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Changes in microscopic viscosity and macromolecular crowding accompany the transition of proteins
from their monomeric forms into highly organised ﬁbrillar states. Previously, we have demonstrated that
viscosity sensitive ﬂuorophores termed ‘molecular rotors’, when freely mixed with monomers of interest,
are able to report on changes in microrheology accompanying amyloid formation, and measured an
increase in rigidity of approximately three orders of magnitude during aggregation of lysozyme and
insulin. Here we extend this strategy by covalently attaching molecular rotors to several proteins capable
of assembly into ﬁbrils, namely lysozyme, ﬁbrinogen and amyloid-b peptide (Ab(1e42)). We demonstrate that upon covalent attachment the molecular rotors can successfully probe supramolecular assembly in vitro. Importantly, our new strategy has wider applications in cellulo and in vivo, since
covalently attached molecular rotors can be successfully delivered in situ and will colocalise with the
aggregating protein, for example inside live cells. This important advantage allowed us to follow the
microscopic viscosity changes accompanying blood clotting and during Ab(1e42) aggregation in live SHSY5Y cells. Our results demonstrate that covalently attached molecular rotors are a widely applicable tool
to study supramolecular protein assembly and can reveal microrheological features of aggregating
protein systems both in vitro and in cellulo not observable through classical ﬂuorescent probes operating
in light switch mode.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
Supramolecular assemblies of proteins in the form of ﬁbrous
structures are investigated due to their functional roles in organisms, such as in the case of tubulin, actin and ﬁbrinogen [1]. Protein
assemblies called amyloids contain ﬁbrils with b-sheets rich in
intermolecular hydrogen bonds, and are associated with a range of
neurodegenerative disorders such as Alzheimer's and Parkinson's
disease [2].
Due to the unusual properties of amyloid materials, which are of
interest to materials sciences [3], as well as in biology and medicine, particularly through their connection with pathological conditions [2], a range of experimental methods has been developed to
probe protein aggregation from the soluble monomeric protein
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form into amyloid [4e12]. In particular, the change in the ﬂuorescence intensity of small synthetic ﬂuorophores upon binding to
amyloid ﬁbrils has been successful in detecting amyloid formation.
One of the most popular probes, Thioﬂavin T (ThT), shows a marked
increase in the ﬂuorescence quantum yield upon binding to amyloid ﬁbrils and is often used to probe the dynamics of ﬁbril formation in solution [13]. Likewise, similar ‘light switch’ molecules
such as ruthenium(II) dipyridophenazine complexes [14,15] and
others [16e18] have been used successfully to identify amyloid
ﬁbril formation in vitro.
Recently, our laboratory [19] and other researchers [20] reported that the ﬂuorescence lifetime of viscosity sensitive ﬂuorophores termed ‘molecular rotors’ [21e24] was able to provide
additional information about the aggregation of lysozyme and insulin and as such offered signiﬁcant advantages over traditionally
used ﬂuorescence intensity measurements.
In our recent work [19] we used Fluorescence Lifetime Imaging
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(FLIM) of a molecular rotor DiSC2(3) (Fig. S1a, Supplementary Material) to report on the increasing rigidity during the aggregation of
insulin and lysozyme. The use of ﬂuorescence lifetime offered signiﬁcant beneﬁts compared to the intensity-based measurements.
For example, using phasor analysis of time resolved ﬂuorescence
decays we were able to report on multiple mechanistic stages of the
aggregation process that were unknown previously.
One of the major disadvantages of currently used ﬂuorescence
aggregation probes is that due to a non-covalent nature of the
interaction between the dye and the protein, these studies are
restricted to aggregation reactions carried out in vitro and preclude
the investigations of aggregation of amyloidogenic proteins in
systems where the prior mixing of the rotor and the protein is not
feasible, such as in live cells. At the same time it is essential to study
such processes in living cells, especially in order to understand the
connection between the aggregation, cytotoxicity and in vivo pathology of neurodegeneration. It is expected that the mechanism of
the process might be affected by the properties of the immediate
environment where an aggregation takes place and by the interactions of aggregates with cellular components. Here we report
how covalently attaching molecular rotors to a protein of interest
can override the disadvantage highlighted above. We demonstrate
that ﬂuorescence lifetime of rotors remains a sensitive reporter of
the microviscosity and crowding in the immediate environment of
the rotor even after covalent attachment to proteins, namely lysozyme, ﬁbrinogen and beta-amyloid. Finally, we use FLIM of covalently bound rotors to follow supramolecular assembly of the
proteins of interest in vitro and in cellulo.
2. Results and discussion
2.1. Viscosity sensitivity of sulfo-Cy3-HEWL conjugates
We ﬁrst chose a cyanine dye sulfo-Cy3-NHS as a molecular rotor
for conjugation (Fig. 1a). Sulfo-Cy3 is a water-soluble dye that is
structurally and spectrally similar to DiSC2(3) (Figs. S1 and S2,
Supplementary Material).
Unconjugated DiSC2(3) was previously used to probe lysozyme
and insulin aggregation via FLIM and displayed a large dynamic
range of lifetimes at different stages of aggregation reaction [19].
We conjugated sulfo-Cy3-NHS to hen egg white lysozyme
(HEWL, see Supplementary Material for conjugation conditions),

which represents a well characterised system for probing protein
aggregation in vitro. Furthermore, self-assembly of lysozyme is
associated with systemic amyloidosis [25,26].
As the molecular rotor is small (sulfo-Cy3-NHS Mr ¼ 735.8 Da)
compared to lysozyme (Mr ¼ 14307 Da), and attached via a ﬂexible
linker, we hypothesised that the sulfo-Cy3-HEWL conjugate would
retain its molecular rotor properties and display ﬂuorescence lifetime sensitivity to viscosity.
NHS esters are commonly used for modifying primary amine
groups of proteins (Fig. 1c). Aiming to predominantly label the Nterminal amine group of HEWL with sulfo-Cy3-NHS, the conjugation reaction was carried out at pH 6.4. Speciﬁcally for HEWL, according to acid base equilibrium at this pH, the N-terminus
(pKa ¼ 7.9) is more likely to be available to react with the NHS ester
compared to the amine groups on HEWL's ﬁve lysine residues
(average pKa ¼ 10.8) [27]. We used mass spectrometry to investigate the presence of HEWL monomers labelled with multiple sulfoCy3 molecules (Fig. S3, Supplementary Material). From this data it
is clear that while a majority of the HEWL monomers were labelled
with one sulfo-Cy3, part of HEWL monomers were labelled with
two dye molecules, possibly at side-chain amines or at sites other
than primary amines [28e30]. While multiple site labelling of
HEWL (with one or two dye molecules) is not ideal and can
potentially cause more complex time resolved ﬂuorescence decays
of a conjugate (see below), it does not preclude accurate data
collection of the aggregation process. Importantly, maintaining
identical conditions during all conjugation reactions should prevent differences in labelling efﬁciencies, resulting in comparable
ﬂuorescence lifetimes in different reaction runs (Fig. S4, Supplementary Material).
In order to test the viscosity-sensitivity of sulfo-Cy3-HEWL, we
measured the time resolved ﬂuorescence decays of the dye in solutions of different viscosities, between 1 and 3628 cP, in sucrose/
water mixtures (Fig. 2). The typical set of data (Fig. 2a) recorded in
sucrose/water mixtures at a ﬁxed temperature clearly indicates that
the ﬂuorescence decay lengthens with increasing viscosity
(increasing sucrose percentage), conﬁrming that sulfo-Cy3 retains
its properties as a lifetime-based molecular rotor, even when conjugated. Due to a multi-exponential nature of the ﬂuorescence
decay we chose to employ phasor analysis [31], a model free representation of the data, to aid the visualisation of the results
(Fig. 2b). Phasor analysis of all decays recorded at various sucrose

Fig. 1. Molecular structures of (a) sulfo-Cy3-NHS and (b) BODIPY-NHS. (c) A schematic representation of the conjugation reaction.
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Fig. 2. (a) Fluorescence decays of sulfo-Cy3-HEWL in sucrose solutions of various concentrations at 60  C, giving the viscosity range 1.2e105 cP; the w/w percentage of sucrose is
given in the key. (b) Phasor analysis of the decays shown in (a) (black). Phasors of sulfo-Cy3-HEWL decays recorded at 0  C to 65  C are shown in green (30%), red (50%) and blue
(70% sucrose solutions). The corresponding viscosity ranges were 1.1e6.7 cP for 30%, 3.8e44.7 cP for 50%, and 39e3628 cP for 70% sucrose solution. The phasors of decays of
unconjugated DiSC2(3) recorded in sucrose solutions of 0.9e190.5 cP are shown in grey. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)

concentrations and temperatures demonstrates that in general, the
mean ﬂuorescence lifetime of sulfo-Cy3-HEWL increases with
increasing viscosity of the sucrose solution (i.e. the phasors move
from right to left within the universal circle following an increase in
viscosity). This again conﬁrms that even after its conjugation to
lysozyme, sulfo-Cy3 retains its environment-sensitive photophysics and its ﬂuorescence lifetime should be a useful probe of
microscopic viscosity and crowding.
These data could be compared to the calibration set of the
structurally similar free dye, DiSC2(3) (Fig. 2b, grey diamonds).
While both sets of data show a large increase in the mean ﬂuorescence lifetime with viscosity, the data for the sulfo-Cy3-HEWL
shows a more pronounced deviation from monoexponentiality
(i.e. the data points on the phasor plot are placed further away from
the universal circle). It is likely that the multi-exponential nature of
the sulfo-Cy3-HEWL ﬂuorescence decays is caused by dye molecules reporting on several environments due to multiple labelling
sites on the protein, which might cause variations in the activation
barrier for the intramolecular rotation of sulfo-Cy3. However, data
recorded for different batches of labelled protein show close overlap in the phasor space (Fig. S4, Supplementary Material) giving us
conﬁdence that the labelling produces photophysically similar
rotor-protein constructs.
As could be seen from Fig. 2b, sulfo-Cy3-HEWL displays a
considerably higher lifetime (and an anticlockwise-shifted phasor)
at 1 cP, compared to DiSC2(3). This observation is in agreement with
previous studies [32,33] which reported an increased isomerisation
barrier of cyanine dyes following covalent attachment to DNA. The
difference in lifetime between the free dye and a conjugate offered
additional control of a conjugation reaction since it meant that we
were able to monitor the completion of the reaction by observing
the lifetime change of sulfo-Cy3-NHS in the presence of HEWL
(Fig. S5, Supplementary Material). All reactions were complete
within 6 h of the mixing of the starting components.
It is noteworthy that in these experiments we increased the
viscosity of calibration solutions either by (i) increasing sucrose
concentration or (ii) by decreasing solution temperature. This
allowed us, on one hand, to achieve the widest range of viscosities
for calibration and, on the other hand, to test the effect of temperature on the response of our rotor. While the data recorded from
various sucrose/water solutions at variable temperature overlap
well in the phasor space (Fig. 2b), we detected a slight dependence
of the ﬁtted mean lifetime on the temperature of the mixtures
(Fig. S6, Supplementary Material). This behaviour indicates that
sulfo-Cy3 shows both viscosity- and temperature-dependent lifetimes [34]. Thus, to avoid any contribution of temperature

variations, a calibration set of sulfo-Cy3-HEWL time resolved
ﬂuorescence decays was measured in sucrose/water mixtures at
60  C (Fig. 2a), at the intended temperature of the HEWL aggregation reaction.
2.2. Monitoring lysozyme aggregation using ﬂuorescence lifetime of
sulfo-Cy3-HEWL
The aggregation of lysozyme, induced by the combination of
heat and low pH, was monitored by recording time-resolved ﬂuorescence decays of sulfo-Cy3-HEWL conjugates (added at 1% to
total HEWL) that were measured periodically throughout the reaction until the decays stopped changing and the sample was fully
ﬁbrillar (Fig. 3a).
It is clear to see that the mean ﬂuorescence lifetime of sulfoCy3-HEWL increased throughout aggregation, which is also evident
from observing the counter clockwise trend of the phasors of these
decays (Fig. 3b). This corresponds to an increasing restriction of
intramolecular rotation of sulfo-Cy3, as the protein undergoes assembly into larger quaternary structures in the vicinity of sulfo-Cy3
and consequently the immediate environment of the rotor becomes more crowded.
Interestingly, the phasor plot of sulfo-Cy3-HEWL during aggregation is a rather simple, monotonic curve, unlike the more complex curve of a free structurally related dye, DiSC2(3), where a clear
change in the phasor trajectory can be observed, indicative of
various stages of aggregation (Fig. S7, Supplementary Material)
[19]. We hypothesise that the complexity in the case of HEWL aggregation monitored by DiSC2(3) arises from interactions between
the protein units and as such, the covalently bound sulfo-Cy3 may
be located at a different site on the protein compared to free
DiSC2(3) and is thus not able to sense the process linked with the
non-monotonic trend in the DiSC2(3) phasor plot.
2.3. Investigation of blood clotting using sulfo-Cy3-ﬁbrinogen
A major advantage of using molecular rotors covalently attached
to the protein of interest is the possibility to translate our methodology from cuvette measurements to a true aggregation in vivo,
where the prior mixing of the components is not possible. To
explore this possibility sulfo-Cy3-NHS was conjugated to ﬁbrinogen and used to monitor blood clotting (see Supplementary Material for conjugation conditions).
MALDI and other mass spectrometry instruments available to us
were not suitable for studying sulfo-Cy3-ﬁbrinogen conjugates due
to a large molecular weight of ﬁbrinogen, thus the fact that sulfo-
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Fig. 3. (a) Fluorescence decays recorded in the course of sulfo-Cy3-HEWL aggregation; (b) Phasor analysis of sulfo-Cy3-HEWL decays during aggregation. Only the centroids of
phasor clouds are shown for clarity; the arrow shows the direction of the trend.

Cy3 was covalently linked to ﬁbrinogen was conﬁrmed by the formation of a ﬂuorescent ﬁbrin mesh when blood clotting was
induced (Fig. 4a and b, taken before and after clotting, respectively).
Furthermore, when the mesh containing sulfo-Cy3-ﬁbrin was disassembled due to the effect of a known clot-dissolving drug, sulfoCy3 ﬂuorescence became dimmer and the characteristic mesh
structure disappeared, conﬁrming that sulfo-Cy3 and ﬁbrinogen
were, in fact, covalently linked (Fig. S8, Supplementary Material).
We ﬁrst tested the viscosity sensitivity of the sulfo-Cy3ﬁbrinogen conjugates, Fig. 4c. We recorded time resolved ﬂuorescence decays in solutions of varied viscosities (pure water, pure
glycerol, 1:1 water-glycerol mixture) and observed a clear increase
in the mean ﬂuorescence lifetime of sulfo-Cy3-ﬁbrinogen (Fig. 4c).
Hence, we conﬁrmed again that conjugation does not affect the
ability of sulfo-Cy3 to work as a viscosity sensor.
For the blood clotting measurements, sulfo-Cy3-ﬁbrinogen
conjugates were added to a sample of blood and ﬂuorescence

signal was collected before and after blood clotting. The presence of
a clot was conﬁrmed by confocal microscopy. In Fig. 4a, no organised structure is visible in the blood sample, while in Fig. 4b the
ﬁbrin mesh typical for clotted blood is assembled and it is clear that
the sulfo-Cy3-ﬁbrin molecules have incorporated into it.
In addition to confocal microscopy, ﬂuorescence decays of sulfoCy3-ﬁbrinogen were measured before and after clotting (Fig. 4c). It
is clear that the decays recorded after clotting are consistently
longer than the decays recorded before clotting, which is consistent
with sulfo-Cy3 sensing the crowded environment of the ﬁbrin
mesh in the blood clot. While the observed lifetime change was
small, it was observable in all repeats of experiments and for
different types of clots, e.g. blood, plasma (Fig. S9, Supplementary
Material), demonstrating wide applicability of the method. Further
rational design should produce a labelling strategy which leads to a
more signiﬁcant change of ﬂuorescence lifetime during blood
clotting, which could be practically useful.

Fig. 4. Confocal images of sulfo-Cy3-ﬁbrin conjugates in human blood recorded before (a) and after (b) clotting; (c) Decays of sulfo-Cy3-ﬁbrin recorded before clotting (green) and
after clotting (brown) compared to decays in pure water (orange) and glycerol (blue); (d) Phasors corresponding to decays of sulfo-Cy3-ﬁbrin conjugates in various mixtures as
indicated in the key. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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We have compared the microrheological changes observed with
molecular rotors during the assembly of various proteins (Fig. S10,
Supplementary Material). Clearly, the ﬂuorescence lifetime sensitivity to microviscosity is very dependent on the speciﬁc rotorprotein system and is likely to be affected by both the mechanism
of aggregation and by the localisation of the rotor. The latter can be
speciﬁcally engineered if needed and, as such, our strategy represents a powerful tool to study the mechanistic details of supramolecular protein assembly.
2.4. Monitoring Ab(1e42) aggregation using ﬂuorescence lifetime
of molecular rotors
We have next tested whether it is possible to monitor protein
aggregation with a hydrophobic BODIPY-based molecular rotor,
previously used for a range of biological viscosity studies in lipidbased membranes [22,35e42].
BODIPY-C10 (Fig. S1c, Supplementary Material) displays a large
dynamic range of lifetimes in the viscosity range between 20 and
5000 cP and is characterised by monoexponential time resolved
ﬂuorescence decays in homogeneous media [22,41], and was
shown to measure viscosity in temperature-independent manner
[34]. However, the use of BODIPY-based rotors in water-based
systems was precluded until now due to a poor solubility of the
dye in aqueous media.
We have synthesised BODIPY-NHS (Fig. 1b; see Supplementary
Material for detailed synthetic procedures and characterisation),
covalently linked it to HEWL under conditions similar to sulfo-Cy3NHS, and used it to monitor HEWL aggregation (see Figs. S11eS13
and the accompanying Supplementary Material text). This data
clearly demonstrated that even a hydrophobic molecular rotor can
be rendered suitable for probing protein self-assembly in an
aqueous media, by covalent conjugation.
Next we set out to study Ab(1e42) aggregation in live cells using
covalently conjugated BODIPY. Thus we have produced a conjugate
of Ab(1e42) covalently linked to BODIPY-NHS and added the
resulting construct to live SH-SY5Y cells. Without the covalent
attachment of the rotor it is not possible to achieve co-localisation
of the protein with the viscosity sensor in live cells, since the freeadded sensor independently interacts with cells showing efﬁcient
endocytosis (Fig. S14, Supplementary Material) [22,41].
We have chosen to monitor the aggregation of Ab(1e42) due to
its relevance in human disease. The appearance of Ab(1e42) aggregates is a hallmark of Alzheimer's disease [2] and the link between Ab(1e42) aggregation and the disease onset is still not
understood, resulting in great interest in characterising the aggregation process, especially in the more cytotoxic pre-ﬁbrillar stages
[43].
Ab(1e42) has two lysine residues which, together with the Nterminus, yield three potential labelling sites for BODIPY-NHS.
However, our mass spectrometry data provided evidence for the
formation of a single-labelled Ab(1e42) only (Fig. S15, Supplementary Material). Due to the fact that Ab(1e42) starts aggregating
immediately after resuspension from ﬁlm we used a shorter
conjugation time of 1 h, compared to the previously described
conjugation reactions with HEWL; this shorter conjugation time
was possibly responsible for the presence of some unreacted dye in
the mixture, as apparent from mass spectrometry (Fig. S15, Supplementary Material).
Transmission electron microscopy (TEM) images were collected
to monitor aggregation of Ab(1e42) with and without BODIPY
labelling (Fig. 5 and Fig. S16, Supplementary Material) to verify that
labelling Ab(1e42) with BODIPY did not disrupt the secondary
structure and aggregation properties of the protein [44]. Additionally, we monitored the kinetics of labelled and unlabelled
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Ab(1e42) aggregation using the ﬂuorescence intensity of tyrosine
[45] (Fig. S17, Supplementary Material). We conﬁrmed that the
tyrosine intensity decrease trend is very similar for both unlabelled
and BODIPY-labelled Ab(1e42) over the course of 48 h. Together,
this data conﬁrmed that the morphology of Ab(1e42) ﬁbrils and the
kinetics of aggregation remained unchanged, in spite of labelling.
We also performed a Thioﬂavin T (ThT) intensity assay [46] of
Ab(1e42) aggregation to conﬁrm ﬁbril formation at our experimental conditions (Fig. S18, Supplementary Material).
A simple monotonically increasing trend in the rotor lifetime
was recorded for BODIPY-Ab(1e42) aggregation in vitro, Fig. 6i. This
increase occurred on a faster timescale compared to a ThT intensity
increase (Fig. S18, Supplementary Material), suggesting that, while
ThT intensity monitors ﬁbril formation, BODIPY-Ab(1e42) lifetime
may be sensitive to an earlier stage of aggregation. Previously, a
faster kinetics of aggregation was reported during the selfassembly of insulin, when monitored by ThT lifetime as
compared to ThT intensity [20].
The consecutive FLIM images of BODIPY-Ab(1e42) recorded
during the course of the aggregation of Ab(1e42) in cellulo are
shown in Fig. 6aed along with the corresponding mean lifetime
histograms. The evolution of the mean ﬂuorescence lifetime of
BODIPY-Ab(1e42) in cellulo is shown in Fig. 6f. From these data it is
clear that the lifetime of BODIPY-Ab(1e42) in cellulo does not follow
a simple monotonically increasing trend recorded for BODIPYAb(1e42) aggregation at identical conditions in vitro (in an identical
imaging well with no cells present) (Fig. 6i).
Our cell images (Fig. 6e and Fig. S19, Supplementary Material)
suggest that Ab(1e42) interacts with cells, in particular with the
cellular plasma membrane. The analysis of cell morphology
following 4 h of incubation with Ab(1e42) aggregates gave evidence for membrane disruption and cell damage, through the
rounding up of cells and their detachment from the surface
(Fig. S19, Supplementary Material). In addition, it is interesting to
note that some of the BODIPY-Ab(1e42) aggregates internalised,
while some appeared to adhere to SH-SY5Y plasma membranes,
which might be due to cells not being able to internalise larger
aggregates. We were able to rule out the toxic or disruptive effect of
the rotor itself due to the fact that the BODIPY rotors are known to
be non-toxic (Fig. S14, Supplementary Material) [47]. Furthermore,
BODIPY rotors undergo endocytosis and do not directly interact
with cell plasma membranes, unless their chemical structure is
speciﬁcally altered [22,37,47].
As can be seen from the analysis of mean lifetime evolution
throughout the aggregation process (Fig. 6f), the microviscosity
sensed by BODIPY-Ab(1e42) upon the interaction of Ab(1e42) with
cells appeared to decrease in the ﬁrst 2 h from the start of the aggregation, which was followed by a gradual increase resulting in
apparent recovery to the initial levels. We note that the timescale of
these two phases, decrease and recovery, appears to correspond to
two distinct phases of Ab(1e42) aggregation monitored by TEM. As
could be seen from TEM images (Fig. 6 and Fig. S16, Supplementary
Material), in the ﬁrst 2 h the sample is mostly comprised of
monomeric and oligomeric species; however, after ca 3 h the formation of ﬁrst BODIPY-Ab(1e42) ﬁbrils are observed. Thus, it appears that the increase in microviscosity as measured by BODIPYAb(1e42) in cells coincides with the timescales of formation of the
amyloid ﬁbrils. Interestingly, the observed non-monotonic trend
does not match the in vitro trajectory (see above) and might be due
to an interaction with the membrane or due to a different pathway
of aggregation itself. For example, the ﬁbril formation may be
delayed by the presence of the membrane or the delay in the lifetime increase may reﬂect the formation of loosely associated
Ab(1e42) oligomers that later convert into b-strands [43].
The initial mean lifetime of the in vitro BODIPY-Ab(1e42)
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Fig. 5. Transmission electron microscopy (TEM) images of 10 mM (a) unlabelled Ab(1e42) aggregates and (b) BODIPY- Ab(1e42) aggregates at times 0, 4 and 24 h after the start of
aggregation. Scale bars ¼ 200 nm. Larger versions of the TEM images with more time points are shown in Fig. S16, Supplementary Material.

Fig. 6. (aed) Fluorescence lifetime images of SH-SY5Y cells incubated with BODIPY-Ab(1e42) at various time points after the start of the aggregation: 50 min (a), 2 h (b), 7.25 h (c)
and 33.5 h (d); (e) Confocal ﬂuorescence overlaid with transmission images of SH-SY5Y cells incubated with BODIPY-Ab(1e42) 35 min, 5 h and 22 h after the start of the aggregation; the image of BODIPY-Ab(1e42) aggregates after 22 h incubation in a well that did not contain cells is also shown (scale bars ¼ 10 mm); (f) The evolution of the mean
ﬂuorescence lifetime of BODIPY-Ab(1e42) during the course of aggregation in the presence of SH-SY5Y cells; (g,h) Fluorescence lifetime images of BODIPY-Ab(1e42) in a well that
did not contain cells, 10 min (g) and 44 h (h) following sample preparation; (i) The mean ﬂuorescence lifetime of BODIPY-Ab(1e42) during the course of aggregation in solution (no
cells present), recorded in a separate experimental run, the error bars represent the standard deviation.

mixture was shorter than the ﬁrst time point in cellulo (compare
Fig. 6a and g), possibly because the immediate interaction of
Ab(1e42) with SH-SY5Y plasma membranes either created a more
viscous environment for the rotor or changed the peptide structure

itself [48]. A true ‘time 0’ lifetime measurement for purely monomeric Ab(1e42) solution could not be obtained either in cellulo nor
in vitro, as Ab(1e42) aggregation starts immediately after the
resuspension from ﬁlm and thus may proceed during the
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conjugation reaction.
The differences between the ﬂuorescence lifetime trends
recorded during the aggregation of BODIPY-Ab(1e42) in vitro and in
cellulo are striking and indicate that the mechanistic details of the
process are strongly affected by the presence of cellular membranes, as predicted by molecular dynamics simulations [48]. As
such, rather than using simpliﬁed models, our method allows to
follow the mechanism of complex biological processes in their
natural environment, such as protein aggregation in live cells, and
provides information that was unavailable previously. In the future,
we foresee that our rotor-based method can be employed as an
assay for investigating new molecules tested as potential inhibitors
of aggregation in vitro and in cellulo, since these inhibitors are an
important potential strategy for therapeutic intervention [49e51].
3. Conclusions
We have employed cyanine-based and BODIPY-based viscositysensitive ﬂuorescent molecular rotors to monitor the supramolecular assembly of various proteins. The molecular rotors were
covalently linked to the aggregating proteins, which provided a
unique possibility to monitor the aggregation process in cellulo, in
addition to in vitro studies. Our approach of conjugating the
viscosity-sensitive rotor to the protein of interest allowed us to
observe increasing molecular crowding during protein aggregation
in vitro and in cellulo. Our ﬁndings demonstrate that in vitro experiments may not reﬂect the true behaviour of proteins assembling in their natural biological intra- or extracellular environment,
thus emphasising the importance of conducting experiments in
cellulo. Our results prove that molecular rotors covalently conjugated to proteins of interest provide a unique tool for studying the
supramolecular assembly of proteins both in vitro and in cellulo.
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