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Self-assembly has been considered as a strategy to construct superstructures with specific functions, which
has been widely used in many different fields, such as bionics, catalysis, and pharmacology. A detailed and
in-depth analysis of the self-assembly mechanism is beneficial for directionally and accurately regulating
the self-assembly process of substances. Fluorescent probes exhibit unique advantages of sensitivity,
non-destructiveness, and real-time self-assembly tracking, compared with traditional methods. In this
work, the design principle of fluorescent probes with different functions and their applications for the
detection of thermodynamic and kinetic parameters during the self-assembly process were
systematically reviewed. Their efficiency, limitations and advantages are also discussed. Furthermore, the
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1. Introduction

Self-assembly is a process in which building blocks are
autonomously driven into supramolecular structures®* and is
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a powerful tool for constructing supramolecular materials for
many applications, ranging from energy harvesting to
biomedicine.** These building blocks may be the same or
different, and the interactions (noncovalent type) between
these blocks evolve from a less ordered state (such as solu-
tions, disordered aggregates or random coils) to a final
ordered state (such as crystals or supramolecular fibers).
Supramolecular structures that emerge through self-assembly
are generally triggered by changing environmental variables,
which create a driving force that pushes the system to a final
thermodynamic minimum.®
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Recently, the self-assembly theory and its applications have
rapidly developed.®® In nature, chemicals can be ubiquitously
self-assembled into hierarchical and highly functional struc-
tures in a regular manner.>® The building blocks of small
molecules composed of the elements of the same types, such as
bases, amino acids and glucose, can self-assemble into biolog-
ical macromolecules, such as DNA, RNA, proteins and poly-
saccharides. In addition, biomacromolecules can be further
assembled into cell membranes, ribosomes and chromosomes,
with different functions and roles. Finally, an organelle with
a spatial structure and function formed by the self-assembly of
these higher structures constitute biologically active cells.'***
Therefore, understanding the assembly of building blocks into
functionalized cell tissues is one of the fundamental topics and
subjects in biology."* Nevertheless, owing to the complexity of
the environment and aggregate structures, a non-invasive and
efficient detection method is urgently needed.

Inspired by the phenomenon of in vivo self-assembly,
researchers have designed and prepared advanced materials
with desired functions through the directional control of hier-
archical self-assembly in vitro, aiming to realize a controllable
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self-assembly system and its functionalization."**® By designing
and synthesizing building blocks with specific functional
groups and specific bonding arrangements, locally ordered
aggregates can be self-assembled via non-covalent interactions
between building blocks. Additionally, in the higher-level self-
assembly process, locally ordered aggregates can be further
designed and assembled into materials with specific functions
by controlling the external environment of the subsequent self-
assembly, such as temperature and pH, and/or by regulating the
interactions between aggregates or dynamics matching
depending on the special morphology.’?® In summary, the
whole self-assembly process is expected to achieve precise pre-
coding and traceability, ensuring that the designed functions
would be transferred or even magnified from the molecular
level to the nanoscale or micrometer level.

The self-assembly of chemical entities is a very attractive way
to create various ordered functional structures and complex
substances.** Also, isolating the role of building blocks for self-
assembly provides insight into the ordering of molecules and
the crystallization of colloids, nanoparticles, proteins, and
viruses.”* Great efforts have been devoted to the preparation of
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supramolecular structures based on different chemical building
blocks. However, a comprehensive understanding of the
mechanisms and the ability to monitor and control the
assembly processes are critical. One of the most critical issues
is how to comprehensively characterize and monitor the self-
assembly process,*** which includes not only the evolution of
morphology but also the properties of aggregates, such as the
conformation of building block arrangement, surface potential,
and number and concentration of aggregates. Through omni-
bearing detection, a more comprehensive understanding about
the self-assembly process of substances could be achieved,
thereby helping to accurately control the shape and properties
of aggregates.>**’

Another significant issue in exploring the self-assembly
process and mechanism of aggregates is to reveal the kinetic
or dynamic evolution pathway. Currently, most researches focus
on the structural evolution of aggregates, although several
systematic researches on the dynamic processes have been
carried out.”®*® The main obstacle to its further development is
the lack of effective methods to track the initiation and
continuation of the assembly as well as to achieve the precise
detection and characterization of micro-environmental param-
eters during the self-assembly process.” Generally, parameters
such as temperature and pH are important and may affect the
occurrence, duration and termination of the self-assembly
process from the beginning to the ending.**** Furthermore,
the self-assembly process can occur simultaneously in the sub-
nanoscale (molecules and ions), the nanometer to micron scale
(supramolecular clusters and colloidal particle), and some
higher functional structural systems. Therefore, higher
requirements are put forward on the detection of micro-
environmental variables, especially on the complex assembly
processes in organisms.

The fluorescent probes, also known as fluorescent chemo-
sensors, are a class of fluorescent molecules with characteristic
luminescence in the ultraviolet-visible-infrared region, and the
fluorescence properties can change sensitively with the change
in the microenvironment.*® The continuous monitoring of
analytes can be achieved utilizing the changes in the fluores-
cence signals.** When excited by the excitation light of a specific
wavelength, the electron absorption energy of the fluorescent
molecule will transit to the excited state, and then the electrons
might move from the excited singlet state to the ground state
through radiation. During the ‘move’ process, the electrons
release the excess energy in the form of luminescence, thus
generating fluorescence.*® Whether a molecule can produce
fluorescence is mainly affected by its own structure and external
environment. Generally, the conjugated structure and electron
donating groups are beneficial for enhancing the fluorescence
intensity. Meanwhile, small changes in the external environ-
ment, such as polarity, pH, temperature and viscosity, can also
significantly affect the excitation and emission wavelength,
fluorescence intensity, and fluorescence lifetime of the probes.
Therefore, simple photophysical and photochemical charac-
teristic can be used to realize the timely response and detection
of complex self-assembly processes as well as the mechanisms
and microenvironment changes.*>*° In addition, the sensitivity
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and designability of fluorescent probes endow it advantages in
in vivo sampling and self-assembly process at various times and
space.’”*

Over the past several decades, more fluorescent probes have
been designed and developed for practical applications in
environmental monitoring, food analysis, biochemical analysis,
drug detection, disease diagnosis, and bioimaging.**** Some
results regarding the detailed application of carbon dots-based
(CD-based) fluorescent probes for the detection of metal ions
along with some sensing mechanistic insight have been re-
ported.**** Li et al summarized the design strategies and
sensing mechanisms of CD-based fluorescent probes and dis-
cussed their applications in the sensitive and selective detection
of public safety substances, organic amines, phenols, bioactive
molecules, biological enzymes, and inorganic salts.** Chen et al.
highlighted the recent progress on the fluorescent probes of pH
and alkali metal ions from the structure of fluorophores and
introduced the sensing principle for proton and alkali metal
ions in detail.* In particular, the studies on self-assembly have
gradually shifted from mechanism observation in vivo to
controllable directional self-assembly in vitro. Also, the fluo-
rescent probes for detecting the complex environment in vivo
will also play an important role in supramolecular self-assembly
in vitro. However, few reviews have focused on the detection and
characterization from the building block to the aggregate with
fluorescence probes.

Under this background, this review will focus on the appli-
cation of fluorescent probes in the detection and characteriza-
tion of self-assembly process to reveal the properties of
aggregates and the effect of parameters of the micro-
environment. Furthermore, the prospects and development
directions of fluorescent probes in the self-assembly process of
substances will also be discussed.

2. Fluorescent probe
2.1 Mechanism of fluorescent probe

Generally, fluorescent probe molecules have the lowest singlet
electron excitation state and large m-m conjugated and rigid
planar structure and can emit fluorescence under ultraviolet or
visible light excitation.*® Several typical mechanisms of fluo-
rescent probe are shown in Fig. 1. The probes can output and
exhibit the information (like aggregate properties and micro-
environment parameters) during the self-assembly process via
fluorescence signals (like excitation and emission wavelength,
fluorescence intensity, and lifetime).**” Also, these fluores-
cence signals are generally displayed through one or more
sensing mechanisms, including photoinduced electron transfer
(PET), twisted intramolecular charge transfer (TICT), excited
state intramolecular proton transfer (ESIPT), vibration-induced
emission (VIE), or involve dual/triple sensing mechanisms.**°
For instance, intramolecular or internal charge transfer (ICT) is
a common detection approach of probes. ICT probes typically
consist of three conjugated parts: the electron donor, the elec-
tron acceptor and m-conjugated linker.>* Due to bond substi-
tution, cleavage, or substrate coordination, the electron density
of ICT probes in the recognition group is altered after

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Typical mechanisms of the fluorescence probe and its response to the self-assembly system.

interaction with the analyte, which would install a ‘push-pull’
system in the molecule. In tandem with altering the electron
distribution, the excitation of the resultant species affords
a large dipole and alters the excited state to that of the initial
probe. Therefore, ICT probes normally present a ‘turn-on’
response and wavelength shift of fluorescence after interacting
with the analytes. Moreover, ICT probes can also be used for
ratiometric analysis in some assembly systems.>?

For building blocks with fluorophores, the intrinsic fluo-
rescence characteristics can be used to analyze their self-
assembly process. For instance, Jelley et al reported the
absorption spectrum of 1,1’-diethyl-2,2"-cyanogen chloride (PIC
chloride)*** and found that PIC presented the J-aggregates with
the side-by-side structure in water and H-aggregates with face-
to-face structure in ethanol so that the spectrum of PIC chlo-
ride in aqueous solution showed significant peak narrowing
and redshift, with the fluorescence enhanced compared to
ethanol. Additionally, with the concentration of PIC chloride or
the increase in added sodium chloride, the phenomenon was
more obvious, further confirming the self-assembly and aggre-
gates of PIC molecules.

Nonetheless, most self-assembly systems have weaker
endogenous fluorescence or even no fluorophores. Hence, it is
necessary to add a small amount of probe molecules to the
system to detect the self-assembly by characterizing the fluo-
rescence changes of probes. Generally, based on the steady or
transient luminescence properties and quenching of probes in
the self-assembly systems, the compactness of building block
arrangement, phase transition, size and morphological transi-
tion of aggregates can be obtained.>*>°

2.2 Design principle of fluorescent probe

Fluorescent probes, the sensing device that can express the
chemical information of the assemblies as fluorescence signals,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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are typically composed of three parts:**® (i) the receptors
(reaction/labeling unit) that can selectively bind to the analytes
and thereby change the chemical environment of probes
located. The binding is generally achieved by non-covalent
interactions such as coordination and hydrogen bonding. (ii)
The fluorophores (signal response unit) that convert the iden-
tification signals generated by the chemical environment
changes into the fluorescent signals (enhancement or decrease
of fluorescence, movement of spectrum, change of fluorescence
lifetime, etc.) to achieve the detection of the target analyte. (iii)
The spacers or bridging bonds that link the receptors and flu-
orophores. The spacers are important factors for signal output.
However, the functions of the three groups are not immutable
and they can sometimes play multiple roles simultaneously.
Generally, the fluorescent probes can be roughly divided into
binding fluorescent probes, displacement fluorescent probes
and stoichiometric fluorescent probes. The most widely used is
the binding fluorescent probes, and the comparison of fluo-
rescence intensity, the shift of spectral positions and/or the
change of fluorescence lifetimes can all serve as the references
for whether the aggregations are formed during the self-
assembly.>*** There are several factors that need to be carefully
considered for the binding probe design. First of all, the probes
should have high fluorescence quantum yield for the detection
of complex environment, which is beneficial for improving the
sensitivity of the probe. If necessary, the probes with large
Stokes shifts are needed to eliminate the self-quenching of
conventional fluorescent compounds. Moreover, the probes
with long-wave emission can avoid the interference from
background fluorescence, reduce the occurrence of fluores-
cence bleaching, and extend the probe lifetime. Secondly, the
changes in the chemical environment during the assembly
process should be fully considered so that these changes can
prompt the bonding recognition between receptors and

Chem. Sci., 2024, 15, 3800-3830 | 3803
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analytes generated by acid-base reaction, coordination, or
supramolecular interaction. Finally, the spacers should not
interfere with the signal transmission of the probes. The
detection of displacement probes is achieved by comparing the
binding ability of the receptor with fluorescent indicator and
the analyte.®** Therefore, there are high requirements for
receptors and fluorescent indicators. The fluorescent indicator
needs to bind to the receptors, and the binding ability cannot be
too strong. Meanwhile, the receptors should also be able to
specifically identify and recognize the analytes. The probes that
utilize irreversible chemical events associated with host-guest
recognition have been employed as chemodosimeters for the
ratiometric determination of analyte concentrations. The
design principle of stoichiometric fluorescent probes with
specificity and irreversibility is to address the insensitive
response toward analytes.®**

3 Monitoring and investigation of
self-assembly

The systematic analyses of self-assembly process and aggregate
properties are crucial for the design and synthesis of novel
functional materials. It is even more necessary to explore the
aggregates with micro-nano structure at the molecular level.

—
20h
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Coincidentally, fluorescent probes show great advantages in the
visualization of self-assembly aggregates, representation of
critical aggregation state, and properties of aggregates.

3.1 Visualization of self-assembly

Recently, fluorescence probes have become a powerful tool for
investigating the self-assembly process with continuous develop-
ment in diagnosis and imaging® 7 due to its advantages such as
dynamic observation of assembly processes and nanoscale
substructures, non-invasive image acquisition, and most impor-
tantly, specificity based on molecular sensitivity.” For instance,
crystallization is a highly ordered self-assembly process, but it is
a long-standing challenge to clearly understand the solid-state
amorphous-to-crystalline transformation. The in situ imaging of
crystal assembly relies heavily on extremely high-tech instru-
mentation. Ye et al. developed a real-time and in situ imaging
program to record the assembly process from amorphous to
crystalline.” The tetrasubstituted ethylene, 1,2-bis(7-bromo-9,9-
dibutyl-fluorenyl)-1,2-diphenylethene (BBFT), was used. The
crystal of BBFT displays dark blue emission and the amorphous
form displays greenish yellow emission, with an emission differ-
ence of about 60 nm (Fig. 2a). Therefore, the phase interface
between the crystalline and amorphous forms was distinguished
by the fluorescence color, which is a simple and practical method

Oh

Spm

(b) NaBr concentration (M)
—~ *fh)° i - 1 2 S,
ceie ST T | L O
o)l Ll e Hierarchical \ VoS,
supramolecular \ "3
Na* Br o\ R o« ke ke e self-assembly = CSPP+NaBr
® pp| S || " — >
‘ . . in one pot -
AlEgen v
guest m:m: . > / ' y
T o el | . . J A 4 ’ " o
. : : I‘L«/Z .

Fig. 2

(a) Fluorescence images of the assembly process of the crystal due to contact between the microparticles.”? Reproduced with permission

from ref. 72. Copyright 2015, John Wiley and Sons. (b) Fabrication of fluorescent multiblock microcolumns. (c) Imaging of the samples with
different NaBr concentrations under UV light. The bottom images represent the aggregates of arrow-pointed samples at fluorescence and bright
field.” Reproduced with permission from ref. 73. Copyright 2022, John Wiley and Sons.
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to detect the internal molecular assembly of particles. The details
of the important amorphous to crystalline transition were deter-
mined by fluorescence microscopy. The assembly of crystal form
amorphous particles is shown at the center. However, the growth
was confined to the interior of perfectly spherical particles, ending
with the core-shell structure. Defects on the surface before the
assembly of the crystal would lead to a complete transformation
from the amorphous sphere to a ribbon-like crystal.

The visualizations of the aggregate by the fluorescent probe are
not only for intuitive morphology analysis but also for the deeper
exploration of the assembly mechanism. Shi et al. reported fluo-
rescent multi-segment microrods formed by the complexation of
cucurbit[8]uril (CB[8]) and the AlEgen guest molecules, mono((Z)-
(4-(4-(2-cyano-2-(4-(1-methylpyridin-1-ium-4-yl)phenyl)vinyl)phenyl)-
1-methylpiperazin-1-ium-1-yl)methanide) diiodide (CSPP). Also, the
CB[8] can also have weak interaction with Na" and Br~ (Fig. 2b).”
Based on the properties, the mechanism of multistage supramo-
lecular self-assembly was clearly revealed by the fluorescence
spectra, UV-visible absorption spectra, fluorescence lifetime
and fluorescence imaging analysis. During the volatilization of
the solution, NaBr was concentrated and the assembly was
triggered. In Fig. 2c, the fluorescence imaging under UV light
showed that the NaBr solution with the concentration of 2-5 M
emitted red fluorescence. However, orange-yellow precipitates,
which were located in the emission band of the CSPP monomer
assembly and presented coil-like structure, were formed at NaBr
concentration higher than 6 M. The metal cations would
compete with the CSPP and complex with cucurbituril under
the circumstances, thereby destroying the complexation of
CSPP and CB[8] with the high Na" concentrations.

Another important aspect of fluorescent probes is moni-
toring the assembly of very complex natural mixtures of chem-
ically similar molecules.””® The traditional detection methods
for the aggregation process extremely depend on the combina-
tion of multiple methods, such as small-angle X-ray scattering,
dynamic light scattering, and atomic force microscopy.
However, each method has its limitations.”””® Fluorescence
provides a new direction for detecting the aggregation processes
of complex natural mixtures. Actually, currently, fluorescence is
practically the only method to study the aggregation. For
instance, due to the complex interacting patterns, quantifying
the formation of molecular complexes between thousands of
polycyclic aromatic hydrocarbons (PAHs) mixtures is chal-
lenging. Pance Naumov et al. demonstrated the potential of
fluorescence for the quantification of molecular processes that
are at the core of the asphaltenes’ aggregation.” Generally,
asphaltene molecules with polyaromatic cores emit light in the
visible region upon excitation. However, when the small
electron-deficient aromatic additives, especially surfactant-like
additives with electron-withdrawing functional groups, were
brought in the asphaltene mixtures, these additives would
interact strongly with certain PAHs and lead to the formation of
molecular complexes, resulting in the emission quenching of
asphaltenes, while the excited-state lifetimes of the unbound
asphaltenes remain unchanged. Therefore, it can be used for
the detection of the assembly of very complex natural mixtures
of chemically similar molecules.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.2 Critical assembly concentration

The critical assembly concentration is an important parameter
that must be considered for self-assembly design. Building
blocks will self-assemble above the critical assembly concentra-
tion, while conversely, the aggregates will dissociate below the
critical assembly concentration. For example, the surfactant
molecules would enrich and adsorb into a monolayer structure at
the interface. When the surface adsorption reaches the critical
micelle concentration, there will be no more enrichment of
surfactant molecules on the surface.””*® However, the interaction
between hydrophobic groups still allows the molecules to escape
from the water environment, and the surfactant molecules will
self-aggregate in the solution. In this process, the hydrophobic
groups aggregate as the core and the hydrophilic groups contact
with water to form the shell.*** The traditional methods for
determining critical assembly concentration include surface
tension method, electrical conductivity method, dye-assisted
method, turbidimetry method, and light scattering method.
However, these methods all have certain limitations: the surface
tension method is affected by the building block concentration
and inorganic salts, and electrical conductivity method is only
applicable to the ionic self-assembly. Fortunately, the emission
spectra of fluorescent probes are very sensitive to the changes in
the micro-environment and show good prospects and advan-
tages in determining the critical assembly concentration.?***

Pyrene is a commonly used fluorescent probe molecule to
determine the critical assembly concentration. Also, the peak
intensity ratio (I;/I3) of its fluorescence at the first and third
vibrational bands varies with the concentration of the amphi-
philic building block in solution, and the mutation point is the
critical assembly concentration.** Bharmoria et al. determined
the  critical  aggregation  concentrations of  cetyl-
trimethylammonium bromide (CTAB) in salt solutions using
steady-state fluorescence spectra of pyrene (Fig. 3a and b)* and
found that the lower I,/I; ratio indicated the relatively hydro-
phobic or non-polar environment due to the formation of the
self-assembly structure, and the critical assembly concentration
was obtained according to the mutation point on the variation
curve of I,/I,.

Moreover, Zhu et al. designed a sensitive and visible fluo-
rescence turn-on probe for determining the critical assembly
concentration of ionic surfactants, based on strong aggregation-
induced emission in the solution of racemic tetrahydropyr-
imidine (THP-1).*® Although there is poor linear relationship
between the fluorescence intensity of pure THP-1 and the
concentration of ionic surfactants, a surfactant concentration
detection system with good linear correlation was prepared by
diluting the concentrated solution of surfactant containing
THP-1. Furthermore, compared with pyrene, THP-1 is a visible
and sensitive fluorescence probe with higher sensitivity, and
hence it can detect the critical assembly concentration via the
visible fluorescence turn-on mode under UV light. The critical
assembly concentration values can be determined via the upper
inflexion with the strongest fluorescence intensity of THP-1
(Fig. 3c and d), rather than the lower inflexion with the weak-
est fluorescence intensity. Additionally, THP-1 has robust

Chem. Sci., 2024, 15, 3800-3830 | 3805
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Royal Society of Chemistry.

adaptability and can be used to quickly detect changes at
different concentrations.

However, the design and development of probes for deter-
mining the ultra-low critical assembly concentration (such as
near millimole level) or non-surfactant assembly remains
a challenge.

3.3 Number of aggregates

The number of aggregates can be determined by the quenching
of the fluorescence probe. In the solution with ordered molecular
assembly, quenching only occurs in the aggregates containing
both probes and quenchants.®”*® Therefore, the average number
of quenchers in each aggregate is expressed as the concentration
ratio of the quenchants in aggregates to the total targets.

3806 | Chem. Sci., 2024, 15, 3800-3830

J. A. Molina-Bolivar et al. determined the average aggregation
number of N-decanoyl-N-methylglucamide (MEGA-10) in pure
water or NaCl solutions with different salt concentrations using
the steady-state fluorescence quenching method.* In the
process, pyrene and cetylpyridinium chloride (CPyC) molecules
were used as the probe and the quenchant, respectively, and the
fluorescence intensities of the excitation wavelength (335 nm)
and emission wavelength (383 nm) were recorded. Additionally,
when the concentration of the quenchant used to quench the
luminescent probe is known, the average aggregation number
can be obtained by the following formula:

In Io/I = [Q]Nage/([S] — cmc) (1)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Elsevier. (b) Aggregation number (N,qg) as a function of concentration c/cmc with different carbon atomic number (s) spacing between two
dodecyl chains and a diamide spacer.®® Reproduced with permission from ref. 90. Copyright 1999, American Chemical Society.

where I, and I represent the fluorescence intensities without or
with the quenchant, respectively. N,o, represents the average
aggregation number; cmc represents critical micelle concen-
tration; [S] represents the total target concentration, and [Q]
represents the quenchant concentration. Also, N, can be
determined by the slope of In(Z,/I) — [Q].

The static light scattering, a mature method for determining
the average aggregation number, was used to evaluate the
results. The molecular weight of aggregates was estimated
through the linear regression of excess scattering ratio to
micellar concentration (¢ — cmc) (Fig. 4a), and the average
aggregation number was determined. The results obtained by
the two different methods were found to be consistent.

Additionally, time-resolved fluorescence quenching (TRFQ)
is also an important tool for obtaining the accurate aggregation
number by measuring the fluorescence attenuation curve of
probes and then fitting the data with appropriate kinetic
models. Notably, TRFQ can realize the direct measurement of
aggregation number.*

For instance, Pisarik et al. determined the assembly aggre-
gation numbers of cationic bisammonium gemini surfactants
(a(s) and e(s)) using pyrene as the fluorescent probe and cetyl-
pyridinium chloride as the quenchant, respectively.”® The
concentration ratio of aggregates to quenchants was set close to
1 to ensure that each aggregate contained one quenching
molecule. Generally, the fluorescence attenuation of each
aggregate containing different number of quenched molecules
is usually non-exponential, according to the TRFQ kinetic
model. However, due to the Poisson distributed quenchants on
the aggregates, the attenuation curve of pyrene is a single index.
Also, the attenuation curve is obtained by the following formula

I(t) = 1(0) exp{—t/to — R[1 — exp(—t/1Q)]} (2)

where I(¢) and I(0) represent the fluorescence intensities at time
t and time 0, respectively. 7, and tq represent the fluorescence
lifetime of probes without and with the quenchant; R, the fitting

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

parameter, represents the concentration ratio of quenchant (cq)
to the aggerates (Cmic)-

Therefore, the fluorescence attenuation curves at excitation
wavelength (340 nm) and emission wavelength (381 nm) were
both recorded, and then the aggregation number (Fig. 4b) of
surfactants with different carbon atomic number spacing
between two dodecyl chains and a diamide spacer could be
calculated by the following formula.

Nagg = (¢ — emc)/cmic = R(c — eme)lcq (3)

3.4 Surface charge density

The surface charge density of aggregates is the key parameter to
understand the formation and subsequent behavior of aggre-
gates, which is usually measured by the zeta potentiometer.
However, accurate results are difficult to obtain by zeta poten-
tiometer for many systems with complex components, high
concentration and diverse interaction. Coincidentally, it is very
gratifying that the fluorescent probes with high specificity show
a very promising application prospect in the qualitative study of
surface charge density.”>*

Characterizing the fluorescence quenching efficiency is one
of the effective methods for charge density analysis. In this
method, the charged quenchants need to be added to the
assembly system with probe molecules, and the changes in the
fluorescence intensity are detected to determine the electrical
properties and charge density on the aggregate surface. Jiang
et al. used pyrene as the fluorescence probe and established the
aggregate growth model on the mixed ion surface induced by B-
cyclodextrin (B-CD) (Fig. 5a).>* The quenching efficiency of
pyrene increased with the increased surface charge density of
aggregates due to the quenchants (Cs* and S$,0;°7) in sodium
dodecyl sulfate/dodecyltriethylammonium bromide (SDS/
DEAB) solution. However, the added B-CD can selectively
combine with cationic or anionic groups to form neutral
aggregates approaching 1:1 stoichiometry of the anionic/

Chem. Sci., 2024, 15, 3800-3830 | 3807
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Fig. 5 (a) Aggregate growth of surfactant with cationic and anionic induced by B-CD.** Reproduced with permission from ref. 94. Copyright
2009, American Chemical Society. (b) Representation and fluorescence excitation spectra of electrochromic probes bound to the membrane
(ABwe = blue edge of the spectrum; Azeq = red edge of the spectrum; R = fluorescence intensity ratio).*> Reproduced with permission from ref. 95.
Copyright 2022, American Chemical Society. (c) Schematic representation of the localization of di-8-ANEPPS in the membranes.®® Reproduced
with permission from ref. 96. Copyright 2012, Elsevier. (d) Schematic illustration and structure of AlEgens.®” Reproduced with permission from ref.
97. Copyright 2019, the Royal Society of Chemistry.
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cationic building block and leading to a decrease in the surface
potential. Therefore, the quenching efficiency decreased
significantly with the addition of B-CD.

In addition, Loew has developed the voltage-sensitive fluo-
rescent probes for the dipole potential measurement of
molecular assemblies.”® As shown in Fig. 5b, voltage-sensitivity
probe is electrochromic. When probe molecule is excited from
the ground state to the excited state, electronic charge will
present a large movement. If the direction of charge movement
is parallel to the external electric field, the transition energy
would be extremely sensitive to the strength of the electric field,
and the change in the dipole potential will change the energy
needed to excite the chromophore. Hence, the fluorescence
intensity decreases at low wavenumber and increases at high
wavenumber, and the ratio of the two intensities represents
a measure of the probe's response to the electric field.>*® For
example, Haldar et al. designed a voltage-sensitive probe molecule
of 4-(2-(6-(dioctylamino)-2-naphthalenyl)ethenyl)-1-(3-sulfopropyl)-
pyridinium inner salt (di-8-ANEPPS), which is mainly character-
ized by the hydrophilic receptors and two hydrocarbon chains,
making the fluorescent groups parallel to the lipid molecules
(Fig. 5¢).”° Normally, the chromophore of naphthyl styrene in the
ground state has a positive charge near the pyridine nitrogen. After
excitation, the chromophore undergoes a large charge redistribu-
tion, and the positive charge moves to near the aryl amino
nitrogen in the excited state. Moreover, due to the hydrophilic part
and the hydrocarbon chains, the probes are easily inserted
between the amphiphilic lipids of membrane. The dipole potential
(pq) of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
was determined by the linear relationship (¢4 = (R + 0.2)/4.3 x
10?) between dipole ¢4 and R.

Furthermore, the voltage-sensitive probes also show exciting
application prospects in biofluorescence imaging. Unlike the in
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vitro processes, the factors that need to be considered for
intracellular assembly imaging probes within cells are fluores-
cence emission wavelength, membrane penetration, solubility,
and stability. Zheng et al. designed and synthesized a series of
selective probes for sub-organelle imaging,”” as shown in
Fig. 5d. In these voltage-sensitive probes, the hydrophobic
section and pyridine groups were designed for the emission
behavior, and the charged groups were designed for the
permeability of the cell membrane. Further simulation calcu-
lations revealed that TPEPy and TPy with positively charged
pyridine could pass through the cell membrane and “light up”
the mitochondria, while TPEVP and TVP with the pyridine
group and quaternary 3-(trimethylammonio) propyl group
could directly “light up” the cell membrane.

3.5 Conformation

The conformation is the key and theme for self-assembly
process analysis and monitoring, which directly reflects the
assembly mechanism of building blocks and the possible
function of aggregates.” Currently, the main method for
conformation research is spectroscopy, including nuclear
magnetic resonance (NMR), circular dichroism (CD), laser
Raman, and infrared spectroscopy.>””'* Neutron diffraction is
also an important means for conformation investigation,
although expensive instruments and weak support theory
restrain its development.'* In addition, some researchers have
also attempted to infer the conformation of aggregates from the
ordered crystal structure assembled by aggregates. However, the
reverse inference from the final product is not universal and it is
difficult to analyze the structure of macromolecule and its
aggregates.'®>'* Fluorescence spectra can perfectly address the
defects and shortcomings of the above methods, with the

OO
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PBI 2

Donor-loaded
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Fig. 6 Assembly of donor-loaded perylene bisimide vesicles by changes in spontaneous curvatures in water.*°® Reproduced with permission

from ref. 106. Copyright 2009, Nature Publishing Group.
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advantages of high sensitivity, strong selectivity, low dosage and
rigorous results.'***%

Xin Zhang et al. reported the assembly of perylenebisimide
with different proportions of hydrophobic and hydrophilic
fragments.'* The double layer vesicles were formed by the
aggregation of wedge-shaped amphiphile with a hydrophobic
hexylester chain and a hydrophilic triethylene glycol chain and
were photopolymerized by the terminal double bond (Fig. 6).
In the presence of acid-sensitive bis-pyrene triamine, the
prepared vesicles were trapped in the aqueous cavity. Hence,
the photopolymerized particles formed a stable FRET-based
fluorescent pH sensor over the entire range. The open
conformation of dipyrene was constrained by electrostatic
forces between the protonated amines of the donor at low pH.
The pyrene monomer emitted in the range of 370-420 nm at
363 nm excitation. At high pH, m-m interactions were maxi-
mized due to the closed conformation. The overlap of this
stacked conformation's green emission and perylene diimide
absorption promotes the energy transfer. It provides ultra-
sensitive pH information with fluorescent color changes
covering the entire visible range.
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With the development of characterization tools, high-quality
mass spectrometry (MS) has been used to identify building
blocks or polymers and to evaluate the heterogeneity degree.
Also, the combination of FRET and MS has been proposed to
detect the conformation, stability and kinetics of aggregates,
which shows great advantages for aggregates analysis in gas
phase.’” As shown in Fig. 7a and b, Tiwari et al. designed
a transition metal ion FRET (tmFRET) fluorescence probe using
rhodamine 110 as the donor and Cu®* as the acceptor'®® to
detect the conformational changes of aggregates in the range of
10-40 A. They found that the FRET efficiency decreased as the
distance between the donor and acceptor increased and proved
the inflated structure of peptide sequence in the gaseous state,
accompanied by the loss of helicity (Fig. 7c).

Another ingenious and useful application of FRET is
molecular beacons (MBs) for DNA conformation and structure
detection® and further for the assembly processes in organ-
isms. After discovering the double helix structure of DNA, Tyagi
and Kramer reported for the first time about MBs, the strongest
and specific base pairs, based on biomolecule recognition.**
Generally, MBs are the DNA sequence composed of a target-

T T T T 1.0
él - - - -~ — - _ _ _ @ .
0.8 O
c
\ * 2
- - 7]
44 \ * ———— 0.6
\ - i t
\/ w
/y\ =
2 7 w
/ }. . -0.4 (V'
2 o * oz w
-3 P ~}-’ £
—@- (P¥*+Cu®) 0.2
—A—tmFRET efficiency
20 25 30 35 40

Modeled donor-acceptor distances (A)

(a) Experiments of selected-ion gas-phase fluorescence. With the laser beam, ions of interest are mass-selected and irradiated, then the

emitter fluorescence is used for measurements. (b) Structure of helical peptides with dye-labeled cysteine and H residues complexed by Cu?*. (c)
Lifetimes and tmFRET efficiencies in peptides (P) and their complexes with Cu?* 18 Reproduced with permission from ref. 108. Copyright 2021,

American Chemical Society.
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recognition region of about 15-30 bases flanked by two short
complementary stem sequences, which force the entire
sequence to form a stem-loop structure in the absence of
a target.'” The MB stem-loop structure holds the fluorescence-
donor and fluorescence-acceptor moieties in close proximity to
one another, which results in resonant energy transfer and then
fluorescence quenching. However, once the system contains
target DNA or RNA, a spontaneous conformation change occurs
upon hybridization to separate the two moieties and restore the
fluorescence.

4. Micro-environment response

Self-assembly is an important method of material design and
a spontaneous process of intermolecular interactions between
building blocks formed by ions, molecules, clusters, etc. Typi-
cally, self-assembly is carried out at an interface and/or in
solution with the special micro-environment and driven by
specific temperature, pH, light, polarity, etc., to allow the
required motion of building blocks. The driving force causes
building blocks to move into the final aggregates through the
different possible configurations. Also, driven by the micro-
environment, thermal motion provides a major part of the
motion required to enables molecules contact each other.
Therefore, there are many ways to trigger and/or drive the self-
assembly by gradually changing the micro-environmental
conditions (such as building block concentration, tempera-
ture, pH, ionic strength, and solvent) or using an external inputs
(such as light and field-stimulation) and ultimately form
a stimulus-responsive mechanism.""*

These stimulus-responsive self-assemblies are considered as
an intelligent behavior, which can accept signals from the
external environment to actively change the structure of the
assembly and further respond to form corresponding func-
tionalities."”>'**  Currently, the stimulus-responsive self-
assembly has been attractive in the field of nanomaterials, life
science and clinical medicine."**"**> Additionally, fluorescent
probes can monitor multiple analytes/parameters of micro-
environments. Inspired by this, the detection of micro-
environments using fluorescent probes can help monitor the
assembly process and even achieve the precise control of
assembly.

4.1 Temperature

As an important parameter of the system, temperature can
affect the self-assembly process and aggregate properties. The
self-assembly rate and the diffusion rate of building blocks are
roughly affected by temperature. In addition, the temperature
distribution reflects the thermodynamics (exotherm or endo-
therm) of specific location of the assembly system. Generally,
the measurement is realized indirectly by the changes in the
performance with temperature, such as the expansion ther-
mometer based on volume change, resistance thermometer
based on electrical conductivity change, infrared thermometer
based on blackbody radiation, etc. However, these thermome-
ters do not have spatial resolution or sensitivity for microfluidic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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or micro-thermometric regions due to the heat exchange equi-
librium time and disturbance time between the probes and
objects."**"** Moreover, temperature also has a significant
impact on the non-radiative transition constant of fluorescent
substances, which in turn weakens or enhances the fluores-
cence intensity. Therefore, the fluorescence thermometers have
been proposed to sense temperature fluctuations,'® which is
achieved by monitoring the changes in the fluorescence inten-
sity or lifetime of the fluorescent probes added into the system.

Fluorescence thermometers are mainly composed of single-
wavelength fluorescence intensity response and ratiometric
fluorescence temperature sensing. During the change in the
absorbing light from the ground state (S,) to the lowest excited
singlet state (S;), the molecules at S; will be deactivated by
radiative transition or non-radiative transition. Based on the
response of a single excited state to temperature, single-
wavelength fluorescence temperature sensors have been
proposed, which could be divided into the fluorescence
quenching type and fluorescence enhancement type.*** For
example, Arai et al. targeted the enrichment and measured the
temperature of subcellular endoplasmic reticulum (ER) using
the temperature-dependent fluorescence quenching probe with
the temperature sensitivity of 0.039/°C at 0-5 °C."”* By modi-
fying the side chains of the probe skeleton, a compound
(BDNCA346) was further designed for the specific recognition of
ER, which was called ER thermo yellow. The fluorescence
intensity of the probe decreases with increasing temperature
and can be restored after cooling due to no precipitation and
degradation of the probe. The temperature sensitivity of ER
thermo yellow was evaluated by the microscopic system with
a near infrared laser (1064 nm), and it was found that the
temperature change was controlled by focusing distance and
laser power (Fig. 8a). After multiple heating and cooling cycles,
ER thermo yellow displayed a series of square waves as
a response to temperature changes, while the commercial ER
trackers do not show square waves (Fig. 8b).

However, the fluorescence of the quenching probe usually
weakens with the increasing temperature, affecting the sensi-
tivity of temperature measurement. Besides, probes with larger
quenching range often have weaker fluorescence intensity at
higher temperature, which is not conducive to accurate
measurement within a large temperature range. Therefore, some
researchers have designed enhanced fluorescence temperature
sensors utilizing conformational changes caused by heating to
suppress the non-radiative transition at elevated tempera-
ture.”**'** A common method is to modify the probe molecules
on polymer or DNA, regulate the deactivation of fluorescent
molecules at the excited state by the temperature response, and
then achieve the temperature sensing. Ebrahimi et al. designed
such a nanometer thermometer with multi-temperature sensing
ranges' and used gold nanoparticles (AuNPs) as the molecular
beacons (MB). In order to avoid the problem of low-resolution
when multiple probes measure over a wide temperature range,
multiple labeled MBs are used as the sensor elements to simul-
taneously modify the AuNP surfaces (Fig. 8c). The melting curves
confirmed that immobilizing different types of MBs on the same
AuNP have no negative effect on the sensing functions. The
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Fig. 8 Temperature determination of the micro-environment by a fluorescence probe. (a) Schematic illustration of the temperature
measurement and evaluation system based on confocal laser scanning microscopy with an infrared laser. (b) The regions generated by an
infrared laser and corresponding temperature sensitivity of ER thermo yellow and ER tracker. Scale bars are 10 uM.*** Reproduced with
permission from ref. 121. Copyright 2014, Nature Publishing Group. (c) Schematic illustration of nanometer thermometer with multi-temperature
sensing range and corresponding melting curves.*?2 Reproduced with permission from ref. 122. Copyright 2014, American Chemical Society. (d)
Schematic illustration and structures of the ratiometric fluorescent polymers.*?®* Reproduced with permission from ref. 123. Copyright 2014,
Royal Society of Chemistry.
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resolution of the nanoprobe was less than 0.50 °C in the range of
15-60 °C, making it suitable for temperature measurement at the
micrometer or nanometer scale.

The single-wavelength intensity response is easily affected by
the uneven distribution of samples and fluctuation of excited light
intensity, resulting in low accuracy.**® Subsequently, the ratiometric
fluorescence temperature sensors system with self-calibration was
proposed, which featured increased signal-to-noise ratio and thus
much more reliable quantification. They harvested the fluores-
cence intensity changes from two or more emission bands at
different wavelengths.'” Qiao et al synthesized a nano-
thermometer of ratiometric fluorescent polymer for intracellular
temperature sensing using living/controlled reversible addition-
fragmentation transfer polymerization (Fig. 8d)."*® The fluores-
cence thermometer consisted of a thermosensitive polymer (poly-
N-isopropylacrylamide, PNIPAm), a polarity sensitive fluorescent
dye (4-(2-acryloylaminoethylamino)-7-nitro-2,1,3-benzoxadiazole,
NBDAA) and a rhodamine B derivative (RhBAM). They found that
fluorescence quenching occurred at lower critical solution
temperature (LCST) because the molecular segment was linear, and
the NBD chromophore in the segment formed hydrogen bonding
with the water molecules in the solvent. On the other hand, above
the LCST, the molecular segment shrank, and NBD was separated
from hydrolysis due to the increased hydrophobicity of the envi-
ronment, resulting in a significant enhancement of fluorescence.
The ratiometric fluorescence thermometer was further used to
measure the fluorescence emission intensity excited by two
different wavelengths through self-calibration to eliminate most of
the ambiguities owing to the single-wavelength intensity response
of the environment and thus distinguished the temperature
differences less than 1.0 °C.

42 pH

Potential of hydrogen (pH) is one of the most relevant param-
eters in aqueous solutions. During the self-assembly process,
the pH value not only affects the interfacial properties of
aggregates but also affects the ion flow of assembly. The degree
of protonation and deprotonation of building blocks with
ionizable groups can be manipulated by the pH environment so
that their electrostatic interactions will be controlled. Addi-
tionally, the strength of ionic interactions can also be affected
due to the changes in pH and the addition of multivalent ions or
other charged blocks. The most common acquisition method to
obtain these data in analytical chemistry is to directly measure
the potential between the two electrodes. However, the self-
assembly process analysis requires in situ measurements
without any physical interaction, and the determination of local
pH offers a unique and major opportunity to increase our
understanding of the self-assembly system. Due to the non-
invasive optical properties, fluorescent pH-sensitive probes are
a powerful tool for the determination of the local pH value.****

One of the important fluorescent pH sensitive probes is the
“turn-on” probe, which can easily distinguish the “on” or “off”
state when the pH is imbalanced. Chakraborty et al. reported
a fluorescent pH-sensitive probe (PS-OH) synthesized from pen-
tacyclic pyrylium fluorophore (PS-OMe) demethylated by boron

© 2024 The Author(s). Published by the Royal Society of Chemistry
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tribromide (Fig. 9a)."* Due to the deprotonation of phenol-OH,
the mixed state electrons transited from the asymmetric high-
est occupied molecular orbital (HOMO) to the symmetric lowest
unoccupied molecular orbital (LUMO), which indicated the non-
emission properties of PS-OH at neutral and alkaline pH.
Therefore, the maximum absorbance at 460 nm gradually
decreased, while a new maximum absorbance appeared at
570 nm as the pH value of the system increases. On further
applying the PS-OH probe to detect the changes of intracellular
pH, it was found that fluorescence was not observed at pH = 7.4.
When the pH value dropped to 7.0, detectable fluorescence
signals were observed, and the fluorescence intensity gradually
increased with the decrease of the pH value. Therefore, PS-OH is
capable of monitoring even a minute change in the physiological
pH in cells during the therapeutic process with chemodrugs or
apoptotic agents in real time.

Compared with pH probes with single emission intensity,
the ratiometric fluorescent pH sensitive probes can simulta-
neously detect two signals at one time, making the data more
reliable and avoiding the influence of environment and
concentration on the fluorescence intensity."* The response
mechanisms of ratiometric probes are mainly based on through
bond energy transfer (TBET), intramolecular charge transfer
(ICT), excited-state intramolecular proton transfer (ESIPT),
fluorescence resonance energy transfer (FRET), etc. Dennis et al.
used semiconductor quantum dots (QD) as donors and pH-
sensitive fluorescent protein (FP) as acceptors to design and
synthesize FRET pairs (Fig. 9b).** The FRET pair takes full
advantage of the excellent brightness, high quantum yield and
photostability, binding capacity with multiple acceptor mole-
cules, wide excitation spectrum, narrow and adjustable emis-
sion spectrum of QD as the donor, and the environmental
sensitivity of the fluorophore as the acceptor to regulate the
emission intensity of the donor (Fig. 9c).

Furthermore, considering the local pH changes caused by the
self-assembly process, the combination of pH probes and other
techniques for the dynamic tracking of the assembly process has
also attracted researchers' attention. For instance, Liu et al
designed a red fluorescent protein probe (pHmScarlet) with high
brightness, good stability and strong pH sensitivity and used
total internal reflection fluorescence microscopy (TIRFM) and FP
to detect the vesicle exocytosis.'** By combining pHmScarlet and
TIRFM, they found that the mature vesicle cavity is acidic (pH is
about 5.6). Also, during the process of vesicle exocytosis, the
vesicle membrane and plasma membrane fuse, and the pH in
the cavity instantly switches to a slightly alkaline extracellular
environment (pH is about 7.4). Moreover, pHmScarlet can also
detect the fluorescence intensity of intact vesicles in acidic
environment, and, as a result, track and record the anchoring
steps of vesicles. On further combining with the pH-sensitive
fluorescent protein (pHluorin), the probe can perform two-
color imaging of multiple vesicular proteins (Fig. 9d).

4.3 Light

Photosensitive probes are powerful tools for self-assembly
research, which utilize optical methods to highlight the
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changes of dynamic structure. Photosensitive probes can be
divided into photoactivatable probe, photoconvertible probe
and photoswitchable probe. Under light stimulation, the pho-
toactivatable probes transfer the target from a dark state to
a bright state, the photoconvertible probes change the emission
wavelength, and the photoswitchable probes can be turned on
and off reversibly."?**3*

The photoactivation probes realize the function through
recognizing targets, controlling the enzyme activity and acti-
vating the fluorophore by light. Generally, the “initial” probes
are activated at the desired time and area, improving the

3814 | Chem. Sci, 2024, 15, 3800-3830

contrast signal and the sensor specificity through precise space-
time control.”®® For example, Zhao et al. designed a UV-
responsive DNA probe (PBc) by installing the light cut key in
MB (Fig. 10a),"** and both ends of the PBc were labeled with
quenchant (BHQ2) and fluorescent group (Cy5), respectively.
When there is no light, a weak fluorescent background is
generated by FRET. However, once given UV irradiation, the end
of the chain modified with a quenchant would undergo a dose-
dependent shift towards the target of miRNA, further leading to
enhanced fluorescence signals. In addition, PBc can be used for
the functionalized surface modification of nanoparticles

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(UCNP), which can be used to convert low-energy near-infrared
ray into high-energy ultraviolet light to conversely control the
activity of PBc.

Although significant progress has been made in the gene-
encoded photoactivatable fluorescent proteins, these fluores-
cent proteins are usually larger than targets, which may lead to
adverse aggregation or functional changes of the target proteins.

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

To overcome this challenge, Jun et al'* designed a kind of
photoconvertible fluorescent small molecule (clickable and
photoconvertible diazaXanthilidene (CPX)) that can transition
from one fluorescence state (like green) to another state (like red)
based on the photochemically permissible activation mechanism
of electrocyclization or oxidation (Fig. 10b). Further application
of CPX for detecting the transport of biologically related synthetic
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vesicles (Fig. 10c) revealed that the selective photoconversion of
giant unilamellar vesicles (GUV) labeled by CPX occurred after
440 nm laser irradiation, and the new non-photoconvert vesicles
proved the transport of GUV.

With the precise regulation of fluorescence excitation and
inactivation in space and time, photoswitchable molecules have
greatly promoted the development of super-resolution micro-
scopes, and the spatial resolution of optical imaging was
improved to tens of nanometers. Moreover, due to the huge
lifetime difference between the excited state and the non-
fluorescent state, the light damage with high-power of micro-
scope was solved. Lee et al. designed a photoswitchable probe for
electron pre-resonance stimulated Raman scattering (epr-SRS).**®
As shown in Fig. 10d, the coupling of electrons and vibrations
switches the electronic states of molecules into four different
states, thereby turning on or off the ground state signals of epr-
SRS. Also, the HeLa cells marked by ATTO680 azide confirmed
the photoswitchable effect during epr-SRS imaging.

4.4 Polarity

As a complicated factor, polarity represents a series of non-
covalent effects, such as polarizability and dipolarity,
hydrogen bonding and hydration, which play pivotal roles in
the assembly process.**'** Thus, to uncover the mysterious veil
of polarity in assembly processes, the precise determination of
polarity changes has been investigated. Although several
analytical methods, such as spectral, electrochemical, and
chromatography analysis have been developed, ideal tools for
polarity detection are scarce.**® Compared with the traditional
tools, fluorescent probes are emerging as an important polarity
detection tool due to their high sensitivity and selectivity,
operational simplicity, real-time monitoring, high temporal-
spatial resolution and non-invasiveness.

The classical strategy for designing polarity-sensitive probes
is to construct a structural framework with donor and acceptor
groups, thereby achieving a large dipole moment. After light
absorption, this framework can ensure the transfer of charge
from the donor to the acceptor, and then a highly dipolar
excited state is formed. The dipolar excited state will be relaxed
by the interaction with the dipoles of solvent, and thus the
emission will shift to longer wavelengths in a more polar envi-
ronment.**! Yuan et al.*** introduced a series of near-infrared
polarity-sensitive probes with ON-OFF fluorescence switch
into pluronic nanoparticles (Fig. 11a). These probes were
encapsulated into the thermosensitive pluronic nanoparticles.
Due to a significant variation in the emission intensity over
a slight change in temperature, these probes can serve as ON-
OFF fluorescence switches, and the switching ratio was proved
to increase with the reduction of hydrophobic chains.

Other mechanisms can also serve as regulation mechanisms
for polarity-sensitive fluorescent probes, such as twisted intra-
molecular charge transfer (TICT) and excited state intramolecular
proton transfer (ESIPT).'**'** Typical examples are 3-hydroxy-
flavone derivatives. After the ESIPT reaction, these derivatives
exhibit intense solvatochromism with double emission peaks.
Ryder et al. used a variety of fluorescent probes (4'-diethylamino-3-

3816 | Chem. Sci, 2024, 15, 3800-3830
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hydroxyflavone (FE), 5,6-benzo-4’-diethylamino-3-hydroxyflavone
(BFE), and 4’-diethylamino-3-hydroxy-7-methoxyflavone (MFE)) to
evaluate the polarity of thermosensitive copolymer films
(Fig. 11b).** It was found that the increase in the hydrophobicity
would result in a decrease in the ratio of the two emission inten-
sities (In+/It+). Therefore, the composition of copolymer is closely
related to the probe-doped copolymer films.

4.5 Local viscosity fluctuations

During the self-assembly process, viscosity is also an important
micro-environment parameter, which can reflect the flow state of
building blocks and aggregates in the system, play a significant
role in the mass and energy transfer, as well as the molecular
interactions."***® The traditional viscosity measurement tools
based on the hysteresis principle are difficult to realize dynamic
detection, which poses a great challenge to viscosity measure-
ment in the self-assembly process. Researchers have found that
the orientation of the absorption transition moment (M,) and
emission transition moment (Mjz) of fluorescent molecules
depend on their structure. Although the ground states of all
fluorescent molecules in homogeneous solution are randomly
oriented, once excited by the polarized light with the incident
photoelectron parallel to M,, the orientation of excited fluores-
cent molecules is no longer random, and the emitted light is also
polarized. The degree of polarization depends on the diffusion of
molecules, which is related to the viscosity of environment and
the size and shape of fluorescent molecules.***** Therefore,
fluorescence probes can be used for determining the local
viscosity of assembly systems.

Zheng et al. synthesized a near infrared fluorescence probe
(Mito-NV) (Fig. 12a) based on the twisted intramolecular charge
transfer theory using 4-pyridine acetonitrile as the electron
acceptor and dimethylaniline as the electron donor, respec-
tively.">* The Mito-NV probe is sensitive to viscosity, and its fluo-
rescence intensity exhibits good linear correlation with viscosity.
The maximum absorption peak of Mito-NV in water is located at
520 nm, while the maximum peak in glycerol is located at 685 nm.
The large Stokes shift (155 nm) effectively avoids interference
form background fluorescence. The probe rotor rotates with high
speed at low viscosity and generates very weak fluorescence. On
the contrary, the rotation of the rotor is suppressed at high
viscosity, resulting in strong fluorescence signal from Mito-NV.

In addition, the diversity and complexity of the system during
assembly have put forward higher and extensive requirements on
the fluorescent probes so that more researchers are paying
attention to multi-functional probes with multiple environ-
mental parameters detection capabilities."***** Song et al.
designed a dual-response fluorescent probe for cancer imaging,
which can simultaneously monitor the pH and viscosity,***> based
on the acid-activated transformation of iminopyrrol and ami-
nopyrrol, and twisted intramolecular charge shuttle (TICS) fluo-
rescence sensing mechanism (Fig. 12b). Moreover, the aniline
group of the probe is not only a pH-responsive site but also
viscosity-responsive. Commonly, in an alkaline environment
with any viscosity gradient, the probe molecules are in the form
of iminopyrrosine without obvious absorption in the visible

© 2024 The Author(s). Published by the Royal Society of Chemistry
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region. However, in acidic and low viscosity environments, the
probe molecules take the form of aminopyrrole and have strong
absorption in the visible region. Meanwhile, the rotation of
aniline groups at the excited state would cause TICS, making it
unable to generate fluorescence. However, in acidic and high
viscosity environment, the probe molecules are in the amino-
pyrrole form, which can inhibit the rotation of the aniline group
and limit TICS, resulting in strong fluorescence.

4.6 Field-stimulation response

Although response probes based on temperature, pH and light
have shown excellent intensity and resolution, the image

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

resolution sharply declines under extreme conditions, such as
the deep tracking of non-invasive living animals. Some
compound probes, like field-stimulation response, may provide
stronger fluorescence signal.

Photoacoustic (PA) probes, produced by coupling NIR and
ultrasonic readout, benefiting from rich contrast, high resolu-
tion, and deep tissue penetration, have shown good prospects
in biomedical imaging.**®> The PA probe design should consider
the following principles: (1) the excited light generated by the
probe after absorbing NIR must have considerable penetration
ability. (2) The PA signal produced by the probe for detection
should be strong. And (3) The absorbance overlaps between the
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probe and the substrate should be less. Zhou et al. synthesized
conformationally-restricted analogues of hypoxia-responsive
probe/product pair (HyP-1/red-HyP-1) and constructed the
conformationally-restricted aza-BODIPY (CRaB) platform
(Fig. 13a)."** As shown in Fig. 13b, the theoretical ratiometric
response of the three probes was improved by 2-8 times in vitro,
showing great potential for PA response. Besides, the detection

3818 | Chem. Sci,, 2024, 15, 3800-3830

of the hypoxic tumor model demonstrated the potential of the
CRaB scaffold in vivo.

In order to improve the detection sensitivity of ochratoxin A
(OTA), Yao et al. enhanced the signal and reduced the noise
based on rolling circular amplification (RCA) and magnetic
purification.”” As shown in Fig. 13c and d, the aptamer of OTA
was designed as the fragment of RCA primers and fixed on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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difference dipole moments. (f) Changes in the nitrile stretching frequen

cy in different solutions and pCNF position as a function of tempera-

ture.**® Reproduced with permission from ref. 158. Copyright 2016, American Chemical Society.

magnetic nanoparticles (MNP). An external magnetic field was
applied to purify the mixture in the sensor system to remove the
residual quantum dots (QDs)-labeled probe and reduce the
interference of the background fluorescent noise. Also, the RCA
could tremendously increase the hybridization sequence of
QDs-labeled probes, thereby further increasing the sensing
response signal. For the probes with the best sensing perfor-
mance after systematic optimization, the response sensing
range for OTA detection was improved by 3 orders of magni-
tude, and the detection limit was as low as 0.13 ppt, which is 10
000 times higher than those of traditional methods.

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

Furthermore, based on the specificity of vibrational oscilla-
tion to the micro-environment, nitrile functionality probes were
generally used as the reporter of electric field caused by vibra-
tional Stark effect (VSE) spectroscopy. VSE spectroscopy has
been usually used to investigate the assembly kinetics, confor-
mational folding and local static electricity.**>'*® However, due
to the large dipole moment of the ground state and the strong
hydrogen bonding ability of nitrile groups, the detection of the
electric field is usually very complex. Slocum et al. incorporated
p-cyanophenylalanine (pCNF) residues into green fluorescent
protein (GFP),'*® and it perfectly solved the external disturbance

Chem. Sci., 2024, 15, 3800-3830 | 3819
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effect generated when nitrile acted as the Stark effect probe,
exploiting the inherent linear sensitivity of GFP to the electric
field (Fig. 13e). As shown in Fig. 13f, even if the hydrogen
bonding was formed between the probes and the solvent, the
change in the electric field monitored by the vibrating probe
and the natural fluorophore was monotonous and linear.

5. Tracking of self-assembly kinetics

The self-assembly process is driven by both thermodynamics
and kinetics, and understanding the kinetics of self-assembly is
beneficial for predicting the assembly behavior and designing
hierarchical structures.****> However, due to a lack of effective
approaches for morphological evolution tracking during the
assembly process, few researchers have systematically consid-
ered the kinetic process since existing research was mostly
focused on the structural changes between aggregates.” The
proposal of a fluorescent probe provides a new idea for kinetic
characterization.

Generally, building blocks with fluorescent groups are
usually designed to track the self-assembled process and to
further obtain kinetics data as the emission and absorption
spectra of fluorescent groups are simple to determine and

View Article Online
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environmentally sensitive. Aratsu et al. designed a series of
barbituric acid molecules to explore the self-assembly mecha-
nism.”” They found that barbituric acid can be assembled into
six-membered complexes similar to rosettes by complementary
hydrogen bonding, which are further assembled into a helicoid
through the w-m interaction between the naphthalene rings
(Fig. 14a). The increase in UV absorption was considered to be
the result of self-assembly due to the electron complementarity
between naphthalene chromophores, which was confirmed by
the change in the fluorescence spectrum with the aggregation of
the naphthalene ring (Fig. 14b and c). Moreover, the absorption
peak at 470 nm was described as the function of kinetics, and
the kinetic mechanisms of self-assembly, spiralization and
dissociation were obtained (Fig. 14d). In addition, the kinetic
results of fluorophore characterization were also confirmed by
time-dependent dynamic light scattering (DLS) and atomic
force microscopy (AFM) (Fig. 14e and f).

However, for several building blocks without fluorescent
groups, it is also necessary and crucial to find convenient and
reliable methods for process detection during self-assembly.
Fortunately, 8-anilinonaphthalene-1-sulfonic acid (ANS), as
a fluorescent probe, exhibits high affinity for hydrophobic
surfaces. In the low polarity region, when ANS binds to the
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Fig. 14 Co-assembly kinetics of barbituric acid. (a) Schematic illustration of the supramolecular copolymerization of barbituric acid into
a helicoid. (b and c) The absorption and fluorescence emission spectra of the 1: 1 mixture of barbituric acid upon cooling, and the subsequent
time-dependent change. (d) Absorbance at 470 nm as a function of temperature during cooling and subsequent aging process. (e) DLS of the
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Reproduced with permission from ref. 27. Copyright 2020, Nature Publishing Group.
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surfaces of the aggregate, its spectrum undergoes blue shifts
and fluorescence intensity enhancement. Therefore, ANS has
received extensive attention in the field of assembly process
detection.'® Laishram et al. incorporated ANS as the polarity
sensitive fluorescent probe into the mixed gel (CaCh2) of
calcium salt (Ca®") and sodium cholate (NaCh) to monitor the
self-assembly process of the gel (Fig. 15a).>® They found that the
bound ANS was released from the hydrophobic pocket of NaCh
into the bulk medium of water, causing some characteristic
changes in emission during the assembly of gels. The spectral
emission changes of ANS at 500 nm was carried out for the
kinetic detection of CaCh2, and the Watzky-Finke model of
autocatalytic nucleation-elongation was used to fit the
nonlinear kinetic curves with good fitting results (Fig. 15b and
¢). In addition, with the addition of gel seeds, the secondary
nucleation rate constant increased with the increase in the seed
proportion. Moreover, the surface-catalyzed secondary nucle-
ation triggered the transverse growth and winding of the fiber
by the hydrogen bonding or hydrophobic interaction between
the fiber surface and free monomers, forming the bundle fibers
(Fig. 15d).

In addition, the existence of multiple intermediates and
many possible processes certainly challenge the dynamic
detection of self-assembly. The high sensitivity of FRET
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technology promotes the detection of interacting substances at
nanomolar concentrations, and it is simple and easy to detect
samples in the solution. Hence, the change in the individual
components and the assemblies can be observed directly by
FRET. FRET is an ideal technique for the real-time monitoring
of self-assembly processes and dynamics, with high sensitivity
and efficiency. Huang designed and synthesized dipyridyl
ligand and diplatinum(u) units labeled with 7-(diethylamino)-
coumarin and rhodamine as the donor and the acceptor fluo-
rophore (Fig. 16a), which formed the metallacycles through
coordination-driven self-assembly (Fig. 16b).'** FRET was used
to monitor the process of metallacycles self-assembly driven by
coordination interactions in real time. Over time, an apparent
increase in the acceptor (rhodamine) emissions was observed to
be accompanied by a decrease in the donor (coumarin) emis-
sions until equilibrium was reached. The ratio of the fluores-
cence intensity of rhodamine at 602 nm to the fluorescence
intensity of coumarin at 467 nm increased until equilibrium
(Fig. 16c and d). Besides, the enhancement of fluorescence
intensity ratios was almost linear with the self-assembly time,
and the self-assembly of metallacycles could be monitored in
real time.

Compared with one-step FRET, multistep FRET systems,
incorporating two or more fluorophores, have received
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Fig. 15 Secondary nucleation-triggered assembly kinetics of CaCh2. (a) Schematic illustration of the kinetically-controlled supramolecular
assembly of CaCh2. (b) Assembly kinetic profiles with and without the seed of CaCh2 by probing the optical density at 500 nm. (c) Double
logarithm plots of half-time (tso) (the time of 50% completion of the assembly process) with the CaCh2 concentration for unseeded and seeded
assembly. (d) Schematic illustration of the secondary nucleation process during the seed-induced assembly.?® Reproduced with permission from

ref. 28. Copyright 2022, American Chemical Society.
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increasing attention for monitoring assemblies.'**'*” Multistep
FRET systems, especially the two-step FRET, offer several
advantages over one-step FRET, such as higher efficiency of
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long-range energy transfer, larger Stokes shift even in the

of spectral overlap, and better detection sensitivity for

acceptor fluorescence. Therefore, multistep FRET systems
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Copyright 2021, American Chemical Society.

significantly improve the possibility of realizing energy transfer
or monitoring inter- and intramolecular interactions generated
exceeding 10 nm and extend the excitation wavelength range for
fluorescence lifetime measurements.'®® Through orthogonal
self-assembly based on macrocycle host-guest and metal-
ligand coordination interactions, Yang constructed a supramo-
lecular system containing coumarin, anthracene, and BODIPY
moieties (Fig. 17a) and achieved the two-step energy transfer
from anthracene to coumarin and then to BODIPY moieties.'®
Further investigations according to the two-step FRET processes
of the orthogonal self-assembly indicated that the gradual
addition of L3 to a solution of hexagonal metallacycles could
reduce the fluorescence emission at 465 nm and increase the

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

intensity of fluorescence emission at 522 nm simultaneously
(Fig. 17b and c) under the excitation of anthracene.

6. Conclusions and outlook

Self-assembly, as well as disassembly, is a ubiquitous process in
nature, and it is essential for controlling and regulating the
transformation of substances from simple to complex and
between disorder and order. Although multiple methods have
been applied to study self-assembly processes, the vast majority
of methods can only indirectly obtain self-assembly information.
Considering the unique ability and exceptional properties of
fluorescence probes for in situ obtaining real-time,
destructive, sensitive, and efficient data and information, the

non-
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important tracking role and potential applications of fluorescent
probes during self-assembly process was reviewed in this work.
Some novel and/or traditional fluorescent probe regulating
modes were introduced to help understand the working mech-
anisms of probes. Also, the fluorescent molecules as tracer
probes to track the self-assembly process of chemical entities,
including direct imaging, description of aggregate properties,
and kinetic characterization or dynamic monitoring, were
systematically and comprehensively summarized. It is well
known that tracking is the key to understanding the mechanisms
of self-assembly, and a full understanding of self-assembly
mechanisms can help to accurately control the self-assembly
process. Besides some stimulus-responsive fluorescent probes,
the useful tools for understanding the micro-environment
during the self-assembly process were also introduced.

Nevertheless, there are still some bottlenecks and challenges
that need to be overcome to make better use of these fluorescent
probes in self-assembly. First of all, although fluorescent probes
have been widely used for the self-assembly analysis of macro-
molecules in vivo, more probes suitable for small molecular
systems are expected to be proposed. The key to this issue is to
design recognition groups so that probes can act on supramo-
lecular aggregates with a small amount of specificity. For
instance, the double-locked probe, covering two or multiple
sequential triggers in a single system, could be sequentially
activated by two or more analytes by cascading.'®'”® With the
help of these double-locked probes, measurement uncertainties
(like reactivity discrepancies and spectral crosstalk) caused by
several identification groups can be avoided. Secondly, the
current fluorescent probes may not exhibit desired selectivity and
sensitivity for some new systems that are constantly discovered,
and parameters in self-assembly need to be accurately measured
so that researchers need to develop more fluorescent probes to
better monitor the properties of the aggregates and control the
assembly direction of new systems. Finally, although fluorescent
probes are widely used owing to low dosage and non-destructive
testing, the fluorescent groups and recognition groups inevitably
affect the assembly of aggregates. Currently, some physical and
chemical methods are used to remove the fluorescent probes,
such as adsorption, coagulation-flocculation, electrochemical
methods, oxidation, and biological reduction.’”*~*”* However, the
limitations of these methods and possible by-product formation
need to be recognized. Therefore, avoiding the influence of probe
molecules on the assembly or developing a real non-invasive
method for probe removal is also a future research direction.
Overall, fluorescent probes provide a powerful tool for
self-assembly process analysis and monitoring, although there is
still more work to be done. We believe that fluorescent
probes can significantly promote our understanding of self-
assembly.
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