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ABSTRACT: Macromolecules organize themselves into discrete membrane-less compartments through a process called liquid-liq-

uid phase separation (LLPS). Mounting evidence has suggested that nucleosomes as well as DNA itself undergo LLPS or general 

condensation to regulate genomic activity. Current in vitro condensation studies provide insight into the physical properties of con-

densates, such as surface tension and diffusion. However, such studies lack the resolution that would allow for complex kinetic studies 

of multicomponent condensation. To address this issue, we use a supported lipid bilayer (SLB) platform in tandem with objective 

based total internal reflection microscopy (TIRM) to observe the 2-dimensional lateral movement of macromolecules at single-mol-

ecule resolution. This dimensional reduction from 3-dimensional studies allows us to observe the initial condensation events of DNA 

and nucleosomes and dissolution of these early condensates 

in the presence of condensing agents at physiological con-

centrations. We observe that the initial condensation of DNA 

and nucleosomes happens on a timescale of minutes while 

dissolution occurs within seconds. Specifically, we used this 

platform to observe polyamine-mediated DNA condensation. 

Polyamines are found in abundance in some condensate re-

lated diseases, such as Alzheimer’s and various cancers. Our 

real-time imaging of condensation verified that polyamine 

valency directly impacts DNA as well as nucleosome con-

densability, in line with previous finding that polycations in-

teract with the negatively charged DNA backbone. Lastly, 

we use this platform to study nucleosome condensing agents, 

such as HP1α and Ki-67 to observe their effects on promoting 

condensation.  
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1. INTRODUCTION 

A resurgent concept in biology is the way cells organize biomole-

cules into membrane-less compartments through LLPS. This or-

ganization of biomolecules facilitates cellular reactions once their 

concentration reaches a certain threshold. These biomolecular con-

densates exist in the nucleus to facilitate processes, such as DNA 

damage repair, gene repression through chromatin condensation, 

and ribosome biogenesis [2-4], and in the cytosol to facilitate 

mRNA processing, mRNA localization, translation, protein fold-

ing, along with many other processes [5]. Because LLPS is in-

volved in many cellular functions, it must be highly regulated. 

Dysregulation of LLPS may result in the formation of pathological 

aggregates that lead to impaired cell function and may ultimately 

lead to cell death [5-15], highlighting the importance of under-

standing the tight regulation of LLPS in cells.  

LLPS is promoted through interactions between macromolecules 

and depends on valency of interactions. Many proteins associated 

with LLPS achieve multivalency through the interaction of two 

generally conserved modules: folded domains and low complexity 

disordered segments [5,2,16]. Entropy typically favors a hetero-

genous mixture and is governed by environmental factors like pH 

and temperature, but many biological condensates circumvent this 

through multivalent interactions between different constituents.  

These multivalent interactions can promote organized compart-

mentalization of subcellular components as seen in nucleolar or-

ganization [4]. LLPS is also dependent on the concentration thresh-

old of macromolecules where a critical concentration must be 

reached for macromolecules to undergo phase separation. While 

advances in the field detail the types of multivalent interactions and 

potential critical concentrations of phase separating proteins that 

promote LLPS, there is still more to learn about the selective con-

centrating of LLPS promoting molecules for cellular processes that 

involve these proteins [17,18].  In addition, while live-cell based 

studies have been performed using a protein construct with tunable 

valency [19,20], many do not capture kinetic rates efficiently at a 

single molecule level. 



 

Single molecule studies provide enhanced resolution to observe the 

kinetics of condensate formation and macromolecule recruitment 

into a condensate [21, 22, 52, 53].  Here, we used a supported lipid 

bilayer (SLB) to investigate 2-dimensional lateral movement of 

DNA and nucleosome condensation at a single-molecule level. 

Such SLBs have been used to study vesicle fusion as well as cell 

adhesion [23, 24, 47, 48, 49], and, importantly, the clustering of 

components within the bilayer like individual lipids and cholesterol 

[25]. This platform allows us to correlate the kinetic behavior of 

SLB-bound molecules with their condensate properties and can 

also be applied to investigating the recruitment kinetics of other 

phase separating proteins or macromolecules. One protein of par-

ticular interest is Ki-67, a 2896 amino acid protein that coats mi-

totic nucleosomes to maintain chromosomes individuality during 

mitosis after the mitotic envelope dissociates [30]. At the end of 

mitosis, Ki-67 aids in the exclusion of cytoplasm during the refor-

mation of the nuclear envelope.  Such condensation is essential for 

Ki-67s functioning in vivo. Thus, understanding how Ki-67 oper-

ates as a chromosomal condensing agent could serve to help us bet-

ter understand general nucleosome organization as well as what 

role Ki-67 overexpression plays as ubiquitous proliferation marker 

for multiple types of cancer.  

 

2. METHODS 

2.1 Supported lipid bilayer (SLB) generation 

SLBs were generated based on studies that observe vesicle fusion 

into bilayers [23]. Small unilamellar vesicles are prepared by dry-

ing a mixture of 93% POPC and 7% 18:1 biotinyl-PE (Avanti Polar 

Lipids, catalog #850457C and 870282C) under compressed nitro-

gen gas followed by overnight drying under vacuum. This “lipid 

cake” was hydrated with T50 Buffer (10mM Tris-HCL pH 8.0, 50 

mM NaCl) and pipetted several times to promote vesicle formation. 

After undergoing 15 freeze-thaw cycles using liquid nitrogen, small 

unilamellar vesicles (SUVs) were prepared by 21 passes through 

an extruder (Avanti) fitted with 100 nm filter (Cytiva, catalog # 

800309). SUVs were stored at 4oC for up to 14 days. 

 

2.2 Slide Preparation/Assembly 

Quartz slides were cleaned by sonicating in methanol for 30 min, 

then washing with acetone and drying with nitrogen gas. After dry-

ing, the slides were sonicated in a 5% Alconox detergent solution 

for 30 min and rinsed with ddH2O. Slides were then sonicated in a 

1 M KOH solution, rinsed with ddH2O, and burned using a propane 

torch. Glass coverslips were incubated in a 1X detergent solution 

(MP Biomedicals, 097667093) just below boiling point for 1 hour 

and then thoroughly rinsed with MilliQ water. Glass coverslips 

were then baked in a Furnace (Barnstead International, Model 

FB1315M) at 540 oC, just below the melting point of the coverslip, 

for 5 hours. Once clean, 1-2 mm strips of Scotch double-sided tape 

were placed between drilled holes on the edges of the quartz slide. 

The glass coverslips were then briefly burned using a propane torch 

and placed on the tape covered quartz slide. Excess tape was re-

moved, and the edges of the slide were sealed using epoxy 

(Devcon), resulting in a final assembled reaction chamber. Func-

tional imaging slides are made by injecting 20 µL of SUVs into a 

reaction chamber for 30 minutes incubating for vesicle fusion and 

SLB formation. The excess free SUVs were then washed out with 

200 µL of T50 Buffer. 

 

2.3 oTIRF microscopy/ Analysis 

 Fluorescently labeled macromolecules (DNA and mono-

nucleosomes) were observed on the SLBs using objective-based to-

tal internal reflection fluorescence microscopy. The fluorescence 

emission was collected by oil objective (Nikon PlanApo, NA 1.40, 

60×) and recorded by a back-illuminated electron-multiplying 

charge-coupled device camera (iXon3, Andor Technology) with 50 

ms exposure time.  

 To measure initial condensation, several criteria were put 

in place to define a potential condensate where a minimum of two 

criteria must be met: no diffusion, an intensity value at least double 

that of individual particles, and increased size relative to individual 

particles. Once a potential condensate is identified other potential 

condensates must also be easily located using the same criteria. 

When potential condensates are easily found (through random 

search) or multiple condensates appear within one field of view, 

initial condensation has occurred. 

 Single-molecule tracking was performed using the Im-

ageJ plugin, TrackMate, with a Laplacian of Gaussian (LoG) filter 

detector, which enables analysis of merging and splitting events. 

XY coordinates were obtained from these videos for each particle 

in each frame, and trajectories for each particle were analyzed using 

a Linear Assignment Problem (LAP) tracker [26]. Diffusion coef-

ficients for each particle were determined using a mean squared 

displacement (MSD) analysis. Trajectories were excluded based on 

trajectory length, where short trajectories (fewer than 10 frames) 

indicated particles that transiently entered the field of view. To in-

vestigate temporal changes in diffusional behavior we utilized roll-

ing MSD analysis by fitting MSD = 2dDtα, where D is the diffu-

sional coefficient, α is a measure of persistence in the walk and d is 

the dimension. For the analysis we utilized a window size of 20, 

required restricted segment length to be > 10 timepoints to disre-

gard spurious transient restricted movement and applied a system-

specific threshold for restricted motion of MSD=0.05 µm2/s ·sα.  

 

2.4 Widefield microscopy/ Analysis 

Bulk diffusion measurements were obtained by preparing SLBs as 

described above and imaging via a 555nm excitation laser with a 

Cy3 emission filter using a water/oil-immersion objective (Nikon 

PlanApo λ, NA 0.75, 20x). FRAP experiments were performed us-

ing this microscope with a 50 mW bleaching laser at 405 nm and a 

Bruker Galvano mirror scanner. Regions of interest measuring 25 

pixels in diameter on the SLB were bleached using 50% laser in-

tensity for 1 second. Fluorescence recovery data was obtained im-

mediately after bleaching and every 5 seconds up to 5 minutes. 

 

2.5 Protein Purification and Nucleosome assembly 

HP1α was purified as described previously [50]. 

Mononucleosomes were generated as described previously [51] us-

ing human histones. 

Full length Ki-67 gene was synthesized (Twist Bioscience) and in-

serted into the yeast expression plasmid (-Ura) along with N-termi-

nal hexa histidine tag by Gibson assembly. Ki-67 was expressed in 

the S. cerevisiae strain BCY123. Starter cultures were grown to sat-

uration overnight in CSM-Ura− media supplemented with 2% dex-

trose, 2% lactic acid, and 1.5% glycerol at 30 °C. Starter cultures 

were then diluted 10-fold in YP media with 2% lactic acid and 1.5% 

glycerol, and grown to an OD of 1.0–1.3 at 30 °C (12–15 h), at 

which point protein expression was induced by the addition of 2% 

galactose for 6 h at 30 °C. Cells were harvested by centrifugation, 

resuspended in 1 ml of 1 mm EDTA and 250 mm NaCl per liter of 

culture, and flash frozen dropwise in liquid nitrogen for storage at 

−80 °C. 

For purification, frozen pellets were lysed by cryogenic grinding in 

a Freezer Mill (SPEX SamplePrep). The cell powder was resus-

pended in K-Buffer (50 mm Hepes-KOH (pH 7.5), 300 mm NaCl, 

30 mm imidazole (pH 8.0), 10% glycerol, 1 mm PMSF, 2.34 μm 

leupeptin, 1.45 μm pepstatin, and 0.5 mm TCEP). Lysate was clar-

ified by centrifugation at 16,000 rpm in a JA 25.50 rotor for 45 min 

and loaded onto a HisTrap HP (GE) nickel-chelating Sepharose 

column. Protein was eluted in K-Buffer with 250mM NaCl and 

500mM Imidazole. Ki67 fractions were loaded onto Hitrap-SP col-

umn and eluted with K-buffer containing 1M NaCl. Fractions 



 

containing Ki-67 was concentrated and loaded onto Superose6 

10/300gl column pre-equilibrated in Storage buffer (50 mm Hepes-

KOH (pH 7.5), 300 mm NaCl, 10% glycerol, 1mM TCEP).  Frac-

tions containing Ki-67 were pooled, concentrated and stored in -

80C.  

 

2.6 DNA synthesis 

DNA was synthesized from a Widom 601 sequence containing 

plasmid pGEMz_601 (Addgene, 26656) with primers containing a 

biotin and Cy3.  

AT-ric h, GC-rich, and all primers were constructed by IDT: 

125bp AT-rich DNA 

5'- 

AGCGGTGATGCTGATAGAAGTATAATATTAATAATAAA

TTAAATATATTATATTAATAATTAATAAT 

TAATAAATTAAAATATTATTTATAATAATTAAACATAAT

AGCTTCTGTGCGCC – 3’ 

122bp GC-rich DNA  

5' - 

TGAACCTGTACCCTTGTTGGCGCGTACGCGCGAACGCGT

TATCGTCGCGTACGCGCGACGCGACGCGCGATCGCGAA

CGCGCGTCGTCGCGCGACGCGCGGCCTTGTAGATGAAC

TTGCG – 3’  

70bp DNA (-77N0) 

5’ – 

CGTACGTGCGTTTAAGCGGTGCTAGAGCTGTCTACGACC

AATTGAGCGGCCTCGGCACCGGGATTCTCCA – 3’ 

147bp DNA (0N0) 

5’ – 

CAGGATGTATATATCTGACACGTGCCTGGAGACTAGGG

AGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAGCGC

GTACGTGCGTTTAAGCGGTGCTAGAGCTGTCTACGACCA

ATTGAGCGGCCTCGGCACCGGGATTCTCCA – 3’ 

231bp DNA (43N43) 

5’ – 

ACTATCCGACTGGCACCGGCAAGGTCGCTGTTCAATACA

TGCACAGGATGTATATATCTGACACGTGCCTGGAGACTA

GGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAG

CGCGTACGTGCGTTTAAGCGGTGCTAGAGCTGTCTACGA

CCAATTGAGCGGCCTCGGCACCGGGATTCTCCAGGGCG

GCCGCGTATAGGGTCCATCACATAAGGGATGAACTCGG 

– 3’ 

  

3. RESULTS AND DISCUSSION 

3.1 SLBs provide a platform for measuring fluid properties and 

LLPS at a single molecule level 

Supported lipid bilayers (SLBs) are a widely used platform that 

mimics the cellular membrane. SLBs can be integrated into many 

surface-based techniques and have been useful for investigating 

fundamental phenomena in many fields, including membrane biol-

ogy, 

 
Figure 1. Experimental setup for experiments using objective-based total internal reflection fluorescence (oTIRF) microscopy in tandem 

with SLBs to observe spermine mediated condensation and decondensation: (A) oTIRF microscope setup, (B) visual representation and 

oTIRF recording of DNA bound to a 7% biotin containing SLB before the addition of any condensing agent, (C) visual representation and 

oTIRF recording of DNA bound to a 7% biotin containing SLB after promoting condensate formation through the addition of 100mM 

spermine, (D) visual representation and oTIRF recording of DNA bound to a 7% biotin containing SLB after inducing charge inversion and 

condensate dispersal through the addition of 500mM spermine, (E) diffusion histogram showing before, during, and after spermine mediated 

condensation and charge inversion of 40N40 DNA.

medical, and biotechnical fields [23, 24, 25].  Recent work has 

shown that SLBs are a suitable platform for investigating mem-

brane bound liquid-liquid phase separation (LLPS), highlighting 

how traditional LLPS studies such as circular droplet formation, 

fusion, and fluorescence recovery after photobleaching (FRAP) can 

be replicated in two dimensions [27].  

 As a proof of concept, we first formed SLBs containing 

94% POPC, 1% 18:1 rhodamine PE for SLB visualization, and 5% 



 

phosphatidylethanolamine mimic containing a biotinylated head 

group, 18:1 Biotinyl PE, and bound a biotin-labeled double 

stranded 43N43 DNA (where N denotes the 147bp 601 Widom po-

sitioning sequence and the adjacent numbers represent the linker 

DNA bp length) to the SLB through an avidin linkage. After the 

SLB was formed and DNA was bound, widefield imaging was per-

formed to confirm the fluorescence homogeneity across the surface 

of the SLB (Supplemental Figure 1A). This was directly compared 

to an SLB containing 1% 18:1 rhodamine PE (99% POPC). A small 

area was selectively photobleached and fluorescence recovery was 

observed with a halftime of 65 s for the DNA-bound SLB and 69 s 

for the SLB with no bound DNA (Supplemental Figure 1B). From 

FRAP curves generated by the fluorescence recovery we deter-

mined the bulk diffusion coefficient of 0.59 ± 0.046 µm2/s for 18:1 

rhodamine PE containing SLBs and 0.55 ± 0.044 µm2/s for 18:1 

rhodamine PE-containing, DNA-bound SLBs. This indicates that 

the binding of DNA has little impact on the diffusion of lipids an 

SLB.  These values are consistent with the diffusion coefficients of 

SLBs with membrane bound molecules determined in other studies 

[21, 48, 49]. 

By reducing the concentration of fluorescent molecules bound to 

the SLB, we could observe single molecule diffusion across the 

SLB surface using objective-based TIRF (Fig 1A). This allows for 

the tracking of individual particles at a particle density high enough 

for small condensates to form (Fig 1B, 1C). In order to test the ef-

ficacy of SLBs as a platform for observing condensation, we first 

bound a 230 base pair (bp) long DNA labeled with Cy3 to an SLB 

and were able to observe the lateral movement of particles with a 

diverse population of diffusion coefficients (Fig 1B, 1E). We then 

added 100 mM spermine, a 4+ charged polyamine, which has been 

shown to bridge adjacent DNA duplexes [28], to promote 

condensate formation. After the addition of spermine, small con-

densates formed from smaller, dimmer particles (Fig 1C, 1E). In 

addition to the immobile condensates, we also observed mobile 

particles as well as individual particles with arrested movement. 

The population of mobile particles is likely dependent on the con-

centration of condensing agent and the type of condensing agent: 

charged based condensation as in the case of spermine eventually 

leads to charge inversion-mediated condensate dispersal and there-

fore likely has a window of concentration range where all particles 

are immobile. Condensate formation on SLB-bound particles relies 

on the lateral movement of phospholipids within the bilayer, where 

disruption of this movement could potentially lead to apparent con-

densation by irreversible membrane deformation and destruction.  

To rule out this possibility, we induced charge inversion by increas-

ing the concentration of spermine to 500 mM, where the negatively 

charged DNA backbones become coated in positive charge from 

spermine. The resulting charge inversion is observed as dispersal 

of condensates previously formed by spermine (Fig 1D, Video1). 

Indeed, when using SLBs to observe spermine-mediated condensa-

tion and charge inversion, mobility of the surface bound particles 

recovers to levels before the addition of spermine (Fig 1D, 1E).  

In this study, ‘initial condensation’ is described as the formation of 

bright, immobile puncta early when many particles are still mobile, 

and ‘definitive condensation’ is defined by a near complete loss of 

particle mobility and the ubiquitous formation of bright, immobile 

puncta (Fig 2A). We first varied the GC-content of DNA on con-

densation of densely populated DNAs on an SLB.  AT-rich DNA 

initially condensed after the introduction of 5 µM spermine, fol-

lowed by 20 µM spermine for DNA with 57% GC content, and 30 

µM for GC-rich DNA (Table 1). Titration points of 1 µM, 10 µM, 

  

Figure 2. Condensation landscape: (A) definitions associated with condensation as they’re used in downstream experiments, (B) 

80N3 mono-nucleosome construct used in future experiments, example recordings of 80N3 nucleosomes and 40N40 DNA before 

and after condensate formation by spermine. (C) SLB populated densely with DNA in the presence of spermine. (D) SLB populated 

densely with DNA in the presence of spermidine. (E) diffusion histogram showing before, and after spermine mediated condensa-

tion of 80N3 nucleosomes, (F) diffusion histogram of a noncondensing particle (Rhodamine conjugated lipid) in an SLB.

and 20 µM spermine did not result in the initial condensation of 

AT-rich, 57% GC content, and GC-rich DNA, respectively. 

DNA Length (bp) Spermine (4+) 

70 50 µM 

147 20 µM 

230 10 µM 

AT-rich (125bp) 5 µM 

GC-rich (125bp) 30 µM 

Table 1. Condensability of different DNA lengths and GC-

content by spermine.  



 

The increased spermine-induced condensability of AT-rich 

DNA relative to GC-rich DNA confirms what was predicted 

from all-atom molecular dynamics simulations and was experi-

mentally validated previously using single-molecule FRET 

quantification of the frequency of transient contacts between 

two double stranded DNA molecules trapped inside a single 

vesicle [28].   As we increase the length of DNA from 70 bp to 

230 bp, the threshold concentration of spermine for DNA con-

densation decreased from 50 µM to 10 µM (Table 1), indicating 

that DNA condensation by spermine depends on the availability 

of locations for spermine to associate with. 

In order to further expand this study toward condensation in the 

chromatin context, we generated a mono-nucleosome construct 

containing a 147 bp 601 nucleosome positioning sequence (denoted 

as N) flanked by an 80 bp linker containing biotin and a 3 bp linker 

containing Cy5 wrapped around a histone octamer with a Cy3 la-

beled H2A histone (Fig 2B). This ‘80N3’ nucleosome construct 

displays the same apparent two-dimensional diffusional behavior 

as naked DNA of the same length and forms bright, immobile con-

densates similar to definite condensation of DNA observed upon 

100 mM spermine addition (Fig 2B). Using both 230 bp long DNA 

and 80N3 nucleosomes we then tested several known and suspected 

condensing agents and determined the concentrations required to 

initiate condensation (Fig 2A, Table 2). Spermine and spermidine 

were both previously described to drive DNA condensation via 

electrostatic interactions with DNA [40].  We found that these 

polyamines behaved similarly when condensing DNA and 80N3 

(Fig 2B, Table 2); however, DNA required a lower concentration 

of spermine to initiate condensation than nucleosomes while re-

quiring a higher spermidine concentration to form initial conden-

sates than nucleosomes (Table 2).  

 43N43 

DNA 

80N3                     

Nucleosome 

Spermine (4+) 10 µM 20 µM 

Spermidine 

(3+) 

30 µM 
20 µM 

Putriscine (2+) >1M >1M 

HP1a 10 nM 50 nM 

Ki-67 1 nM 100 pM 

Table 2.  Condensing agent concentrations required to ini-

tiate DNA or nucleosome condensation on a 2D platform.  

Interestingly, spermidine forms larger, more complex DNA con-

densates than spermine at the same concentration, 100 mM, (Fig 

2C, 2D). We also used the +2 charged polyamine putrescine and 

found that this was not sufficient to drive DNA condensation on the 

SBL 

 

Figure 3. Realtime tracking of single molecules during condensation and decondensation: (A) snapshots highlighting condensate 

formation after the addition of 100 mM spermine.  (B) Fluorescence intensity profile of a nucleating particle (denoted by a yellow 

arrow in A) during the inclusion of additional particles into the condensate. (C) Snapshots highlighting condensate dissolution after 

the addition of 500 mM spermine to the SLB in A. New particle trajectories are given a different color.

even up to 1 M. We also tested HP1α, which binds to H3K9 

methylated histones and promotes the formation of heterochro-

matin via recruitment of remodelers or binding partners [3]. We 

found that 5-fold more concentrated HP1α was required to ini-

tially drive 80N3 nucleosome condensation than DNA conden-

sation, which occurred at HP1α concentrations as low as 10 nM 

(Table 2). Definitive condensation by HP1α occurred at 150 nM 

for DNA and at 200 nM for 80N3 nucleosomes (Supplemental 

Figure 2). Since HP1α has a DNA binding motif [41], our stud-

ies further support the idea that improved DNA accessibility 

leads to improved condensation. We also note that HP1α-

mediated nucleosome condensation occurred even in the ab-

sence of H3K9 methylation. 

3.2 Macromolecular condensation events can be visualized at the 

single molecule level in real time 

Our SLB single molecule imaging platform also allows us to visu-

alize DNA and nucleosome condensation in real time.    Single par-

ticles were tracked in order to determine their mean-squared dis-

placement (MSD) and subsequently, their diffusion coefficients. 

Cy3-labeled dsDNA bound to the SLB surface had an average dif-

fusion coefficient of 0.49 ± 0.019 µm2/s with a lower limit of 0.001 

µm2/s (Fig 1E). Single particle diffusion coefficients were 



 

measured before and after the addition of spermine and a clear shift 

from a high-mobility state to a low or no-mobility state was ob-

served, from an average of 0.49 ± 0.019 µm2/s to 0.17 ± 0.019 

µm2/s, with a shift back to 0.48 ± 0.025 µm2/s after the dispersal 

caused by spermine-mediated charge inversion (Fig 1E). A similar 

shift in diffusion coefficients was seen when subjecting 80N3 nu-

cleosomes to the same spermine-mediated condensation, from an 

average of 0.94 ± 0.05 µm2/s to 0.17 ± 0.019 µm2/s (Fig 2E). The 

same condensate formation and dispersal pattern was not seen, 

however, when performing the same experiments on fluorescent 

particles that do not form condensates such 7% of a rhodamine-

labeled phospholipid (Fig 2F). We carried out real-time single mol-

ecule experiments to visualize condensate formation and dissolu-

tion as the condensing agents are added via flow with a syringe 

pump (Fig 3A). Once the condensates were fully formed, 500 mM 

spermine was added to promote condensate dispersal (Fig 3C) 

where we can see particles leave condensates and interact with 

other particles from dispersing condensates (Video 1, Fig 3C or-

ange trace) or other condensates themselves (Video 1, Fig 3C yel-

low trace). From these videos, we were able to track the individual 

particles as they entered condensates by labeling each particle and 

observing their trajectories.  We can then theoretically count the 

number of particles in a condensate by measuring the stepwise in-

crease in intensity (Fig 3B) However, transient particle-particle in-

teractions of condensate-forming particles coupled with photo-

bleaching lead to unreliable particle-per-condensate counts using 

intensity alone and must therefore be coupled with another metric 

for condensate identification.    

The large full width half maximum (FWHM) of the diffusion 

coefficient histograms seen in diffusing particles (Fig 1E, 2E 

blue histograms) indicates that the particles tend to have vary-

ing diffusion coefficients, which can also be visualized through 

direct observation (Video 2) and highlights the multiple diffu-

sion modes observed within a population of SLB bound parti-

cles.  To better track and categorize individual particles and 

their time-dependent diffusional behavior as they participate in 

condensation, we utilized a rolling MSD analysis in conjunction 

with a machine-learning algorithm termed diffusional finger-

printing [29]. From this analysis, we were able to categorize tra-

jectories into subsegments of either a restricted or free move-

ment state (Fig 4A) and determine which diffusional state a par-

ticle spends the most time in (Fig 4B) and its specific diffusional 

metrics (Fig 4C). In addition, we applied a fluorescence inten-

sity analysis in order to observe a stepwise intensity increase 

during particle inclusion into condensates (Fig 4A, 3B). From 

this diffusional fingerprinting analysis, we found and ranked the 

key distinct trajectory metrics that discriminate restricted move-

ment, seemingly 

 

Figure 4. Diffusional fingerprinting of particles before and dur-

ing condensation/ decondensation: (A) Temporally segmented 

traces by rolling MSD analysis with their respective intensity 

profile. Showing a representative free moving trace, restricted 

trace and a heterogenous diffusing trace. Intensity profiles show 

that the free moving tracks have a generally constant intensity 

amplitude while the restricted trajectory has an intensity profile 

indicative of condensate disassembly. (B) The lifetime of free 

and restricted segments. (C) shows a linear discriminate analy-

sis dimensionality reduced representation of the diffusional fin-

gerprints of free and restricted trajectory segments with the top 

8 diffusional metrics separating the two distributions shown as 

black arrows. 

characteristic of condensates, from free moving particles using a 

linear discriminate analysis (LDA) dimensionality reduction. Us-

ing LDA, we found that the fractal dimension of trajectories was 

the most important metric distinguishing restricted from non-re-

stricted movements (Fig 4C). In addition, trajectory step length dis-

tribution, the span of distances particles travel in a frame, and kur-

tosis, a measure of distribution ‘tailed-ness’, both play important 

roles in identifying condensing particles (Fig 4C). In addition, 5 

other metrics were used to discriminate diffusion behaviors: resi-

dence time in the state with the lowest (t0) or highest (t3) diffusion 

coefficient (four total diffusional states analyzed by Hidden Mar-

kov Model), minimum step length, maximum step length, and the 

mean dot product of a particle’s trajectory, a measure of persistence 

in trajectory directionality (Fig 4C).  When comparing diffusion 

characteristics of DNA alone vs DNA incubated with spermine for 

60 seconds, 28% of trajectories in the absence of spermine had 

more than one diffusion state vs 43% of trajectories in the presence 

of spermine (Table 3), likely due to particle inclusion into conden-

sates.   With the temporal segmentation and diffusional fingerprint-

ing, potential condensate diffusion and free movement seem line-

arly separable, and together with intensity profile analysis, serve to 

map condensate assembly and disassembly mechanisms (Fig 4).   

  

3.3 Nucleosome condensation driven by Ki-67 

 At the onset of mitosis, Ki-67 is one of the earliest proteins to as-

sociate with the perichromosomal layer, a ribonucleoprotein coat-

ing on mitotic chromosomes [30]. Ki-67 has a high net positive 

electrostatic charge which serves to prevent mitotic chromosomes 

from collapsing into an inseparable multi-chromosome mass upon 

nuclear envelope disassembly and helps maintain chromosome in-

dividuality and motility during mitosis [30, 42].  With evidence 

highlighting the chromosomal surfactant behavior of Ki-67 [31] we 

wanted to investigate if Ki-67 could serve as a nucleosome con-

densing agent. To this end we titrated full length Ki-67 onto an SLB 

bound with 80N3 nucleosomes and found that full length Ki-67 at 

300 pM concentration can initiate the condensation of these nucle-

osomes (Fig 5A), a concentration much lower than what has so far 

been seen with other condensing agents tested in this study (Table 

2).   Before condensation by Ki-67 the average diffusion coefficient 

of SLB-bound nucleosomes was 0.13 ± 0.008 µm2/s with a down-

ward shift to 0.009 ± 0.0005 µm2/s after the addition of 300 pM 

Ki-67 (Table 2, bottom row).  



 

 

Figure 5. (A) Overlay of diffusion histograms obtained from 

tracked particles after the addition of 200pM, and 300pM Ki-

67, (B) Large condensate sparsely labelled with Cy5 40N40 nu-

cleosomes in a background of Cy3 labeled 80N3 nucleosomes. 

Condensate is outlined with a yellow dotted line and the trajec-

tory of an interacting particle highlighted in magenta. Interme-

diate sized immobile condensates are shown using blue arrows.  

To investigate particle dynamics within Ki-67 condensates, we per-

formed a sparse labelling experiment with 0.25 nM Cy5 labelled 

80N3 nucleosomes and 100 nM Cy3 labelled 40N40 nucleosomes 

bound to an SLB. The high concentration of nucleosomes allowed 

for the formation of large condensates that can be observed with 

Cy3 while the low concentration of Cy5 labelled nucleosomes al-

lows for the tracking of particles within the Cy3-verified conden-

sates (Fig 5B). Colocalized with these large condensates is a sig-

nificant proportion of particles that are stationary as well as dense 

immobile condensates seen both by Cy3 and by sparsely labelled 

Cy5 (Fig 5B, blue arrows) which implies that these large loosely-

packed condensates are composed of a network of the smaller, 

bright, dense condensates (Fig 2D, 5B) reminiscent of the dense 

bright condensates seen in previous experiments (Fig 2C). Visu-

ally, large condensates appear to take on a multitude of shapes but 

are immobile and seldom form circular condensates like what is 

often expected of LLPS. Despite 

 

Has >1                

Diffusional 

State 

Has >2            

Diffusional 

State 

Has >1                

Diffusional State 

ends restricted 

Only re-

stricted entire 

life 

Pre-condensation 28 % 14% 15% 16% 

Post-condensation 43% 25% 22% 28% 

Concurrent con-

densation & disso-

lution 

23% 13% 10% 9% 

Table 3: Diffusional characteristics of DNA before inducing condensation, after condensation is induced, and when conden-

sation and dissolution are initiated in the same video. Obtained from dimensional fingerprinting analysis.

this, the presence of particles capable of associating with, dissoci-

ating from, and travelling within or through a Ki-67 condensate 

would indicate that these large condensates have partial-fluid like 

properties (Fig 5B). Of the 6 observed “loosely-packed” conden-

sates where sparsely labelled particles have a greater than 2 second 

lifetime, 5 condensates are seen interacting with external particles. 

Tracking shows that particles can “bounce” along the edge of a con-

densate, enter the condensate, move within the condensate in a con-

fined manner, or all three behaviors in a single trajectory (Fig 5B).    

Ki-67 condensates were not directly observed fusing to form larger 

condensates. 

 

4. CONCLUSIONS 

In this work, we have used supported lipid bilayers as a platform 

for visualizing the 2-dimensional diffusion of surface-bound mac-

romolecules such as DNA and nucleosomes with different con-

densing agents. We then observed that the threshold concentration 

of condensing agents depends on the length and GC content of the 

DNA, where longer length and lower GC contents led to initial con-

densation at lower condensing agent concentrations. Furthermore, 

DNA condensation by spermine can be reversed upon the addition 

of a DNA saturating concentration of spermine, highlighting that 

the condensation does not perturb the SLB and allows for the ob-

servation of condensation and dissolution reversibly. We then used 

SLBs in tandem with total internal reflection fluorescence 

microscopy for visualizing real time condensation and dispersal of 

condensates which allows tracking of individual particles entering 

and exiting condensates. These particle tracking data imply the 

presence of multiple diffusion states as indicated by the wide range 

of diffusion coefficients of DNA in the absence of condensing 

agents. Using diffusional fingerprinting and temporal segmentation 

of diffusion we confirmed the existence of multiple diffusional 

states in DNA trajectories, namely a mobile and immobile state and 

identified their most discriminative diffusional characteristics. To-

gether, temporal segmentation and diffusional fingerprinting can 

map diffusional transitions and diffusional features which may, go-

ing forward, allow us to track and identify condensing particles 

from diffusion behavior alone.  We aim to use this in future exper-

iments to analyze the kinetic behavior of suspected condensing 

agents.  

We expanded this study by investigating the condensing behavior 

of nucleosomes in the presence of several known and suspected 

condensing agents. Amongst these condensing agents we chose to 

take a closer look at the protein Ki-67, a proposed chromosomal 

surfactant which led to the robust formation of nucleosome con-

densates at concentrations lower than any other condensing agent 

examined in this study.  To investigate particle behavior in Ki-67 

condensates, we applied Ki-67 to high density of nucleosomes that 

are sparsely labeled and observed that large condensates may be 



 

formed by a semi-permeable network of smaller, dense conden-

sates. 

Many proteins that participate in LLPS achieve condensation 

through multivalent interactions, where particles with a valency of 

2 cannot form space-spanning interacting networks without linking 

to higher valence molecules [32].  With evidence that full length 

Ki-67 is capable of nucleosome condensation, it stands to reason 

that multiple motifs are likely responsible for Ki-67 condensation. 

To this end, future directions involve testing the nucleosome con-

densability by individual Ki-67 motifs as well as investigating the 

impact of dephosphorylated Ki-67 [30] on nucleosome condensa-

tion. Overall, this study serves to highlight the utility of SLBs as a 

tool for studying real-time kinetics of nucleosome condensation 

and condensate dispersal, which can be further expanded to inves-

tigate other systems such as signal transducing biomolecular con-

densates that form as a result of membrane receptors binding their 

ligands [33]. 
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