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Abstract In living cells, proteins involved in specialized biochemical functions are often spatially organized
within biomolecular condensates. Increasing evidence suggests that some of these condensates, including
DNA repair condensates, emerge through liquid–liquid phase separation (LLPS). In the nucleus, however,
condensates form within a highly heterogeneous environment composed of chromatin fibers, RNA, and
additional protein scaffolds such as PAR chains, all of which may interact with phase-separating pro-
teins. Moreover, condensate formation is frequently associated with specific chromatin conformations; for
instance, loop extrusion has been proposed as a mechanism promoting DNA repair condensates. Here,
we investigate how the surrounding fibrous environment controls the morphology and spatial organiza-
tion of phase-separated condensates. Using Brownian dynamics simulations of minimal models combining
Lennard–Jones particles with fixed fibrous substrates, we examine the respective roles of local fiber geom-
etry and large-scale network organization, reflecting the multiscale architecture of chromatin. We show
that protein–fiber interactions strongly influence droplet positioning relative to the substrate, in a man-
ner analogous to wetting transitions in soft condensed matter systems. Both local geometric constraints
and global network organization markedly affect droplet size, morphology, and multiplicity. In addition,
large-scale asymmetries in fiber organization can induce robust spatial localization of the dense phase. Our
results thus highlight how multiscale structural heterogeneity of the nuclear environment can regulate the
emergence and organization of biomolecular condensates.

1 Introduction

Biomolecular condensates, also referred to as mem-
braneless organelles, are mesoscale structures with radii
ranging from about 10 nm to several micrometers [1–
8]. These assemblies are found both in the cytoplasm
(e.g., stress granules or P-bodies) [1,2] and in the nucle-
oplasm of eukaryotic cells, where they include nucle-
oli, repair focii, and transcription factories [6,9–12].
Many of these condensates display liquid-like proper-
ties and are thought to form via liquid–liquid phase
separation (LLPS), a process in which a homogeneous
mixture demixes into two coexisting liquid phases [5,
13,14]. Hallmark features of LLPS include conden-
sate fusion [15], internal rearrangement, and dynamic
exchange of components between dilute and dense
phase [16–18].

In the nucleus, LLPS of RNA and protein factors
underlies the formation of condensates involved in DNA
replication and repair [19–21], transcriptional regula-
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tion [12], and RNA processing [3,6]. These processes are
tightly coupled to the structural organization of chro-
matin, a heteropolymer of DNA and histone proteins
arranged into epigenetic domains [22–25], characterized
by preferential intra-domain contacts [26]. The inter-
play between chromatin folding and condensate forma-
tion is therefore increasingly recognized as a key regu-
lator of nuclear organization and gene expression [6,27–
30].

Recent advances in imaging enable quantitative char-
acterization of condensate geometry and dynamics [1,
18,31,32]. A striking observation is the coexistence of
many mesoscopic condensates within single cells, point-
ing to robust mechanisms to control growth mech-
anisms. While non-equilibrium biochemical reactions
have been proposed to arrest Ostwald ripening [5,33],
alternative mechanisms may arise from the nuclear
environment itself. In particular, chromatin fibers pro-
vide a heterogeneous scaffold that can influence nucle-
ation, wetting, and droplet stability [34]. In this con-
text, LLPS and wetting are intrinsically coupled, as
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both are governed by the balance of interfacial free ener-
gies.

Phase separation is primarily characterized by the
number, size, and dispersity of droplets. In the pres-
ence of fibers or surfaces, the spatial positioning of the
dense phase with respect to these interfaces becomes
an additional key property. This is particularly relevant
for nuclear condensates: For instance, DNA repair con-
densates are observed to form specifically at damaged
sites [19]. We refer here to this phenomenon as local-
ization of the dense phase. Several mechanisms may
account for such localization, including local nucleation
triggered by a perturbation [19], colocalization of a pre-
existing droplet and a specific site [35], or redistribution
of material via coarsening dynamics [20]. Disentangling
these contributions requires understanding how geom-
etry alone can bias condensate positioning.

The physics of wetting on fibers has been exten-
sively studied at macroscopic scales [36–38], while
at smaller scales thermal fluctuations and finite-size
effects become important [39–41]. In biological sys-
tems, additional complexity arises from the multi-
scale organization of chromatin, including its geometry,
topology, and biochemical heterogeneity. On the LLPS
side, minimal theoretical models such as Flory–Huggins
descriptions have provided key insights into condensate
formation [33,42–46]. These approaches capture the
essential role of weak multivalent interactions between
biomolecules, often modeled as effective isotropic inter-
actions, and highlight the sensitivity of phase behavior
to small parameter variations.

While protein–protein interactions have been exten-
sively characterized, the role of substrate-binding inter-
actions and of the underlying geometry remains less
understood [34,47]. In particular, although the effects
of network elasticity and concentration on embedded
droplets have been studied [39,45,47–49], it is still
unclear how the geometry of a fibrous scaffold con-
trols condensate size, number, and spatial organization.
However, some studies indirectly suggest that geomet-
ric changes of chromatin are critical to condensate for-
mation. For instance, some experiments correlate loop
extrusion, chromatin domain formation and condensate
growth [28].

In this article, we address this question using minimal
coarse-grained models. We perform Brownian Dynam-
ics simulations of phase-separating fluids interacting
with fixed fibers, focusing on how both local fiber geom-
etry and large-scale network organization affect the
macroscopic structure of the dense phase. By neglect-
ing chromatin flexibility, we isolate the role of geometry
and interactions, and provide a baseline description of
LLPS in the presence of an immobile scaffold.

As a reference, we first consider a Lennard–Jones
fluid in bulk, where phase separation leads to the for-
mation of a single droplet at equilibrium. We then pro-
gressively introduce chromatin-like fibers with increas-
ing geometric complexity. We analyze single fibers
(straight, zigzag, and looped) to probe the role of
curvature and intersections, and extend the study to

multi-fiber networks with controlled spatial organiza-
tion, ranging from regular to disordered configurations.

We show that fiber geometry provides a robust
control of condensate organization. First, protein–
chromatin interactions induce wetting transitions that
modify droplet morphology and shift the effective
phase behavior. Second, local geometric features such
as loops or intersections act as preferential binding
sites, enabling the coexistence of multiple droplets in
regimes where bulk systems would coarsen into a single
domain. Third, the large-scale organization of the fiber
network controls the spatial localization of the dense
phase, with structural inhomogeneities driving conden-
sates toward chromatin-specific regions. Together, these
results demonstrate that chromatin geometry alone can
regulate condensate size, multiplicity, and positioning,
providing an equilibrium physical mechanism that com-
plements biochemical and non-equilibrium models of
condensate organization.

2 Model

2.1 Model for the proteins condensate in presence
of chromatin

As a minimal model of a phase-separating fluid around
fibers, we use an effective two-species system, includ-
ing explicit proteins P and fixed chromatin C into
an implicit solvent. As chromatin beads are fixed,
there are only two kinds of pair interaction potentials,
denoted UPP for the protein-protein interactions and
UPC for protein-chromatin interactions. These interac-
tion potentials account for the mean influence of solvent
particles. The interaction between two particles m and
n depends on their species P or C (hereafter labeled α
and β) and on their relative distance rmn = |rm − rn|.
The evolution equations of the protein positions obey
Brownian dynamics (i.e., overdamped Langevin) [50],
which are integrated via the LAMMPS computational
package [51]:

drn

dt
=

√
2Dηn(t) − D

kBT

∑

m �=n

∇Uαβ(rmn), (1)

where we assume that all the proteins have the
same bare diffusion coefficient D, and where ηn(t) is
a Gaussian white noise of zero mean and unit vari-
ance 〈ηn,i(t)ηm,j(t′)〉 = δijδnmδ(t − t′), with ηn,i being
the i-th component of ηn. Since the dynamics is over-
damped, the velocities of the proteins at a given time
are irrelevant, and the state of the system is completely
described by the positions of the proteins. The particles
interact with each other through a Lennard–Jones (LJ)
potential, which is truncated at a distance rc = 2.5σαβ

(σαβ being the distance at which Uαβ = 0 which is
equivalent to the particle diameter for α = β), and
shifted in order to ensure continuity of the potential at
r = rc. It reads Uαβ(r) = [ULJ

αβ(r) − ULJ
αβ(rc)]θ(rc − r),
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where ULJ
αβ(r) = 4εαβ

[(σαβ

r

)12 − (
σ
r

)6] is the standard
LJ potential and θ(r) denotes the Heaviside function
(UPP and UPC shown in Fig. 1a).

The energy parameters of the interaction potentials
are εPP and εPC. Throughout the paper, the distances
will be measured in units of the protein diameter σ =
σPP, the energies in units of kBT and time in units of
σ2/D.

2.2 Biological length scales

Since thermal fluctuations of chromatin are ignored in
our model, the bead size does not need to be directly
related to the persistence length of chromatin. In line
with minimal models of protein phase separation [52–
54], we represent one chromatin bead at the same scale
as a typical DNA-binding protein, which naturally leads
us to choose the nucleosome as the basic unit of chro-
matin fiber. The nucleosome is the fundamental build-
ing block of chromatin. It consists of 200±40 DNA base
pairs wrapped around a histone octamer [55,56]. Its
diameter is approximately 11 nm [55], which we set as
σPC = 1.5σPP. In human interphase cells, the genome
spans ∼ 3 × 109 base pairs, corresponding to roughly
1.5 × 107 nucleosomes per nucleus. In our systems, the
number of chromatin beads is referred to as the number
of nucleosomes Nnucle, and is varied to mimic different
conditions.

We do not aim to infer the spatial distribution of
nucleosomes from real imaging data of a living cell,
nor to choose the potentials between nucleosomes and
nuclear proteins as those of a specific DNA-binding pro-
tein. Instead, our goal is to systematically vary: (1)
chromatin geometry, represented by nucleosome posi-
tions, using either biologically realistic concentrations
or lower concentrations for isolated fibers as detailed
hereafter; and (2) protein–chromatin interactions.

2.3 Coarse-grained chromatin

2.3.1 Linear fiber

There is a large variety of chromatin geometries within
the length scales under study here (nucleosomes to con-
densates, 10 nm to 1 μm). In order to understand
the possible interactions of chromatin with condensate-
forming proteins, we choose to concentrate on generic
variations of the surface seen by condensate proteins
near chromatin. We use both models with single fibers
in an elongated simulation box, and models with sev-
eral fibers in a larger cubic simulation box (Table 1).
The reference geometry is an ideal case where proteins
only feel chromatin as a single straight alignment of
nucleosomes, each placed at a distance dCC = 1.67σ ≈
8.35 nm of each other (straight fiber in Fig. 1b). In this
geometry, the condensate only experiences interactions
with one fiber and its periodic images. A first variation
to this ideal case consists of adding the typical bend-
ing of the chromatin fiber, through a zigzag arrange-
ment [57,58] (shown in Fig. 1c). This adds some rugos-

Fig. 1 a. Illustrative sketch of the inter-particle potentials
Uαβ , for εPP = εPC = 1.2, and σPC = 1.5 σPP b. Geometries
of the chromatin model. Nucleosomes are represented by
red spheres, and free proteins by blue spheres. c. Details of
the zigzag geometry. d. Details of the fiber with loops. Note
that neighboring loops lies in parallel planes distant of dCC

to ensure a minimum distance between nucleosomes of dCC

ity to the fiber at a small length scale compared to that
of a typical simulated condensate with a radius of gyra-
tion on the order of 80σ (in other words, in our simula-
tions, a droplet wetting the fiber includes several peri-
ods of the zigzag pattern). This zigzag geometry allows
systematic variation of the total number of nucleosomes
Nnucle while keeping an effective linear geometry.

2.3.2 Fibers with loops and networks

We then then progressively increase the geometrical
complexity by adding two related elements: (1) inter-
sections, defined as regions of space where two nucleo-
somes, which are not neighbors in the chain, come close
to each other, and (2) the presence of several fibers in
the simulation box. There can be intersections within
the same fiber if there is a loop [59,60], or between dif-
ferent fibers. Intersections generically mimic chromatin
contacts of various origins, which can be detected by
Hi-C experiments [59]. Among models with intersec-
tions, we first consider the case of a single fiber with
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loops of variable number and size. The loops are con-
structed as a circular arrangement of nucleosomes, with
the same nucleosome-nucleosome distance dCC as the
rest of the fiber, as shown in Fig. 1d. The size of the
loops are defined by the number of nucleosomes com-
posing them and vary from 4 to 21 nucleosomes. This
geometry allows us to study how the presence of inter-
sections can stabilize droplets and localize the droplet
material at specific locations along a 1D fiber. We then
consider systems with intersections in 3D, belonging to
a network of intercrossing fibers in larger simulation
boxes (V = (200σ)3, around 54 times the box volume
used for a single fiber, see details in Table 1). We design
systems with multiple fibers arranged either (i) on a
regular cubic grid, where intersections contain three
orthogonal fibers (regular network in Fig. 1b), or (ii)
in a randomized configuration, where the same num-
ber of fibers per direction is preserved (the fibers are
still parallel to one of the box axes), but their relative
positions are randomized, removing systematic intersec-
tions (Irregular network in Fig. 1b). In the randomized
case, the fiber positions are either all uniformly dis-
tributed across the box, or a subset of the fibers (30%
or 50%) is confined to a sub-volume (Vsub = 0.253Vbox),
thereby creating a density contrast, while the remaining
fibers are still uniformly distributed.

This comparison allows us to disentangle the effects
of regularity versus disorder in fiber organization on
condensate formation and stability, as well as the role
played by network inhomogeneity. Precise values of the
system input parameters are given in Table 1.

3 Phase separation in the presence of a
linear fiber

In this section, we restrict ourselves to linear fibers,
either straight or with a weak zigzag modulation, such
that no structural features along the fiber axis can
act as a preferred interaction site. The protein–protein
interaction is fixed at εPP = 1.2, a value that leads to
the formation of a single spherical droplet (of roughly
2500 proteins) in bulk conditions without chromatin.

Figures 2a and b show the protein content and
volume of the denser phase as a function of chro-
matin–protein attraction strength εPC, for straight
fibers. As εPC grows, the dense phase expands, with
a marked change for εPC > 1.0. As Brownian Dynam-
ics simulations include thermal fluctuations, the fluc-
tuations of the size of dense phase domains can be
quantified. The distributions are shown in Fig. 2c. In
all cases, the distribution is divided into two peaks, one
representing a large stable domain, and the other peak
which is typical of small unstable clusters. As expected,
the change of regime around εPC = 1.0 is reflected in
the growth of the largest domains. Interestingly, the
regime change also results in strong variations in the
distribution of small clusters, with more clusters as εPC

grows to 1.2, in contrast with a sharp decrease of their

probability for larger values of εPC. The evolution of
the dense phase volume is similar for zigzag fibers, but
the transition occurs at lower values of εPC and with a
more pronounced effect (shown in Fig. 2a and b in light
orange). This difference reflects the higher linear den-
sity of nucleosomes in the zigzag configuration, which
enhances the effective chromatin–protein attraction.

These results indicate that protein-chromatin inter-
actions shift the local phase boundary and stabi-
lize liquid-like configurations near the surface. Such a
substrate-induced modification of the phase behavior is
reminiscent of wetting transitions in macroscopic sys-
tems, where the onset of complete wetting is described
in terms of spreading parameters and interfacial free
energies [61,62]. At the microscopic level, the wetting
regimes emerge from the balance of pairwise interac-
tion parameters. However, establishing a direct connec-
tion with macroscopic theories is not appropriate in
our case. Classical wetting descriptions rely on ther-
modynamic interfaces, continuum density profiles, and
diverging film thicknesses [37], whereas our simulations
operate in a finite-size molecular regime. In such small
systems, film thickness is inherently restricted to only
a few particle layers, and the usual distinction between
partial and complete wetting therefore loses its physical
meaning [63].

While a quantitative connection between our system
and classical wetting descriptions is not relevant, qual-
itative links exist. In addition to the volume of the liq-
uid phase, wetting affects the shape and position of
the liquid around the wettable surface. We therefore
quantify how increasing εPC alters droplet morphology
(sphericity, size distribution) and positioning relative to
the chromatin substrate, for six values of εPP (1.0, 1.1,
1.2, 1.3, 1.4, 1.5kBT ) across a range of ten εPC values
(from 0.2 to 2.0kBT in steps of 0.2kBT ).

In the straight fiber geometry, for a protein-protein
interaction strength εPP = 1.2, we observe the fol-
lowing regimes (representative configurations shown in
Fig. 3a):

• For εPC < 1.0, a droplet forms away from the fiber.
• For εPC ≈ 1.0, the droplet partially wets the fiber,

with the contact area increasing with εPC.
• At sufficiently high εPC, a protein-rich layer coats

the fiber along its entire length.

We will hereafter refer to the change of regime as a
wetting transition.

This transition is clearly visible in the number of pro-
teins in contact with the fiber, which exhibits a sharp
increase at the wetting transition (Fig. 3b). Notably, in
the zigzag geometry, the transition occurs at lower val-
ues of εPC due to the increased nucleosome density.

The values of εPC at which the change of regime hap-
pens increase with εPP, shown in Fig. 3c. This behav-
ior can again be interpreted as a mesoscale analog of
macroscopic wetting phenomena: in macroscopic sys-
tems, spreading parameters are governed by differ-
ences in surface tensions, whereas mesoscopic wetting
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Table 1 Input parameters for the systems in all geometries

Straight fiber Zigzag fiber Fiber with loops Dilute network Dense network

Box volume in σ3 4 × (33.44)3 4 × (33.44)3 4 × (33.44)3 (200.4)3 (200.4)3

Box volume in µm3 1.87 × 10−2 1.87 × 10−2 1.87 × 10−2 1 1
Nbr. of proteins 7560 7560 7560 48289 48289
Nbr. of proteins per σ3 0.050 0.050 0, 050 0.006 0.006
Nbr. of proteins per µm3 40.43 40.43 40.43 48289.00 48289.00
Nbr. of fibers 1 1 1 3 × 42 = 48 3 × 82 = 192
Total nbr. of nucleosome 80 92 to 160 83 to 160 5760 23040
Nucleosome per σ3 5.3 × 10−4 6.1 × 10−4 to 1.1 × 10−3 5.5 × 10−4 to 1.1 × 10−3 7.2 × 10−4 2.9 × 10−3

Nucleosome per µm3 4.28 × 103 4.92 × 103 to 8.56 × 103 4.44 × 103 to 8.56 × 103 5.76 × 103 2.30 × 104

Nbr. intersections 0 0 1 to 8 64 512
Spacing between fibers – – – 50σ ≈ 250 nm 25σ ≈ 125 nm

The simulation is set up with periodic boundary conditions to mimick larger volumes. Note that the spacing between fibers
is exact only in the case of a regular network, else it is an average. The values given in µm are estimated using σ ≈ 5
nm. For the larger systems, the nucleosome concentration corresponds to the average number of nucleosomes per µm3 in a
human nucleus of 1µm of radius and 5µm respectively, taking into account the exact length of the genome and the average
distance between nucleosomes in base pairs

is expected to depend on differences between interac-
tion strengths. As the dense phase partially overlaps
the fiber, the number of protein–chromatin contacts can
be estimated from simple geometrical considerations.
Motivated by this observation, we developed a mini-
mal analytical model describing the system energy as
a function of the distance between the droplet center
of mass and the fiber. The model includes only ener-
getic contributions arising from protein–protein con-
tacts within the droplet and protein–chromatin con-
tacts at the interface (see Appendix B for more details).
The model reveals energy minima corresponding to the
observed geometries of our systems, from a detached
droplet to a centered one when εPC and εPP vary. The
gray lines in Fig. 3c show the transition limits found
with the analytical model (see Appendix B). These
transition limits qualitatively correlate with percentage
of proteins in contact with the fiber in our simulations,
unless εPP gets lower than 1.2, in which case the system
is no longer in the phase-separating region.

Indeed, for values of εPP ≤ 1.1kBT (see Fig. 3c), for
which no phase separation is observed in the absence of
fibers, only a very thin layer forms around the fiber for
large values of εPC. Such surface condensation has been
observed in the case of DNA [64,65] and associated with
the prewetting regime. In this regime, a thin layer form
near the surface, in the single-phase region of the phase
diagram where droplets would dissolve in bulk [61,62].

4 Phase separation in more complex
geometries

We next investigate phase separation in systems where
the spatial density of fiber elements varies along the
fiber axis. In the context of chromatin, such hetero-
geneity arises from organization at multiple length
scales. Here, a local increase in the effective nucleosome

density mimics either higher chromatin compaction
or chromatin-associated proteins forming network-like
structures (such as PAR chains [66]).

We focus on two classes of systems: (1) Single fibers
with loops and (2) Networks of fibers, where both
loops and intersections offer a larger contact area than
a straight or isolated fiber, hence behaving as pre-
ferred binding sites. When several loops or intersections
are present, phase separation results from a competi-
tion between maximizing contacts with these favorable
sites and minimizing the interfacial free energy, which
favors the formation of a single large droplet. Geomet-
ric details are given in Sect. 2. These two types of fiber
models allow us to systematically study differences in
local concentration (by varying the loop size), spatial
frequency (number of loops or intersections), and spa-
tial regularity (unequal distances between neighboring
loops or fibers).

4.1 Single fiber with loops

We first examine this interplay using fibers containing
several equivalent loops, i.e., loops of identical size and
regularly spaced along the fiber. Specifically, we study
fibers with four loops of equal size (either 9 or 21 nucleo-
somes) while varying the protein-chromatin attraction
strength εPC. We then fix the interaction parameters
(εPP = εPC = 1.2) and investigate how the morphology
of the dense phase depends on the loop size, which is
varied from 4 to 21 nucleosomes.

Within the explored parameter range, the fiber geom-
etry has little influence on the total number of particles
in the dense phase or on its volume; instead, the total
number of nucleosomes is the dominant control param-
eter. As shown in Fig. 4, systems with linear fibers and
fibers with loops exhibit a similar dependence on εPC

for the same number of nucleosomes Nnucle. A notable
deviation is observed for fibers with four large loops
(21 nucleosomes) at high εPC. In this regime, the dense
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Fig. 2 a. Number of particles in the dense phase for var-
ious protein-chromatin attraction strength (εPC) and chro-
matin linear densities. The counting method is described in
Appendix A 1. This number is normalized by the number
of particles in the dense phase in the absence of fiber. The
light dashed line corresponds to the number of particles in
the dense phase that are not in contact with the fiber. b.
Volume of the dense phase as a function of εPC, normal-
ized by the volume of the dense phase in the absence of
fiber. The lighter lines correspond to the droplet volume
V . The darker lines represent the droplet volume excluding
the volume occupied by the fiber, i.e., V − V drop

fib . Calcula-

tion details of V and V drop
fib are given Eq. (A2) and Eq. (A3)

respectively, in Appendix A 2. c. Distribution of the number
of particles per droplet nparti for the straight fiber system
(Nnucle = 80), where nparti is normalized by the average
number of particles in the droplet in the absence of fibers,
nno fib
parti

Fig. 3 a. Snapshots of typical system configurations with a
linear fiber. b. Number of particles in contact with the fiber
as a function of the protein-chromatin attraction strength
εPC . c. Percentage of particles in the droplet being in con-
tact with the fiber as a function of εPC for the system with
a straight fiber. The gray lines correspond to the transition
from detached to side and side to centered found with the
analytical model with nparti = 2600. This number of parti-
cles corresponds to the droplet size in the absence of fiber
with εPP = 1.2 kBT (details in Appendix B)

phase fully coats the fiber surface (Fig. 5a), leading to
non-ellipsoidal droplet shapes and a consequent overes-
timation of the dense phase volume.

Representative configurations are shown in Fig. 5a.
As for straight fibers, the system undergoes a wet-
ting transition upon increasing εPC: droplets move far
from the fiber at low εPC and are localized on the
fiber at stronger εPC. For εPC 	 εPP, strong wet-
ting leads to the formation of a continuous dense phase
coating the whole fiber. In contrast to the linear case,
droplets are also localized along the direction of the
fiber axis, preferentially forming around the loops. In
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Fig. 4 a. Number of particles in the dense phase and b.
volume of the dense phase, for 4 different chromatin geome-
tries. Both quantities are normalized by the reference val-
ues in the absence of fibers. The data are shown for systems
containing fibers with four loops of 9 nucleosomes or 21
nucleosomes. These results are compared with zigzag fibers
(without loops) containing the same total number of nucle-
osomes

addition, stronger protein-chromatin attractions and
larger loop sizes both reduce droplet size fluctuations,
as reflected by the narrowing of the droplet size distri-
butions (Fig. 5b).

Compared to linear fibers, the key qualitative differ-
ence introduced by loops is the emergence of preferred
nucleation sites, which can stabilize the coexistence of
several droplets. This contrasts with bulk systems or
straight fibers (for intermediate εPC), where Ostwald
ripening and coalescence typically lead to a single dom-
inant droplet for the system sizes considered here. This
behavior is apparent both in the simulation snapshots
and in the droplet size distributions, where droplet sizes
fluctuate around a fraction of the size of a whole dense
phase (Fig. 5b).

For fibers containing multiple loops, three distinct
regimes can be identified:

• Single-droplet regime: a single loop nucleates and
stabilizes a droplet, while the other loops remain
uncoated.

• Multi-droplet regime: droplets are stabilized at sev-
eral or all loops, leading to droplet coexistence.

• Coating regime: a single droplet spreads over and
coats the entire fiber surface.

The stability of loop-associated droplets depends sen-
sitively on both loop size and loop number (Fig. 5c).
Larger loops provide an increased contact area, enhanc-
ing droplet stabilization, whereas smaller loops typ-
ically support only a small droplet. Increasing the
number of loops introduces an additional competition:
Although each loop can act as a potential nucleation
site, the finite amount of dense phase material limits
the number of stable droplets.

Droplets form with a higher probability at loop
regions than along other parts of the fiber. This effect is
quantified using pair correlation functions g(r) between
the droplet center of mass (D) and nucleosomes. We
compute these correlations both with respect to all
nucleosomes, gDN(r), and by restricting the analysis

Fig. 5 Impact of the attraction strength εPC, loop size,
and loop number on the morphology of the dense phase.
a. Representative snapshots for fibers with loops for εPC =
0.6; 0.8 or 1.8kBT . b. Effect of εPC on the droplet size dis-
tribution for a fiber with four loops of 21 nucleosomes. c.
Effect of loop size on the droplet size distribution for fibers
with four loops at εPP = εPC = 1.2 kBT . d. Quantifica-
tion of droplet localization for a system with four regularly
spaced loops of 21 nucleosomes. gDN(r) and gDI(r) are the
pair correlation functions between the droplet centers of
mass (D) and nucleosomes, considering either all nucleo-
somes (gDN(r)) or only nucleosomes near fiber intersections
(gDI(r))
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to nucleosomes belonging to loop regions, gDI(r) (see
Sect. A 3). The results are shown in Fig. 5d for systems
with regularly spaced loops. For parameter values at
which several droplets are stabilized (illustrated here for
εPC = 1.0), droplets are significantly more likely to be
located near loop regions than near randomly selected
nucleosomes. By contrast, this preferential localization
is not observed for detached droplets or for droplets
that coat the entire fiber.

When loop sites are no longer equivalent, droplet
localization can extend to the scale of the entire sys-
tem, thereby mimicking a biological situation in which
a condensate forms at a specific chromatin location.
To illustrate this effect, we consider fibers containing
four loops, in which the two central loops are displaced,
breaking the regular spacing while keeping the total
fiber length and the positions of the outer loops fixed. In
this context, localization refers to the preferential for-
mation of droplets at specific positions along the fiber
(here, between the two central loops), rather than to
the formation of a single droplet at an arbitrary posi-
tion within the simulation box. These specific positions
are defined as those of the nucleosomes with the high-
est local nucleosome density (see Sect. A 3 for details).
Hereafter, we refer to this region as the specific site.
This localization effect is quantified using the pair cor-
relation function between the droplet center of mass
and the positions of nucleosomes within the specific site,
gDS(r).

We observe that for irregularly spaced loops, most
of the matter gathers around the two central loops,
while small droplets form around the outer loops. This
is shown for a system with loops of size 21 nucleosomes
in Fig. 6a. The presence of asymmetry leads to droplet
size polydispersity (Fig. 6b), and a localization of the
droplets around the specific site (Fig. 6c). Interestingly,
when the central loops get closer to each other, there is
a maximum in the size of the central droplet at interme-
diate distances between loops (this can be seen in the
snapshots, and in the peak on the size distribution cor-
responding to the largest droplet). This simple example
shows how the geometry of chromatin domains attract-
ing condensate proteins may finely control the extent
of the condensate. In next section, we shall get further
insight into such control mechanism with multi-fiber
models.

4.2 Fiber networks

We then focus on networks of fibers, where intersec-
tions mimick regions where chromatin elements come
close together in trans configurations. In regular net-
works, analogous to fibers with regularly spaced loops,
droplets preferentially form near intersections (Figs. 7a-
7d), and show smaller size fluctuations for stronger
protein-chromatin attraction (Fig. 7e). As with loops,
the systems evolve toward two types of geometries for
the dense phase: (i) one droplet per intersection (numer-
ous small droplets, e.g., Fig. 7a and b) and (ii) fewer,
larger droplets (e.g., Fig. 7c and d). This crossover is

Fig. 6 a. Representative snapshots of the system config-
urations, for systems with 4 loops of size 21 nucleosomes
with irregular spacing. Selected distance between the two
central loops dloop = [20 (regular case) 10; 4; 0] nucleosomes.
b. Droplet size distribution: number of particles per droplet
normalized by the number of particles in a single droplet
in the absence of fibers. c. Pair correlation function gDS(r)
between the center of mass of the droplets and the nucleo-
somes from the specific site. This site is fixed and located
at the center of mass of the densest chromatin region

controlled by the balance between the energy gain from
favorable protein-chromatin contacts at intersections
and the energy cost of creating additional interfaces.

The first case (i), where droplets are stabilized at
each intersection, is observed for sufficiently large val-
ues of εPC. For instance, at εPP = 2.0 and εPC = 3.0, all
64 intersections of a sparse network can host droplets,
shown in Fig. 7a, where the number of proteins per
droplet fluctuates around 1/64 times the number of
proteins in the dense phase in the absence of fibers
(Fig. 7e). In contrast, for a weaker protein-chromatin
attraction εPC ≤ 2.0, only a fraction of the intersec-
tions are coated by proteins (case ii), resulting in a
larger number of proteins per droplet. Please note that,
in systems with networks, the time required to reach
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(a) εPC = 3.0 (b) εPC = 3.0

(c) εPC = 2.0 (d) εPC = 2.0

(e)

Fig. 7 a-d. Representative snapshots of simulations after
15 × 107 time steps, for a regular network of 48 fibers with
64 intersections (a, c), or a regular network of 192 fibers
with 512 intersections (b, d). In all cases, the protein-protein
interaction parameter is εPP = 2.0. e. Droplet size distribu-
tion for regular networks with εPP = 2.0 and εPC = 3.0.
The droplet size is the number of proteins per droplet. It
is normalized by the total number of proteins in the dense
phase in the absence of fibers nno fib

parti

steady state increases significantly, as some droplets
may remain temporarily trapped in metastable posi-
tions within the network. Consequently, a fraction of
the systems analyzed below may still contain such
metastable droplets. Nevertheless, the simulation times
considered here are substantially longer than those used
for all previously studied systems, which were unam-
biguously found to be at steady state.

Both the volume and the protein content of the dense
phase are poorly impacted by the number of fibers in
the system and εPC (Fig. 7e). Therefore, in the case

Fig. 8 a. Illustrative sketch of the transition between dif-
ferent wetting states of the droplets. b. Number of particles
in contact with fibers as a function of εPC. c. gDI(r) pair
correlation function between the droplet center of mass (D)
and the network intersections (I). The results are given for
systems with a regular network of 48 fibers, in which one
droplet per intersection is observed in the simulations

where droplets are stabilized at all intersections, the
number of preferred binding sites provided by the net-
work determines the droplet size.

Similarly to systems containing a single fiber, we
observe distinct regimes analogous to a macroscopic
wetting transition, as illustrated in Fig. 8a. Upon vary-
ing the interaction parameters εPC or εPP, droplets
either form at the periphery of the intersections or
become centered on them. This transition is charac-
terized by an increase in the total number of pro-
teins in contact with the fiber (Fig. 8b). It is further
quantified using the pair correlation function gDI(r)
between the droplet centers of mass and the inter-
sections. For εPC ≥ 2.0, kBT , gDI(r) is maximized at
r = 0 (Fig. 8c), corresponding to droplets centered on
the fibers. In contrast, for weaker protein–chromatin
interactions, εPC < 2.0, kBT , the first peak of gDI(r)
occurs at r > 0.

For regular networks, as all the intersections are
equivalent, the dense phase is not expected to be local-
ized at a specific location in the system. On the other
hand, in the case of disordered networks, and more
specifically when there is a region of higher chromatin
density, the dense phase can be spatially localized. In
order to study the localization of the dense phase, we
investigate phase separation in the presence of irregu-
lar networks, with and without a specific site where a
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(a) Low density contrast (b) High density contrast

(c)
(d)

Fig. 9 a-b. Representative snapshots of disordered net-
works for εPC = 2.0. In the case of a low density contrast,
the fiber positions are randomly chosen in two directions
from a uniform probability distribution (a). In the case of a
high density contrast, the probability distribution is biased
so that 50% of the fibers are located in the central sub-
volume (b). c. gDN(r) for irregular networks of 192 fibers.
Three chromatin density contrasts are considered. In the
case of low contrast, all the fibers are uniformly placed in
the box. In the intermediate case, 30% are constrained in
the sub-volume. In the High contrast case, 50% of the fibers
are concentrated in the sub-volume. The 3 cases correspond
to light green, medium green and dark green, respectively.
d. gDS(r) for irregular networks of 192 fibers with 50% of
the fibers concentrated in the sub-volume

bias is introduced to favor a high fiber concentration
in a specific area of the simulation box (see details in
Sect. 2).

The asymmetry of the network strongly influences
the size distribution and number of droplets in the sys-
tem. In the studied parameter range, the number of
droplets at steady state is considerably reduced in com-
parison to regular networks with identical parameters
(Fig. 9a and b). The localization of droplets is studied
through the pair correlation function gDN(r) between
droplet centers of mass and nucleosomes, shown in
Fig. 9c. Droplets are more localized with respect to
chromatin (shorter typical distance between droplet
center of mass and chromatin) for stronger protein-
chromatin attraction εPC, while keeping εPP = 2.0 con-
stant. Visualizing the system shows configurations with
a large droplet coating the fibers around the specific
site (chromatin dense region). A typical configuration is
shown in Fig. 9b for εPP = εPC = 2.0. Note that in the
range of parameters studied, density contrast does not

seem to strongly affect the typical droplet-nucleosome
distance (Fig. 9c).

To confirm that the positions of droplets are corre-
lated with the location of the specific site, and not only
with respect to generic nucleosomes, we studied the pair
correlation function gDS(r) between the center of mass
of droplets and the nucleosomes within the specific site.
This confirms the localization of droplets around the
specific site for large values of εPC (Fig. 9d), with the
first peaks of gDS(r) located at r < 4 for εPC ≥ 1.5kBT .
Figure 9d also shows a very low probability of finding
a droplet at short distances around the specific site for
εPC = 1.0. This points toward the fact that the protein-
chromatin interactions can play an important role in
droplet localization in a fibrous environment.

In the context of chromatin and protein condensates,
there are only a few experimental studies characterizing
at the same time the density of chromatin (e.g., of his-
tone proteins), and the density of condensate-forming
proteins. In a recent study, Mazzocca and coworkers [67]
have shown that depending on protein-protein inter-
actions within condensates and on protein-chromatin
interactions, some condensates localize far from chro-
matin dense regions, while the opposite may also be
found. In particular, when protein-protein interactions
lead to solid-like properties of the condensates, proteins
are more concentrated in less compact chromatin areas,
which is consistent with the regime we observe when
εPP is larger than εPC.

5 Conclusion

The mechanisms governing condensate size selection
and spatial localization in cells are numerous and
strongly interdependent. In this work, we focused on
the role of the surrounding environment in these pro-
cesses, and in particular on how fibrous structures
such as chromatin influence the organization of phase-
separated condensates. These results corroborate and
extend experimental observations on various conden-
sates forming on fibers.

Condensates and fibers can mutually affect one
another through a coupling between wetting and phase
separation. To isolate the contribution of fiber geom-
etry and concentration to condensate properties, we
employed minimal coarse-grained models combining
phase-separating Lennard–Jones particles with fixed
fibrous substrates. By keeping the fibers immobile, we
decoupled geometric effects from scaffold rearrange-
ments and focused on the equilibrium organization of
the dense phase. This is partly motivated by the fact
that chromatin dynamics is typically slower than that
of diffusing proteins on the timescales relevant for con-
densate assembly. Nevertheless, our claim here is not
to assume chromatin mobility is unimportant, but our
works starts from the necessity of understanding the
coupling of wetting and condensate formation for fixed
fibers, before tackling the more complex case of a
deformable substrate.
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We found that when protein-chromatin interactions
are sufficiently strong for condensates to wet fibers,
both local geometric features and large-scale network
organization strongly influence droplet size, morphol-
ogy, and number. In most of the parameter space
explored, the presence of fibers only moderately affects
the total volume and protein content of the dense phase,
with more pronounced shifts observed at higher protein-
chromatin affinity. These changes are associated with
a wetting-like transition, in which droplets evolve from
detached configurations at low protein-chromatin inter-
action strength to partially wetted states, and eventu-
ally to complete coating of the fibers. Similar wetting
transitions of chromatin-associated condensates have
been reported experimentally for transcription factors
Klf4 and BRD4 [34,68].

Local variations in fiber geometry, such as loops along
a single fiber or intersections within a network, create
regions of enhanced nucleosome density and increased
available contact area. These sites act as preferential
binding and nucleation points for the dense phase, as it
was suggested from experimental observations of loop
extrusions [27,28]. As a result, condensate organiza-
tion reflects a competition between interfacial tension,
which favors coarsening into a single droplet via Ost-
wald ripening, and the energetic gain associated with
maximizing protein-chromatin contacts at these geo-
metrically favorable locations. This competition enables
the coexistence of multiple droplets when preferred sites
are equivalent, providing an equilibrium mechanism for
droplet size regulation that complements previously
proposed non-equilibrium models based on biochemi-
cal turnover [5,33].

Beyond local effects, we showed that asymmetries in
fiber organization at the system scale, such as uneven
loop spacing or inhomogeneous fiber networks, can
drive robust spatial localization of condensates. This
behavior is consistent with recent experimental obser-
vations of DNA repair condensates that nucleate repro-
ducibly at specific loci following local damage and con-
sequent chromatin reorganization [19,20,69] and with
observations of nuclear condensates whose locations are
chromatin-concentration dependent [67]. Within such
model, wetting on chromatin suggests the multiple
droplets of water dispersed on a spider web, where
droplets of various sizes coexist on several favorable
locations of the web, or at some point may all fuse to
the same region, such as the denser center of the spider
web.

In vivo, many nuclear condensates perform special-
ized functions at well-defined locations, including tran-
scriptional regulation [12,70,71] and DNA repair [72,
73]. Our results indicate that the interplay between
protein-chromatin affinity and chromatin network orga-
nization can contribute significantly to the spatial
control of such condensates. In particular, our find-
ings are consistent with recent studies showing that
condensate localization can correlate either positively
or negatively with chromatin density depending on
the relative strengths of protein-protein and protein-
chromatin interactions [3,67]. While additional lay-

ers of regulation–such as chromatin dynamics, active
processes[33,74,75], and sequence-specific interactions–
are undoubtedly important in living cells, our study
demonstrates that geometric and energetic constraints
imposed by chromatin architecture alone can already
shape condensate size, coexistence, and localization.
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Appendix A Methods

1 Droplet identification

Two proteins are considered as part of the same droplet
if they are closer than a threshold distance rcut of each
other. The value of rcut is chosen as the distance at the
first minimum in the protein-protein pair correlation func-
tion (rcut = 1.65σ for the small systems with a single fiber
and rcut = 1.55σ for the large systems with several fibers).
In the presented data, a cluster of proteins is considered as
a droplet if it is composed of more than 30 proteins.

2 Estimating the droplet volume

Quantifying the volume of the distinct phases within a
microscopic system presents significant challenges due to the
absence of clearly defined phase boundaries. It is estimated
from the positions ri = (rix, riy, riz) of the nparti proteins in
each droplet. The center of mass of their positions along the
m coordinate is calculated as Rm = 1

nparti

∑nparti
i=1 rim, with

m, n ∈ {x, y, z}. We then define the gyration tensor Smn as:

Smn =
1

nparti

nparti∑

i=1

(rim − Rm)(rin − Rn). (A1)

For spherical droplets, Smn is diagonal with eigenvalues
λ1 = λ2 = λ3, and the gyration radius is given by: R2

g =
λ1 + λ2 + λ3. To include the case of ellipsoidal droplets, the
droplet volume V is estimated from the eigenvalues λ1, λ2

and λ3 of Smn, as:

V ≈ 4π
√

3λ1λ2λ3 (A2)

If the droplet coats the fiber, the volume is slightly over-
estimated. In order to estimate the contribution from the
fiber to the droplet volume, the contact length between the
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fiber and the droplet (ldropfib ) is measured. The volume occu-
pied by the fiber is then estimated as that of a cylinder of
radius rfib = (σPC − σPP)21/6 = 21/6:

V drop
fib ≈ π(rfib)

2ldropfib . (A3)

3 Droplet localization

To quantify the localization of the droplets with respect to
the fibers, we calculate the pair correlation function gDN(r)
between the center of mass of a droplet and the positions of
all nucleosomes as:

gDN(r) =

〈
1

NdropNnucle

Ndrop∑

i

Nnucle∑

j

δ(dij − r)

〉

t

, (A4)

dij being the distance between the ith droplet center of mass
and the jth nucleosome and Ndrop and Nnucle being the num-
ber of droplets identified at time t and the total number of
nucleosomes in the system, respectively.

To quantify whether proteins localize around preferred
sites, as in particular in regions where chromatin is more
packed, the same correlation function is calculated, but this
time considering only a subset of nucleosomes. Two types
of sites are considered:
• The intersections, with the associated pair correlation

function denoted as gDI(r). This is the set of nucleo-
somes that are in close proximity (less than two typical
nucleosome-nucleosome distances) from an intersecting
fiber.

• The specific site, with the corresponding pair correla-
tion function gDS(r). This corresponds to the nucleo-
somes within the densest chromatin regions, which can
be unambiguously defined in the case of irregular net-
works with a biased fiber distribution as explained here-
after.

The local nucleosome density is used as a criterion to
identify nucleosomes belonging to these preferred sites. For
each nucleosome, the local nucleosome density is calculated
as the number of neighboring nucleosomes within a given
radius divided by the volume considered. With this cri-
terion, intersections correspond to a local increase in the
nucleosome density compared to an isolated straight fiber
(within a radius of 2.25dCC ≈ 3.76σ). In practice, a reg-
ular intersection of three fibers corresponds to 12 selected
nucleosomes. The specific site corresponds to nucleosomes
with the 5% highest large-scale nucleosome density, within
a radius of 20.25dCC ≈ 33.82σ. As a reference, the size of
the cubic sub-volume used to bias the fiber distribution in
the irregular networks is 0.25 × 200σ = 50σ. The radius is
then chosen to be around the specific site length scale in
order to select the nucleosomes at the center of the densest
area.

For disordered networks the density contrast is quantified
as the variance of the distribution of the local nucleosome
density (considering a radius of 20.25dCC ≈ 33.82σ).

Appendix B Analytical model

From simple energy estimation one can show that the energy
of a two-phase Lennard–Jones fluid is minimized by the for-

Fig. 10 Cube radius of the droplets as a functions of the
number of particles per droplet

mation of a single spherical droplet. The energy is estimated
from the number of particles on the droplet surface and the
number of inter-particle interactions. We consider a fixed
total number of particles in the dense phase Nparti, and the
number of interactions within the dilute phase as negligi-
ble. If all droplets have the same size (Ndrop droplets of
radius R) the number of particles in a droplet is estimated
as nparti = Nparti/Ndrop. Only the number of droplets Ndrop

and the interaction potentials εPP and εPC vary.
The energy Eno fib of the Ndrop droplets in the absence of

fibers can be estimated as:

Eno fib = Ndrop

[

−npartinneibεPP +
nneibεPP

2

Sdrop

sprot

]

(B1)

with Sdrop = 4πR2 being the surface of the droplet, nneib

the average number neighbors around a protein when it is
inside the droplet and sprot the effective surface occupied
by a protein. The surface tension created by the energy cost
of forming a surface leads to the minimization of Eno fib for
Ndrop = 1.

The main geometrical assumption is that the radius of
the droplet scales linearly with the cube root of the number
of particles in the droplets such that:

R3(nparti) = npartiA + B, (B2)

where A and B are inferred from fitting simulations data.
Using simulation results, we have found this assumption to
be valid in the limit of large enough droplets (more than a
thousand particles per droplet), as shown in Fig. 10.

We here extend the calculations to the case where the
droplets form at a certain distance d from an intersection
of nfib fibers of radius rfib, where d is the distance between
the center of the spherical droplet and the fibers. Two cases
are studied:

• Case in which a single droplet forms on a single fiber.
(nfib = 1 )

• Case in which Ndrop droplets form around or near an
intersection of a regular network (nfib = 3). An illustra-
tive sketch of an intersection is shown in Fig. 8a.

The presence of fibers is included as an additional surface
Sfib, which is the surface of contact between the droplet and
the fiber:

Sfib(R, d) = nfib

[
2πrfibldropfib (R, d)

]
α(R, d); (B3)
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with ldropfib being the total fiber length in contact with the
droplet, and α(R, d) being the proportion of the fiber coated
by the droplet. α(R, d) equals 1 if the droplet is centered
around the fiber (d = 0) and to 0 if the droplet is detached
from the fiber and is defined as:

α(R, d) =

⎧
⎪⎨

⎪⎩

1 if d − R < −rfib
1
2π

2 arccos d−R
rfib

, if | d − R |≤ rfib

0 otherwise,

(B4)

To account for the portion of the droplet surface taken
up by the fiber, Sdrop becomes:

Sdrop(R, d) ≈ 4πR2 − α(R, d)2nfib × πr2fib. (B5)

The energy Ewetting of the Ndrop droplets is calculated as:

Ewetting = Ndrop

[

−npartinneibεPP + nneib
εPP

2

Sdrop

sprot

+
(
nneib

εPP

2
− nPC

neibεPC

) Sfib

sprot

]

(B6)
with nPC

neib being the average number of nucleosomes a pro-
tein in contact with the fiber interacts with.

For comparison with the simulations, one can extract
from this analytical description the number of proteins in
contact with the fiber at the energy minima. This leads to
a sharp transition similar to the one shown in Fig. 3b. From
there, the transition from detached to on the side of the
fiber is located where the number of particles in contact
becomes greater than 1. The transition from on the side to
the centered state corresponds to the values of εPC where
the number of particles in contact reaches the plateau. Both
transitions are shown in Fig. 3c.

Although the model does not explicitly represent intersec-
tions, comparing the optimal number of droplets with the
number of intersections may also help interpret our find-
ings in networks. We have identified two regimes in regu-
lar fiber networks: one droplet per intersection (many small
droplets) and fewer, larger droplets occupying only a frac-
tion of the available intersections. We therefore use our
model to express Ewetting as a function of the number of
droplets Ndrop for droplets centered around the intersections
(d = 0).

For d = 0, we get α(R, d) = 1 and ldropfib = 2R. Replacing
Sdrop(R, d = 0) (Eq. B5) and Sfib(R, d = 0) (Eq. B3) into
Eq. B6, yields an expression for Ewetting of the form:

Ewetting=Ndrop

[

−Nparti

Ndrop
nneibεPP +k1R

2 + k2R + k3

]

,

(B7)
where

k1 =
nneibεPP

2sprot
4π,

k2 =

(
nneibεPP

2sprot
− nPC

neibεPC

sprot

)

nfib4πrfib, and

k3 = −nneibεPP

2sprot
2nfibπr2fib.

Fig. 11 Results from our analytical model for εPP =
1.2kBT with droplets centered around intersections com-
posed of 3 fibers

To express Ewetting solely as a function of Ndrop, R is

replaced by
(

Nparti
Ndrop

A + B
)1/3

(see Eq. B2) which gives

Ewetting(Ndrop) = − NpartinneibεPP

+ k1 (NpartiA)2/3 N
1/3
drop

+ k2 (NpartiA)1/3 N
2/3
drop

+
(
k1B

2/3 + k2B
1/3 + k3

)
Ndrop.

(B8)

The energy in the absence of fibers, Eno fib(Ndrop), follows
the same form as Ewetting(Ndrop), except that k2 = k3 = 0.

With Eq. B8, the model allows us to explore the tran-
sition between two regimes: (i) a single-droplet state, in
which the energy is minimized for Ndrop = 1, and (ii) a
multidroplet state, in which the global minimum of Ewetting

occurs at a finite number of droplets, Nmin
drop > 1. At fixed

protein–protein interaction strength εPP, the system crosses
over from the single-droplet regime to the multidroplet
regime when the protein–chromatin interaction strength
εPC exceeds a crossover value. This is shown in Fig. 11,
where the crossover value is approximately εPC = 2εPP.
Interestingly, the value of Nmin

drop in the multidroplet regime
does not depend on εPC within the model: increasing εPC

changes the energy of the minimum but not its position.
An important distinction between the analytical model

and the simulations is that the model does not constrain
the number of droplets to the number of available sites on
the chromatin substrate. In contrast, in the simulations,
droplets preferentially localize at fiber intersections, and
their number is therefore constrained by the total number
of intersections, Ninter.

This constraint modifies the interpretation of the energy
profiles predicted by the analytical model. When the uncon-
strained minimum Nmin

drop exceeds the number of avail-
able intersections, the system cannot reach this minimum.
Instead, the minimum accessible with the simulations is
determined by the constraint Ndrop ≤ Ninter. For values
of εPC near the crossover, this constrained minimum may
correspond to a single droplet, Ndrop = 1. In contrast, for
εPC � εPP, the energetic preference for localization at the
chromatin sites becomes stronger, and the energy is mini-
mized by forming Ndrop = Ninter droplets, corresponding to
a state in which all available intersections host a droplet.
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