
Chemical
Science

PERSPECTIVE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
m

ai
 2

02
4.

 D
ow

nl
oa

de
d 

on
 0

6/
02

/2
02

6 
13

:2
4:

15
. 

 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
Photophysics of
Nano-Science Center & Department of

Universitetsparken 5, 2100 København Ø, D

Cite this: Chem. Sci., 2024, 15, 8625

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

Received 27th February 2024
Accepted 6th May 2024

DOI: 10.1039/d4sc01352b

rsc.li/chemical-science

© 2024 The Author(s). Published by
fluorescent nanoparticles based
on organic dyes – challenges and design principles

Stine G. Stenspil and Bo W. Laursen *

Fluorescent nanoparticles have become attractive for bioanalysis and imaging, due to their high brightness

and photostability. Many different optical materials have been applied in fluorescent nanoparticles with

a broad range of properties and characteristics. One appealing approach is the incorporation of

molecular organic fluorophores in nanoparticles with the intention of transferring their known attractive

solution-state properties directly to the nanoparticles. However, as molecular dyes are packed closely

together in the nanoparticles their interactions most often result in fluorescence quenching and change

in spectral properties making this approach challenging. In this perspective we will first discuss the

origins of quenching and spectral shifts observed in dye based nanoparticles. On this background, we

will then describe various designs of dye based NPs and how they address the challenges of dye–dye

interactions and quenching. Our aim is to provide a general framework for understanding the

supramolecular mechanisms that determine the photophysics of dye based nanoparticles. This

framework of molecular photophysics and its relation to the internal structure of dye based

nanoparticles can hopefully serve to assist rational design and optimization of new and improved dye

based nanoparticles.
Introduction

Fluorescent nanoparticles (NPs) have proven attractive for use
in bioanalysis and bioimaging.1,2 Compared to traditional
molecular uorescent labels the NPs can offer a number of
advantages including highly increased brightness and
increased photostability. Another key advantage of NPs is that
the emissive materials are oen protected from the environ-
ment making the optical properties insensitive to complex
biological environments. In general, NPs also display low
propensity for unspecic binding or localization in biological
systems. Motivated by these potential advantages many
different types of nanoparticles have been reported. In a very
general manner, they can be divided into inorganic based or
organic based, where inorganic NPs were more dominating in
the early years. Among the inorganic nanoparticles there are
many variations3,4 including the well-known quantum dots
(QDs)5–8 and upconversion NPs.9,10 Fluorescent NPs where the
absorption and emission stem from organic molecules and
materials include NPs based on molecular dyes (neat, or
embedded in a matrix material),11 conjugated polymers,12,13 and
amorphous carbon materials (carbon dots).14,15

In the case of QDs their spectral properties mainly result
from electronic states delocalized over the entire QD and thus
intimately linked to the size. By varying the size of the particle, it
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is possible to create emission colours spanning all wavelengths
from the UV to IR.6 While this provides a direct way of engi-
neering the optical properties of a single material, it can also be
a limitation since it requires very strict preparation conditions
and size control. In addition, QDs do usually not have discrete
absorption bands, which limits selective excitation.6,16 Contrary
to this, the optical properties of NPs based on organic dyes and
conjugated polymers are largely dened by the covalent
building blocks and thus independent of the size and size
distribution of the NPs, while also in general being brighter
than their inorganic counterparts.11 It is exactly the well-dened
correlation between the covalent structure of organic molecules
and their photophysical properties that is the basis for their
large potential as uorescent labels and probes.17,18 150 years of
organic synthesis and study of dyes have provided a very diverse
range of structures and photophysical properties, and a detailed
understanding of the structure–property relations. Therefore, it
is also attractive to design dyes and polymers optimized for use
in uorescent NPs, or simply use this vast back catalogue of
already existing dyes and polymers and try to transfer desired
photophysical properties to NPs.

Packing a large number of these organic units in one NP can
bring about advantages such as very high brightness and
protection from the environment. However, as molecular dyes
are packed closely together in the NPs their interactions most
oen result in uorescence quenching, known as aggregation
caused quenching (ACQ), and change in spectral properties
making this approach less straightforward and more
Chem. Sci., 2024, 15, 8625–8638 | 8625
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challenging than one could have hoped. Nevertheless, the eld
of uorescent organic NPs is rapidly expanding with a plethora
of different design strategies and materials. All these molecular
NP designs and materials face some common conditions/chal-
lenges, which needs awareness when we take the next steps
towards organic uorescent NPs with improved or more
advanced photophysical properties. In this perspective, we will
focus on the challenges that come up when we try to translate
the photophysical properties of organic dyes to NPs. First, we
will discuss various effects that inuence and may change the
photophysical properties of dyes when incorporated into NPs.
Secondly, we will discuss examples of strategies that have been
applied to mitigate, circumvent or even benet from these
effects. The intention is to provide an overview of common
issues that inuence the photophysical properties of dye based
NPs and how these issues relate to the properties of the building
blocks and the internal structure of the NPs. We will not cover
other important aspects such as preparation methods, surface
modication or stability in biological systems. The reader is
instead directed to other reviews for a more thorough discus-
sion of these aspects of NPs and their applications.4,11,13,19

Nanoparticles like carbon dots, that consist of amorphous to
nanocrystalline cores of graphene-like structures stacked
together,14,20–25 usually characterized by having unknown chro-
mophoric systems with multiple emitter states somewhat
resembling trap states in conjugated polymers, are also not
within the scope of this perspective and will not be discussed
further.
Challenges that influence optical
properties

In the following sections, we will discuss the common effects
that can inuence the photophysical properties when using
conjugated organic molecules and polymers as the light
absorbing and emitting materials in NPs. As the eld of organic
dye based NPs is expanding with more and more different
optical materials, matrix materials and assembly strategies it is
difficult to get an overview of different challenges and their
potential solutions. While some challenges are specic to
certain approaches, we believe that most can be assigned to
a few important general effects. We will discuss the origin of
these general effects and how they manifest in the photo-
physical properties of NPs.

Fluorescence quenching and other changes in photophysical
properties when going from molecules in dilute solution to
molecular materials are extremely well-studied and docu-
mented.26,27 Much can be learned from the extensive research
on molecular crystals and conductive polymers for optoelec-
tronic applications. A recent review by Gierschner et al. provides
a clear and nuanced discussion of the photophysical properties
of molecular solids with focus on packing effects in crystalline
molecular materials.27 Even though individual chromophores
used in NPs may be much different from e.g. laser or OLED
molecules, the effects and challenges that are thoroughly
described in this eld are recurring in the eld of uorescent
8626 | Chem. Sci., 2024, 15, 8625–8638
NPs. It can therefore prove benecial for researchers working
with dye based NPs to consult the literature in this area since
the fundamental processes are very similar in many regards. In
other words, there is nothing new about the photophysical
effects we describe in this perspective, we just seek to give
a simple general description of these effects in the specic
context of organic dye based NPs. Before discussing how
interactions of dyes in NPs inuence the NP photophysical
properties we will briey discuss the most important descrip-
tors of the molecular photophysical properties and their
interrelations.

Photophysical descriptors of dyes

Among the most important properties of dyes is the probability
(allowedness) of the optical transitions, oen expressed by the
transition dipole moments (m). Experimentally the magnitude
of the absorption transition moment is proportional to the
molar absorption coefficient 3 (integrated over the absorption
band for the specic transition). For the uorescence transition,
the radiative rate kf provides a measure of the allowedness.
Experimentally kf is obtained from the uorescence quantum
yield (Ff, QY) and the lifetime (sf):

kf = Ff/sf (1)

The Strickler–Berg relation28 predicts that 3 and kf are
proportional if they describe the optical transition to and from the
same excited state (S1), which is most oen the case for efficient
uorophores. A high quantum yield of uorescence is obtained
when the radiative rate is larger than the sum of all the competing
non-radiative deactivation processes (described by knr):

Ff = kf/(kf + knr) (2)

Fluorescent dyes fullling these criteria of intense radiative
transitions and comparable low non-radiative rates are typically
rigid p-systems with small structural relaxation in the excited
state and thus small Stokes shis.

When the organic uorophores are brought close together in
solid materials like molecular crystals or NPs with high dye
density, efficient quenching is oen observed. Oen this
phenomenon is just described as aggregation caused quench-
ing (ACQ), concentration quenching, or self-quenching. These
terms however cover a range of individual effects that alter the
photophysical properties of uorophores at high densities. A
deeper understanding of these effects is needed to design new
materials without quenched and distorted spectra. Below we
discuss some of the most common issues that occur for dyes at
high density in NPs.

Strong chromophore interactions

Whenmolecular chromophores are packed closely together, the
electronic transitions of a single chromophore are likely to be
strongly inuenced by the nearby chromophores surrounding
it. In many cases, the electronic coupling between the chro-
mophores is so strong that the excited state cannot any longer
be described as only located on a single chromophore unit but
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01352b


Perspective Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
m

ai
 2

02
4.

 D
ow

nl
oa

de
d 

on
 0

6/
02

/2
02

6 
13

:2
4:

15
. 

 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
is instead delocalized over two or more units. Depending on the
systems and the details of the new states formed, such
phenomena are described by different models like exciton
coupling and excimers. We will denote all such phenomena as
“strong interactions”. Strong interactions can lead to large
spectral shis in both absorption and emission spectra, just
like the new delocalized excited states can display very different
radiative and non-radiative rates and thus uorescence
quantum yields and lifetimes.

In the context of molecular materials and dye based NPs the
most common model for strong interactions is based on the
molecular exciton coupling model by Kasha, which describes
the new states and transitions as a result of Coulomb coupling
between the transition dipole moments in neighbouring chro-
mophores.29,30 From this model it is evident that the energy and
transition probabilities of the aggregate exciton transitions
strongly depend on the detailed relative arrangement of the
chromophores. For a dimer, this can be illustrated by the
famous cases of head-to-tail (J) and side-by-side (H) dimers,
both showing new delocalized exciton states (Fig. 1). The
Coulomb coupling JC depends on the distance (R) and magni-
tude of the monomer transition dipole moment (m), the angle
between the transition moments (q), and the local dielectric
constant (3):

JC = m2(1 − 3 cos2 q)/4p3R3 (3)

The Coulomb coupling of the monomer transitions leads to
two new excitonic transitions. The in-phase combination of the
monomer transition dipole moments leads to an allowed tran-
sition, shied by JC relative to the monomer. For the out-of-
phase combination, the transition dipoles cancel out and lead
to a forbidden transition, also shied by JC relative to the
monomer. In J-aggregates with head-to-tail arrangement of the
transition dipoles (0°# q < 54.7°) the in-phase combination has
the lowest energy, and absorption and emission spectra are
found to red-shi according to the exciton coupling strength by
Fig. 1 Kasha’s exciton model for dimers. Relative orientation as
a function of the angle (q) between the transition dipole moments of
dyes generating J- and H-aggregates with new electronic transitions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
JC relative to the monomer transition. For the side-by-side
arrangement in H-aggregates (54.7° < q # 90°) the allowed in-
phase combination has higher energy than the forbidden out-
of-phase combination. Since the absorption is dominated by
the most allowed transitions, blue-shis are observed for H-
aggregates (absorption to the S2 exciton state). On the other
hand, uorescence is originating from the lowest excited state
(according to Kasha's rule) and will come from the forbidden S1
/ S0 transition and appear with a large Stokes shi relative to
the dominating exciton absorption band (S0 / S2). Fluores-
cence from H-aggregates is oen weak or completely absent due
to the forbidden nature of the transition, which results in low
rates of emission compared to the competing non-radiative
deactivation pathways. In contrast, uorescence from J-aggre-
gates can be very efficient due to the high radiative rate and has
been actively pursued by many research groups.31 However, it is
important to remember that the quantum yield is a result of the
competition between the radiative rate and the non-radiative
rates and cannot be predicted from the aggregate structure
alone. From eqn (3) it is clear that dyes with large transition
moments (m), and thus large molar absorption coefficients, are
most likely to display strong exciton coupling. As seen from eqn
(3) and Fig. 1 any change in the angle between the chromo-
phores will have large impact on the energy and transition
probabilities in the aggregate. For crystals, examples of any
angle can be found and in intermediate cases, both transitions
can be observed (Davydov splitting).27,32 In NPs with less ordered
structures a range of coexisting conformations can be expected
and thus also inhomogeneous photophysical properties of the
NPs.

The term excimer is usually used to describe a dimer
between an excited and a ground state molecule formed
dynamically in solution.33 Excimers are mainly formed by
planar aromatic hydrocarbons, pyrene being the textbook
example, and are characterized by a broad redshied emission
from their excited state delocalized over the p-stack dimer. In
molecular solids similar emission features can be observed
from some p-stack materials that either are already in a geom-
etry favourable for excimer formation or due to structural
relaxation in more dynamic systems favouring the excimer
state.27,34 Since the excimer states are completely different from
the monomer excited state with lower energy and different
radiative and non-radiative rates, the formation of excimer
states will lead to large redshis in emission and oen signi-
cant quenching.

The perspective by Bialas et al. provides a thorough discus-
sion of different approaches for direct dye assembly to achieve
specic aggregate structures with predictable properties such as
excimers or J-aggregates.35 Their argument is that better
understanding of the photophysical processes occurring in the
solid-state will help in the development of new uorescent
solid-state materials. However, even the simplest systems
require thorough analysis of aggregate photophysics and the
control of aggregate structure might prove even more difficult
for NPs that also need to be stable in water and biological
systems. In an example by Piwonski et al.36 they carefully
Chem. Sci., 2024, 15, 8625–8638 | 8627
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designed a D–p–A–p–D structure, which forms a semi-crystal-
line J-aggregate structure with a size of ∼3.5 nm named J-dots.

Another example by Chen et al.37 shows the encapsulation of
the cyanine dye IR-140 in a hollow silica nanoparticle; the close
packing results in strong interaction and J-aggregated emission
in the infrared region. For the above-mentioned examples, each
of the particles have their advantages. However, the formation
of new emitter states by strong interactions in general leads to
unpredictable photophysical properties and therefore can
require a lot of trial and error before favourable photophysical
properties may be achieved.
Energy migration and quenching

Energy migration is a key feature of dye based NPs. Even when
the chromophores are sufficiently separated to avoid strong
interactions, long range weak Coulomb interactions still
mediate efficient energy transfer. This non-radiative Coulomb
energy transfer is also known as resonance energy transfer
(RET) or Förster resonance energy transfer (FRET).27,38,39 While
energy migration between identical dyes does not itself change
the photophysical properties, it oen facilitates uorescence
quenching by bringing the excitation to a site where quenching
occurs. In this way energy migration contributes to the
phenomena of ACQ to a large extent. In a NP containing only
one type of dye, homo energy transfer can occur as long as the
dyes are close enough and there is a spectral overlap between
absorption and emission of the chromophore. With efficient
energy transfer, the excited state (the exciton) canmigrate in the
NP visiting many dyes during its lifetime (s), until it eventually
deactivates radiatively or non-radiatively. However, if the
exciton reaches a site with a structural defect or impurity of
lower energy it may get trapped there and deactivate (non-
radiatively) on the trap (Fig. 2). If energy migration is efficient
even a very low density of such dark trap-states may quench
a large fraction or all of the NP emission.40 The most clear
indication of such energy transfer mediated quenching is
shortened multi-exponential uorescence decays as the density
of dye or traps in NPs is increased.41 In the absence of traps,
mobile excitons (high loading of dye) will have the same mono-
Fig. 2 Quenching by trap states. (A) Schematic state diagram with
indication of energy migration between multiple similar dyes in the
NPs. Presence of a dark trap state leads to full or partial quenching of
many nearby dyes. (B) Illustration of the impact of a trap state able to
quench a large volume of the NPs and result in shortened multi-
exponential lifetimes.

8628 | Chem. Sci., 2024, 15, 8625–8638
exponential decay and lifetime (s) as localized excitons in
a diluted system. However, in systems with energy migration
and traps the lifetime of the excitons will depend on their
proximity to a trap/quencher site leading to multi-exponential
decays and shortened lifetimes. The efficiency of the energy
transfer process itself can, in disordered/isotropic systems, be
assessed by measuring the rate of anisotropy loss.42

The origin of dark trap states in dye based NPs is in most
cases unknown and difficult to assess due to their low
concentration and non-emissive nature. However, some likely
origins can be considered based on structure and properties of
dyes and NPs, and from knowledge of trap states in other
optical materials. Traps can originate from impurities in the dye
stock. Most commercial dyes have a purity >95%, the impurities
could originate from synthetic by-products or degradation (e.g.
photo degradation) of the dye. Such impurities can either have
a low excited state energy and thus act as the trap state, or they
can quench the exciton by electron transfer, in which case the
trap state is a charge separated photoinduced electron transfer
(PET) state.43–45 The trap state can also be a “structural defect” in
the NP, like a dark H-dimer or excimer occurring in a system
where the majority of dyes are organized in an emissive struc-
ture such as J-aggregates or separated by amatrix. For small NPs
where the surface to volume ratio is large, surface traps may be
an important contribution to quenching. Inorganic QDs illus-
trate this well, as they are highly crystalline materials and it is
well known that the dominating sites of quenching are on the
surface, and it is therefore essential to passivate these surface
defects and protect the QDs from the surrounding environ-
ment.5,46 In relation to organic dye based nanoparticles it is
much less clear how important surface quenching is, and it
likely varies between different optical materials. However, Chen
et al. found that introduction of an amphiphilic ligand, DSPE-
PEG, to dye based SMILES NPs not only increased stability in
water but also slightly increased the QY.47 For some dyes contact
with water or dissolved oxygen is known to reduce the quantum
yield and it is likely that such quenching processes occur at the
NP surface and become amplied by the energy migration in
NPs.48

The relative efficiency of energy migration for dyes can be
estimated from their Förster distance (R0) for homo-FRET. Here
R0 reports the distance between two identical dyes at which the
likelihood of energy transfer is 50%. Since energy migration is
a Coulomb interaction, R0 scales with the transition moments
and the spectral overlap between uorescence and absorption.
This allows us to predict that dyes with strong transitions (large
molar absorption coefficient, 3) and small Stokes shis will also
make up materials and NPs with the most efficient energy
migration and thus larger susceptibility to quenching by trap
states. For good chromophores the R0 for homo FRET can reach
up to 60 Å.18,41

Efficient energy migration in NPs can however also be
utilized as an advantage. Examples of this includes NP blinking
by reversible formation of dark states quenching the entire NP
allowing their use in super resolution microscopy40 and NPs
acting as antenna systems for acceptor dyes as discussed below.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Relation between fluorophore loading and concentrationa

wt% C (mol L−1) Vdye (nm
3) r dye–dye (Å)

100 2.00 0.8 12
30.0 0.60 2.8 17
10.0 0.20 8.3 25
1.00 0.02 83 54
0.10 0.002 830 117

a Calculated assuming formula weight 500 g mol−1 and mass density
1 g cm−3.
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Inner lter effects

Both primary (excitation attenuation) and secondary (self-
absorption) inner lter effects are common issues in optical
spectroscopy of high optical density materials.49–51 In the case of
NPs with high dye concentration, these effects should be kept in
mind. A large effect will most likely only be an issue when
working with highly absorbing dyes (high 3) in larger NPs.52

However, primary inner lter effects that can lead to deviation
in quantitative measurements such as quantum yield and
excitation spectra may appear even in smaller particles. For a NP
with 0.6 mol L−1 concentration of a dye (Table 1) with 3 z 105

M−1 cm−1 this could be relevant already when sizes exceed 20
nm. In the presence of secondary inner lter effects, the blue
side of the emission spectrum will be truncated due to reab-
sorption and as a consequence the spectrum appears red shif-
ted.41,49 Reabsorption will also lead to stretching of the
uorescence decay in time resolved measurements resulting in
apparently longer uorescence lifetimes.53,54
Parameters describing NP
performance

Many approaches and materials are applied for dye based NPs
by different research groups who also report different parame-
ters. This can make it difficult to compare how different
approaches deliver the best possible photophysical properties.
Therefore, it is desirable to use some key parameters that allow
for comparison between the many different NP types. Klym-
chenko and co-workers recently reviewed this in detail.11,52 Here
we will only briey discuss the parameters that we nd most
important.
Brightness per volume

A commonly used parameter to evaluate the performance of an
emitter is the brightness (B) dened as the product of the
uorescence quantum yield and the molar absorption coeffi-
cient (B = F × 3). When comparing different emitters this
number usually gives a good idea of the relative emission output
that can be achieved at a given excitation power. For dye based
NPs the brightness can be given as B = F × 3 × n, where n is the
number of dyes in the particle. This makes sense when
comparing specic NPs for imaging applications.4 However, n,
and thus B, depends strongly on the NP size making the
© 2024 The Author(s). Published by the Royal Society of Chemistry
brightness values misleading in the comparison of different
materials and NP constructs. Reisch and Klymchenko therefore
proposed the use of brightness per volume (Bv) instead, nor-
malised by using the nanoparticle volume VNP:11,52

Bv,NP = F3n/VNP (4)

Another way to calculate BV is to normalise the brightness to
the average volume occupied by each dye.

Bv = F3/Vdye (5)

Here Vdye is the average volume in nm3 containing one dye in
the NP. By using brightness per volume, it is possible to
compare the emission efficiency of all types of dye based NPs
irrespective of the NP size and size distribution. For chromo-
phores of similar size, Vdye also provides an interesting measure
of how efficiently the chromophoric units are packed in the NP.
Vdye in the NP can e.g. be compared to the volume of the dye
obtained from calculations or crystal structures.55

Another key parameter that can differ between research
groups is the description of “dye loading”, with the use of
weight percentage dye compared to the total mass of the NP.
Sometimes the weight used includes bulky side groups or the
bulky anion instead of the actual mass of the chromophore
unit. This gives inconsistent values of dye loading. Using the
volume per chromophore (Vdye) will give a more fair perspective
on how much of the NP actually contributes to the absorption
and emission. Table 1 relates the uorophore weight percent to
the concentration in NPs and how much volume is used per
uorophore (assuming a uorophore with formula weight 500 g
mol−1, and a mass density of 1 g cm−3). At 100 wt% (the ulti-
mate limit) the volume used per dye is below 1 nm3. Some of the
brightest NP approaches reach a dye loading of around 10–30
wt% where the volume per uorophore is increased 3–10 times
compared to this ideal scenario.
Fluorescence quantum yield and lifetime

The brightness per volume gives a good indication of the overall
performance of the NP. The quantum yield of uorescence from
the NP will oen vary depending on the loading due to the ACQ
effects discussed above. When evaluating the quantum yield of
the dyes in the NP it is tempting to use the solution values for
reference. This may be reasonable for rigid dyes that are not
sensitive to the solvent viscosity and polarity. However, in
general, a better reference will be a highly diluted NP where the
dye is immobilized in the same matrix, or a dilute solid solution
of the dye in a polymer thin lm.41

Another tool to evaluate NPs is their uorescent lifetime.
Although rarely used in this context it can prove to be a very
strong tool to diagnose possible defects. If there is only one type
of emitter (and no quenchers) present in the NPs a mono-
exponential decay should be observed as it is the case for
molecular uorophores in dilute solid solution. If there are
multiple congurations or quenchers present, the lifetime will
be shortened and multi-exponential. In the paper by Kace-
nauskaite et al. the uorescence decays were used as
Chem. Sci., 2024, 15, 8625–8638 | 8629
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a diagnostic tool to elucidate exactly the role of quenching by
energy migration to trap sites.41 In some cases the uorescence
lifetime increases when the uorophore is encapsulated in NPs
e.g. stilbenes and cyanines due to the restriction of torsional
freedom, which decreases non-radiative deactivation. In
particular, in these cases, the use of a solid solution (e.g. poly-
mer thin lm) as the reference for the intrinsic molecular
properties becomes important. The bottom-line is the uores-
cence lifetime provides important insights for understanding
NP properties.
Nanoparticle design principles

In this section, we will discuss selected NP design strategies.
There are many aspects to consider when working with uo-
rescent NPs; here we will however narrow the discussion to
address only the relation between NP structure/composition
and photophysical properties. Over the years many different
approaches have been reported to create efficient organic based
uorescent NPs. These approaches can be divided into several
classes of NP designs listed below.
Nanoparticles with low loading of chromophores

A simple solution to overcome the above-mentioned challenges
with ACQ and altered photophysical properties is to encapsulate
low concentration of dyes in a matrix that makes up most of the
NP. In such diluted dye NPs (Fig. 3A) dyes are on average far
apart, randomly distributed in the matrix and thus less likely to
aggregate. Energy migration is also disabled when r (dye–dye) >
R0 (homo FRET). There are various types of matrices used to
encapsulate dyes in this way. The matrix can be polymer
based,56–60 and several examples of this type are commercially
Fig. 3 Illustrations of nanoparticle design principles. (A and B) Low to m
rescence lifetime upon beginning aggregation and energy transfer media
strategies to limit chromophore interactions and mitigate ACQ at high
semiconducting polymers. (D) Organization of dyes in an ordered fram
counterions.

8630 | Chem. Sci., 2024, 15, 8625–8638
available like the polystyrene based FluoSpheres.61 Another type
that was used early on with low dye loading is silica-based
nanoparticles.62–65 NPs with low loading of chromophores is
a reliable strategy for generating uorescent dye based NPs.
However, as soon as the loading is increased to obtain higher
brightness, ACQ will become dominating. This is due to the
formation of quenched aggregates or dimers as well as energy
migration to these trap sites (Fig. 3B) as the average dye–dye
distance becomes comparable to or smaller than R0 (Table 1).
This proves to be a severe limitation for these types of NPs as the
dye loading has to be kept very low and essentially most of the
NP structure is the non-emissive matrix surrounding the dyes.

In the same category, we nd emulsion based nanoparticles,
using a water immiscible core and surfactant shell or specially
designed amphiphilic dyes, which have been reported as uo-
rescent nanoemulsions (NEs).66,67 To ensure high efficiency of
these types of emulsions the dyes have to be specically
designed to reduce both ACQ and leakage. In the work by Collot
et al. different uorophore families were used in combination
with various oils to form NEs.68 The viscous oil also reduces
deactivation by conformational relaxation of some of the uo-
rophores, thereby increasing the QY drastically compared to
solution properties. Still this approach requires low concen-
tration of the dye between 0.25 wt% to 2.5 wt% where the QY is
approximately halved. Later a bulky anion tetraphenylborate
(TPB) was introduced to increase the loading of cationic dyes in
the oily core up to 8 wt% dye while still maintaining separation
of the chromophores and keeping ACQ effects at a minimum.69

Another approach to uorescent NEs uses the so-called u-
orouorophores that are dyes equipped with uorinated side
chains making them soluble in peruorocarbons.70,71 In work by
Sletten et al. highly uorinated rhodamine and coumarin
chromophores were used to form uorescent peruorocarbon
edium concentration of chromophores in matrix, and effect on fluo-
ted quenching as dye loading increases. (C), (D) and (E) Illustrate various
dye densities: (C) covalently attached bulky side chains on dyes and
ework/lattice. (E) Organization and separation of ionic dyes by large

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01352b


Perspective Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
m

ai
 2

02
4.

 D
ow

nl
oa

de
d 

on
 0

6/
02

/2
02

6 
13

:2
4:

15
. 

 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
emulsions with sizes of around 120 nm.70 Recently uorinated
cyanine dyes extending to the far red region were also intro-
duced.72 NEs of these uoro-cyanine dyes ranged in size from
190–250 nm and were found to be more stable to leaching
compared to the previously reported uorinated rhodamine.
Still in all these NEs the dye loading is very low (<0.1 wt%).

Syntheses of specic amphiphiles containing chromophores
to form uorescent micelles and vesicles have also been
reported,73–75 which can also be obtained by post functionalizing
with uorophores aer micelle formation.76

In all of the above examples, the dyes have been randomly
embedded (dissolved) in a matrix material. As the dye loading is
increased formation of dimers or aggregates will take place
(Fig. 3B). Even with a matrix that dissolves the dyes well ACQ is
observed at relative low loadings of a few wt% or lower. This can
be rationalized as a result of formation of aggregates/dimers
with low emission quantum yield (e.g. H-aggregates) that not
only are self-quenching but also quench nearby monomer dyes
by acting as energy acceptors (traps), thereby amplifying the
ACQ. As mentioned above this will be particularly true for dyes
with large R0 values for homo-energy transfer where energy
migration will extend the range of quenching (Fig. 2 and 3B).
Special organic materials where ACQ is limited by
chromophore design

Some materials and chromophore types are more resistant to
ACQ than general organic dyes, giving these materials a special
advantage for the preparation of very bright NPs. Here we will
discuss two such cases: polydots and the so-called AIEs.

Polydots. Nanoparticles based on semiconducting uores-
cent polymers, like those used in OLEDs, used as the emissive
material are known as polydots or Pdots.12,13,77–80 Semi-
conducting polymers consist of a p-conjugated backbone with
bulky side groups and can be used to produce uorescent
nanoparticles without the use of an additional matrix to dilute
the active component. Due to the extended p-conjugation in the
polymer backbone, exciton migration through the polymer is
highly efficient.81,82

In polydot systems one can consider the covalently attached
side chains as a matrix separating the dye components (the p-
conjugated polymer backbone). However, contrary to systems
with dyes randomly dissolved in polymer matrices, much higher
effective loading is achieved since the backbones are kept from
strong interaction by a much smaller fraction of the matrix (side
chains) xed in specic positions around the p-system
(Fig. 3C).83,84

Because of their use in the production of OLEDs, there are
already many types of semiconducting polymers available with
different spectral properties and optimized for high quantum
yields in the solid state. However, the development of new
conjugated polymers can be time consuming and difficult.
Designing new polydots with entirely new properties can
therefore be a demanding process. The optical properties also
slightly change during the formation of NPs compared to its
solution properties. This is likely due to changes in the conju-
gation length and conformations of the polymer backbone,
© 2024 The Author(s). Published by the Royal Society of Chemistry
which may broaden and shi both absorption and emis-
sion.12,85,86 This can also induce quenching trap states in the
structure which will inuence QY and uorescence lifetime.
Piwonski et al. introduced non-planar conjugated polymers
PCzBT and PCzDTBT for producing ultra-small polydots with
sizes of around 3 nm.87 The quantum yield of the PCzDTBT
polydots were lower than that of the corresponding polymer in
THF, 0.2 and 0.5, respectively. Later they expanded the polydot
spectroscopic range toward NIR emission with reasonable
quantum yields.88 Further information on polydots can be
found in the review by Chiu and Wu.77

AIE nanoparticles. Nanoparticles based on so called aggre-
gation induced emission (AIE) chromophores have attracted
a lot of attention in recent years.89–91 Aggregation induced
emission is, as Würthner points out, in itself not a new
phenomenon as similar structures with emission turn-on in the
solid state have been known for a long time.92 Yet, since 2011
Bin Liu, Ben Zhong Tang and others have expanded the
research area into several branches including AIE
nanoparticles.93–96 The chromophores are commonly designed
with exible p-systems that in solution efficiently relax non-
radiatively by twisting. In the solid state, however, these
motions are locked, which enables uorescence while the con-
torted non-planar structure also limits quenching by p–p-
stacking and strong interactions. Other features of most AIE
dyes are moderate absorption coefficients and radiative rates,
which stem from the twisted p-systems, and large relaxation of
the excited state causing a large Stokes shi. These properties
will reduce both exciton coupling and energy migration, and are
likely important aspects of their resistance to ACQ.
General methods for suppressing ACQ

Several different strategies have been introduced to increase the
loading of uorescent dyes in general. A higher loading of dyes
can be achieved by actively preventing close contact like in p–p-
stacking. This is possible by introducing large or bulky groups
either on the chromophore itself or on the counter ions asso-
ciated with charged dyes.

Dyes with bulky side groups. By introducing large bulky side
groups on the chromophores ACQ is limited as the p-stacking is
hindered (Fig. 3C). This is a strategy very similar to that used for
semiconductor polymers. This allows for a higher loading in
polymer particles. An example is the modication of perylene
diimides (PDIs) with bulky side groups at both bay and imide
positions for improving uorescence efficiency in high dye
loaded polymer lms97 and NPs with sizes of 40–50 nm.98 This
allows for an increase in the NP dye loading up to 5 wt%, beyond
which QY decreases substantially. The Würthner group has
introduced even bulkier substituents to PDIs and achieved
highly improved molecular uorescence from neat solid state
materials.99,100 In this case the PDI chromophore accounts for
∼23% of the mass of the material while the bulky side groups
account for the rest. These sidechain protected PDIs are yet to
be applied in uorescent NPs.

Framework isolation. Chromophore separation can also be
achieved by encapsulation in well-dened lattices such as
Chem. Sci., 2024, 15, 8625–8638 | 8631
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metal–organic frameworks (MOFs)101,102 or zeolites103(Fig. 3D).
For MOFs, where the lattice consists of metal ions linked by
organic bridging ligands, the chromophore can either be
encapsulated in the pores or used as the bridging ligand. This
allows for precise control of content and packing and thereby
avoiding ACQ and formation of dimer traps. Zeolite lattices are
limited to only containing chromophores in their porous
network but there are still some examples displaying their
potential as uorescent NPs.104,105

Ionic organization. Another strategy for organizing dyes
makes use of electrostatically driven ion pair formation between
charged dyes and various counterions. A class of materials with
similar features to ionic liquids called GUMBOs106 (group of
uniform materials based on organic salts) has been used to
produce a type of uorescent NP. The GUMBOs and nano-
GUMBOs utilize large counterions to achieve liquid crystalline
like packing. The large counterions also partly function as
spacers between the cationic organic dyes and thereby reduce
ACQ, yet the optical properties are still distorted.107–110 With the
nanoGUMBO approach, control of the internal structure of the
particle is still a challenge and a more directed approach seems
to be needed to counteract ACQ and achieve more efficient
uorescence.

Counterion separation. Ionic organization is also used in
polymer NPs loaded with cationic dyes paired with the large
counterion tetraphenylborate (TPB) or its larger uorinated
derivatives (Fig. 3E). The use of a large anion increases the
separation between the dyes and thereby limits ACQ. Early
studies reported by the Yao group showed improved QY of dyes
encapsulated in poly(vinylpyrrolidone) polymer using tetra-
phenylborate (TBP) or tetrakis(4-uorophenyl)borate (TFBP)
anions.111–113 This concept has been further developed and
improved by the Klymchenko group showing large improve-
ment of the uorescent properties with even larger anions. In
2015 Shulov et al.114 screened TBP and several uorinated
derivatives with rhodamine B without a polymer matrix. Here it
was shown that it was possible to produce NPs with sizes
ranging from 25 nm to 45 nm with the different counterion
derivatives. The QY of the particles depend signicantly on the
counterion, and the non-uorinated TBP yielded particles with
low QY while the most uorinated derivative yielded a QY of
around 0.6. In most cases, however, the cationic dyes paired
with large bulky anions are loaded into polymers like PMMA
and PLGA.115 With this approach, the Klymchenko group has
developed a range of very bright NPs and shown how they are
able to modulate properties such as size, brightness, and
blinking.40,42,116 These NPs have successfully been applied for
sensing of nucleic acids117–119 including microRNA,120 by
exploiting energy transfer within the NP core and to chromo-
phores attached to the surface. This is discussed extensively in
the reviews by Klymchenko and coworkers.11,52 Recently the
Klymchenko group also showed that the uorinated TPB anions
can be exchanged for a less cytotoxic alkylated barbiturate
anion.121 This strategy of loading polymer NPs with cationic
dyes paired with large counterions has in cases yielded dye
loadings up to 0.22 mol L−1; however, these still show reduced
QY compared to NPs with lower dye content.115
8632 | Chem. Sci., 2024, 15, 8625–8638
Supramolecular counterions. Supramolecular organization
of charged p-systems in the solid state and nanostructures
through ion-pairing assembly has been used by many groups
and has recently been explored and discussed by Maeda and co-
workers.122,123 In this context, Maeda and co-workers showed
how a neutral anion receptor can be used to convert small
spherical anions such as Cl− and BF4

− into larger planar anion-
receptor complexes, favouring alternating stacking with planar
cations.124 Recently, the Flood group in collaboration with the
Laursen group used a similar approach to organize uorescent
dyes in solids while counteracting ACQ. This new supramolec-
ular concept for dye based uorescent materials was named
small-molecule ionic isolation lattices (SMILES).55 Addition of
the macrocyclic anion receptor cyanostar to cationic uorescent
dyes converts anions like ClO4

−, PF6
− or BF4

− to large disc-
shaped anion complexes that direct alternating charge-by-
charge packing and ensure efficient isolation of cationic uo-
rophores (Fig. 3E). The anion complex produced with cyanostar
displays a large electronic bandgap, which ensures that the
cationic dyes are isolated both structurally and electronically.
The SMILES approach allows for easy use of commercially
available cationic dyes and has been demonstrated for a range
of cationic dye families such as cyanines, rhodamines, oxazines,
styryls and trianguleniums, which all are organized in similar
isolation lattices with 13–18 Å separation of the dyes in all
directions and a volume per dye (Vdye) z 3.5 nm3, corre-
sponding to 0.5 mol L−1. Chen et al. reported a simple nano-
precipitation method to produce bright ∼20 nm SMILES NPs in
water stabilized by a shell of DSPE-PEG detergent.47 For
a rhodamine derivative, a QY of up to 0.3 was reported.
Furthermore, UV excitation of the strongly absorbing cyanostar
anion complex can result in energy transfer to the embedded
uorophores further increasing the brightness, showing that
the anion complexes not only function as spacers but also as an
antenna system.125

Doping and mix of strategies

Most of the strategies discussed above reduce ACQ by sepa-
rating the chromophores (dyes) to avoid strong interactions.
This is achieved using various matrices, spanning from poly-
mers and silica acting as simple solvents with random distri-
bution of the dyes, to highly organized structures like MOFs and
SMILES. To achieve high brightness per volume a high density
of chromophores is needed, which in turn requires use of an
effective strategy to keep the chromophores separated.
However, even when effective separation of dyes is obtained in
NPs, uorescence QYs do not reach the values expected from
the chromophores in solid solution. Much of the remaining
quenching that limits the performance of NPs with high chro-
mophore density stems from the highly efficient energy
migration making them sensitive to even single trap states.115

Compromises are oen made where the number of traps or the
energy transfer efficiency is reduced by further increasing the
distance between chromophores e.g. by introducing non
absorbing spacers either as an additional matrix or as “blank
salts” in the case of ionic organization.41,126,127 For dye loaded
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic state diagram of a doped NP system with indication
of energy migration between multiple similar (donor) dyes in the NP.
Efficient energy transfer to a low number of isolated dopant (acceptor)
dyes outcompetes quenching by the trap state.
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polymer NPs the local density of dyes can also be modulated by
the polarity of the polymer matrix to either favour segregation or
isotropic distribution of dyes.115

A promising approach is to use the efficient energy migration
as an advantage by introducing a red shied dopant emitter
into the NP. A small fraction of dopant emitters can efficiently
harvest most excitons and thus outcompete energy migration to
the dark trap states (Fig. 4). This doping strategy was demon-
strated for several SMILES materials showing large improve-
ment of quantum yields and uorescence lifetimes approaching
the intrinsic molecular values and was since translated to
SMILES NPs.41,128 Introduction of dopant dyes in the NP core has
been used in several NP strategies to boost the uorescence
brightness,42,64,129–131 while introduction of acceptor dyes to the
NP surface also has been used to develop sensing properties e.g.
for DNA/RNA hybridization assays.119,120 Dopant dyes have also
been used to achieve more narrow and redshied emission of
AIE NPs and polydots.44,131 In a recent example by Zhou et al.
they introduced acceptor uorophores into a AIEdot and utilize
effective energy transfer while isolating the molecular chro-
mophores to achieve more narrow emission compared to that of
the AIEdot alone.130

Nevertheless, doping with acceptor dyes is not a universal
solution to ACQ and the brightness problem. Some dye
combinations have negative impact or no effect at all on the
optical properties. An example by Wu et al. shows polydots
doped with 3 different molecular dyes where only 2 combina-
tions show improved uorescence intensity.44 This decrease
could be due to quenching of the dopant dye by PET. Such PET
quenching of dopant dyes can be avoided in well-organized
systems like SMILES.41
Future outlook

A lot of progress in the development of organic dye based NPs
has been achieved in recent years, and several materials and
strategies are now available that effectively avoid strong inter-
actions and thus allow for NPs with high chromophore density
and high brightness per volume. Doping strategies additionally
offer a means to further improve brightness and tuning of
spectral properties. In the race for high brightness, polydots
© 2024 The Author(s). Published by the Royal Society of Chemistry
and counterion based methods are now approaching the limit
set by the separating matrix and the intrinsic properties of the
dyes. Still we believe that dye based NPs have much more to
offer in terms of advanced photophysical properties.

NPs with NIR emission are particular interesting for deep
tissue imaging.132–134 NPs based on NIR dyes are however still
challenging and oen show low quantum yields.135,136 Typical
NIR dyes like cyanines present challenges stemming from their
large p-surfaces and tendency for aggregation, large oscillator
strength that also favours strong coupling, their sensitivity to
quenching by water and generally very fast non-radiative deac-
tivation rates as dictated by the energy gap law.48,137 Strategies
that will address these challenges and provide bright tuneable
NIR-I and NIR-II NPs will be highly valuable.

New and advanced uorescence based sensing and imaging
modalities are oen based on photophysical properties beyond
just emission wavelength and brightness. This is the case for
e.g. time-resolved techniques,58,128,138 super resolution,40 and
circular polarized emission.139 Development of dye based NPs
specically for such readouts is a promising direction.

Inclusion of multiple different chromophores in NPs may
provide new and advanced photophysical properties via supra-
molecular photophysics – examples include engineering of e.g.
Stokes shis and emission lifetimes via doping (discussed
above). However, a limitation for all of the present NP strategies
is the stochastic nature of these composites, and more orga-
nized structures with control of relative distances, orientations
and locations of the dyes within the NP could greatly widen and
improve the scope of dye based NPs.

Conclusions

This perspective discusses key aspects that must be considered
when working with uorescent organic dye based NPs. We
discuss the various photophysical effects that limit brightness
of uorescent NPs; strong dye–dye interactions, and the pres-
ence of trap sites, and energy migration to these. On this
background the properties and performance of various NP
designs can be understood and hopefully even improved. We
believe that dye based NPs have great potential stemming from
the possible transfer of advanced properties from the molecular
dyes into NPs when the organization and supramolecular
interactions are well understood and controlled.
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A. S. Klymchenko, Charge-Controlled Nanoprecipitation
as a Modular Approach to Ultrasmall Polymer
Nanocarriers: Making Bright and Stable Nanoparticles,
ACS Nano, 2015, 9(5), 5104–5116.

117 N. Melnychuk and A. S. Klymchenko, DNA-Functionalized
Dye-Loaded Polymeric Nanoparticles: Ultrabright FRET
Platform for Amplied Detection of Nucleic Acids, J. Am.
Chem. Soc., 2018, 140(34), 10856–10865.

118 C. Severi, N. Melnychuk and A. S. Klymchenko,
Smartphone-assisted detection of nucleic acids by light-
harvesting FRET-based nanoprobe, Biosens. Bioelectron.,
2020, 168, 112515.

119 N. Melnychuk, S. Egloff, A. Runser, A. Reisch and
A. S. Klymchenko, Light-Harvesting Nanoparticle Probes
for FRET-Based Detection of Oligonucleotides with Single-
Molecule Sensitivity, Angew. Chem., Int. Ed., 2020, 59(17),
6811–6818.

120 S. Egloff, N. Melnychuk, A. Reisch, S. Martin and
A. S. Klymchenko, Enzyme-free amplied detection of
cellular microRNA by light-harvesting uorescent
nanoparticle probes, Biosens. Bioelectron., 2021, 179,
113084.

121 B. Andreiuk, I. O. Aparin, A. Reisch and A. S. Klymchenko,
Bulky Barbiturates as Non-Toxic Ionic Dye Insulators for
Enhanced Emission in Polymeric Nanoparticles, Chem.–
Eur. J., 2021, 27(50), 12877–12883.

122 Y. Haketa, K. Yamasumi and H. Maeda, p-Electronic ion
pairs: building blocks for supramolecular
nanoarchitectonics via ip–ip interactions, Chem. Soc.
Rev., 2023, 52(20), 7170–7196.

123 Y. Haketa and H. Maeda, Dimension-controlled ion-pairing
assemblies based on p-electronic charged species, Chem.
Commun., 2017, 53(20), 2894–2909.

124 Y. Haketa, S. Sasaki, N. Ohta, H. Masunaga, H. Ogawa,
N. Mizuno, F. Araoka, H. Takezoe and H. Maeda,
Oriented Salts: Dimension-Controlled Charge-by-Charge
Assemblies from Planar Receptor–Anion Complexes,
Angew. Chem., Int. Ed., 2010, 49(52), 10079–10083.

125 J. Chen, S. G. Stenspil, S. Kaziannis, L. Kacenauskaite,
N. Lenngren, M. Kloz, A. H. Flood and B. W. Laursen,
Quantitative Energy Transfer in Organic Nanoparticles
Based on Small-Molecule Ionic Isolation Lattices for UV
Light Harvesting, ACS Appl. Nano Mater., 2022, 5(10),
13887–13893.

126 D. S. Biswas, N. Melnychuk, C. Severi, P. Didier and
A. S. Klymchenko, Giant Light-Harvesting in Dye-Loaded
Nanoparticles Enhanced by Blank Hydrophobic Salts, Adv.
Opt. Mater., 2024, 12(4), 2301671.

127 N. Adarsh and A. S. Klymchenko, Ionic aggregation-
induced emission dye with bulky counterions for
preparation of bright near-infrared polymeric
nanoparticles, Nanoscale, 2019, 11(29), 13977–13987.
8638 | Chem. Sci., 2024, 15, 8625–8638
128 S. G. Stenspil, J. Chen, M. B. Liisberg, A. H. Flood and
B. W. Laursen, Control of the uorescence lifetime in dye
based nanoparticles, Chem. Sci., 2024, 15, 5531–5538.

129 Z. Zhang, Y. Yuan, Z. Liu, H. Chen, D. Chen, X. Fang,
J. Zheng, W. Qin and C. Wu, Brightness Enhancement of
Near-Infrared Semiconducting Polymer Dots for in Vivo
Whole-Body Cell Tracking in Deep Organs, ACS Appl.
Mater. Interfaces, 2018, 10(32), 26928–26935.

130 X. Zhou, L. Zhao, K. Zhang, C. Yang, S. Li, X. Kang, G. Li,
Q. Wang, H. Ji, M. Wu, J. Liu, Y. Qin and L. Wu,
Ultrabright AIEdots with tunable narrow emission for
multiplexed uorescence imaging, Chem. Sci., 2023, 14,
113–120.

131 X. Zhu, J.-X. Wang, L.-Y. Niu and Q.-Z. Yang, Aggregation-
Induced Emission Materials with Narrowed Emission B
and by Light-Harvesting Strategy: Fluorescence and Chem
iluminescence Imaging, Chem. Mater., 2019, 31(9), 3573–
3581.

132 S. Wang, B. Li and F. Zhang, Molecular Fluorophores for
Deep-Tissue Bioimaging, ACS Cent. Sci., 2020, 6(8), 1302–
1316.

133 E. D. Cosco, A. L. Spearman, S. Ramakrishnan,
J. G. P. Lingg, M. Saccomano, M. Pengshung, B. A. Arús,
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