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e Abstract

Fluorescent nanoparticles (Nanoparticles) embedded with molecular organic fluorophores show promise in bioanalysis
and imaging due to their high brightness and photostability. However, close packing of these dyes within nanoparticles
often leads to fluorescence quenching and altered spectral properties. This perspective discusses the origins of these
issues, various nanoparticle designs, and strategies to mitigate dye—dye interactions and quenching. The aim is to provide
a framework to understand the supramolecular mechanisms affecting the photophysics of dye-based Nanoparticles, aiding
in the design of improved fluorescent nanoparticles.

¢ Introduction

Fluorescent Nanoparticles are valuable for bioanalysis and imaging due to their increased brightness, photostability, and
environmental protection compared to traditional molecular fluorescent labels. Nanoparticles can be inorganic (e.g.,
quantum dots, upconversion Nanoparticles) or organic (e.g., molecular dyes, conjugated polymers, carbon dots).
Inorganic Nanoparticles, like quantum dots, have size-dependent properties and lack discrete absorption bands. Organic
Nanoparticles, on the other hand, have properties defined by their covalent structures, making them brighter and providing
a direct correlation between structure and photophysical properties. The challenge with organic Nanoparticles is avoiding
fluorescence quenching (aggregation-caused quenching, ACQ) when dyes are densely packed. Despite these challenges,
there is a wide range of strategies and materials being developed to optimize dye-based Nanoparticles.

¢ Challenges Influencing Optical Properties

- Fluorescence Quenching: Dense packing of dyes in Nanoparticles often leads to quenching, altering the photophysical
properties.

- Strong Chromophore Interactions: Close packing leads to strong interactions between chromophores, resulting in
delocalized excited states, spectral shifts, and altered fluorescence quantum yields and lifetimes.

- General Effects: Understanding general effects that influence the photophysical properties of dyes in Nanoparticles can
aid in developing solutions.

¢ Photophysical Descriptors of Dyes

Key properties of dyes include transition dipole moments, absorption coefficients, radiative rates, fluorescence quantum
yields, and lifetimes. High fluorescence quantum yields are achieved when radiative rates exceed non-radiative rates.
However, in solid-state or high-density environments, efficient quenching is common due to strong chromophore
interactions, requiring a deeper understanding to design quench-resistant materials.

e Design Strategies

To address these challenges, researchers explore various nanoparticle designs and strategies, such as:- Supramolecular
Design: Understanding and manipulating the internal structure of Nanoparticles to minimize quenching.

- Material Selection: Choosing matrix materials and assembly strategies that mitigate undesirable interactions.

- Optimization: Leveraging the vast knowledge of organic dye chemistry to create Nanoparticles with desired
photophysical properties.

The field of fluorescent dye-based Nanoparticles is rapidly evolving, with ongoing efforts to overcome the challenges of
fluorescence quenching and spectral shifts. By understanding the fundamental photophysical effects and employing
strategic design principles, it is possible to create highly efficient fluorescent nanoparticles for a wide range of
applications.

e Molecular Exciton Coupling Model

- Kasha's Model: This model describes the formation of new electronic states and transitions due to Coulomb coupling
between the transition dipole moments of neighboring chromophores.
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- Key Factors: The Coulomb coupling (JC) depends on the distance (R), the magnitude of the transition dipole moment
(), the angle between the transition moments (0), and the local dielectric constant (g).

- Dimer Arrangements:

- J-Aggregates (Head-to-Tail): The in-phase combination leads to allowed transitions with red-shifted spectra, resulting
in efficient fluorescence.

- H-Aggregates (Side-by-Side): The in-phase combination results in blue-shifted absorption, with weak or absent
fluorescence due to forbidden transitions.

- Excimers: These are dimers formed between an excited and a ground state molecule, leading to broad redshifted
emissions and often significant quenching.

¢ Challenges in Dye-Based Nanoparticles

- Strong Interactions: Close packing of dyes leads to strong chromophore interactions, resulting in delocalized excited
states and altered photophysical properties.

- Energy Migration and Quenching:

- Forster Resonance Energy Transfer (FRET): Even without strong interactions, weak Coulomb interactions mediate
efficient energy transfer, contributing to fluorescence quenching by directing excitation to quenching sites.

- Trap States: These can originate from dye impurities, structural defects, or surface defects, leading to non-radiative
deactivation of excitons.

- Multi-Exponential Fluorescence Decays: Indication of energy transfer-mediated quenching in Nanoparticles with
varying proximity to trap sites.

e Design Strategies and Applications

- Aggregate Structure Control: Understanding and controlling aggregate structures can help achieve predictable properties
such as efficient J-aggregate fluorescence.

- Nanoparticle Stability and Surface Passivation: Stabilizing Nanoparticles in biological environments and passivating
surface defects can mitigate quenching.

- Utilizing Energy Migration: Efficient energy migration can be advantageous, for instance, in super-resolution
microscopy or antenna systems for acceptor dyes.

Understanding the photophysical effects of strong interactions and energy migration in dye-based Nanoparticles is crucial
for designing efficient fluorescent materials. While challenges such as fluorescence quenching and unpredictable
photophysical properties persist, strategic control of aggregate structures and surface passivation can lead to improved
dye-based Nanoparticles for various applications.

e Inner Filter Effects in Dye-Based Nanoparticles

Overview: Inner filter effects, both primary (excitation attenuation) and secondary (self-absorption), can significantly
impact the optical properties of nanoparticles (Nanoparticles) with high dye concentrations. These effects need to be
considered, especially when working with highly absorbing dyes and larger nanoparticles.

Primary Inner Filter Effects: This effect can cause deviations in quantitative measurements such as quantum yield and
excitation spectra, even in smaller particles. For example, in Nanoparticles with 0.6 mol L—1 dye concentration and an
absorption coefficient (¢) of approximately 10"5 M—1 cm—1, significant effects can be observed for sizes exceeding 20
nm.

Secondary Inner Filter Effects: These effects lead to truncation of the blue side of the emission spectrum due to
reabsorption, causing the spectrum to appear red-shifted. Reabsorption also stretches the fluorescence decay in time-
resolved measurements, resulting in apparently longer fluorescence lifetimes.

¢ Brightness per Volume (Bv):

- Traditional brightness (B) is defined as the product of fluorescence quantum yield (®) and molar absorption coefficient
(e).

- For dye-based Nanoparticles, brightness can be given as \( B = \Phi \times \epsilon \times n \), where \( n\) is the number
of dyes in the particle.

- To compare different materials, brightness per volume (Bv) is used: \( Bv,NP = \Phi \epsilon n/ VV_{NP}\), normalizing
brightness by nanoparticle volume. Alternatively, brightness per dye volume (Bv) can be used: \( Bv = \Phi \epsilon /
V_{dye}\), where \( V_{dye}\) is the average volume containing one dye in the NP.

¢ Fluorescence Quantum Yield and Lifetime:

- The quantum yield of fluorescence can vary with dye loading due to aggregation-caused quenching (ACQ). Comparing
NP quantum yield to highly diluted NP or thin film references is preferred over solution values.

- Fluorescence lifetime analysis can diagnose defects: a mono-exponential decay suggests a single emitter type without
quenchers, while multi-exponential decays indicate multiple configurations or quenchers.
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¢ Nanopatrticle Design Principles:

e Low Dye Loading Nanoparticles:

- Encapsulating dyes in a matrix at low concentrations prevents aggregation and ACQ.

- Various matrices (e.g., polymer, silica) are used, but high dye loading results in ACQ due to dimer or aggregate
formation.

e Special Organic Materials to Limit ACQ:

- Polydots: Nanoparticles based on semiconducting fluorescent polymers with extended wn-conjugation, allowing efficient
exciton migration while minimizing ACQ due to covalently attached side chains.

- AIE Nanoparticles: Aggregation-induced emission (AIE) chromophores that become fluorescent in the solid state by
restricting non-radiative relaxation through twisting. These dyes show moderate absorption coefficients, large Stokes
shifts, and reduced exciton coupling, making them resistant to ACQ.

Understanding and addressing inner filter effects and optimizing key performance parameters are crucial in designing
effective dye-based nanoparticles. Strategies like low dye loading and using special organic materials can enhance
nanoparticle performance by limiting ACQ and improving fluorescence properties.

To suppress Aggregation-Caused Quenching (ACQ) in fluorescent dyes, several strategies are utilized to increase dye
loading while preventing close contact between dye molecules:

¢ Bulky Side Groups:

- Introducing bulky groups on chromophores or their counter ions hinders n-x stacking, reducing ACQ.

- Perylene diimides (PDIs) modified with bulky side groups at bay and imide positions show improved fluorescence in
high dye-loaded polymer films and nanoparticles (NPs).

e Framework Isolation:

- Encapsulation of chromophores in well-defined lattices such as metal-organic frameworks (MOFs) or zeolites provides
controlled separation, avoiding ACQ.

- MOFs allow precise packing control by either encapsulating chromophores in pores or using them as bridging ligands.

e lonic Organization:

- Utilizing electrostatically driven ion pair formation with large counterions reduces ACQ by increasing dye separation.
- Group of uniform materials based on organic salts (GUMBOs) and hanoGUMBOSs use large counterions for liquid
crystalline packing, reducing ACQ despite some optical distortion.

e Counterion Separation:

- Large counterions like tetraphenylborate (TPB) or its fluorinated derivatives paired with cationic dyes in polymer
Nanoparticles increase dye separation, limiting ACQ. The Klymchenko group used large fluorinated anions to achieve
high fluorescence quantum yields (QY) in Nanoparticles.

e Supramolecular Counterions:

- Supramolecular organization through ion-pairing assembly prevents ACQ by converting small anions into larger
complexes, ensuring efficient isolation of cationic fluorophores. The SMILES (Small-Molecule lonic Isolation Lattices)
approach utilizes the cyanostar macrocyclic anion receptor to create large disc-shaped anion complexes, providing
structural and electronic isolation of dyes.

¢ Doping and Mixing Strategies:

A red-shifted dopant emitter can harvest excitons efficiently, reducing energy migration to trap states and improving
fluorescence. Doping strategies in SMILES materials showed large improvements in QY and fluorescence lifetimes.
Conclusion These methods ensure the separation of chromophores to prevent strong interactions and quenching,
enhancing the fluorescence efficiency and brightness of the Nanoparticles.
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