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Understanding the phase behavior of multicomponent systems is crucial in condensed matter physics,
both for practical applications and fundamental exploration. Regardless of chemical composition,
topology stands out as a crucial parameter in this context. We studied herein the phase behavior of a 2D
catenated network of DNA rings called a kinetoplast in the presence of linear DNA. We examine the
system at a fixed kinetoplast DNA concentration and linear DNA size, while varying the concentration of
linear DNA. The mixing of circular DNA with linear DNA is reported to lead to the isotropic phase of the
mixtures, however, catenated DNA rings (the assembly of circular DNA) lead to the phase separation in
the presence of linear DNA. This distinction highlights the profound influence of topology on the phase
behavior of polymer blends. The phase-separated aggregates of kinetoplasts exhibit a fractal nature,

Received 6th May 2025, with the fractal dimension indicating the dominance of the diffusion-limited mechanism in the

Accepted 8th August 2025 aggregation process. Although the structure of these aggregates is robust, significant thermal fluc-
DOI: 10.1039/d5sm00461f tuations in size and shape occur at various length scales. The understanding of the bulk phase behavior

of the catenated DNA network provides crucial insights in designing the catenated-linear polymer
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1. Introduction

The study of phase behavior of multicomponent systems is of
fundamental interest across condensed matter physics, finding
practical applications in diverse domains like medicine, food
industry, and metallurgy.'” Polymeric mixtures, comprising
blends, block copolymers, and polymer solutions, present a capti-
vating arena to study phase transitions and self-assembly.®™®
Diverse molecular architectures, chain conformations, and inter-
molecular forces dictate the equilibrium microstructures of the
polymeric systems, which can further be tuned by solvent quality
(e.g., ionic strength and pH), temperature, and confinement.'*
Notably, intricate interactions between protein chains have been
observed to drive liquid-liquid phase separation and are believed
to be responsible for membranelles organelles within eukaryotic
cells.”*™* Intracellular phase separation also has implications in
neurodegenerative diseases like amyotrophic lateral sclerosis (ALS),
Alzheimer’s, and Huntington’s disease, where solid-like protein
inclusions composed of semi-crystalline amyloid fibers."> Exploring
polymeric assembly not only provides a robust framework to
uncover the fundamental principles governing biological assembly
at the cellular level but also provides an avenue for novel soft
materials.’®"®
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In pursuit of understanding the biological function of
biomolecules, as well as creating new synthetic materials,
DNA with varying architectures has been widely studied.'®*
For instance, entangled mixtures of ring and linear DNA have
been shown to exhibit enhanced shear thinning and viscosity,
as well as prolonged relaxation timescales, surpassing those
observed in pure solutions of either rings or linear chains.**°
These emergent features stem from the synergistic interweav-
ing of rings by linear DNA. While linear polymers induce
demixing and semi-crystalline phases at higher concentrations,
interestingly, the mixture of linear and circular polymers always
remains in isotropic phase with enhanced miscibility.*®
Thus, despite having the same chemical compositions, the
statistical properties are significantly influenced by the topolo-
gical states of a polymer,”® which have a profound impact on
the phase behavior and rheological properties of polymeric
blends.”**°

Given the prominent role of topology, linear polymers and
their derivatives (e.g., rings, stars, ladders, knots, and 3D net-
works) have been extensively investigated.*™*> In a similar line
polymers with mechanical bonds (e.g., rotaxane and catenane)
have been a topic of current studies.®® Particularly catenanes
can exist with global topology of 1D, 2D, or 3D, along with
varying degrees of catenation in 2D and 3D. One such system is
found in nature in the form of kinetoplast DNA (kDNA). kDNA
from trypanosomatid Crithidia fasciculata is a natural Olympic
gel wherein approximately 5000 minicircles (~ 2.5 kbp, contour
length 850 nm) and 25 maxicircles (~40 kbp, contour length
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Fig. 1 Model schematic of the molecular topology of kinetoplasts and its transition from disperse phase to aggregate phase. (a) Schematic diagram of a
kinetoplast, a catenated 2D network (Olympic gel) made of thousands of interlocked rings of circular DNA. The average catenation valency of minicircles
is 3. (b) Super-resolution confocal microscopy image presenting the kinetoplast shape in vitro under good solvent condition, which can be described as a
wrinkled bowl with positive Gaussian curvature. (c) Schematic diagram representing the phase evolution of kinetoplast in the presence of A-DNA. Here
L-DNA is depicted in coil form and C* represents the overlap concentration (42 ng mL™?) of A-DNA. Scale bar in (b) is 5 um.

13.6 um) are topologically interlocked in a quasi-2D plane.**
A simplified structure of a kDNA molecule along with a super-
resolution confocal microscopy in vitro is presented in
Fig. 1(a and b). The extension of a KkDNA molecule in 2D plane
is approximately 5 um. The catenation valency of minicircles is
approximately 3,>*” however, the catenation valency of max-
icircles is unknown. While the network of maxicircles and
minicircles are interlocked with each other, each network can
be sustained independently.*®

Recently, kDNA has been extensively studied, particularly at
the single molecule level.**"*® It not only attracts as a model for
catenated polymer and Olympic gels, but it also presents a
unique model system for 2D polymers owing to its global
topology. For example, it has been shown that in response to
constriction or electric field stretching, kDNA behaves as an
elastic sheet.*>*? Its properties as a 2D polyelectrolyte have also
been studied in response to the degree of confinement, ionic
strength, and crowding.*'** Moreover, we recently introduced
a novel approach to selectively manipulate the physical char-
acteristics of kDNA using restriction enzymes.** Heterogeneity
in the base-pair sequencing of different classes of rings has
been used to selectively cut and remove a fraction of rings from
the network, and hence tune the topology. Remarkably, regard-
less of the intricacies of molecular topology, we discovered a
universal scaling relationship between the time constant of
shape fluctuations and the variance of shape anisotropy.
Recent studies using high-resolution AFM imaging probed
deeper into the intrinsic topological and geometrical features
of kDNA molecules.*®™*° Despite significant progress in single-
molecule studies of kKDNA, there is no study on its bulk phase
behavior or rheological properties.

Herein we study the phase behavior of kDNA in the presence
of linear DNA. The concentration of kDNA has been kept fixed
(25 pg mL™") while its evolution has been observed as a
function of the concentration of linear A-DNA. A-DNA consists
of 48502 base pairs and has a contour length of 16.5 um. In a
good solvent and dilute solution, its radius of gyration is
approximately 0.7 pm,’® making its spatial extension approxi-
mately seven times smaller than that of a kDNA molecule.
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A schematic representing the typical phase behavior of the
kinetoplasts in the presence of A-DNA in different regimes is
presented in Fig. 1(c). In the dilute regime of A-DNA concen-
tration (below the overlap concentration C*), kDNA remains in
the dispersed phase hence forming a stable equilibrium blend.
Increasing the concentration of A-DNA above C* leads to
the aggregation of the KDNA. Here, C* represents the
overlap concentration of pure linear A-DNA, which is about
42 pg mL~".*" This result is completely distinct from the phase
behavior observed for the dispersion of circular DNA in the
presence of linear DNA, where enhanced mixing is well
established.?®” This distinction highlights the profound influ-
ence of topology on the phase behavior of polymer blends. Our
findings reveal that the aggregates formed by kinetoplasts
exhibit fractal characteristics, indicating a diffusion-limited
mechanism in their formation. Although these aggregates
maintain a stable structure, thermal fluctuations cause varia-
tions in size and shape across different length scales. The
understanding of the bulk phase behavior of catenated DNA
networks provides crucial insights into designing catenated-
linear polymer composites.

2. Materials and methods

2.1. Sample preparation

Kinetoplasts (kDNA) from trypanosomatid Crithidia fasciculata
were purchased from TopoGEN Inc. Received kDNA solution
has a concentration of 612 mg mL™". The solvent was TE buffer,
which is composed of 10 mM Tris-HCI, pH7.5, and 1 mM EDTA.
Bacteriophage A-DNA (48.5 kbp, contour length of 16.5 pm) was
purchased from New England Biolabs, Ipswich, MA. As received
from the manufacturer the A-DNA stock solution has a concen-
tration of 500 mg mL™*. The solvent was TE buffer, which is
composed of 10 mM Tris-HCI, pH 8.0, and 1 mM EDTA. To
remove naturally formed concatemers of A-DNA, the stock
solution was heated to 65 °C for 10 min, then rapidly cooled
to 23 °C by immersion in a water bath. To have a stronger
binding of the dye molecules to KDNA and overcome the

This journal is © The Royal Society of Chemistry 2025
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influence of ionic strength on the dye-DNA interaction kinetics,
we used MFP488 MIRUS dye which binds covalently to
nucleotides.>® The staining ratio of the dye molecule to the
DNA base pair was about 1:160. The reaction protocol was
adopted as suggested by the manufacturer, however, a purifica-
tion protocol was developed. After the binding reaction was
completed, the sample was centrifuged in 100 kDa cut-off
membrane (Amicon Ultra Centrifugal Filter, Merck) at room
temperature at 5000 g for 5 times and each run for 2 minutes to
remove the unbound dye and redisperse the sample in
0.5x TBE buffer (pH 8). Glass coverslips were cleaned with
ethanol and soaked at least 1 hour in 1 M NaOH. Samples were
imaged inside the microwell created on microscope coverslip
using Frame Seal Slide Chambers purchased from Bio-Rad
Laboratories.

2.2. Fluorescence imaging

The solution containing the stained kinetoplast (kDNA) mole-
cules was mixed with unstained A-DNA in 0.5x TBE buffer in
addition to 25 mM NaCl. Samples were gently mixed with wide-
cut tips and 25 pL samples were deposited in the well created
using a Frame Seal chamber. To understand the phase behavior
of kDNA in the presence of A-DNA we used a super-resolution
laser scanning confocal microscope. A Zeiss LSM 980 with
Airyscan 2 microscope was used in oil-immersion mode with
a 63x objective (numerical aperture 1.4). For each sample, a
25 pL volume was placed inside a well measuring 9 mm X
9 mm in length and width, with a depth of 310 pm. Images were
captured at the bottom of the chamber, just above the coverslip.
Images were analyzed using Image] and home-built scripts in
MATLAB (MathWorks, Natick, MA).

3. Results and discussion

Electromagnetic interaction, in the form of screened-Coulomb
interaction, hydrogen bonds, and van der Waals interaction,
along with entropy due to thermal energy decide the self-
assembly and phase behavior of the polymeric system."" Varia-
tions in the size and flexibility of molecules within a blend of
two polymer species can lead to entropy-driven depletion
attraction, where one type of molecule experiences attraction
in the presence of the other.”>® We can systematically tune the
balance between these forces. For instance, by screening elec-
trostatic repulsion, it becomes possible for different segments
of the polymeric chain or distinct polymeric molecules to
approach closely enough. This proximity enables attractive
interactions (e.g., van der Waals, bridging, depletion) to dom-
inate. In this contribution, we studied the phase behavior
of kDNA in the presence of linear A-DNA. The system is
investigated in tris-boric acid-ethylenediaminetetraacetic acid
(0.5x TBE, pH 8) buffer with an ionic strength of 32.3 mM.*!
The zeta potential of kKDNA dispersed in this buffer was
measured to be —70 £+ 4 mV. To screen the Coulombic repul-
sions between the DNA chains, an additional 25 mM of NaCl
is added. Thus the resultant ionic strength of the solution is

This journal is © The Royal Society of Chemistry 2025
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57.3 mM corresponding to a Debye length of 1.27 nm compared
to the 2 nm bare width of dsDNA.

Although the concept of overlap concentration is well estab-
lished for linear polymers, its definition is less straightforward for
complex topologies like KDNA. Single-molecule studies suggest that
KkDNA can be treated as a soft colloidal particle with an asymmetric
shape and multiple possible orientations.***>** At sufficiently high
concentrations, such particles begin to interact via excluded
volume effects. We refer to the corresponding concentration as
the overlap concentration for KDNA. To estimate this Cy\a, We
approximate each KDNA as a disk of diameter D = 5 um and
thickness ¢ = 2.5 pm.*>** At the experimental ionic strength of
57.3 mM, the Debye length is approximately 1.27 nm. Thus, the
range of screened Coulomb interactions is negligible compared to
the physical dimensions of kDNA. Orientationally averaged
excluded volume for monodisperse disks has been calculated by

D
Onsager to be Ve ~ %(7) Vy, where V), = gth is the volume of a

disk.>® Inputting values for KDNA results in V., ~ 77.1 um’.
Including the contribution of 5000 minicircles (each 2.5 Kbp)
and 25 maxicircles (each 40 Kbp) a single kDNA molecule contains
13.5 Mbp. Using the mass of 1 bp as 650 Dalton, the molecular
mass of a KDNA molecule is M = 8.78 x 10° g mol™". The mass of a
single KDNA molecule is therefore m = M/Ny, ~ 1.46 x 10 g,
where N, is Avogadro’s number. The estimated overlap concen-
tration is then Cipna = M/ Vex = 190 pg mL~!. The concentration
of KDNA used in our experiments is 25 pg mL ™', which is
approximately seven times lower than the overlap concentration,
indicating that the kDNA solution can be considered well within
the dilute regime. Despite being in the dilute regime, the presence
of kDNA molecules influences the configurational crowding experi-
enced by A-DNA and alters its effective overlap concentration
(see SI for an estimation of this effect). Nevertheless, in our
analysis, we have treated C* as if it were defined for pure A-DNA,
without accounting for the additional crowding introduced
by KDNA.

Fig. 2 presents snapshots of kDNA, imaged using a super-
resolution confocal microscope. The concentration of kDNA is
kept fixed (25 pg mL™"), however, the concentrations of A-DNA
are varied in the range (0-150 ug mL ™", i.e., 0-3.6C*). Here, C*
represents the overlap concentration of pure linear A-DNA.
Moreover, only kDNA molecules have been labeled with fluor-
escent dye i.e., A-DNAs are invisible. It is evident that in the
absence of A-DNA, kDNA molecules are well dispersed in the
solution and present an isotropic and homogeneous solution
(Fig. 2(a)). As we add a small fraction (0.3C* and 0.6C*) of
A-DNA, (Fig. 2(b and c)), the isotropy and homogeneity of the
solution are quite similar to the bare kDNA sample, and no sign
of aggregation and evolution of system over time has been
observed (Fig. S1). However, with further increasing A-DNA
concentration the system shows the tendency to aggregate
which finally leads to the aggregation of kDNA. The nature of
the aggregates varies with the concentration of A-DNA. For
example, at 1.2C* (Fig. 2(d)), the clusters lack well defined size
and shape. The clusters are highly dynamic, with diffuse
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Fig. 2 Confocal microscopy images showing the phase behaviour of kDNA (25 pg mL™Y) at varying concentrations of A-DNA. Image (a) shows the
control with no A-DNA. Images (b) to (f) show kDNA solutions with increasing concentrations of A-DNA: 12.5 ug mL™* (0.3C*), 25 pg mL™ (0.6C*),
50 pg mL™! (1.2C*), 100 pg mL™! (2.4C*), and 150 pg mL™! (3.6C*). The phase solution of kDNA evolves over time depending on the A-DNA
concentration. No further evolution was observed at 2.4C* after 5 hours, indicating that the kDNA-A-DNA mixture had reached a steady state.
Observation times for other A-DNA concentrations were adjusted using a scaling relation (7 ~ C), which reflects how solution viscosity (1) affects the
diffusion timescale of individual kDNA molecules. The images shown correspond to the respective observation times for 0.3C*, 0.6C*, 1.2C*, and 3.6C*,

which are 37.5 minutes, 1 hour 15 minutes, 2 hours 30 minutes, and 7 hours 30 minutes, respectively. Scale bar is 20 um.

boundaries and noticeable exchange of KkDNA molecules with
both the surrounding medium and neighboring clusters. This
exchange behavior appears to be governed more by A-DNA
concentration than by the size of the kDNA clusters. Despite
this activity, the overall system remains stable over time, with
no evidence of cluster growth or large-scale phase separation
(Fig. S1). However, at 2.4C* and 3.6C* the size and shape of
KDNA aggregates are well-defined, where individual kDNA
molecules are tightly held in aggregates (Fig. 2(e and f)).
Though there is significant conformational fluctuation in indi-
vidual molecules in aggregates (see Movie SM1), kDNA mole-
cules are not exchanged from aggregates to solution.

The dispersion of kDNA in the presence of A-DNA exhibits a
meta-stable state with continuous evolution, selecting an appro-
priate time point for comparing systems with different A-DNA
concentrations presents an experimental challenge. To address
this, we first identified the optimal imaging time for systems
containing 2.4C* of A-DNA. This time was identified as approxi-
mately 5 hours after sample preparation, when the size of
individual kDNA aggregates showed no significant change,
indicating a quasi-equilibrium state. Based on the premise that

6922 | Soft Matter, 2025, 21, 6919-6929

the behavior of aggregates is primarily governed by the diffu-
sion of individual kDNA molecules, a hypothesis supported by
subsequent discussions on aggregate characteristics, we extra-
polated the characteristic diffusion time of kDNA relative to
varying concentrations of A-DNA. Taking the size of the indivi-
dual kDNA molecules constant regardless of A-DNA concen-
tration, and using the scaling (Ay ~ C') of the solution’s
viscosity (An) in the semi-dilute regime with varying concen-
tration (C) of A-DNA, we calculated the characteristic diffusion
time (tp) of kDNA to diffuse a distance equal to its own size.
Using the Stokes-Einstein relation and the viscosity scaling, we
find 7, ~ C. To ensure a fair comparison across different
concentrations, the experimental time (¢) should be adjusted
so that ¢/t, remains constant. Thus, the corresponding times
for 12.5 pg mL ™" (0.3C*), 25 pg mL ™" (0.6C*), 50 pg mL "
(1.2C*), and 150 pug mL~" (3.6C*) of A-DNA are 37.5 min, 1 hour
15 min, 2 hour 30 min and 7 hours 30 min, respectively.
Therefore, the images presented in Fig. 2 for different concen-
trations of A-DNA were recorded at these respective times. This
choice of experimental timing is further validated by the data
presented in the comparison of the time evolution of the

This journal is © The Royal Society of Chemistry 2025
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system near C* (Fig. S1), which shows no significant changes
over time.

Notably, the viscosity of A-DNA solutions changes significantly as
the concentration approaches the entanglement threshold where
individual DNA strands begin to interpenetrate and form an
entangled network. This threshold has been reported at different
values across studies, depending on the experimental technique
employed.”® Microrheology measurements®>® suggest that entan-
glement occurs around 200 pg mL ', and in this regime, the
viscosity increases sharply, following a scaling law of Ay ~ C>*.%
As a consequence, the time required for the system to reach
equilibrium decreases at concentrations below 2.4C*, but increases
substantially above this concentration (see SI). This scaling behavior
imposes a temporal boundary. In our experiments KDNA-A-DNA
mixtures equilibrate within the shortest timescale permitted by these
scaling laws and remains stable till and beyond the longest timescale
at a given A-DNA concentration. These observations support the
conclusion that the systems presented in Fig. 2 have indeed reached
equilibrium, as no further structural evolution was observed
over time.

Upon learning the critical role of the concentration of A-DNA
in influencing the phase behavior of kDNA, we examined the
temporal evolution of the kDNA solution at a fixed concen-
tration of A-DNA of 2.4C*. The evolution is presented in Fig. S1.
Initially, the system remains in a dispersed state. However, the
introduction of A-DNA destabilizes the solution, triggering the
gradual aggregation of kDNA. With time, these aggregates
increase in size. The image montage clearly demonstrates that
the individual aggregate grows progressively before reaching a
steady state. This growth behavior is further highlighted in the
cropped images of Fig. 3(b), extracted from Fig. S2. kDNA
initially forms dimers, trimers, tetramers, and larger aggre-
gates, eventually reaching a quasi-equilibrium size. Beyond this
point, the aggregates become large enough that their diffusion
slows markedly, effectively stopping further growth.

Given an aggregation process governed by diffusive, the
relation between the radius of gyration and time can be
expressed as Ry ~ t#, where R, is the radius of gyration of the
aggregate, t evolution time, and f is growth exponent.>” This
feature is captured in Fig. 3(a). The exponent of the evolution of
cluster size as a function of time for kDNA in the presence of
2.4C* of A-DNA is found to be 0.22 + 0.04 (SD) (SD: standard
deviation). Similar values for colloidal aggregates have been
reported for different sizes and shapes of hard colloidal
particles.””*® The value of the growth exponent indeed suggests
the dominance of the diffusion-limited mechanism in the
aggregation process of kDNA induced by A-DNA.

To understand the morphological features of KDNA aggre-
gates we calculated the radius of gyration as a function of the
number of kDNA molecules in the aggregates. This is presented
in Fig. 4. The morphology of aggregates has been extensively
studied in various systems.>’"®* Their scale-invariant nature is
often characterized by the relationship between the spatial
extent, quantified by the radius of gyration (Ry), and the mass
of the cluster (M), which follows the scaling law M ~ Rg,”
where d is the fractal dimension. Assuming that the mass of the

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper
(a)5_ _ ]
€ g
\}4. 1 ]
[0
»
2
O 3¢ |
k) .
o ¢
o
2 L 1 1
20 60 100 300
Time (min)

20 min 80 min 180 min 300 min

Fig. 3 (a) Scaling relation between the mean cluster size given by radius
of gyration and time presents the growth rate of the cluster of kDNA in the
presence of 2.4C* of L-DNA. (b) Sample snapshots presenting the evolu-
tion of the kDNA. Scale bar is 20 pm.

cluster (M) is proportional to the number of particles (N)*° in a
cluster, this relation can be rewritten as Ry ~ N”,°% where the
exponent v is inversely related to the fractal dimension d, that
is, d = 1/v. The fractal dimension d is a widely adopted metric
for assessing aggregate morphology and structure. In the realm
of two-dimensional solid objects, a canonical value of d is 2,
signifying a non-fractal structure. However, when d falls below
2, it signals a fractal arrangement characterized by a density
decrease as the value of d decreases. A value of 2 is anticipated
at length scales below the diameter of kDNA. The value of the
fractal dimension, d, of kDNA aggregates in the presence of
2.4C*, and 3.6C* of A-DNA are found to be 1.6 £+ 0.1 (SD) and
1.5 & 0.1 (SD), respectively. These two values are statistically not
different thereby the degree of packing and qualitative nature
of KDNA aggregates are insensitive to the concentration of
A-DNA. However, the average size ((R,)) of KDNA aggregates
in the case of 3.6C* (7.2 pm) is relatively higher compared to
2.4C* (6.1 pm) (Fig. 2(e and f)).

It should be noted that the value of d is calculated from the
2D planar cross-section of the aggregates, inherently possessing
3D characteristics. This approach is adopted due to an experi-
mental limitation, namely the challenge of counting the num-
ber of kDNA molecules within aggregates in a full 3D space.
This strategy is widely employed in colloidal science to over-
come such experimental constraints.>®>°

The observed fractal dimension of the kDNA aggregates is
relatively low compared to the commonly reported range of
1.70-1.85 for diffusion-limited cluster aggregation (DLCA) in
spherical colloids.>®®%®* However, it is important to note that
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Fig. 4 Scaling relation between the cluster radius of gyration to the number of kDNA in the aggregates for two different concentrations of A-DNA (a)
2.4C* and (b) 3.6C*. From the slope of the linear fit to the data we extract a fractal dimension (1/slope) of 1.6 &+ 0.1, and 1.5 & 0.1 for 2.4C* and 3.6C*,

respectively.

the fractal dimension is known to be sensitive to both the
geometry®® and the size of the colloidal particles,”® with
d typically decreasing as the particle size increases. Because
KkDNA molecules are significantly larger than gold, silica, or
polystyrene nanoparticles, systems for which the aggregation
behavior has been extensively studied, this size dependence is
particularly relevant. Based on a meta study showing a decrease
in fractal dimension with increasing particle size,”® the mea-
sured value for kKDNA aggregates (d = 1.6 £+ 0.1 (SD)) suggests
that its aggregation in the presence of A-DNA is primarily
governed by a diffusion-limited aggregation (DLA) process.

Furthermore, there is no evidence of intramolecular aggregation
of kKDNA segments even at the maximum concentration of A-DNA
in this study. This feature of the present system is completely
different from the conformational phase behavior of dilute kDNA
in the presence of poly(ethylene glycol) (PEG) with a molecular
weight of 10 kDa,*® where intramolecular aggregation is prominent
at higher concentrations of PEG. In the case of added PEG, kDNA
first exhibit local clustering of chain segments displayed as bright
foci and then at higher PEG concentration collapse of the KDNA to
a compact spheroid. The size (radius of gyration) of the 10 kDa PEG
is about 2 nm which is much smaller than the average mesh size
(~34 nm) of the pristine kDNA network.”® The PEG molecules
penetrate the KDNA network and tend to maximize the available
volume by pushing the segments of a network together through
depletion mechanics.*® Thus, the intramolecular phase transition
from flat phase to globule phase in the presence of PEG was
dictated by the interplay of configurational entropy and intra-
molecular interactions. With increasing concentration, PEG mole-
cules try to occupy the maximum volume within the system and
impose an osmotic pressure on the kDNA network due to excluded
volume interactions. This pressure overcomes bending rigidity and
intramolecular electrostatic repulsions within kDNA, leading to
the collapse of the network through sequential hierarchical
steps. Similar features have been observed using atomic force
microscopy,** where intramolecular compaction of kDNA is driven
by protein-mediated bridging interaction.

6924 | Soft Matter, 2025, 21, 6919-6929

In this study, we identified a crucial factor regarding the size
of A-DNA. With the contour length of 16.5 um and radius of
gyration 700 nm, A-DNA notably exceeds the intramolecular
mesh size as measured using AFM (~34 nm) of a kDNA
network.*®*® Consequently, the range over which depletion-
induced attraction between the network operates extends far
beyond the mesh size. The possible length-dependent nature of
excluded volume interactions between kDNA and PEG or A-DNA
is illustrated in SI Figure (S4). This difference in length scales
implies that the kKDNA network does not experience intra-
molecular attraction which is evident in the unchanged shape
of kKDNA irrespective of A-DNA concentration. However, as the
concentration increases, A-DNA molecules strive to maxi-
mize the available volume, leading to the entropically driven
depletion-induced intermolecular attraction between kDNA
molecules. Yet, despite the attractive depletion force, it is
important to note that this force could not overcome the
electrostatic repulsion between the charged kDNA molecules.
To screen the electrostatic interaction, we added 25 mM of NaCl
in the solution. This strategic adjustment allows for the dom-
inance of the depletion attraction to induce the aggregation of
KkDNA networks above a critical A-DNA concentration. The
strength of the depletion attraction between colloidal particles
grows linearly with polymer concentration.®® Although its range
is dictated by the size of the polymers, it remains constant
irrespective of concentration in the dilute regime (below C*).
However, the range changes above C*. This is because, due to
coil interpenetration, the effective size of the polymer is deter-
mined by the concentration-sensitive blob size.®® With this
adjustment, the Asakura-Oosawa depletion model® accurately
describes the effective potential across a wide range of A-DNA
concentrations, spanning from dilute to semidilute regimes.®”

In the present study, intrinsic asymmetry in the shape of
individual kDNA molecules poses challenges in quantitatively
estimating the interaction potential using the current experi-
mental approach. However, qualitative observations of the
aggregation behavior provide insight into the strength of

This journal is © The Royal Society of Chemistry 2025
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intermolecular kDNA interactions. Below approximately 1.2C*,
the kDNA solution remains predominantly in a dispersed
phase. Even when transient aggregation occurs, the resulting
clusters lack well defined size and morphology, and dynamic
exchange of KDNA molecules between different regions is
frequently observed. Such behavior implies that the net attrac-
tive KDNA interactions are weaker than thermal energy (kg7). In
contrast, when the A-DNA concentration reaches 2.4C* or
higher, the system forms temporally stable clusters. Observa-
tions of the cluster relaxation behavior show that the kDNA
molecules inside each cluster rearrange themselves, but they do
not leave the cluster. Thus for this concentration of A-DNA, we
can infer that kDNA interactions are greater than kgT.
Although the structure of the aggregates is robust, there are
significant fluctuations in size and shape due to thermal
energy, as observed in Movies SM1 and SM2. These fluctuations
for a single cluster in the presence of 2.4C* of A-DNA were
quantified by measuring the variation in radius of gyration
(size) and aspect ratio (shape) over time, as depicted in Fig. 5(a)
and (b), respectively. The radius of gyration (R,) was deter-
mined from the square root of the trace of the gyration tensor,
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calculated from projected fluorescence intensity.’® The princi-
pal eigenvalues of this tensor provided the lengths of the minor
and major axes, from which the aspect ratio (the ratio of minor
to major axis) was derived. Aspect ratio values close to
1 indicate a circular disk arrangement, while values near
0 indicate a linear arrangement (rod). The thermal fluctuations
of both R, and aspect ratio are stationary but their relative
phase varies across clusters and is often out of phase. A detailed
discussion of this behavior is presented in Fig. S5. The mode of
size and shape relaxation can be better understood from the
autocorrelation function presented in Fig. 5(c).

The autocorrelation functions are fitted using the sum of two
exponential terms, represented as C(t) = « + fexp(—t/t;) + yexp
(—t/r,), where 7, and 7, represent the characteristic time scales of two
distinct relaxation processes, and the coefficients ff and y indicate
their respective contributions. The parameter o is the residual
correlation at long times, which ideally approaches zero if the system
fully relaxes. For the radius of gyration, two relaxation time constants
are 7; = 3.5 + 0.1 s (SD: standard deviation) and 7, = 29.0 + 1.1 s
(SD). The corresponding amplitudes are f§ = 0.60 + 0.01 (SD) and
y = 0.16 + 0.01 (SD), indicating that the majority of the correlation
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Fig. 5 Temporal behavior of kDNA cluster in the presence of 2.4C* of L-DNA. (a) The radius of gyration (Rg) of a representative cluster as a function of
time. (b) Aspect ratio (shape anisotropy) of the same cluster as a function of time. (c) Autocorrelation functions of Ry and aspect ratio for the same cluster
asin (a) and (b). (d) Snapshots of the same cluster at two different time points. Arrows in (d) highlight the cluster’s structural rearrangement. Scale bar in (d)

is 20 pm.
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decays on the shorter timescale, but a slower component
persists, reflecting a delayed relaxation of the cluster size.
The residual offset is very small (¢ = 0.017 £ 0.002 (SD)),
indicating that the size fluctuations fully relax (de-correlate)
over the observed time scale. In the case of aspect ratio, the
relaxation times are t; = 2.7 + 0.1 s (SD) and 7, = 50.7 £ 1.5 s
(SD), with corresponding amplitudes = 0.71 £ 0.01 (SD) and
y = 026 £ 0.01 (SD). The residual offset is very small
(o =0.012 %+ 0.001 (SD)), indicating that the shape fluctuations
fully relax (de-correlate) over the observed time scale.

The presence of two distinct timescales reflects fast local
rearrangements and slower, large-scale reorganization within
the cluster. Moreover, the fastest mode of aspect ratio relaxes
faster than the fastest mode of radius of gyration, further
suggesting a hierarchical relaxation process. The internal shape
reorganizes more quickly, while the overall size takes longer to
reorganise. This behavior is similar with known polymer
dynamics, where relaxation can be described by a spectrum of
modes.*’® Higher order internal modes, related to shape
metrics such as asphericity or aspect ratio, relax faster than
the lowest order global mode, which governs the relaxation of
size related observables (e.g. radius of gyration). Simulation
studies further support that different geometric parameters of a
polymer can relax on distinct timescales.”" This complexity
could not be captured by a single exponential fit, as presented
in SI (Fig. S3). One might consider whether the observed
relaxation of the clusters arises from the relaxation of the
surrounding A-DNA bath. However, this possibility can be ruled
out. Even at the highest A-DNA concentration used in this study
(3.6C*), the longest relaxation time of A-DNA remains below
0.5 5,°® significantly shorter than the smallest relaxation time
(2.7 s) observed for the cluster. This confirms that the relaxa-
tion dynamics reported here are intrinsic to the kDNA clusters.
Notably the relaxation time scale of individual KkDNA molecules,
in the absence of A-DNA is much shorter (~0.2 s)** than the
smallest relaxation time observed for the cluster. Fig. 5(d)
presents the snapshots extracted from a cluster’s movie. Arrows
in the image highlight structural fluctuations observed during
movie recording. Furthermore, there was no exchange of kDNA
molecules between the cluster and its surrounding medium,
suggesting that the depletion energy that binds the individual
kDNA molecules together within a cluster is strong enough
(a few kgT) to maintain their collective integrity, yet flexi-
ble enough to allow for observed fluctuations in cluster
morphology.

It’s important to elucidate the notion of topology.”” Herein,
topology refers to the structure of a manifold, shaped by the
inability of polymers to cross themselves. In the case of
catenane, rings within the molecular network are unable to
pass through one another or change their relative spatial
positions because they are permanently interlocked. This inter-
locking is quantified by the average catenation valency of
the rings for 2D and 3D catenated networks.>>** While the
statistical properties of a single molecule of catenanes are well
explored,”® studies on catenane-linear blends are scarce.**”°
To the best of our knowledge, this is the first experimental
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study presenting the bulk phase behavior of a topologically
complex DNA network, resembling a 2D Olympic gel polymer,
in the presence of linear DNA.

4. Conclusions and outlook

In conclusion, our study examines the critical role of topology
in dictating the phase behavior of polymeric blends. Specifi-
cally, we studied the phase behavior of the 2D catenated net-
work of DNA rings, known as kinetoplasts, in the presence of
linear DNA. While prior work shows that mixtures of circular
and linear DNA always remain in the isotropic phase with
enhanced miscibility, here we discovered that the assembly of
catenated DNA rings results in phase separation in the
presence of linear DNA. This distinction highlights how the
topology of polymer components profoundly influences phase
behavior in polymer blends. Furthermore, our investigation
reveals that the phase-separated aggregates of kinetoplasts
exhibit fractal characteristics, suggesting the dominance of a
diffusion-limited mechanism in the aggregation process. The
size of the individual cluster is very robust and presents
hierarchical relaxation. Moreover, a key insight emerging from
both previous studies** and the present work is that the
equilibrium states of catenated-linear polymer blends are
determined not only by their topological states, but are also
highly sensitive to the ratio of catenane mesh size to polymer
size. In the presence of 10 kDa PEG, kDNA undergoes intra-
molecular compaction, whereas A-DNA induces only intermo-
lecular aggregation without disrupting the internal structure of
individual kDNA networks. While these contrasting behaviors
are primarily attributed to differences in linear polymer size
relative to the kKDNA mesh, other factors, such as bending
rigidity (persistence length) and the chemical nature of the
linear polymers may likely influence their interactions with the
KkDNA network. A deeper understanding of these effects could
be achieved through systematic studies varying the size of PEG
and DNA depletants. Additionally, exploring the ionic strength
dependence of phase behavior may further clarify the role of
electrostatic interactions in governing kDNA assembly.

Recent advances in the synthesis of both covalent 2D
polymers®® and Olympic gels of varying spatial dimension
and catenation valency®**"®? highlight the need to understand
their phase behavior, particularly when combined with other
polymer structures. In addition to materials science, topologi-
cal features play a crucial role in biological systems. For
example, in the presence of macromolecular crowders, the
phase behavior of DNA is highly sensitive to its topological
state.®*>®* Supercoiling, for example, facilitates the compaction
of plasmids and is a key factor in controlling chromosome
compaction within the nucleus.?>”®> By exploring the influence
of catenation valency’**® and the relaxed versus supercoiled
state of individual rings within the catenated network, we can
map a wide spectrum of phase behavior in parameter space.
This type of study will not only guide us in designing new
complex materials but also enhance our understanding of

This journal is © The Royal Society of Chemistry 2025
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chromosome packing in different species, particularly in kine-
toplastida where diverse topological states of DNA are
observed.®® We envision our research as a catalyst for deeper
exploration of the phase behavior of 2D topological soft matter
when combined with polymers of diverse architectures, thereby
fostering advancements in the design and development of
novel polymeric materials with tailored properties.
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