated
copper grids and were analyzed with ImageJ and Origin.

DLS measurements were performed on a Malvern Zetasizer Nano instrument to characterize the size
of the polymer-coated UCNPs in Brand plastic cuvettes (lot #759015). Correlation curves for each
sample were accumulated 3 times. Treatment parameters were normal resolution and size
distribution by volume.

Theoretical estimation of the extent of particle degradation

A typical stock dispersion of water-dispersed UCNPs after synthesis and coating contains ~1
mg/mL of material.>* Knowing the density of B-NaYF, (4.21 g/cm’) and the volume of a spherical
30 nm particle (14137 nm®) we can calculate that the particle concentration is 1.68 x10" particles
per mL, or ~28 nM. B-NaYF, unit cell volume is 107 A®, so a UCNP 30 nm in diameter contains
~132000 unit cells. Knowing the particle concentration and the amount of unit cells per particle, we
can estimate the total amount of ions trapped inside the particles, which is 3.7 mM for Na’, 3.7 mM
for Y*, and 14.8 mM for F".

Next, we calculated the concentration of ions in water over saturated NaYF, and YF; from their
solubility products.>* The calculation for YF; is necessary because its overall solubility is lower
than for NaYF,, so the dissolution could potentially proceed through YF; as an intermediate.



NaYF ,(s)+H,0% Na,,+ Y, +4F,,
K (NaYF ,,pH 7)=[Na [Y][F I'=1.6%10"° M°
[Na']=20uM ; [V’ ]=20uM ;[F ]=80uM

YFy(s)+H,0=Y, +3F,
K (YF,, pH7)=[Y""][F [=3.98%10"M"
(Y ]=11uM ;[F ]=33uM

The saturated concentrations for lanthanide ions are 180-340 times larger than the concentration of
ions trapped inside the particles. This implies that in the stock dispersion, the particles only lose
~0.3-0.5% of total material before reaching the solubility equilibrium.

Meanwhile, in single-particle microscopy conditions, particles are typically attached to their target
substrates (e.g. coated glass surfaces or cells), with nearly no particles present in dispersion. For a
typical single-particle imaging setup with a 100x magnification objective, a good separation of
individual particle spots on microscopy image requires approximately 100 particles per region of
interest of 20x20 pm?. For a microscopy well plate with a well surface of 1 cm?, this corresponds to
25 million particles per well. The wells themselves are filled with 300 puL aqueous buffer. Thus, the
effective concentration of immobilized particles in microscopy wells is ~140 fM. Again, knowing
the particle concentration and the amount of unit cells per particle, the total amount of ions trapped
inside the particles can be estimated at 18.5 nM for Na*, 18.5 nM for Y**, and 74 nM for F. These
concentrations are much lower than the concentrations for the saturated solution, meaning that from
a thermodynamical standpoint, the particles are expected to dissolve completely. Meanwhile, the
kinetics of their dissolution depend on the accessibility of the particle surfaces to the aqueous phase.

Characterization of oleate-capped UCNPs after synthesis
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Figure S1. Characterization of the oleate-capped UCNPs (B-NaYFa4: 20%Yb, 2%Er) after
synthesis. The UCNPs were characterized by A: DLS in cyclohexane. B: TEM and C: XRD. The
XRD pattern of the nanocrystals (black) is compared to the corresponding standard pattern of
hexagonal phase NaYF, (red, ICDD PDF #16-0334).

Cuvette measurements of UCNP dispersions in 1 cm BRAND plastic cuvettes (Cat. No. 7590-15)
were performed with a homemade setup (Fig. S2). Excitation at 980 nm was provided by a
continuous-wave laser coupled to a single mode fiber with a maximum output of 350 mW
(Qphotonics, QFBGLD-980-350). Excitation light was focused in the cuvette by a lens of 100 mm
focal distance. Excitation power inside the cuvette was calculated to be 6.2 kW/cm? (see below).
The scattered/reemitted laser light was removed by a low pass filter (Semrock, E700SP). The
emission was collected through a monochromator (Jobin Yvon HC10IR) with an avalanche




photodiode (Excelitas SPCM-AQRH-16). Spectrometry was performed with an identical optical
path for excitation, with emission collected by a fiber spectrometer (Avaspec ULS3648).

fiber-coupled photon

laser counting

module

fiber
collimator
fiber
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f=+100mm monochromator
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filter

/ =+50mm f=+100mm \
flip-flop mirror

cuvette

Figure S2. Scheme of the setup for cuvette measurements.

To estimate the excitation intensity within the cuvette, the laser beam intensity profile was
experimentally measured inside the cuvette by the knife-edge technique, using a razor blade (~2
mm wide).” Briefly, the blade was glued on a thin steel rod, mounted on a two axis micrometer
translation stage (Thorlabs PT1A/M), and immersed in the cuvette filled with deionized water. This
setup allows to achieve a bidirectional motion, along the beam and vertically (Fig. S3, A). Through
the vertical movement, the razorblade progressively occludes the beam and thus, the beam power
collected by the detector (Newport 1917R power meter) gets lower. By repeating the measurement
at different depths in the cuvette, a full beam blade occlusion profile can be collected (Fig. S3, B),
from which the beam geometry can be calculated. For our calculations, the beam geometry was
considered to be Gaussian and circular (with no ellipticity). To correct for water absorption, we
compared the intensity of the transmitted beam with an empty cuvette and after filling the cuvette
with water. We found the water absorption to be non-negligible, at a value of 0.191 cm™. By
knowing the beam geometry and beam attenuation by the medium, the full excitation profile (Fig.
S3, C) and thus, the beam waist radius (30.6 um) and the average excitation intensity in the beam
waist (6.2 kW/cm?) can be estimated. Calculations were performed in Wolfram Mathematica 11.0.



Figure S3. Measurement of the excitation beam intensity profile for the cuvette setup. A: setup for
measuring the beam profile. The laser beam is occluded by a movable razor blade, permitting only
a part of the beam to go through. B: dependence of the transmitted power on lateral and vertical
blade position (black points) and its global fit with the occlusion curve (orange surface). C:
obtained beam intensity profile that takes into account water absorption inside the cuvette.

Luminescence spectroscopy of water-dispersed UCNPs
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Figure S4. Luminescence spectrum of the stock solution of polymer-coated UCNPs dispersed in
1 mM NaF at an estimated particle concentration of 0.8 mg/mL. The spectrum was measured by



Jocusing a 980 nm laser beam in a cuvette, with a calculated excitation intensity of 6.2 kW/cm’.

Microscopy setup and excitation intensity determination

Luminescence imaging of UCNPs was performed on an inverted microscope (Olympus 1X71)
equipped with a high numerical aperture objective (Olympus, UApo N 100x/1.49 Oil). A 980 nm
continuous-wave laser coupled to a single mode fiber with a maximum output of 350 mW
(Qphotonics, QFBGLD-980-350) was passed through a longpass filter(Chroma, E780LP) used to
excite the UCNPs with an excitation power density of 8 kW/cm? in epi illumination. Luminescence
emission was separated from the excitation beam by using a short pass dichroic mirror (Chroma,
T875spxrxt), while the residual laser light was removed by a low pass filter (Chroma, E700SP).
Emission was detected by an electron multiplying CCD camera (Hamamatsu, ImagEM X2 C9100-
23B) through an image splitting system for simultaneous dual wavelength imaging (Hamamatsu,
W-VIEW GEMINI). This splitting system was used with an appropriate dichroic mirror (Semrock,
FF560-FDi01) and band pass filters for green channel (Semrock, FF01-535/50) and red channel
(Semrock, FF01-660/30-25). We have calibrated the spectral response of our microscopy setup with
an external white light source as a reference and used this calibration for correcting the red to green
ratios. Acquisition was fully automated and controlled by scripts within the MicroManager
framework.® All static images shown in the article were recorded as an averaged stack of 100
images, each with 100 ms exposure time.

Wide-field microscopy images were treated with ImageJ 1.51h as part of the FIJI package. Stitching
was performed with the Grid/Collection stitching plugin.” Drift correction was done using a
homemade script written in ImageJ macro language (available on request). Spot fitting was
performed with the Gaussian Fit module of the GDSC SMLM package.® Data analysis was
performed with homemade scripts written in Python 3.4.3 (available on request).

Figure S5. Scheme of the microscopy setup.

To estimate the excitation beam profile in the image plane of our microscopy setup, we imaged
oleate-capped UCNPs dried at low density on a glass coverslip. A single UCNP was scanned
through the field of view, using the motorized XY stage (Marzhduser) with a step of 4 um (Fig. S6,
A). The UCNP luminescence was measured as a function of its position, which provides the
excitation intensity map (Fig. S6, B). To check the dependence of the UCNP luminescence on the
excitation intensity, the UCNP was positioned in the center of the excitation beam and its



luminescence was measured at various laser powers. In the high power regime used in our
experiments, the luminescence of the individual UCNP in the red channel was observed to be
linearly dependent on the laser power and thus, on the excitation intensity (Fig. S6, C). By fitting
the intensity map with a 2D circular gaussian profile (Fig. S6, D), the beam waist radius in the
image plane was found to be 28 pum. Knowing the laser power after the objective (96 mW), the
average excitation intensity was found to be 8 kW/cm? at the center of the beam, where the
excitation intensity varied by less than 10% (in a 6.3 pm radius from the beam center). Throughout
the paper, we only considered the luminescence of UCNPs positioned in the center of the beam.

Figure §S6. Measurement of the excitation beam intensity profile for the microscopy setup. A:
scheme of the mapping experiment. B: excitation intensity map in the field of view. C: excitation
power dependency for an immobilized particle. D: excitation beam profile at the maximum laser
power.

AFM measurements were performed on a Veeco Nanoscope I1Ia MultiMode AFM (Veeco, Santa
Barbara, California, United States) in tapping mode, using RTESP7 cantilever probes (silicon,
300 MHz). Raw AFM data were treated with the Gwyddion 2.40 software (automatic mean plane
subtraction, then automatic line correction by matching height median).

For correlated atomic force microscopy / wide-field upconversion luminescence microscopy
(AFM/Upcon), the particles were 1000-fold diluted in water from stock solution and dried for 1 h in
a vacuum chamber on mica glued to a thin steel washer. To ensure a clean flat surface, mica was
exfoliated with a scotch tape immediately before the experiment. The bottom side of the mica was
marked with a permanent marker (Staedtler permanent Lumocolor, red) to leave a spot clearly
visible in bright field microscopy. The position of the scanned region of interest (ROI) relative to
the marker spot was noted. Then, the sample was inverted and fixed on a glass coverslip with a




scotch tape. The marker spot was found by illuminating the sample with a white lamp, and the
objective was positioned with an XY stage with corresponding offsets relative to the spot, to find
the approximate position of the scanned ROI. The precise ROI was located manually afterwards.
Fig. S4 illustrates the protocol.

Afterwards, the luminescence images were treated by a landmark-based rigid transformation to
match the AFM geometry, using Landmark Correspondences F1JI plugin.’ The rigid transformation
was chosen to retain the spot proportions and inter-spot distances. Landmarks were set manually by
the user. An AFM-Upcon image (20x20 um) of immobilized UCNPs dried on mica is given in

Fig. S5.
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Figure §7. Sample preparation for correlated AFM/ wide-field upconversion luminescence
microscopy. A: Initial assembly of mica attached to a steel washer, with a marker on the bottom
side (red arrow). B: A drop of nanoparticle dispersion is added. C: After evaporation, AFM is
performed on the sample. D: The sample is then inverted and fixed to a glass coverslip. The marker
is located by eye in the bright field mode, and the exact ROl is located with an XY stage.

Figure S8. Full AFM-Upcon image (20%20 um) of immobilized UCNPs dried on mica as described
in Fig. §7. Red: luminescence in the red channel. Teal: sample height, as measured by AFM.

Monitoring UCNP dissolution by combined dialysis/conductometry



To directly confirm the UCNP dissolution, we performed combined dialysis/conductometry
measurements to monitor the ion leakage from UCNPs in real time. To this aim, 0.4 mL of UCNP
stock solution was desalted through an Illustra NAP-5 column (GE) that was equilibrated with
deionized water. 0.5 mL of nanoparticle dispersion was collected, diluted to 0.6 mL and closed in a
Teflon vessel capped with a SpectraPor RC 3 dialysis membrane (MWCO 3.5 KDa). The vessel was
immersed in 3.5 mL deionized water with a platinized conductivity cell (Radiometer CDC 745-9),
under continuous stirring. The conductivity of the dialysate was continuously measured by a
conductometer (Tacussel CD 6N). After 3-16 h (see below), 1-2 mL of dialysate was replaced with
deionized water and the pipetted dialysate was stored. This procedure was repeated 16 times in
total.

Before the experiment, all parts of the experimental assembly were thoroughly rinsed and soaked
20 min in deionized water to avoid contamination. This procedure was performed thrice.
Throughout the experiment, the temperature was kept at 22°C. All deionized water used in the
experiments was allowed to equilibrate with the atmospheric CO, over at least 4 h.

The scheme of the experiment is provided in Fig. S6A. For each dialysate dilution, the solution
becomes sub-saturated, lowering the conductivity. Then, UCNP dissolution starts and the solution
becomes saturated once more. At a certain point, when all ions escape the UCNPs and only surface
coating polymers are left inside the dialysis vessel, slower kinetics of conductivity restoration are
expected, as the concentration gradient decreases and dialysis rate drops.
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Figure §9. Monitoring UCNP dissolution by combined conductometry/dialysis. A: Schematic
representation of the experiment. B: Raw conductivity curves for the full duration of the experiment.
At each vertical line, a part of the dialysate was replaced by mQ water. First two cycles have been
performed with substitution of 1 mL, the other ones with 2 mL. C.: Conductivity restoration curves
for each cycle of dialysate refreshing.



The results are shown in Fig. S6B and C. As expected, we observed a drop in conductivity for each
dilution, as a result of the solution becoming sub-saturated in UCNP ions. Then, progressive UCNP
dissolution restores the solution saturation again. The initial curves show higher conductivities,
likely corresponding to the relatively fast diffusion of highly soluble NaF into the dialysate and
formation of less soluble YF; on particle surfaces exposed to water. The kinetics of conductivity
restoration become progressively slower at each dilution. At a certain point, when all ions escape
the UCNPs and only surface coating polymers are left inside the dialysis vessel, slower kinetics of
conductivity restoration are observed, as the concentration gradient decreases and dialysis rate
drops. To confirm that the membrane was intact and no UCNPs escaped the dialysis vessel during
the experiment, we also performed upconversion luminescence measurements in cuvette and found
no detectable luminescence in any of the collected dialysates. Comparing the luminescence of the
dialysis vessel content to the initial stock solution, we found a 36000-fold loss in luminescence
intensity, 1.e. 99.997% of signal was lost. Overall, these data are a direct proof of ion leakage from
UCNPs.

We also performed a theoretical estimation of conductivity restoration. We assumed that after
several dialysis cycles, YF; is the dominant solid phase at equilibrium, as it has the lowest known
solubility product among the solid phases that consist of the combinations of Na*, Y**, Yb*", Er’*
and F-,*'° and thus will be the last one to dissolve. We also assumed that hydrated Yb*" and Er’** are
equal to Y*" in terms of their mobility and molar conductivity."

Next, we calculated the concentration of ions in water over saturated YF; from its solubility
product®:

YF,(s)+H,0 = Y 43F,
K (YF ) =18.4.K (YF ) =[Y* ][ ['=3.98%10 7 3 [y |=[F ]
(73 =110 [ F]=33 um

Meanwhile, YbF; has higher solubility’:

PK (YOF ;) =16.6:[ Y67 |=31 uMt ;[ F~|=93 s

This implies that, similar to Na“, Yb*" ions are removed faster than Y*".
The influence of ErF; can be neglected, as it represents only 2% of lanthanide composition in our
UCNPs and has a pK; (ErF’;)=17.5, in between YF; and YbFs.

Next, we calculated the concentration of Y*" and F~ in the dialysate as a function of time. For this,
we made following assumptions:

1) The rate limiting step in mass transport at such concentrations is diffusion. The dissolution
process is assumed to be faster, even when a large proportion of UCNP surface is shielded by
coating. Diffusion is assumed to follow Fick's laws."

2) Solid phase dissolves faster than ion transport occurs, so the ion concentration inside the dialysis
vessel is constant, and changes only in the dialysate.

3) Both compartments separated by the membrane are mixed much faster than diffusion occurs.
Thus, diffusion through membrane is considered to be the rate limiting step.

4) Charge effects and transmembrane potentials arising from the difference in ion concentrations
inside and outside of the dialysis vessel are neglected. Both inner and outer solutions are considered
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to be neutral, so conservation of charge requires diffusion to be limited by the diffusion of the
slowest ion (Y*" with diffusion coefficient of 5.5x10"'° m*/s in water at 298 K '*). This is a
reasonable assumption for such highly diluted solutions.

5) No polymer coating or solid phase is expected to escape through membrane into the dialysate.
This is a reasonable assumption, as free polymers tend to assemble in micelles of about 10 nm in
size,” and the MWCO of membrane is more than 4 times lower than the average mass of individual
polymer chains.

6) The dispersion of UCNPs has already reached a dissolution equilibrium at the start of the
experiment.

7) The permeability coefficient (K) of regenerated cellulose for small inorganic ions is assumed to
be 0.2. Values for the Spectra/Por membrane used in this study are not openly available, but a
literature survey for a set of commercially available regenerated cellulose membranes'* suggests
that their permeability for small inorganic ions is very similar.

From these assumptions, we obtained the following system of parameters and differential equations:

C( Y3+ )UCNP dispersion =11 U M = constant

C(F ) yenp dispersion — 33 UM = constant
KAD
% ¢ ( Y3+ )dialysate = ]— ( ¢ ( Y 3+ )UCNP dispersion C ( Y > )djalysale )
0 KAD

ot C( F )dialysale: / ( C( F )UCNP dispersion C ( F )dialysate)

K=02;4=1.32 cm’ D=5 5% 107192 571 Sl=1mm

To calculate the conductivity, we use an infinite dilution approximation, which is reasonable for our
concentrations. The conductivity of the dialysate can be expressed from the Kohlrausch law as:

G:Z Zi}”icizg’ )“+(Y3+)C(Y3+)djalysate+}“7(F7)C(Fi )dialysate

where A are the ionic conductivityies at infinite dilution for the respective ions at 298 K.

Considering that mQ water is in equilibrium with atmospheric CO, (which doesn't substantially
influence YF; dissolution), we obtain a final expression for conductivity:

G:GmQ+c02+3 }~+(Y3+)C(Y3+)dialysate+}°7(F7)C(F7)dialysate

GmQ+C02:l S uScem™

The conductivity of mQ water in equilibrium with atmospheric CO, was measured experimentally
using the aforementioned setup.

By solving the system of differential equations for the dialysate concentration over time, the
theoretical curve for the conductivity dependence over time could be calculated (Fig. S6C).
Calculations were performed in Wolfram Mathematica 11.0. Calculation file is available upon
request.
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Large-ROI microscopy: effect of illumination, correlation of initial intensity and luminescence
loss

To confirm that the dissolution of UCNPs does not only happen in the sample volume that is
continuously illuminated by the laser, we immobilized UCNPs on PEI in the presence of 1 mM NaF
as described above. First, 49 (7x7) individual images of the sample luminescence were taken every
20 um and stitched into a large ROI. Then, the well was flushed thrice with mQ water and
incubated in the dark for 150 min. Finally, the well was flushed thrice with 1 mM NaF and the
imaging procedure was repeated.

Raw images are shown on Fig. S7A and B. Images of the highlighted region before and after
incubation with water are provided on Fig S7C. Similarly to luminescence homogeneity tests, spots
were fitted with free-angle 2D elliptic Gaussian. The intensity histograms were built for all spots
and for diffraction-limited spots (Fig. S7D and E).

A total disappearance of the luminescence for most particles and a strong decrease for others were
observed. Specifically, from 5458 particle spots (3189 taken as diffraction-limited) only 1342 (990)
retained significant luminescence. Taking the luminescence intensity of the disappeared spots as
zero, the overall luminescence loss of the sample was found to be 88% (82% for the diffraction-
limited spots), similar to the measurements on a small ROI performed under continuous
illumination. Thus, we conclude that continuous laser illumination did not affect the dissolution
kinetics of our sample and that it occurred in the same way across illuminated and unlit sample
regions.

To find out whether the extent of luminescence loss could be predicted from initial particle
intensity, we correlated initial particle intensity with its luminescence loss after 150 min in water.
This correlation was performed for all particles in the sample (Fig. S7F). We observed virtually no
correlation between these parameters, albeit a slight prevalence of high luminescence loss (50 to
100%) was noted for large aggregates. Thus, we conclude that the extent of luminescence loss
cannot be reliably predicted from the initial particle intensity.
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Figure S10. Wide-field imaging and size distribution of water-dispersed polymer-coated UCNPs
adsorbed on a thin layer of PEI in 1 mM NaF before and after incubation for 150 min in water. A:
144 %144 um ROl in the red channel, stitched from 49 (7x7) individual wide-field images.
Excitation was at 980 nm with an intensity of 8 kW/cm’. B: Same region imaged after incubation for
150 min in water. C: Overlap of 20%20 um boxed regions from A (green) and B (magenta). A slight
shift in the positions of some particles is commonly observed after multiple flushes.

D: Histogram of the integrated intensities of the 2D free-angle elliptic gaussian spot fits from image
A (red) and the same histogram excluding spots that have widths more than 25% larger than the
theoretical diffraction limit (blue). E: Same for image B. F: Correlation of the extent of
luminescence loss and initial particle intensity.
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Videomicroscopy of individual polymer-coated UCNPs in aqueous conditions was performed with
the aforementioned luminescence imaging setup, using Ibidi u-Slide 8 well glass bottom plates.
First, the wells were filled with 300 pL of 1 mg/mL solution of branched polyethylenimine (PEI,
Sigma-Aldrich, lot #408727) in 20 mM Tris buffer, pH 7.2. The wells were incubated for 20 min at
room temperature, allowing PEI to electrostatically bind to the glass. Then, the solution was
removed by a pipette and washed 2 times with 300 pL of 1 mM aqueous NaF. The stock particle
dispersion was 100-fold diluted and added to the well. After 2 min of incubation, the particle
dispersion was removed, and the wells with immobilized particles were washed 3 times with

300 uL of 1 mM NaF, before starting the imaging sequence. Images were taken every 30 seconds.
As mechanical manipulations (e.g. washing) on the microscope stage induce local strains and
movement of the microscopy oil, a focus drift was observed. To compensate, the focus was adjusted
manually throughout the experiment to provide a stable diffraction-limited PSF. After 25 min, the
buffer was removed from the well and the particles were washed 3 times with 300 puL of deionized
water or 30 uM NaF in water. For the | mM NaF condition, this step was omitted. After that, the
imaging sequence was continued for ~150 min. Frames that gave a consistent change of spot width
for all particles were deemed “out of focus” and discarded.

Wide-field videos of UCNP luminescence over time in different conditions are available in the
Supporting Information section of the website of the journal (video files labeled
“dissolution_ImM_NaF to water.avi”, “dissolution 1mM_NaF to NaF30uM.avi” and
“dissolution ImM_NaF continuous.avi”, corresponding to particle dissolution in water,

30 uM NaF and 1 mM NaF, respectively). Raw uncompressed image stacks in TIFF format are
available on request.

Wide-field images of polymer-coated UCNPs in fluoride buffers and magnified individual
particles

Figure S11. Luminescence over time of individual polymer-coated UCNPs in 30 uM sodium
fluoride solution. Wide-field image of polymer-coated UCNPs in the red channel immediately after
washing (A) and after 150 min incubation in 30 uM NaF (B), with several particles highlighted. (C)
Time-dependent changes of the images of the highlighted particles (1.28%1.28 um).
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Figure S12. Luminescence over time of individual polymer-coated UCNPs in 1 mM sodium fluoride
solution. Wide-field image of polymer-coated UCNPs in the red channel immediately after washing
(4) and after 150 min incubation in 1 mM NaF (B), with several particles highlighted. (C) Time-
dependent changes of the images of the highlighted particles (1.28%1.28 um).

Measurements of the changes in UCNP luminescence over time in cuvette

To observe the dissolution-related effects at the ensemble level, we diluted by 100-fold the UCNP
dispersions in deionized water, 30 uM NaF or 1 mM NaF, and continuously monitored the photon
counts with a sensitive avalanche photodiode, using an integration time of 1 s. The results for the
red and green emission intensities and the RTGR are shown in Fig. S10 (each curve is an average of
two experiment repeats, smoothed with an 11-point normal-weighted rolling average).

Figure S13. Cuvette measurements of the luminescence changes over time of polymer-coated
UCNRPs in aqueous solutions. A: red band. B: green band. C: red-to-green ratio.

Excitation intensity dependence of UCNP luminescence in the presence of 1 mM NaF

To investigate how the excitation intensity affects the UCNPs' band ratio, particles were
immobilized on PEI in the presence of 1 mM NaF. The single particles in the center of the beam
were illuminated with different excitation intensities by adjusting the laser power. To get a robust
estimate of the RTGR values, the experiment was repeated 10 times over 30 minutes (Fig. S14, A).
Focus drift was corrected by hand throughout the measurement. The particles showed a decrease in
the RTGR value which correlated with the decrease in excitation intensity (Fig. S14, B).
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Figure S14. Excitation intensity dependence of UCNP red to green ratio (RTGR). A: Mean (+/-
standard deviation) of RTGR values measured for 18 particles under different excitation intensities.
Measurements were repeated 10 times over 30 minutes on the same field of view to check the
stability over time. B: Average excitation intensity dependence of RTGR values, calculated as an
average over 30 minutes.
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Part 4. SPT with UCNPs in living cells

Proof of concept 2D and 3D SPT experiments with UCNPs have been described by a
few research groups (Jo et al., 2015, Nam et al, 2011; Wang et al., 2018). As a model
system, the groups used nanoparticle endocytosis and their subsequent transport along the
microtubules inside cells. These reports showed that employing UCNPs in SPT has benefits
of high SNR and uninterrupted stable luminescence, two features extremely valuable for

tracking experiments.

Endosomes are only one of the myriad possible tracking targets in cells. Unfortunately,
regular water-dispersed nanoparticles lack specificity for recognition of the vast majority of
biological molecules and/or assemblies. Adapting UCNPs towards targeted tracking by
attaching targeting modules to their surface would allow them to track any target of interest,
similarly to existing experiments with QDs, organic dyes or gold nanoparticles. To our
knowledge, targeted tracking with UCNPs has not been done yet. We decided to explore this

idea further.

To estimate if UCNPs would yield reasonable information, we decided to perform as a
model experiment, the tracking of FceRI receptors on the surface of murine basophilic cells
(line RBL-2H3), using UCNPs decorated with IgE antibody. This system was very well
investigated via a variety of methods (including SPT), so that multiple datasets are available
to compare with our experiment. As a basis for our experiment, we selected the study by the
group of Diane Lidke (Andrews et al., 2008), which involved tracking of quantum dots
attached to IgE by biotin-streptavidin linkage. We reasoned that out of the possible methods
to decorate the particle with biomolecules, biotin-streptavidin linkage is likely one of the
simplest, as biotin can be easily attached to the polymer surface, and subsequently connected

to a biotinylated IgE with a streptavidin in between (so-called “sandwich” linkage strategy).

Our findings are summarized in the following manuscript, which we aim to publish as

soon as we will finish all supporting experiments.
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Abstract

Single-particle tracking (SPT) is a powerful technique for elucidating the behavior of cell
components in real time, especially in regards to microrheology. SPT is based upon labeling the
component of interest with a luminophore, such as a fluorescent dye or a light-scattering gold
nanoparticle, and visualizing its movement by real-time microscopy, typically in wide-field mode.
However, SPT suffers from mediocre performance of luminophores: fluorescent dyes and proteins
have low brightness; luminescent quantum dots usually suffer from sporadic switching behavior
that interferes with track acquisition and interpretation; and light-scattering gold nanoparticles
require custom experimental setups and have a lower limit on particle size for tracking purposes.

In recent years, upconverting nanoparticles (UCNPs) have been shown to be a promising
luminophore that enables background-free anti-Stokes luminescence imaging. They are also
attractive for SPT applications due to their extreme photostability and steady non-blinking
luminescence. Previously, SPT with UCNPs has been shown on nanoparticle endocytosis. However,
targeted SPT with UCNPs that specifically bind to biomolecules of interest has not been achieved
yet.

In this work, we provided a proof-of-concept experiment of targeted SPT with UCNPs, and
show the superior performance of UCNPs in comparison to organic dyes and quantum dots. As a
benchmark system for assessing UCNP performance, we tracked FceRI receptors on the surface of
RBL-2H3 cell membranes using UCNP-IgE conjugates, and noted good agreement of our results
with literature data. Importantly, the biotin-streptavidin architecture of our system allows easy
swapping of targeting elements, allowing the particles to be used towards different targets. Overall,
this report lays the groundwork towards practical application of UCNPs in SPT.

Introduction

Single-particle tracking (SPT) is a unique fluorescence microscopy technique that allows
direct visualization of the movement of individual molecules and particles. SPT is based on
monitoring optically active labels attached to the targets using an optical videomicroscope. If the
labels are distributed sufficiently sparsely, they form an image with multiple diffraction-limited
spots, from which the labels can be precisely localized, with a typical of ~30 nm and down to ~1 nm
depending on the setup. Afterwards, label positions over time can be combined into trajectories,
colloquially known as tracks. Tracks contain information on the movement of the label, which can
provide insights on the microrheology of the sample, the preferential areas for target localization, as
well as the kinetics and dynamics of target transport in the sample, etc. A variety of methods for



track analysis exist, the most popular one being the mean square displacement (MSD) analysis.

SPT is primarily utilized in cell biology, to monitor the diffusion of membrane components
and intracellular trafficking of biomolecules and assemblies (e.g. endosomes).

Typically, the label is comprised of two elements: the optically active element, e.g.
a fluorescent molecule, and the specificity element (targeting element), e.g. antibody or aptamer,
which is responsible for the attachment of the label to the desired target. Common implementation
of SPT in biology is based on fluorescence microscopy with organic dyes or quantum dots (QDs),
and light-scattering microscopy (dark-field microscopy) with gold nanoparticles (GNPs). SPT has
very specific demands for labels. The labels must be bright enough to yield sufficient signal-to-
noise ratio at exposure times of ~50 ms and less, their luminescence should be long-lived and
uninterrupted to yield information-rich well-connected tracks, and they should exhibit minimal non-
specific interactions with their environment.

Currently, SPT is limited by the suboptimal performance of the label optical elements that are
commonly used. Organic dyes show sporadic photoswitching (bl/inking) and fast photobleaching,
leading to short, information-poor tracks. Common QDs are strongly blinking as well. Imaging of
organic dyes and QDs is also affected by the autofluorescence of biological samples, especially with
excitation in the blue and UV region. Meanwhile, GNPs show sufficient light scattering only at
sizes above 40 nm, which can perturb the target's behavior. Imaging with GNPs is limited also by
the background resulting from the light scattering by the sample, and lacks the possibility for
imaging with multiple spectral channels, as GNPs scatter light at all wavelengths.

In recent years, new luminophores, called upconverting nanoparticles (UCNPs), have
attracted considerable attention from the imaging community in biology.

UCNPs are based on the upconversion phenomenon, consisting in the sequential absorption
of several low-energy photons with subsequent emission of a single high-energy photon. This
process shares some similarity with two-photon absorption (TPA), but differs from it by its very
high efficiency. Typical UCNPs are spherical particles of 10-100 nm in diameter, constructed from
an ionic fluoride material that is doped at high concentration with two lanthanide ions, acting as
sensitizers and emitters. The sensitizers absorb low-energy photons and sequentially transfer their
energy to the emitter ion. As a result, the emitter ion gets excited into an intermediate excited state
and then into a high-energy excited state, from which it can emit a high-energy photon. A frequently
used UCNP composition is NaYF,: 20% Yb*", 2% Er**, in which Yb*" is the sensitizer, absorbing at
980 nm, and Er’" is the emitter, emitting at 540 nm and 660 nm. The UCNP emission can be tuned
by the ion composition and doping strategy. To render particles
compatible with biological conditions, multiple strategies for water dispersibility and surface
decoration have been developed.

The key advantage of UCNPs for biological imaging is their capability to emit with a large
anti-Stokes shift under excitation from cheap continuous-wave diode lasers. As no biological object
exhibits upconversion, imaging with UCNPs benefits immensely from the absence of
autofluorescence. UCNPs are also extremely resistant to photobleaching, and the non-cooperative
emission of hundreds of individual ions inside the particle ensures stable and non-blinking
luminescence. These properties make UCNPs particularly attractive
optically active elements for SPT labels. Several groups have pioneered 2D and 3D tracking with
UCNPs by following endocytosis of nanoparticles as they were gradually uptaken by living cells.

Related work used optically trapped
upconversion microparticles to measure cell viscosity. In another
relevant report, instantaneous ballistic velocity of diffusing UCNPs was measured by using UCNPs
with a temperature-sensitive spectral response.



However, to our best knowledge, no fargeted tracking of UCNPs has been reported so far, and
the existing efforts have been limited to the observation of nanoparticle endocytosis. While
endocytosis is an important process to be monitored by SPT, particularly in the field of drug
delivery, there are multiple other potential targets in which SPT could benefit from the improved
label performance provided by UCNPs.

In this study, we provide a framework for constructing and imaging highly homogeneous SPT
labels based on UCNPs with an attached targeting moiety. To validate the performance of UCNPs,
we performed SPT of FceRI receptors on the membrane of RBL-2H3 mast cells, using IgE antibody
as a targeting element bound to UCNP. This FceRI receptor/IgE system has been previously
investigated by SPT with “conventional” labels

, allowing us to compare the performance of our UCNPs.
The latter were found superior to other SPT label optical elements, notably in respect to their
photostability, steady non-blinking luminescence, and elimination of autofluorescence due to their
large anti-Stokes shift. We used a “plug-and-play” biotin-streptavidin label architecture, which
allows to rapidly substitute the targeting element by any biotinylated biomolecule. This architecture
can be used for the tracking of any target, similarly to SPT with commercially available
streptavidin-coated QDs. Our findings underline the potential of UCNPs for SPT, and serve as a
basis towards practical autofluorescence-free targeted SPT.

Results and discussion
Based on the ample literature on the design of nanoparticle-based luminescent labels,
we chose a biotin-

streptavidin non-covalent linkage as our preferred strategy for constructing our label (Fig. 1).
Specifically, we decided to opt for streptavidin-decorated particles and biotinylated targeting
elements. Binding of biotin to avidin is one of the strongest non-covalent links in biology. Avidin is
a homotetrameric protein with four binding sites for biotin. Streptavidin, a variant of avidin, has
improved binding affinity and also high stability against temperature and pH extremes. The high
strength of biotin-streptavidin linkage and its stability in biological conditions ensure that the label
does not spontaneously disassemble during the experiment. Also, this approach masks the particle
surface with protein, providing it with a “built-in” protein corona. This positively impacts the
particle performance by mitigating the interactions of the surface charges with the environment and
making the non-specific binding profile more predictable, as already shown for similar streptavidin-
coated nanoparticles used for SPT.

Figure 1. Biotin-streptavidin-biotin strategy for assembling SPT labels (elements not to scale).



To develop our SPT labels, we synthesized homogeneously doped UCNPs of composition
NaYF,s: 20% Yb, 2% Er UCNPs, 30 nm in diameter. This matrix material and doping composition
were chosen due to the well characterized synthesis and properties of these UCNPs.

Also, homogeneous doping simplifies the particle preparation protocol. The
particle size was chosen to be sufficiently large for ease of imaging (as bigger particles contain
more ions and therefore are brighter) but also sufficiently small to not significantly perturb the
diffusion of the target cell membrane receptor. The
characterization of the raw UCNPs synthesized for this work is provided on Fig. 2. Full particle
characterization is available in Supporting Information (Section A).
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Figure 2. Characterization of raw UCNPs after synthesis. A: Dynamic light scattering (DLS) size
distribution of raw UCNP dispersion in cyclohexane. B: Transmission electron microscopy (TEM)
of dried diluted UCNP dispersion. C: X-ray diffraction (XRD) spectra of UCNPs and - NaYF,.

As the initial particles are dispersible only in organic solvents due to a layer of oleic acid on
their surface, we coated the particles with a layer of amphiphilic polymer to make them water-
dispersible (Fig. 3). Polymer synthesis, characterization, particle coating and purification protocol
are provided in Supporting Information (Section B). During synthesis, the polymer was decorated
by biotin groups attached to a short PEG spacer. Upon exposure to water, the PEG spacer is strongly
hydrated, thus preventing the biotin group from “hiding” inside the hydrophobic layer between the
particle and coating surface. The spacer also aids the subsequent formation of the link with
streptavidin, ensuring that there is enough space between the UCNP surface and streptavidin so that
biotin can fully position itself in the streptavidin binding pocket.



hydrophilic groups

0.75 eq. dodecylamine ‘II PEG,-Biotin

o 0.20 eq. MeO-PEG,-NH, o OH PEG,-MeO P ;
0.05 eq. Biotin-PEG,-NH, ¢

I

3 eq. DIPEA n ;
" 30 min in dry DMF, 20°C
o R
amphiphilic n-dodecyl
polymer
hydrophobic groups
‘t“ e .. _?_,:fr “\"‘:
1) mix in CHCl, g g

2) add 75 mM NaOH ~X
3) evaporate organic phase :

oleate-capped UCNP

e I e s Y Y

Figure 3. Scheme of biotinylated amphiphilic polymer synthesis and formation of biotinylated
particle coating (elements not to scale).

Besides the luminescence properties, there are multiple other required qualities for an SPT
label. The most important ones are the label homogeneity in respect both to particle size and
luminescence, strong link between the particle and the targeting element, and low non-specific
binding. High label homogeneity is required so that individual labels can be clearly distinguished
from label oligomers or aggregates based on their luminescence alone, as the diffraction-limited
nature of wide-field imaging precludes sizing the nanoparticles based on the spot shape (unless the
aggregate is particularly large). To ensure that the coated UCNPs were homogeneous in size, we
performed dynamic light scattering (DLS).

Afterwards, the particles were coated with streptavidin and purified by size-exclusion
chromatography. Full protocol and particle characterization are available in Supporting Information
(Section C). We also confirmed the monodispersity of the particles by comparing their DLS size
distributions before and after coating. We noted a slight amount of particle oligomerization,
however the vast majority of the particles remained individual (Fig. 4B).
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Figure 4. Characterization of polymer-coated and streptavidin- decorated particles. A: DLS curve
of polymer-coated particles. B: same for streptavidin-decorated particles.

To confirm that the streptavidin bound to the particle surface had the possibility to connect to
multiple biotins, we mixed biotinylated particles with various quantities of streptavidin. Particle
aggregation caused by the addition of low amounts of streptavidin confirmed that streptavidin
bound to particle surface was afterwards able to bind to another particle and thus, cross-link
particles together (Fig. 5).
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Figure 5. Particle aggregation induced by varying amounts of added streptavidin. A: DLS size
distributions for biotinylated UCNPs mixed with bovine serum albumin (BSA) (black), low
concentration of streptavidin (red), and large excess of streptavidin (blue). B-D: Wide-field
luminescence microscopy for respective samples and cartoon representations of the resulting
particles: (B) individual UCNPs with corona of BSA, (C) UCNPs cross-linked with low amount of
streptavidin, and (D) individual UCNPs with bound streptavidin.

To assess UCNPs as optical elements of SPT labels, we used them for the tracking of FceRI

receptors on the membrane of RBL-2H3 mast cells, a system that was extensively investigated by
SPT with other labels.



Mast cells are immune cells that express on their surface a family of Fc receptors that can
selectively bind the Fc fragment of antibodies. Upon binding, the antibody retains its selectivity
towards its antigen, as this selectivity is governed by the Fab region, which remains accessible to
the extracellular space. Cells that possess antibodies bound on their surface are called primed. If a
multivalent antigen is captured by multiple antibodies on the surface of a primed cell, the receptors
can cross-link, initiating a cascade of signaling processes inside the cell. This ultimately leads to a
process called degranulation, in which mast cells expel vesicles (granules) filled with a mixture of
various inflammation-promoting proteins and chemical compounds (e.g. histamine, cytokines) (Fig.
6). This process is also accompanied by membrane deformations, known as membrane ruffling.
Overall, degranulation of mast cells plays a central part in mammal allergic response.

Previous SPT studies of labeled FceRI-IgE complexes showed that they exhibited a partially
restricted lateral diffusion in the cell membrane. Upon cross-linking, the receptors formed
aggregates, which were much less mobile.

As the diffusion behaviors of primed and cross-linked receptors
were extensively studied in the literature, we will be able to compare them with our data and thus,
assess the performance of UCNP-based labels for SPT.

FceRI
mast .

cell ~_ ~

+TgE(Y)

priming

+ antigen ( rose-
- O)l linking

Figure 6. Simplified description of degranulation process in mast cells. Upon priming with IgE
followed by receptor-antibody complex cross-linking by a multivalent antigen, cells begin to release
granule contents and ruffle the membrane.

To prepare UCNP-IgE conjugates, we biotinylated IgE by a reagent comprised of biotin
coupled to a moderately hydrophobic linker with an activated ester on the other end. To minimize
the perturbation of the antibody functions, we adjusted the reagent concentrations in such a manner
that approximately 2/3 of antibodies were left intact, while ~1/3 would have a single biotin



attached, and a negligible quantity would be labeled with 2 or more biotins. Full protocol and
antibody characterization are available in Supporting Information, Section D. The use of a linker
induces some space between the antibody and the biotin, ensuring that the biotin can properly
position itself in the binding pocket. The linker also provides the UCNP-bound antibody with more
conformational freedom for its subsequent binding to the receptor and the antigen.

To ensure that the cells had a preserved degranulation behavior and that our reagents were
active, we performed a colorimetric B-hexosaminidase assay, which is widely used to quantify the
extent of mast cell degranulation. Briefly, granules of RBL-2H3 cells contain enzymes, including -
hexosaminidase. An appropriate substrate, 4-nitrophenyl N-acetyl-B-D-glucosaminide, can be
cleaved by this enzyme, resulting in the release of 4-nitrophenol, which efficiently absorbs light at
405 nm in basic conditions (pH>10). Thus, incubating the supernatant after degranulation with the
substrate compound allows to quantify the concentration of the released enzyme, and estimate the
extent of degranulation. As antibody, we used IgE, which selectively recognizes dinitrophenyl
(DNP), a small chemical group. As a multivalent antigen, we used BSA decorated with multiple
DNP groups (DNP-BSA). As DNP is not found natively in RBL cells, common cell media or
buffers, this allows to minimize the accidental activation of cells caused by off-target recognition.
Degranulation of mast cells was observed upon priming with IgE and cross-linking with DNP-BSA
(Figure 7), allowing ~15% of total enzyme content to escape with granules, as observed for
degranulating sample (+IgE +DNP-BSA on figure). If cells are not primed, or cross-linking agent is
absent, no significant degranulation was observed. This behavior is in line with previous reports on
degranulation with the same antibody/antigen pair in appropriate concentrations (100 ng/mL IgE
and 50 ng/mL DNP-BSA).[REF Pandey/Cockroft J Immunol 2004| Full assay protocol is
available in Supporting information, Section E.

+IgE -DNP-BSA

-IgE +DNP-BSA

+IgE +DNP-BSA

lysed cells (pos. control)
-IgE -DNP-BSA (neg. control)

0.2 00 0.2 04 06 038 1.0 1.2 14

B-hexosaminidase assay signal
(normalized to controls)

Figure 7. Quantification of degranulation by the p-hexosaminidase assay, as determined by the
absorption of released 4-nitrophenol at 405 nm in basic conditions. Values represent the average
for 5 experimental repeats, error bars represent 1 standard deviation. Data and standard deviations
have been rescaled so that average values of the negative control and to positive control
correspond to 0 and 1, respectively. Normalized in this way, the data represents the amount of the
released [-hexosaminidase compared to its total quantity in cells. Priming IgE concentration was
100 ng/mL, cross-linking DNP-BSA concentration was 50 ng/mL.

We also performed bright-field phase contrast videomicroscopy to observe the degranulation
process. Upon exposure to antibody, most cells did not show any change in morphology (Fig. 8A).
In contrast, upon degranulation induction by exposure to the antigen, the vast majority of cells
showed rapid changes in morphology. Within 2-3 min, cells were observed to spread, generating a
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large number of extensions in all directions, as well as large ruffles on their membrane (Fig. 8B).
All morphological observations are consistent with literature data on RBL-2H3 cell degranulation.
[REF Sahara J Histochem/Cytochem 1990, Pandey J Immunol 2004, and Spudich Cell
Motility 1994] We also noted that a minority of cells exhibited a degranulation-like morphological
response immediately upon priming by the antibody. Literature suggests this behavior to be induced
by the IgE antibodies sourced from our supplier (Sigma-Aldrich, SPE-7 clone).|REF Bax Sci Rep
2015]

Fig. 8C shows cells that were not primed with IgE, but exposed to antigen did not show any
significant morphological changes after 15 min of exposure to antigen, suggesting that no
degranulation took place.

1) wait
. 30 min for
full priming

DNP-BSA
15 min

Figure 8. Bright-field phase contrast videomicroscopy of RBL-2H3 cells upon priming with anti-
DNP IgE and crosslinking with DNP-BSA. A: Images of cells primed with 100 ng/mL IgE over 30
min. The cells were then activated with 50 ng/mL DNP-BSA. B: Images of the degranulation
process in the same sample, taken at 1, 3, 7.5, 15, and 30 min, respectively. Cells rapidly spread on
the surface and exhibit characteristic ruffles on the membrane. C: Non-primed sample did not show
any marked differences in morphology in the presence of antigen. All images are 160x160 um.

In a next step, we assembled the label by directly mixing the biotinylated IgE with
streptavidin-coated UCNPs, and performed imaging and tracking experiments. Cells were grown in
glass-bottom multi-well plates, mounted on the microscope at 37°C, exposed to the label, and
imaged in bright-field and wide-field luminescence microscopy mode with 980 nm excitation to
visualize UCNPs. To reduce the background luminescence caused by particles out of focus

9



(inherent in wide-field imaging), we employed total internal reflection (TIRF) excitation geometry.
This allows exciting only the particles within ~200 nm from the surface, ensuring that the particles
visible on the image are bound either to the glass surface or to the basal surface of the adherent
cells. Full experimental conditions and protocol for the tracking experiment are available in
Supporting Information, Section F. To validate our microscopy setup and our analysis, we
performed tracking of the Brownian diffusion of polymer-coated UCNPs in water-glycerine
mixtures of known viscosity. Experiment protocol and results are available in Supporting
Information, Section I.

Fig. 9 shows typical cell images during different steps of the experiment. Of note, we
observed a rather high degree of non-specific binding of UCNP-IZE labels to the glass surface,
resulting in immobile particles and particle aggregates all over the field of view. Videos of cells in
wide-field upconversion luminescence mode were taken 5 min after adding UCNP-IgE conjugates
and then again 15 min, after adding the antigens. To make sure that cells were showing “native”
receptor diffusion behavior, the experiment was performed at 37°C on a microscope equipped with a
heated incubator covering the stage and the objective turret.

bright-field

IR excitation/
visible emission

Figure 9. Images of adherent RBL-2H3 cells used for single-particle tracking of UCNP-IgE
conjugates on basal cell membranes. A, B, C: Bright-field images of cells before adding UCNP-IgE
conjugates, after adding conjugates, and after adding DNP-BSA, respectively. D.E: Wide-field
upconversion luminescence images of cells in B and C, respectively. F,_G: close-ups of boxed
regions in D and E, respectively.
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The tracks were analyzed through a mean square displacement (MSD) analysis. Briefly, MSD
values are the means of the squares of the particle displacements at positions separated by a given
time lag. MSD-time lag dependence contains information about the particle diffusion coefficient
and also allows to qualitatively estimate the nature of the movement of the particles: directed
(superdiffusive), Brownian, restricted (subdiffusive) or immobile.

In our case, we used a 2D diffusion model, which is appropriate for receptors moving laterally in
the basal cell membrane, and thus, approximately perpendicular to the collection beam. The full
protocol for the tracking analysis is available in Supporting Information, Section G. We removed
immobile particle tracks from the overall track population, as well as particles with highly directed
movement, which are typically associated with nanoparticle endocytosis. To assess the possible
heating effects induced by laser illumination, we estimated the heating effects in our microscope
configuration based on comparison with literature (Supporting Information, Section J). Our
estimation suggested no significant heating effects in our setup that could induce substantial
perturbation of the investigated system.

Fig. 10 shows examples of tracks and diffusion coefficient distributions for our experiment.
The median diffusion coefficient we obtained for UCNP-IgE-FceRI complexes before and after
adding antigen was 0.046+0.068 (n=459) and 0.024+0.037 um?/s (n=647), respectively. It is
important to note that the distributions of diffusion coefficients are frequently asymmetric and also
can be heavily tailed. Because of this, values of diffusion coefficients are given as median value +
interquartile range (IQR). Importantly, these values are close to values reported with quantum dots
and organic dyes in similar experimental conditions.

Table 1 illustrates the comparison with literature. Overall, our data are in good agreement
with previous reports, albeit the movement of the receptors cross-linked by antigen seems to be
slightly faster. This may be induced by the rather large size of the UCNP, which reduces the access
of the freely diffusing antigen molecules to the receptor-bound antibody, and thus partially inhibits
the cross-linking. The diffusion coefficient value is slightly lower, which we associate with the
significant size of our UCNPs (~45 nm hydrodynamic diameter). While such particle size is likely
not enough to slow down receptor diffusion due to drag forces (diffusion coefficient of the free
particle ~15 pm?/s), the larger particle surface has more possibility for spurious non-specific
interactions with the membrane, which could temporarily hinder the particle movement.

Unlike in experiments with quantum dots and/or organic dyes, our analysis does not require
any compensation for blinking, as UCNPs provide uninterrupted tracks with uniform, consistent
luminescence, with an average track length of approx. 280 frames for 1000 frame acquisitions.
Upon manual inspection, the majority of interruptions in the tracks were found to be caused by the
particle going out of focus. Such high track consistency greatly simplifies the data analysis and
reduces the risk of erroneously mismatching two particles in close proximity to each other.
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Figure 10. Examples of UCNP-IQE tracks and cumulative histograms of lateral diffusion
coefficients of UCNP-IgE-FceRI complexes obtained from SPT. A: Examples of UCNP-IZE tracks,
of 100-900 total points in length, recorded at 33 fps. B: Normalized cumulative histogram of

diffusion coefficients for tracks before and after addition of the antigen.
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Andrews et al., unspecified QD-IgE 0.086+0.075 0.008+0.021 34-36 30 ms
2009
(Immunity)
Andrews et al., = epi, apical surface QD-IgE 0.074+0.065 0.010+0.038 37 30 ms
2008 (Nat Cell
Biol)
Andrews et al., TIRF, basal surface QD-IgE 0.077+0.065 unspecified 37 30 ms
2008 (Nat Cell
Biol)
Shelby et al., | TIRF, basal surface ~ Alexa 647-I1gE 0.1 0.02 22 33 ms
2013 (Biophys and
)] Alexa 532-IgE
Spendier et al., | TIRF, basal surface ~ Alexa 488-IgE 0.041+0.042 unspecified 37 50 ms
2012 (FEBS  ofa cell in contact and or
Letters) with an antigen- =~ ATTO 647-IgE  0.170+0.145,
containing depending on
supported bilayer morphology of
the contact spot
Schwartz et al., TIRF, basal surface FceRI-MG-FAP 0.15 unspecified 37 50 ms
2014 (ACS
Chem Bio)
this report | TIRF, basal surface UCNP-IgE 0.046+0.068 0.024+0.037 37 30 ms
this report | TIRF, basal surface  Alexa 647-IgE 0.078+0.069 0.051+£0.064 37 30 ms

Table 1. Comparison of the values of diffusion coefficients with literature data.
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We have also tried to perform SPT with organic dyes to further validate our results. For this,
IgE was conjugated with Alexa Fluor 647, an organic dye with far-red emission (to reduce
autofluorescence background), high brightness, and reasonable photostability. Details for antibody
preparation and experiment conditions are available in Supporting Information, Section H. Overall,
we found SPT based on this dye to yield unreliable results due to blinking and bleaching, which
precluded us from collecting robust tracks: only ~15% of collected tracks passed the fit quality
criteria to be included in diffusion coefficient distribution (in comparison to ~60% for UCNPs, see
Supporting Information, Section G for details on track quality criteria).

In regards to brightness, UCNPs were found to be 10-fold brighter than Alexa Fluor 647
organic dyes (~2*10* vs ~2*10° camera counts per spot per frame, respectively; organic dye
brightness being taken for unbleached dyes at the start of acquisition). The higher brightness of
UCNPs improves the reliability of obtained data and can also allow imaging at faster framerates.
For UCNPs, the average localization accuracy was calculated to be 50+43 nm from the MSD curve
vertical offset and slope. Meanwhile, the localization accuracy
for the dye experiments was larger, at 59+47 nm, in line with lower brightness of organic dyes.

As UCNPs are known to be prone to dissolution at high dilutions employed in optical
microscopy, we also
performed particle dissolution experiments to confirm that the UCNPs retain their luminescence
during the experiment. Description and details are shown in Supporting Information, Section K.
Overall, we noted that our particles were resistant towards the dissolution in HBSS, the buffer we
employed throughout the measurements.

Conclusions and perspectives

To summarize, we constructed a label for targeted SPT of biological molecules in living cells,
incorporating UCNPs as an alternative luminophore. Our protocols allow to produce particles with
the high monodispersity that is necessary for SPT applications. Our label shows improved
performance in SPT experiments, especially in regards to brightness, photostability, absence of
background, and continuous luminescence. The uninterrupted, long tracks allow robust collection of
information about the tracked target's behavior, and also simplify data analysis. A significant
advantage of our label lies in its easy adaptation towards various targets: the binding specificity of
the particles can be changed merely by reacting the particles with a different biotinylated targeting
element (e.g. antibody or small-molecule ligand). Biotinylated targeting elements can be easily
prepared or purchased from commercial suppliers.

Further improvement in the use of UCNPs for SPT applications may be anticipated by using
the smaller and brighter UCNPs optimized specifically for optical microscopy, which have been
very recently developed.

Moreover, due to the gradual increase of background luminescence resulting
from internalized UCNPs, a promising future direction for research would be the introduction of
controllable luminescence switching mechanisms in UCNP-based SPT labels. This would allow to
switch off background-inducing UCNPs and then incubate the cells with a fresh portion of labels to
continue robust, high-contrast SPT over extended periods of time.
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Supporting information

Section A. Characterization of the raw oleate-capped UCNPs.

Unless otherwise specified, reagents and solvents were bought from Sigma-Aldrich (Merck)
and used without further purification.

The XRD patterns were recorded on a Huber Guinier G670 diffractometer with a Cu-Ka
source (A = 1.54060 A).

DLS measurements were performed in Brand plastic cuvettes (lot #759015) on a Malvern
Zetasizer Nano ZSP instrument. Correlation curves for each sample were accumulated 3 times.
Curves were treated with the “normal resolution” parameter set. All presented DLS curves represent
size distributions by volume.

The luminescence spectrum of the prepared UCNPs and the spectrometry setup are shown on
Figure SA1. Spectrometry was performed in 1 cm BRAND plastic cuvettes (Cat. No. 7590-15).
Excitation at 980 nm was provided by a continuous-wave laser coupled to a single mode fiber with
a maximum output of 350 mW (Qphotonics, QFBGLD-980-350). Excitation light was focused in
the cuvette by a lens of 100 mm focal distance. Excitation power inside the cuvette was calculated
to be 6.2 kW/cm?® (for calculation of beam intensity, please refer to the supporting information of
our previous article ). The scattered/reemitted laser light was removed by a
short-pass filter (Semrock, E700SP). Spectra were recorded by a fiber spectrometer (Avaspec
ULS3648).

Figure SAI1. Homemade spectrometry setup and luminescence spectrum of a dispersion of the raw
oleate-capped UCNPs in cyclohexane, with excitation at 980 nm and 6.2 kW/cm’ average intensity
in the collection volume.

Section B. Synthesis and characterization of the biotinylated amphiphilic
polymer and coating/purification protocol for UCNPs.

Synthesis of the biotinylated polymer was performed via the following protocol.

In a 10 mL flask with a septum flushed with argon, 31 mg dodecylamine (168 pmol, 0.75 eq),
4.3 mg of biotin-PEG;-amine (11.2 pmol, 0.05 eq, Iris Biotech) and 9.3 mg of
methoxy-PEG;-amine (44.7 pmol, 0.2 eq, Iris Biotech) were dissolved in 2 mL anhydrous DMF
under magnetic stirring. Diisopropylethylamine (130 pL, 746 umol, 3.33eq) was added. The
solution was stirred for 5 min, then 34.4 mg of poly(isobutylene-alt-maleic anhydride) were added
in one portion (224 umol, 1 eq anhydride per monomer, avg MW 6000). The vessel was purged
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with argon a second time, and the reaction mass was stirred at 25°C for 30 min. Afterwards, a drop
of water (approx. 70 eq) was added to hydrolize any leftover unreacted anhydride. The reaction
mass was evaporated, redissolved in dichloromethane, filtered through Celite 545 and purified on a
LH20 size-exclusion chromatography column (eluent: dichloromethane-methanol 1:1 v/v). The
presence of polymer in elutes was followed by drying drops from fractions on a glass coverslip and
observing the formation of opaque films upon drying in air. Combined elutes were evaporated.
Yield was 55 mg (70%, assuming all carboxyls have formed a salt with DIPEA). The product was
redissolved in 3.14 mL spectral grade chloroform, corresponding to a 0.05 M concentration. This
solution was used as a stock solution for subsequent coating of UCNPs.

For coating UCNPs, we used a modified version of the protocol of Wilhelm et al., 2015.

165 pL of UCNPs with 31 nm diameter (5 mg/mL) in cyclohexane were mixed with

140 puL 0.05 M polymer dispersion in chloroform, sonicated for 1 min at room temperature, and
evaporated. The residue was redispersed in 0.35 mL spectral grade chloroform and sonicated for 1
min at room temperature. Then, 1 mL 10 mM NaOH was added. The mixture was vortexed for 30 s
and slowly evaporated on a rotavap (high speed of rotation and low vacuum are recommended to
avoid bumping), until only aqueous phase remained. Afterwards, evaporation was continued until
~0.5 mL aqueous phase remained. Obtained phase was filtered through a Millex GP syringe filter
(0.22 pum pore size). The filter was washed with 10 mM NaOH into the filtrate to a final combined
volume of 1 mL.

The obtained dispersion contained a mixture of UCNPs and empty polymer micelles. For
purification, 100 pL of UCNP dispersion were diluted in 900 puL centrifugation buffer
(10 mM NaOH + 1 mM NaF), and centrifuged at 4°C and 12500 g over 1 h. Top 970 uL of the
supernatant were carefully removed by pipette to avoid disturbing the UCNP-rich section of the
dispersion at the bottom. Afterwards, 970 pL of the centrifugation buffer were added to UCNP
dispersion and vortexed for 30 s. The centrifugation was repeated in the same conditions, and the
top 970 pL of supernatant were again removed. 70 puL of centrifugation buffer were added to
UCNPs, and the dispersion was vortexed for 30 s. The obtained dispersion was used as a stock
dispersion of biotinylated UCNPs for the streptavidin decoration step.

To estimate the quantity of biotins per particle, we used the following formula:

biotins per particle =¢ coating X biotinylation T ( d UCNP+ 2d

N amphiphilic layer) Nmonomers per nm’

where Qcoaing 1S the percentage of UCNP surface coated by the polymer (~70% for this coating
method ), Ywviotinylation 1S the percentage of bound biotins per monomer (here 5%),
ducne 1s the UCNP diameter (31 nm), damphiphilic layer 1S the thickness of the amphiphilic layer (~1 nm
for this coating method ), Nimonomers per nmz 18 the amount of monomers per area
unit of the particle surface (~0.5 nm™ for this coating method ). Our

calculation leads to ~570 biotins per each UCNP.

Section C. Preparation and characterization of streptavidin-decorated

UCNRPs.

For decorating UCNPs with streptavidin, 90 uL of biotinylated UCNP dispersion in a low-
protein-binding Eppendorf tube (Eppendorf) was mixed with 9 pL 10 mg/ml BSA in purification
buffer (20 mM Tris, 50 mM NaCl, 1 mM NaF) and gently vortexed over 20 s. Then, the mixture
was incubated over 30 min at room temperature. This treatment forms a BSA corona weakly bound
to the polymer on the surface of the nanoparticles, which is in constant exchange with the bulk BSA
proteins in dispersion, with an average protein residing time of ~100 s, based on literature reports.
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Afterwards, the nanoparticle dispersion was mixed with 9 uL. 10 mg/ml streptavidin dispersed
in purification buffer. The mixture was immediately gently vortexed. Obtained dispersion was
incubated with gentle shaking over 120 min at 37°C. During incubation, BSA molecules
occasionally detach from the UCNP surface. Upon this event, the slightly smaller streptavidin
molecules can occupy the vacant space on the particle surface and reorient themselves until they
bind an available biotin on the particle surface. This results in streptavidin proteins being
irreversibly bound to the particle. Over time, more and more BSA proteins are gradually replaced
by streptavidin. We stress that this method works only if the BSA corona is introduced before
coating UCNPs with streptavidin. We noticed that if the streptavidin is added directly to the
“naked” biotinylated nanoparticles, the high concentrations of both particles and streptavidin induce
partial oligomerization and aggregation of the sample immediately upon mixing, visible in DLS
(data not shown). This effect persists even if a large excess of streptavidin is used.

To remove excess streptavidin from the particle surface, we performed size-exclusion
chromatography using a small gravity-fed column filled with 5 ml Sephacryl S300-HR gel (GE
Healthcare). After collecting the void volume (~1.5 ml), fractions were collected with 80 pL volume
each. DLS of each fraction was measured to confirm the presence of the particles by total scattering
count rate on the detector (Fig. SC1, A) and simultaneously assess the presence of proteins
(Fig. SC1, B).
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Figure SC1. DLS instrument detector count rate and size distributions for fractions that
significantly scattered light. A: scattering count rate for collected fractions. A peak with significant
light scattering is clearly visible for fractions 8-12, and a slight “shoulder is present for fractions
13-17. B: DLS volume distributions for respective fractions. Later fractions show a gradual shift in
the peak of the calculated volume distribution from ~45 nm, corresponding to individual
streptavidin-coated UCNPs, to ~7 nm, corresponding to the diameter of BSA or streptavidin with a
~1 nm thick coordinated water/ion shell.

Assuming a 100% yield during the particle coating step and taking into account the dilution of
the particles imposed by purification steps, the estimated concentration of UCNPs in the obtained
dispersion was found to be ~3 nM.

To estimate the amount of streptavidin proteins per particle, one has to consider the non-
negligible size of the streptavidin protein relative to the UCNP. At first approximation, streptavidin
can be assumed to be spherical with 5 nm diameter, based on its structure.

The problem is then reduced to packing spheres of ~5 nm in diameter on a surface of a sphere
approximately 33 nm in diameter (to include also the radius). While the exact solution of problems
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of this kind is an open mathematical problem, these problems can be easily numerically simulated,
or estimated using slightly suboptimal approximate solutions such as phyllotactic coating of
surfaces.|REF Mughal 2011 Phys Rev Lett]

Fig. SC2 shows an example of packing for our case. The quantity of sterically permitted
streptavidins is estimated to be approximately 150 per each UCNP. This is ~4 times smaller than
quantity of permitted biotins per particle, meaning that the reaction is likely to be sterically limited.
We note that the actual quantity of streptavidins can be slightly higher or lower, dependent on its
actual non-spherical geometry and the streptavidin packing proceeding gradually and in irreversible
manner, resulting in possible “holes” between suboptimally packed neighbouring molecules.

The quantity of streptavidin necessary for the reaction is found to be approximately 25 pg/ml
(3 nM UCNP concentration * 150 streptavidins per particle * 55 KDa molecular mass). This means
that the coating with streptavidin is performed with at least a 37-fold molar excess of streptavidin,
suggesting that the particle surface is likely to be fully packed with streptavidin molecules.

Figure SC2. Approximate geometry of streptavidin packing on a UCNP 33 nm in diameter (31 nm
particle diameter + 2 nm added by two thin coating layers). Image conserves the relative scale of
the protein molecules and the particle. Calculation and image rendering were performed in
Wolfram Mathematica.

Section D. Antibody biotinylation and characterization.

Antibody biotinylation was performed using the Biotin-XX-NHS reagent (Thermo Fisher).
“XX” corresponds to a mildly hydrophobic chain that facilitates binding of protein-bound biotin to
streptavidin, providing some space between biotin and protein. To biotinylate the antibody, the
following protocol was used. 12 puL of 1 mg/mL Anti-DNP IgE (clone SPE-7, Sigma-Aldrich
D8406) were exchanged into 1x PBS buffer using a Zeba Micro Spin centrifuge desalting column
(Thermo Fisher) following manufacturer's instruction for buffer exchange. This step is required as
azide in storage buffer can interfere with the biotinylation reaction. After this step, the total volume
of antibody was found to be 18 pL. Next, the biotinylating reagent was dissolved at 58.65 mM
concentration in DMSO. 0.27 pL of DMSO solution was added to 1x PBS and vortexed.
Immediately after, 18 pL of this solution were mixed with 18 pL of IgE. This corresponded to ~1:3
antibody to biotinylating reagent stoichiometry. The mixture was incubated at room temperature in
the dark over 2 h. Afterwards, the mixture was exchanged to 1x PBS on Zeba Micro Spin centrifuge
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desalting columns to remove the excess of unreacted reagent. This yields antibody at approx. 0.22
mg/mL concentration, assuming quantitative yield of purification steps and taking into account
dilution on all steps.

To estimate the biotinylation extent of the antibody, we performed SDS-PAGE (10% gel) of
the biotinylated antibodies in the presence of streptavidin. Before loading, the antibody (4 uL at
~0.22 mg/mL) was denatured by heating at 95°C over 3 min in reducing loading buffer (using 10%
mercaptoethanol as reducing agent). After cooling down, streptavidin was added (6 pL at
~1 mg/mL, purchased from IBA). At room temperature, streptavidin is resistant to denaturation with
SDS, and retains activity. This allows to estimate the extent of antibody biotinylation by observing
the relative intensity of the bands corresponding to heavy or light chains of antibody, and bands
corresponding to complexes of biotinylated heavy or light chains with one, two or multiple
streptavidin molecules.

Results are shown on Figure SD1. An increase of the concentration of the biotinylation
reagent on the biotinylation step ultimately leads to an increase in heavier bands. We were able to
estimate biotinylation only of heavy chains (MW ~70 KDa), as the band of the complex of light
chain (~25 KDa) with a single streptavidin has approximately the same molecular weight as the
heavy chain (~90 KDa). We tested several antibody to biotinylation reagent stoichiometries, and
observed gradual increase in intensity and number of high molecular weight bands corresponding to
complexes of antibody heavy chain with one, two or more streptavidins, at molecular weights of
~145 KDa (90+55), ~200 KDa (90+2*55), ~255 KDa (90+3*55), etc. As we wanted the activity of
the antibody to be as close to native as possible, we ultimately have chosen the 1:3 stoichiometry
described in the aforementioned protocol. Based on the gels, this stoichiometry yields
approximately 1 mono-biotinylated antibody per 2 non-biotinylated ones.

We note that this method works only with streptavidin that has a relatively narrow molecular
weight distribution. Affinity-purified streptavidin (e.g. the cheaper option from Sigma-Aldrich) has
identical activity, but has a wide molecular weight distribution due to its production and purification
processes, leading to difficulties in gel interpretation.
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Figure SD1. SDS-PAGE of antibody denatured in reductive conditions, mixed with excess
streptavidin. MW reference lane was loaded with Color Prestained Protein Standard, Broad Range
(NEB). Unlike the rest of the lanes, pure antibody lane was loaded using non-reducing denaturing
conditions. Some reducing reagent from the neighbouring lane has partially denatured the antibody
during stacking step, allowing to observe both the non-reduced antibody and antibody reduced into
heavy and light chains. Streptavidin lane was deliberately overloaded (10 ug) to monitor the
presence of any impurities.

Section E. Cell culture and RBL-2H3 degranulation assay.

RBL-2H3 cells were purchased from ATCC and cultured in complete MEM supplemented
with 10% FBS and 1% penicillin/streptomycin at 37°C in presence of 5% CO,. Passages were
performed every 2-3 days, in confluent or subconfluent cultures (overconfluence was avoided to
reduce possible associated adverse effects on cell performance).

Degranulation assay was performed as described in Ortega et al., using 4-Nitrophenyl N-
acetyl-B-D-glucosaminide as the substrate. This substrate is cleaved by the hexosaminidase enzyme,
forming 4-nitrophenol, the concentration of which can be then measured colorimetrically
(absorption at 405 nm). For cell priming with antibodies, IgE was
diluted in the culture medium at 100 ng/mL, and cells were primed over 30 min at 37°C in presence
of 5% CO.,. For degranulation, DNP-BSA was diluted in 1x HBSS at 50 ng/mL, and degranulation
was allowed to proceed over 30 min. As the released 4-nitrophenol is a pH indicator and absorbs at
405 nm only when in anionic form , it was converted to ionised form by adding 6 puL of I M NaOH
to the well after adding the stop solution (bringing the solution towards pH 11) to ensure that the
assay would yield full signal. Experiment was performed n=5 times in parallel.
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Section F. Microscopy setups, tracking experiments, and measurement
conditions.

Bright-field phase contrast time lapses were performed on a fully motorized inverted
microscope (Leica, FW 4000 with 20x 0.40 N.A. N PlanL Ph1 objective or 40x 0.75 N.A. HCX PL
APO Ph2 objective) equipped with a sSCMOS Camera (Photometrics, Prime) and controlled by
Metamorph 7.8.13.0 (Molecular Device) . An incubator box (Life Imaging System System) allowed
temperature, CO2 and humidity control. Samples were prepared in 8 well plates (Ibidi, u-Slide 8
Well Glass Bottom).

Wide field upconversion-imaging of UCNPs for calibration tracking experiments was
performed on an inverted microscope (Olympus, IX71) equipped with a high numerical aperture
objective (Olympus, UApo N 100x/1.49 Oil). A 980 nm continuous-wave laser coupled to a single
mode fiber with a maximum output of 350 mW (Qphotonics, QFBGLD-980-350) was passed
through a longpass filter(Chroma, E780LP) used to excite the UCNPs with a maximum excitation
power density of 8 kW/cm2 in epi illumination. Luminescence emission was separated from the
excitation beam by using a short pass dichroic mirror (Chroma, T875spxrxt), while the residual
laser light was removed by a low pass filter (Chroma, E700SP). Emission was detected by an
electron multiplying CCD camera (Hamamatsu, ImagEM X2 C9100-23B) through an image
splitting system (Hamamatsu, W-VIEW GEMINI) used in by-pass mode. Acquisition was fully
automated and controlled by scripts within the MicroManager framework.

Wide field upconversion-imaging of cells was performed on an inverted microscope (Nikon,
Eclipse TiE) equipped with a high numerical aperture objective (Nikon, Plan Apo A 100x/1.45 Oil).
An additional lens inserted in the C-mount side port tube of the microscope was used to obtain a
final magnification of 150X corresponding to a pixel size of ~107 nm. A 980 nm continuous-wave
laser coupled to a single mode fiber with a maximum output of 350 mW (Qphotonics, QFBGLD-
980-350) was coupled to the microscope and allowed to reach excitation power density of 8
kW/em2 in epi illumination. Luminescence emission was collected by the same objective, separated
from the excitation beam by a short pass dichroic mirror (Semrock, FF749-SDi01), while the
residual laser light was removed by a low pass filter (Chroma, ET750-SP-2P). Emission was
detected by an electron multiplying CCD camera (Hamamatsu, ImagEM C9100-13) through an
adaptive optics device (Imagine Optic, MicAQO) used to optimize point spread function by
minimizing optical aberrations. An incubator box (Okolab) allowed temperature control.
Acquisition was fully automated and controlled by scripts within the MicroManager framework.
Samples were prepared in 35 mm imaging dish with a glass bottom (Ibidi, u-Dish 35 mm, high
Glass Bottom).

For monitoring degranulation by videomicroscopy, cells were seeded in Ibidi 8-well glass-
bottom plates at 30000 cells per plate and cultured in cell medium overnight. Microscopy was
performed at 37°C in the presence of 5% CO.. For cell priming with antibodies, IgE was diluted in
culture medium at 100 ng/mL, and cells were primed over 30 min. To induce degranulation, DNP-
BSA was diluted in 1x HBSS at 50 ng/mL, and degranulation was monitored over 30 min (same
conditions as in degranulation assay). Images were taken every 10 seconds.

For tracking experiments, cells were seeded in round Ibidi glass-bottom plates at 30000 cells
per plate and cultured in cell medium overnight. Microscopy was performed at 33 fps (30 ms
exposure time) at 37°C with no special atmosphere.

The UCNP-IgE conjugates were prepared 15 min before experiment. For this, the stock
dispersion of streptavidin-decorated UCNPs (at approx. 3.3 nM concentration) was mixed with
biotinylated IgE mixture (diluted to 3.3 nM biotinylated IgE, corresponding to ~10 nM total IgE
concentration). This mixture was incubated at 37°C for 15 min. Immediately before adding the
conjugate to the cells, it was mixed with 347 puLL 1x HBSS. Assuming a 100% completion of the
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reaction during this time frame, the resulting conjugate dispersion contained ~200 pM UCNP-IgE
conjugate in 1:1 stoichiometry and ~400 pM free non-biotinylated IgE.

Before imaging, cells were washed 3 times with 1x HBSS. Bright-field microscopy was
performed over 5 min with images taken every 5 s to monitor the inert cells' medium-timescale
behavior (on the order of minutes) . Cells were observed in 4 different regions of interest (ROIs).
ROIs were chosen to contain as many well-separated cells as possible (typically 2-4 cells, due to
high magnification). Afterwards, cell buffer was replaced with conjugate dispersion, and bright-
field microscopy was continued over 5 min to ensure that the conjugate was not inducing
degranulation behavior by itself. Next, illumination was switched to IR mode to visualize UCNPs.
Cells were rinsed once with 1x HBSS to remove unbound UCNPs, and videos of 1000 frames each
were taken in each of ROIs (overall, this process took approx. 20 min). Afterwards, bright-field
microscopy of cells was performed over 2 min to capture the morphology of cells before addition of
the antigen. Next, the buffer was replaced by a dilution of DNP-BSA in 1x HBSS at 50 ng/mL.
Immediately after, bright-field microscopy images were taken over 15 min every 5 s to capture the
degranulation process. Then, illumination was again switched to IR mode, and another set of 1000-
frame videos was taken in each of the 4 ROIs, to monitor the diffusion of UCNPs in degranulated
cells.

Section G. Analysis of tracking videos.
Videos were treated using the TrackMate framework developed by the group of JY Tinevez.
We used the Laplacian of Gaussian (LoG) method for spot

detection, with following parameters: quality threshold of 15, spot radius of 3 px (diameter 6 px),
no median filtering. Spots were filtered by only detecting spots with total integral intensity of less
than 150000. Such filtering allowed us to efficiently eliminate spots corresponding to particle
oligomers and aggregates, which have a large hydrodynamic radius and may thus have impeded
diffusion as a result.

For linking spots into tracks, we used the Simple Sparse Linear Assignment Problem (LAP)
tracking algorithm implemented in TrackMate, with following parameters: maximum frame gap of
1, linking maximum distance of 5 px, gap-closing maximum distance of 6 px. Tracks were filtered
using a filter for a minimum track duration of at least 50 frames, to collect robust tracks. Tracks
were further filtered by introducing a filter on minimum track displacement (start-to-end distance)
of at least 5 px. This filter allowed us to efficiently remove spots corresponding to immobile
particles, which are bound to glass surface. Depending on the amount of cells per frame, such
treatment typically produces ~80 viable tracks per ROI, of varying length from 50 to ~750 frames in
total.

Afterwards, the tracks were analyzed using the TrackMate MATLAB function library. To
obtain the diffusion coefficients, the first four points of MSD curves were fitted linearly. This
amount of points for fitting is thought to be an informal optimum for determining diffusion
coefficients of particles moving in Brownian or restricted mode.

The slope of the curve is equivalent to 4D,p, where Dyp is the diffusion coefficient
in 2 dimensions.

We also observed that a non-negligible amount of tracks produced highly directed diffusion.
Literature suggests this to be linked to endocytosis of nanoparticles and their transport along
microtubules, a naturally happening phenomenon with nanoparticles bound to membrane surface.

Also, a small amount
of tracks clearly corresponded to immobile particles that went through the “immobile” filter (e.g.
particles that desorbed from glass during the experiment). As we were interested solely in tracks
that contained membrane-diffusing particles, we decided to filter out highly directed and immobile
tracks. For this, first 50% of points for each track have been fitted with a power law of the form
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MSD(t) = I't*, which corresponds to a line in log-log coordinates. When fitted in such way, the a
parameter gives information on the nature of track behavior. A very small a corresponds to
essentially flat MSD curves associated with immobile particles, a=1 corresponds to particles
exhibiting free Brownian diffusion, and a=2 corresponds to particles with ideal directed diffusion
(i.e. particle moving in a straight line). As power law fits require high amount of points to yield
quantitative information, we used them only for qualitative classification of tracks into three
categories: directed, Brownian/restricted, and highly restricted/immobile. For constructing the
diffusion coefficient distributions, only tracks with good fit (R*>0.8) for both linear and power-law
fitting were selected. Furthermore, only tracks with 0.6<a<1.2 were taken, which reliably
corresponded to particles showing Brownian and restricted motion. We found this simple classifier
to be highly reliable, by visual inspection of the populations of tracks that were retained or filtered
out.

Figure SG1. Track classification for filtering out directed and immobile tracks. A: ldealized MSD
curve fitted by a line over first 4 points and by a power law over 50% of the points. B: An example
of a 2D histogram of tracks with their diffusion coefficient calculated from linear fit and their o
coefficient calculated from power law fit. Color represents the amount of tracks in the
corresponding bin. C: examples of tracks falling in different bins.

Section H. Tracking with organic dyes.
The dye-modified antibody was prepared using a literature protocol.

Using absorption spectroscopy, the concentration of the antibody after
preparation was found to be 0.4 mg/mL, and the dye modification extent was found to be ~2 dyes
per 1 antibody. For imaging, antibody was diluted 1000x to 400 ng/mL concentration.

For tracking analysis, identical parameters as for UCNPs were used.

Section I. Calibration of tracking setup by tracking UCNPs in glycerol-

water mixtures.

Polymer-coated UCNPs were typically diluted 100x from stock in different water/glycerol
mixtures. For imaging, a drop of the dispersion was mounted between a slide and a cover glass.
Acquisition was performed at least 0.5 pm away from the glass surfaces with 100ms/14ms exposure
times and 400/1200 Electron-Multiplying (EM) gain with laser excitation in epi configuration with
excitation power density of 8 or 1.5 kW/cm? (see Section J for more details). Typical videos
contained 1500 frames and were analyzed with TrackMate within Fiji

. The resulting single particle tracks were then imported and treated in Matlab 2017b using the
msdanalyzer class and custom scripts. Finally, the
diffusion coefficient of the particles in the different mixtures was estimated from the slope of their
average mean square displacement curve. As seen on Fig. SI1 experimental results are in good
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agreement with the theoretical values expected for Brownian motion. This experiment demonstrates
the proof of principle of using UCNPs as labels for tracking targets with diffusion coefficient in the
0.1 pm?*/s range. In addition, experiments performed with the two excitation intensities resulted in
similar diffusion coefficient values, suggesting that the free diffusion of the particles is not
significantly affected by the convection movement induced by the excitation beam. This indicates
that in our experimental conditions local heating of the sample by the laser is likely negligible.
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Figure SI1. Diffusion coefficient estimated by analyzing videos of freely diffusing 31 nm core
diameter UCNPs coated by amphiphilic polymer (~1 nm thickness) in different water/glycerol
mixtures. Theoretical curve corresponds to the diffusion coefficient of a spherical particle of 33 nm
diameter as predicted by Einstein s relation.

Section J. Assessment of heating effects.

Literature measurements and theoretical calculations for IR illumination inducing heating in
live cell samples in microscopy conditions are mostly well-documented in the fields of patch-clamp
measurements of temperature-dependent ion channels, light-induced drug release and optical
trapping. A literature source with a similar excitation, microscope and sample configuration
reported a ~8°C maximum steady-state temperature increase in water for ~100 mW incident laser
power in a confocal mode. In our case, the same power is
spread over a ~3500x larger area, resulting in a much less efficient heating as the intensity gradient
is lower and the heated volume has much larger contact area with the rest of the sample. Moreover,
experiments in a very similar microscopy configuration with a collimated beam with approximately
20 times higher intensity than in our setup have shown no
visible adverse effects on the cells.

Section K. UCNP stability against dissolution in buffers.

As we previously observed heterogeneous dissolution of UCNPs in aqueous buffers to be an
issue in microscopy, we decided to investigate if the particles were
sufficiently stable in 1x HBSS, the buffer employed in our tracking experiments. For this, we
performed dissolution stability tests for UCNPs in the same conditions and on the same
experimental setup as in our previous article.
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Fig. SL1 A,B,C illustrates the normalized red band emission intensity for immobilized
individual biotinylated UCNPs that were kept in 1 mM NaF to establish baseline emission intensity,
and then were rinsed 3x with milli-Q water, 1 mM NaF, or 1x HBSS, respectively. We note that
individual UCNPs are mostly stable in HBSS, showing a very slight decrease in luminescence over
2 h. As the tracking experiments were typically done over 1 h, we consider the dissolution effect to
be negligible for the tracking experiments. We also noted long-term inhomogeneity of the intensity
of a subpopulation of particles in 1 mM NaF, which is consistent with our previous results. In water,
the sample was observed to rapidly dissolve over 25 minutes, after which low particle intensity and
low amount of particles on image led to image-based autofocus algorithm being unable to focus on
the particles.

Figure SL1. Dissolution of immobilized biotinylated UCNPs. Each colored curve represents one
particle. A: normalized intensity of red band emission of individual UCNPs in ImM NaF and after
rinsing 3x with water. Time of rinsing is set as time = 0. B: same, but rinsed with ImM NaF. C:
same, but rinsed with 1x HBSS.
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Chapter 3. Materials and methods.

Note: the vast majority of this information is a duplicate of parts of Supporting

Information from the publications shown above, as most of the experiments

during the thesis project used the same protocols and instrumental setups.

Part 1. Particle preparation and characterization.

Raw particles for the thesis project were prepared by our collaborators (group of Dr.
Thomas Hirsch, University of Regesnburg) using a solvothermal method with the same
protocol as described in Wilhelm et al., 2015. In total, three samples were used: 16.2+0.6 nm
particles (NaYF4: 20%Yb, 2%Er, 20% Gd), 20.9+0.6 nm particles (NaYF4: 20%Yb, 2%kEtr,
10% Gd), and 31+1 nm particles (NaYF4: 20%Yb, 2%Er). A variation in Gd** doping was
used to change the size of obtained particles while keeping other synthesis conditions

constant, as well as to retain high monodispersity for all samples (Damasco et al., 2014).

TEM images of raw particles (Fig. 3.1.1) were acquired with a 120 kV Philips CM12
microscope on carbon-coated copper grids and were analyzed with ImageJ and Origin. XRD
patterns (Fig. 3.1.2) were recorded on a Huber Guinier G670 diffractometer with a Ka-Cu
source (A = 1.54060 A).
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Figure 3.1.1. TEM images of UCNPs. A. B, C: 16 nm diameter, 21 nm diameter, 31 nm

diameter. Top: TEM images, bottom: histograms of particle size distribution obtained from

TEM images.
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Figure 3.1.2. X-ray diffraction patterns of NaYF, (20% Yb, 2% Er, 0-20% Gd) nanocrystals

with decreasing size from 31 nm to 16 nm (top to bottom) and the corresponding standard
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pattern of hexagonal phase NaYF, (red, ICDD PDF #16-0334).

Part 2. Surface modification of UCNPs.

3.2.1. Preparation of amphiphilic polymers

As the preparation of amphiphilic polymer for particle coating depends on the nature of
the desired polymer to be produced, herein an example protocol for preparing 75%-

dodecylated, 1% Rhodamine B decorated polymer is presented:

In a 10 mL flask with a septum and flushed with argon, 18 mg dodecylamine (97 umol,
0.75 eq) were dissolved in 2 mL anhydrous DMF under magnetic stirring.
Diisopropylethylamine (67 pL, 390 umol, 3eq) was added. 1 mg of piperidyl-beta-alanine-
coupled Rhodamine B (1.3 pmol, 0.01 eq) was added. The solution was allowed to stir for 10
min, then 20 mg of poly(isobutylene-alt-maleic anhydride) were added in one portion (130
umol, 1 eq monomer, avg MW 6000). The vessel was purged with argon a second time, and
the reaction mass was stirred at room temperature. After 30 min, a drop of water (approx. 100
eq) was added. The reaction mass was evaporated, redissolved in dichloromethane and
purified on LH20 size-exclusion chromatography column (eluent: dichloromethane-methanol
1:1 v/v). Combined elutes were evaporated, and the residue was redissolved in 2.6 mL
spectral grade chloroform, corresponding to a theoretical 0.05 M equivalent monomer
concentration (assuming quantitative yield). This solution was used as a stock for subsequent

coating of UCNPs.

Depending on the desired modification of polymer, an appropriate quantity of the
modified amine(s) has to be mixed with dodecylamine (e.g. 0.01 eq for 1% modification).
Approximately 75% of the polymer anhydrides are required to be reacted with dodecylamine
to properly impart amphiphilic functionality.

For zwitterionic polymers, the zwitterionic precursor group was prepared via the

following protocol.
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A solution of tert-butyl 2-(dimethylamino)ethylcarbamate (0.45 g, leq) and 1,3-sultone
(0.32 g, 1.1eq) in toluene was heated 4 h at 60 °C to form a white solid. After cooling to rt,
the solid was collected by filtration and rinsed with hexane (2 x 10 mL). The solid was
dissolved in dichloromethane (2 mL) with several drops of acetonitrile to facilitate
dissolution, and TFA was dropped in with stirring (2 mL). After 30 min, the reaction mass
was concentrated on rotavap (60°C), and dried under vacuum (oil pump). For full
deprotection, the compound was boiled in 5 mL water with 1 mL TFA overnight. Rxn mix
was evaporated, redissolved in MeOH and stirred 30 min with ~20 mL of Amberlite IRA-67
(pre-washed with water and MeOH). The mixture was filtered, and the filtrate was evaporated
and dried with an oil pump to yield transparent yellowish oil. Yield: 0.71 g (50%). The
method was adapted from WIPO WO 2011071565 patent, which is described for a similar
compound (methyl groups instead of ethyl groups).
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Figure 3.2.1.1. NMR spectrum of the zwitterionic precursor compound. Spectrum was
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measured in DMSO-d6 on a Bruker Avance 11l 400 MHz NMR spectrometer. A drop of TFA
was added to the sample to shift the water peak to weak field.

For preparation of the zwitterionic polymer in a flask flushed with argon, 18 mg
dodecylamine (0.75 eq, 0.10 mmol), 1 mg piperidyl-beta-alanine-coupled Rhodamine B (1.3
umol, 0.01 eq), and 100 uL DIPEA (~4.8 eq) were mixed in dry DMF. Poly(isobutylene-alt-
maleic anhydride) (20 mg, 0.13 mmol monomer, leq) was added in one portion. The reaction
flask was purged with argon, and mixed at room temperature for 30 min. Afterwards, 117 mg
TSTU (0.39 mmol, 3eq) dissolved in 1 mL dry DMF were added in one portion. The reaction
flask was heated to 40°C and allowed to cool down to room temperature over 30 min. Then,
137 mg (0.65 mmol, 5 eq) zwitterionic precursor compound were dissolved in 1 mL MeOH
with 1 mL dry DMF and added in one portion. The reaction was mixed for 30 min at room
temperature. Polymer was purified on Sephadex LH-20, as described above. Yield was 12 mg
(15%). Some product was lost during filtration through Celite before chromatography due to
mediocre product solubility in the elution solvent mixture. NMR spectra of the obtained
polymer had widened peaks, likely due to formation of aggregates in polar solvents and
reverse micelles in apolar solvents (data not shown). The FTIR spectrum of the polymer (Fig.
3.2.1.2) showed intense peaks for the ionized sulfonate groups. Importantly, signals of C=0
stretch of carboxylic acid groups at 1700-1720 cm™ were very weak, while the amide group
C=0 stretch at ~1660 cm™ was very prominent. Overall, this data led us to believe that the

degree of amide formation was very high, possibly almost quantitative.
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Figure 3.2.1.1. FTIR spectrum of the zwitterionic polymer measured in a compressed thin
film using Nicolet 380 FTIR device with Smart-Orbit accessory. Signals of alkyl C-H bonds
from dodecyl side chains and backbone, amide N-H bonds from backbone, amide C=0

stretch bonds from backbone and S-O stretch bonds from zwitterionic chains are labeled.

3.2.2. Dispersion of UCNPs in water

For coating UCNPs, we used a modified version of the protocol from Wilhelm et al.,
2015. 165 pL of UCNPs with 31 nm diameter (5 mg/mL) in cyclohexane were mixed with
140 puL 0.05 M polymer dispersion in chloroform, sonicated for 1 min at room temperature,
and evaporated. The residue was redispersed in 0.35 mL spectral grade chloroform and
sonicated for 1 min at room temperature. Then, 1 mL 10 mM NaOH was added. The mixture
was vortexed for 30 s and slowly evaporated on rotavap (high speed of rotation and low
vacuum are recommended to avoid bumping), until only aqueous phase remained.

Afterwards, evaporation was continued until ~0.5 mL aqueous phase remained. Obtained
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phase was filtered through a Millex GP syringe filter (0.22 um pore size). The filter was
washed with 10 mM NaOH into the filtrate to a final combined volume of 1 mL.

The obtained dispersion contained a mixture of UCNPs and empty polymer micelles.
For purification, 100 uL of UCNP dispersion were diluted in 900 pL centrifugation buffer
(10 mM NaOH + 1 mM NaF), and centrifuged at 4°C and 12500 g over 1 h. Top 970 uL of
the supernatant were carefully removed by pipette to avoid disturbing the UCNP-rich section
of the dispersion at the bottom. Afterwards, 970 pL of the centrifugation buffer were added to
UCNP dispersion and vortexed for 30s. The centrifugation was repeated in the same
conditions, and the top 970 uL of supernatant were again removed. 70 pL of centrifugation
buffer were added to UCNPs, and the dispersion was vortexed for 30 s.

The quantity of polymer stock solution required for the coating process was calculated
using the following formula:

@ 1
UCNP 42
R,7 d
P eff c
PV ucne polymer

V

polymersolution -

where R, is the quantity of polymer, expressed in number of monomers, applied per nm?
of UCNP surface (100 in case of UCNP coated with oleic acid, which is about 5 times in
excess compared to the tight fatty chain packing on surface), wucye is the mass concentration
of UCNPs (e.g. mg/mL), p is the density of UCNPs (4.21:10*" g/nm’), V is the volume of
UCNP in nm’, d.4is the effective diameter of UCNP, which includes the thickness of the oleic
acid layer (e.g. for a 20.6 nm diameter the effective diameter is 21.7 nm, because of two 0.55

nm thick layers of oleic acid).

3.2.3. Preparation of UCNP-dye conjugates

For dye-decorated particles, the dyes were grafted to the polymer during the synthesis,

and the particles were coated with dye-grafted polymer.
The number of surface dyes per particle can be calculated by:

N=n(d+21)C, , P

f.ch.
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where d is the diameter of the particle (nm), / is the thickness of the polymer-oleic acid
layer (nm), Cj.. is the number of fatty chains per nm? in the tightly packed monolayer, and P

is the percentage of dyes per monomer.

The calculated number of dyes per particle is provided in following table (thickness of
oleic acid layer assumed to be 1.1 nm, packing density of fatty chains in monolayer is
assumed to be 5 nm?). It should be noted that this calculation represents the quantity of dyes
bound specifically on the surface of UCNPs. Due to excess of polymer being used to ensure
proper UCNP coating, some polymer micelles are formed in dispersion. Dyes in polymer
micelles are not considered surface-bound to UCNPs and are not accounted for in the

calculation.

dye percentage per monomer

particle diameter, nm quantity of surface-bound dyes per particle

after coating process

0% 0.33% 1.5%

16 0 17 78

21 0 27 123

31 0 54 244

dye:Er’* ratio

particle diameter, nim 0% 0.33% 1.5%
16 0 0.043 0.196

21 0 0.035 0.157

31 0 0.020 0.093

Table 3.2.3.1. Calculated dye quantities and dye-Er’" ratios per particle.

3.2.4. Preparation of UCNP-streptavidin conjugates

The detailed description of the preparation and purification of streptavidin-coated
UCNPs is provided in publication 3. Briefly, for decorating UCNPs with streptavidin, 90 pL
of biotinylated UCNP dispersion in a low-protein-binding Eppendorf tube (Eppendorf) was
mixed with 9 pL 10 mg/ml BSA in purification buffer (20 mM Tris, 50 mM NaCl, 1 mM

NaF), mixed with pipette, and gently vortexed over 20 s. Afterwards, the mixture was
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incubated over 30 min at room temperature. This treatment forms a BSA corona weakly
bound to the polymer on the surface of the nanoparticles, which is in constant exchange with
the bulk BSA proteins in dispersion, with average protein residing time of ~100 s, based on

literature reports (Récker et al., 2009).

Afterwards, the nanoparticle dispersion was mixed with 9 uL. 10 mg/mL streptavidin
dispersed in purification buffer. The mixture was immediately gently vortexed. Obtained
dispersion was incubated with gentle shaking over 120 min at 37°C. During incubation, BSA
molecules occasionally detach from the UCNP surface. Upon this event, the slightly smaller
streptavidin molecules can occupy the vacant space on the particle surface and reorient
themselves until they bind an available biotin on the particle surface. This results in
streptavidin proteins being irreversibly bound to the particle. Over time, more and more BSA
proteins are gradually replaced by streptavidin. We stress that this method works only if the
BSA corona is introduced before coating UCNPs with streptavidin. We noticed that if the
streptavidin is added directly to the “naked” biotinylated nanoparticles, the high
concentrations of both particles and streptavidin induce partial oligomerization and
aggregation of the sample immediately upon mixing, visible in DLS (data not shown). This
effect persists even if a large excess of streptavidin is used.

To remove excess streptavidin from the particle surface, we performed size-exclusion
chromatography using a small gravity-fed column filled with 5 mL Sephacryl S300-HR gel
(GE Healthcare). After collecting the void volume (~1.5 mL), fractions were collected with
80 uL. volume each. DLS of each fraction was measured to confirm the presence of the
particles by total scattering count rate on the detector (Fig. 3.2.4.1, A) and simultaneously

assess the presence of proteins (Fig. 3.2.4.1, B).
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Figure 3.2.4.1. DLS instrument detector count rate and size distributions for fractions that
significantly scattered light. A: scattering count rate for collected fractions. A peak
corresponding to significant light scattering is clearly visible for fractions 8-12, and a slight
“shoulder” is present for fractions 13-17. B: DLS volume distributions for respective
fractions. Later fractions show gradual shift in the peak of calculated volume distribution
from  ~45 nm, corresponding to individual streptavidin-coated UCNPs, to ~7 nm,
corresponding to the hydrodynamic diameter of BSA or streptavidin with a ~1 nm thick

coordinated water/ion shell.

Assuming a 100% yield during the particle coating step and taking into account the
dilution of the particles imposed by purification steps, the estimated concentration of UCNPs

in the obtained dispersion was calculated to be ~3 nM.

3.2.5. Preparation of UCNP-streptavidin-antibody conjugates

The UCNP-antibody conjugates were typically prepared 15 min before the experiment
that employed them. For this, the stock dispersion of streptavidin-decorated UCNPs (at
approx. 3.3 nM concentration) was mixed with biotinylated IgE mixture (diluted to 3.3 nM
biotinylated IgE, corresponding to ~10 nM total IgE concentration). This mixture was
incubated at 37°C for 15 min. Immediately before adding the conjugate to the studied system,
it was mixed with 347 uL 1x HBSS. Assuming a 100% completion of the reaction during this
timeframe, the resulting conjugate dispersion contained ~200 pM UCNP-IgE conjugate in 1:1

stoichiometry.
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3.2.6. Nanoemulsion sample preparation

Nanoemulsion sample preparation methods varied slightly from experiment to

experiment, depending on which experimental variable was tested to influence the process.

In a typical protocol (for the sample presented in the main text), 250 uL of 31 nm
UCNPs (5 mg/mL) in cyclohexane were mixed in a small glass vial with 45 pL molten
Suppocire C (BASF), 55 uL Solutol HS15 (BASF), and 0.16 mg of Rhodamine B modified
with C;s hydrophobic chain (generously provided by Dr. Andrey Klymchenko). 50 uL of
chloroform and 100 pL dichloroethane were added to facilitate dispersion. The mixture was
heated to 90°C until no bubbling was observed, then heated 5 min more to ensure full
evaporation of solvents. Afterwards, 1 mL of deionized water heated to 90°C was added in
one portion, the vial was rapidly closed and immediately vortexed. The vial was then allowed
to cool down to room temperature, and the nanoemulsion was transferred to an Eppendorf
plastic tube. Nanoemulsion formation was observed quantitatively by DLS (described below
in more detail) and qualitatively by light scattering. In these concentrations, nanoemulsions
with droplet size <100 nm are transparent and look yellowish in transmitted light and bluish

in reflected light.

Nanoemulsion TEM was performed with a Philips CM12 100Kv electron microscope,
equipped with ORIUS 1000 CCD Gatan camera. Samples were diluted and deposited on

Formvar carbon-coated grids.

Part 3. Bulk particle characterization methods.

3.3.1. Dynamic light scattering (DLS)

DLS measurements were performed in Brand plastic cuvettes (lot #759015) on a
Malvern Zetasizer Nano ZSP instrument. Correlation curves were treated with the “normal
resolution” parameter set. All presented DLS curves represent size distribution by volume.
Curves represent the mean of size distributions from the three runs. For estimating he
scattering signal from the device for the purposes of comparing nanoparticle-containing
chromatography fractions, the “derived count rate” was used (which takes into account the

attenuator chosen by the device to optimize the measurement conditions).
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3.3.2. Zeta potential measurements

Zeta potential measurements were performed in Malvern DTS 1060 cuvettes on a
Malvern Zetasizer Nano ZSP instrument, using the default automatically selected instrumental

parameters.

3.3.3. Spectroluminometry of UCNP dispersions

Luminometry of diluted UCNP dispersions in 1 cm BRAND plastic cuvettes (Cat. No.
7590-15) was performed with a homemade setup (Fig. 3.3.3.1). Excitation at 980 nm was
provided by a continuous-wave laser coupled to a single mode fiber with a maximum output
of 350 mW (Qphotonics, QFBGLD-980-350). Excitation light was focused in the cuvette by a
lens of 100 mm focal distance. Excitation power inside the cuvette was calculated to be 6.2
kW/cm? (see below). The scattered/reemitted laser light was removed by a low pass filter
(Semrock, E700SP). The emission was collected through a monochromator (Jobin Yvon
HC10IR) with an avalanche photodiode (Excelitas SPCM-AQRH-16). Spectroluminometry
was performed with an identical optical path for excitation, with emission collected by a fiber

spectrometer (Avaspec ULS3648).

fiber-coupled
laser

photon
counting
module

fiber

collimator

fiber
spectrometer

f=+100mm monochromator

shortpass
filter

APD

L

f=+50mm f=+100mm
flip-flop mirror

cuvette

Figure 3.3.3.1. Scheme of the setup for cuvette measurements.
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To estimate the excitation intensity within the cuvette, the laser beam intensity profile
was experimentally measured inside the cuvette by the knife-edge technique, using a razor
blade (~2 mm wide).” Briefly, the blade was glued on a thin steel rod, mounted on a two axis
micrometer translation stage (Thorlabs PT1A/M), and immersed in the cuvette filled with
deionized water. This setup allows to achieve a bidirectional motion, along the beam and
vertically (Figure 3.3.3.2, A). Through the vertical movement, the razorblade progressively
occludes the beam and thus, the beam power collected by the detector (Newport 1917R power
meter) gets lower. By repeating the measurement at different depths in the cuvette, a full
beam blade occlusion profile can be collected (Figure 3.3.3.2, B), from which the beam
geometry can be calculated. For our calculations, the beam geometry was considered to be
Gaussian and circular (with no ellipticity). To correct for water absorption, we compared the
intensity of the transmitted beam with an empty cuvette and after filling the cuvette with
water. We found the water IR light absorption to be non-negligible, at a value of 0.191 cm™.
By knowing the beam geometry and beam attenuation by the medium, the full excitation
profile (Figure 3.3.3.2, C) and thus, the beam waist radius (30.6 pm) and the average
excitation intensity in the beam waist (6.2 kW/cm?) can be estimated. Calculations were

performed in Wolfram Mathematica 11.0.
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Figure 3.3.3.2. Measurement of the excitation beam intensity profile for the cuvette setup. A: setup
for measuring the beam profile. The laser beam is occluded by a movable razor blade, permitting
only a part of the beam to go through. B: dependence of the transmitted power on lateral and
vertical blade position (black points) and its global fit with the occlusion curve (orange surface). C:

obtained beam intensity profile that takes into account water absorption inside the cuvette.

3.3.4. Time-correlated single photon counting (TCSPC) lifetime measurements

Lifetime measurements of UCNPs shared the same excitation path as the spectral
measurements, but the output power of the laser diode was controlled by an external analog

modulation generated by a National Instruments multifunction board (PCle 6361). During
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lifetime measurements, the laser output power followed a 125 Hz square wave waveform with
15% duty cycle. The emission was collected through a monochromator (Jobin Yvon
HCI10IR). The single-photon events were detected with an avalanche photodiode (Excelitas
SPCM-AQRH-16) and recorded on a time-correlated single photon counting board SPC-830
(Becker-Hickl GmbH). For collecting robust decay curves, at least 2 million photons were
collected for each curve, and the photon timings were distributed in 4096 time bins for each
80 ms cycle, for approximately 20 ps per bin. The decay curves were fitted using bi- or tri-

exponential fitting models in Origin Pro 8.

Part 4. Microscopy.

3.4.1. Wide-field upconversion microscopy (epi-Upcon)

Luminescence imaging of UCNPs was performed on an inverted microscope (Olympus
IX71) equipped with a high numerical aperture objective (Olympus, UApo N 100x/1.49 Oil).
A 980 nm continuous-wave laser coupled to a single mode fiber with a maximum output of
350 mW (Qphotonics, QFBGLD-980-350) was passed through a longpass filter (Chroma,
E780LP) used to excite the UCNPs with an excitation power density of ~8 kW/cm® in epi
illumination. Luminescence emission was separated from the excitation beam by using a short
pass dichroic mirror (Chroma, T875spxrxt), while the residual laser light was removed by a
low pass filter (Chroma, E700SP). Emission was detected by an electron multiplying CCD
camera (Hamamatsu, ImagEM X2 C9100-23B) through an image splitting system for
simultaneous dual wavelength imaging (Hamamatsu, W-VIEW GEMINI). This splitting
system was used with an appropriate dichroic mirror (Semrock, FF560-FDi01) and band pass
filters for green channel (Semrock, FF01-535/50) and red channel (Semrock, FF01-660/30-
25). We have calibrated the spectral response of our microscopy setup with an external white
light source as a reference and used this calibration for correcting the red to green relative
emission ratio. Acquisition was fully automated and controlled by scripts within the
MicroManager framework.® All static images were recorded as an averaged stack of 100
images, each with 100 ms exposure time.

Wide-field microscopy images were treated with ImageJ 1.51h as part of the FIJI
package. Stitching was performed with the Grid/Collection stitching plugin (Preibisch et al.,
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2009). Drift correction was done using a homemade script written in ImageJ macro language.
Spot fitting was performed with the Gaussian Fit module of the GDSC SMLM package
(“GDSC ImageJ Plugins : ImageJ : ... : Sussex Centre for Genome Damage and Stability :
Lifesci : Schools : Staff’: University of Sussex,” n.d.). Data analysis was performed with

homemade scripts written in Python 3.4.3.

Figure 3.4.1.1. Scheme of the microscopy setup.

To estimate the excitation beam profile in the image plane of our microscopy setup, we
imaged oleate-capped UCNPs dried at low density on a glass coverslip. A single UCNP was
scanned through the field of view, using the motorized XY stage (Mérzhéduser) with a step of
4 um (Figure 3.4.1.2, A). The UCNP luminescence was measured as a function of its position,
which provides the excitation intensity map (Figure 3.4.1.2, B). To check the dependence of
the UCNP luminescence on the excitation intensity, the UCNP was positioned in the center of
the excitation beam and its luminescence was measured at various laser powers. In the high
power regime used in our experiments, the luminescence of the individual UCNPs in the red
channel was observed to be linearly dependent on the laser power and thus, on the excitation
intensity (Figure 3.4.1.2, C). By fitting the intensity map with a 2D circular gaussian profile
(Fig. Figure 3.4.1.2, D), the beam waist radius in the image plane was found to be 28 pm.

Knowing the laser power after the objective (96 mW), the average excitation intensity was
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found to be 8 kW/cm? at the center of the beam, where the excitation intensity varied by less
than 10% (in a 6.3 um radius from the beam center). When treating the data, only the

luminescence of UCNPs positioned in the center of the beam was considered.

Figure 3.4.1.2. Measurement of the excitation beam intensity profile for the microscopy setup. A:
scheme of the mapping experiment. B: excitation intensity map in the field of view. C. excitation
power dependency for an immobilized particle. D: excitation beam profile at the maximum laser

power.

3.4.2. Total internal reflection upconversion microscopy (TIRF-Upcon)

For TIRF imaging, the setup for epi imaging was realigned by translating the mirror
before the entry of the microscope, resulting in the lateral shift of the excitation beam. To
confirm that the setup was operating in TIRF mode, the shift of the beam passing through the

sample was inspected visually (as the beam gets translated, it exits the sample at progressively
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more sharp angle to the horizontally mounted sample). For precise alignment to optimal TIRF
mode, the shift was performed with a sample of immobilized UCNPs, to monitor the transient
increase in brightness when excitation shifted to TIRF mode. The optimal position was found
to be immediately preceding the sudden disappearance of the particles when the beam was
translated too far and hit the side of the objective. Realignment back to epi mode was
performed by reverse translation of the mirror, returning the beam exiting the sample to

perpendicular direction.

3.4.3. Atomic force microscopy (AFM)

AFM measurements were performed on a Veeco Nanoscope Illa MultiMode AFM
(Veeco, Santa Barbara, California, United States) in tapping mode, using RTESP7 cantilever
probes (silicon, 300 MHz). Raw AFM data were treated with the Gwyddion 2.40 software
(automatic mean plane subtraction, then automatic line correction by matching height
median). As no deconvolution with the tip shape was performed, only the height of the sample
was used as an estimate of the particle size. Typically, the UCNPs were diluted ~1000x-
10000x relative to the stock dispersion to obtain samples with highly separated particles,

suitable for correlated AFM/wide-field upconversion measurements.

3.4.4. Correlated AFM/wide-field upconversion microscopy (AFM-Upcon)

For correlated atomic force microscopy / wide-field upconversion luminescence
microscopy (AFM/Upcon), the particles were 1000-fold diluted in water from stock solution
and dried for 1 h in a vacuum chamber on mica glued to a thin steel washer. To ensure a clean
flat surface, mica was exfoliated with a scotch tape immediately before the experiment. The
bottom side of the mica was marked with a permanent marker (Staedtler permanent
Lumocolor, red) to leave a spot clearly visible in bright field microscopy. The position of the
scanned region of interest (ROI) relative to the marker spot was noted. Then, the sample was
inverted and fixed on a glass coverslip with a scotch tape. The marker spot was found by
illuminating the sample with a white lamp, and the objective was positioned with an XY stage
with corresponding offsets relative to the spot, to find the approximate position of the scanned

ROI. The precise ROI was located manually afterwards. Fig. 3.4.4.1 illustrates the protocol.
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Afterwards, the luminescence images were treated by a landmark-based rigid
transformation to match the AFM geometry, using Landmark Correspondences FIJI plugin
(Saalfeld, 2018). The rigid transformation was chosen to retain the spot proportions and inter-

spot distances. Landmarks were set manually by the user.
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Figure 3.4.4.1. Sample preparation for correlated AFM/ wide-field upconversion luminescence
microscopy. A: Initial assembly of mica attached to a steel washer, with a marker on the bottom
side (red arrow). B: A drop of nanoparticle dispersion is added. C. After evaporation, AFM is
performed on the sample. D: The sample is then inverted and fixed to a glass coverslip. The marker

is located by eye in the bright field mode, and the exact ROl is located with an XY stage.

3.4.5. Live cell phase contrast videomicroscopy

Bright-field phase contrast time lapses were performed on a fully motorized inverted
microscope (Leica, FW 4000 with 20x 0.40 N.A. N PlanL Phl objective or 40x 0.75 N.A.
HCX PL APO Ph2 objective) equipped with a sCMOS Camera (Photometrics, Prime) and
controlled by Metamorph 7.8.13.0 (Molecular Device). An incubator box (Life Imaging
System) allowed temperature, CO, and humidity control. Samples were prepared in 8 well
plates (Ibidi, pu-Slide 8 Well Glass Bottom). For degranulation videomicroscopy experiments,
cells were seeded in Ibidi 8-well glass-bottom plates at 30000 cells per plate and cultured in
cell medium overnight. Microscopy was performed at 37°C in the presence of 5% CO,. For
cell priming with antibodies, IgE was diluted in culture medium at 100 ng/mL and cells were

primed over 30 min. For degranulation, DNP-BSA was diluted in 1x HBSS at 50 ng/mL, and
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degranulation was monitored over 30 min. Images were taken in a time-lapse, every 10

seconds.

Part 5. Biological sample preparation.

3.5.1. Cell culture

RBL-2H3 cells were purchased from ATCC and cultured in complete MEM
supplemented with 10% FBS and 1% penicillin/streptomycin at 37°C in the presence of 5%
CO; in 5 mL flasks (Nunc EasyFlask, Thermo Scientific). Passages were performed every 2-3
days using 0.25% trypsin/EDTA to detach cells from surface, in confluent or subconfluent
cultures (overconfluence was avoided to reduce possible associated adverse effects on cell

performance).

3.5.2. Controlled antibody biotinylation

An example protocol for antibody biotinylation using the Biotin-NHS reagent (Thermo
Fisher) is given below.

12ul of 1 mg/mL Anti-DNP IgE (clone SPE-7, Sigma-Aldrich D8406) were
exchanged into 1x PBS buffer using a Zeba Micro Spin centrifuge desalting column (Thermo
Fisher) following manufacturer's instructions for buffer exchange. This step is required as
azide in storage buffer can interfere with the biotinylation reaction. After this step, the total
volume of antibody was 18 puL. Next, the biotinylating reagent was dissolved at 58.65 mM
concentration in DMSO. 0.27 uL. of DMSO solution was added to 1x PBS and vortexed.
Immediately after, 18 pL of this solution were mixed with 18 pL of IgE. This corresponded to
~1:3 antibody to biotinylating reagent stoichiometry. The mixture was incubated at room
temperature in the dark over 2 h. Then, the mixture was exchanged to 1x PBS on Zeba Micro
Spin centrifuge desalting columns to remove the excess of unreacted reagent. This yields
antibody at approx. 0.22 mg/mL concentration, assuming quantitative yield of purification
steps and taking into account dilution on all steps.

To estimate the biotinylation extent of the antibody, we performed SDS-PAGE (10%
gel) of the biotinylated antibodies in the presence of streptavidin. Before loading, the antibody
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(4 uL at ~0.22 mg/mL) was denatured by heating at 95°C over 3 min in reducing loading
buffer (using 10% mercaptoethanol as reducing agent). After cooling down, streptavidin was
added (6 uL at ~1 mg/mL, purchased from IBA). At room temperature, streptavidin is
resistant to denaturation with SDS, and retains activity. This allows to estimate the extent of
antibody biotinylation by observing the relative intensity of the bands corresponding to heavy
or light chains of antibody, and bands corresponding to complexes of biotinylated heavy or
light chains with one, two or multiple streptavidin molecules.

Results are shown on Figure 3.5.2.1. An increase of the concentration of the
biotinylation reagent concentration on the biotinylation step ultimately leads to an increase in
the heavier bands. We were able to estimate biotinylation only of heavy chains (MW
~70 KDa), as the band of the complex of light chain (~25 KDa) with a single streptavidin has
approximately the same molecular weight as the heavy chain (~90 KDa). We tested several
antibody to biotinylation reagent stoichiometries, and observed a gradual increase in intensity
and number of high molecular weight bands corresponding to complexes of antibody heavy
chain with one, two or more streptavidins, at molecular weights of ~145 KDa (90+55), ~200
KDa (90+2*55), ~255 KDa (90+3*55), etc. As we wanted the activity of the antibody to be as
close to the native one as possible, we ultimately have chosen the 1:3 stoichiometry described
in the aforementioned protocol. Based on the gels, this stoichiometry yields approximately 1
mono-biotinylated antibody per 2 non-biotinylated ones.

We note that this method works only with streptavidin that has a relatively narrow
molecular weight distribution. Affinity-purified streptavidin (e.g. the cheaper option from
Sigma-Aldrich) has identical activity, but has a wide molecular weight distribution due to its

production and purification processes, leading to difficulties in gel interpretation.
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Figure 3.5.2.1. SDS-PAGE of antibody denatured in reductive conditions, mixed with excess
streptavidin. MW reference lane was loaded with Color Prestained Protein Standard, Broad
Range (NEB). Unlike the rest of the lanes, pure antibody lane was loaded using non-reducing
denaturing conditions. Reducing reagent from the neighbouring lane has partially denatured
the antibody during the stacking step, allowing to observe both the non-reduced antibody and
antibody reduced into heavy and light chains. Streptavidin lane was deliberately overloaded

(10 ug) to monitor the presence of any impurities.

Part 6. Calculations, modeling, and data treatment.

Typically, calculations, modeling and data treatment were performed using ImageJ as a
part of the FIJI or Micro-Manager packages, Origin Pro 8, Wolfram Mathematica 10.0 and
11.2, Python 3.4.3, MatLab (R2010b or R2016b), LabView, LibreOffice Calc and Microsoft
Excel. For single-particle tracking, videos were treated using TrackMate framework
developed by group of Jean-Yves Tinevez (7inevez et al., 2017). For preparation of
illustrations, the capabilities of the aforementioned programs were used, along with Microsoft

Paint, paint. NET and Inkscape. Manuscript preparation was performed in LibreOffice Writer
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and Microsoft Word. Due to their considerable size, scripts and code are not presented here,

but are available upon request.
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Chapter 4. Conclusions and perspectives.

Conclusions

The main objective of this research work was to adapt UCNPs towards single-molecule
microscopy to gain advantage of their unique properties. The accent was made on biological
applications, as they would benefit the most from the properties of UCNPs. Imaging with
UCNPs allows to remove autofluorescence background, which is a common source of issues
in conventional fluorescence microscopy in biology. Extreme photostability of UCNPs and

the absence of blinking are also notable advantages for microscopy applications.

To this aim, we have perfected protocols for making raw, oleate-capped UCNPs water-
dispersible. Our main priority was to retain particle monodispersity, as the homogeneous size
of the particles is crucial for SMM applications, where oligomerization and aggregation of
particles can induce significant systematic errors in the experiments. We investigated multiple
strategies: ligand exchange, nanoemulsion entrapment, amphiphilic polymer coating, and
zwitterionic amphiphilic polymers. We found that coating particles with amphiphilic
polymers is arguably the best method for adapting them towards SMM due to the high particle
monodispersity, colloidal stability, low thickness of the coating, and possibility to decorate
the obtained particles with functionality-imparting groups. We added functional groups
directly during the polymer synthesis, but we note that the UCNPs can also be decorated after
coating. Other strategies for water dispersibility did not yield particles of appreciable quality
for SMM.

We have also devised protocols for single-particle imaging of UCNPs and estimated the
stability of individual UCNPs in aqueous buffers. We noticed that dissolution-caused damage
of UCNPs can induce high heterogeneity in the intensity and spectral response of single
particles. We showed that such dissolution-caused effects can be effectively inhibited by

employing fluoride buffers during imaging.

We have tried to adapt UCNPs towards smFRET applications. For this aim, we
performed systematic experimental assessment of FRET efficiency from UCNPs of various
sizes towards organic dyes attached to the particle surface. Based on this data, we have made

a semi-empirical Monte Carlo model for prediction of efficiency of FRET from UCNPs to
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organic dyes. Ultimately, the efficiencies of FRET from a single UCNP towards a single dye
(as in smFRET) were deemed insufficient for snFRET applications, at least for commonly
used homogeneously doped Yb-Er UCNPs. Nevertheless, the model has potential for quick
estimation of FRET efficiency from UCNPs to multiple dyes, which can be useful in
development of other FRET-based applications besides smFRET.

Finally, we adapted UCNPs towards single-particle tracking. For this, the UCNPs were
modified with biotin and then streptavidin, yielding streptavidin-decorated particles, allowing
easy attachment of biotinylated targeting molecules (antibodies or aptamers). To confirm that
the particles had superior performance in SPT, we decorated them with IgE antibodies and
performed SPT of FceRI receptors on the surface of RBL-2H3 cells. This system was well-
described in literature specifically with SPT techniques, which allowed us to validate the
behavior of our particles by comparing it to the literature data. Overall, we found UCNPs to
show uninterrupted long-term emission, exceptional photostability, and low background due
to elimination of autofluorescence. All of those properties showed UCNPs to be very

promising luminophores for SPT.

In summary, this work is the first extensive exploratory foray of our laboratory into the
exciting fields of upconversion nanoparticles and upconversion microscopy. During the work,
we have established multiple protocols and gained valuable empirical experience that will

serve as a foundation for future work on UCNP applications in biological microscopy.

Perspectives

For dispersing UCNPs in water, the next step for improvement would be expanding the
work on zwitterionic polymers, perhaps by using more hydrophilic or oligomeric zwitterions.
Keeping the particle surface approximately neutral with a strongly coordinated water shell
would be very important to combat non-specific binding to proteins and nucleic acids, both
for in vitro and in vivo experiments. Exploring the possibilities of coating UCNPs with a
silica shell could also prove fruitful, given its high chemical resistance and well-developed
protocols for its modification. Multiple groups have been using this approach for experiments
with bulk UCNPs. Devising a method to produce colloidally stable silica-coated UCNPs of
high monodispersity would be an important step towards creating UCNPs with a variety of

functionalities for microscopy experiments.
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For smFRET applications, a crucial improvement of UCNP-dye FRET efficiency would
likely involve engineering particles with cooperative emitters. With sufficiently long emitter
lifetime, this approach could allow the emitters farther than the Forster distance from the dye
to still be able to contribute to FRET, by transferring their energy towards the emitters that are
close to the dye. Such particles have been already reported in literature in simple FRET
experiments, using homo-FRET between Gd** ions as the cooperativity mechanism (Deng et
al., 2016, Wang et al., 2011). However, the potential of such UCNPs towards smFRET

experiments has not been investigated yet.

For SPT applications, the streptavidin-grafted particles that we developed can be
immediately used towards investigation of cell membrane component behavior via SPT.
Unlike organic dyes and quantum dots, the absence of blinking and bleaching with UCNPs
allows performing SPT on extremely long timescales, and unlike gold nanoparticles, UCNPs
can be made in smaller sizes and can be used in multichannel experiments (e.g. for
simultaneous multi-target SPT with several different types of UCNPs). Multichannel
experiments can be additionally extended by using UCNPs with dopant-dependent spectral
responses, originally developed for multiplexing. By tuning the dopant concentrations, one
could produce particles with very distinct spectral signatures with significantly different band
structures and band ratios. Ultimately, this approach could allow to perform SPT experiments

in which each individual particle has a distinct spectral signature.

All of the above approaches can also be immediately improved and expanded upon by
using tailored particles made specifically for microscopy purposes. In recent years, an ample
amount of work has been dedicated by multiple research groups around the world towards this
aim, for example, through a popular approach of shielding sensitizers against quenching using
an inert shell grown on particle surface. The new developed UCNPs have immediate
advantages for increasing brightness in SMM. In regards to improving particle brightness,
there have been multiple reports on using dyes with a low-energy triplet excited state to
efficiently transfer energy to sensitizers inside UCNPs (Chen et al., 2015; Garfield et al.,
2018, Zou et al., 2012). This approach effectively increases extinction coefficient of UCNPs
and hence, their brightness. However, the obtained particles rapidly lose their brightness in

biological conditions, as the dye in its excited state is very susceptible towards oxidative
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degradation (for example, by ambient oxygen). Entrapping such dyes on the particle surface
under a thick impenetrable layer of silica or densely packed polymer could provide them with
substantial resistance against photobleaching. The obtained luminophore could combine
unprecedented extinction coefficients of dye-loaded nanoparticles with unique properties of

UCNPs like high anti-Stokes shift and narrow band structure.

Extending the ideas applied to UCNPs in photodynamic therapy, drug delivery and
theranostics, one could imagine making UCNPs with a controllable activated function. Such
particles would serve not only as labels, but also as nanoscale instruments in SMM. For
instance, attaching photocleavable groups to the surface of particles could allow consistent
long-term tracking of UCNPs under infrared illumination in cell experiments, observing their
localization in different regions of cells (e.g. in late endosomes), and inducing changes in their
environment by a flash of focused visible light at the right place in the right moment. Another
particularly interesting approach would be using UCNPs with blue or violet emission for
controlled IR-activated photopolymerization for nanoscale 3D printing, using FRET from the
particle as an efficient highly localized source for initiating the polymerization process (some
groundwork towards this application has been laid in Rocheva et al., 2018). The on-demand
local generation of UV and/or visible excitation by UCNPs also holds potential for
optogenetic experiments as well, by attaching UCNPs to photosensitive ion channels
introduced in transgenic cells, allowing IR-triggered channel opening behavior (promising
examples are shown in S. Chen et al., 2018; Pliss et al., 2017; Shah et al., 2015; X. Wu et al.,
2016).

Plasmonic effects, particularly absorption and emission enhancement in luminophores
close to conductive particles and/or surfaces (e.g. gold nanoparticles) could be another
interesting approach towards increasing UCNP brightness in microscopy experiments.
Prototype experiments have been already reported in literature, but so far no particularly high
brightness enhancement factors have been shown yet. The approach that holds the most
promise involves positioning UCNPs on the tip of a gold nanorod of appropriate dimensions
that allows both absorption and emission enhancement at the same time, as the nanorod has
two appropriate plasmonic resonance frequencies. If a method to reliably assemble this
system in an appropriate geometry would be devised, the obtained composite particles would
have a formidable improvement in upconversion luminescence, which would be especially

useful for microscopy applications.
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Resume de these en francais

Chapitre 2. Résultats et discussion.

Partie 1. Fonctionnalisation et caractérisation des particules.

Les particules initiales du projet ont été synthétisées par nos collaborateurs de

'Université de Regensburg, dirigés par le Dr. Thomas Hirsch.

Afin de faciliter la comparaison des performances des particules avec les données
publiées, nous avons opté pour la composition de UCNP la plus étudiée, B-NaYF,: 20% Yb™,
2% Er’* a cceur simple (particules homogénes sans dopage de type cceur-coquille). Les
particules du projet ont été synthétisées en plusieurs tailles: diamétres de 16, 21 et 31 nm. La
taille des particules a été modulée par co-dopage avec du Gd** (0%, 10% and 20%), qui
permet de réduire la taille des particules tout en préservant les propriétés de cristallinité et de
luminescence (Damasco et al., 2014). Des exemples d'images de microscopie ¢électronique en
transmission (TEM) de particules avec des histogrammes de taille de particules ainsi que des
distributions de taille obtenues pour de diffusion dynamique de la lumiere (DLS) sont fournis
a la Fig. 2.1.1. Les particules sont approximativement sphériques et ont une distribution de
taille remarquablement étroite. Les diagrammes de diffraction aux rayons X (XRD)

confirment que les particules ont une matrice cristalline en phase  (hexagonale).
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Fig. 2.1.1. Caractérisation initiale des particules. A.B.C: images TEM et histogrammes de
taille de particules obtenus par analyse des 'images TEM pour les UCNPs de 16 nm, 21 nm
et 31 nm de diametre, respectivement. D: spectres XRD despoCNPs. E: Distributions de taille
obtenues par DLS pour des dispersions d'UCNPs dans du cyclohexane.

Les spectres de luminescence des particules de départ et leurs déclins de luminescence
sont représentés dans la Fig. 2.1.3. Ces particules présentent des caractéristiques photo-
physiques typique des UCNPs dopées par Yb’*-Er’*. Les différences entre les différents

spectres et les différents déclins sont caractéristiques d'une augmentation des effets de
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surfaces (notamment quenching) a mesure que le diametre des particules diminue (Arppe et

al., 2015; Wiirth et al., 2018).

Fig. 2.1.3. Spectres et déclins de luminescence d’'UCNPs recouvertes d’acide oléique de 16,
21 et 31 nm de diametre dispersées dans du cyclohexane. A: spectres d'UCNPs, normalisés
au maximum de la bande rouge. B: courbes de déclin de luminescence de la bande verte. C:
courbes de déclin de luminescence de la bande rouge. L'excitation a été réalisée a 980 nm

avec un faisceau focalisé, en utilisant une intensité d'excitation moyenne de 6.2 KW/cm’.

Aprées avoir vérifié que les particules de départ étaient de qualité suffisante pour servir
de base aux expériences SMM, I'étape suivante consistait a tester différents protocoles de
traitement de surface. L’objectif est d’obtenir des particules dispersables dans 1’eau, qui
conservent une bonne monodispersité et une luminescence homogene et qui présentent une
bonne stabilité¢ dans le temps. A ce moment-la, les données de la littérature concernant la
dispersion des particules dans 1'eau montraient fréquemment une oligomérisation partielle des
particules (Hlavacek et al., 2014; Sedlmeier and Gorris, 2015). Bien qu’elle soit
généralement acceptable pour les analyses d’ensemble, 1’oligomérisation peut poser de graves
problémes dans les expériences SMM, ou elle peut induire des erreurs systématiques
importantes et une performance médiocre des essais en raison d’une hétérogénéité particule a
particule trop importante. Il convient également de noter que les protocoles de revétement et
de modification des nanoparticules sont connus pour leur faible reproductibilité inter-

laboratoire. Gardant tout cela a l'esprit, les stratégies suivantes ont attiré notre attention:

e Les revétements a base de coquille de silice ont été considérés comme peu prioritaires.
Les principales préoccupations émanaient du nombre élevé de paramétres critiques

présents dans les protocoles de la littérature, des difficultés de purification des
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nanoparticules, de 1’agrégation progressive lors du stockage et de la difficulté a
controler finement 1'épaisseur de la coquille, paramétre particulierement important

pour le smFRET.

La plus haute priorit¢ a été attribuée aux revétements a base de surfactants, en
particulier les polyméres amphiphiles, en raison de la stabilit¢ colloidale
exceptionnelle des particules produites, de leur fonctionnalisation aisée via simple
ajout de groupements réactifs au polymeére et de 1'expérience antérieure du laboratoire

avec cette approche.

L'échange de ligands a attiré notre attention en raison de la simplicité des protocoles,
du vaste choix de modifications chimiques disponibles et de la faible épaisseur de la
couche de surfactant qui pourrait faciliter les applications FRET. La principale
préoccupation concernant cette méthode concernait le détachement des ligands lors de
la dilution de la dispersion, car les matrices a base de fluorure a partir desquelles les
UCNPs brillantes sont fabriquées ne présentent pas de fortes interactions avec les

ligands qui sont typiquement utilisés.

L’encapsulation par nanoémulsion des UCNPs n’était pas décrite dans la littérature a
ce moment. Notre intérét pour cette approche était di a la rapidité et simplicité des
protocoles mis en ceuvre pour la formation de nanoémulsions pour certaines

combinaisons de phase non polaire et de surfactant (4Anton and Vandamme, 2010,

2009).

Dans un premier temps nous avons décidé d’essayer ces méthodes par ordre de priorité,

pour affiner dans un second temps le protocole qui donnait les résultats initiaux les plus

prometteurs.

2.1.1. Enrobage a base de polymere amphiphile

Les revétements a base de polyméres amphiphiles sont largement utilisés pour les

nanoparticules afin de les rendre dispersables dans des tampons aqueux. Les protocoles les

plus connus pour le revétement de nanoparticules inorganiques ont ét¢ mis au point par le

groupe de Parak (Lin et al, 2008; Pellegrino et al., 2004). Ensuite, plusieurs groupes, y

compris nos collaborateurs, ont adapté ces protocoles aux UCNPs (Jiang et al., 2012;

Wilhelm et al., 2015; Wu et al., 2009).
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Typiquement, les polymeres amphiphiles peuvent étre formés soit par polymérisation de
monomeres décorés de différentes maniéres, soit par modification d'un squelette polymeére
déja formé (Fig. 2.1.1.1). Nous avons opté pour la seconde approche, car cette méthode
permet de modifier facilement le polymére, repose sur des protocoles plus courts et plus

fiables et permet d’obtenir un polymere de taille définie.

Fig. 2.1.1.1. Stratégies pour la préparation de polymeres amphiphiles.

Pour la synthése du polymeére, nous avons utilisé un protocole similaire a celui décrit
précédemment dans la littérature (Wilhelm et al, 2015). En bref, la réaction implique
I’ouverture de cycles anhydrides sur un polymeére polyanhydride commercial avec de la
dodécylamine en présence d’une base, une hydrolyse ultérieure assure 1’ouverture de tous les
cycles (Fig. 2.1.1.2A). Le polymeére résultant posséde un squelette hydrophile avec des
groupements carboxyles et des chaines latérales hydrophobes qui y sont attachées par des
liaisons amides robustes (Fig.2.1.1.2B). Nous avons également inclus une étape de
purification par chromatographie d'exclusion stérique pour assurer 1'élimination de toutes les
impuretés (petites molécules). Aprés synthése, le polymeére est dispersable dans des solvants
organiques non polaires (par exemple le chloroforme). Il est important de noter qu’il est
possible d’attacher facilement au polymere des fluorophores, des liens bio-orthogonaux et
d'autres fragments utiles pendant la synthése, simplement en ajoutant une amine primaire

appropriée au cours de 1'étape d'ouverture de cycles.
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Fig. 2.1.1.2. Synthése du polymere amphiphile. A: greffage de groupes sur un squelette de
polyanhydride par formation de groupes amides. B: exemple de structure de polymere

synthétisé, avec les chaines latérales hydrophobes et le squelette hydrophile mis en évidence.

Ensuite, nous avons enrobé les UCNPs avec le polymére, en utilisant les protocoles de
la littérature mentionnés précédemment comme point de départ. Le protocole est illustré a la
Fig. 2.1.1.3 (la version compléte est disponible dans le chapitre Matériels et Méthodes). En
bref, les UCNPs et le polymeére sont dispersés ensemble dans du chloroforme (Fig. 2.1.1.3A).
L'ajout d'un tampon aqueux trés basique amene le polymere a résider a l'interface eau-
chloroforme, formant de grosses gouttelettes de solvant (> 1 pm de diamétre) (Fig. 2.1.1.3B).
En réchauffant modérément la solution mis sous un faible vide tout en maintenant une
agitation constante le chloroforme s’évapore doucement du mélange. Alors que 1’évaporation
du chloroforme réduit I’espace disponible a D’interface solvant-eau, les gouttelettes se
contractent, formant une surface de plus en plus rugueuse, finissant par se séparer. Le
mécanisme de rupture des gouttelettes n'est pas clair, mais il est susceptible d'étre induit par
I’agitation mécanique et la répulsion électrostatique des groupes carboxyles chargés a la
surface des particules. L'évaporation se poursuit jusqu'a ce que les gouttelettes ne contiennent

plus aucun solvant (devenant ainsi des micelles) ou contiennent une ou plusieurs UCNPs. Si
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un exces de polymere suffisamment €levé est utilisé, les gouttelettes résultantes auront une
probabilité plus faible de contenir plusieurs UCNPs, ce qui permettra finalement d’obtenir des
particules individuelles enrobées par une enveloppe de polymere (Fig. 2.1.1.3C). Néanmoins,
l'utilisation d'un exces de polymere entraine la formation d'une grande quantité de micelles de
polymere vides, qui doivent ensuite €tre séparées des UCNP enrobées. Cette purification peut
étre effectuée par filtration centrifuge, chromatographie d’exclusion stérique, sédimentation
centrifuge avec re-dispersion ultérieure et par d’autres méthodes de purification des

nanoparticules (Fig. 2.1.1.3D).

Fig. 2.1.1.3. Protocole d’enrobage. A: mélange initial a deux phases. Les particules restent
dans le chloroforme, tandis que le polymeére migre vers l'interface. B: formation de grosses
gouttelettes de solvant par mélange. C: formation de particules enrobées et de micelles de

polymere. D: séparation des particules et des micelles.

Nous avons testé diverses conditions pour le protocole d’enrobage / purification, y
compris la modification du rapport de concentration polymere / UCNPs, le pH du tampon,

I’utilisation des ultrasons pour faciliter la dispersion des UCNPs et certains autres parametres.
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Nous avons finalement réussi a trouver un ensemble de conditions qui produisaient de
manicre fiable une dispersion contenant des UCNPs individuels encapsulées dans des micelles
de polymere, sans oligomérisation ou agrégation importante des particules. Nous n'avons pas
¢t¢ en mesure de reproduire les protocoles de la littérature pour séparer les UCNP des
micelles de polymeéres. Cependant, nous avons trouvé un ensemble de conditions pour la
sédimentation / re-dispersion centrifuge qui donnent des particules monodisperses sans

micelles de polymeére présents apres deux cycles de purification.

Pour caractériser les particules apreés synthése et purification, nous avons effectué des
mesures de diffusion dynamique de la lumiére (DLS), qui sont couramment utilisées comme
méthode semi-quantitative pour la caractérisation rapide de dispersion de nanoparticules. Bien
que cette méthode ne permette pas d’obtenir précisément les concentrations relatives de
particules individuelles et d'oligoméres de particules, elle peut signaler qualitativement une
oligomérisation ou une agrégation significative. Des exemples de distributions de tailles
obtenues par DLS pour des dispersions de particules avec des micelles, des particules
individuelles purifiées et des dispersions de particules oligomérisées / agrégées sont fournis a

la Fig. 2.1.1.4.
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Fig. 2.1.1.4. Exemples de distribution de taille en volume obtenues par DLS pour des
dispersions de particules enrobées de polymere. Violet: échantillon initial contenant a la fois
des UCNP et des micelles de polymere. Rouge: UCNPs purifiés par centrifugation et

redispersion dans un tampon. Bleu: micelles de polymere résidant dans le surnageant qui ont
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été éliminés par centrifugation.

Pour les expériences de SMM, la taille et la luminescence des particules doivent étre
aussi homogenes que possible. Ainsi en se basant uniquement sur leur intensité de
luminescence il sera possible de distinguer aisément les nanoparticules individuelles des
oligomeres et des agrégats, ce qui peut s'avérer extrémement utile pour des expériences ou la
taille des particules n'est pas directement accessible (par exemple au cours d’expériences avec
des cellules). Pour évaluer les deux paramétres en méme temps, nous avons effectué¢ une
expérience de microscopie corrélative impliquant de la microscopie AFM et de la microscopie
de fluorescence en champ large. La Fig. 2.1.1.5 illustre le concept de l'expérience et présente
un exemple d'images obtenues pour des particules de 31 nm. En bref, une dispersion de
particules est séchée sur une surface, puis une image AFM et une image de microscopie de
fluorescence a champ large sont effectuées simultanément ou séquentiellement sur une région
d'intérét de I'échantillon. Si la concentration initiale des particules est suffisamment faible,
elles seront séparées spatialement sur la surface et leurs spots de luminescence seront
suffisamment ¢loignés les uns des autres pour permettre d’intégrer le signal de chaque

particules prises individuellement afin de comparer leurs intensités de luminescence.
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Fig. 2.1.1.5. Préparation des échantillons pour la microscopie corrélative AFM / microscopie de
fluorescence en champ large. A: Assemblage initial composé d’un morceau de mica attaché a une
rondelle en acier, marqué d’une fleche rouge sur la face du dessous. B: Une goutte de dispersion
de nanoparticules est déposée sur le dessus. C: Apres évaporation, une image AFM de [’échantillon
est effectuée. D: L'échantillon est ensuite inversé, fixé sur une lamelle de verre et monté sur un
microscope inversé. La position du marqueur est repérée aux oculaires en champ clair puis la ROI
est amenée au centre du champ par un déplacement de la platine XY motorisée. Ensuite, une image

de microscopie de fluorescence de la ROI est réalisée.

Pour vérifier que le protocole d’enrobage produisait des particules uniques au lieu
d’oligomeres, nous avons effectué de la microscopie corrélative AFM / microscopie de
luminescence en champ large. La Fig. 2.1.1.6 montre un exemple d'échantillon fortement
mono-disperse d'UCNPs enrobées de polymere. Les particules présentent une luminescence et
une taille homogenes (Fig. 2.1.1.6C). Comme les images AFM sont convoluées par la forme
de la pointe AFM, la taille des particules est estimée a partir de la hauteur, qui peut étre

mesurée trés précisément par AFM.

Fig. 2.1.1.6. Particules enrobées de polymere purifiées. A: Mesure DLS des UCNPs dispersés
dans l'eau. B: Haut: région d'intérét (ROI) d'une image AFM d'UCNPs séchés a partir d'une
dispersion aqueuse et de son image corrélée de microscopie de luminescence en champ large
dans le canal rouge (en rouge; filtre passe-bande 660/30, excitation a 980 nm avec intensité
de 8 kW / cm2). En bas: hauteur et intensité des trois particules mises en évidence dans le
panneau supérieur. C: Taille et intensité normalisée (points noirs) et histogrammes de ces

parametres (bleu et rouge) pour un échantillon de 28 particules.
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En parallele, nous avons également effectu¢ la synthése et la purification de polymeres
amphiphiles zwitterioniques. De la méme maniére que les membranes naturelles a base de
phospholipides, les surfactants zwitterioniques ont une paire de groupements chargés
positivement et négativement liés de maniére covalente a 1’extrémité hydrophile. En milieu
aqueux, de tels polymeres ont tendance a former une coque trés dense et trés coordonnée
autour du groupe zwitterionique. Ceci, combiné a leur charge de surface neutre a pH
physiologique, permet aux micelles a base de surfactants zwitterioniques d’étre stabilisés via
la répulsion stérique de leurs coquilles d’eau fortement coordonnées. De plus, cela leur permet
de présenter des propriétés anti-agrégation et de passiver leur surface dans les conditions
biologiques d’une manieére similaire a une fonctionnalisation par des groupements
polyéthyléneglycol (PEG), mais avec une taille de groupement stabilisant beaucoup plus

petite (Fig. 2.1.1.7) (Estephan et al., 2011; Garcia et al., 2014, Schlenoff, 2014).
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Fig. 2.1.1.7. Stabilisation stérique par PEG et zwitterions. A: un surfactant avec une chaine
de PEG exposée a des conditions aqueuses possede une enveloppe de molécules d’eau
modérément coordonnée. B: un surfactant zwitterionique (ici: DOPC) a une petite coquille de
molécules d’eau fortement coordonnées. C: Comparaison de la taille des particules pour les
differentes méthodes de stabilisation. Les surfactants a charge unique stabilisent les
particules par répulsion électrostatique, mais cessent de le faire en présence de sels. Les
surfactants PEG stabilisent les particules par la répulsion stérique de l'enveloppe d'eau, mais
induisent une augmentation substantielle de la taille des particules. Les tensioactifs

zwitterioniques se comportent de la méme maniere, mais permettent de conserver des
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particules de petite taille.

Les polymeres amphiphiles portant des groupements zwitterioniques sont connus sous
le nom de polyzwitterions amphiphiles ou “polysoaps”. Une de leurs applications potentielles
est la stabilisation de nanoparticules dans des dispersions aqueuses. Les propriétés de
passivations induites par une faible charge de surface effective permettraient de protéger les
particules contre la liaison non spécifique de biomolécules, tandis que la fine €paisseur de
I’enveloppe serait bénéfique pour les applications FRET nécessitant une distance réduite entre
la particule et I’accepteur. Une autre propriété intéressante des nanoparticules recouvertes de
zwitterion serait leur stabilité colloidale dans des tampons physiologiques qui ont
généralement un pouvoir ionique €levé, ce qui pose probléme aux nanoparticules stabilisées

par répulsion ¢électrostatique.

Comme il existait peu d'informations dans la littérature sur la stabilisation de
nanoparticules avec des polyzwitterions amphiphiles, nous avons décidé d'étudier la
faisabilité de la préparation de tels composés et de leur utilisation pour stabiliser des UCNPs.
Nous avons testé plusieurs stratégies pour préparer un polymere zwitterionique, toutes basées
sur la modification d'un squelette polyanhydride avec une sulfobétaine-amine. La Fig. 2.1.1.8
illustre la seule approche ayant abouti a une décoration significative du squelette polymeérique
avec des groupeements sulfobétaine. Nous avons caractérisé les polymeéres par RMN et IR
afin de vérifier leur composition. En raison de problémes de solubilité, un seul protocole a
permis de préparer un polymeére avec une quantité significative de groupes sulfobétaine (les
protocoles qui ont échoués ne sont pas présentés ici mais sont disponibles sur demande).
Malheureusement, 1’enrobage des UCNP avec ce polymére n'a pas abouti. Aucune des
approches que nous avons testées n'a permis de produire autre chose que des agrégats de
polymére et d’UCNPs. Une raison probable de cet échec est la grande stabilité
thermodynamique des films et des agrégats de polymeres obtenus lors de 1’évaporation du
solvant du fait de 1’absence de répulsion électrostatique entre les différents groupements de
«tétey. Une autre raison possible serait le caractére hydrophile insuffisant de la sulfobétaine
en raison de la présence de groupes éthyle, entravant la coordination des molécules d’eau.
Alors que ce sujet mérite plus d'investigation, nous avons décidé de reporter ce projet
paralléle et de nous concentrer sur d'autres approches permettant de disperser les UCNPs dans

I’eau, ainsi que sur les applications des UCNPs.
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Fig. 2.1.1.8. Synthese du polymere amphiphile zwitterionique.

2.1.2. Expériences d'échange de ligands

Nous avons effectué une petite série d'expériences d'échange de ligands pour voir si
elles permettraient d'obtenir une qualité de particules satisfaisante. Pour les expériences
d'échange de ligand, nous avons décidé d'opter pour un décapage doux des UCNPs via
NOBEF; avec extraction simultanée des particules dans du DMF (Dong et al., 2011). La DLS
des dispersions de particules obtenues dans le DMF a montré qu'aucune agrégation
significative ne s'était produite pendant le stripping du ligand et que les particules étaient

colloidalement stables sur des périodes de temps prolongées (Fig. 2.1.2.1).
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Fig. 2.1.2.1. Distribution de taille obtenue par DLS d'UCNPs de 21 nm ayant subi un
échange de ligand avec NOBF,.

L'étape suivante était la dispersion des particules dans 1'eau avec stabilisation par un
surfactant et purification ultérieure pour éliminer le DMF résiduel et les micelles vides. En
tant que surfactant, nous avons utilis¢ le Tween 20, un surfactant neutre avec un fragment
hydrophile de PEG branché. Les particules restent colloidalement stables, mais uniquement en
présence de micelles de polymeres. Dans le petit ensemble d'expériences que nous avons
effectuées, nous avons systématiquement constaté que l'oligomérisation des particules et
l'instabilité colloidale au fil du temps constituaient un probléme si I’excés de surfactant était

¢liminé de la dispersion.

2.1.3. Encapsulation par nanoemulsion

Les nanoémulsions ont fait I’objet d’une attention accrue au cours des derniéres années,
en particulier pour I’encapsulation de principes actifs non polaires dans des gouttelettes
d’huile destinées a 1’administration de médicaments (Anton and Vandamme, 2010). Parmi les
méthodes de nanoémulsification, une méthode, appelée émulsification spontanée, est
particuliérement remarquable en raison de ses faibles exigences expérimentales et de sa
possibilité¢ de travailler avec des substances fragiles qui seraient dégradées par des méthodes

d'émulsification classiques telles que la sonication (Anton and Vandamme, 2009).

211



L'émulsification spontanée est basée sur la préparation d'un mélange homogéne d'huile
et de surfactant non ionique dans une certaine proportion, puis le mélange de cette solution
avec de I'eau ou un tampon aqueux. Apreés mélange, ce systetme a deux phases ne se trouve
pas a I’équilibre thermodynamique ce qui entraine un repositionnement rapide des molécules
de surfactant a la surface huile / eau pour rejoindre spontanément ['état stable le plus proche.
Si la proportion de surfactant est suffisamment grande, les deux phases forment spontanément
une grande surface entre elles, ce qui entraine la formation de nanoémulsion. Ensuite, la
coalescence des gouttelettes d’huile est génée par la présence du surfactant a I’interface. Cela
conduit a des nanoémulsions stables pendant des semaines ou des mois. La formation de
nanoémulsions stables dépend de la nature du surfactant et de I’huile, de leurs proportions
dans le mélange, de la température a laquelle le mélange est effectué, de la présence d’ions

dans la phase aqueuse et de plusieurs autres parametres.

Si une substance lipophile est ajoutée au mélange huile / surfactant avant de former une
nanoémulsion, elle est piégée (encapsulée) a l'intérieur des gouttelettes de I'émulsion. Etant
donné que les UCNPs recouvertes d'ions d'oléate sont hydrophobes, elles peuvent
éventuellement étre piégées dans les gouttelettes, a condition que la taille moyenne des

gouttelettes soit suffisante pour contenir une UCNP a l'intérieur.

Nous avons effectué¢ une vaste exploration des conditions expérimentales possibles afin
de trouver les combinaisons huile / surfactant et des conditions expérimentales permettant
d'obtenir une charge suffisante d’UCNPs dans des gouttelettes d'huile. Le tableau 2.1.3.1 met
en avant deux expériences relativement réussies et certains commentaires (le protocole
complet est disponible dans la section Matériels et méthodes). Malheureusement, aucune
condition expérimentale n'a donné de particules présentant une stabilité colloidale
suffisamment longue, les meilleures présentant une agrégation et une sédimentation visible en

l'espace de 2-3 jours.

Nanoemulsion composition and emulsification Size by DLS Comments
conditions (volume
distribution)
Sample NE42: 55uL Labrafac WL1349, 55uL 38 nm dodecylated amphiphilic polymer used
Solutol HS15, 1.25 mg UCNP 31 nm, 100 pL as a co-surfactant; sample shows
chloroform (cosolvent for mixing, removed by substantial aggregation over 2 days

evaporation before emulsification), emulsification
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with 25 C water

Sample NE25: 45uL Suppocire C, 55uL Solutol 34 nm dichloroethane aids dispersion with
HS15, 1.25 mg UCNP 31 nm, 50 pL chloroform and high-melting-point oil (Suppocire C);
100pL dichloroethane (cosolvents for mixing, sample shows substantial aggregation
removed by evaporation before emulsification), overnight

emulsification with 25 C water

Tableau 2.1.3.1. Exemples de conditions expérimentales de nanoémulsification donnant de

relativement bon résultats.

Nous avons également ¢étudié les nanoémulsions par microscopie de fluorescence en
champ large et par microscopie TEM afin d'estimer la proportion de gouttelettes contenant
des UCNPs. Pour cela, les gouttelettes ont été chargées a la fois avec des colorants organiques
et des UCNPs, puis immobilisées sur une surface de verre. L'excitation a la lumiére visible
induit la fluorescence du colorant, tandis que l'excitation IR induit la luminescence des
UCNPs. En combinant les images, la quantité¢ totale de gouttelettes et la quantité¢ de
gouttelettes contenant des UCNPs ont pu étre estimées. La Fig. 2.1.3.2 illustre les résultats.
Les images suggerent que la proportion de gouttelettes contenants des UCNPs est
extrémement faible, avec seulement quelques gouttelettes chargées par des UCNPs parmi des
centaines de gouttelettes vides. Nous avons essayé de séparer les goutettes contenant des
particules et les gouttelettes vides en utilisant une centrifugation douce, avec 1’idée que la
différence majeure permettant de les séparer serait leur densité différente. Malheureusement,
nous n'avons pas trouvé de conditions permettant une séparation suffisante des gouttelettes

contenant des UCNPs sans induire leur coalescence.
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Fig. 2.1.3.2. Encapsulation d’"UCNPs par nanoémulsion. A: images de microscopie en champ
large d'UCNPs (canal cyan) et de colorants organiques (canal rouge) immobilisés par
séchage sur verre. Les «taches» autour des spots de fluorescence correspondent
probablement a l'huile des gouttelettes qui s’ étale sur la surface du verre lors du séchage.
Peu de spots de luminescence sont observées dans le canal des UCNPs et leur large taille et
forte émission indique la présence d’agrégats. B: Image TEM typique du méme échantillon
de nanoémulsion immobilisée par séchage sur une grille TEM recouverte d’un film de
Formvar revétue de carbone, en utilisant une coloration a [’acétate d’uranyle. Des
gouttelettes de nanoémulsion «videsy (beignets) et des UCNPs (cercles pleins) sont présents.
Contrairement aux gouttelettes vides, les UCNPs sont toujours présentes en larges amas, ce

qui implique qu'elles étaient agrégées avant l'immobilisation.

Pour résumer ce chapitre, nous avons trouvé des conditions utilisant des polymeéres
amphiphiles qui permettaient 1’hydrophilisation et la purification des UCNPs tout en
conservant leur monodispersité. Les autres méthodes que nous avons essayées n’ont pas

donné de résultats satisfaisants pour 1’application de ces particules en SMM.
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L'étape suivante consistait a tester la faisabilité de I'utilisation des UCNP pour les

techniques SMM. Nous avons décidé de commencer avec le smFRET.

Partie 2. Estimation de 1'applicabilité des UCNPs aux expériences
de smFRET.

Au début de cette partie du projet, les preuves de concept d'applications utilisant les
UCNPs comme donneurs de FRET étaient assez bien représentées dans la littérature. (Idris et
al., 2012; Lahtinen et al., 2016, Mattsson et al., 2015, Rantanen et al., 2007; Wang et al.,
2016). Néanmoins, nous n’avons trouvé aucun exemple d’expériences de sSmFRET basées sur
les UCNPs. Un probléeme particulier qui a attiré notre attention était 1'absence d'une étude
systématique du FRET des UCNPs aux colorants organiques, et plus spécialement son
¢valuation quantitative. Comme le smFRET est une technique quantitative, utiliser des UCNP
pour le smFRET nécessite de comprendre et de pouvoir prévoir le FRET UCNP-fluorophores
au moins a un niveau semi-quantitatif, avec la possibilité d'utiliser ce modéle pour trouver les
parametres optimaux pour les nanoparticules et les conditions d'imagerie afin d'obtenir des

performances de smFRET raisonnables.

Dans ce contexte de FRET, les UCNP peuvent étre considérés comme un systéme rigide
d'émetteurs ponctuels indépendants jouant le réle de donneurs dans une région sphérique,
collectant I’énergie du volume entier de la sphere et la transférant a des accepteurs ponctuels
proches de la surface de la sphere ( Fig. 2.2.1). Qualitativement, on pourrait s’attendre a une
efficacité de FRET plus faible pour les grosses particules, du fait qu'elles présentent un ratio
inférieur d’ions émetteurs situés a proximité des colorants organiques de la surface. Dans le
méme temps, augmenter la quantit¢ de colorants sur la surface des nanoparticules
augmenterait l'efficacit¢ du FRET en raison de la quantit¢ plus importante d'accepteurs
récupérant 1'énergie des donneurs. Nous avons donc décidé de construire un cadre théorique
pour prédire 1'efficacité du FRET entre les UCNPs et les colorants organiques sur la base de la

quantité de colorants et de la taille des UCNPs.
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actual mechanism simplified model

Fig. 2.2.1. Mécanisme du FRET des UCNPs aux colorants organiques et son modeéle
simplifie. Les étoiles rouges et vertes représentent respectivement les ions absorbeurs et
émetteurs. Les étoiles oranges représentent des colorants organiques. Dans le systeme
simplifié, la particule absorbe la lumiere de maniere homogeéne avec tout son volume,
transférant uniformément son énergie aux ions émetteurs, qui peuvent ensuite émettre ou
transférer leur énergie aux colorants. Les ions émetteurs et les colorants sont supposés étre

infiniment petits.

Compte tenu de la complexité des processus de conversion ascendante et des processus
de quenching dans les UCNPs, nous avons décidé de construire un mod¢le théorique semi-
empirique basé sur un ensemble d’expériences évaluant 1’efficacité de FRET avec des
particules de différentes tailles et présentant différentes quantités de colorants a la surface. En
ce qui concerne le choix de I'approche mathématique, en raison de la quantité relativement
faible de colorants et d'émetteurs, l'utilisation d'une approche analytique basée sur
l'intégration pourrait produire a des résultats inexacts. Aussi, nous avons utilis¢ un modele de

Monte Carlo pour l'estimation théorique du FRET.

Les résultats sont présentés dans l'article suivant que nous avons publié¢ dans la revue
Nanoscale en 2017. Nous avons reformulé et ¢élargi le modele afin qu'il soit applicable non

seulement aux expériences de SmFRET, mais également a d'autres systémes FRET basés sur
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les UCNPs (par exemple, des essais basés sur le FRET utilisant des particules avec plusieurs

sites de liaisons).

Apres avoir utilisé ce modele pour estimer 1’efficacité de FRET d’un UCNP unique a un
colorant organique unique, nous avons constat¢ qu’obtenir une efficacit¢ de FRET
raisonnable d’environ 10% nécessiterait 1’utilisation de particules d’une taille inférieure a 10
nm. Nous avons effectué des expériences pour estimer pour des UCNPs uniques la
dépendance entre le rapport signal sur bruit en imagerie et leur taille, en utilisant notre
microscope en champ large avec un taux de rafraichissement relativement lent (25 fps, temps
d'exposition de 40 ms). En extrapolant cette dépendance pour des nanoparticules de 10 nm de
diamétre nous avons mis en avant que le rapport signal sur bruit serait trop faible pour
pouvoir imager ces particules sur notre setup. Nous n'avons donc pas procédé a d'autres
expériences de smFRET et nous nous sommes concentrés sur d'autres applications des
UCNPs. Une littérature trés récente (Tian et al., 2018) suggére que des particules avec un
cceur fortement dopé et une coquille inerte fournissent un rapport signal sur bruit raisonnable
en microscopie, cela méme pour de tres petites tailles de particules. Ainsi, [’adaptation de
notre modele théorique a 1’étude de la faisabilité de I’utilisation de telles particules pour les
applications de smFRET pourrait constituer une voie intéressante pour des recherches futures

sur le sujet.
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Partie 3. Microscopie de particules uniques avec des UCNPs.

Pour l'imagerie des UCNPs individuelles, nous avons utilis¢ la microscopie de
luminescence en champ large comme outil principal. Pour étudier les particules individuelles,
nous devions les immobiliser pour 1'imagerie. Nous avons utilis€ une approche typique qui
consiste a sécher une dispersion de nanoparticules diluée. Cependant, étant donné que
I'émission des UCNPs est quenchée et présente des modifications des intensités relatives des
différentes bandes d'émission au contact de ’eau (Arppe et al, 2015), nous avons di
immobiliser les UCNP sur une surface tout en les conservant dans leur environnement
expérimental «natif», c'est-a-dire en les maintenant en condition aqueuse. Pour cela, nous
avons choisi une stratégie d’immobilisation basée sur les forces électrostatiques en déposant
une couche de polyéthyléneimine branché (PEI) sur la surface du verre (Fig. 2.3.1). Dans les
tampons aqueux possédant des valeurs de pH jusqu’a environ 10, le PEI est chargé
positivement et se fixe donc électrostatiquement a la surface du verre, laquelle est elle-méme
chargée négativement en raison de la dissociation des groupements silanol a des valeurs de
pH de 2 et plus. La surface de verre recouverte de PEI est chargée positivement, attirant ainsi
les UCNPs enrobées de polymeres amphiphiles chargés négativement. En contrélant la
concentration de la dispersion de particules, la densité d'UCNPs immobilisées peut étre
modulée. Par rapport au séchage, cette approche présente également 1’avantage d’éviter
I’agrégation de particules induite par le séchage, ce qui entraine un revétement inégal, via ce

que I’on appelle couramment «l'effet rond de café» (Deegan et al., 1997).
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Fig. 2.2.1. Immobilisation des UCNP pour l'imagerie en champ large en condition aqueuse.

Apres avoir déposé les UCNPs sur la surface de verre couverte de PEI, nous avons rincé
la surface avec un tampon aqueux pour augmenter le RSB des images en ¢liminant les
particules flottantes qui diffusent librement et ainsi augmentent le bruit de fond du fait du
signal de luminescence émanant hors du plan focal. Nos premiéres expériences utilisaient de
I'eau déminéralisée pour I'étape de rincage. De maniére inattendue, nous avons constaté un
effet inhabituel: plusieurs minutes apres le dépot, le signal de certaines particules disparaissait
et dans 'espace d'une heure la plupart des particules étaient absentes. Nous avons initialement
attribué cet effet aux particules qui se détachent de la surface. Cependant, en examinant
continuellement les particules, nous avons observé que toutes les particules perdaient
progressivement leur luminescence au fil du temps, contrairement a la perte de luminescence

brutale attendue dans le cas du détachement des nanoparticules.

En se tournant vers littérature, nous avons trouvé plusieurs rapports publiés au cours des

derni¢res années qui décrivaient une perte de luminescence progressive des UCNPs dans les
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dispersions diluées en raison de la lente dissolution des particules dans des tampons aqueux
(Lahtinen et al., 2017, Lisjak et al., 2016, 2015; Plohl et al., 2017b, 2017a; Wang et al.,
2012). Ce phénomene pourrait avoir des conséquences directes sur 1’imagerie des UCNPs,
I’imagerie étant généralement réalisée dans des dispersions d'UCNPs trés diluées, dans

lesquelles la dissolution est exacerbée.

Cependant, a cette époque, aucun rapport n'estimait cet effet a 1'échelle de la particule
unique. Pour les méthodes de SMM, maintenir constante la réponse du luminophore dans le
temps est essentiel pour obtenir une quantité suffisante d'informations au cours de
l'expérience. De plus, si les particules présentaient une perte de luminescence hétérogene, il
pourrait étre difficile de distinguer les particules individuelles des oligoméres en fonction de
leur intensité. D'autres problémes potentiels pourraient découler de la réponse différente des
particules partiellement dissoutes et des particules intactes. Nous avons décidé d'étudier
systématiquement ce processus et de voir si les stratégies existantes pour contrecarrer cet effet

fonctionnent également a 1'échelle de la particule unique.

Les résultats sont présentés dans la communication suivante que nous avons publiée
dans la revue Nanoscale en 2018. Nous avons constaté une hétérogénéité extrémement élevée
dans la dissolution des particules lorsqu'elles étaient maintenues dans de 1’eau déminéralisée,
avec des changements remarquables non seulement en intensité, mais aussi dans les rapports
de bandes spectrales. Maintenir les particules dans des concentrations relativement élevées (1
mM) de fluorure de sodium était suffisant pour maintenir leur réponse stable sur une période

de temps d'environ 20 minutes.

A la suite de ces travaux, nous étions confiant dans notre capacité a pouvoir imager des
UCNPs hydrophiles dans des conditions de SMM. Nous avons décidé de nous concentrer sur

le suivi de particules uniques en tant qu'application de SMM la plus prometteuse.
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Partie 4. SPT avec des UCNPs sur des cellules vivantes.

Des preuves de concept de 1'utilisation des UCNPs pour des expériences de SPT 2D et
3D ont été décrites par quelques groupes de recherche (Jo et al., 2015, Nam et al., 2011;
Wang et al., 2018). En tant que systeme modele, les groupes ont utilis¢ I'endocytose de
nanoparticules et leur transport le long des microtubules a l'intérieur des cellules. Ces études
ont montré que 1’utilisation des UCNP pour le SPT présente les avantages d’un RSB élevé et
d’une luminescence stable et ininterrompue, deux caractéristiques extrémement utiles pour les

expériences de tracking.

Les endosomes ne représentent qu'une cible parmi une myriade de cibles potentielles
pour les expériences de SPT sur les cellules. Malheureusement, de base les nanoparticules
dispersées dans l'eau manquent de spécificité pour reconnaitre la grande majorité des
molécules biologiques et / ou leurs assemblages. Adapter les UCNPs pour le suivi ciblé en
fixant des modules de ciblage sur leur surface leur permettrait de suivre toutes les cibles
d'intérét, de la méme maniére que les expériences existantes utilisant des QDs, des colorants
organiques ou des nanoparticules d'or. A notre connaissance, le suivi ciblé avec des UCNPs

n’a pas encore ¢été effectué. Nous avons décidé d'explorer cette idée.

Pour estimer si les UCNPs pourrait fournir des informations raisonnables, nous avons
décidé de reproduire une expérience modele, le suivi des récepteurs FceRI a la surface des
cellules basophiles de rats (lignée RBL-2H3), a 1'aide d'UCNPs décorées avec des anticorps
IgE. Ce systeme a été tres bien étudié via diverses méthodes (y compris le SPT), de sorte que
plusieurs jeux de données sont disponibles pour étre comparés a notre expérience. Comme
base de notre expérience, nous avons sélectionné 1’étude du groupe de Diane Lidke (Andrews
et al, 2008), qui impliquait le suivi de points quantiques attachés aux IgE par une liaison
biotine-streptavidine. Nous avons estimé que parmi les méthodes possibles pour décorer les
particules avec des biomolécules, la liaison biotine-streptavidine est probablement 1'une des
plus simples, car la biotine peut étre facilement attachée a la surface du polymere, puis

connectée a une IgE biotinylée via une streptavidine (stratégie dite en «sandwichy).

Nos conclusions sont résumées dans le manuscrit suivant, que nous souhaitons publier

des que nous aurons terminé toutes les expériences annexes.
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Chapitre 4. Conclusions et perspectives.

Conclusions

L'objectif principal de ces travaux de recherche était d'adapter les UCNPs a la
microscopie de molécule unique pour tirer parti de leurs propriétés optiques uniques. L'accent
a été mis sur les applications biologiques, car ce sont elles qui bénéficieraient le plus des
propriétés des UCNPs. L'imagerie avec les UCNPs permet de supprimer le fond
d'autofluorescence, source commune de problémes en microscopie de fluorescence
conventionnelle en biologie. La photostabilit¢ extréme des UCNP et l'absence de

clignotement sont également des avantages notables pour les applications de microscopie.

A cette fin, nous avons mis au point des protocoles permettant de disperser dans ’eau
les UCNPs brutes, recouvertes d’acides ol€iques. Notre priorité principale était de conserver
la monodispersité des particules, car une taille homogene de particules est cruciale pour les
applications de SMM, ou 1'oligomérisation et I'agrégation des particules peuvent induire des
erreurs systématiques significatives dans les expériences. Nous avons étudié plusieurs
stratégies: échange de ligand, encapsulation dans des nanoémulsions, enrobage par un
polymére amphiphile et un polymére amphiphile zwitterionique. Nous avons constaté que
l'enrobage des particules par un polymére amphiphile est sans doute le meilleur moyen de les
adapter au SMM en raison de la monodispersité élevée des particules, de la grande stabilité
colloidale, de la faible épaisseur du revétement et de la possibilit¢ de décorer les particules
obtenues avec des groupements chimiques en vue de les fonctionnaliser. Nous avons ajouté
ces groupes fonctionnels directement lors de la synthése du polymeére, mais nous notons que
les UCNPs peuvent également étre décorés aprés leur enrobage. Les autres stratégies pour
disperser les UCNPs dans I'eau ne produisaient pas de particules de qualité suffisante pour le

SMM.

Nous avons également mis au point des protocoles pour I’imagerie des UCNPs uniques
et avons estim¢ la stabilit¢ des UCNPs uniques dans des tampons aqueux. Nous avons
constaté que la dissolution des UCNP peut induire une forte hétérogénéité dans l'intensité et la

réponse spectrale des particules uniques. Nous avons montré que ces effets causées par la
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dissolution peuvent étre efficacement inhibés par l'utilisation de tampons fluorés au cours de

l'imagerie.

Nous avons essay¢ d’adapter les UCNP aux applications de smFRET. Dans ce but, nous
avons effectué une évaluation expérimentale systématique de l'efficacité du FRET d'UCNPs
de différentes tailles aux colorants organiques fixés a la surface de ces particules. Sur la base
de ces données, nous avons élaboré un modéle semi-empirique de Monte Carlo pour la
prédiction de I'efficacité du FRET des UCNPs aux colorants organiques. En fin de compte, 1'
efficacité de FRET d'un UCNP unique a un seul colorant (comme dans le sSmFRET) a été
jugée insuffisante pour les applications SmFRET, du moins pour les UCNPs a dopage Yb-Er
couramment utilisés. Néanmoins, notre modele permet d'estimer rapidement l'efficacité du
FRET des UCNPs a plusieurs colorants, ce qui peut étre utile pour le développement

d'applications basées sur le FRET, autres que le smFRET.

Enfin, nous avons adapté les UCNP au suivi de particule unique. Pour cela, les UCNPs
ont ¢t¢ modifiés avec de la biotine, puis de la streptavidine, pour donner des particules
décorées par de la streptavidine, permettant ainsi la fixation facile de molécules de ciblage
biotinylées (anticorps ou aptameres). Pour confirmer que les particules présentaient des
performances supérieures en SPT, nous les avons décorées avec des anticorps IgE et avons
suivi des récepteurs FceRI a la surface de cellules RBL-2H3 par SPT. Ce systeme a été bien
décrit dans la littérature avec les techniques SPT, ce qui nous a permis de valider le
comportement de nos particules en le comparant aux données de la littérature. Dans
'ensemble, nous avons constaté que les UCNPs présentaient une émission a long terme
ininterrompue, une photostabilité exceptionnelle et un faible bruit de fond di a I'élimination
de l'autofluorescence. Toutes ces propriétés ont montré que les UCNP ¢étaient des

luminophores trés prometteurs pour le SPT.

En résumé, ces travaux constituent la premiére investigation approfondie de notre
laboratoire dans les domaines passionnants des nanoparticules a conversion ascendante. Au
cours de ces travaux, nous avons ¢€tabli de nombreux protocoles et acquis une expérience
empirique précieuse qui servira de base aux travaux futurs sur les applications des UCNPs en

microscopie des systémes biologiques.
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Perspectives

Pour disperser les UCNP dans l'eau, la prochaine voie d'amélioration consisterait a
développer les travaux sur les polymeéres zwitterioniques, peut-étre en utilisant des zwitterions
plus hydrophiles ou oligomeriques. Garder la surface de la particule a peu prés neutre avec
une couche d’eau fortement coordonnée permettrait de lutter efficacement contre la liaison
non spécifique des protéines et des acides nucléiques, a la fois pour les expériences in vitro et
in vivo. L'exploration des possibilités offertes par un revétement des UCNP par une coquille
en silice pourrait également s'avérer fructueuse, compte tenu de sa grande résistance chimique
et de ses protocoles de modification bien développés. Plusieurs groupes ont utilisé cette
approche pour des expériences d'ensemble avec des UCNPs. La mise au point d'une méthode
permettant de produire des UCNPs recouvertes de silice présentant une monodispersité élevée
et colloidalement stables constituerait une étape importante dans la création d’UCNPs offrant

diverses fonctionnalités pour les expériences de microscopie.

Pour les applications de smFRET, une amélioration cruciale de l'efficacit¢ du FRET
entre UCNPs et colorants impliquerait vraisemblablement I'utilisation de particules avec des
émetteurs coopératifs. Avec une durée de vie de I'émetteur suffisamment longue, cette
approche pourrait permettre aux émetteurs les plus éloignés du colorant de continuer a
contribuer au FRET en transférant leur énergie aux émetteurs proches du colorant. De telles
particules ont déja été rapportées dans la littérature dans des expériences de FRET simples,
utilisant I'homo-FRET entre les ions Gd** comme mécanisme de coopérativité (Deng et al.,
2016, Wang et al., 2011). Cependant, le potentiel de telles UCNPs pour les expériences

smFRET n'a pas encore été étudié.

Pour les applications de SPT, les particules décorées de streptavidines que nous avons
développées peuvent éEtre utilisées immédiatement pour étudier le comportement des
composants de la membrane cellulaire via SPT. Contrairement aux colorants organiques et
aux points quantiques, I'absence de clignotement et de blanchiment avec les UCNPs permet
de réaliser des SPT sur des échelles de temps extrémement longues. Contrairement aux
nanoparticules d'or, les UCNPs peuvent étre fabriqués dans des tailles plus petites et peuvent
étre utilisés dans des expériences multicanaux (par exemple pour le SPT simultané de cibles
multiples avec plusieurs types d'UCNPs différents). Les expériences multicanaux peuvent

¢galement étre étendues en utilisant des UCNP avec des réponses spectrales dépendantes du
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dopage, développées a l'origine pour le multiplexage. En ajustant les concentrations de
dopants, on pourrait produire des particules avec des signatures spectrales tres distinctes avec
des structures de bandes et des rapports de bandes trés différents. En fin de compte, cette
approche pourrait permettre de réaliser des expériences SPT dans lesquelles chaque particule

individuelle posséde une signature spectrale distincte.

Toutes les approches ci-dessus peuvent également étre immédiatement améliorées et
développées en utilisant des particules sur mesure spécialement congues a des fins de
microscopie. Ces derniéres années, de nombreux groupes de recherche du monde entier ont
consacré beaucoup de travail pour réaliser cet objectif, par exemple via une approche
populaire consistant a protéger avec une coquille inerte les ions actifs du quenching. Les
nouveaux types d'UCNPs développés présentent des avantages immédiats pour les SMM de
part 1’augmentation de la brillance des particules. Par ailleurs, en ce qui concerne
I'amélioration de la brillance des particules, de nombreux rapports décrivent l'utilisation de
colorants possédant un état de triplet de basse énergie pour transférer efficacement de
I'énergie aux ions absorbeurs présents a l'intérieur des UCNPs (Chen et al., 2015; Garfield et
al.,, 2018, Zou et al. , 2012). Cette approche augmente efficacement le coefficient d'extinction
des UCNPs et donc leur brillance. Cependant, les particules obtenues perdent rapidement leur
brillance dans des conditions biologiques, car le colorant dans son état excité triplet est trés
sensible a la dégradation par oxydation (par exemple, par I'oxygene ambiant). Le piégeage de
tels colorants sur la surface de la particule sous une couche épaisse et impénétrable de silice
ou de polymere densément tassé pourrait leur conférer une résistance substantielle au
blanchiment optique. Le luminophore obtenu pourrait combiner le coefficient d'extinction
sans précédent des nanoparticules chargées de colorant avec des propriétés uniques des UCNP

telles qu'un décalage anti-Stokes ¢levé et une structure de bande étroite.

En ¢largissant les idées appliquées aux UCNPs en thérapie photodynamique, a
'administration de médicaments et au théranostic, on pourrait imaginer de créer des UCNPs
avec une fonction active controlable. De telles particules serviraient non seulement
d'étiquettes, mais €galement d'instruments a 1'échelle nanométrique dans les SMM. Par
exemple, la fixation de groupes photoclivables a la surface de particules pourrait permettre un
suivi cohérent a long terme des UCNP sous illumination infrarouge dans des expériences
cellulaires, en observant leur localisation dans différentes régions des cellules (par exemple,

les endosomes tardifs) et d'induire des modifications de leur environnement par flash de
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lumiere visible focalisée au bon endroit au bon moment. Une autre approche particulierement
intéressante consisterait a utiliser des UCNP a émission bleue ou violette pour induire la
photopolymérisation activée par de I’IR pour I'impression 3D a I’échelle nanométrique, en
utilisant le FRET issu de la particule comme source efficace hautement localisée pour
I’initiation du processus de polymérisation (des bases ont €té posées pour cette application).
Rocheva et al., 2018). La génération locale a la demande d'excitations UV et / ou visibles par
les UCNPs recele également un potentiel pour les expériences optogénétiques, en reliant les
UCNPs aux canaux ioniques photosensibles introduits dans les cellules transgéniques,
permettant l'ouverture de canal déclenché par IR (exemples prometteurs présentés dans S.

Chen et al., 2018; Pliss et al., 2017, Shah et al., 2015; X. Wu et al., 2016).

Les effets plasmoniques, en particulier ’amélioration de 1’absorption et de I’émission de
luminophores proches des particules et / ou des surfaces conductrices (par exemple, des
nanoparticules d’or), pourraient constituer une autre approche intéressante pour augmenter la
brillance des UCNPs dans des expériences de microscopie. Des expériences prototypes ont
déja été rapportées dans la littérature, mais jusqu'a présent, aucun facteur particuliérement
¢levé d'amélioration de la brillance n'a encore été démontré. L’approche la plus prometteuse
consiste a positionner les UCNP sur la pointe d’une nano barreau en or de dimensions
appropriées permettant a la fois d'améliorer 1’absorption et 1’émission, car le nano barreau
posséde deux fréquences de résonance plasmoniques distinctes. Si une méthode d'assemblage
fiable de ce systéme dans une géométrie appropriée était congue, les particules composites
obtenues présenteraient une amélioration considérable de la brillance de la conversion

ascendante, ce qui serait particulierement utile pour les applications de microscopie.
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' Microscopie de molécules uniques avec des \( welasan "
nanoparticules a conversion ascendante

Résumé

La microscopie de molécule unique (single-molecule microscopy, SMM) regroupe un ensemble de
techniques pour la biologie moléculaire et cellulaire permettant de visualiser le mouvement de
molécules biologiques individuelles. Néanmoins, les techniques SMM imposent de fortes contraintes
en ce qui concerne les luminophores utilisés. Récemment, un nouveau luminophore appelé
«particule a conversion ascendante» (upconverting nanoparticles, UCNP) a attiré I'attention de la
communauté scientifique en raison de son émission efficace de lumiére visible aprés une excitation
par de la lumiére infrarouge. Cette propriété fait des UCNPs un luminophore trés intéressant pour les
applications biologiques : I'excitation infrarouge permet d'éliminer I'autofluorescence, généralement
associé a une excitation dans la gamme du visible. De plus, la photostabilité extréme des UCNP et
I'absence de photoclignottement sont également de précieux atouts pour les expériences SMM.

L’'objectif de cette thése était d’adapter les UCNPs aux applications SMM, avec le but ultime
d’exploiter leurs propriétés uniques pour améliorer les performances des expériences SMM. Au cours
du projet, les protocoles de dispersion des UCNPs dans des tampons aqueux ont été optimisées
pour conserver une bonne monodispersité des particules; l'efficacité des UCNPs dans les
expériences de transfert résonant d'énergie en particule unique a été estimée; des protocoles pour
l'imagerie d'UCNPs uniques ont été développés; et la preuve de concept de I'utilisation des UCNPs
dans des expériences de suivi de molécules uniques a la surface de cellules vivantes a été réalisée.
Finalement, ces résultats forment une base solide pour de futures expériences SMM utilisant les
UCNPs.

Mots-clés: conversion ascendante, nanoparticules, microscopie de molécule unique, microscopie a
luminescence

Résumé en anglais

Single-molecule microscopy (SMM) is a powerful set of techniques for molecular and cell biology that
allows visualizing the movement of individual biological molecules, but has strict requirements
towards the utilized luminophores. Recently, a new luminophore called upconverting particles
(UCNPs) gained attention of the research community due to their efficient emission of visible light
upon excitation with infrared light. This property makes UCNPs a valuable luminophore for biological
applications due to the elimination of autofluorescence background, commonly associated with
regular visible light excitation. Extreme photostability of UCNPs and absence of sporadic
photoswitching are also valuable for SMM experiments.

The objective of this thesis was to adapt UCNPs to SMM applications, with the ultimate goal of
exploiting their unique properties towards superior performance of SMM experiments. During the
project, protocols for dispersing UCNPs in aqueous buffers were streamlined to provide superior
particle monodispersity; the efficiency of UCNPs in single-molecule resonance energy transfer
experiments was estimated; protocols for single-molecule imaging with UCNPs were developed; and
a proof-of-concept system for targeted single-molecule tracking with UCNPs in live cells was
demonstrated. Overall, these findings will serve as a foundation towards robust SMM assays based
on UCNPs.

Keywords: upconversion, nanoparticles, single-molecule microscopy, luminescence microscopy
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