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Biomolecular condensates in cells compartmentalize vital processes by

enriching molecules through molecular recognition. However, it remains
elusive how transport occurs in biomolecular condensates and how it relates
to their dynamic and/or viscoelastic state. We show that the transport of
molecules in DNA model condensates does not follow classical Fickian
diffusion, which has ablurry front with a square root of time dependence.
By contrast, we identify a new type of transport with an ultrasharp front
that propagates linearly with time. Our datareveal that this ultrasharp
ballistic diffusion front originates from molecular recognition and an
arrested-to-dynamic transition in the condensate properties. This diffusion
mechanism s the result of intertwining chemical kinetics and condensate
dynamics on transportinbiomolecular condensates. We believe that

our understanding will help to better explain and tune the dynamics and
properties in synthetic condensate systems and for biological functions.

Biomolecular condensates formed by the liquid-liquid phase separa-
tion of nucleic acids* and proteins®* in cells serve as signalling and
reaction hubs®¢, and gate accessibility, for instance, to the nucleus’.
The transfer of concepts from polymer science has greatly advanced
the understanding of condensate formation, stabilization and their
physicochemical properties® ™.

Despite this progress, amechanistic understanding of how mac-
romolecules are transported into and within condensates remains
limited. Biomolecular condensates possess complex viscoelastic
properties and are typically classified as liquid like or solid like' .
However, the functional relevance of the solid-like state beyond
regulating the mechanical properties and arresting dynamics is
poorly understood*”. In a wider content, in the crowded and het-
erogeneous environment of cells and condensates with complex
viscoelastic properties® ™, transport may deviate from classical
diffusion and be influenced by complex relaxation dynamics® or
specific interactions®®?, leading to an anomalous diffusion
behaviour”. To dissect these intricacies, minimalistic synthetic

model systems offer powerful platforms to study the behaviour in
well-controlled settings®°.

In this study, we report on the observation of a new diffusion
behaviour during the uptake of macromolecules into biomolecular
condensates driven by molecular recognition. Our findings reveal
this unprecedented diffusion mechanism on the addition of a short
oligonucleotide, termed ‘invader’, to DNA condensates composed of
long single-stranded DNA (ssDNA). The invader selectively binds to
complementary domains in the DNA condensate. During its uptake,
asharp diffusion front is formed with an accumulation of a high con-
centration of theinvader at this front, which propagates with alinear
time dependence. This contradicts the commonly observed fuzzy
concentration gradients and nonlinear propagation kinetics described
by Fickian diffusion, which widely applies to many diffusion pro-
cesses insolutions. We quantify, model and extrapolate the multiscale
non-equilibrium nature of this new diffusion mode and distinguish
it from the current understanding of diffusion and transportin con-
densates. We discuss the generalization of the findings based on the
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Fig. 1| Not Fickian but ballistic wave diffusion with a high-intensity zone
occurs during invasion of ssDNA invaders into DNA condensates. a, Scheme
of ballistic wave diffusion in DNA condensates, whereby invaders m* bind tom
barcodesin the DNA condensates, inducing a structural and conformational
transition from ssDNA to dsDNA. Differences between classical Fickian diffusion
and ballistic wave diffusion identified in this study. b, Time-series CLSM images
showing the invasion process of invaders (m*-Atto488, 2 pM; green) into a DNA
condensate (shell labelled by k*-Atto647; blue) at 50 mM of MgCl,. The ballistic
wave diffusion process has been consistently reproduced in 20 individual

concentration-dependent experiments discussed below as well asin other
experiments throughout this research. ¢, Kymograph (space-time plot) of the
invasion process along the white dashed lineinb. d, Front displacement during
invasion s linear with time. Acceleration happens at the end stage (noted with
the dashed line) because of the interference between diffusion fronts from all
theradial directions. e, Radius of DNA condensate during invasion. f, Cross-
sectional line profiles taken at various times along the white dashed arrowinb.
The distances are rescaled to the maximum intensity of the front to highlight the
self-similar shape duringinvasion (Supplementary Video 1). Scale bar, 10 pm.

physicochemical interplay between condensate dynamics, molecular
recognition and chemical kinetics.

Observation of ballistic diffusion fronts

We prepared DNA condensates by the temperature-induced coacerva-
tion of twolong ssDNA copolymers, p(A,-m),,and p(T,,-k),,ina TE buffer
at 50 mM of MgCl, (n, repeating units; Extended DataFig.1)***. A,, and
T,,are homorepeats of adenine- and thymine-containing nucleotides,

respectively, whereas mand k are DNA barcode sequences that canbind
complementary oligonucleotides (Extended Data Fig. 1a). Briefly, on
heating a p(A,,-m),/p(T,o-k), mixture, p(A,,-m), undergoes selective
temperature-induced liquid-liquid phase separation and forms spheri-
cal condensates aboveits cloud point temperature (-42 °C)*', whereas
p(T,-k), remainsin solution. During cooling, p(T,o-k),,localizes at the
periphery of p(A,,-m), condensates by A,,/T,, hybridizationand forms a
thinand permeable shell (Extended Data Fig. 1c)*>*. This process results
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Fig. 2| Changes in condensate dynamical and mechanical properties

during ballistic wave diffusion. a, Scheme of a DNA condensate with in-chain
fluorophores (p(A,o-Myyos04) » Magenta) during the invasion of m*-Atto488
(green). b, CLSMimages of a DNA condensate during invasion by 1 uM of
m*-Atto488 at 50-mM MgCl, (Supplementary Video 2). ¢, Time-dependent cross-
section profiles along the white dashed arrows in b, with the distance rescaled to
the maximum intensity of the front. d, Scheme of a DNA condensate before (top)
and after (bottom) invasion. Size increase is not shown for clarity. e, CLSM images
showing FRAP experiments on DNA condensates before and after invasion.

f, Recovery profiles of FRAP circles in e before and after invasion at 50-mM MgCl,.
Unless specified, the curves represent the mean values and the shaded areas
indicate the s.d. Sample size (N) = 4 condensates measured for each condition.
The black curve after the axis break shows a 6,000-s-long FRAP experiment
onanon-invaded condensate at 20-mM MgCl,, proving its arrested state.

g, Reciprocal of the half-recovery time (1/t,,) extracted from f.1/6,000 s is taken
as1/t,, for the arrested condensates due to the absence of recovery in FRAP

Indentation (um)

within 6,000 s (mean +s.d., N=4 condensates measured for both conditions).

h, Scheme of a fluorescent DNA condensate (p(A,-Myo4s5),,, Magenta)

during theinvasion of non-fluorescentinvaders m*.i, CLSM and FLIM images
during invasion by 3-uM m* at 50-mM MgCl,, with the corresponding phasor
plotdepicting the lifetime distribution. j, Fluorescence lifetime of in-chain
fluorophoresinarrested/non-invaded and dynamic/invaded regions (mean +s.d.,
N=8condensates). k, Scheme of the AFM indentation measurement of the
condensates before and after invasion. I, Representative force spectroscopy

for DNA condensates before and after invasion show distinct force-distance
relationships and hysteresis behaviour during compression and retraction of the
AFM cantilever. Five independent experiments were performed on the arrested
and dynamic condensates (Supplementary Fig.1). m, Dissipation energy for
condensates in different states, measured by quantifying the hysteresis areain
the compression and retraction curves (mean t s.d., N = 5 condensates measured
for each condition). One-way analysis of variance test was used for calculating the
Pvaluesforg,jand m. Scale bars, 10 pm.

inmicrometre-sized core-shell condensates with addressable barcodes
in the core (m) and shell (k). The shells are typically labelled at the k
barcodes with fluorescent ssDNA (k*-dye) for visualization (Extended
DataFig.1d)***. The m barcodes in the core provide recognition sites

for the diffusing molecules (invaders, m*) and mimic molecular rec-
ognition in biological systems.

Surprisingly, the uptake of invaders (m*-Atto488), which spe-
cifically bind to the m barcodes inside the condensate, results in a
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Fig. 3| Modelling of ballistic wave diffusion using a reaction-diffusion model.
a, Chemical reactions and diffusion rules in the ballistic wave diffusion model
with a graphical explanation of the processes. b—-d, Representative simulated
kymographs (space-time plots) demonstrating ballistic wave diffusion (b),
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ballistic front diffusion (c) and Fickian diffusion (d) at different conditions. The
right plots show individual front shapes by cross-sectional line profiles taken
along the white dashed lines in the corresponding kymographs. Supplementary
Table 2 lists the parameter sets.

sharp, high-intensity diffusion front (Fig. 1a,b and Supplementary
Video1). The front propagates linearly with time, thatis, AX (front dis-
placement) « ¢ (time) (Fig. 1c,d). This represents a ballistic behaviour
(constant velocity) of the macroscopic diffusion front. Considerable
swelling occursin the invaded region to a final swelling ratio of about
fourfold in volume (Fig. 1b,e). The high-intensity front arises from
the spatial accumulation of the invaders and is stable in shape dur-
ing propagation (Fig. 1f and Extended Data Fig. 2). This propagating
steady state indicates the balanced kinetic processes of invader bind-
ing and condensate swelling at the front interface. This behaviour is
fundamentally different from classical Fickian diffusion, which exhibits
unavoidable concentration gradients and a power-law relationship of
the front propagation with time, thatis, AX = £/? (Fig. 1a).

The sharp diffusion frontis anon-equilibrium steady-state inter-
face, where DNA chain extension occurs because m barcodes of the
p(A,o-m),ssDNA are converted to m/m* double-stranded DNA (dsDNA)
segments. Molecular dynamics simulations using oxDNA yield a 64%
increase in the radius of gyration from p(A,,-m), to p(A,,-m/m*),
(Extended Data Fig. 3 and Supplementary Methods 1)**7¢, An accel-
eration of the front propagation is visible in the final invasion stage,
probably caused by the interference of individual diffusion fronts
and the smaller surface area once the fronts start to share the same
non-invaded centre. The process loosely resembles ‘case Il diffu-
sion””? that describes the diffusion of solvents with sharp fronts
into specific thermoplastics. However, despite a phenomenological
similarity, case Il diffusion in thermoplastics cannot account for a
high-intensity front; critically, the origin and underlying physical prin-
ciples are profoundly different. Condensates, unlike thermoplastics,
aresolvent-rich entities, and we elucidate that molecular recognition
plays a key role—a specific property inherent to biomacromolecules
and responsible for condensate formation in cells. We term this new
molecular-recognition-enabled frontal diffusion mechanism with a
high-intensity invader front as ‘ballistic wave diffusion’, which satisfies
the condition of AX < t.

Mechanistic details of ballistic wave diffusion

To gainmechanisticinsights, we synthesized fluorescent p(A,p-my,.),, to
study the dynamic properties of p(A,,-my.), chains in the condensate
before and after invasion. During invasion with m*-Atto488, the dilu-
tion of the p(A,o-My0504), cONdensate in the outer region is now evident
(Fig.2a,b, magenta channel). The approximate fourfold swelling causes

afourfold dropintheintensity of the core material p(A,o-Myos04) - ThE
invader front localizes precisely at the boundary from the compact
non-invaded to the swollen invaded condensate (Fig. 2c). We corre-
late the relative changes in the dynamic properties of the DNA con-
densates before and after invasion using fluorescence recovery after
photobleaching (FRAP) and fluorescence lifetime imaging (FLIM)*,
which provide complementary insights into the mesoscale diffusion
behaviour and nanoscale chain flexibility. FRAP shows drastic differ-
ences in recovery kinetics before and after invasion. Before invasion,
the condensates are in an arrested state in which the bleached region
doesnot recover even after 6,000 s (Fig. 2d-f). By contrast, afterinva-
sion, the condensates become dynamic with fluorescence recovery
(Fig. 2e,f). Quantification using the reciprocal of the half-recovery time
(1/¢,,) reveals differences of at least two orders of magnitude (Fig. 2g).
FLIM and lifetime analyses show a significant increase from a lifetime
of about 2.9 nsin the arrested/non-invaded region to about 3.4 nsin
the dynamic/invaded region. The phasor plot shows two different
distributions (Fig. 2h—j)***,

Since our condensates are based on semidilute and entangled
ssDNA polymer solutions that are viscoelastic, we used force spec-
troscopy via colloidal probe atomic force microscopy (AFM)** to study
differences in mechanical properties for the condensates before and
afterinvasion (Fig. 2k, land Supplementary Fig.1). The force response
duringindentationincreases more drastically for condensates before
invasion, whereas after invasion, the condensates are significantly
softer. This is a direct comparative measure for the elastic response.
Additionally, a larger hysteresis is visible between the compression
and retraction curves for condensates after invasion (Fig. 2m and
Supplementary Fig.1). Since hysteresis is ameasure of energy dissipa-
tion, thisindicates increasingly liquid-like properties for condensates
after invasion. By contrast, the near-superimposing compression/
retraction curves of the condensate before invasion are closer to an
elastic material with little energy dissipation. These insights provide
direct evidence for distinct mechanical properties of the two types of
condensate, as regulated by ballistic wave diffusion.

On the basis of these data, the following picture emerges. The
initial DNA condensates are in an arrested state, similar to some aged
condensates in biology literature>”'*?>*3, This arrested state is due
to the efficient arrest of p(A,,-m), with divalent Mg?* ions*‘. During
invasion, m/m* hybridization occurs by molecular recognition, and
invasion is restricted to the frontier zone. The high intensity of the
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front is due to the initial high concentration of m barcodes in the
compact condensate. The m/m* binding causes swelling, dilution
of p(A,,-m/m*),, and simultaneous liquefaction in this volume. The
relaxation from the compact high-concentration front to the swol-
len and dynamic final state is a time-dependent process due to the
polymericnature of the condensate. The swelling is induced by chain
stiffening and expansion due to partial dSDNA formation in partly
hybridized p(A,,-m/m*),, a solubilizing effect of m* binding, and a
minor increase in osmotic pressure. Simulations in Extended Data
Fig. 3 confirm the expansion, and further control experiments sup-
port this physical picture. (1) A non-binding ssDNA diffuses about
two orders of magnitude faster in dynamic/invaded condensates
thanin arrested/non-invaded condensates (Extended Data Fig. 4).
The diffusion of small ssDNA is strongly suppressed in the arrested/
non-invaded condensates. The measured diffusion coefficients are
in line with those found in other condensates**. (2) Invasion with
anon-charged peptide nucleic acid (PNA) strand (m*yy,-Atto488)
results in substantially less swelling, and the condensates remain in
anarrested state after invasion (Extended Data Fig. 5a-e). (3) Hybridi-
zation of p(A,,-m), with DNA m*increases the solubility of p(A,,-m),,
whereas PNA-m* has anintermediate effect (Extended Data Fig. 5f-h).
Points (2) and (3) confirm that the negative charges of the DNA invader
contribute to the swelling and regulation of the arrested-to-dynamic
transition of the invaded condensates.

Reaction-diffusion model and simulations
To rationalize and predict the behaviour of ballistic wave diffusion,
we built a model using reaction-diffusion equations (Extended Data
Fig. 6a and Supplementary Methods 2). The model includes different
diffusivities of the invader (m*) in the arrested/non-invaded (D,) and
dynamic/invaded part (D,), the binding reaction of m/m* (ky;,q) and the
subsequent swelling (k). The swelling is associated with a swelling
factor (f,,.1)- Since we know that volumetric swelling is about fourfold
and the mbarcode concentration ([m]) inside the condensatesis about
1mM (Supplementary Fig. 2), we can assign realistic starting points to
these simulations (Supplementary Table1).

Let us hypothesize a ballistic wave diffusion process. When
m* diffuses into the condensate, it binds to an unoccupied m and
forms a compact p(A,,-m/m*), that is part of the arrested interior
(m/m* = M,,..q)- After binding, solubilization of the local segment
occurs, leading to swelling and a transition from M, cceqd t0 Mguotien-
Binding can be considered diffusion-controlled and unbinding can
be neglected because of the high binding strength of m/m* (melting
temperature, T, = 71.5 °C; Supplementary Methods 3). Once swelling
has occurred, that is, [M,...] €xceeds a threshold, D, for m* in this
volume element increases to D, (D, > D,)). Therefore, subsequent m*
candiffuse rapidly through the swollenregion, but is drastically slowed
down at the transition to the arrested region (Fig. 3a).

This model can successfully reproduce ballistic wave diffusion
with ballistic propagation kinetics (AX « t) and asharp and stably propa-
gating diffusion front of high intensity with alocally high m/m* concen-
tration (Fig.3b). It can also extrapolate behaviour. For instance, when
the swelling process is accelerated (k,,.;increases) but the difference
between two diffusion coefficients is maintained, the high-intensity
front (thatis, the wave) disappears, but the front remains sharp and still
propagateslinearly withtime (Fig. 3c). We term such a state as ‘ballistic
front diffusion’. When the diffusion coefficient for m*isassumed tobe
the same inside the arrested/non-invaded and dynamic/invaded parts
ofthe condensate, the transport follows Fickian diffusion withablurry
frontand afront displacement proportional to £/? (Fig. 3d). A full phase
diagramwithvaried D,and D, shows that the appearance of the ballistic
frontand wave diffusion originates from the difference between D,and
D, (Extended Data Fig. 6b and Supplementary Discussion 1). Additional
orienting simulationsin two and three dimensions are in line with the
one-dimensional simulations and show a slight acceleration at late
stages, as observed in experiments (Fig. 1c,d, Supplementary Fig. 3
and Supplementary Methods 4).

Simulations suggest that the sharpness and height of the front
(1,/1,) should decrease with enhanced swelling kinetics (Fig. 4a,b).
At the molecular level, swelling kinetics depend on the length of the
p(A,,-m), chains because swelling occurs through relaxation, repta-
tion and disentanglement of the polymer chains*. Indeed, we find a
less-pronounced high-intensity wave for shorter p(A,,-m), (Fig. 4c
and Extended Data Fig. 7).

Moreover, the simulations predict a transition from ballistic
wave diffusion to ballistic front diffusion and even to classical Fick-
ian diffusion for condensates with increasing swelling kinetics and
when the differences in D, and D, of m* are reduced (Fig. 3b-d). This
can be experimentally achieved by decreasing the ionic strength.
Lower [Mg*]increases the net charge density of the phosphodiester
backbone of p(A,,-m), (refs. 48,49). In addition to increasing the per-
sistence length of p(A,,-m),, the chain-bridging effect of Mg** is also
reduced*. Thisis reflected inaMg?*-dependent swelling of DNA con-
densates (Fig. 4e). A gradual decrease in [Mg*'] from 50 mM to 15 mM
leads toachangeintheinvasion process from ballistic wave diffusion
to ballistic front diffusion and finally to Fickian diffusion (Fig. 4d
and Supplementary Video 3). FRAP experiments on non-invaded
and invaded DNA condensates allow the quantification of internal
dynamics (Fig. 4f and Extended Data Fig. 8). For [Mg?'] 220 mM, the
condensates are arrested before invasion and show adynamic charac-
ter only after invasion. At this point, the swelling due to lower [Mg*']
before invasion does not yet overcompensate for the interaction
between the p(A,,-m), chains. Further decrease in [Mg*] yields a
discontinuous and drastic property change. At the transition point
toFickianbehaviour ([Mg?]1=17.5 mM), the DNA condensates already
exhibit a comparatively dynamic interior that still increases by one

Fig. 4| Understanding and tuning the diffusion mechanism and kinetics

by combined simulations and experiments. a, Simulated intensity profiles
(normalized by intensity at a fully swollen region, /,) of ballistic wave diffusion
show adecrease in the front height for enhanced swelling kinetics (Kgyei
increases). b, Simulated peak intensity (/,) normalized by /, as a function of

Kyye- €, CLSM images and quantification show areduced front peak for shorter
p(A,-m), chains (total length in nucleotides (nt); mean +s.d., N=4,7and 6
condensates measured for 2,920,1,350 and 1,180 nt).d, CLSM shows a transition
from ballistic wave to Fickian diffusion when reducing [Mg?']. The white lines
depict the cross-sectional intensity profiles. Experiments were repeated

atleast two times for each [Mg?'] with similar results. e, [Mg*']-dependent
swelling (one-dimensional) of non-invaded condensates (mean +s.d.,N=6
condensates measured for 50-mM Mg?*, and N = 5 condensates measured for

all other conditions). f,[Mg*']-dependent 1/t,, of DNA condensates from FRAP
experiments before and after invasion (mean + s.d., N = 4 condensates measured
for all the conditions). g, [Mg*']-dependent Raman spectroscopy of DNA

condensates before invasion. Spectra are normalized to the peak at 1,014 cm™ of
the deoxyribose (*) (mean + standard error, N =10, 9 and 8 condensates measured
for 50,17.5and 15 mM of Mg?). The black arrows indicate Raman hypochromism,
with one magpnification around 1,340 cm™. h, Scheme for the quantification of
front velocity (v) and front width (W) of ballistic wave diffusion. i, Representative
time-dependent front displacement during ballistic wave diffusion at various
invader concentrations. j, v as a function of invader concentration (mean *s.d.,

N =4 condensates measured for all the conditions). k, Was afunction of invader
concentration (mean *s.d., N=4 condensates measured for all the conditions).
Here the mean of Wis calculated for each invader concentration. I, v plotted
against Wshows the linear correlation (mean + s.d. of Win each experiment;

Wis measured six times for each invasion process at different times). The axis
scales for the simulated and experimental results are scaled but show similar
relationships. Supplementary Table 2 lists the parameter sets. One-way analysis
of variance test was used for calculating the Pvalues for cand f. Scale bars, 10 pm.
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order of magnitude after invasion. Lower [Mg?] (15 mM) then shows
similar dynamics before and after invasion. This clearly underscores
two points. First, the observation of sharp diffusion fronts requires a
distinct transition from an arrested to a dynamic condensate during
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Broadband coherent anti-Stokes Raman scattering (BCARS) pro-
vides additional information on the chain conformation of p(A,,-m),..
Lower [Mg?']leads to amarked decrease in Raman intensity for specific
peaksinthe range 0f1,300-1,600 cm™ (Fig. 4g), characteristic of nucle-
obases’. This phenomenon, called Raman hypochromism, suggests
that the p(A,,-m), chainsin the condensates adopt amore compact coil
conformation with less base stacking due to geometric confinement at
high [Mg*']. By contrast, lower [Mg*']leads to amore extended, relaxed
conformation due to an increase in the effective charges along the
backbone, resulting in the swelling of the condensatesand againin free
volume and dynamics, which facilitates the base stacking interactions
known foradenineinssDNA® >, Using a fluorescent reporter for Mg,
we find a slightly higher Mg?* concentration inside the condensates
than the solution before invasion, whereas such differences vanish
after theinvasion process. This arises from the lower negative charge
density inside the condensates after invader-induced swelling (Sup-
plementary Fig. 4).

Finally, we ask how well the model can capture and predict the
tunability of the frontal velocity and the width of the high-intensity
diffusion front. Our approach targets establishing generic scaling
laws rather than a perfect fit that would require accurate assumptions
for unknown kinetic parameters. Simulations predict a power-law
dependence of the front velocity (v,,,) on the concentration of the
invader (vg, > [m*]1°%; Fig. 4j and Extended Data Fig. 6c,d). This
dependence is reflected in experiments (Fig. 4i,j). A similar good
agreement is found for the dependence of the front velocity (v) with
front width (W), which follows a linear correlation (v =< W; Fig. 4h k|
and Extended Data Fig. 6e). The agreement between the model and
experiment provides aclear physical picture of the dynamizationand
relaxation processes at the diffusion front. Higher [m*] can penetrate
deeper into the arrested region at the steady-state diffusion front,
resulting in a wider front interface and transition region. Accord-
ingly, more compact p(A,,-m), chains bind m*in a given volume and
time element, leading to faster relaxationinalarger volume element
and, consequently, to a faster transition from compact p(A,,-m), to
swollen p(A,-m/m*),,..

Conclusions
We have identified a new diffusion mechanism—ballistic wave diffu-
sion—in soft matter in general and in biomolecular condensates in
particular. Unlike Fickian diffusion, ballistic wave diffusion is char-
acterized by an ultrasharp diffusion front that propagates with bal-
listic properties, that is, linearly with time. The invading molecules
accumulate in a non-equilibrium high-intensity front, representing
a transition interface that relaxes with time. Molecular recognition
and a transition from arrested to dynamic and swollen condensates
during the invasion of abinding macromolecule are critical elements
for ballistic wave diffusion. This diffusion mechanism could not have
been previously identified in classical polymer coacervates, because
the molecular recognition event between theinvader andits ‘receptor’
plays akey role in the non-equilibrium process. To verify the general
relevance of ballistic wave diffusion, we also investigate the invasion
of m*into a membraneless sticker-spacer DNA condensate formed
by p(A,,-m-XL),, as internally stabilized by palindromic XL domains.
Indeed, ballistic wave diffusion also manifests there (Extended Data
Fig. 9). This is an important generalization as such membraneless
sticker-spacer condensates are generic models for membraneless
organelles formed by RNA or proteins in biology™***. In future, it will
berelevanttounderstand how domain variations, such as extending or
reducing the adenine repeats, and modulating thermodynamic bind-
ing interactions, by introducing mismatches in the invader sequence
or changingits length, influence the diffusion behaviour.

Although we show ballistic wave diffusionin purely synthetic DNA
model condensates, molecular recognition (for example, based on
protein/RNA binding or coiled-coil interactions) and different dynamic

states are ubiquitousin biological coacervates>>"?**** Interestingly,
sharp diffusion fronts can be found in biology literature, for example,
for condensates based on coiled-coil interactions®, but without notic-
ingitsimportance or physical origin. In particular, our study explains
these observations with non-Fickian diffusion concepts, bridging the
gap between polymer physics and cellular processes. Although the
implications of this observation for biological function and its gen-
eralization remain to be elucidated, the importance of ballistic wave
diffusionliesinits ability to generate sharper signal fronts with clearer
spatial concentration thresholds compared with traditional Fickian
diffusion. Moreover, the ballistic wave diffusion mechanism highlights
how invading molecules can—in real time—modify the dynamic proper-
tiesin condensates. This hasimportantimplications for the spatial and
temporal sequestration of molecules within cellular condensates and
for controlling transport processes at membranes, such as the nuclear
pore complex’. Besides, it suggests an additional role of condensate
dynamics with respect to signal selection and rejection, and for how
biology might adaptively regulate these processes through environ-
mental triggers that alter the condensate dynamics. As a proof of
concept, we encapsulate aribonuclease® inside our condensates and
find that the arrested condensates before invasion reject the substrate
from diffusinginto the condensate, and the reaction only occurs at the
condensate surface. By contrast, dynamic condensates after invasion
enable reactions in the entire interior (Extended Data Fig. 10). This
demonstrates a functional gating effect related to the condensate
dynamics as regulated by ballistic wave diffusion.

Our study suggests that ballistic wave diffusion can be a potentially
important pathway for cells to regulate the dynamics of condensates
and prevent them fromaging and aggregation, which guarantees their
normal functions during cellular processes. This could potentially
guide therapeutic solutions for neurodegenerative diseases, which
typically involve the liquid-solid transition of relevant biomolecular
condensates formed by various proteins and nucleic acids, such as
hnRNPA1, TDP-43 and FUS'*7"*, One may speculate that because fibre
formationwas observed to occur at the surface of such condensates®,
their frontal suppression could provide an effective therapeuticinter-
vention. We anticipate that our study provides a new perspective to
comprehend theintricateinterplay of dynamics and chemical kinetics
inbiomolecular condensates and their relation to cellular function.
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Methods

Materials

ssDNA was purchased from Biomers and Integrated DNA Technologies.
PNA was purchased from PANAGENE. Supplementary Data 2 summa-
rizesall thesequences. T4 DNA ligase (2 U pl ™), exonuclease (40 U pl ™),
exonuclease Il (200 U pl™) and ®,, polymerase (10 U pl™) were pur-
chased from Lucigen. Thermostable inorganic pyrophosphatase
(2U I, inorganic pyrophosphatase (0.1 U pul™), MIuCI (10 U pl™),
terminal transferase (20 U ml™) and nuclease-free water were bought
from New England BioLabs. Deoxynucleotide triphosphate (dATP,
dTTP, dGTP and dCTP) (100 mM), aminoallyl-dUTP-XX-ATTO-488
(1mM) and aminoallyl-dUTP-XX-ATTO-594 (1 mM) were purchased
from Jena Bioscience. Hexadecane, NaCl, MgCl,, Tris(hydroxymet
hyl)-aminomethane hydrochloride (Tris-HCI, pH 8), Trizma base,
acetic acid and ethylenediaminetetraacetic acid disodium salt dihy-
drate (EDTA) were purchased (as bioreagent grade, if available) from
Sigma-Aldrich. Agarose Low EEO was purchased from AppliChem.
RNase inhibitor (40 U ul™), RNase-free TE buffer (Invitrogen, 10-mM
Trisand1-mMEDTA, pH 8.0, 500 ml), SYBR Gold, GeneRuler 50-bp DNA
ladder, GeneRuler 1-kb DNA ladder, Mag-fluo-4 AM and Duke Standards
dryborosilicate glass microspheres (18.2 + 1 pm) were purchased from
Thermo Fisher Scientific. 384-well high-content imaging glass-bottom
microplates were purchased from Corning. AFM probe cantilevers
(HQ:NSC36/tipless/No Al) with three different AFM cantilevers hav-
ing spring constants between 0.6 N m™and 2.0 N m*were purchased
from MikroMasch.

Instruments

Thermal heating ramps were performed on a TPersonal Thermocy-
cler (Analytik Jena). Incubation with shaking was carried out on an
Eppendorf ThermoMixer C. DNA concentrations were determined by
aScanDrop (Analytik Jena) and DS-11 spectrophotometer (DeNovix).
Confocallaser scanning microscopy (CLSM) was performed onaLeica
Stellaris 5 device. FLIM was performed on a Leica Stellaris 8. Fluores-
cence microscopy experiments for monitoring the swelling kinetics
of DNA condensates after diluting to lower [Mg*'] were performed on
EVOSM7000 (Invitrogen). Temperature-dependent ultraviolet-visible
measurements were performed on ScanDrop (Analytik Jena) connected
withatemperature controller (JUMO dTRON 308). Gel electrophoresis
was performedinagel chamber from Biostep. Fluorescence measure-
ments were performed using a plate reader (Tecan). Raman fingerprint
measurements were performed by a custom-built BCARS microscope
(detailsbelow). AFM colloid probes were fabricated by attaching glass
beads to the tipless AFM cantilevers using a three-axis oil hydraulic
micromanipulator (MMO-203 from Narishige) under a bright-field opti-
calmicroscope (ZEISS Axiotech). AFM measurements were performed
using aJPK SPM NanoWizard Il device with aliquid sample cellon top
of aninverted microscope stage (ZEISS Axiovert).

Synthesis of circular ssDNA templates and long ssDNA
polymers

The syntheses of the circular DNA template and its corresponding
ssDNA polymer are adapted fromour previous report with slight modi-
fications (Extended DataFig.1)*"*. The linear ssDNA template and the
corresponding ligation strand were first mixed at a concentration of
1M in 100 pl of TE buffer containing 100 mM of NaCl. The solution
was heated to 85 °C for 5 min before cooling to 25 °C at a cooling rate
0f0.01°C s*for complete hybridization. Afterwards, 20 pl of 10x ligase
buffer (500 mM of Tris-HCI, 100 mM of MgCl,, 50 mM of dithiothreitol
and 10 mM of ATP (Lucigen)), 70 pl of nuclease-free water and 10 pl of
T4 DNA ligase (2 U pl™ (Lucigen)) were introduced into the reaction
mixture and gently mixed before leaving at room temperature fora3-h
reaction. The reaction mixture was then heated to 70 °C for 20 minto
deactivate the enzyme. Then, 10 pl of exonuclease 1 (40 U pl™ (Lucigen))
and 10 pl of exonuclease I11 (200 U pl™ (Lucigen)) were added into the

reaction mixture for further overnightreactionat 37 °C to fully remove
the ligation strands and any non-circularized templates in solution.
Afterwards, the reaction mixture was heated to 80 °C for 40 min to
deactivate the enzymes. To obtain the final circular ssDNA templates,
the reaction mixture was washed by adding 400 pl of TE buffer and
filtrated using Amicon ultracentrifugal filters with a 10-kDa cut-off
(Merck Millipore) three times. The concentrations of the collected
circular ssDNA templates were measured by the DS-11 spectrophotom-
eter (DeNovix), and the templates were stored in a TE buffer at -20 °C.

For the synthesis of the long ssDNA polymers, we used rolling cir-
cle amplification. Here 5 pl of a circular template (1 uM in a TE buffer)
and 1pl of an exonuclease-resistant primer (10 pM in TE buffer) were
mixed with 76 pl of nuclease-free water, 10 pl of commercial 10x poly-
merase buffer (500 mM of Tris-HCI, 100 mM of (NH,),SO,, 40 mM
of dithiothreitol and 100 mM of MgCl, (Lucigen)), 2 pl of ®,, DNA
polymerase (10 U pl™ (Lucigen)), 20 pl of inorganic pyrophosphatase
(0.1U pl™* (New England BioLabs)) and 5 pl of adjusted deoxyribose
nucleoside 5’-triphosphate mix (100 mM, the mix contains pure dATP,
dTTP,dCTP and dGTP solutions mixed in corresponding proportions
of the exact composition of the desired ssDNA polymer repeating
units (Jena Bioscience)). Note that for the synthesis of ssDNA pol-
ymers with in-chain fluorophores of Atto488 and Atto594, that is,
P(Az0"Mccoas8)n P(T20 Kattosss)n AN P(Az0-Myeios04), WE replaced 2 mol%
of the dTTP in the mix with either aminoallyl-dUTP-XX-ATTO-488 or
aminoallyl-dUTP-XX-ATTO-594 for randominsertion of the dye along
the ssDNA chains during rolling circle amplification. The reaction
mixture was kept at 30 °C for 50 hbefore thermal cleavage at 95 °C for
15 min to shorten the ultrahigh-molecular-weight ssDNA®. The final
products were purified by rinsing with 400 pl of TE buffer and filtration
in Amicon Ultracentrifugal filters (30-kDa cut-off; Merck Millipore)
threetimes. The concentrations of the collected final ssDNA polymers
were measured using the DS-11 spectrophotometer (DeNovix), and the
DNA polymers (cleaved at 95 °C for 15 min) were stored in a TE buffer
at-20°C.

Preparation of DNA condensates via liquid-liquid phase
separation
The preparation of the DNA condensatesis adapted from our previous
reports with modifications for the formation of larger DNA conden-
sates (Extended DataFig.1)***. For core-shell condensates, p(A,,-m),
(0.5556 g I™") and p(T,,-k),,(0.0694 g 1") were mixed in a TE buffer with-
out any salt at a final volume of 9 pl. The solution mixture was then
heated at 95 °C for 15 min (in addition to the first thermal cleavage
during the ssDNA synthesis mentioned above) for thermal cleavage
tofurther reduce the chainlength of the ssDNA polymers. Afterwards,
1l of TE buffer containing 500 mM of MgCl, was introduced into the
reaction mixture. The solution containing finally 0.5 g 1" of p(A,o-m),,
and 0.0625 g 1™ of p(Ty,-k),, with 50 mM of MgCl, were heated to 95 °C
for 20 min and subsequently cooled down to room temperature at
3°C s (ref.31).Finally,a10-pl solution containing the core-shell DNA
condensates was diluted five times by adding 40 pl of TE buffer contain-
ing various amounts of MgCl, to adjust [Mg*'] from 15 mM to 50 mM.
The obtained 50-pl DNA condensates solution (as diluted five times)
has 0.1g 1" of p(A,,-m), and 0.0125 g I of p(T,,-k),,, corresponding to
~8 UM of m barcode and -1 pM of k barcode, respectively, in the total
solution. The solutionwas then storedinafridge at 4 °C for 1 week for
equilibration. Before usage, the condensate solutions were always
slightly vortexed for redispersion. For the membraneless condensate
formed by p(A,,-m-XL),, the same method was used, except p(T,o-k),
was not added in the solution. All the heating ramps were performed
in polymerase chain reaction tubes with negligible evaporation. All
imaging was done by CLSM at room temperature after preparation.
The chain lengths of p(A,,-m), and p(T,,-k), for the DNA con-
densates were quantified by gel electrophoresis using 2 wt% agarose
gelunder 5V cm™ for 150 min in a TAE buffer containing 40 mM of
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Tris-HCI, 20 mM of acetic acid and 1 mM of EDTA (Extended Data
Fig. 1b). Post-staining by SYBR Gold was applied. Quantification of
chain length distribution and average chain lengths of p(A,,-m), and
p(T,-k), uses a previously reported method®%,

Ballistic wave diffusion kinetics

Here 19 pl solution containing k*-Atto647 (0-0.5 pM), m*-Atto488
(1-5 uM) and the desired concentration of MgCl, in a TE buffer was
prepared and homogeneously mixed before the final addition of 1 pl
of DNA condensate stock solution (diluted five times). The DNA con-
densates were, thus, diluted 100 times, equalling a content of 0.4 pM
ofmbarcodeinthe solution. Then, 20 pl of the mixture was added into
a384-well plate with another10-20 pl of hexadecane ontop to prevent
evaporation. Typically, DNA condensates with diameters of around
15+ 2 pm were chosen for the observation and recording of the inva-
sion process. The invasion process was followed by taking time-series
CLSM images with identical settings. The displacement of the front
was calculated in reference to the centre of the condensate. Due to the
changeinthe centre plane of the DNA condensates along the zdirection
duringinvasion-induced swelling, the z-focused cross-sectional plane
inthe CLSM was always slightly adjusted before eachimage acquisition
torecord the diffusion in the same two-dimensional plane.

Determination of interior dynamics of DNA condensates by FRAP
To determine the dynamic properties of the DNA condensates before
and after invasion, we used the region of interest (ROI) bleaching
method (Figs. 2d-g and 4f and Extended Data Fig. 8). DNA conden-
sates composed of p(A,-Myyoes04), Were first imaged with a low laser
intensity five times (2 s per frame) as the prebleaching images, before
bleaching three times in a small circular ROI with a diameter of 2 pm
by 100% laser intensity in the 561-nm channel. Then, 150 frames of the
post-bleaching images were recorded at a rate of 2 s per frame over
300 s. The intensities within the circular ROI (/o) and intensities in a
circular region of the same size away from the bleached region within
the condensates (/) inthe pre-and post-bleaching images were meas-
ured with ImageJ (v2.9.0; 64-bit) for performing double normalization
inthe bleached regions as

lroi(0)

Iref(to)
Iroi(to) B

Inorm () = 1] f([’)

to quantify the recovery kinetics over time. Note that /(t,) repre-
sents the intensity measured in the first image before bleaching. The
half-recovery times (¢,,,) from individual experiments were extracted
from their corresponding recovery kinetics.

Note that the FRAP protocol is different for the 6,000-s FRAP
experiment for the confirmation of arrested state of non-invaded
DNA condensates at 20-mM MgCl, (Fig. 2f). For this experiment, the
post-bleachingimages were manually recorded every several minutes
over 6,000 s. Before eachimage acquisition, the focal plane was tuned
to the bleached plane of the condensates to make sure the same ROI
was monitored, avoiding interference caused by the movement of
DNA condensate over the long experimental time. Due to the absence
of recovery in this FRAP experiment over 6,000 s, we take 6,000 s as
t,,forallthe arrested DNA condensates.

FLIM experiments
To determine lifetime changes in the in-chain fluorophores along the
p(A,p-m), chain during ballistic wave diffusion, we used DNA conden-
sates with p(A,y-M,y04ss), Chains. We used non-fluorescent m* as the
invader toavoid unnecessary interference between dyes. The reaction
mixture contained diluted DNA condensates (0.8 pM of m barcode)
and 3 pM of m*in a TE buffer with 50 mM of MgCl,.

FLIM images were recorded (Fig. 2h-j) based on FALCON-modified
time-correlated single-photon-counting method with a Leica Stellaris

8 FLIM module. The phasor plots were generated by transform-
ing the lifetime determined at each pixel of the FLIM image into a
two-dimensional map according to the following equations*:

T t
gij() = f I(t) - cos (nwt) dt/ f I(t)de, 2)
0 0

T t
Sij (w):f I(t)~sin(nwt)dt// I(t)dt, 3)
0 0

where g;(w) and s;(w) are the x and y coordinates of the phasor plot,
respectively; n and w are the harmonic frequency and angular fre-
quency of excitation, respectively; and T is the repeat frequency of
acquisition. Major distributions of phasors were identified by cursors
inthe phasor plot, and the corresponding lifetimes were assigned into
the greyscaleimagesinred and blue colours.

Determination of diffusion coefficients of non-binding short
ssDNA in DNA condensates by FRAP

The diffusion coefficients of invader (m*) within the invaded and
non-invaded condensates cannotbe directly determined due tothe spe-
cificbindinginteractions between m*/m. Thus, we used anon-binding
dummy strand of 20 ntlabelled by Cy5 (Cy5-20nt-dummy). To measure
the diffusion coefficients of Cy5-20nt-dummy in DNA condensates
beforeinvasion, we prepared a solution containing 100-times-diluted
p(A,,-m), DNA condensates and 10 pM of Cy5-20nt-dummy ina TE
buffer with 50 mM of MgCl,. For the diffusion coefficients of Cy5-
20nt-dummy in DNA condensates after invasion, we prepared a
solution containing 100-times-diluted p(A,,-m/m*), condensates,
(complete m* invasion was reached before the FRAP experiments;
shell labelled with k*-Atto488) and 10 pM of Cy5-20nt-dummy ina TE
buffer with 50 mM of MgCl,.

We used the point-bleaching method (Extended DataFig. 4). Sev-
eral prebleaching images were first recorded, before bleaching by
a 638-nm laser with 100% intensity at a single pixel for 3 s. Then, the
post-bleaching images were recorded with the maximum frame rates
over 1 min. Cross-sectional line profiles crossing the bleached centre
in the post-bleaching images were taken over time, giving Gaussian
distributions of the fluorescence intensity. Fitting the line profiles
with a Gaussian function yielded a squared standard deviation (s.d.)
of Gaussian distribution ¢% which changed over time. The diffusion
coefficients (D) were then extracted by plotting ¢ over time with the
slopebeing 2D (ref. 63).

Diffusion of non-charged PNA invader into DNA condensates
The diffusion of PNA invaders (m*,y,-Atto488) was investigated by
diluting 1 pl of the stock solution of non-fluorescent DNA condensates
(diluted five times, in 50 mM of MgCl,) in 20 pl of solution containing
5 uM of m*,,-Atto488 invader for 50 mM of MgCl, in a TE buffer. The
diffusion process was recorded with CLSM (Extended Data Fig. 5b).
The DNA condensates were finally diluted 100 times (corresponding to
0.4 pM of mbarcode), so that the ratio of Atto488-m*,,/mwas 12.5/1.
FRAP experiments were performed on p(A,;-Myos04), Chains of the fully
invaded DNA condensates by a PNA invader with the ROl bleaching
methods described above (Extended Data Fig. 5d,e).

Cloud point temperature measurement of DNA polymers

Here 0.5 g1 of p(A,-m), was prepared in10 plof TE buffer and heated
at 95 °Cfor 15 min. The cleaved p(A,,-m), was either mixed with a stoi-
chiometric amount of m*Atto488 (PNA or DNA invader) or dissolved
aloneataconcentrationof 0.04 g 1" (3.2 pM) in a TE buffer with 50 mM
of MgCl,. Temperature-dependent ultraviolet-visible spectra were
measured from 20 °C to 80 °C (1°C min™) and the onset of absorbance
increase at 350 nm was used to determine the cloud point temperature.
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Enzymatic cleavage of p(A,,-m), DNA polymers inside the DNA
condensates to reduce the chain length for modulation of the
front peak during ballistic wave diffusion

Since the temperature-induced coacervation of p(A,,-m), is a
molecular-weight-dependent phenomenon, it is not possible to
cleave the p(A,,-m), before condensate formation as this could lead
to a preferred incorporation of long p(A,,-m),, which is unwanted.
Therefore, we developed a multistep protocol to cleave the p(A,,-m),
chains after DNA condensate formation (Extended Data Fig. 7). The
process uses enzymatic cleavage with a restriction enzyme (MIuCl)
that recognizes restriction sites generated by hybridization between
p(A,o-m), and aspecifically designed cleaving strand (c*). c* contains a
10-ntsequence that can hybridize to p(A,,-m),, generating restriction
sites for the MluClenzyme, and another 5-nt spacer sequence attached
with fluorophores (FITC) at the 5’ end as the reporter for hybridization
and subsequent melting events once cleaved. Briefly, c* hybridizes to
A,o-m, the MIuCl cleaves A,,-m/c* at its restriction site and then the
shorter c*fragments melt away due to their low T, values.

For this process, the condensates first need to be made dynamic at
low [Mg*] (for the enzyme processing as well as for homogeneous mix-
ing with c* within the condensates) and later made in the arrested state
again at high [Mg?']. To perform the enzymatic cleavage of p(A,,-m),
chains within DNA condensates, we first diluted 10 pl of stock solution
of non-fluorescent DNA condensates (diluted five times, in 15 mM of
MgCl,) into 20 pl of solution containing either 0.1 uM or 0.2 pM of c*
(2.5 mol% or 5 mol% relative to 4 pM of A,,-m repeat concentration in
thetotal solution, respectively) at 15 mM of MgCl, in a TE buffer. After
3 hofincubation at room temperature with gentle shaking (300 rpm)
for the complete binding of c* into the DNA condensates, 2 pl of the
reaction mixture was then diluted into 10 pl of solution containing
0.5 U pl of MIuCl restriction enzyme at 15 mM of MgCl, in a TE buffer
for subsequent restriction overnight at room temperature. The final
enzyme (U) to p(A,,-m), (ug) ratio was 50 U pg ™. MluClI recognizes a
partofthe hybridization domain between c*and p(A,,-m),and cleaves
the p(A,o-m/c*), chain at this position. After cleavage, both fragments
(c*and c*”) of therestricted c* only have five base pairs with p(A,,-m),,
and, thus, dissociate due to their low T;, values. This was confirmed by
thedisappearance of the fluorescence of c*(-FITC) in the condensates
(Extended DataFig. 7b,c). The amount of cleaved sites, and hence the
statistical shortening of p(A,,-m),, depends on the amount of c*added.
Afterwards, the [Mg?'] of the 10 pl of the reaction mixture was further
adjusted by adding 0.8 pl of TE buffer containing 500 mM of MgCl, to
get a final [Mg?] of 50 mM. The total 10.8-pl mixture was then stored
for atleast1 week for equilibration.

Totest the front shape of ballistic wave diffusion, the enzymatically
cleaved DNA condensates, in equilibrium with [Mg?'], were further
diluted into a solution containing 1 uM of m*-Atto488, 0.25 uM of
k*-Atto647 ina TE buffer with a total solution volume of 20 pl at 50-mM
MgCl, in a 384-well plate with 10-20 pl of hexadecane covering it to
prevent evaporation. The DNA condensates were, thus, diluted 100
times with m barcode concentration at 0.4 uM in the total solution.
Theinvasion process was then recorded by CLSM (Fig. 4c).

Adirectquantification of the p(A,,-m),chainlengthincleaved DNA
condensates by gel electrophoresis is not possible due to the existence
of p(T,y-k),in the system, which canassociate with p(A,,-m),and inter-
fere with the mobility of p(A,,-m),chainsingel electrophoresis. Thus,
we prepared 20-pl reference solutions containing 0.05 g I of p(Ay-m),,
(heated previously at 95 °C totally for 30 min, same as the p(A,,-m),,
used for preparing the DNA condensates) with 2.5 mol% and 5 mol% of
c*ina TE buffer at 15 mM of MgCl, incubated at room temperature for
3 h.Subsequently, 5 pl of 10 U pl of MluClwas added to reach the same
enzyme (U) to p(A,-m), (ug) ratio (50 U ug™) for overnight cleavage
at room temperature. These samples, thus, had the same c* to A,;-m
ratio and the same enzyme to p(A,,-m), ratio as in the condensates.
The samples were then characterized by gel electrophoresis (2 wt%

of agarose gel, 5V cm™, 150 min in a TAE buffer containing 40 mM of
Tris-HCI,20 mM of acetic acid and1 mM of EDTA, post-staining by SYBR
Gold) to quantify the cleaved chain length compared with the chain
length of the non-cleaved p(A,,-m), chains (Extended Data Fig. 7d-f).
Thechainlengthdistribution and average chainlength of cleaved and
non-cleaved p(A,,-m), were calculated from the gel electrophoresis
result using a previously reported method®-**,

Determination of the swelling ratio of DNA condensates in
different salinities

DNA condensates composed of p(A,o-Mgos04), AN P(T29-Kactosss) , WETE
prepared at 50 mM of MgCl,. Then, 1 pl of stock solution of DNA con-
densates (diluted five times, in 50 mM of MgCl,) were diluted to lower
MgCl, concentrations, ranging from 15 mM to 50 mM in a TE buffer
with a total volume of 20 pl, yielding an m barcode concentration of
0.4 pMinthe solution. The sizes of several condensates were recorded
every 24 h for a total time of 120 h. The size of each condensate was
then normalized toits initial size to determine the final swelling ratio
inequilibrium after 120 h (Fig. 4e).

Tuning the diffusion mechanism of invaders into DNA
condensates

DNA condensates composed of p(A,-Maos04),, and p(T,o-k),, prepared
at 50 mM of MgCl, were diluted by five times to individual MgClI, con-
centrations (15-50 mM). Diluted DNA condensates were then stored as
stock at 4 °C for at least 1 week to reach equilibrium. For experiments
with [MgCl,] =20 mM, 19 pl of the solution containing m*-Atto488
(1 M) in the given MgCl, concentration in a TE buffer was prepared,
followed by the addition of 1 pul of DNA condensate stock solution
(diluted five times). The 20-pl solution was then added into a384-well
platewithanother10-20 plof hexadecane added on top of the solution
to prevent evaporation during experiments. The final DNA condensates
were, thus, diluted 100 times with an m barcode concentration of
0.4 pMinthe total solution. The diffusion of m*-Atto488 into the DNA
condensates was then recorded by CLSM (Fig. 4d). For experiments
with MgCl, below 20 mM, 1 ul of DNA condensate stock solution was
first diluted to 19 pul of TE buffer containing the given MgCl, concen-
tration and transferred into a 384-well plate. Then, a small amount of
concentrated m*-Atto488 was added into the same well, so that the
overall m*-Atto488 concentration reached 1 pM in the mixture. Then,
10-20 plofhexadecane was added on top to prevent evaporation. DNA
condensates, which were far away from the concentrated m*-Atto488
spot, were chosen for the observation of the rapid diffusion process.
This methodis necessary to allow enough time for setting up imaging
for the rapid diffusion process at low MgCl,. Direct dilution of DNA
condensates into the mixture of invaders resulted in excessively fast
completion of the invasion process before transferring and observing
under CLSM.

BCARS microscopy

Raman fingerprint measurements were conducted using a custom-built
BCARS microscope, extensively described elsewhere®*, Briefly, pump-
probe and Stokes pulses were generated in a dual-output subnano-
second laser source (CARS-SM-30, Leukos), spatially and temporally
overlapped at the sample plane of an inverted microscope (ECLIPSE
Ti-U, Nikon). These pulses were then tightly focused onto a sample
usinga 0.85-numerical-aperture air objective (LCPlan N, Olympus). The
samples were prepared by adding 1 pl of condensate solution (diluted
five times, at individual MgCl, concentrations) into 19 pl of TE buffer
with the same concentration of MgCl,. The 20-pl samples were placed
withinasealed channel created by attaching double-sided tape strips
between a glass coverslip and a glass slide and positioned with the
coverslip facing the objective. The BCARS signal was filtered from the
excitation pulses and focused onto the slit of a spectrograph (Shamrock
303i, Andor), which disperses the spectral components on a cooled
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charge-coupled device camera (Newport DU920P-BR-DD, Andor).
A piezo stage (Nano-PDQ 375 HS, Mad City Labs) was used to raster
scanthe samples. Dataacquisition was controlled using LabView 2015
(National Instruments) software, and its processing was carried out
using IgorPro (WaveMetrics). The Raman-like spectra were obtained
through a modified Kramers-Kronig transform®, and background
phase removal was performed using a Savitzky-Golay filter with a
third-order polynomial along a B-spline baseline.

DNAzyme-catalysed RNA cleavage in DNA condensates

DNA condensates containing 80% m barcode and 20% q barcode
(obtained by using amixture of p(A,,-m),,and p(A,-q),, during conden-
sate formation) were used for DNAzyme*° encapsulation by q/q* hybrid-
ization. Here 5 pl of DNA condensates (1.6 pM of g barcode and 6.4 pM
of m barcode) were mixed with 1 pl of g*-DNAzyme (8 pM) and 2 pl of
m* (50 pM) into atotal of 12 pl of TE buffer containing 50 mM of MgCl,
for 1h for complete DNAzyme encapsulation and invasion-induced
arrested-to-dynamic transition of DNA condensates. For arrested DNA
condensates loaded with DNAzyme, the same solution was prepared,
except m* was not added. A substrate solution was prepared by mix-
ing 2 pl of p-Ajg00 (2 UM, synthesized by terminal deoxynucleotidyl
transferase™), 2 ul of p*-substrate (400 nM) and 1 pl of RNase inhibitor
(40 U pl™* (Thermo Scientific)) into a total of 8 pl of TE buffer contain-
ing 50 mM of MgCl, for1 hfor complete hybridization between p-A,qq0
and p*-substrate. Then, the substrate solution was introduced into
the solution containing arrested or dynamic DNAzyme-loaded DNA
condensates. The reaction was monitored under CLSM (Extended
DataFig.10).

AFM measurements

To perform force spectroscopy on condensates, we added conden-
sates (before or after invasion, in a TE buffer containing 50 mM of
MgCl,) into an AFM liquid cell on a glass slide on top of the stage of
the inverted microscope. The AFM colloid probe (borosilicate glass
bead diameter =18.2 + 1 um; spring constant = 0.6 N m™) was then
approached to the top of a condensate under the microscope. The
force spectroscopy measurement was then conducted in the con-
tact mode. For each condensate type, we measured over five force
spectroscopy curves in a compression-retraction cycle, and the
hysteresis is quantified by integrating the area within the compres-
sion-retraction curves.

Statistical analysis

Alldata points featuring statistical analysis are presented asmean + s.d.
or mean * standard error. The sample size (n) for each statistical anal-
ysis is reported in the relevant figure legend. FRAP, FLIM and AFM
measurements were performed on several condensates from two
independent samples. Diffusion mechanisms tuned by chain length
and salinity were measured on several condensates from two inde-
pendent samples. BCARS measurements were performed on several
condensates fromthree independent samples. Titration and swelling
experiments were carried out on several condensates from a series
of samples at each condition. Diffusion kinetics were measured from
four independent samples at each condition. P values are calculated
by one-way analysis of variance test. Statistical analysis was carried out
using Origin 2023 (v10.0.0.154) and Microsoft Excel (Version 2307).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are presented in the
Article and its Supplementary Information. Source data are provided
with this paper.

Code availability

The code for reaction-diffusion simulation and oxDNA MD simu-
lation is available via GitHub at https://github.com/WaltherLab/
reaction-diffusion-in-biomolecular-condensates.
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Extended Data Fig. 1| Synthesis of ssDNA polymers and preparation of DNA
condensates. a, Schematic representation for the enzymatic synthesis of
circular template by T4 Ligase and subsequent removal of non-circular strands
by Exonuclease I and Exonuclease IIl. The circular template is then used for the
enzymatic synthesis of DNA polymers (p(A,,-m), and p(T,,-k),,) by rolling circle
amplification (RCA) using ®,, DNA polymerase and a primer. b, Background-
subtracted gel electrophoresis image of p(A,,-m), and p(T,,-k), after thermal
cleavage at 95 °C for 30 minin total. Quantification of chain length of p(A,,-m),
and p(T,y-k), isshownin the right plot. The molecular weight is reported as
nucleotide number (nt), corresponding to double of the calibrated base pair
number (bp). Average repeats of p(A,o-m),, can be calculated. p(Ty-k), hasa
tailing to higher molecular weights (n > 90). This material is used for preparing

the DNA condensates. ¢, Scheme for the preparation of DNA condensates by
aheating ramp applied to asolution of 0.5 g/L of p(A,,-m),, and 0.0625 g/L
p(T,-k), incubated in TE buffer containing 50 mM MgCl, at 95 °C for 20 min,
followed by cooling to room temperature. The heating and cooling rate are both
3°C/s. The formed condensates are composed of a p(A,,-m), core and a p(T,,-k),,
shell, that can be individually addressed by the complementary strands (m*

and k*) conjugated with fluorophores. Details can be found in our preceding
publications®*. d, Representative CLSM image showing the resulting DNA
condensates with the bottom images showing the respectively addressed p(A,,-
m), core by m*-Atto488 (left, green channel) and p(T,,-k), shell by k*-Atto647
(right, blue channel). Note the thin blue shell. Gel source data s provided. The
scalebarsareall 10 um.
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[m*-Atto488] = 1 uM

[m*-Atto488] = 3 uM

[m*-Atto488] = 5 uM

Extended Data Fig. 2 | Stable diffusion fronts at individual concentrations
of invader m*. Representative CLSM images showing ballistic wave diffusion

Norm. intensity Norm. intensity

Norm. intensity

Y
o

-
o

o
o

o
=}

N
o

-
o

i
o

o
3}

g
=}

20

o

2 4
Distance (um)

o

2 4
Distance (um)

94s
145s

2 4
Distance (um)
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Theline profiles are rescaled on the distance axis to the maximum intensity of
the front. As can be seen from the line profile analysis, the front is self-similar

and always has a stable shape over time, indicating balanced kinetics at the front.
0.25 uM k*-Atto647 was added for the labeling of the shell (blue channel). See also
Supplementary Video 1for akymograph. Scale bars for all are 10 pm.
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Extended Data Fig. 3| Molecular Dynamics (MD) simulations of the DNA

chain extension induced by ssDNA to partial dsDNA transition upon
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a, Schematic representation for the DNA chain extension after hybridization.

b, Representative chain conformation of ssDNA and dsDNA obtained from

ssDNA to partial dsDNA transition
induces significant chain extension

dsDNA:

extended chain
dynamic exterior of
invaded condensate

<R92>”2 =38.1 nm
<h*>'2 =96.9 nm s

dsDNA

0oxDNA MD simulations. The root mean squared end-to-end distance (< h?>'2)
and root mean squared radius of gyration (< R,” > "?) for ssDNA (p(A,,-m),) and
dsDNA (p(A,o-m/m*),)) are calculated over a simulation sample size of N=20000.
The total length of the strand is 1025 nt.
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Extended Data Fig. 4 | Determination of the diffusion coefficients of short non-

binding dummy ssDNA in arrested/non-invaded and dynamic/invaded DNA
condensates. a, Scheme of adynamic/invaded DNA condensateimmersedin a
solution containing Cy5-20nt-dummy. b, Representative CLSM images showing
point bleaching method on freely diffusing Cy5-20nt-dummy inside adynamic/
invaded non-fluorescent p(A,,-m), condensate. The condensates were invaded
by 1 uM non-fluorescent m* to become dynamic and mixed with 10 uM Cy5-20nt-
dummy (magenta channel). The shell of the condensates was labeled with a small
amount of k*-Atto488 (0.5 uM, green channel) for identification, asinside the
white dashed circle. 3 s bleaching was applied in the centre pixel (indicated by the
white cross in prebleach image) in the condensate before taking post-bleaching
images. ¢, Representative cross-sectional line profiles along the white dashed
lines in post-bleaching images in b for adynamic/invaded condensate over time,

giving Gaussian distribution of the fluorescence intensity, which represents
Brownian motion of the bleached Cy5-20nt-dummy strands. The line profiles
can be fitted with Gaussian fit to obtain their squared standard deviation (¢?)

at different time points. 0® changes over time during fluorescence recovery.

The diffusion coefficients (D) of Cy5-20nt-dummy strands can be extracted

by plotting o over time with the slope being 2D, The same method was also
applied onthe arrested/non-invaded DNA condensates. d, Representative o> for
Cy5-20nt-dummy in arrested/non-invaded and dynamic/invaded condensates,
respectively. e, Comparison of diffusion coefficients of dummy strandsin
non-invaded and invaded DNA condensates (mean +s.d., N= 6 condensates
measured). One-way analysis of variance test was used for calculating P values for
e.Scalebaris20 pm.
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Extended Data Fig. 5| Diffusion mechanism of non-charged PNA invader

into DNA condensate. a, Structural comparison betweena DNA strand and a
PNA strand: A DNA strand has a phosphodiester backbone containing negative
charges, while a PNA strand is composed of N-(2-aminoethyl)glycine backbone,
whichis non-charged. PNA binds efficiently to complementary DNA. b, Time
series CLSM images of DNA condensate (m barcode concentration at 0.4 pM
intotal solution) during invasion by 5 tM m*y,-Atto488 PNA invader at 50 mM
MgCl, (shell labeled with 0.25 uM k*-Atto647, blue channel). ¢, PNA only causes
minor swelling during invasion. The swelling kinetics for the DNA invader is the
same data as Fig. 1e in main text. d, Representative CLSM images showing FRAP
experiment on DNA condensates after invasion by m*py,-Atto488 at 50 mM
MgCl,. e, Corresponding intensity recovery kinetics of FRAP circles ind showing
the arrested nature of the DNA condensates after invasion by m*py,-Atto488
(mean +s.d., N=4 condensates measured). f, Scheme showing the increasing 7.,

when p(A,,-m), is hybridized with PNA and DNA m* invaders. g, Temperature-
dependent change of absorbance at 350 nm of p(A,,-m), with and without the
existence of PNA or DNA m*invaders. The onset of the increase in absorbance
indicates the T;,. h, Comparison of T, for p(A,,-m), with and without hybridized
PNA or DNA m*invaders (mean, N =2 condensates measured). Scale bars for
allare 10 um. Summary: These experiments demonstrate the importance of
introducing repulsive charges for regulating the dynamic properties of the
invaded condensate. The invasion by a DNA invader brings more charges into the
condensate, which generates stronger repulsive electrostatic force withinand
between DNA chains. Thus, it leads to higher swelling of the invaded condensate
and a transition from arrested to dynamic interior. PNAis a poor solubilizer. The
absence of a high intensity frontinbis due to the persistence of the arrested
nature of invaded condensates and a lack of swelling in the process.
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Scheme of the model for simulation
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Extended Data Fig. 6 | Reaction-diffusion model for simulation of ballistic afunction of invader concentration ([m*]), ranging from 0 to 100 uM. The fitting
wave diffusion. a, Schematic representation of the one-dimensional mesh used clearly shows a power law relationship between v, and [m*] with the exponent
inthe numerical model and its relation to the experiments. Initially (¢ = 0), m*is =~0.5.d, The datain cplottedinlog-log scale with linear fit yielding aslope =0.5.
only outside and mis only in the condensate (with ahomogeneous distribution). e, U, plotted against simulated width (W,;,), showing alinear correlationin the
The simulations consider only the radial direction between the surface and the range of [m*] =1-100 pM. The experimentally accessible regime is from O to
centre of the condensate. b, Parameter sweeps for different D, and D, at constant 5uM m*, whereas the simulation enables larger parameter space for probing the
kyina and kg, for establishing a phase diagram of different diffusion types. Key power law relationship between front velocity and [m*], and linear correlation

information: A two order of magnitude difference in D, and D, is needed for long between front velocity and front width. Simulated data with [m*] ranging from O
term ballistic wave diffusion (green area in phase diagram). (See Supplementary to 10 pM with smaller step size are plotted in Fig. 4j,1. Supplementary Table 2 lists
Discussion 1for details); ¢, Simulated velocity (vy;,) of ballistic wave diffusion as parameter sets.
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Extended Data Fig. 7 | Preparation of DNA condensates containing shorter condensates will not contain any cleaved subparts of c* due to their low 7s, but
p(A,-m), chains by in-condensate restriction. Rationale: Shortening of the only contain shorter p(A,,-m), chains. b, Representative CLSM images showing
p(A,0-m), strands cannot be done before condensate preparation because the enzymatic restriction of DNA condensates loaded with sub-stoichiometric
excessively shortened strands might not integrate into the condensates due to amount c* (10 mol%). ¢, Restriction kinetics (light green) indicated by decrease
the molecular weight dependence of the LCST behavior®'. Hence, we applied of normalized fluorescence intensity within DNA condensate. Conditions:
restriction inside the condensate. a, Scheme for the design of the enzymatic 0.04 pM c*=10 mol% of [A,,-m], 0.5 U/pL MIuCl enzyme, 15 mM MgCl,, room
restriction by MluCl on p(A,,-m), chains with help of a cleaving strand (c*) inside temperature (mean *s.d., N=2kinetic experiments). d, Gel electrophoresis
the condensates. c* hybridizes to p(A,,-m), and generates a recognition site of non-cleaved (with 0 mol% c*) and cleaved p(A,,-m), (with2.5and 5 mol% c*).
for the restriction enzyme MIuCl. The ratio of [c*]/[A,,-m] codes the extent of The gel electrophoresis image is background-subtracted. e, Quantification of
cleavage. c* contains a spacer (A;) witha fluorophore (FITC) at the 5’ end. Before molecular weight distribution by grey value profiles extracted fromd. 50 bp
cleavage, c* has 10 base pairs with p(A,,-m), (T, = 40.2 - 44.4 °C, Supplementary and 1k bp ladders are used for the calibration of molecular weight as a function
Method 3) and will thus bind tightly at experimental temperature (room of migration distance. The molecular weight is reported as nucleotide number
temperature). After cleavage, both subparts (c* and c*”) of the c* only have 5 base (nt), corresponding to double of the calibrated base pair number (bp). f, Number
pairs with p(A,o-m), (T, = 0 °Cand 3.4 - 11.6 °C, respectively, Supplementary average molecular weight of individual p(A,,-m), chains calculated from the
Method 3) and will thus melt off. The fluorophore at the 5’ end of the cleaving molecular weight distributions of individual lanes in e. Gel source datais
strand serves as a reporter for monitoring the restriction as fluorescence provided. Scale baris10 pm.

vanishes from the condensates into the surrounding. The finally cleaved DNA
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Extended Data Fig. 9| Ballistic wave diffusionin membraneless DNA
condensates with spacer-sticker model. a, p(A,,-m-XL), sequence design of
adenine-rich DNA polymer with palindromic domain (XL) mimicking spacer-
sticker model. XL domains are self-complementary DNA sequences that serve as
crosslinks. b, Schematic representation of the ballistic wave diffusion occurring
during the invasion of m*-Atto488 into such membraneless p(A,,-m-XL),, DNA
condensates. ¢, Time-series CLSM images showing the invasion process of
invaders (m*-Atto488, 3 uM; green; 50 mM MgCl,). d, Kymograph of the invasion

process along the white dashed line in c. e, Front displacement during invasion
islinear with time. Acceleration happens at the end stage (noted with the
dashedline) because of the interference between diffusion fronts from all radial
directions. f, Radius of DNA condensate during invasion. g, Cross-sectional line
profiles taken at various times along the white dashed arrow in c. The distances
arerescaled to the maximum intensity of the wave to highlight the self-similar
shape during invasion. See also Supplementary Video 4. Scale bar is 10 um and
applies toall micrographsinc.
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Extended Data Fig. 10 | Catalytic cleavage by ribonuclease DNAzyme in q/q* hybridization. b, Before invasion, DNA condensates are in arrested state.
DNA condensates is regulated by different dynamic states. a, Schematic The catalytic cleavage of p*-Substrate at the DNAzyme encapsulated (by q/q*
representation for the catalytic cleavage process of p*-Substrate/p-A,qoo hybridization) in the arrested condensates only happens at the condensate
by 10-23 ribonuclease DNAzyme tethered via additional q/q* domains. The surface. ¢, After invasion with m*, the DNA condensates are in a dynamic state.
DNAzyme s able to break RNA bonds once the substrate is hybridized with Now the catalytic cleavage of the DNAzyme can happenin the entirety of the
the blue recognition parts. DNA condensates containing 80 % m barcode condensate. The m*invader has served as a gate opener for the catalysis. Scale
and 20 % q barcode (obtained by using a mixture of p(A,,-m), and p(A,,-q),, barsare10 pm.

during condensate formation) were used for DNAzyme encapsulation by

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

nature portfolio

Corresponding author(s):  Prof. Andreas Walther

Last updated by author(s): Apr 11, 2025

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
A

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX [0 0 XX [OOOS

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Leica Stellaris5 Microscope (LAS X, v4.3.0.24308)
Leica Stellaris8 Microscope (LAS X, v4.5.0.25531)
ScanDrop spectrophotometer (Jena Analytic, FlashSoftPRO v1.2)
DS-11 Spectrophotometer (DeNovix, v4.1.5)
EVOS M7000 (Invitrogen, v2.1.677.717)
BCARS microscop: LabView 2015 (National Instruments) software
Intas Chemostar Touch 21.5 Gel Imager
Simulation: custom algorithm using SUNDIALS CVODE solver (v2.5.0)
COMSOL Multiphysics 6.2
Tecan Spark plate reader (Tecan SparkControl)
AFM: JPK Nanowizard 3 (SPM software; JPKSPM Data Processing v 6.4)

Data analysis ImageJ (v2.9.0; 64-bit) for image analysis
Leica Stellaris8 Microscope for FLIM analysis (LAS X, v4.5.0.25531)
Microsoft 365 Excel (Version 2307) and MATLAB (R2023a) for data analysis
Origin 2023 (v10.0.0.154) for plot and fitting
IgorPro (WaveMetrics, v6.3) for BCARS
Gnuplot (v5.4.3) and MATLAB (R2023a) for analysis of simulations

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are available in the article and its supplementary information as well as from the corresponding author on reasonable request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.

Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary. Please state if this
information has not been collected.

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or | Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why
other socially relevant they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables
groupings (for example, race or ethnicity should not be used as a proxy for socioeconomic status).
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sufficient number of sample size was chosen to confirm good reproducibility of experiments.
DNA invader diffusion kinetics measurements were carried out with 4 independent experiments at each concentrations.
FRAP experiments were performed on 4-6 individual DNA condensates from 2 independent samples.
FLIM experiments were performed on 8 individual DNA condensates from 2 independent samples.
PNA invader diffusion kinetics were carried out at different concentrations to confirm the absences of case Il diffusion.
Titration experiments were carried out at different concentrations with randomly chosen of 4-6 condensates measured.
Enzymatic cleavage kinetics experiments by MIuCl within DNA condensates were carried out 2 times independently.
Swelling experiments of DNA condensates were carried out at a series of salinity with randomly chosen of 5-6 condensates measured.
Diffusion mechanism experiments were carried out with 2 independent experiments at different salinity.
BCARS spectrum were measured on 8-10 DNA condensates from 3 independent samples.
Gel electrophoresis were carried out several times and representative image were shown.
Catalytic cleavage experiments by ribonuclease DNAzyme in DNA condensates of different sates were carried out 2 times independently.
Plate reader experiments were performed on 2-3 independent samples.
AFM experiments were performed on 5 individual DNA condensates from 2 independent samples.

>
Q
)
(e
D
1®)
O
=
o
=
_
(D
1®)
O
=
(@]
wn
(e
=
3
Q
A




Data exclusions  No data were excluded from the analyses.

Replication Results are consistently observed in independent experiments. The number of repeats are indicated in the manuscript and supplementary
information, as well as in the sample size described above. All attempts at replication were successful.

Randomization  No randomization was used, since all the experiments were done independently with several replicates.

Blinding No blinding was used, since all the experiments were done independently and they were not separated in groups.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

>
Q
]
(e
D
1®)
O
=
o
c
-
(D
1®)
O
=
5
(@]
wn
(e
3
=
Q
A

Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study
X Antibodies [ ] chip-seq
X Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging
N

Animals and other organisms
Clinical data

Dual use research of concern

X
Ooodoog

X X X

Plants




	Ballistic diffusion fronts in biomolecular condensates

	Observation of ballistic diffusion fronts

	Mechanistic details of ballistic wave diffusion

	Reaction–diffusion model and simulations

	Conclusions

	Online content

	Fig. 1 Not Fickian but ballistic wave diffusion with a high-intensity zone occurs during invasion of ssDNA invaders into DNA condensates.
	Fig. 2 Changes in condensate dynamical and mechanical properties during ballistic wave diffusion.
	Fig. 3 Modelling of ballistic wave diffusion using a reaction–diffusion model.
	Fig. 4 Understanding and tuning the diffusion mechanism and kinetics by combined simulations and experiments.
	Extended Data Fig. 1 Synthesis of ssDNA polymers and preparation of DNA condensates.
	Extended Data Fig. 2 Stable diffusion fronts at individual concentrations of invader m*.
	Extended Data Fig. 3 Molecular Dynamics (MD) simulations of the DNA chain extension induced by ssDNA to partial dsDNA transition upon hybridization of the invader m* to p(A20-m)n, leading to p(A20-m/m*)n.
	Extended Data Fig. 4 Determination of the diffusion coefficients of short non-binding dummy ssDNA in arrested/non-invaded and dynamic/invaded DNA condensates.
	Extended Data Fig. 5 Diffusion mechanism of non-charged PNA invader into DNA condensate.
	Extended Data Fig. 6 Reaction-diffusion model for simulation of ballistic wave diffusion.
	Extended Data Fig. 7 Preparation of DNA condensates containing shorter p(A20-m)n chains by in-condensate restriction.
	Extended Data Fig. 8 FRAP of DNA condensates before and after invasion at different [Mg2+].
	Extended Data Fig. 9 Ballistic wave diffusion in membraneless DNA condensates with spacer-sticker model.
	Extended Data Fig. 10 Catalytic cleavage by ribonuclease DNAzyme in DNA condensates is regulated by different dynamic states.




