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Abstract 

Membrane-less organelles (MLOs) are formed via liquid-liquid phase separation (LLPS) 

within cells. MLOs play a critical role in various cellular processes and exchange molecules 

quickly with surroundings. Moreover, the formation and dynamic behaviors of MLOs have 

significant implications for understanding human health. Disruptions in their formation and 

alteration in their dynamics have been linked to several diseases. Specifically, MLOs exhibit 

abnormal diffusion dynamics contributing to impaired functions with neurodegenerative 

diseases. Understanding the underlying molecular mechanisms of the diffusion dynamics and 

their contributions to disease development could be the key to unlocking novel therapeutic 

strategies targeting MLOs in neurodegenerative diseases. 

Neurodegenerative diseases are characterized by the loss or dysfunction of neurons in the 

human brain. Two common examples are Amyotrophic Lateral Sclerosis (ALS) and 

Frontotemporal Dementia (FTD), both of which have been linked to abnormal repeat 

expansions of GGGGCC sequences within the intron of mutant C9ORF72 gene. These 

hexanucleotide repeat expansions are translated via a non-ATG mechanism into toxic arginine-

rich dipeptides, which could accumulate within various MLOs via LLPS and alter the diffusion 

behaviors. The diffusion dynamics and spatial heterogeneity within these LLPS-derived MLOs 

remain poorly understood.  

In Chapter 2, we investigated in vitro liquid droplets formed by positively charged arginine-

rich dipeptides, (PR)20 (twenty repeats of proline–arginine) mixed with negatively charged 

homopolymeric adenine (poly-A RNA), with spatially resolved fluorescence recovery after 

photobleaching (FRAP) analysis and Raman spectroscopy. The result was compared with an 

artificially designed dipeptide, (P4R4)5, which has the same number of proline and arginine but 
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with the uneven charge pattern consisting of five repeats of four continuous proline and four 

continuous arginine. Although (PR)20 and (P4R4)5 have the same net charge, FRAP analysis 

revealed the reduced fluidity in (P4R4)5 / poly-A RNA compared to (PR)20 / poly-A RNA 

droplets, which is mainly caused by the uneven partition of the positively charged arginine in 

(P4R4)5 dipeptide leads to the higher binding energy compared to repetitive structure of (PR)20. 

Our findings revealed that Raman spectroscopy effectively enables the monitoring of the 

spatial gradient of RNA concentration inside individual droplets, which can be correlated with 

FRAP analysis. These positively charged arginine-rich dipeptides concentrate within liquid 

droplets and play a crucial role in forming a hierarchical structure within liquid droplets. Taken 

together, Raman spectroscopy provides insights into understanding the diffusion dynamics and 

a more comprehensive understanding of their spatial distribution and molecular diffusion. 

To further understand the mechanism regulating the diffusion behaviors of charged molecules 

in MLOs, in Chapter 3, we employed Raman spectroscopy and FRAP analysis to elucidate the 

spatial distribution and molecular diffusion behaviors of the dipeptides with different charge 

properties and poly-A RNA within LLPS-derived liquid droplets in vitro. Although (PR)20 and 

(GR)20 have the same partition of the repeat sequence and net charge, their sequence-specific 

charge distribution would influence the dynamics of LLPS-derived liquid droplets. Raman 

spectra of individual LLPS liquid droplet revealed that (GR)20 / poly-A RNA complexes have 

a higher density of RNAs than (PR)20 / poly-A RNA droplets. Furthermore, we observed a 

concentration gradient of RNA within individual liquid droplets in Raman spectra maps, while 

the intensity ratios between dipeptide and RNA remained uniform, suggesting a hierarchical 

structure and the formation of stable RNA-dipeptide complexes. FRAP analysis of RNA and 

various small dye molecules with different net charges further indicated heterogeneous 

diffusion dynamics, with slower diffusion at the droplet center compared to the inner boundary. 

This trend aligns with the observed concentration gradient of RNA and dipeptides in the Raman 

spectroscopic measurements. Notably, only the negatively charged fluorescein showed a 
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significant difference in the ratio of center-to-boundary recovery time between (PR)20 and 

(GR)20 droplets, suggesting stronger interaction with (GR)20. 

Together, these findings reveal spatial heterogeneity and diffusion behaviors within LLPS-

derived liquid droplets and highlight charge-dependent interactions in LLPS droplets. These 

results provide insights into the mechanisms governing molecular diffusion dynamics, 

contributing to a deeper understanding of protein aggregation in neurodegenerative diseases. 
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Chapter 1  

                                 

 

General Introduction 
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1.1 Introduction to membrane-less organelles in Eukaryotes 

Eukaryotic cells have evolved organelles to organize their components spatially and temporally 

to carry out functions by two classes of sub-cellular compartments in both nucleus and 

cytoplasm: membrane-bound organelles that compartmentalize materials within a lipid bilayer 

membrane and membrane-less organelles (MLOs) formed via liquid-liquid phase separation 

(LLPS) within cells that lack delimiting membranes and exchange with the subcellular 

surroundings quickly. There are many MLOs, including nucleoli, Cajal bodies, and 

promyelocytic leukemia (PML) bodies in the nucleus, and stress granules (SGs) and P bodies 

in the cytoplasm, as shown in Figure 1.1.1 In addition, MLOs can form and disassemble 

repeatedly when needed at different stages of cell cycles. For example, the nucleolus, one of 

the MLOs, was described as liquid-like in the 1830s under a light microscope,2, 3 is present at 

the non-mitotic stage and disassembles at the mitotic stage. The formation of SGs, which are 

highly dynamic MLOs formed via LLPS, can be induced by stress stimuli, including viral 

infection, oxidative stress and heat.4, 5, 6, 7 They disappear quickly when the stress stimulus is 

removed.8 Additionally, certain anticancer drugs can be recruited into the MLOs,9 and some 

toxic peptides can impede the function of the MLOs.10 The dynamic behaviors and functions 

of MLOs are primarily governed by their physical properties. These liquid-like features are key 

to understanding how MLOs operate within cells. 
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Figure 1.1. MLOs in eukaryotic cells [adapted from1] 

 

Recent studies focus on MLOs with a series of emergent physicochemical properties, such as 

density, surface tension, viscoelasticity, and electrochemical potential.11 These properties 

likely influence biochemistry and cellular function.12 These MLOs play a vital role in tens of 

thousands of biological reactions in cells due to the dynamic properties, which allow their 

formation, dissolution and rapid transport of macromolecules with surroundings.13 Many 

reactions occur in MLOs within a limited space ranging from Ångstroms (Å) to micrometers 

(𝜇m), enabling specialized functions, including protein localization, supramolecular assembly, 

gene expression, gene transcription, RNA metabolism, minimizing cellular noise, genome 

packaging control and cell-cycle control (Figure 1.2).14, 15, 16  
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Figure 1.2. Names, locations and the functionality of MLOs in eukaryotic cells. [adapted 

from17] 

 

Due to the diverse physical properties of different MLOs, they are capable of interacting with 

a wide range of small molecules (Figure 1.3), thereby performing various biological functions. 

Elucidating the connection between dynamics and their physical properties may enhance our 

understanding of MLOs’ behavior in both physiological and pathological contexts. However, 

more and more studies have shown that abnormal MLOs are related to various diseases. When 

such normal functioning MLOs become abnormal, they typically exhibit changes in droplet 

properties, including fibers with poor dynamics, shape changes, size changes, and the 

appearance or disappearance of large numbers. Such abnormalities can directly affect cell 

function. 
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Figure 1.3. Various functions of MLOs with surroundings in eukaryotic cells [adapted 

from18] 

 

1.1.1 The molecular language of LLPS and MLOs 

The formation mechanism of MLOs has long been a mystery. Over the past almost 16 years, a 

new scientific field focused on MLOs has supported a completely new LLPS model, wherein 

many biomolecular interactions are associated with biomolecular condensates.19 This 

discovery not only explains the formation mechanism of MLOs but also provides new methods, 

such as fluorescence recovery after photobleaching (FRAP) analysis, to explore the diffusion 

of components within MLOs in cell life activities.20 Despite the diverse array of MLOs in 

eukaryotic cells, this common formation mechanism underlies their assembly within the cell.21 

MLOs, also known as biomolecular condensates (BMCs), are formed via LLPS and are highly 

dynamic.22, 23, 24 For example, the components inside MLOs, such as P granules, can quickly 

exchange with those in the cellular environment and display liquid-like properties.19 This 
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dynamic property is mainly due to the fact that the molecules therein are only bound by weak 

multivalent interactions rather than strong chemical bonds, allowing them to flow and disperse 

freely.25 For this reason, biomolecules with special properties, especially proteins and 

negatively charged nucleic acids, are more likely to aggregate with other components in the 

cell through LLPS to form local high-concentration reaction units. The formation and 

maintenance of MLOs usually rely on the charge properties of their components. Molecules 

with positive or negative charges, especially specific positively charged amino acids and 

negatively charged nucleic acids, often form MLOs through electrostatic interactions.10 For 

example, arginine-rich proteins can bind to acidic molecules due to their positive charge, while 

negatively charged RNA easily binds to positively charged proteins to form droplet-like 

structures. These charge-driven interactions not only enhance the intermolecular attraction but 

also promote the occurrence of LLPS. Gaining a better understanding of the normal and 

pathological functions of MLOs requires a clear understanding of the molecular interactions 

and how different biomolecules contribute to phase separation.26 

In general, all MLOs are composed of protein, RNA, and/or DNA and formed via LLPS. 

Proteins undergoing LLPS contain intrinsically disordered low-complexity domains that can 

self-assemble into the condensed phase. 

Short history of liquid-liquid phase separation 

Phase separation is a well-known physical and chemical concept for a long time, especially in 

the polymer science and process engineering fields.27 The study of phase separation in the 

description of biology has a long history of more than 100 years since the 1890s ( Figure 1.4). 

Albert Kossel was the first person who report the phase separation of proteins and nucleic 

acids.3, 28 Wilson and other bioscientists observed that cell was crowded with liquid droplets or 

coacervates.29, 30 
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Figure 1.4. History of the development of LLPS. [adapted from3] 

 

A resurgence of phase separation research in the field of biology can be traced back to 2009 

when Hyman and Brangwynne discovered that P particles formed via phase separation and 

have liquid-like properties.19 In 2012, Li et al. discovered that multivalent weak interactions 

can drive proteins and RNA in test tubes to form small droplets or colloids.25 The concentration 

of protein in liquid droplets was approximately one hundred times higher than in the 

surroundings, and the development of in vitro experiments has made the study of phase 

separation much easier, which has become a breakthrough in the field of phase separation. 

Weak Interactions driving LLPS 

The LLPS can be divided into three types: segregative LLPS, simple coacervation and 

associative LLPS (Figure 1.5). 
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Figure 1.5. Types of liquid-liquid phase separation [adapted from31] 

 

In a segregative LLPS, two soluble polymers are separated into two phases due to the repulsive 

interactions between them.31,32 For example, when two incompatible polymers, such as 

Poly(ethylene glycol) (PEG) and dextran, separate into two aqueous phases, one phase rich in 

dextran and one phase rich in PEG.33  

The repulsive interactions between polymers in the segregative LLPS can be rationalized by 

Flory-Huggins (FH) mean-field model between polymers and surrounding media,34, 35, 36  

which uses the 𝜒-parameter (chi) to describe interactions. 𝜒-parameter also called Flory-

Huggins interaction parameter, Huggins parameter, Flory-Huggins parameter. The free energy 

per volume, FFH, in FH model can be written in the following equation,37 

𝐹𝐹𝐻

𝐾𝐵𝑇
=

1

𝑁
𝜙𝑙𝑛(𝜙) + (1 − 𝜙) ln(𝜙) + 𝜒𝜙(1 − 𝜙)                                        (1.1) 

where the polymer volume fraction 𝜙  is defined as the ratio of the volume occupied by 

polymer monomers to the total volume of the solution. 𝐾𝐵 is the Boltzmann constant, which 

is a proportionality constant between the temperature and energy. And the Boltzmann constant 
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equals to the ratio between Universal gas constant (R) and Avogadro number (𝑁), 𝐾𝐵 =
𝑅

𝑁̃
. 

And T is the temperature of the system. The parameter N denotes the degree of polymerization, 

representing the number of monomers in a single polymer chain, and influences the entropic 

contribution to the free energy. 

In an associative LLPS, or complex coacervation, two or more biopolymers with oppositely 

charged are condensed into one dense liquid phase due to the attractive interactions between 

them.31 For example, when two biopolymers carry the opposite net charge, they would undergo 

complex coacervation,38 resulting in phase-separated systems with a dense phase and a dilute 

phase.39 Attractive interactions can be driven by a wide range of molecular forces. These 

include non-specific forces, like electrostatic attractions, hydrogen bonds, hydrophobic effects, 

and aromatic stacking, as well as specific molecular recognition mechanisms, such as base 

pairing in nucleic acids and selective binding between multivalent proteins, which are 

considered heteropolymers with complex structures. Multivalent weak interactions mediated 

by the associative polymers, which are defined by Rubinstein and Dobrynin36,40 that the 

macromolecules with attractive groups, like intrinsically disordered regions (IDRs),41, 42 low-

complexity domains (LCDs)43 and prion-like domains (PLDs)44,45 would facilitate LLPS and 

form dynamic complexes.46, 47, 48 The framework of Flory-Huggins provides us with a model 

to describe the homopolymers and the solvent. In modern polymer theories, associative 

polymers can be described with sticker-and-spacer model (Figure 1.6). Stickers are groups 

participating in attractive interactions, whereas spacers are parts of the chain that do not 

significantly drive attractive interactions but modulate chain properties.49 Concepts of scaffold 

(host) and clients (guest) concepts are used to describe the LLPS condensates and molecules 

partitioned within them via weak multivalent interactions.50, 51 FUS IDR is a known scaffold 

protein, which is associated with neurodegenerative disease when abnormal phase separation 

occurrs.52, 20, 53 
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Figure 1.6. Stickers and spacers model of IDR. [adapted from 36] 

 

In a simple coacervation, or self-coacervation, only one single polymer, like IDRs, is 

condensed into one phase at a certain temperature, pH and salt concentration.31, 54, 55 For 

example, a dense phase enriched in one biomolecule due to homotypic interactions between 

charged residues inside sequences.41, 56 Associative polymers and polyampholytes are prone to 

undergo simple coacervation. Polyampholytes contain both positive and negative charges. 

Recently, segregative and associative interactions have been combined to form complex 

droplets with functions that have not been realized for either aqueous two-phase or 

coacervation.57, 58 Macromolecular inert crowding agents, such as PEG, dextran and Ficoll, are 

widely used in in vitro LLPS research.59 These crowding agents could promote (or in theory 

also suppress) LLPS.10, 59, 60, 61 Crowding agents like dextran, PEG, and Ficoll, can be observed 

in the condensed phase.62, 63, 64 

Up to now, there are three different theories are proposed to explain LLPS, polymer theory, the 

multivalency theory and stickers and spacers theory (Figure 1.7).65 According to the Flory-

Huggins mean-field model, LLPS is driven by a competition of energy and entropy. Entropy 

is used to describe the disorder or randomness in a system. Multivalency theory describes 

multivalent polymers, such as IDRs and RNA, that mediate the formation of LLPS droplets 

when interacting with other molecules with more than three valences.66, 65 Stickers and spacers 
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theory focus on the interaction part within the biomolecules. Flory-Stockmayer theory 

considers the valence of stickers and the bond formation probability and ignores the intrinsic 

connectivity due to spacers.34, 36, 67 

 

 

Figure 1.7. Three theories explaining LLPS [adapted from65] 

 

The phase-separated molecules form LLPS through interactions including long range 

interactions (electrostatic interactions) and short range interactions (hydrophobic, cation-pi, 

and pi-pi) (Figure 1.8). The electrostatic interaction between oppositely charged 

polyelectrolytes determines the formation of LLPS-derived MLOs. The electrostatic 

interaction would be shielded by the high concentration of salt, and the liquid droplets would 

be dissolved.68, 69 The cation-pi interaction is a weak intermolecular interaction between 

positively charged molecules and molecules with a pi-electron system, such as a benzene ring 

of Tyr, Phe, Trp, and His or pi orbitals on the side chain of Arg.70, 71, 72, 73 The pi-pi interaction 
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is a weak intermolecular interaction between aromatic rings, such as the aromatic amino acids, 

and nucleobases like adenine.74 In addition to the strength of intermolecular bonds, 

multivalency is also important to induce LLPS.25,75, 76, 77 Hydrophobic interactions are weak 

interactions and hydrophobic interactions between molecules would be suppressed by the 1,6-

hexanediol (1,6-HD).78, 79, 80 So, 1,6-HD treatment is widely used for disrupting LLPS droplets 

both in cells and in vitro.81, 82 

 

 

Figure 1.8. Weak interactions related to LLPS [adapted from83] 

 

LLPS is a thermodynamic and non-equilibrium process in which a homogeneous solution 

spontaneously divides into two phases with different concentrations due to its properties. This 

spontaneous process can be observed easily in a tube with the naked eyes 84, 85 or by optical 

microscopy because the condensed phase becomes turbid, and the turbidity at 600 nm (optical 

density at 600 nm, OD600) increases when the concentration of the components within the dense 

phase increases in LLPS.86, 87 Many factors affect the initiation of LLPS, such as the 

concentration of the phase separation molecules, the environment stimulus of the surroundings, 
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including component concentrations, system temperature, salt, and pH (Figure 1.9). 

Environmental changes can regulate the morphology and structure of droplets by changing the 

parameters of liquid-liquid phase separation, which lays the foundation for cells to dynamically 

regulate the function of MLOs according to their physiological needs. 

 

 

Figure 1.9. LLPS regulated by enviroment stimulus. [adapted from65] 

 

These factors contribute to the dynamic nature of LLPS and its role in the formation and 

regulation of MLOs. The LLPS mechanism explains this important feature, that is, MLOs can 

rapidly transform between different morphologies in response to physiological signals such as 

changes in molecular concentration. Unlike the fixed membrane structure, this provides greater 

flexibility for MLOs to regulate their functional activities. In addition, LLPS also explains an 

important reason why MLOs are easily regulated by changes in the cellular microenvironment. 



 

 

 

18 

The next section will specifically introduce the main characteristics of these MLOs and 

specifically explain the role of their property changes in diseases. 

 

1.1.2 Relationship between membrane-less organelles and 

amyotrophic lateral sclerosis 

MLOs are small liquid-like droplets condensed by biomolecules (DNA, RNA and protein), 

lacking physical boundaries, allowing for rapid exchange of biomolecules with the surrounding 

cellular environment.88 The dynamics of the liquid-like MLOs play an essential role in the 

cellular processes. These MLOs can exchange rapidly with surroundings and appear or 

disappear depending on the different stages of the cell and will also fuse when the cell 

encounters external stimuli (Figure 1.10). These characteristics all show the liquid-like 

properties of MLOs. Although the involvement of MLOs in crucial cellular processes is 

increasingly recognized, their specific functions remain unclear. The various cellular functions 

of MLOs underscore their significance in maintaining cellular function and homeostasis. 

Understanding how the biomolecules are organized inside cells helps us unveil the biological 

functions.89 In contrast to conventional membrane-bound organelles with distinct roles, MLOs 

are often engaged in multiple functional pathways within the cell. This intricate involvement 

poses a challenge in comprehensively understanding their exact contributions, highlighting the 

need for further investigation into these dynamic cellular structures. However, alterations in 

the dynamics of MLOs can be linked to various disease-related processes, including cancer, 

neurodegeneration disease, such as amyotrophic lateral sclerosis (ALS), frontotemporal 

dementia (FTD), Parkinson’s disease (PD), Alzheimer’s disease (AD), viral infections, cardiac 

diseases and so on.90, 91, 92 These findings emphasize the importance of understanding diffusion 

behavior of MLOs in both normal and pathological conditions to elucidate their potential roles 
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in disease development and progression. This section will provide an overview of the physical 

properties and diffusion dynamics of liquid MLOs formed via LLPS. 

 

 

Figure 1.10. Various changes of MLOs in eukaryotic cells facing stress [adapted from93] 

 

ALS, also known as Lou Gehrig’s disease, is a neurodegenerative disease that causes the death 

of a large number of normally functioning neurons, leading to damage to upper and lower 

motor neurons, resulting in muscle atrophy and weakness as well as respiratory failure. ALS is 

mainly a sporadic case, of which about 5-10% are familial cases. More than 30 genes have 

been found to be associated with ALS, including the C9ORF72 mutant gene, TARDBP gene, 

FUS gene, and SOD1 (Figure 1.11). The protein products encoded by these genes, including 

arginine-rich dipeptides, TAR DNA-binding protein 43kDa (TDP-43) and fused-in-sarcoma 

(FUS), can form phase-separated droplets through LLPS or directly impair the function of 
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MLOs, causing the occurrence and development of ALS. For ALS, protein degradation and 

clearance pathways are disrupted, which are ubiquitin-proteasome system and autophagy.94, 95, 

96 In ALS disease, protein homeostasis or proteostasis is disrupted. Such proteins should have 

been degraded by the proteasome pathway, but because the function of the MLOs involved in 

this step is disrupted, the excess proteins cannot be degraded. The MLOs involved in related 

functions include PML nuclear Bodies, SGs and nucleoli.97, 98 Therefore, understanding the 

abnormal droplets caused by such proteins or the abnormal MLOs associated with them is very 

useful for analyzing the progression of ALS. Most abnormal LLPS manifests as abnormal 

diffusion dynamics within the droplets, which in turn affects other cell functions and ultimately 

causes cell death. 

 

 

Figure 1.11. Risk factors and genes related to ALS [adapted from99] 
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Inclusion bodies in neurodegenerative disease 

ALS is characterized by the presence of insoluble inclusion bodies that cannot be removed by 

detergents. These inclusion bodies are usually formed by misfolded ubiquitinated proteins. 

Currently, known misfolded proteins include tau, TDP-43, FUS, and superoxide dismutase-1 

(SOD1).10 There are many well-known inclusion bodies related to ALS disease, such as TDP-

43 inclusion bodies. TDP-43 inclusion bodies are the first identified inclusion bodies and 

observed in ∼97% of ALS.10, 100, 101 In addition to TDP-43, recent studies have found that 

arginine-rich dipeptides, such as poly-PR and poly-GR can also form p62-inclusion bodies in 

ALS,102 and these arginine-rich dipeptide inclusion bodies appeared earlier than TDP-43 

inclusion bodies.103 Moreover, the density of poly-GR inclusion bodies is higher than that in 

other arginine-rich dipeptide inclusion bodies.104, 105 In this thesis, we analyze the spatial 

diffusion dynamics of arginine-rich dipeptide-derived MLOs. 

Phase-transition of Membrane-less organelles 

Some MLOs undergoing phase transitions would lose dynamics properties due to the 

pathological phase transition from a liquid-like form to a gel-like or solid phase (Figure 1.12).92 

More and more studies have proved that these MLOs with abnormal dynamics are responsible 

for cancer and neurodegenerative disease.47, 106 Modulating the environmental salt 

concentration and pH can induce a liquid-to-gel transition of the droplets, leading to 

irreversible gel-like coacervations.107, 108 However, even at physiological conditions, several 

key proteins in neurodegenerative diseases are concentrated in MLOs and observed to 

spontaneously mature into solid aggregates within hours in vitro and in living cell 

experiments.20, 96 For example, ALS-related IDRs or LCDs, TDP-43 and FUS, undergo LLPS, 

resulting in their liquid-to-solid phase transition and accumulation into insoluble protein 

aggregates.109, 110 Aberrant phase transitions may be at the core of many neurodegenerative 
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diseases. Similarly, arginine-rich dipeptides translated by C9ORF72 mutant gene are also 

found to induce the transition of droplets from a liquid to a gel-like state, thereby disrupting 

the normal fluidity and molecular exchange of MLOs.111, 112 C9-related ALS is the most 

common one found so far, accounting for more than 20% of familial ALS (fALS), and 5%-10% 

of sporadic ALS (sALS). The arginine-rich dipeptides are translated from the intron of 

C9ORF72 mutant gene, which are highly positively charged and impair the MLOs’ functions. 

In the next section, we delve into the crucial role of arginine-rich dipeptides in C9-related ALS, 

especially the diffusion dynamics of the MLOs related to this disease. 

 

 

Figure 1.12. Phase transition [adapted from113] 

 

Abnormal function of MLOs in C9-neurodegeneration disease  

Three competing but non-exclusive mechanisms are currently recognized (Figure 1.13). First, 

the loss-of-function mechanism might result from the reduction of the normally functional 

C9ORF72 gene and its product, namely haploinsufficiency.114 Secondly, a gain-of-function 
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mechanism might result from the C9ORF72 mutant gene producing a large number of 

hexanucleotide repeat sequences.115 Third, a gain-of-function mechanism might result from 

non-coding intron in the C9ORF72 mutant gene producing a large number of repeated toxic 

dipeptides, such as poly-PR, poly-GR and poly-GA through non-ATG translation.116, 117 

 

 

Figure 1.13. Three main mechanisms [adapted from118] 

 

Based on the pathogenic mechanisms, several therapeutic strategies are emerging to help 

patients with C9-ALS disease (Figure 1.14). 

 



 

 

 

24 

 

Figure 1.14. Therapeutic approaches for C9-ALS diseases [adapted from119] 

 

There are many researches related to the first two explanations.115, 114, 120 In this thesis, we 

focused on the third type mechanism related to arginine-rich dipeptides (Figure 1.15). 

Regarding the third type, arginine-rich dipeptides, poly-PR (repeats of proline and arginine) 

and poly-GR (repeats of glycine and arginine), have received much attention due to their strong 

toxicity.121 In addition to arginine-rich dipeptides, poly-GA (repeats of glycine and alanine) 

also exhibited moderate toxicity and was able to be transmitted between cells. The toxicity of 

poly-GA sequences includes the formation of insoluble aggregates122, inhibiting proteasome123 

and DNA damage by sequestering phosphorylated ATM.124 The aggregates formed by poly-

GA are the most toxic among all dipeptides.125 
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Figure 1.15. Various pathways related to irregular MLOs in neuron cells of C9orf72-

mediated ALS/FTD [adapted from120] 

 

Toxicity of Arginine-rich dipeptides 

Arginine-rich dipeptides carry a large amount of positive charges and penetrate cell membranes 

effectively and even nuclear membranes.117 ,126, 127 Poly-GR shows a stronger ability to 

penetrate membranes than poly-PR.117, 127 Although the exact transmembrane mechanisms are 

not yet fully understood, the neurotoxicity of arginine-rich dipeptides has been widely 

acknowledged. These arginine-rich dipeptides induce translational repression, mitochondrial 

dysfunction, nucleolar dysfunction, and disruption of nucleocytoplasmic transport, which can 

ultimately cause neuron death (Figure 1.16).128 129 In cell viability experiments, arginine-rich 

dipeptides ((PR)20 and (GR)20) have been proven to be toxic because they would change the 

morphology of cells and kill cells.117 And poly-GR affects mitochondrial function130, 131, 

disrupting nucleocytoplasmic transport and causing the aggregation of TDP-43.132, 133 Some 

studies have shown that poly-PR is more toxic than poly-GR,121, 134, 135 while other studies 
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suggest that poly-GR is more toxic.104, 136, 137, 138,139 In a cell model of C9-ALS/FTD, poly-PR 

exhibited more significant toxic effects than poly-GR.140 In experiment detection, LDH (lactate 

dehydrogenase) cytotoxicity kits are used to test the cytotoxicity of arginine-rich dipeptides in 

cells.126 LDH is an enzyme present in the cytoplasm of cells that can participate in glycolysis. 

When cells are damaged or die, they will be released into the culture medium. Quantitative 

detection of the amount of LDH can be used as an indicator for determining the number of dead 

and damaged cells. The resulting ribotoxic stress response is mediated by ZAK-induced 

neuron death.137  

 

 

Figure 1.16. Key molecular mechanism of Pathogenesis of C9ALS-FTD disease [adapted 

from141] 
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Arginine-rich dipeptides are mainly distributed in the nucleolus of cells and also co-localize 

with stress granules, paraspeckles, and nuclear speckles and alter the diffusion dynamics of 

MLOs (Figure 1.17).142 For example, they can alter the diffusion dynamics of nucleoli142 and 

stress granules (SGs),143 inhibit nucleolar stress and activate p53144, 145, as well as the failure of 

Cajal bodies.142 This vast toxic effect on multiple cellular functions revealed that there may be 

a mechanism that determines the toxicity of these toxic arginine-rich dipeptides. Chen et al. 

found that the repetitive structure of arginine-proline plays a vital role, whereas the proline in 

the repeat unit weakens the intermolecular interaction but contributes to the sites of multivalent 

interaction, enhancing the LLPS.80 The dimension of poly-PR is larger than poly-GR when the 

chain length is the same.135 Poly-GR adopts a more compact conformation compared to poly-

PR. 135 Poly-PR binds more weakly to acidic molecules and forms fewer contacts with them 

compared to poly-GR.135 Proline is more hydrophobic than glycine. Proline is much stiffer than 

glycine because of the cyclic structure of its side chain. Proline contributes to the rigidity of 

the protein structure, and glycine contributes to the flexibility of the protein backbone.135 

Stiffness of the components would also affect the molecular dynamics of MLOs.146, 147 

Understanding the physical properties of arginine-rich dipeptides that regulate their molecular 

dynamics within MLOs in cells is of great significance for revealing their mechanism in the 

pathological process of ALS. 
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Figure 1.17. Various dysfunctions of MLOs in cells of C9ORF72-mediated disease [adapted 

from148] 

 

Further studies have revealed that arginine-rich dipeptides affect various RNA-related 

processes (Figure 1.18), including the inhibition of protein translation126, 142, RNA editing149 

and RNA splicing.117, 150 These protein translation dysfunctions usually start from the nucleoli 

within cells. The nucleoli of neurons in ALS patients typically shrink, but in the presence of 

poly-GR, the nucleoli become relatively larger.151 However, enlarged nucleoli do not 

necessarily indicate an active RNA-related process. Notably, despite having the same length of 

repeat sequences, poly-PR is co-localized with nucleoli, whereas poly-GR is found to be only 

sporadic around the nucleolus and largely appears in the cytoplasm. This difference in cellular 

localization is believed to be related to the rigidity of the dipeptide sequence135 and charge 

properties.134 Even when co-localized in the nucleolus, poly-GR exhibits slower diffusion 

within MLOs than poly-PR.134 Poly-GR shows stronger interactions with nucleolin (NCL) than 



 

 

 

29 

poly-PR.142 Consistent with this observation, FRAP experiments for GFP labeled NCL single 

nucleolus have demonstrated that poly-GR repeat polymers exhibit greater efficacy than poly-

PR in diminishing the mobile fraction and fluorescence recovery rate of GFP labeled NCL.142 

Understanding these molecular interactions is crucial for deciphering the pathogenic 

mechanisms of ALS. 

 

Figure 1.18. Disease mechanism of C9ALS-FTD [adapted from128] 

Arginine shows a strong preference for stacking with adenine base (Figure 1.19). Cation-π 

interactions can occur between the cationic side chains of arginine and aromatic side chain of 

adenine base with a broad electronegative surface,72 arising as a result of strong attractive 

forces between positively charged parts and the π-electron cloud of aromatic groups.152 In 

addition, arginine can also form a stable hydrogen bond network with the sugar-phosphate 

backbone of RNA.153 The delocalized π electrons of the arginine guanidinium group can 

participate in π–π interactions with RNA bases.154, 155 156 This multivalency of arginine-rich 

dipeptides plays a vital role in cytotoxicity. Also, high salt concentrations can induce the 

reentrant phase behavior of arginine-rich peptides.157, 158 The hydrophobicity of arginine is the 
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determining factor giving rise to the reentrant phase behavior and tunable viscoelastic 

properties of the dense LLPS phase.159 

 

 

Figure 1.19. Cation-𝜋 interactions of the arginine sidechains. [adapted from71] 

In summary, arginine-rich dipeptides form MLOs via LLPS through electrostatic, hydrophobic, 

and cation-π interactions, thereby disrupting intracellular RNA metabolism, nucleolar function, 

and stress response. These findings emphasize the importance of understanding the physical 

behavior of these arginine-rich dipeptides in cells, which will help reveal their specific roles in 

the pathogenesis of ALS. 

FRAP analysis for diffusion dynamics in coacervations 

It remains difficult to determine whether abnormal MLOs contribute to ALS pathogenesis as 

conventional biochemical tools cannot manipulate the phase separation processes that drive 

their formation. However, connections between the diffusion dynamics of MLOs and disease 

have been established.  

In the 1970s, Axelrod and collaborators developed the FRAP technique to study the mobility 

of the protein within cells.160, 161, 162 FRAP technique was applied to measure the diffusion of 
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lipid molecules on cellular membranes.163 Now, it is widely used for studying the dynamics in 

cell biology, including the dynamics of cytoskeletal, vesicle transport, cell adhesion, mitosis, 

the structure of chromatin, transcription and protein recycling.164 FRAP experiments connect 

the dynamics of molecules to their corresponding significance in cells.162 In recent years, with 

the further study of MLOs, FRAP experiments serve as a gold standard for studying the 

diffusion of components within MLOs, both in vivo and in vitro.18, 165  

The FRAP method is often used to assess the molecular diffusion dynamics and spatial 

heterogeneity within MLOs.2, 10 Many parameters can affect the recovery rate, such as the size 

of the liquid droplets and the size of the bleach areas within the droplets.2 However, FRAP can 

be affected by the binding strength and the multivalences of components within liquid MLOs, 

as well as by the fluorescent labeling dyes themselves, which may alter the interactions within 

liquid droplets.10  

The photophysical process of fluorescence is depicted by the Jablonski diagram (Figure 1.20). 

Fluorophore-containing molecules, such as Rhodamine B (RhB), fluorescein and 

tetramethylrhodamine (TAMRA), emit fluorescence at a larger wavelength compared to 

excitation light. Fluorescein, Rh B and TAMRA are well-known xanthene dyes that contain a 

chromophore with a three-ring 𝜋-conjugated structure, which serves as the functional unit of 

fluorescence. 
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Figure 1.20. Jablonski diagram of fluorescence [adapted from166] 

 

The limitation of the fluorescent labeling method has promoted the development of label-free 

and non-invasive techniques, such as Raman spectroscopy, for MLOs analysis. In this thesis, 

the liquid droplets formed arginine-rich dipeptides and poly-A RNA via LLPS were subjected 

to photobleaching. The fluorescence recovery time showed significant differences due to the 

different charge properties of the arginine-rich dipeptides and the small dye molecules which 

are used to label the liquid droplets. 

1.2 Introduction to Raman spectroscopy 

When incident light is irradiated on sample molecules, due to the heterogeneity of the target 

sample, a small portion of the light (0.1%) deviates from its original propagation direction, 
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which is called light scattering. In these light scattering processes, two situations occur: elastic 

scattering and inelastic scattering, depending on whether the wavelength (frequency) of the 

scattering light changes (Figure 1.21). In the vast majority of cases, elastic scattering (Rayleigh 

scattering) usually occurs when the wavelength of the light is shorter than the size of the target 

molecules without changing its wavelength (frequency). The scattering direction is random and 

evenly distributed in all directions. In the rare case (one in one million), the inelastic scattering 

(Raman scattering) occurs by changing its wavelength (frequency). When the scattering 

frequency of the scattering light decreases, the inelastic scattering is called Stokes scattering, 

which appears at lower wavenumbers. When the scattering frequency of the scattering light 

increases, the inelastic scattering is called anti-Stokes scattering, which appears at higher 

wavenumbers. The intensity of the anti-Stokes scattering is three orders of magnitude lower 

than the intensity of Stokes scattering due to the Boltzmann distribution systems. 

 

 

Figure 1.21 Principle of Raman scattering. Molecular mechanism of Raman scattering and 

Rayleigh scattering. [adapted from167] 
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1.2.1 Raman scattering 

In 1923, the Austrian theoretical physicist Adolf Smekal first theoretically predicted the 

inelastic scattering of photons.168 In 1928, the Indian physicist C.V. Raman first discovered the 

existence of inelastic scattering of light and was awarded the 1930 Nobel Prize for this 

discovery.169 Frequency changes were discovered in the scattered light of the CCl4 liquid. 

Hence, the wavelength (frequency) changes of the scattering light are named Raman scattering 

(also named combination scattering in Russian literature). In the same year, the Soviet 

physicists G.S. Landsberg and L.I. Mandelstam also observed frequency changes in scattered 

light in quartz.170 Raman scattering can be explained from two perspectives: classical 

electromagnetic theory and quantum theory. 

According to the classical electromagnetic theory, when the incident light (electromagnetic 

radiation) interacts with the molecules of matter, the external electric field (E) of the light will 

polarize the molecule by shifting the positively charged nuclei and negatively charged electrons 

in the opposite direction, causing the electron cloud to be periodically disturbed relative to the 

atomic nuclei. The molecules will produce oscillating induced dipole moments (μ). The 

induced dipole moments μ can be written in the following equation, 

μ=αE                                                                               (1) 

where α is the polarizability tensor of the molecules. The oscillating electric dipole is induced 

by the electric field of incident electromagnetic radiation. If the polarizability of the molecules 

is not related to the time, the dipole moment μ is proportional to the electric dipole rate 

generated by the circular frequency 0 oscillating coil (corresponding to frequency 𝜔 = 2𝜋𝜈, 

or wavenumber 𝜈 = 𝜈/𝑐, where c is the speed of light), namely Rayleigh scattering. If the 
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dipole oscillates with the frequency j, and the vibration affects the polarizability of the 

molecules and makes it periodically change in time, the polarizability of the molecules α can 

be written in the following formula: 

𝛼 = 𝛼0 + 𝛼𝑗 cos𝜔𝑗𝑡                                                                 (2) 

where 𝛼0 is an equilibrium polarizability tensor and 𝛼𝑗 is a polarizability tensor associated 

with 𝜔𝑗. 

Thus, the final equation can be written in the following equation: 

𝜇 = 𝛼0𝜀0𝐸0 cos 𝜔0𝑡 + 𝛼𝑗𝜀0𝐸0 cos𝜔0𝑡 cos 𝜔𝑗 𝑡                                        (3) 

𝜇 = 𝛼0𝜀0𝐸0 cos 𝜔0𝑡 +
1

2
𝛼𝑗𝜀0𝐸0[cos(𝜔0 − 𝜔𝑗) 𝑡 + cos(𝜔0 + 𝜔𝑗) 𝑡]                     (4) 

where the induced dipole moment frequency can be the following three types: 𝜔0 and 𝜔0 ±

𝜔𝑗. The frequency less than the frequency 0 is Stokes scattering (i.e. 𝜔0 −𝜔𝑗), while that at 

a higher frequency (i.e. 𝜔0 +𝜔𝑗) is anti-Stokes scattering. The Raman scattering is regulated 

by the frequency of the vibration. 

In Raman scattering, the intensity of total Stokes Raman scattering is a very feeble effect and 

is proportional to the Raman cross-section, the excitation laser intensity and the number of 

target molecules (Figure 1.22). Because of the extremely small Raman cross sections, typically 

10-30-10-25 cm2/molecule, at least ∼108 molecules (about 0.1 mM) are necessary to generate a 

measurable normal Raman scattering signal.171 Raman scattering is accompanied by Rayleigh 

scattering. The intensity of Rayleigh scattering is about 3-5 orders of magnitude greater than 

that of Raman scattering. 
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Figure 1.22 Raman scattering. [adapted from171] 

 

According to the explanation of quantum theory, the scattering effect of light is expressed by 

an energy level diagram (Figure 1.23). When an incident photon collides with a molecule 

elastically, the electrons in the ground state of the molecule are excited by the excitation light 

and transition to an excited virtual state. The molecule is unstable in the excited virtual state 

and then transitions back to the ground state from this energy level. In this process, no energy 

exchange occurs between the photon and the molecule, and the direction of motion of the 

photon changes, but the frequency of its transition radiation does not change. This is Rayleigh 

scattering. When a photon collides with a molecule inelastically, the electrons in the ground 

state of the molecule are excited by the excitation light and may transition to a virtual state and 

immediately return to the ground state vibration excited state. In this process, the photon 

transfers energy to the molecule, which is converted into the vibrational energy or rotational 

energy of the molecule, and the scattering frequency of the photon decreases. This is Stokes 

scattering. When photons collide inelastically with molecules, the electrons in the ground state 

vibration excited state in the molecules are excited by the excitation light and may transition to 

the excited virtual state. This energy level is unstable and quickly returns to the ground state. 
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In contrast to the Stokes scattering process, in this process, the molecules transfer energy to the 

photons. Because the photons obtain part of the energy of the molecules, in addition to the 

change in the direction of movement, their scattering frequency becomes larger than before. 

This is the anti-Stokes line (anti-Stokes scattering). In quantum theory, Stokes and anti-Stokes 

Raman scattering are equally likely processes. However, for molecular clusters, they follow 

the Boltzmann distribution. Since most molecules are in the ground state energy level in the 

Boltzmann distribution, the number of ground state particles is much larger than the number of 

vibration excited state particles, and Stokes Raman scattering is more likely to occur. Therefore, 

Stokes Raman scattering is always stronger than anti-Stokes Raman scattering. Stokes Raman 

scattering is detected in the Raman spectrum, and the intensity of Stokes lines (Raman 

scattering) is greater than that of Anti-Stokes lines. These pairs of new lines belong to Raman 

scattering, and they are symmetrical with respect to the Rayleigh line. 

 

Figure 1.23. Energy level diagram of Raman scattering. [adapted from172] 
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The difference between the frequency of the Stokes line or anti-Stokes line and the frequency 

of the incident light is the Raman shift. This shift can characteristically represent the molecular 

vibration mode and can be used to reflect the structural information of the molecule. The 

frequency shift is the difference between the spectrum line and the original frequency of the 

incident light. The unit is wavenumber, cm-1. The frequency shift depends on the structure 

inside the medium and has nothing to do with the type of laser (power, excitation line). For the 

same substance, the frequency of Raman scattering changes with the change of the frequency 

of the incident light, but the Raman shift remains unchanged. Therefore, the Raman shift is 

related to the molecular vibration or rotation energy level and has nothing to do with the 

frequency of the incident light. Since different molecules have different vibration and rotation 

energy levels, there are different Raman shifts, so each substance has its own characteristic 

Raman spectrum. Therefore, Raman spectroscopy is a spectral analysis technology that can 

fingerprint the structure and composition of a substance. Since the discovery of the inelastic 

scattering of light, known as Raman scattering effect, Raman spectroscopy has become a 

valuable technology in various research fields, including biology, chemistry, and medicine. 

Raman spectroscopy can provide a lot of information about molecules and their structures by 

detecting the Raman peak frequencies and relative intensities of different vibration modes, 

characterizing their interactions with the environment, and monitoring their changes during 

reactions. In addition, since the intensity of the Raman peak is proportional to the number or 

concentration of molecules, it can also be used for quantitative analysis. 

It can provide rich molecular information about the sample in a non-destructive manner. 

However, early Raman spectroscopy had poor sensitivity and long signal acquisition time due 

to poor light sources and low spectral intensity, which prevented the widespread application of 

Raman spectroscopy. In recent years, the progress of laser light sources, new detectors, high-

performance computers and microscopic techniques has greatly promoted the extensive 

application of Raman spectroscopy in some fields.  
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1.2.2 Bio-applications of Raman spectroscopy 

As a non-invasive optical detection technology, Raman spectroscopy has rapidly gained 

traction in the biomedical field in recent years, with a wide range of application prospects. It 

reflects the types and internal structures by characterizing the vibration information of sample 

molecules. This technique is fast, highly specific, and non-invasive. Various proteins, nucleic 

acids, lipids, and polysaccharide molecules in the human body have specific Raman spectra. 

Biological molecules exhibit unique Raman spectra.173, 172, 174, 175 In the late 1960s, R. C. Lords 

and G. J. Thomas Jr. first recorded the Raman spectra of various nucleic acids and further 

improved the Raman instrument.176 For instance, Raman spectrum of nucleic acids contains a 

large number of characteristic bands from sugars, phosphate backbones and bases, providing 

useful information for analyzing nucleic acid backbone conformation and base pairing (Figure 

1.24).177 

 

 

Figure 1.24. Raman spectrum of adenine RNA. [adapted from177] 
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Alterations of the structure and composition of small biomolecules in MLOs can significantly 

influence their cellular functions and even lead to disease development.14, 178, 179 The Raman 

spectra—particularly the relative intensities of molecular peaks—undergo characteristic 

changes by changes to the protein composition.180 Figure 1.25 illustrates how Raman 

spectroscopy can be used to measure the concentration of biomolecules within MLOs.181 

Raman spectra were collected both inside and outside the liquid droplets. The results show that 

the technique can distinguish characteristic peaks within the droplets compared to the 

surrounding buffer solution. Thus, further analysis of the Raman spectrum can reveal the 

structural conformational changes of the proteins during LLPS.182 In particular, the ratio of the 

peaks is one of the most important values indicating the interaction of the biomolecules. 

Monitoring the ratios between characteristic peaks would be essential for the understanding of 

the potential interactions of many molecular interactions inside MLOs.180 To this end, many 

efforts have been made in the development of Raman-based molecular interaction for detecting 

molecular interactions. The basic principle is to use ratios between characteristic peaks of 

molecules whose Raman spectra vary in different situations. Therefore, Raman spectroscopy 

can be used to detect the molecular interactions and dynamics of various components of MLOs. 
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Figure 1.25. Raman spectra of the inside and outside of liquid droplets, respectively. 

[adapted from181] 
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1.3 Problem statement and research objectives 

1.3.1 Problem statement 

Membrane-less organelles (MLOs) formed via liquid-liquid phase separation (LLPS) play vital 

roles in various cellular processes, exhibiting highly dynamic behaviors, with internal 

components freely exchanging with the surroundings which leads to complex spatiotemporal 

dynamics of biomolecules in living cells.183, 184 LLPS homeostasis is highly dependent on the 

fluidity of the LLPS-derived liquid droplets, and this property is often assessed in vivo or in 

vitro using the fluorescence recovery after photobleaching (FRAP) technique.156, 80 Various 

weak interactions, including electrostatic interactions, π-π interactions, cation-π interactions, 

hydrophobic interactions, contribute to the formation of the liquid droplet.78, 185, 186 These 

interactions, along with those between droplet components and their surroundings, generate 

characteristic gradients from the droplet center to its inner boundary and influence their 

dynamic properties (Figure 1.26). Consequently, diffusion behaviors within droplets are 

expected to be spatially heterogeneous. However, the normal size of MLOs in living cells 

ranges from a few hundred nanometers to around two micrometers, which is quite small for 

optical microscopy. And the contents in MLOs in living cells are quite complex. It is difficult 

to study the MLOs in living cells as model systems. Although prior fluorescence microscopic 

studies using fluorescently labeled biomolecules have revealed different droplet dynamics in 

vitro,156 the underlying causes of these differences remain poorly understood. The diffusion 

behavior may vary in different liquid droplets caused by charged properties of biomolecules. 

Understanding how charge properties influence droplet dynamics is key to uncovering these 

mechanisms. While FRAP has been used to analyse diffusion behaviors, characterizing the 

spatial heterogeneity of individual droplet behaviors remains challenging. Considering the 

dysregulation of the molecular diffusion dynamics in LLPS-derived MLOs, understanding the 
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mechanisms also has medical significance. In particular, in neurodegenerative diseases such as 

amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD), abnormalities in 

LLPS show features that are closely related to disease progression. 

 

Figure 1.26. Density concentration within LLPS-derived biomolecular condensates. [adapted 

from56] 

 

Specifically, we focus on droplets containing RNA and arginine-rich dipeptides, such as 

poly(proline-arginine, PR) and poly(glycine-arginine, GR), which are translated via repeat-

associated non-ATG (RAN) translation of the intron of mutated chromosome 9 open reading 

frame 72 (C9ORF72) gene, which are related to familial ALS and FTD. Both poly-PR and 

poly-GR are positively charged and have the same overall net charge, causing abnormal MLOs’ 

dynamics and inhibiting the processing of ribosomal RNA (rRNA) and translation of protein.126, 

142 Although poly-PR and poly-GR could accumulate in the nucleolar and have similar 

propensities for LLPS, the diffusion of poly-GR is slower than that of poly-PR both in cellular 
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and in vitro.142, 134 The reason responsible for these diffusion differences remains unclear. 

Based on the charge properties of arginine-rich dipeptides, different dynamics were observed 

by FRAP in vivo (Figure 1.27). Recent studies suggest that variations in charge distribution 

along the dipeptide sequence significantly affect binding energies and dynamics of droplets, 

while the net charge is uniform.134, 185 It is very important to understand these dynamics for 

elucidating the underlying mechanism of dipeptide toxicity on MLOs and their contribution to 

the pathogenesis of neurodegenerative diseases. 

 

 

Figure 1.27. Fluorescence recovery and diffusion dynamics of MLOs in cells obtained by 

FRAP analysis, respectively. [adapted from142] 

 

In this work, we employ spatially resolved FRAP analysis and Raman spectroscopy to droplets 

formed by mixing arginine-rich dipeptide repeats with poly-A RNA via LLPS. Our findings 

suggest that Raman spectroscopy is a powerful tool to effectively monitor spatial RNA and 

peptide concentration gradients within individual droplets, which can be correlated with FRAP 

analysis. Thus, Raman analysis can provide additional insights into the characteristics of these 
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droplets, contributing to a more comprehensive understanding of their spatial distribution and 

molecular diffusion in the context of neurodegenerative diseases. 

1.3.2 Research objectives 

(1) Development of a method to study molecular diffusion behavior and spatial 

distribution of LLPS-derived liquid droplet in vitro model systems with appropriate size 

As aforementioned, abnormal diffusion behaviors of LLPS-derived liquid droplets play a vital 

role in neurodegenerative diseases. The arginine-rich dipeptides have the capability to undergo 

LLPS with components inside the MLOs that could have a detrimental effect on fundamental 

cellular processes, potentially leading to injury or death in motor neurons. The liquid droplets 

exhibit highly dynamic behavior, with internal components freely exchanging with the 

surrounding media, leading to the complex spatiotemporal dynamics of biomolecules in living 

cells. The fluidity of these liquid droplets is a critical factor in LLPS homeostasis. However, 

the size of MLOs is small, ranging from a few hundred nanometers to a few micrometers, which 

is quite similar to the spatial resolution of optical microscopy. Characterizing the spatial 

heterogeneity in individual droplets remains a challenging aspect. To overcome this size 

limitation, in this study, we would like to make a simple in vitro model system by forming 

liquid droplets with proper size with arginine-rich dipeptides and poly-A RNA via LLPS. This 

in vitro model system gives us the chance to connect the diffusion dynamics and molecular 

distributions of individual LLPS liquid droplets behavior across the liquid droplets. In this 

study, we would like to figure out spatial heterogeneity with Raman spectroscopy and 

heterogeneous diffusion dynamics at the center and edge of liquid droplets using FRAP, 

namely, developing a method to study spatial diffusion behaviors and spatial distribution of the 

in vitro LLPS liquid droplet model system. 
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(2) Development of a method to examine heterogeneity within individual liquid droplets  

After figuring out spatial density gradients and heterogenous diffusion dynamics within LLPS 

droplets, in this study, we would like to further study density heterogeneity in LLPS-derived 

droplets formed via poly-A RNA and arginine-rich dipeptides with different charge properties, 

by analysing spatial Raman intensity ratio and spatially heterogeneous diffusion dynamics of 

molecules within indivadual droplets. As aforementioned, spatial density gradients and 

heterogeneous diffusion dynamics within droplets. However, variations in charge distribution 

along the dipeptide sequence significantly affect binding energies and droplet dynamics, even 

when the overall net charge is identical, therefore, in this study, we would like to prepare and 

analyse LLPS droplets consisting of components with different charged properties, formed by 

arginine-rich dipeptides with distinct charge properties using Raman spectroscopy and FRAP 

analysis. FRAP analyses of RNA and various small dye molecules with different charges, in 

combination with Raman spectroscopy, are performed to further investigate the heterogeneity 

within LLPS-derived droplets. 
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Chapter 2  

                                

 

Spatially Heterogeneous Dynamics of droplets 

formed by arginine-rich dipeptides and poly-A 

RNA during liquid-liquid phase separation 

The results reported in this chapter are based on the following publication: 

 

Tian, Y; Zhang, Q; Hirai, K; Wen, H; Feng, G; Li, J; Taemaitree, T; Inose, T; Kanekura, K; 

Uji-I, H. Spatially Heterogeneous Dynamics of droplets formed by arginine-rich dipeptides 

and poly-A RNA during liquid-liquid phase separation. Molecular Crystals and Liquid 

Crystals.2024. (DOI: 10.1080/15421406.2024.2353937) 

 

I conducted all the experiments, including the sample preparation and the optical 

measurements, and analysis of the obtained data. I wrote and revised the manuscript.  
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2.1 Abstract 

Arginine-rich dipeptides (proline-arginine (PR)) are highly toxic products encoded by aberrant 

repeat expansion in the C9ORF72 gene, which is the most common cause of familial 

amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). These dipeptides 

have the capability to undergo liquid-liquid phase separation (LLPS) with components inside 

the membrane-less organelles (MLO) that could have a detrimental effect on fundamental 

cellular processes, potentially leading to injury or death in motor neurons. In this study, Raman 

spectroscopy was used to investigate the spatial variation within these liquid droplets in vitro, 

revealing concentration gradients of RNA in droplets. The findings were compared with 

fluorescence recovery after photobleaching (FRAP), offering insights into the spatially 

heterogeneous dynamics within the droplets. Understanding the mechanism is essential for 

unravelling the pathogenesis of neuronal diseases and may provide future therapeutic strategies. 
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2.2 Introduction 

Biological macromolecules, such as proteins and nucleic acids, could undergo local 

concentration through liquid-liquid phase separation (LLPS), which results in the formation of 

condensed liquid droplets inside cells1. LLPS plays a crucial role in the creation of membrane-

less organelles, where various essential vital processes are facilitated, such as ribosomal RNA 

processing in the nucleolus and the rapid stress response through stress granules. Abnormal 

LLPS is known to have significant implications in the pathogenesis of neurodegenerative 

disease, such as amyotrophic lateral sclerosis (ALS)2 and, even in cancers3. The liquid droplets 

exhibit highly dynamic behaviour, with internal components freely exchanging with the 

surrounding media, leading to the complex spatiotemporal dynamics of biomolecules in living 

cells. Consequently, the fluidity of these liquid droplets is a critical factor in LLPS homeostasis, 

and it is often assessed with fluorescence recovery after photo-bleaching (FRAP) analysis both 

in cellulo and in vitro.   

Components inside liquid droplets experience various chemical interactions, including charge 

interactions, -  interactions, cation-  interactions, hydrophobic interactions, or their 

combinations. These interactions and the interaction of droplet compenents with the sounding 

media could induce a gradient in properties from the center region of the droplets to their inner 

boundary. This gradient leads to the existence of the electric potential in the interface of 

droplets that extend into the surrounding medium, which has been proven by means of the zeta 

potential analysis4. Consequently, the diffusion behaviour within liquid droplets is anticipated 

to be spatially heterogeneous. To address the complexity of liquid droplets, FRAP has been 

applied to analyse the diffusion behaviour5, 6, 7. Nevertheless, characterizing the spatial 

heterogeneity in the behaviour of individual droplets behaviour remains a challenging aspect.  
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In this study, we employed a combination of Raman spectroscopy and FRAP measurement to 

examine liquid droplets. Specifically, our focus was on investigating droplets containing 

Arginine-rich dipeptides [proline-arginine (PR)], which is the most common cause of familial 

amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) 8. PR dipeptides are 

highly toxic as they disrupt the dynamics of membrane-less organelles (MLO) within cells, 

including stress granules (SGs) and nucleoli9, 10, 11, 12, 13. These poly-PR dipeptides have the 

ability to sequester the essential proteins within MLO, leading to DNA damage14 and disruption 

in the nucleocytoplasmic transport15. Additionally, they can interact with RNA-binding 

proteins inside SGs, further contributing to the pathogenesis of ALS/FTD9.  However, the 

molecular dynamics of poly-PR in MLO, including their spatial distribution and molecular 

diffusion, have remained unclear. Understanding these dynamics is critical for unveiling the 

toxicity mechanism of polyPR on MLO and its contribution to the pathogenesis of 

neurodegenerative diseases.  

Here, we applied spatially resolved FRAP analysis and Raman spectroscopy to liquid droplets 

formed by an arginine-rich dipeptide repeat, (PR)20 (twenty repeats of proline–arginine) mixed 

with homopolymeric adenine (poly-A RNA). The result was compared with an artificially 

designed dipeptide [(P4R4)5] which has the same number of proline and arginine residues but 

with uneven positioning, resulting in higher binding energy2. Our finding revealed that Raman 

spectroscopy effectively enables the monitoring of the spatial gradient of RNA concentration 

inside individual droplets, which can be correlated with FRAP analysis. Raman analysis, 

therefore, offers additional insights into the characteristics of these liquid droplets, aiding in a 

more comprehensive understanding of their spatial distribution and molecular diffusion. 
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2.3 Materials and methods 

Chemicals Poly-A RNA was purchased from Sigma-Aldrich (#10108626001, 700 – 3,500 

kDa) and used without further purifications. (PR)20 and (P4R4)5 dipeptides were chemically 

synthesized and purified by Genscript (Piscataway, NJ) with a purity higher than 85%. For 

fluorescence measurements, poly-A15 (15 repeats of adenine) with 5-carboxy-tetramethyl-

rhodamine (TAMRA) (TAMRA-rA15) were chemically synthesized and purified by Fasmac 

(Kanagawa, Japan), respectively. 

Droplet preparation 1 mM solution of the arginine-rich dipeptide [(PR)20 or (P4R4)5] solution 

and 0.55 mg/mL poly-A were prepared in phosphate-buffered saline (PBS; 049-29793, Wako, 

pH 7.3, [Na+] = 152 mM) as stock solutions. Droplets were prepared by vortexing 18 µL of the 

dipeptide and 45.5 µL of the RNA stock solution in 136.5 µL of PBS buffer filled in 8 well 

non-coated coverslip (Matsunami) and incubated at room temperature for 3 hours. The final 

concentrations of the dipeptide and poly-A are 0.09 mM and 0.125 mg/mL, respectively. 

For fluorescence microscopy, 1 µL of TAMRA-rA15 solution (0.55 mg/mL) and 44.5 µL of 

the poly-A stock solution (0.55 mg/mL) were mixed in the 136.5 µL of PBS buffer, followed 

by vertexing with 18 µL of the peptide stock solution (1 mM ) to form fluorescently labelled 

droplets. 

Measurement of fluorescence recovery after photobleaching (FRAP) Fluorescence 

recovery after photobleaching (FRAP) measurements were conducted using a confocal 

microscope (A1Rsi, Nikon) equipped with a water-immersion 60× objective (PlanApo, N.A. 

1.2, Nikon). After fluorescent dyes were bleached at the central region or inner boundary of a 

droplet, recovery of fluorescence was followed as a function of time. The half time of 

fluorescence recovery (t1/2) was estimated by following the method described in the previous 
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reports16, 17, 18.  All the statistical analyses were performed by running a t-test. *, p <0.05; **, 

p <0.01; ***, p value<0.001. 

Raman microscopy Raman spectroscopy measurement was conducted on a home-built Raman 

microscopy equipped with an inverted microscope (TiU, Nikon) with 60×  air objective 

(PlanApo, NA 0.95, Nikon), a spectrograph (iHR330, HORIBA) with a CCD camera (Newton 

BR-DD, Andor Technology), and 638 nm laser (638-06-MILD-180, Cobolt). Raman spectrum 

was obtained at each point with 50 accumulations of 1 s integration time. The measurement 

setup of Raman spectroscopy is shown in Figure S2.A1. 
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2.4 Results and discussion 

A mixture of (PR)20 or (P4R4)5 dipeptides and poly-A RNA in the PBS buffer underwent LLPS 

in vitro at room temperature. We first assessed the morphology of the droplets formed on an 

uncoated glass coverslip (Figure 2.1). Both the (PR)20 and (P4R4)5 dipeptides combined with 

poly-A formed distinct rounded droplets on the glass surface. These droplets, typically ranging 

in size from a few µm to 10 µm, were observed to form within 2~3 hours of incubation at room 

temperature. The droplets generally remained stable for a few hours, making them suitable for 

optical microscopic measurements. However, after more than 6 hours of incubation, many of 

the droplets lost their round shapes due to the interaction with the glass surface. In this study, 

only well-defined rounded droplets were subjected to FRAP and Raman spectroscopy. 

 

 

Figure 2.1. Optical transmission images of droplets formed by poly-A and (PR)20 peptide in 

PBS buffer solution after 3 hours incubation at the room temperature. 
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In order to assess the spatial distribution of fluidity within droplets, the droplets labelled with 

fluorescent TAMRA-rA15 were subjected to fluorescence measurement. Prior to FRAP 

measurement, the positions of top and bottom of each droplet were confirmed using the laser 

focus position of the fluorescence microscope. The laser light was then carefully focused on 

the middle of each droplet to ensure that the dynamics inside the droplets are monitored by the 

FRAP measurement. It is worth noting that the half time of fluorescence recovery cannot be 

properly estimated near the glass surface as the FRAP curves near the surface often show a 

sigmoidal shape, making precise estimation difficult. 

Figure 2.2a and 2.2b present fluorescence snapshots of typical droplets including (PR)20 or 

(P4R4)5 during the FRAP measurements, respectively. The corresponding fluorescence 

recovery curves are displayed in Figure 2.2c and 2.2d, respectively. Each curve exhibits evident 

photobleaching at the central region or the inner boundary of individual droplets, followed by 

fluorescence recovery. Analyzing the FRAP curves, we estimated the averaged half recovery 

time (1/2) to be 32.7  8.1 s and 28.1  9.2 s at the central region and the inner boundary of 

(PR)20 / poly-A droplet. For (P4R4)5 / poly-A droplet, the estimated 1/2 values were 39.9  8.6 

s and 29.2  5.2 s, respectively. As anticipated, (P4R4)5 / poly-A droplets exhibited slower 

recovery, although the significance was not clearly established, probably due to the limited 

data points in this in this study (n ~ 10). Given the higher binding energy of (P4R4)5 dipeptide 

resulting from contiguous arginine, it is likely that the droplet has reduced fluidity compared 

to (PR)20 dipeptide2.  

Within each individual droplet, we found a trend of faster fluorescence recovery at the inner 

boundary, although the significance, as determined by t-tests, was often not conclusively 

established. Notably, in the case of (P4R4)5 / poly-A droplet, a significant difference in recovery 

time between the center and the inner boundary was observed (Fig. 2.2e). Interestingly, this 

behavior contradicts the expectation that the bleached area near the boundary of the droplet 
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should display slower recovery because of the limited diffusions of dye molecule from one side, 

particularly the side of the droplet interface. The observed rapid fluorescence recovery at the 

inner boundary is in line with the fact of continuous exchange of components between the 

inside and outside of the droplets and the surrounding media. However, it is important to note 

that, given the presence of experimental error in the FRAP measurement, deducing definitive 

conclusions may be challenging. 

 

 

Figure 2.2. FRAP measurements on the droplets. Snapshot of fluorescence images after 

photobleaching in the droplet of (PR)20 / poly-A (a) and that of (P4R4)5 / poly-A (b). 

Averaged FRAP curves at the center (blue line) and the inner boundary (red line) in the 

droplet of (PR)20 / poly-A (c) and that of (P4R4)5 / poly-A (d). (e) Averaged half recovery 

time at the center and inner boundary of (PR)20 / poly-A and (P4R4)5 / poly-A droplets, 

respectively. The asterisks indicate the significance in t-test: *, 0.01 < p <0.05. 
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To further explore the spatial heterogeneity of the droplet, Raman spectroscopy was conducted 

on droplets of ~6 µm in diameter (Figure 2.3). Characteristic peaks of poly-A around ~795 and 

~1580 cm-1 19, 20were identified with minimal interference from the dipeptide. These peaks 

clearly were evident in both (PR)20 / poly-A and (P4R4)5 / poly-A droplets, as shown in Figure 

2.3b and 2.3c, respectively. Figure 2.3c specifically presents the peak intensity at 795 cm-1 as 

a function of the distance from the interface between the droplets and the surrounding media. 

The Raman signal intensity at the center was obviously higher than that at the inner boundary 

of the droplet, indicating a higher concentration of poly-A at the center region of the droplet. 

This observation aligns with the trend identified in the FRAP measurements, where faster 

diffusion was found near the droplet surface compared to the center of the droplet.   

  When comparing the relative intensity between the center and the inner boundary, it 

becomes apparent that concentration gradient of RNA in (PR)20 / poly-A droplet is more 

pronounced than in (P4R4)5 / poly-A droplets (Fig. 2.3d). This observation suggests that the 

difference in the half recovery time between in (PR)20 and (P4R4)5 droplet cannot be directly 

attributed to the concentration gradience of RNA inside the droplet. It is likely that RNA 

strands are interacting with the dipeptides inside droplets, leading to complex diffusion 

behavior. 
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Figure 2.3. Point Raman spectroscopy on the droplets. (a) Reference Raman spectra of poly-

A (red line) and (PR)20 (black line). (b – c) (PR)20 / poly-A (b) and (P4R4)5 / poly-A droplets 

(c), respectively. Spectra were taken at 0 µm (black), 0.5 µm (blue), 1.0 µm (green), and 3.0 

µm (red) from the interface, respectively. The green boxes indicate (C=C) peak of poly-A 

RNA. (d) Peak intensity at 795 cm-1 as function of the distance from the interface of the 

droplets of (PR)20 / poly-A (red line) and (P4R4)5 / poly-A droplets (blue line), respectively. 
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2.5 Conclusions 

The study delved into the spatial dynamics within liquid droplets composed of arginine-rich 

dipeptides and poly-A RNA, employing a combination of FRAP measurements and Raman 

microscopy. The FRAP analysis unveiled that poly-A RNA molecules diffuse more rapidly at 

the inner boundary of droplets compared to their central region. Raman microscopy, on the 

other hand, indicated a concentration gradient of RNA inside liquid droplet, with lower 

concentration at the inner boundary and higher concentration to the central region of the droplet. 

Notably, this concentration gradient aligns with the observed diffusion behaviour. However, 

the complex interaction between dipeptides and RNA may have additional effects on the 

diffusion. Although further investigation is warranted, the study demonstrates that Raman 

microscopy has the potential to contribute to the understanding of the complex dynamics of 

liquid droplets. 
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2.6 Appendix 

 

Figure 2.A1. (a) Schematic illustration of a home-built Raman spectroscopy system equipped 

with an inverted microscope. A 638 nm laser was used for Raman spectroscopy. (b) Raman 

scattering spectra collected at the center (black line) and edge (blue line) of the droplets. The 

Raman scattering signal in the green box was used to generate the intensity map along the x-

scan direction in (d). (c) Raman scattering spectra collected at the center (black line) and 

bottom near the glass surface (blue line) of the droplets. The Raman scattering signal in the 

green box was used to generate the intensity map for the z-scan in (d). (d) Raman scattering 

intensity maps of the liquid droplets sweeping in the x and z directions. 
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Chapter 3  

                                 

 

Raman spectroscopy and FRAP analysis on 

density heterogeneity and diffusion behavior of 

complex coacervation by arginine-rich dipeptides 

and poly-A RNA 

The results reported in this chapter are based on the following publication: 

 

Tian Y., Zhang Q., Li J.T., Tsutsumi M., Inose T., Taemaitree F., Hirai K., Kanekura 

K., Uji-i H, Raman spectroscopy and FRAP analysis on density heterogeneity and diffusion 

behavior of complex coacervation by arginine-rich dipeptides and poly-A RNA, ACS Omega. 

2025. (DOI: 10.1021/acsomega.5c04844) 

 

I contributed to the experimental design of the combination of FRAP and Raman spectroscopy 

and conducted all the experiments. I wrote and revised the manuscript.  
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3.1 Abstract 

Membrane-less organelles (MLOs), formed through liquid-liquid phase separation (LLPS), are 

vital for various cellular functions, including gene expression and RNA metabolism. 

Destructions in LLPS dynamics, often due to aberrant condensate formation, are implicated in 

neurodegenerative diseases. Polypeptides composed of repeated dipeptides, namely arginine-

rich dipeptide repeat proteins, poly(proline-arginine) (poly-PR) and poly(glycine-arginine) 

(poly-GR), translated from mutated C9ORF72 repeats, undergo LLPS and disrupt RNA and 

protein homeostasis. Although these peptides have similar net charges, they exhibit different 

diffusion behaviors in liquid droplet, indicating that sequence-specific charge distribution may 

influence LLPS dynamics. In this study, we combined fluorescence recovery after 

photobleaching (FRAP) and Raman spectroscopy to examine the density heterogeneity and 

diffusion behavior of LLPS droplets formed by arginine-rich dipeptides and homo-polymeric 

adenine RNA (poly-A RNA). We analyzed (PR)20, (P4R4)5, (same components but different 

charge pattern), and (GR)20 (same net charge as (PR)20, but different sequence). Our results 

showed that droplets formed with different dipeptides displayed heterogeneous diffusion 

behaviors, which strongly correlated with internal density gradients within individual droplets 

detected by Raman spectroscopy. This suggests that charge patterning, not just net charge, 

critically influences LLPS dynamics. FRAP results of small dye molecules with different net-

charges aligns with the concentration gradient of RNA and dipeptides obtained by Raman 

spectroscopy. Raman spectroscopy combined with FRAP provides a powerful approach for 

revealing the biophysical properties of biomolecular condensates. 
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3.2 Introduction 

Membrane-less organelles (MLOs), or biomolecular condensates formed through liquid-liquid 

phase separation (LLPS) have attracted significant attention over the past 15 years.1 These 

highly dynamic liquid droplets, composed of various charged biological macromolecules, such 

as proteins and nucleic acids, are involved in numerous essential biological processes,2 

including protein localization, supramolecular assembly, gene expression, gene transcription, 

RNA metabolism, minimizing cellular noise, genome packaging control, cell-cycle control.3, 4, 

5 In contrast, LLPS-driving condensation can also result in the formation of undesirable protein 

aggregates, disturbing dynamics and functions of MLOs.6, 7, 8 Such dysfunctions are linked to 

insoluble protein aggregate observed in the neurons of patients with neurodegenerative 

diseases9 and abnormal MLOs dynamics caused by toxic dipeptides in amyotrophic lateral 

sclerosis (ALS).10 Thus, understanding the fluidity differences of liquid droplets is crucial for 

elucidating the role of LLPS homeostasis in disease progression. Currently, fluorescence 

recovery after photobleaching (FRAP) is a widely used method to address LLPS dynamics both 

in vivo and in vitro. 

LLPS is driven by multiple weak interactions, including electrostatic, cation-π, π-π, 

hydrophobic interactions, and hydrogen bonding.11, 12 These interactions determine droplet 

formation and stability and influence their dynamic properties. The combination of oppositely 

charged polymers can create an electrostatic (Galvani) potential between the droplets and its 

surrounding media, a phenomenon supported by liquid-state theory13 and confirmed via zeta 

potential measurements.14 Recently, many studies have focused on liquid–liquid phase 

separation achieved by mixing RNA with positively charged polypeptides. These electrostatic 

gradients may significantly influence behavior and physical properties of phase-separated 

droplets.  
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Polypeptides composed of repeated dipeptides, namely arginine-rich dipeptide repeat proteins, 

such as poly(proline-arginine, PR) and poly(glycine-arginine, GR), produced via repeat-

associated non-ATG (RAN) translation of the mutated chromosome 9 open reading frame 72 

(C9ORF72) gene, are highly toxic in vitro and in vivo and contribute to ALS and 

frontotemporal dementia (FTD).15, 16, 17 These dipeptides interact with RNA and proteins 

through abnormal LLPS, disturbing the homeostasis of RNA6,18 and protein metabolism.19, 20 

Both poly(PR) and poly(GR) are positively charged and accumulate in nucleolus, impairing 

nucleolar dynamics and inhibiting ribosomal RNA (rRNA) processing and protein translation.6, 

19 Despite similar propensities for LLPS, poly(GR) exhibits slower diffusion than poly(PR) 

both in cellular and in vitro,19, 21 though the reason for these differences remains unclear. In 

vitro, arginine-rich dipeptides undergo complex coacervation with RNA via electrostatic and 

π-system interactions.22 Recent studies suggest that variations in charge distribution along the 

dipeptide sequence significantly affect binding energies and droplet dynamics, even when the 

net charge is identical.12, 21  

Although prior fluorescence microscopic studies using fluorescently labeled biomolecules 

have revealed different droplet dynamics in vitro,22 the underlying causes of these differences 

remain poorly understood. Given the charged nature of biopolymers within droplets, their 

diffusion behavior may vary. Understanding how charge properties influence droplet dynamics 

is key to uncovering these mechanisms. 

To address these questions, we prepared and analysed LLPS droplets formed by arginine-rich 

dipeptides with distinct charge properties using Raman spectroscopy and FRAP analysis. 

Raman spectroscopy, a molecular vibrational technique capable of providing the internal 

composition of droplets,  has proven powerful in elucidating molecular interaction in LLPS 

system.23, 24, 25, 26, 27, 28 In this study, we investigated droplets formed by mixing homopolymeric 

adenine (poly-A RNA) with three arginine-rich dipeptides: (PR)20 (20 repeats of proline and 
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arginine), (P4R4)5 (five repeats of four proline and four arginine, with the same net charge and 

component but different charge patterning), and (GR)20 (20 repeats of glycine and arginine, 

with the same net charge and charge patterning but different components and weaker charge 

separation).21 Using FRAP and Raman spectroscopy, we observed spatial density gradients and 

heterogenous diffusion dynamics within droplets, consistent with our previous results.29 We 

observed higher density of both fluorescently-labeled RNA and positively charged 

polypeptides at the center region compared to that at the near boundary within individual liquid 

droplet by analyzing the Raman intensity maps. Spatially homogeneous Raman intensity ratio 

between dipeptide and RNA within individual liquid droplets indicated the formation of stable 

RNA-dipeptide complexes. FRAP analysis of fluorescently-labeled RNA and various small 

dye molecules with different net-charges further indicated slower diffusion at the center region 

compared to that at the near boundary within individual liquid droplets. Further analysis in the 

ratio of center-to-boundary recovery time between (GR)20 and (PR)20 droplets suggest that only 

negatively charged fluorescein could form stronger interaction with (GR)20 compared to (PR)20 

and (P4R4)5. Spatially heterogeneous diffusion dynamics of molecules within droplets observed 

with FRAP analysis strongly correlate with droplet density measured by Raman spectroscopy. 

These findings demonstrate that the combination of FRAP and Raman spectroscopy offers 

complementary insights into how the charge properties of droplet components influence the 

complex dynamic behaviors of LLPS-based biomolecular condensates.  
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3.3 Experimental Section 

Chemicals. The peptides (PR)20, (GR)20, and (P4R4)5 were chemically synthesized by 

Genscript (Piscataway, NJ) with a purity greater than 85%. Poly-A RNA (700 – 3,500 kDa) 

was purchased from Sigma-Aldrich and used without further purification. TAMRA-rA15 (5-

carboxy-tetramethyl-rhodamine (TAMRA) labeled poly-A15 (15 repeats of adenine) was 

synthesized and purified by Fasmac (Kanagawa, Japan).  

Phase separation assay. Stock solution of arginine-rich dipeptide [(PR)20, (GR)20 or (P4R4)5] 

were prepared at ~ 1 mM in phosphate-buffered saline (PBS; 049-29793, Wako, pH 7.3, [Na+] 

= 152 mM). A poly-A RNA stock solution was prepared at 0.55 mg/mL in the same PBS. To 

estimate dipeptide concentration of each solution, the absorbance at 205 nm (A205) of 12-fold 

diluted stock solution was measured using a UV-Vis spectrophotometer (VL0000D0, Thermo 

Scientific), based on the absorbance contribution of peptide bonds and side chains.30, 31 Stock 

solution of small dye molecules, TAMRA, Rhodamine B, and fluorescein, were also prepared 

at 1 mM in PBS.  

For Raman spectroscopy, fluorescently non-labelled droplets were prepared. Shortly, 45.5 µL 

of the poly-A RNA stock solution was diluted with 136.5 µL of PBS buffer. Then, 18 µL of 

the peptide stock solution was added and vortexed. The mixture was transferred to an 8 well 

non-coated coverslip (Matsunami) and incubated for 3 hours at room temperature.  

For FRAP measurement of fluorescently labeled RNA, 1 µL of TAMRA-rA15 (0.55 mg/mL) 

was mixed with 44.5 µL of the poly-A stock solution in 136.5 µL of PBS, followed by 

vortexing with 18 µL of the peptide stock solution. The mixture was incubated in an 8 well 

non-coated coverslip for 3 hours at room temperature to form fluorescently labeled droplets. 

For FRAP analysis of small dyes, 1 µL of the stock solution of TAMRA, Rhodamine B or 
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fluorescein was mixed with 45.5 µL of the poly-A stock solution in 135.5 µL of PBS, then 

vortexed with 18 µL of the (PR)20 or (GR)20 stock solution and incubated at room temperature 

for 3 hours to form droplets labeled with free dye molecules. The final concentrations of poly-

A RNA were approximately 0.125 mg/mL in all solutions.  

FRAP analysis. FRAP experiments were conducted using a confocal microscope (A1Rsi, 

Nikon) equipped with a 60x water-immersion objective (PlanApo, NA 1.2, Nikon), following 

the protocols described previously.29, 34 Fluorescein was excited by a 488 nm laser, and the 

emission signal was detected through a 525/50 bandpass filter. TAMRA, RhB and TAMRA-

rA15 were excited by a 561 nm laser, and the emission signal was detected through a 593/46 

bandpass filter. A small area (approximately 1.0 μm diameter circle) was selected within a 

liquid droplet. The central or inner boundary region of individual droplets was bleached with 

8 scans using 10% (approximately 2 μW, 488 nm) laser power for fluorescein fluorescently 

labeled droplets, or 19% (approximately 2 μW, 561 nm) laser power for TAMRA, RhB and 

TAMRA-rA15 fluorescently labeled droplets, and the fluorescence recovery was recorded over 

time. Snapshots were then collected using as low laser power as 0.1% (at 10 nW range) every 

1 s for 34 sec (for the small dye molecules fluorescently labeled droplets showing fast 

fluorescence recovery) or every 5.0 s for 2.5 min (for TAMRA-rA15 fluorescently labeled 

droplets showing slow fluorescence recovery). The relative fluorescence intensities in the 

bleached area were normalized using the average intensity of three images measured before 

photobleaching. The normalized intensities were analyzed using a fitting equation for a single 

exponential association model and the fluorescent half-recovery time (1/2) was calculated 

following previously reported methods.32, 33, 34 Statistical analyses were performed by a 

Student’s t-test: *, p <0.05; **, p <0.01; ***, p value<0.001. 

Raman spectroscopy. Raman measurements were performed using a home-built Raman 

microscope based on an inverted microscope (TiU, Nikon) with 60x air objective (PlanApo, 
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NA 0.95, Nikon), a spectrograph (iHR330, HORIBA) and a CCD camera (Newton DU920P–

BEX2–DD, Andor Technology). A 638 nm laser (638-06-MILD-180, Cobolt) was used as the 

excitation source. Raman scattering was collected through a confocal pinhole and a long pass 

filter (BLP01-647R, Semrock). Single-point Raman spectra were recorded at the center region 

of individual droplets with 1 s exposure time and 300 accumulations. Raman intensity mapping 

of individual droplets was performed using Omega software (AIST-NT) with 1 s exposure time 

and 50 accumulations per pixel. Reference Raman spectra of dipeptides and poly-A RNA in 

Milli-Q water (18 MΩ cm, Milli-Q System, Millipore) were acquired under the same 

conditions with 1 s exposure and 1000 accumulations. Raman spectra in each mapping were 

normalized using spectra obtained from the PBS surrounding droplets. A wavelet transform is 

applied to each spectrum to optimize denoising and background removal (see Figure 3.A1). 
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3.4 Results and discussion 

Raman Spectroscopic Analysis of Liquid Droplets: Mixture of dipeptides and poly-A 

formed spherical droplets ranging from a few to ten µm in diameter after 3 hours of incubation. 

Although some non-spherical droplets were present, the spherical droplets maintained their 

shape for several hours on the glass surface at room temperature and were used for Raman 

spectroscopy in this study. To elucidate the vibrational modes and potential interactions 

between the dipeptides and poly-A within droplets, Raman spectroscopy was performed on 

droplets approximately 6 µm in diameter. Figure 3.1a and 3.1b show representative Raman 

spectra of droplets composed of (PR)20 / poly-A and (GR)20 / poly-A, respectively. For 

comparison, the reference Raman spectra of (PR)20, (GR)20 and poly-A are also presented in 

Figure 3.1. The Raman spectra of the liquid droplets display Raman peaks associated with both 

arginine-rich dipeptides and poly-A RNA (peak assignments are summarized in Table 3.1).35, 

36, 37 A prominent feature of the spectra is a peak around ~1580 cm-1, which is attributed to the 

 (C=C) stretching mode of adenine of poly-A.35 Additionally, a peak at 1450 cm-1 was 

observed in (PR)20-containing droplets and a similar peak around 1445 cm-1 appeared in 

droplets with (GR)20. These peaks likely correspond to CH2 /CH3 deformation modes from the 

side chain of the arginine-rich dipeptides.26, 38, 39 Notably, the peak at 1437 cm-1, associated 

with N-H deformation of the guanidinium moiety in arginine, was suppressed upon droplet 

formation. This suppression suggests hydrogen bonding between arginine residues and the 

adenine bases of RNA.40   
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Figure 3.1. Single-point Raman spectroscopy of liquid droplets. Comparison of typical 

Raman peaks observed in liquid droplets with reference Raman spectra of dipeptides and 

poly-A RNA. (a) Reference Raman spectra of poly-A RNA (red line) and (PR)20 (blue line) 

(top), and the Raman spectrum measured at the center of a (PR)20 / poly-A droplet (bottom). 

(b) Reference Raman spectra of poly-A RNA (red line) and (GR)20 (blue line) (top), and the 

Raman spectrum measured at the center of a (GR)20 / poly-A droplet (bottom). Dashed lines 

indicate characteristic peaks corresponding to dipeptide (green and black dashed lines) and 

poly-A RNA (red dashed lines), respectively. The peak at 1437 cm-1, attributed to N-H 

deformation of the guanidinium moiety of arginine, is observed in both (PR)20 and (GR)20.  
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Table 3.1. Assignment of characteristic experimental vibrations of each (PR)20 / poly-A RNA 

droplet to specific vibrational modes.  

Peak (cm-1) Assignment 

1580 Adenine, C=C (V base), in plane 

1510 Adenine, vibrations of benzene, skeletal stretching 

1452 Arginine, CH2/CH3 deformation modes 

1437 Arginine, N–H deformations of the guanidinium moiety of arginine 

937 Arginine, C-C; N-C-N; C-N 

843 Proline, skeletal vibrations 

795 Adenine, C=C 

726 Adenine, ring-breathing mode vibration 

597 Bending of COO- 

 

Since the spontaneous Raman scattering intensity is proportional to the molecular 

concentration, the density of the liquid droplet can be analysed by Raman spectroscopy. In this 

experiment, the concentration of (PR)20 and (GR)20 are estimated to be 1.20 mM and 1.06 mM, 

respectively (Figure 3.A4). Comparing Raman spectra of liquid droplet with these dipeptides 

and the same amount of poly-A RNA, we found that higher Raman scattering from the droplets 

consisting of (GR)20 / poly-A RNA is 1.1 to 1.2 times higher than that of (PR)20 / poly-A RNA 

droplet (Figure 3.A5), indicating a higher density of (GR)20 / poly-A RNA complexes in the 

corresponding droplets. Since spontaneous Raman scattering intensity is proportional to the 
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molecular concentration, the density of the liquid droplet can be analysed using Raman 

spectroscopy. From the UV-Vis spectroscopy, the concentration of (PR)20 and (GR)20 in the 

stock solutions were estimated to be 1.20 mM and 1.06 mM, respectively (Figure 3.A4). By 

comparing Raman spectra of droplet formed from these dipeptides with an equal amount of 

poly-A, we found that the Raman scattering intensity from (GR)20 / poly-A droplets was 1.1 to 

1.2 times higher than that from (PR)20 / poly-A droplet (Figure 3.A5), indicating a higher 

density of (GR)20 / poly-A complexes within the droplets. 

To further gain insights into the spatial information of liquid droplets (Figure 3.2a), Raman 

mapping was performed across the droplets (Figure 3.2b). Figure 3.2c and 3.2d show Raman 

intensity map along the x- and z-direction, respectively, where the peak intensity at 1580 cm-1 

[corresponding to  (C=C) of poly-A RNA] was used to visualize RNA distribution within a 

droplet. No Raman peaks were observed outside the droplet, while the characteristic peaks of 

(PR)20 and poly-A RNA are clearly detected inside. The Raman maps reveal a slightly 

compressed spherical shape of the droplet in z-direction, measuring approximately 5 µm of 

diameter in the xy-plane and ~3.5 µm in the z-direction for the droplet shown in Figure 3.2c 

and 3.2d.  Note that, in Figure 3.2c, the spectrum at position #1 displays Raman scattering at 

the edge of the droplet, where a part of the laser excitation light is focused inside and the other 

part outside. In contrast, at the position #3, the laser focus is entirely inside the droplet. The 

Raman scattering intensity of  (C=C) peak at the center of the droplet (position #7) is 

significantly higher than that near the inner boundary (position #3 - 4), indicating a higher 

density of poly-A RNA at the center of the droplet. The intensity maps at 1450 or 1445 cm-1, 

corresponding to CH2/CH3 deformation modes of the dipeptides, show similar trends (Figure 

3.A2).  

Despite the presence of concentration gradients for RNA and dipeptides, the intensity ratio map 

between the peaks at 1450 (dipeptide-related) and 1580 cm-1 (poly-A-related), I1450/I1580, 
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remained relatively homogeneous across the (PR)20 droplets (Figure 3.2e, top). (See the Figure 

3.2f and 3.2g top for the corresponding intensity ratio maps across the (P4R4)5 and (GR)20 

droplets, respectively.) This uniform ratio suggests the formation of stable RNA-dipeptide 

complexes, likely driven by strong interaction between them, electrostatic, cation- ,  - , 

and/or hydrophobic interactions.41, 42, 43 
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Figure 3.2. Raman mapping of liquid droplets composed of (PR)20 and poly-A RNA. (a) 

A typical optical transmission image of (PR)20 / poly-A RNA droplets. Only spherical 

droplets were analysed in this study. (b) Schematic illustration defining the axis used for 

Raman microscopy measurements. (c) Raman intensity map of a liquid droplet by scanning 

along the x-axis (top). Raman scattering spectra collected at various positions: one spectrum 

from outside of the droplet (position #1) and a series of spectra from the edge to the center of 

the droplet (position #2 to #7) (bottom). The light green background at 1580 cm-1, which is 

attributed to  (C=C), indicates the presence of RNA. (d) Raman intensity map of the droplet 

obtained by scanning along the z-axis. (e-g) Intensity ratio of the Raman peaks at 1450 cm⁻¹ 

or 1445 cm⁻¹ (dipeptide related) and 1580 cm⁻¹ (RNA related), I1450/I1580, or I1445/I1580 

acquired along the x-axis (top) within droplets composed of (PR)20 / poly-A RNA (e), (P4R4)5 

/ poly-A RNA (f) and (GR)20 / poly-A RNA droplets (g), respectively. Normalized Raman 

spectra at positions #3 and #7 are shown for comparison (bottom). 

 

We examined the density heterogeneity of (P4R4)5, which has the same net charge as (PR)20 

but different charge patterning, and in (GR)20 which shares both the same net charge and charge 

patterning as (PR)20 but insufficient charge separation and different amino acid components.21 

Raman intensity maps at 1580 cm⁻¹ (RNA related) and 1450 cm⁻¹ (dipeptide related) for (PR)20 

/ poly-A (Figure 3.A2a), (P4R4)5 / poly-A (Figure 3.A2b), and 1580 cm⁻¹ and 1445 cm⁻¹ for 

(GR)20 / poly-A droplets (Figure 3.A2c) reveal clear concentration gradients of poly-A RNA 

and dipeptides from the center to the inner boundary of the droplets. These suggest that 

arginine-rich dipeptides play a crucial role in forming hierarchical structure within liquid 

droplets. Interestingly, although (GR)20, (PR)20, and (P4R4)5 share the same isoelectric point 

(e.g., pI=12.37),44 the peak intensity at 1580 cm-1 is significantly higher in (GR)20 droplet 

compared to (PR)20 and (P4R4)5 droplet (Figure 3.A3), indicating a greater accumulation of 
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RNA in (GR)20 droplet. This is particularly notable given that the stock concentration of (GR)20 

(1.06 mM) is lower than that of (PR)20 (1.20 mM) (Figure 3.A4).  

Despite both peptides containing arginine residues and having the same pI, the difference in 

charge distribution and structural flexibility likely influences their binding behavior to RNA. 

In (PR)20, the cyclic structure of proline spatially separates arginine residues, weakening 

electrostatic interactions with the negatively charged RNA backbone and resulting in partial 

binding with RNA.45 In contrast, (GR)20 contains glycine, of which a minimal side chain (a 

single hydrogen atom) does not disrupt arginine clustering. This results in a block-like positive 

charge pattern that strengthens electrostatic attraction to poly-A RNA.21, 45, 46 Furthermore, the 

guanidinium groups of arginine in (GR)20 can participate in a variety of interactions, including 

electrostatic interactions to phosphate backbone and cation–π and π–π stacking interactions 

with adenine bases.47 These diverse interaction modes allow individual arginine residues to 

engage with multiple RNA sites, supporting cooperative rather than competitive binding.47, 48 

Additionally, the structural flexibility of (GR)20 due to glycine spacers, enhances its ability to 

conform to RNA and form π–π interactions more than the rigid proline-containing (PR)20.47, 49, 

50  This structural flexibility likely contributes to the higher RNA recruitment in (GR)20-

containing droplets, as reflected by the increased Raman scattering intensity associated with 

RNA (Figure 3.A5a). Therefore, despite its lower initial concentration, (GR)20 exhibits a 

stronger capability to accumulate RNA within droplets. This is likely driven by its clustered 

positive charges, conformational flexibility, and ability to form multivalent interactions. 

Diffusion Behavior of poly-A RNA in Liquid Droplets: To elucidate the molecular diffusion 

dynamics within liquid droplets, we performed FRAP measurements. In the initial set of 

experiments, FRAP was conducted using fluorescently labeled poly-A RNA (TAMRA-rA15) 

to monitor the diffusion behavior of arginine-rich dipeptide/RNA complexes (Figuer 3.3). For 

this purpose, TAMRA-rA15 was mixed with unlabeled poly-A at a concentration of 2.25 wt% 
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and incubated with the dipeptides. Figure 3.3a presents representative fluorescence snapshots 

of (PR)20 / poly-A droplets during FRAP measurements, showing fluorescence recovery after 

photobleaching at the central region (Figure 3.3a top) and near the inner boundary (Figure 3.3a 

bottom) of the droplet. The corresponding fluorescence recovery curves as a function of time 

are shown in Figure 3.3b. The averaged half-recovery time (1/2) was estimated to be 37.6  

4.4 s at the center and 32.1  3.3 s near the inner boundary (Figure 3.3b and 3.3e, respectively). 

Similar measurements were conducted for (P4R4)5 / poly-A (Figure 3.3c) and (GR)20 / poly-A 

droplets (Figure 3.3d), where comparable spatial trends were observed (Figure 3.3e). In all 

cases, fluorescence recovery was consistently slower at the central region than at the inner 

boundary, indicating spatially heterogeneous diffusion dynamics of the dipeptide/RNA 

complexes. This slower recovery correlates with the higher concentration of the complexes at 

the droplet center, as also revealed by Raman spectroscopy (Figure 3.2 and Figure 3.A2). In all 

liquid droplets labeled with TAMRA-rA15, the fluorescent recovery of TAMRA-rA15 

molecules was found not to fully recover, as shown by the recovery curves for all droplet types 

(Figure 3.3b-d). This partial recovery suggests that a fraction of dipeptide/RNA complexes 

diffuse slowly within the liquid droplets during the limited observation time and/or the intensity 

did not recover due to the photo-bleaching effect of the low amount of TAMRA-rA15. 

Furthermore, the intermediate fluorescence recovery of TAMRA-rA15 at the center region is 

slightly higher than that at the near boundary within liquid droplets (Figure 3.3b-d). These 

results correspond with the local density gradients across the droplet regions. 

The 1/2 values for TAMRA-rA15 in (P4R4)5 / poly-A droplets were estimated to be 42.9  9.5 

s at the center and 36.1  5.6 s at the boundary (Figure 3.3c and 3.3e), similar to the values 

observed with the (PR)20 dipeptide. This suggests that the diffusion behavior of the 

dipeptide/RNA complexes is not strongly affected by the charge distribution pattern of the 

dipeptide repeat proteins. In contrast, 1/2 values in (GR)20 / poly-A droplets were significantly 

longer; 56.9  19.8 s at the center and 47.4  11.6 s at the boundary (Figure 3.3d and 3.3e). 
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This increase is likely due to the higher density of (GR)20 / poly-A droplets, as confirmed by 

Raman spectroscopy (Figure 3.A5a). Furthermore, the ratios of average recovery half-times 

between the center and boundary remained consistent across all droplet types (Figure 3.3f). 

These results indicate that the diffusion behavior of poly-A RNA in arginine-rich dipeptide / 

poly-A RNA droplets is primarily governed by the droplet density rather than the charge pattern 

of the dipeptides. 

 

Figure 3.3. Diffusion of poly-A RNA in liquid droplets. (a) Fluorescence snapshots of 

(PR)20 / poly-A RNA droplets before and after photobleaching. (b-d) Averaged FRAP curves 

at the center (blue line) and the inner boundary (red line) of droplets composed of (PR)20 / 

poly-A RNA (b), (P4R4)5 / poly-A RNA (c) and (GR)20 / poly-A RNA droplets (d), 
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respectively. (e) Averaged half recovery time (1/2) at the center (blue bars) and inner 

boundary (orange bars) of each dipeptide. (f) Ratio of the recovery time at the center to that at 

the boundary for TAMRA-rA15 in (PR)20 / poly-A RNA (black), (P4R4)5 / poly-A RNA 

(purple) and (GR)20 / poly-A RNA (pink) droplets. Asterisks indicate statistical significance 

based on t-test: *, p < 0.05, **, p < 0.01, ***, p < 0.001, NS: not significant (p > 0.05).  

Diffusion Behavior of small molecules in Liquid Droplets: In the second set of FRAP 

measurements, we investigated the diffusion behavior of small molecules within droplets using 

three types of fluorescence dyes: TAMRA (Figure 3.4a), Rhodamine B (RhB) (Figure 3.4b), 

and fluorescein (Figure. 3.4c). These dyes were selected to mimic diffusion behavior of small 

biomolecules or drug-like compounds. In PBS (pH 7.4), TAMRA has a neutral net charge, RhB 

carries a positive charge, and fluorescein is negatively charged.51, 52 Prior to droplet formation, 

the dyes were dissolved in PBS and mixed with a precursor solution containing non-labeled 

poly-A and the dipeptides, yielding a final dye concentration of 5 µM. Figure 3.4d-f show 

representative FRAP snapshots of the dyes at the center and boundary of a (PR)20 / poly-A 

droplet. Notably, the fluorescence intensity of the negatively charged dye (fluorescein) 

recovered almost completely within 11 s after photobleaching (Figure 3.4f), whereas the 

bleached regions for TAMRA and RhB remained visible (Figure 3.4d and 3.4e). This 

observation indicates that the negatively charged dyes diffuse more rapidly than neutral or 

positively charged ones. In all cases, all small dye molecules showed almost fully fluorescent 

recovery (Figure 3.4g-i, Figure 3.A6d-f and Figure 3.A7d-f). This suggests that small dye 

molecules diffuse quickly within the liquid droplets in very short observation time. When 

comparing the recovery curves of the dipeptide/RNA complexes and small dye molecules in 

(PR)20 droplets (Figure 3.3b and Figure 3.4g-i), the large molecular size of dipeptide/RNA 

complexes showed slow recovery while the small dye molecules did quick recovery in liquid 

phase. This suggests that the large molecular size of dipeptide/RNA complexes lead to 

molecular crowding due to the volume exclusion effect. 
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The corresponding fluorescence recovery curves for the three dyes are shown in Figure 3.4g-i, 

respectively. Blue lines represent the FRAP curves at the droplet center, and red lines 

correspond to the inner boundary of (PR)20 / poly-A droplet. (See the Figure 3.A6 and A7 for 

the corresponding snapshots and recovery curves in (GR)20 and (P4R4)5 droplets, respectively.) 

The averaged 1/2 values for each dye in droplets containing (PR)20, (P4R4)5 or (GR)20 are 

summarized in Figure 3.5a-c. Consistent with the results obtained using fluorescently labeled 

poly-A RNA (Figure 3.3), fluorescence recovery was generally faster at the droplet boundary 

than at the center, regardless of charges of dye or dipeptide sequence. This suggests that 

diffusion of small molecules is generally enhanced near the droplet boundary. For (PR)20-

containing droplets, the averaged 1/2 of TAMRA at the center was estimated to be 2.5 s. For 

fluorescein, 1/2 was slightly shorter at 1.5 s, while RhB exhibited a significantly longer 1/2 of 

5.6 s (Figure 3.5a). This charge-dependent trend in recovery time was consistent across both 

droplet regions and different dipeptide sequences. Notably, the recovery times in (GR)20 

droplets were approximately twice as long as those in (PR)20-containing droplets (Figure 3.5a 

and 3.5c), likely due to the higher density of (GR)20-containing droplets, as discussed in Figure 

3.3.  

Finally, the ratio of recovery time between the droplet center and boundary for TAMRA and 

RhB showed no significant difference across between (PR)20, (P4R4)5 and (GR)20-containing 

droplets. However, for fluorescein, this ratio varies significantly between the different 

dipeptide droplets (Figure 3.5d), suggesting a stronger binding between negatively charged 

molecules and (GR)20 compared to (PR)20. Previous studies using zeta potential measurements 

and simulations have shown that such droplets are generally negatively charged.12, 14, 53 This 

could explain the observed charge-dependent diffusion behavior of the fluorescence dyes. 

These differences in diffusion behavior are likely due to electrostatic interactions within the 

droplets, where negatively charged fluorescein is repelled and thus diffuses more rapidly, while 

positively charged RhB experiences attractive interactions and therefore diffuses more slowly. 
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Thus, by tuning the charge of drug molecules to align with the electrostatic environment of the 

droplets during drug design, it may be possible to retain their enrichment within the droplets 

while reducing diffusion hinderance. In combination with droplet-disrupting argents, such as 

1,6-hexanediol (1,6-HD), this strategy could enhance drug bioavailability and open up novel 

therapeutic avenues. 

Collectively, our Raman and FRAP measurements reveal heterogenetic dynamics and 

hierarchical structure within liquid droplets, consistent with an internal concentration gradient 

of RNA. The complex diffusion behavior observed is primarily driven by the formation of 

stable RNA-dipeptide complexes. Importantly, both the overall charge and density variations 

within droplets, arising from interactions with arginine-rich dipeptides, should be taken into 

account when analyzing diffusion processes in these systems. 

 

Figure 3.4. Diffusion of small molecules in liquid droplets. Chemical structures of 

TAMRA (a), Rhodamine B (b), and fluorescein (c), respectively. Fluorescence snapshot after 
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photobleaching in the center region and inner boundary of (PR)20/poly-A RNA droplets 

containing TAMRA (d), Rhodamine B (e), or fluorescein (f). Averaged FRAP curves at the 

center (blue) and inner boundary (red) of (PR)20/poly-A RNA droplets containing TAMRA 

(g), Rhodamine B (h), or fluorescein (i), respectively.  

 

 

Figure 3.5. Averaged recovery time of small molecules in liquid droplets. (a-c) Averaged 

half recovery time at the center (blue) and inner boundary (orange) of droplets containing 

(PR)20 (a), (P4R4)5 (b) and (GR)20 (c). (d) Ratio of the averaged recovery half-time between 

the center and boundary in (PR)20 / poly-A RNA (black), (P4R4)5 / poly-A RNA (purple) and 

(GR)20 / poly-A RNA (pink) droplets. Asterisks indicate statistical significance based on t-

test: *, p < 0.05, **, p < 0.01, ***, p < 0.001, NS: not significant (p > 0.05). 
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3.5 Conclusions  

In this study, we investigated the molecular organization and diffusion behavior within 

arginine-rich dipeptide/poly-A RNA condensates using Raman spectroscopy and fluorescence 

recovery after photobleaching (FRAP). Raman spectroscopic analysis revealed that the 

dipeptides (PR)20 and (GR)20, when mixed with poly-A RNA, form spherical liquid droplets 

enriched in RNA–dipeptide complexes. Raman intensity mapping demonstrated a 

concentration gradient of poly-A RNA, with higher density at the droplet center. This suggests 

the formation of a hierarchical internal structure within droplets, likely governed by 

intermolecular interactions such as hydrogen bonding, cation–π interactions, and electrostatic 

forces. FRAP measurements further revealed spatially heterogeneous diffusion dynamics 

inside the droplets. Labeled poly-A RNA exhibited slower fluorescence recovery at the center 

compared to the periphery, in agreement with the Raman-based density distribution. 

Interestingly, the diffusion behavior was more strongly influenced by droplet density than by 

the specific charge pattern of the arginine-rich dipeptides. Droplets formed with (GR)20 showed 

significantly slower recovery times than those with (PR)20, consistent with their higher 

molecular density. Additionally, the diffusion of small fluorescent dyes varied with their net 

charge. Negatively charged fluorescein diffused more rapidly than positively or neutrally 

charged dyes, highlighting the charge-dependent permeability of the droplet environment. This 

permeability varied across dipeptide sequences and droplet regions, suggesting selective 

molecular partitioning based on physicochemical properties. Together, our results reveal that 

arginine-rich dipeptide/poly-A RNA droplets are not uniform liquid phases but possess 

complex internal structure and diffusion behavior shaped by molecular density, charge 

interactions, and component composition. These findings underscore the importance of 

considering internal density heterogeneity and charge-driven interactions when studying 

biomolecular condensates, with implications for understanding the regulation of biochemical 
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processes in membrane-less organelles, designing synthetic condensates for biomedical 

applications, and potential therapeutic strategies for treating neuronal diseases. 

 

 



 

 

 

106 

3.6 Appendix 

 

Figure 3.A1. Normalization of Raman spectra in the droplets. Raman scattering intensity 

map of the liquid droplet sweeping in the x-direction. Normalization of Raman spectra in the 

mapping data using a spectrum in PBS buffer in each map (outside the droplets). 
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Figure 3.A2. Raman scattering intensity maps of the liquid droplets sweeping in the x-

direction. The Raman scattering signal at 1450 cm-1 indicating CH2 /CH3 deformation modes 

from the side chain of arginine-rich dipeptide and at 1580 cm-1 indicating u(C=C) stretching 

mode of poly-A RNA generated the intensity maps within droplets composed of (PR)20 / 

poly-A RNA (a), (P4R4)5 / poly-A RNA (b) and (GR)20 / poly-A RNA droplets (c), 

respectively. 
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Figure 3.A3. Peak intensity at 1580 cm-1 in the droplets. Normalization of Raman spectra 

in each mapping data using a spectrum in PBS buffer in each map (outside of the droplets) to 

compare the peak intensity at 1580 cm-1 indicating u(C=C) stretching mode of poly-A RNA 

among (PR)20 / poly-A PR20 (a), (P4R4)5 / poly-A (b), and (GR)20 / poly-A droplets (c), 

respectively. 
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Figure 3.A4. The UV absorbance spectra of dipeptide solutions. Absorption spectra (205-

600 nm) of (PR)20 (black line) and (GR)20 (pink line) in PBS buffer, with n=3. The absorption 

intensity at 205 nm is due to absorbance from peptide bonds on the peptide backbone and 

absorbance from side chain of arginine. The error bars show ± SD. 
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Figure 3.A5. The Raman intensity of liquid droplets. (a) Average Raman spectra of (PR)20 

/ poly-A (black line) and (GR)20 / poly-A (pink line), in multiple droplets (n=10). All spectra 

were acquired in 300s at the center region for each droplet. Red dash lines represent the peaks 

appeared in both (PR)20 / poly-A and (GR)20 / poly-A droplets. (b) Raman intensities in 

(PR)20 / poly-A (black) and in (GR)20 / poly-A droplets (pink). Vibrational modes appeared 

in both (PR)20 / poly-A and (GR)20 / poly-A droplets. The intensity in (GR)20 / poly-A RNA 

at 1580 cm-1, 1377 cm-1, 1309 cm-1, and 726 cm-1 is 1.2 times higher than that of (PR)20 / 

poly-A RNA droplet. The intensity in (GR)20 / poly-A RNA at 1252 cm-1 is 1.1 times higher 

than that of the (PR)20 / poly-A RNA droplet. The background by the spectrum outside the 

droplets was subtracted from the Raman intensity of each mode in the droplets. The asterisks 

indicate the significance of the t-test: ***, p <0.001, **, p <0.01, *, p <0.05. 

  



 

 

 

111 

 

Figure 3.A6. Diffusion of small molecules in (GR)20 / poly-A droplets. Snapshot of 

fluorescence images after photobleaching of TAMRA (a), Rhodamine B (b), or fluorescein 

(c) in the center region (top) and inner boundary (bottom) of (GR)20/poly-A droplets, 

respectively. The averaged FRAP curves at the central region (blue) and the inner boundary 

(red) in the droplet of (GR)20/poly-A with TAMRA (d), Rhodamine B (e), or fluorescein (f), 

respectively. 
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Figure 3.A7. Diffusion of small molecules in (P4R4)5 / poly-A droplets. Snapshot of 

fluorescence images after photobleaching of TAMRA (a), Rhodamine B (b), or fluorescein 

(c) in the center region (top) and inner boundary (bottom) of (P4R4)5 /poly-A droplets, 

respectively. The averaged FRAP curves at the central region (blue) and the inner boundary 

(red) in the droplet of (P4R4)5/poly-A with TAMRA (d), Rhodamine B (e), or fluorescein (f), 

respectively. 
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Summary and perspective 

In summary, firstly, with a combination of FRAP measurements and Raman spectroscopy, this 

study focused on the spatial diffusion dynamics within liquid droplets formed by arginine-rich 

dipeptides and poly-A RNA via LLPS. FRAP analysis unveiled that poly-A RNA molecules 

diffuse more rapidly at the edge of droplets compared to those at the central region. 

Furthermore, Raman spectroscopy of the intensity revealed the clear concentration gradient of 

RNA molecules across liquid droplets: a lower concentration at the edge and a higher 

concentration at the central region of the droplets. Notably, this concentration gradient of RNA 

obatained with Raman spectroscopy aligns with the diffusion behavior of labeled RNA 

molecules in liquid droplets observed with FRAP measurements. However, the complex 

interactions between dipeptides and RNA molecules may further influence the diffusion 

behaviors of liquid droplets. Although further investigation is needed, this study demonstrates 

that Raman spectroscopy combined with FRAP has the potential to contribute to understanding 

the complex diffusion dynamics within liquid droplets. 

Secondly, we investigated the spatial distribution of components with different charge 

properties within liquid droplets formed by arginine-rich dipeptides and poly-A RNA through 

LLPS. Using a combination of Raman spectroscopy and FRAP, we explored the spatial 

dynamics and structural organization of these droplets. Raman microscopy further 

demonstrated a concentration gradient of both RNA and dipeptides, with lower concentrations 

near the boundary and higher concentrations toward the center. This concentration gradient 

aligns with the observed diffusion behavior. FRAP analysis revealed that poly-A RNA diffuses 

more rapidly at the inner boundary than at the center. These findings suggest that concentration 

gradients, hierarchical structures, and dynamic interactions are key features of the droplets 

formed via LLPS. The RNA-peptide complexes within the droplets may influence diffusion, 

indicating potential internal interactions that warrant further investigation. Although further 
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investigation is needed, the study demonstrates that Raman microscopy has promising potential 

to help us understand the complex dynamics and structural organization of liquid droplets. 

In conclusion, we investigated the spatially heterogeneous diffusion behaviors within arginine-

rich dipeptide/poly-A RNA biomolecular condensates using Raman spectroscopy and FRAP 

analysis. We provide a powerful method for revealing the biophysical properties of 

biomolecular condensates. These findings help us understand the importance of considering 

density heterogeneity and charge-driven molecular interactions when investigating 

biomolecular coacervations, with implications for designing synthetic condensates for 

biomedical applications, thus contributing to a better understanding of the regulation of 

biochemical processes within membrane-less organelles and potential therapeutic strategies for 

treating neuronal diseases. 
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