
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

6.
10

.2
02

5 
17

:2
3:

36
. 

 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
View Journal  | View Issue
Monitoring amyl
aCAS Key Laboratory of Separation Science fo

Chemical Physics, Chinese Academy of Scien

China. E-mail: zcxu@dicp.ac.cn
bFluorescence Research Group, Singapore

Somapah Road, Singapore 487372, Singapo
cOcean College, Minjiang University, Fuzhou
dUniversity of Chinese Academy of Sciences,

† Electronic supplementary informa
https://doi.org/10.1039/d2sc06710b

‡ These authors contributed equally.

Cite this: Chem. Sci., 2023, 14, 4786

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 6th December 2022
Accepted 5th April 2023

DOI: 10.1039/d2sc06710b

rsc.li/chemical-science

4786 | Chem. Sci., 2023, 14, 4786–4
oid aggregation via a twisted
intramolecular charge transfer (TICT)-based
fluorescent sensor array†

Chao Wang,‡ab Wenchao Jiang,‡ad Davin Tan,b Lu Huang,bc Jin Li,ad Qinglong Qiao,a

Priya Yadav,b Xiaogang Liu *b and Zhaochao Xu *ad

Imaging amyloid-beta (Ab) aggregation is critical for understanding the pathology and aiding the pre-

symptomatic intervention of Alzheimer's disease (AD). Amyloid aggregation consists of multiple phases

with increasing viscosities and demands probes with broad dynamic ranges and gradient sensitivities for

continuous monitoring. Yet, existing probes designed based on the twisted intramolecular charge

transfer (TICT) mechanism mainly focused on donor engineering, limiting the sensitivities and/or

dynamic ranges of these fluorophores to a narrow window. Herein, using quantum chemical

calculations, we investigated multiple factors affecting the TICT process of fluorophores. It includes the

conjugation length, the net charge of the fluorophore scaffold, the donor strength, and the geometric

pre-twisting. We have established an integrative framework for tuning TICT tendencies. Based on this

framework, a platter of hemicyanines with varied sensitivities and dynamic ranges is synthesized, forming

a sensor array and enabling the observation of various stages of Ab aggregations. This approach will

significantly facilitate the development of TICT-based fluorescent probes with tailored environmental

sensitivities for numerous applications.
1. Introduction

Understanding amyloid-beta (Ab) aggregation could provide
essential information for the early diagnosis and treatment of
Alzheimer's disease (AD),1,2 a major progressive and neurolog-
ical disorder observed in aging populations.3 Ab aggregation is
a multistep process involving different phases with increasing
viscosity, including the formation of monomers, oligomers, and
brils. Ab aggregation can be monitored in situ in living cells
with uorescent probes.4–8 However, the response of a probe
with a dened structure is oen limited and cannot cover the
entire aggregation process. To address these limitations, we
urgently need ne-tuning strategies that afford uorescent
sensor arrays with tailored sensitivities and expansive dynamic
ranges based on a deep understanding of the molecular
recognition and signal transductions of uorescent probes.
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Twisted intramolecular charge transfer (TICT) is a commonly
used signal transduction mechanism.9 During TICT, a uo-
rophore transforms from a quasi-planar emissive state [either
a locally excited (LE) state or an intramolecular charge transfer
(ICT) state] to a non-emissive charge-separated state (TICT state)
with an almost perpendicular conformation via intramolecular
rotations (Fig. 1a). The modulation of TICT plays a critical role in
the design of bright uorophores,10–16 viscosity sensors,17,18 dark
quenchers,19 small-molecule probes,20 and AIEgens.21–23 In recent
years, the study of protein aggregates,5 the design of uorescent
protein mimics,24–26 and the identication and imaging of intra-
cellular RNA27,28 have further sparked chemists' enthusiasm for
developing TICT-based probes. Unlike other signal transduction
mechanisms, such as photoinduced electron transfer (PET)29 and
uorescence resonance energy transfer (FRET),30 TICT probes
feature a molecular recognition moiety integrated with a signal
reporter group. A TICT uorophore completes molecular recog-
nition and signal transduction by combining the entire uo-
rophore and the target analyte. This feature provides the
possibility to ne-tune the molecular structures of TICT uo-
rophores to modify their responses, such that these probes could
collectively form a sensor array with gradient sensitivities and
enlarged dynamic ranges for real-time monitoring of the entire
Ab aggregation process. However, the structure–activity relation-
ship of TICT probes has not been fully elucidated.

Current studies on the sensitivity of TICT uorophores
mainly focus on electron-donating groups (D), such as
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of (a) TICT formation, (b) tuning TICT
tendency via donor engineering, and (c) an integrative framework for
tuning TICT tendency. D and C refer to the donor and chromophore
fragments, respectively. EDE, 4, and c refer to the TICT driving energy,
fluorescence quantum yield, and viscosity response coefficient,
respectively.
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dialkylamino groups (which are thought to be the rotor group
during TICT formations) (Fig. 1b). For example, Rettig et al.
reported that a strong electron-donating nature and the pre-
twisting of the electron-donating group (D) could enhance
TICT formations in rhodamine derivatives.31 Fang and Liu et al.
utilized methyl-pyrrole moieties to replace dialkylamino groups
in various uorophores, affording a wide range of probes with
greatly enhanced TICT tendencies and environmental sensitiv-
ities. Other structural features of TICT uorophores also affect
uorescence response. For example, Zhang and co-workers
demonstrated that varying the conjugation lengths of the p-
bridge in hemicyanines affects TICT formations.32 They also
modied tail-end groups to regulate the p-electron density
along the bridge to achieve tunable viscosity responses.33

Conversely, to suppress TICT formations along the exible p-
bridge, Schnermann et al. rigidied Cy5 by forming cyclic ring
structures, thus improving the quantum yields from 0.15 to 0.69
in methanol.34 Yet, when they applied the same strategy to Cy7
via painstaking synthetic steps, no improvements in quantum
yields were observed.35 In light of these disparate experimental
results for Cy5 and Cy7, the complete molecular origins for
tuning TICT via chromophore engineering remain unclear.
Meanwhile, it is highly challenging to provide a deep mecha-
nistic understanding of TICT using conventional experimental
tools, largely due to the extensive workloads of multiple struc-
tural modications and short-lived excited state dynamics.

This report presents a joint theoretical and experimental
study to explore the impact of multiple structural factors on
TICT formations, including altering the conjugation length of
a chromophore, introducing a net charge to the uorophore
scaffold, tuning the electron-donating strength of the donor
moiety, and managing the pre-twisting between donor and
© 2023 The Author(s). Published by the Royal Society of Chemistry
chromophore fragments (Fig. 1c). These structure–activity
relationships prompted us to propose an integrative TICT
tuning framework. The resulting probes also allowed us to
construct a sensor array with tunable sensitivities and expansive
dynamic ranges to realize continuous monitoring of Ab
aggregation.

2. Results and discussion
2.1. Establishing an integrative framework for tuning TICT
formations

Due to the short lifetime of TICT species in the excited state, it is
challenging to observe and study their properties experimentally.
Hence theoretical tools, such as time-dependent density functional
theory (TD-DFT), have become essential to understand the
structure–activity relationship of TICT-based uorophores.7,20,23,36–38

Herein, we have conducted a joint theoretical and experi-
mental investigation to construct an integrative framework to
modulate TICT formations [see the ESI† for computational and
experimental details]. We utilized the lowest singlet (S1)
potential energy surface (PES) upon the rotation of the donor/
chromophore fragment to study the tendency of TICT forma-
tions.21 In the S1 PES, a small rotational energy barrier (ERB) and
negative driving energy (EDE) of a large magnitude from the LE/
ICT state to the TICT state suggest a strong TICT tendency and
a large environmental sensitivity, and vice versa.

We attempt to understand the structure–TICT relationship
and construct an integrative TICT tuning framework. Highly
efficient computational modeling allows us to consider a wide
range of uorophores with varied structural features in terms of
p-conjugation length, net charge (in the uorophore scaffold),
electron-donating strength, and geometric pre-twisting of the
donor group (Fig. 1). A systematic comparison of these mole-
cules could reveal the impact of various structural features on
tuning TICT tendency.

Our results show that increasingp-conjugation length inhibits
TICT rotations. For example, cyanine derivatives Y1–Y4 (Fig. 2a
and S1†) possess increasing conjugation lengths, as the mean
localization distance dLOL39 increases from 7.94 to 12.09 Bohr
from Y1 to Y4. The increase in the conjugation raises the calcu-
lated rotation barrier (ERB) from 0.06 eV in Y1 to 0.34 eV in Y4.
Furthermore, it weakens the driving energies (EDE) from−0.66 eV
in Y1 to −0.44 eV in Y4, thus suppressing TICT formations as the
conjugation expands. The rotations of other bonds along the
exible p-bridge may also contribute to TICT rotations and
demonstrate the same trend as the conjugation length increases
in cyanine dyes (Fig. S2†). These results rationalize the failure of
Cy7 rigidization in improving quantum yields—the TICT
tendency in such large uorophores (i.e., Cy7) is inherently weak,
and further limiting TICT formation thus does not signicantly
contribute to quantum yield improvements. This observation is
in stark contrast to small uorophores (i.e., Cy3 and Cy5).

Introducing either positive or negative charges to the uo-
rophore scaffold can also enhance the TICT formation. This
trend is reected in the S1 PES of N1 vs. M1 and N2 vs. M2
(Fig. 2b). Intuitively, introducing a positive charge increases the
electron-withdrawing strength of the acceptor fragment in the
Chem. Sci., 2023, 14, 4786–4795 | 4787
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Fig. 2 Calculated S1 PES for TICT at the (a) uB97XD/Def2SVP/cLR-PCM level and (b and c) CAM-B3LYP/Def2SVP/cLR-PCM level for various
compounds in water. The rotation barrier (ERB), driving energy (EDE), experimental quantum yield (4)12,34,35,40–44 and mean localization distance
(dLOL) are labelled in the inset. Due to the lack of experimental data, 4 of Y1 is adapted from a monomethine cyanine analog, thiazole orange.45
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TICT state (Fig. S3–S5†), while adding a negative charge
improves the electron-donating strength of the donor moiety in
the charge-separated state. In either case, adding a net charge
enhances the push–pull effect, stabilizing the TICT state and
increasing the TICT tendency.

By minimizing steric hindrance, decreasing the electron-
donating strength (i.e., via the inductive effect), and adding
bulky substituents (to expel solvent molecules and reduce local
polarities), TICT of various uorophores (i.e., in rhodamine R0–
R10, Fig. S6–S14†) can be suppressed. Conversely, increasing
the electro-donating strength of the donor group facilitates
4788 | Chem. Sci., 2023, 14, 4786–4795
TICT rotations. Our computational modeling agrees with these
observations (Fig. 2c, R0 vs. R5).

It is worth highlighting that the pre-twisting of the donor
fragment signicantly reinforces TICT formations. This trend is
clearly shown in the PES of R0 vs. R9 and R10. The planar R0
faces a moderate energy barrier of 0.42 eV with an EDE of
−0.60 eV. In contrast, the energy barriers reduced to 0.02 eV in
pre-twisted R9 and R10 with enhanced driving energy towards
the TICT states.

All these calculated trends of TICT formations are in good
agreement with the reported quantum yields. Enhancing TICT
© 2023 The Author(s). Published by the Royal Society of Chemistry
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tendency (via reducing conjugation lengths, introducing net
charges, increasing donor strength, and incorporating pre-
twisting) reduces uorescence quantum yields. As a result, these
factors can be simultaneously tuned to yield a selection of uo-
rophores with gradient sensitivities and different dynamic ranges.

2.2. Validating the integrative framework for tuning TICT
formations

Subsequently, we experimentally validated the applicability of
this integrated TICT tuning approach. We decided to use
Fig. 3 Chemical structures, (b) fluorescence spectra, and (c) spectrosc
wavelength; lem, peak emission wavelength; Dl, Stokes shift; 3, the max
angles q0 were calculated at the uB97XD/Def2SVP level in the water and
glycerol are also labelled in the inset of (a). Note that the quantum yields o
during the formation of A2/B2/C2, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
hemicyanine uorophores, as they are known to possess versatile
molecular structures and have been successfully used as protein
probes,32,46,47 viscosity sensors,48,49 and pH indicators.50

Fieen hemicyanine derivatives were designed by modifying
the p-conjugation length, net charge, geometric pre-twisting,
and electron-donating strength of the donor group (Fig. 3a).
We chose B4 as themodel reference compound, and an increase
in its conjugation length led to B5. In contrast, the reduction of
conjugation from B4 to B3 results in the geometric pre-twisting
of the uorophore. The truncation of an ethyl group in B3 to
opic data of A1–A5, B1–B5, and C1–C5. labs, peak UV-vis absorption
imum molecular absorption coefficient. The ground state pre-twisting
are labelled in the inset. In addition, the quantum yields measured in

f A2/B2/C2 are not accurate, due to the partial protonation of A1/B1/C1

Chem. Sci., 2023, 14, 4786–4795 | 4789

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc06710b


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

6.
10

.2
02

5 
17

:2
3:

36
. 

 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
hydrogen yielded a planar B2. The deprotonation of B2 leads to
the neutral compound B1. We reduced the electron-donating
strength of the B series by changing the julolidine moiety to
dimethylamino phenyl groups, yielding their respective coun-
terparts, A1–A5. An increase in steric hindrance can be achieved
by changing the julolidine moiety to tetramethyl julolidine,
which yielded the derivatives C1–C5, respectively. We expected
these compounds (Schemes S1–S4 and Fig. S15–S55†) to exhibit
different viscosity responses with varying emission colors.

Three series of hemicyanines (A1–A5, B1–B5, and C1–C5)
were synthesized, and their optical properties were measured.
In DCM, A1–A5 showed increasing peak UV-vis absorption
wavelengths (labs) in the range of 364 and 647 nm, as well as
increasing peak uorescence wavelengths (lem) from 444 to
699 nm (Fig. 3b and c). As the neutral analog of this series, A1
exhibited an ICT excitation with a relatively large Stokes' shi
(Dl) of 80 nm. In comparison, the cationic A2 exhibited
a signicantly redshied labs and lem, as well as a moderate Dl
of 37 nm. Similar to A2, A3–A5 also showed increasing redshis
in labs and lem andmoderateDl. In addition, A2–A5 showed low
quantum yields (4) in polar solvents due to signicant TICT
formations (Fig. S56–S60 and Tables S1–S5†). The B and C series
showed similar trends in spectroscopic properties with signi-
cantly more redshied labs and lem due to the stronger donor
strengths (Fig. S61–S70 and Tables S6–S15†). The reduced Dl

values in cationic dyes indicate effective electron delocalization
of the net charge in the quasi-planar emissive states (LE/ICT).

Furthermore, we investigated the impact of various factors
on tuning the TICT tendency of these hemicyanines by calcu-
lating S1 PESs for TICT and measuring their viscosity responses
(Fig. 4 and Fig. S71–S76†). B1 has the largest ERB of 0.30 eV and
a negligible EDE of 0.00 eV (Fig. 4a and b), suggesting a strong
resistance to enter the TICT state. In B2, a signicant TICT
tendency can be observed with a small ERB of 0.03 eV and
a strong EDE of −0.84 eV, mainly due to the addition of a net
positive charge in the uorophore scaffold (via protonation). In
B3, the pre-twisted conformation further enhances TICT
formations with a nearly zero energy barrier and a large EDE of
−0.91 eV. When the conjugation length increases from B3 to B5,
the TICT tendency decreases due to the increase in ERB and less
negative EDE. These results are consistent with our claim that
introducing a net charge (B1 to B2), incorporating pre-twisting
(B2 to B3), and reducing the conjugation length (B5 to B3)
enhance TICT formation.

The calculated TICT tendencies in the order of B3 > B2 > B4 >
B5 > B1 are further validated by the viscosity response experi-
ments (Fig. 4c). By increasing the volume fraction of glycerol in
a binary mixture of glycerol and methanol, we increased the
solvent viscosity, suppressing TICT formations and enhancing
uorescence intensities. A high viscosity sensitivity usually
accompanies a strong TICT tendency. Indeed, the measured
viscosity sensitivity (as quantied using the uorescence
enhancement ratios from pure methanol to pure glycerol) of the
B series of compounds is in good agreement with our theoret-
ical predictions, except for B2. This deviation is attributed to the
partial protonation of TICT-insensitive B1 during the formation
of B2.
4790 | Chem. Sci., 2023, 14, 4786–4795
The A and C series also exhibit an excellent agreement
between theoretical predictions and experimental measure-
ments (Fig. S77–S78†). As we increase the donor strength from
A3 to B3, the calculated EDE intensies from −0.85 eV to
−0.91 eV. Accordingly, the uorescence turn-on ratio (r)
increases from 84 (A3) to 230 (B3) as the solvent is switched
from ethanol to glycerol.

We also evaluated the viscosity response coefficient (c) of the
A–C series in the binary mixture of glycerol/methanol (Table
S16†) using the Forster–Hoffmann equation (Fig. 4d):51

log 4 = C + c log h (1)

where 4 is the uorescence quantum yield, C denotes
a constant, and h represents the viscosity of the solvent. In all
these molecules, we observed a robust correlation (R2 = 0.87 for
Series A; R2 = 0.85 for Series B; and R2 = 0.88 for Series C)
between the calculated TICT tendency (quantied using the
driving energy required to enter the TICT state, EDE) and the
measured viscosity sensitivities (c; see Fig. 4e). By grouping all
compounds in the A–C series, their c and EDE still exhibit a good
correlation (R2 = 0.84). These correlations suggest that our
computational method makes TICT formations tunable and
predictable.

It is important to note that the twisted intramolecular charge
transfer (TICT) tendency does not always correlate negatively
with the quantum yields (QYs) of the compounds, as multiple
factors can inuence the QYs. For example, nonradiative decay
rates, such as internal conversions, can increase signicantly
with an increase in emission wavelength or a decrease in optical
gaps, as per the energy gap law. Therefore, B5, which has longer
wavelengths, may have a higher nonradiative decay rate than
B4, despite having a lower TICT tendency (Fig. 3a). Conse-
quently, B5 has a lower QY than B4 in glycerol, where TICT is
signicantly hindered. Similar observations were made for C4
and C5. However, the impact of the energy gap law appeared to
be less signicant for the A series, which exhibited more blue-
shied emission wavelengths than the B and C series. As
a result, the quantum yield of A5 was found to be higher than
that of A4, as A5 has a weaker TICT tendency (Fig. 3a).

In sum, by changing the net charge of the uorophores
(neutral vs. cationic), varying the conjugation length, enhancing
the pre-twisting, and adjusting the electron-donating strength,
we created one set of TICT-based hemicyanines with lem

ranging from 444 to 735 nm and a gradient c from 0.46 to 0.97
(Fig. 4f). These results also validated the integrative framework
for tuning TICT formations.

2.3. Hemicyanine-based sensor array enables the
continuous monitoring of Ab aggregation

Ab aggregation involves phase changes with increasing
viscosity, i.e., growing from monomers to oligomers and even-
tually forming brils. The real-time monitoring of this dynamic
process poses signicant challenges for the design of uores-
cent probes with different environmental sensitivities and
dynamic ranges (Fig. 5a). Fluorescent probes based on the TICT
mechanism, such as Thioavin-T (ThT) and its derivatives, have
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Optimized geometries and chemical structures, (b) calculated S1 PES for TICT at the uB97XD/Def2SVP/cLR-PCM level in the water, and
(c) the viscosity response of B1–B5 in a binary mixture of glycerol and methanol with varied volume fractions. (d) Corresponding quantum yields
as a function of viscosity in the A–C series of fluorophores. (e) The corresponding correlation of the viscosity response coefficient (c) and EDE. (f)
Viscosity response coefficient (c) with a color-filled histogram according to the experimental peak emission wavelengths (lem) in the A–C series
of fluorophores.

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2023, 14, 4786–4795 | 4791
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Fig. 5 (a) The illustration of the protein aggregation process. (b) The
TICT-based sensing mechanism of Thioflavin T (ThT). (c) Normalized
fluorescence intensity of ThT during the aggregation of Ab proteins. (d)
Confocal and (e) SIM fluorescence imaging of Ab proteins using ThT.
BF stands for the bright field. The two rows in (d) and (e) represent two
selected regions of the sample chosen for imaging. The surface
distance projection map and the volume of ThT are labelled in the
inset.
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been widely used to study Ab aggregations (Fig. 5b).7,8,52,53 The
binding of these probes to protein aggregates suppresses TICT
rotations, enabling uorescence.1

To this end, the A–C series of hemicyanine dyes were applied
as uorescent probes to monitor the amyloid-beta (Ab) aggre-
gation. In addition, we benchmarked the performance of these
Fig. 6 Schematic illustrations of (a) b-sheets of the fibril, (b) the front an
sheet grooves, and (c) sensor array for monitoring various aggregation p
120 hours of the aggregation process). The two rows in (d) represen
Normalized fluorescence intensity of various hemicyanine derivatives as a
distance projection maps and the volumes of the probes are labelled in

4792 | Chem. Sci., 2023, 14, 4786–4795
probes against that of ThT. As the cavity volume in the protein
aggregates decreased from monomers and oligomers to brils,
we hypothesized that the varied molecular sizes and TICT
tendencies of our probes might collectively reveal important
information about this dynamic process.

First, we investigated the performance of ThT (c = 0.79)52 by
observing the aggregation kinetics of Ab proteins (Fig. 5c). Upon
mixing ThT and Ab proteins, the uorescence intensity of ThT
begins to increase at t0 = 34 h signicantly. The emission
intensity steadily increased, attaining 80% of the nal intensity
(throughout the 120-hour measurement period) at t80 = 79
hours. The observed sigmoidal growth prole of ThT is in good
agreement with previously reported results.54

Furthermore, we evaluated the molecular volume of ThT
using an improved marching tetrahedra algorithm55 and
plotted the distance projection map of ThT (Fig. 5c inset and
Fig. S79†). The binding of ThT derivatives and Ab protein brils
typically occurs on the side-chain grooves along the surface of b-
sheets (Fig. 6a and b).1 The volume of ThT is relatively small (V
= 354 Å3), with a depth of ∼3 Å and length of ∼15.5 Å along the
z-axis and x-axis, respectively. During the early stage of aggre-
gation, when the free volume in the protein aggregates is large
(when t < t0), the small molecule size may weaken the envi-
ronmental sensitivity of ThT.

In addition, confocal microscopy (Fig. 5d) and structured
illumination microscopy (SIM) (Fig. 5e) were employed to
monitor the morphology of the Ab aggregates. Whereas
confocal microscopy can only show the generic shape of the
brils during aggregation, SIM enables the observations of the
ne bril structures.

Subsequently, various hemicyanine derivatives (A3–A5, B3–
B5, and C3–C5) were employed as a uorescent sensor array,
and their molecular properties were correlated with their
sensing proles (Fig. 6c, e, and S80–S88†). At the molecular
d top views of the binding mechanism of the fluorescent probe and b-
hases. (d) SIM fluorescence imaging of Ab protein fibrils (obtained after
t two selected regions within each sample chosen for imaging. (e)
function of time during the aggregation of the Ab protein. The surface
the inset.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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level, the cavity of the binding sites decreases as the protein
aggregates grow.32 Accordingly, we expect uorescent probes
with a large molecular volume to display an early uorescence
turn-on signal (i.e., a small t0), assuming they can t into the
protein cavities.

As the molecular volume increases in the order of A3 (337
Å3) < B3 (451 Å3) < C3 (536 Å3), the onset time of the uores-
cence turn-on signal (t0) reduces (59 h, 39 h, and 16 h for A3,
B3, and C3, respectively). The introduction of alkyl groups to
A3, resulting in B3 and C3, enhances the height along the z-
axis [from ∼3.5 Å for A3 (Fig. S80†) to ∼5 Å for B3 (Fig. S83†)
and ∼5.5 Å for C3 (Fig. S86†)] as well as molecular volumes,
thus signicantly shortening their uorescence onset time.
Our results highlight that the z depth or the volume of the
probe is vital for detecting the early stages of protein
aggregation.

These results indicate that these probes can be collectively
deployed to monitor different phases of protein aggregations
(Fig. 6c). For example, A3 may be used to monitor the nal
maturation of brils, while B3 for intermediate bril growth
and C3 for the early formation of oligomers. It is also worth
noting that A3–B3 (c = 0.848 to 0.970) all exhibit stronger TICT
tendency and higher viscosity sensitivity than ThT (c = 0.790).

A4–C4 and A5–C5 have less pre-twisted geometries (smaller z
depths), larger conjugations (larger x lengths), and smaller c

than A3–C3. From A3 to A4, as their molecular volumes increase
from 337 Å3 to 431 Å3, t0 decreases from 59 h to 21 h. However,
from B4 to C4, as their molecular volume increased, we did not
observe a clear sigmoidal prole of the uorescence dynamics
during protein aggregation. For A5–C5, the signal-to-noise
ratios were not ideal, and we did not observe clear turn-on
signals. These data suggest that larger probes may not bind
strongly with proteins, as their dimensions might exceed the
size of the protein cavities.

Fig. S89† and 6d represent confocal and SIM uorescence
imaging, respectively, to observe the morphology of Ab aggre-
gates using A4, B3, and C3. Similar to uorescence imaging
using ThT, SIM provided detailed structures of the brils, while
confocal microscopy only showed the general shape of the
aggregates with less-than-ideal resolution.

It is worth mentioning that our attempts to isolate individual
aggregate species during the aggregation process (i.e., oligo-
mers) proved challenging as the transition state species before
brils were unstable and susceptible to environmental condi-
tions such as shaking and the addition of solvents during the
introduction of dyes. Nevertheless, we developed a strategy that
involved modifying the growth conditions and introducing dyes
at different stages of the protein aggregation process. This
approach allowed us to observe the dynamic process of aggre-
gate growth and track the behavior of different species
(Fig. S90–S95†). Our experiments demonstrated that A4 and C3
(as well as ThT) did not affect the protein aggregation process
and were able to track the dynamic process of aggregate growth,
providing valuable insights into the mechanisms of protein
aggregation. A noteworthy nding of our study is that A4 and C3
dyes demonstrated greater efficacy than ThT in detecting earlier
stages of protein aggregates.
© 2023 The Author(s). Published by the Royal Society of Chemistry
In short, multiple hemicyanines can be applied as sensor
arrays to monitor the kinetics of Ab bril growth. For example,
A4 and C3 can be used to observe the early phase of protein
aggregation. In addition, we discovered that, apart from the
viscosity response coefficient, the environmental sensitivity of
the probe is also dependent on the size of the molecular probes.

We anticipate that utilizing in situ super-resolution uores-
cence imaging within microuidic devices will provide valuable
insights into the protein aggregation process. By allowing both
in situ tracking of the studied sample and improved imaging
resolution, this technique can help overcome the challenges
posed by the unstable nature and limited quantity of interme-
diate protein samples.
3. Conclusions

In this work, we established an integrative framework for tuning
the TICT tendency and environmental sensitivities of various
organic uorophores for monitoring Ab aggregation. We
successfully demonstrated that in addition to increasing the
donor fragment's electron-donating strength and enlarging
intramolecular pretwisting, introducing a net charge to the
uorophore scaffold (i.e., via protonation/alkylation or hydrox-
ylation) also greatly enhanced the TICT tendency of a uo-
rophore. In contrast, expanding the p-conjugation length
diminished the tendency for TICT. Utilizing this approach, we
developed new TICT-based sensor arrays with tailored envi-
ronmental sensitivities and demonstrated their use for moni-
toring different phases of Ab aggregation. We hope that this
work could provide new mechanistic insights to inspire and
further improve the quantitative design of TICT-based uo-
rophores for numerous applications.
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