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Fluorescence labeling methods influence the
aggregation process of α-syn in vitro differently†

S. Jadavi,a,b S. Dante, c L. Civiero,d,e,f M. Sandre,f,g L. Bubacco,d,e,f L. Tosatto, ‡h

P. Bianchini,a C. Canale *b and A. Diasproa,b

In a previous study, the coexistence of different aggregation pathways of insulin and β-amyloid (Aβ) pep-
tides was demonstrated by correlative stimulated emission depletion (STED) microscopy and atomic force

microscopy (AFM). This had been explained by suboptimal proteins labeling strategies that generate

heterogeneous populations of aggregating species. However, because of the limited number of proteins

considered, the failure of the fluorescent labeling that occurs in a large portion of the aggregating fibrils

observed for insulin and Aβ peptides, could not be considered a general phenomenon valid for all mole-

cular systems. Here, we investigated the aggregation process of α-synuclein (α-syn), an amyloidogenic

peptide involved in Parkinson’s disease, which is significantly larger (MW ∼14 kDa) than insulin and Aβ,
previously investigated. The results showed that an unspecific labeling procedure, such as that previously

adopted for shorter proteins, reproduced the coexistence of labeled/unlabeled fibers. Therefore, a site-

specific labeling method was developed to target a domain of the peptide scarcely involved in the aggre-

gation process. Correlative STED–AFM illustrated that all fibrillar aggregates derived from the aggregation

of α-syn at the dye-to-protein ratio of 1 : 22 were fluorescent. These results, demonstrated here for the

specific case of α-syn, highlight that the labeling artifacts can be avoided by careful designing the labeling

strategy for the molecular system under investigation. The use of a label-free correlative microscopy

technique would play a crucial role in the control of the setting of these conditions.

Introduction

Over the past decade correlative techniques have emerged to
integrate information derived from two or more alternative
sources. Compared with a single technique, correlative tech-
niques allow the integration of different approaches to achieve
better accuracy in the prediction/characterization of bio-
molecular processes.1

In particular, correlative microscopy is based on the
coupling of techniques that can provide local multifunc-
tional characterization of the sample.2,3 The most wide-
spread correlative microscopy applications are related to the
coupling of electron and optical microscopy.4–7 However, in
recent years, the integration between atomic force
microscopy (AFM) and super-resolution (SR) fluorescence
microscopy has been proposed as a primary method in the
study of bio-systems.3,8–12 The substantial advantage of this
approach is the inherent capability of both techniques to
work in a liquid environment, enabling simultaneous inves-
tigation of living systems, such as cells, or dynamic mole-
cular processes, in a physiological-like environment, and at
molecular-scale resolution.

Initially, the main idea of coupling AFM with SR8–11 was to
endow AFM with chemical specificity, overcoming one of the
most significant limitations of this tool. More recently, new
results demonstrated that AFM can assume a key role in
testing and validating results obtained by fluorescence
microscopy.12

It is known that the presence of fluorescent dye molecules
can influence molecular processes, although the final effect
induced by fluorophores on the molecular mechanisms is
difficult to predict. In recent work by our group, the aggrega-
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tion process of misfolded peptides was studied. It was already
known that the presence of a fraction of fluorescently labeled
monomers significantly slowed the aggregation rates of pep-
tides in vitro, with an effect proportional to the ratio of labeled
molecules.13,14 Correlative AFM and stimulated emission
depletion (STED) fluorescence microscopy demonstrated that
unexpected phenomena could affect the aggregation of a par-
tially labeled peptide solution.12 Specifically, by studying the
aggregation of partially labeled solution of insulin or Aβ, it was
found that only a fraction of the final fibrillary aggregates was
fluorescent. These results indicated that the labeled mono-
mers are involved only in preferred aggregation pathways,
while others are precluded. The peculiar asymmetric distri-
bution of the fluorophore in a sample, derived from a process
that was in principle considered stochastic, was observed for
the first time because of the new capability offered by correla-
tive microscopy. This finding focuses the attention on an issue
that involved all fluorescence-based experimental techniques,
namely, the validity of results obtained when the molecules
have preferential interactions depending on the presence of
the fluorescent tag.

We thought that this issue has primary importance for all
the investigations based on fluorescence, but we also knew
that the unexpected scenario highlighted in our work,
obtained for insulin and Aβ peptides, cannot be automatically
extended to all the molecular systems that must be studied for
their peculiarity.

Both Aβ and insulin are small peptides (MW 4–6 kDa), and
the addition of the dye molecule (MW 0.98 kDa) strongly
changes the mass of the peptides. In the case of insulin, we co-
valently bind the fluorophore to amine groups, i.e., more than
one fluorophore can bind to a single peptide.

To take this step further, we studied a similar process, i.e.,
the formation of amyloid fibrils in vitro, using a different
peptide and a well-controlled labeling method, widely
employed in previous works.15,16 The protein was α-synuclein
(α-syn), which is involved in the neurodegenerative cascade in
Parkinson’s disease. α-syn is larger (MW ∼14 kDa) than
insulin and Aβ, previously investigated. The fluorophore was
covalently bound to the C-terminal group of the peptide, an
area of the polypeptide chain not or poorly involved in fibrilla-
tion, as suggested in previous works.15,17,18 We found that all
the fibrillar aggregates obtained with a dye-to-protein ratio of
1 : 20 were fluorescent. As a control, we labeled α-syn with
NHS-dye, binding the fluorophore at the free amine groups,
and using the same dye-to-protein ratio we found that just a
subpopulation of fibrils were fluorescent, confirming of the
results obtained by Cosentino et al.12

The molecular size of the protein does not guarantee to
avoid influence on the aggregation upon binding of a
fluorophore, suggesting the adoption and development of
specific fluorophore conjugation strategies. AFM–STED corre-
lative microscopy allows the characterization of the sample
at the single fibril level, emerging as a primary tool in the
control of the fluorescence distribution in supramolecular
samples.

Experimental
Site-specific labeling of α-syn and fibrillation

To produce ATTO 488-labeled fibrils specifically labeled at the
α-syn C-terminal end, an α-syn monomer, with Gly-Cys resi-
dues at C-terminal (α-synGC) was prepared as described pre-
viously19 and labeled with thiol-reactive ATTO 488-label (ATTO
488-maleimide, ATTO-TEC GmbH) following a “solid state-
based labeling” technique.20 Briefly, expressed, and purified
α-synGC cysteine dimers were reduced with 5.23 mM TCEP
(tris(2-carboxyethyl) phosphine (Sigma-Aldrich) in NaP buffer
100 mM at pH 7 for 6 hours at room temperature (RT). The
resulting monomer-containing solution was diluted 1 : 1 in
ultrapure water (Milli-Q, resistivity 18 MΩ cm) and EDTA
(1 mM) pH 8, followed by the addition of 70% ammonium
sulfate salt (w/v). The labeling reaction was achieved by adding
7 molar equivalents of ATTO 488-maleimide dye (in DMF) and
incubating at RT, with no agitation. Labeled α-synGC was pre-
cipitated by centrifugation (20 000g, 10 min, 4 °C) and the
pellet was washed five times with 70% ammonium sulfate in
NaP buffer 50 mM pH 7.0. Finally, the pellet was resuspended
in PBS and the exceeding dye was removed through PD-10
column (GE Healthcare). ATTO 488 labeled α-synGC was con-
firmed by RP-HPLC (protein labeling more than 90%)
(Fig. S1†). ATTO 488-labeled α-syn fibrils were obtained from
LPS-free recombinant human α-syn monomers and ATTO 488
labeled α-syn, incubated in 1 : 22 ratio at a final concentration
of 5 mg ml−1 in sterile PBS (Biowest). Fibrils were recovered by
centrifugation after shaking the sample (ThermoMixer F1.5
Eppendorf, 1000 rpm) at 37 °C for seven days.

Labeling α-syn with NHS-reactive ATTO 488-label and
fibrillation

To obtain randomly labeled ATTO 488 α-syn fibrils, an α-syn
WT monomer was prepared as described previously19 and
labeled with NHS-reactive ATTO 488-label (ATTO 488-NHS,
ATTO-TEC GmbH) following manufacture instructions. Briefly,
expressed and purified α-syn WT proteins were labeled with
1.5 molar equivalents of ATTO 488-NHS (ATTO 488-NHS) dye
(in DMSO) and incubated at RT 2 hours, with no agitation. To
remove the exceeding dye, the reaction was loaded in a PD-10
column (GE Healthcare) and only the conjugated protein was
collected.

We provide a detailed quality control for the NHS reaction
(see ESI Fig. 1†). As expected, the NHS reaction generates a
heterogeneous population of Atto-synuclein species making
very difficult the calculation of the number of dye molecules
per protein (ESI Fig. 1B–F†). On the other hand, we were able
to deduce an approximate value of the overall labeling
efficiency that is close to 90%, similarly to the labeling with
ATTO 488-maleimide. We can consider that also in this case
the approximative labeled to unlabeled monomer ratio is
1 : 22; in any case, the main message of this work does not
change for a small deviation of this ratio.

ATTO 488-labeled α-syn (NHS) fibrils were obtained from
LPS-free recombinant human α-syn monomers and ATTO 488

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 8270–8277 | 8271

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

6:
17

:4
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr05487f


labeled α-syn (NHS), incubated in a 1 : 22 ratio at a final con-
centration of 5 mg ml−1 in sterile PBS (Biowest). Fibrils were
recovered by centrifugation after shaking the sample
(ThermoMixer F1.5 Eppendorf, 1000 rpm) at 37 °C for seven
days.

Electron microscopy analysis

Characterization of α-syn fibrils was performed by trans-
mission electron microscopy (TEM) using negative staining.
Fibrils samples (1 mg ml−1) were diluted 1 : 22 in ultrapure
water (Milli-Q, resistivity 18 MΩ cm) and a 5 µl drop deposited
on a copper grid (Sigma-Aldrich), washed twice, and directly
stained with 2% uranyl acetate. Fibril samples were examined
by TEM (FEI Tecnaii G2) operated at 80 kV with an OSIS Veleta
CCD 4-megapixel camera (Olympus).

Correlative AFM–STED

Small aliquots of α-syn fibrils solution were diluted 50-fold in
ultrapure water (Milli-Q, resistivity 18 MΩ cm). 100 μl of
diluted fibrils were deposited on an oxygen plasma-treated
glass coverslip, using a Tucano (Gambetti Kenologia, Italy)
setup. The coverslip was treated by applying three 180 s cycles
with a power of 100 W, and an oxygen flow of 13 SCCM. Fibrils
were let to adhere to the glass substrate for 20 min before
gently rinsing with Milli-Q water to remove the fraction of
unbound fibrils, and salts present in the aggregation medium.
The samples were dried under a gentle nitrogen flow.

A NanoWizard II AFM head (JPK, JPK Instruments, Berlin,
Germany) was mounted on a commercial Leica TCS SP5 gated
STED-CW microscope. The optical microscope stage was
exchanged with an AFM compatible stage (JPK Instruments,
Berlin, Germany), which features minimum mechanical coup-
ling of noise to the AFM cantilever.

The STED images have been collected by a hybrid detector
in the spectral range of 500–570 nm. We used an HCX PL APO
CS 100× 1.4NA oil objective (Leica Microsystems, Mannheim,
Germany) and a scan speed of 1400 Hz for 1024 pixels per line
with a 128-line average and a time-gated detection of 1.4 ns.
The selected dye was ATTO 488 for α-syn, which is suitable for
488 nm excitation and 592 nm depletion wavelengths.

AFM images have been acquired in the air in intermittent
contact mode, using a rectangular silicon cantilever (TESPA,
Bruker, MA, USA) with a nominal spring constant of 42 N m−1,
resonance frequency of 320 kHz, and a tip with a curvature
radius of 8 nm. All images were acquired as 512 × 512 pixels
images with a scan rate between 0.6 and 1.0 Hz. The Direct
Overlay software (JPK Instruments, Berlin, Germany) was used
to assist the choice of the overlapped areas in AFM and STED
images.12

The level of co-localization between AFM and optical
images was calculated by using the co-localization function of
ImageJ (Bethesda, USA) and deriving the ratio of co-localiz-
ation. The ratio of co-localization is provided by the Mander’s
coefficient (see eqn (1)) that provides a quantification of the
number of the intensities of the STED image pixels (STEDi)

that have a correspondence in the AFM image pixel (AFMi)
divided by the total sum of AFM image intensity.

MAFM ¼
P

i
AFMi;coloc

AFMi
ð1Þ

AFMi,coloc = STEDi if AFMi > 0. M = 1 is the perfect colocali-
zation, M = 0 represent the lack of correlation. The threshold
was automatically determined by the software using the Costes
auto threshold method.21 The scatter plots of the pixel-by-pixel
correlation were also calculated using the same ImageJ func-
tion (Fig. S2†).

Results and discussion
Alpha-syn fibrillation

After 7 days of incubation in the conditions described above,
fibrillary aggregates were formed. Fig. 1 shows negative stained
TEM images of WT α-syn fibrils unlabeled (a and b), Cys

Fig. 1 Negative stained TEM images of WT α-syn fibrils unlabeled (a
and b), Cys-mutant α-syn fibrils labeled with ATTO488-maleimide at
dye-to-protein ratio of 1 : 22 (c and d), and WT α-syn fibrils labeled with
ATTO 488-NHS at dye-to-protein ratio of 1 : 22 (e and f). Scale bar: 1 µm
(a, c and e) and 500 nm (b, d and f).
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mutant α-syn labeled with ATTO 488-maleimide at dye-to-
protein ratio of 1 : 22 (c and d), and WT α-syn fibrils labeled
with ATTO 488-NHS at dye-to-protein ratio of 1 : 22 (e and f)
(see Experimental section). Fibrils morphology was not
strongly affected by the presence of dye molecules. We found a
large population of short fibrils that we characterized with
both AFM, STED, and TEM. Fibrils length is generally less
than 1 μm. Fibrils thickness, calculated from AFM images (see
representative images in Fig. S3†), is relatively heterogeneous
and is not affected by the presence of the ATTO488-maleimide
dye. On the contrary, fibrils thickness is influenced by the
presence of ATTO 488-NHS dye. In particular, the average
aggregates thickness is 9.7 ± 2.3 nm (mean ± SD) for unlabeled
fibrils, 9.6 ± 3.5 nm for ATTO488-maleimide labeled fibrils,
and 6.7 ± 1.7 nm for ATTO 488-NHS labeled fibrils. The popu-
lations of unlabeled and ATTO488-maleimide label fibrils are
comparable, while ATTO 488-NHS label fibrils are significantly
thinner (P > 0.05). Representative AFM images of the different
kind of fibrils are shown in Fig. S3.†

Correlative AFM–STED microscopy

The characterization of the aggregation process of amyloido-
genic peptides by advanced correlative techniques is a new way
to shed light on understanding the influence that fluorophores
have on intermolecular processes. Indirectly, the technique
can provide information on the high heterogeneity and multi-
pathways behavior of fibrillation. In particular, the mutual and
complementary capabilities of correlative AFM–STED nano-
scopy enable the observation of selective interaction phenom-
ena, happening during the formation of fibrillar aggregates. A
previous study, performed by Cosentino et al.12 on insulin and
Aβ peptides suggested that the presence of fluorophores not
only decreased the rate of the aggregation, a very well-known
effect, but also promoted the coexistence of different aggrega-
tion pathways, and that labeled molecules can follow selec-
tively just some of these pathways. In the Cosentino’s para-
digm, only relatively short peptides were considered, and, in
particular for insulin, the labeling method could result in final
labeling with more than one fluorophore per monomer, one

binds to the N-terminal domain and the second to the single
lysine of the polypeptide chain.

In this work, we aim to elucidate whether these unwanted
effects can be avoided by using tailored labeling. For this
purpose, we investigated the in vitro aggregation of α-syn,
which is significantly larger (MW ∼14 kDa) than the peptides
described above. Furthermore, a site-specific labeling method
was used to covalently label the C-terminal group of the
peptide, an area of the polypeptide chain scarcely involved in
fibrillation as confirmed by recent cryo-electron microscopy
structures.15,20,22 In this way, a single fluorophore per
monomer was present and in a defined position along the
protein polypeptide chain. Following a previously proposed
labeling strategy,15,23 we used a variant of α-syn monomer,
with a cysteine residue at the C-terminus of the peptide. We
then used ATTO488 with a functional maleimide group that co-
valently binds to the cysteine at the C-terminal domain.

Correlative AFM–STED technique has been applied on site-
specific labeled α-syn fibrils. By qualitative analysis, we
observed that all, or at least the great majority, of the fibrillar
aggregates displayed by AFM, were also visible in the STED
image (Fig. 2), verifying that the fluorescent dye labels do not
interfere with the aggregation process in a site-specific labeling
method.

Nevertheless, the mean co-localization ratio between AFM
and STED obtained from all the acquired images was quanti-
fied, following the methods described in Experimental, as
0.76 ± 0.22 (mean ± SD), calculated from 43 images derived
from 15 different samples. However, in some of the images, we
noted a lack of overlap in large portions of the images
(Fig. S4†). This effect was mainly due to the optical distortions
that precluded perfect correlation,11 generating outliers that
invalidate the results obtained from a restricted group of
images. Repeating the analysis, excluding the images showing
clear misalignment, we obtained a co-localization ratio of 0.87
± 0.10, (calculated from 33 images). We also applied
Chauvenet’s criterion for the rejection of the outliers, a conso-
lidated statistical method, obtaining a co-localization ratio of
0.84 ± 0.12. Fig. 4 shows the statistical distribution of the data

Fig. 2 Representative fibrils containing α-syn site-specific labeled with ATTO488-maleimide at a dye-to-protein ratio of 1 : 22 visualized by STED
microscopy (a), AFM (b), and the correlative AFM–STED microscopy in a zoomed area of the image (c). All the population of fluorescent fibrils visual-
ized by AFM is also visible in the STED image (a and b), confirming that the presence of fluorescent dye does not interfere with the aggregation
process. Fibrils appear entirely and homogeneously labeled (c). The ratio of co-localization calculate for image c is 0.97 (f ). Scale bars: 1 µm (a–c).
Other images of fibrils from site-specific labeled α-syn are shown in Fig. S5.†
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after Chauvenet’s criterion application. Our observations indi-
cated that the great majority of the fibrillar aggregates were
fluorescent.

As a comparative approach, we repeated the analysis label-
ing α-syn monomers with ATTO488-NHS, as previously done
on insulin. We labeled α-syn monomers with 1.5 molar equi-
valent of the fluorophore, to have a low final concentration of
fluorophore per peptide molecule. HPLC confirmed a high
efficiency in the conjugation (higher than 90%, Fig. S1 in
ESI†).

Fig. 3 shows fibrils obtained from α-syn labeled with
ATTO488-NHS. A large population of unlabeled fibrils is
present and displayed in the AFM image (Fig. 3b), confirming
the coexistence of different aggregation pathways in which
labeled molecules may engage, in agreement with what has
been previously observed in experiments performed on insulin
fibrils.12 The co-localization ratio calculated on 8 images from
4 different samples was 0.30 ± 0.16. Applying Chauvenet’s cri-
terion, we excluded one outlier obtaining a final co-localization
ratio of 0.26 ± 0.08 (see also Fig. 4). Although, AFM analysis
demonstrated that fibrils labeled with ATTO488-NHS were sig-
nificantly thinner, we did not reveal a direct correlation
between the fibril thickness and the presence of fluorescence.
Although the preparation procedure of α-syn suggested the
absence of any fibrillar aggregate before the aggregation
process started, to further exclude the possibility to have
unlabeled fibrils already present in the initial solution we per-
formed AFM imaging on both the unlabeled α-syn and α-syn
just after the labeling with ATTO488-NHS. The results are
shown in Fig. S6.†

In this approach, we lost the precise control over the posi-
tion of the fluorophore along the polypeptide chain, because
15 lysines (Lys) are present in the α-syn sequence. The number
of Lys residues in α-syn is high, compared to the case of
insulin. In particular, 11 Lys are located in the N-terminal
domain (1–60), 1 in the central NAC region (61–95), and 3 at
the C-terminus (96–140) (Fig. 5).24 We note that 2 of the 3 Lys
of C-terminus are the first two amino acids of this domain,
close to the NAC region. During the marking procedure, the
dye molecules are randomly distributed, but they will have a

high probability of binding the N-terminal domain. While the
C-terminal domain is not strongly involved in aggregation, the
N-terminal plays a fundamental, although not fully under-
stood, role. In particular, a short motif in the N-terminal
region is crucial for aggregation. Doherty et al.25 demonstrated
that the 7-residue sequence, 36–42, controls α-syn aggregation.
Deletion of this sequence prevents aggregation at pH 7.5
in vitro. The 36–42 sequence (GVLYVGS) contains no lysines,
but lysines surround this short motif: sequence 30–45 is fact
GKTKEGVLYVGSKTK, in which four lysines appear. The pres-
ence of fluorophores in this region probably results in signifi-
cant, if not complete, suppression of protein aggregation capa-
bility. This could explain the lower total fluorescence emitted
by fibrillar aggregates in samples with the ATTO488-NHS dye.
The presence of a significant fluorescence background is an
indirect proof of the presence of a non-fibrillar fraction with a
high content of labeled peptides. Small fluorescent aggregates
are displayed in Fig. 3c. These features are not correlated to
AFM topography; a detailed discussion on this issue is

Fig. 4 The co-localization ratio obtained for fibrils obtained in the
presence of protein monomers labeled using ATTO 488-maleimide (left)
and ATTO 488-NHS (right) functional groups are significantly different
(**P < 0.01).

Fig. 3 Representative fibrils containing α-syn labeled with ATTO488-NHS at a dye-to-protein ratio of 1 : 22. STED image (a), AFM image (b), and the
correlative AFM–STED image obtained in the area of the inset (c). A large population of fibrils is not fluorescent, and is not displayed in the STED
image. Only one of the larger fibrils is displayed with both imaging modalities. The ratio of co-localization is 0.26. The scale bar is 1 μm (a–c). Other
images of fibrils from ATTO488-NHS labeled α-syn are shown in Fig. S7.†
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reported in Fig. S8.† Furthermore, N-terminus lysine residues
contribute to the formation of a hydrophilic tunnel that plays
a stabilizing effect in the interfacial region of two protofila-
ments.22 Of note, most of the point mutations associated to
pathological progression are located at the N-terminal domain,
mainly close to the NAC region (Fig. 5).26–30 All these findings,
supported the idea of a key role played by N-terminal region in
α-syn aggregation. The contribution to fibril formation of an
α-syn monomer functionalized with a hydrophobic fluoro-
phore in the N-terminal domain is probably not favored for
steric and hydrophobicity reasons. In a scenario characterized
by a high level of polymorphism,31 the labeled monomers par-
ticipate as building blocks in a limited subpopulation of
fibrils, although the resolution of the AFM was not sufficient
to detect any structural difference between fluorescent and
non-fluorescent aggregates. In these samples, we observed that
a large number of fibrils were not fluorescent, and the coexis-
tence of labeled and unlabeled aggregates was evident.

Conclusions

In this investigation, focusing on in vitro aggregation of α-syn,
we demonstrated that the position of covalently bound fluoro-
phores along the polypeptide chain is crucial in determining
the role that the labeled peptides might play in the fibrillation
process. In particular, the large molecular size alone is not
sufficient to avoid influence on the peptide aggregation upon
binding with a fluorescent dye molecule. This work suggests
the application of a site-specific labeling method, targeting the
portion of the protein not involved in aggregation, i.e., the
C-terminus in the case of α-syn. The design of specific fluoro-
phore conjugation strategies is advisable for the study of any
intermolecular process. AFM–STED correlative microscopy is
therefore a candidate as a gold standard method for monitor-
ing fluorophore influence in several molecular processes and
stands out from the bulk methods applied in aggregation kine-

tics analysis as it allows the investigation of individual fibrillar
products.
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