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The presence of neuritic plaques and amyloid fibrils arising from the misfolding of certain proteins is the
principal molecular indicator of neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease.
Methodologies for studying the early stages of amyloid aggregation are rapidly arising to provide a better un-
derstanding of the mechanism of fibrillization and cytotoxicity and to identify potential targets for diagnosis and
therapy. The method presented here involves the simultaneous use of two different fluorophores, a quinolimide
derivative and Nile Blue A. These are capable of interacting with and reporting on the formation of preamyloid

aggregates and fibrils of apoferritin through fluorescence resonance energy transfer (FRET), which occurs be-
tween them, thus maximizing the contrast in detection and quantitative information of such amyloid species by
using multidimensional fluorescence lifetime imaging microscopy (FLIM).

1. Introduction

The main molecular hallmark of neurodegenerative diseases such as
Alzheimer’s and Parkinson’s disease is the presence of proteinacous
fibrillar plaques in the brain. These plaques are composed of intertwined
branches of the so-called amyloid fibrils, which result from aberrant
aggregation of certain proteins [1-3]. Amyloid fibrils are usually formed
by single or multiple protofilaments, rich in cross-p structure, of several
um in length. The amyloid aggregation process responds to a specific
polymerization mechanism, in which early aggregates are well-accepted
to be the species responsible for cellular toxicity and inflammation in
disease-related protein aggregation [4,5]. For instance, early-stage ag-
gregates of the 42 amino acid p-amyloid peptide (AB42), a peptide linked
to Alzheimer’s disease, are capable of binding cellular membranes and
inducing apoptosis [6]. In fact, a critical step in the amyloid fibrillization
process and the link with cytotoxic effects is the conformational change
that convert the very early soluble aggregates to prefibrillar aggregates
and later to mature protofibrils, which are capable of subsequent

organized growth [5,7]. Therefore, the development of robust methods
for identifying the different stages of protein aggregation is of crucial
importance to better understand its mechanism and, importantly,
recognize potential therapeutic targets, constituting a very active field of
research nowadays [4,8-10].

Although techniques such as electron paramagnetic resonance [9]
and atomic force microscopy [10] are arising as alternatives for
detecting soluble oligomeric aggregates, the use of fluorescent probes in
fluorescence spectroscopy and microscopy techniques is still the meth-
odology most widely used to detect and monitor processes of biological
importance, such as aggregation of misfolded proteins, due to its high
specificity and sensitivity [11,12]. Amyloid fibril formation has tradi-
tionally been studied using thioflavin T (ThT) and Congo Red dyes
because they specifically bind to protofibrils and mature fibrils resulting
in enhanced light absorption and emission [13]. Nevertheless, early
aggregates cannot be specifically detected with these fluorophores
because their binding to such species is not strong enough. For this
reason, recent studies have provided a wide range of fluorescent dyes
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shown to be capable of detecting different types of amyloid aggregates.
A few examples of recent developments of luminescent dyes to stain
amyloid aggregates and fibrils, even in cells and tissues, involve cur-
cumine derivatives [14], BODIPY-based dyes [15], molecular rotors
[16], oxazine fluorophores [17], benzimidazole derivatives [18], con-
jugated polythiophenes [19,20], thiazolium dyes [21,22] and ruthe-
nium complexes [23,24], among many others. Some of these examples
have been recently revised in references [8,25].

Even though the aforementioned dyes are sensitive tools with which
to stain amyloid aggregates, usually, they merely deliver morphological
information and cannot provide quantitative data on the structural
features of the aggregates. In this context, the use of environment-
sensitive fluorophores is a powerful tool for studying protein-protein
interactions and amyloid aggregation, since these fluorophores signifi-
cantly vary their photophysical properties depending on the immediate
environment [26]. For instance, the dye Nile red is characterized by
weak fluorescence in aqueous environments. However, when it binds to
hydrophobic surfaces of proteins, its fluorescence intensity increases
considerably. Due to its solvatochromic properties, this dye has been
used to map and quantify the hydrophobicity of aggregates associated
with disease and other biological structures by extracting both the po-
sition of each fluorophore molecule and the emission spectrum simul-
taneously [27,28]. In a previous manuscript, we reported a new family
of solvatochromic and fluorogenic fluorophores, 9-aminoquinolimides,
with the ability to detect different types of preamyloid aggregates,
even in zebrafish embryos, using dual-color fluorescence lifetime im-
aging microscopy (FLIM) [29]. In particular, the dye 9-azetidinyl-quino-
limide, AQui, showed the best photophysical properties and the best
contrast and highest signal-to-noise ratio upon interaction with protein
aggregates. Thanks to its spectral shift and enhancement in the fluo-
rescence lifetime, T, AQui demonstrated a high potential for detecting
different types of amyloid aggregates. However, the dynamic range of
intensity ratio and lifetime values was relatively modest, leaving ample
room for improvement. To improve the sensitivity and dynamic range of
AQui for pre-amyloid aggregate characterization and classification
using dual-color FLIM, we envisaged that simultaneous use of two
different fluorophores capable of interacting with preamyloid aggre-
gates and reporting on their formation would be a novel and efficient
methodology with which to maximize contrast in the detection of such
aggregates. Moreover, if fluorescence resonance energy transfer (FRET)
is feasible between the pair of dyes, the coexistence of the two dyes in
close proximity, within the structure of the amyloid aggregates, would
result in a decrease in the t for the donor fluorophore (the one emitting
at shorter wavelengths) and a red-shift of the overall emission with
larger contribution of the acceptor fluorophore (emitting at longer
wavelengths). These two effects are easily quantifiable, even for indi-
vidual aggregates at the single molecule level, using dual-color FLIM
[71, and would allow a broader dynamic range and sensitivity for the
detection of amyloid aggregates. In fact, the combination of different
fluorophores will also allow to establish logical gates for an efficient
classification of different amyloidogenic states, as it has been previously
described in studies of other physiologically relevant processes [30,31].

To apply these concepts and ideas in the study of amyloid fibrilli-
zation, we chose apoferritin as the target protein. The ubiquitous apo-
ferritin, the iron-free ferritin molecule, is a hollow globular protein
composed of 24 polypeptide subunits (M;, ~ 480 kDa, 12 nm size); its
main biological function is to bind and store iron, and it does so by
forming iron oxyhydroxide nanoparticles of approximately 6 nm, which
are traditionally described as ferrihydrite [32,33]. Apoferritin, a key
component of the iron regulatory system in the brain and widely
recognized as a crucial protein for iron metabolism, converts into am-
yloid fibrils with polymorphisms that share common traits with patho-
logical amyloid fibrils found in Alzheimer’s and Parkinson’s diseases
[34,35]. In addition, it has recently been discovered that COVID-19
patients show high levels of the iron-bound protein ferritin in blood,
as in other inflammatory states caused by infection [36]. Therefore,
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herein, we describe new methodologies for studying amyloid aggrega-
tion of a physiologically relevant target.

2. Experimental section
2.1. Preparation of apoferritin samples

The horse spleen apoferritin protein was purchased from Sigma-
Aldrich and was used without further manipulation. Protein solutions
(0.2 wt%) were adjusted to pH 2 (1 M HCI in Milli-Q water) and then
heated (90 °C in hermetically sealed glass tubes). Aliquots of the samples
were collected at 1 h, 3 h, 9 h, and 24 h after starting incubation and
quenched immediately in an ice-water bath to arrest the conversion of
monomers into fibrils. These aliquots were then labeled according to
incubation time, stored at 4 °C, and used for structural analysis without
further manipulation.

2.2. Steady-state fluorimetry

Fluorescence emission spectra were obtained on a Jasco FP-8300
spectrofluorometer (Jasco, Tokyo, Japan), at the excitation wave-
lengths of Aex = 470 nm and Ay = 485 nm, for preferential excitation of
the AQui dye. Fluorophores were added to the aliquots of 30 pM incu-
bating apoferritin samples, at a concentration of 10 pM for AQui and 10
pM for Nile blue A (NBA), and then the fluorescence spectrum was ob-
tained. Since the dyes were just added before the measurement, pho-
tostability of the dyes along the time course of protein incubation and
aggregation is not an issue. In any case, both AQui and NBA showed
excellent photostability under continuous irradiation conditions
(Figure S1 in the Supplementary Material). Regarding the tests with the
FRET pair involving AQui and ThT, the same concentrations of protein
and dyes were used.

2.3. Transmission electron microscopy (TEM)

TEM images were obtained using a Libra 120 Plus TEM microscope
(Carl Zeiss SMT, Oberkochen, Germany). Equipped with a LaB6 filament
and an SSCCD 2 k x 2 k direct coupling camera, it was operated at 120
kV. TEM images of samples of apoferritin incubated at different times
were collected by adding aliquots of protein on Formvar 300-mesh
copper grids, washed twice with Milli-Q water and stained with uranyl
acetate 1% (w/v).

2.4. Multiparametric FLIM

Multiparametric dual-color FLIM was carried out on a MicroTime
200 microscope (PicoQuant GmbH) equipped with two pulsed inter-
leaved excitation lasers at 470 nm and 635 nm. Using a 600DCXR
dichroic filter, the fluorescence emission was divided in the green and in
the red detection channels, with a 520/35 and a 685/70 bandpass filter,
respectively. SymphoTime 32 (PicoQuant GmbH) and FiJi software
(distribution of ImageJ [37]) were employed for imaging analysis.
Further experimental details can be found in the Supplementary
Materials.

2.5. Superresolution STED microscopy

A STED-FLIM microscope (Abberior Expert Line, Abberior In-
struments GmbH, Germany) has been used for super-resolution imaging
experiments with apoferritin fibers. For confocal microscopy measure-
ments we used two pulsed lasers at the wavelengths of excitation of hex=
485 nm (for AQui) and Aexy= 640 nm (for NBA), and used two detection
bandpass filters; 545/25 for AQui and 685/70 for NBA. To obtain STED
super-resolution images, a pulsed toroidal, 775-nm depletion laser was
overlapped within the confocal volume. The size (area) of the raw im-
ages obtained were of 9.5 x 9.5 um? getting a 200 x 200-pixel
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resolution. The pixelsize obtained was of 40.0 x 40.0 nm?, using a dwell
time (time per pixel) of 30 ps.

3. Results and discussion

3.1. AQui and NBA as a suitable FRET pair for amyloid aggregation
studies

To follow the amyloidogenic aggregation of apoferritin, we tested
different dyes capable of acting as FRET pairs, e.g., quinolimide AQui
and other fluorophores known to bind amyloid aggregates such as thi-
oflavin T and NBA [8,13]. These two dyes are typically employed for
staining amyloid fibrils since their emission features change remarkably
upon interaction with p-sheet-rich structures, such as insoluble aggre-
gates, plaques or mature fibrils. We focused on finding a pair of fluo-
rophores that exhibited adequate overlap between the absorption
spectrum of the acceptor (more red-shifted dye) and the fluorescence
emission spectrum of the donor (more blue-shifted dye). Provided the
two dyes interacted with amyloid aggregates in close proximity the re-
sults of efficient FRET would be measurable; these are quenching of the
donor fluorophore and enhancement of the acceptor emission. Among
the different FRET pairs tested (see Supplementary Material, Figure S1),
the mixture of AQui and NBA was the only one exhibiting clear FRET
from AQui (donor) to NBA (acceptor) and notable changes in fluores-
cence spectral features as aggregation progressed. These two dyes fulfill
the spectral overlap conditions to be an efficient FRET pair (Figure S1).
The fluorescence emission spectrum seen for the FRET pair when
interacting with incubated apoferritin under amyloidogenic conditions
(see Supplementary Material) and with excitation at a wavelength giv-
ing preferential absorption by AQui (Aex = 485 nm) exhibited a clear
decrease in the AQui signal and a concomitant increase in the NBA
signal when compared to appropriate controls of incubated apoferritin
in the presence of only AQui or NBA (Figure S1). This suggested that in
the presence of apoferritin prefibrillar aggregates or amyloid fibrils,
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Fig. 1. Chemical structures of quinolimide AQui and NBA and schematic
representation of the FRET process that occurs between the dyes on the hy-
drophobic surfaces of apoferritin fibrils, resulting in quenching of the AQui
emission (both intensity, Inqu;, and lifetime, Toqu) and enhancement of NBA
emission (Ixpa)-
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which present crooked surfaces with many hydrophobic grooves, both
dyes bind to these structures and simultaneously interact by placing
themselves at a distance close enough to produce effective FRET from
AQui to NBA (Fig. 1).

Next, we studied the apoferritin aggregation process by adding a 1:1
ratio of the FRET pair AQui:NBA (10 pM) to apoferritin samples (30 pM)
previously incubated under amyloidogenic conditions at different times
(0, 1, 3, 9, and 24 h). To verify that the aggregation process proceeded
until the formation of mature fibrils, TEM images of apoferritin samples
incubated at different times were obtained, which showed the formation
of long, straight amyloid fibrils after 9 and 24 h of incubation, whereas
only short protofibrillar structures were detected in the first hour of
incubation (Fig. 2a). The aliquots taken to collect these images con-
tained the fluorophores AQui and NBA, which were added at the time of
pipetting and before mounting on the TEM grid; this is consistent with
experiments performed in the absence of the dyes (Figure S2) and in
previous reports on amyloid fibrils of apoferritin [35,38]. Importantly,
the efficiency of the FRET between the two fluorophores became larger
with increasing incubation time, as evidenced by the emission spectra
(Fig. 2b). These spectra showed a time-dependent decrease in the AQui
signal and an increase in the NBA emission. The existence of FRET was
unequivocally verified by measuring the fluorescence lifetime, 7, of the
donor fluorophore, since energy transfer results in faster deactivation
dynamics and thus in shortened lifetime values. Fig. 2c shows the
decrease in the T of AQui with increasing apoferritin incubation time
when the acceptor NBA was added. Importantly, these decreases in
AQui t values with incubation time, which indicated more efficient
FRET, allowed sensitive monitoring of the aggregation process with
time-resolved fluorescence techniques. In contrast, in the absence of
NBA, very small changes were detected in the AQui lifetime upon ag-
gregation of apoferritin, as previously found with other proteins [29].

It is important to note that the interaction of AQui and NBA is not
specific for apoferritin aggregates. We previously published that AQui
can interact with other types of proteins, exhibiting fluorescence
enhancement. A similar enhancement occurs for NBA when interacting
with different types of proteins. Therefore, the combination of the two
dyes as a FRET pair can be used as a general approach for the detection
of protein hydrophobic patches.

3.2. Multiparametric dual-color FLIM studies of apoferritin aggregates

Once the spectroscopic measurements confirmed the potential of
using both the spectral shifts (Fig. 2b) and donor fluorescence lifetimes
(Fig. 2c¢) of the AQui:NBA FRET pair to follow the aggregation process,
we employed multiparametric dual-color FLIM to explore different types
of preamyloid aggregates in the apoferritin fibrillization pathway,
thereby maximizing the contrast between the different protein aggre-
gation stages. This technique allowed recomposing multidimensional
images that included information not only on the fluorescence intensity
and fluorescence lifetime, T, but also on ratiometric measurements of the
fluorescence intensities detected in two different channels.

First, we focused on a ratiometric analysis of the fluorescence in-
tensities of the images obtained in two different detection channels: I
for the emission of AQui (520/35 bandpass filter) and I for the emission
of NBA (685/70 bandpass filter). Hence, the I;/Ig ratio is a direct rep-
resentation of the FRET efficiency in the AQui:NBA pair. Fig. 3 clearly
shows the shift in the Is/Ig ratio towards lower values upon apoferritin
incubation and formation of aggregates in the initial 1-3 h exhibited
totally different features than those detected after 9 or 24 h of incuba-
tion. Additional images can be seen in Figure S3. Frequency histograms
quantitatively showed this shift. The central positions of the distribu-
tions of I/Ig ratio values from aggregates detected after 1, 3,9, and 24 h
of incubation were 12.24 + 0.22, 4.91 +0.02, 1.88 +0.02, and
1.00 £ 0.01, respectively, as obtained by fitting the distributions to a
log-normal function. This method is, therefore, extremely sensitive
compared to previous reports in the literature because Ig/Iz values
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Fig. 2. (a) TEM images of apoferritin samples incubated
under amyloidogenic conditions at different times (1, 9 and
24 h) to which the FRET pair AQui:NBA was added. (b)
Fluorescence emission spectra of a 1:1 mixture of the FRET
pair AQui:NBA (A.x = 485 nm) added to apoferritin incu-
bated at different times (1, 3, 9 and 24 h). The arrows

R 1 " - t \ indicate increasing incubation time. (c) Average fluores-
¥ R ¥ g cence lifetimes collected at Aey = 662 nm, with Aey
e e, LY = 485 nm, of AQui (red symbols), NBA (magenta sym-
. S W, o, bols), and a 1:1 mixture of the FRET pair AQui:NBA (blue
- - = symbols) in the presence of apoferritin incubated for 1, 3, 9
. . . . 8 and 24 h. The values obtained for apoferritin in the absence
( b) . 700 1h (C) o——© o of any dye is also shown as a control (green symbols).
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ranged over one order of magnitude for aggregates of different types
[29,39-42].

Following apoferritin amyloid aggregation with fluorescence tech-
niques is particularly challenging because it requires highly acidic pH
media (pH < 3); hence, fluorophores that are sufficiently stable and
exhibit unchanged emissive properties at highly acidic pH values should
be sought. Unfortunately, few commercial dyes emit at low pH values
because this is precluded by proton transfer and acid-base reactions.
Interestingly, the emission of 9-amino-quinolimide derivatives, such as
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AQui, is not affected by pH in the range 1-13 [29], nor is the emission of
NBA.

Changes in the fluorescence lifetime of AQui due to FRET within
amyloid aggregates allowed the use of FLIM to follow the aggregation
process. Fig. 4 shows FLIM images of apoferritin aggregates with the
AQui:NBA FRET pair. In particular, we focused on the fluorescence
lifetime of the donor in the I channel. These images, and those in
Figure S4 in the Supplementary Material, clearly exhibited a decrease in
T as the incubation time of the protein increased, indicating higher FRET

Fig. 3. Ratiometric imaging of apoferritin aggregates incubated under amyloidogenic conditions for different times (1, 3, 9 and 24 h), to which AQui and NBA dyes
were added. The scale bar represents 5 um, and the image sizes are equal in all images. Frequency distributions of the I5/Ix ratio of detected aggregates, averaged
over at least 14 different images, are also shown. The frequency distributions (grey) were fitted to a log-normal function (black curve).
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Fig. 4. FLIM imaging in the I; channel of apoferritin aggregates incubated under amyloidogenic conditions for different times (1, 3, 9 and 24 h), to which the AQui
and NBA fluorophores were added. The scale bar represents 5 um, and image sizes are equal in all images. Frequency distributions of T for AQui in detected ag-
gregates, averaged over at least 14 different images, are also shown. The frequency distributions (grey) were fitted to a Gaussian function (black curve).

efficiency values for aggregates formed in the latest stages. The AQui ©
distributions (Fig. 4) also displayed differences as a function of incu-
bation time and were centered at 4.85 + 0.01, 5.02 4 0.01, 4.35 + 0.01,
and 4.34 £ 0.01 ns for incubation times of 1, 3, 9, and 24 h, respec-
tively. It can be seen that AQui t values were different for different
aggregation stages; however, they exhibited less sensitivity than the
ratiometric parameter.

The combination of the two fluorophores clearly resulted in im-
provements in sensitivity for quantitation of different types of aggre-
gates. Whereas AQui alone exhibited intensity ratios ranging from 0.7 to
1.6 during the aggregation process, the range was more than one order
of magnitude larger for the combination of AQui and NBA. Likewise, as
shown in Fig. 2c, the use of 7 to follow the aggregation process exhibited
more sensitivity with the FRET pair than with AQui only.

Moreover, there were clearly different FRET efficiencies for the two
fluorophores within the aggregates with different apoferritin incubation
times. This supports the existence of different types of aggregates and
protein structures that can be unequivocally revealed using this meth-
odology. Importantly, sharp increases in FRET efficiency were mainly
detected at later stages of the aggregation process. This suggests that
NBA needs specific hydrophobic binding sites that are only formed in
advanced stages of aggregation and that the number of hydrophobic
pockets on protein surfaces that are exposed during oligomerization
increases with incubation time. The late protofibrillar and fibrillar
structures entail a more suitable binding environment for NBA. In
contrast, AQui is capable of binding at all stages of aggregation,
including soluble oligomeric aggregates, insoluble protofibrillar aggre-
gates, and mature fibrils. As shown in Figures S5 and S6 (see

Supplementary Material), the use of the FRET pair AQui:NBA provided
much better sensitivity in both the I/Ir ratio and FLIM imaging than did
AQui alone.

3.3. Super-resolution STED imaging of apoferritin fibrils

Finally, we used this FRET pair of dyes to image apoferritin amyloid
mature fibrils by applying superresolution nanoscopy based on stimu-
lated emission depletion (STED). This technique provides super-
resolution images through selective deactivation of fluorophores with a
high-power, toroidal, near infrared laser pulse, thereby achieving
subdiffraction-limited confocal excitation by minimizing the illumina-
tion volume [43]. Protein aggregation was recently imaged with STED
nanoscopy by imaging amyloid fibrils of a-synuclein with ThT as a
fluorescent tag (achieving a spatial resolution ranging 60-70 nm) [44],
which showed accumulation of Ap42 in presynaptic compartments of
hippocampal neurons [45]. STED microscopy provides instant super-
resolution images and does not require image reconstruction, thus
eliminating potential artefacts derived from the algorithmic re-
constructions required in other superresolution microscopy techniques.

Hence, the binding of AQui and NBA to preamyloid aggregates and
mature fibrils would allow STED imaging throughout the entire aggre-
gation process. Fig. 5 and S7 compare conventional confocal and STED
images in the red channel of apoferritin amyloid fibrils incubated under
aggregation conditions for 24 h, with the pair of fluorophores, AQui and
NBA, added for imaging. STED images undoubtedly displayed much
higher resolutions and the fibrillar structures were distinctly identified,
something that is beyond the optical resolution limit of conventional
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Fig. 5. a-c) Different images of mature apoferritin amyloid fibrils with the
FRET pair AQui:NBA, comparing superresolution STED images (left column)
and conventional confocal fluorescence microscopy images (right column).
Scale bars represent 2 um. d) Intensity profiles in the STED images (black lines)
and the confocal images (red lines) from readout lines 1 and 2 depicted in
panel c).

confocal microscopy. The improvement in resolution is illustrated in
Fig. 5d, in which the full width at half maximum (fwhm) values for two
sections containing fibrils were compared. Whereas the fwhm values for
Sections 1 and 2 were 510 and 575 nm, respectively, in the confocal
images, these values decreased to 319 and 260 nm, respectively, in the
STED images.

4. Conclusions

In this work, we optimized a FRET pair comprising AQui as energy
donor and NBA as energy acceptor for sensitive, quantitative multi-
parametric dual-color FLIM studies of protein aggregation. Both dyes are
capable of binding prefibrillar aggregates of apoferritin, protofibrils and
mature amyloid fibrils with different affinities while remaining in close
proximity within the aggregates, thus facilitating efficient energy
transfer. The fact that AQui binds aggregates from the very early stages

Sensors and Actuators: B. Chemical 350 (2022) 130882

while NBA prefers binding to late protofibrils and fibrils provides
enhanced sensitivity for changes in FRET efficiency suitable for quan-
titative characterization of different types of aggregates.

In conclusion, the methodology proposed here paves the way for the
use of many different combinations of fluorophores, which, by precisely
modulating their affinities for one or another type of aggregate, can give
rise to ultrasensitive detection of critical stages in the misfolded-protein
aggregation process with advanced microscopy techniques.
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