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Abstract: Biological cells display com-
plex internal architectures, with distinct
micro environments that establish the
chemical heterogeneity needed to sustain
cellular functions. The continued efforts
to create advanced cell mimics – artificial
cells – demands strategies to robustly
engineer micro-compartmentalised archi-
tectures, where the molecular makeup of
distinct regions is coupled with localised
functionalities. Here, we introduce a
platform for constructing membrane-less
artificial cells from the self-assembly of
synthetic DNA nanostructures, in which
internal domains can be established
thanks to a rationally designed reaction-
diffusion process. The method, ratio-
nalised through numerical modelling, en-
ables the formation of up to five distinct
and addressable environments, in which
functional moieties can be localised. As
a proof-of-concept, we apply this plat-
form to build artificial cells in which a
prototypical nucleus synthesises fluores-
cent RNA aptamers, which then accu-

mulate in a surrounding storage shell,
thus demonstrating spatial segregation
of functionalities reminiscent of that ob-
served in biological cells.

Bottom-up synthetic biology aims to engi-
neer artificial systems that exhibit biomimetic
structure and functionality from the rational
combination of molecular and nanoscale ele-
ments. These systems often take the form of
artificial cells (ACs), micro-robots constructed
de novo to replicate behaviours typically as-
sociated with biological cellular life, including
communication, adaptation, energy conversion,
and motility.1–3 If endowed with sufficiently ad-
vanced cell-like responses, ACs could underpin
game-changing solutions in personalised diag-
nostics and therapeutics, green synthesis and
environmental remediation.1,4,5 Similar to their
biological counterparts, ACs require a micro-
compartmentalised architecture to regulate
transport and establish internal heterogeneity,
as typically necessary to sustain biomimetic
molecular pathways.6 AC compartments often
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rely on lipid,7,8 polymer8,9 or protein mem-
branes,10 but membrane-less implementations
based on coacervates11–13 or hydrogels14,15 are
gaining traction, driven by enhanced robust-
ness, easy manufacturing and the renewed
interest for biomolecular condensates in cell
biology.16 While internal compartmentalisa-
tion can be robustly achieved in membrane-
based platforms, e.g. through nesting or se-
quential assembly,6 no general platform has
been proposed to program local composition
in membrane-less scaffolds. Here, we lever-
age the structural and dynamic programma-
bility afforded by DNA nanotechnology17,18

to construct membrane-less condensates of
DNA nanostructures, which can be “patterned”
thanks to a reaction-diffusion scheme.19–22 This
strategy can generate up to five chemically ad-
dressable, distinct micro-environments whose
features can be rationalised through numeri-
cal modelling. As a proof-of-concept, we use
the platform to create model ACs with com-
partmentalised functionality, namely where a
fluorescent RNA aptamer is synthesised in a
prototypical “nucleus” and accumulates in an
outer shell.

Our condensates self-assemble from branched,
amphiphilic DNA nanostructures, shown in
Fig. 1A. Similar constructs were previously
demonstrated to form nanoporus phases with
programmable structure, molecular-sieving
properties, stimuli responsiveness, and the abil-
ity to host dynamic DNA circuitry.23–25,28,29 As
depicted in Fig. 1B, Figure S1 (SI), and detailed
in the Experimental Methods (SI), spherical ag-
gregates with cell-like dimensions (10 - 40 µm
in diameter) readily emerge from a one-pot an-
nealing reaction. Small Angle X-Ray Scattering
demonstrates that the condensates display in-
ternal crystalline order with a BCC unit cell
and lattice parameter of 26.8 nm, consistently
with previous observations on similar systems
(Figure S2).24

The foundational building block used here
consists of a DNA four-way junction, with
cholesterol moieties labelling the end of each
35-base-pair (bp) duplex arm (Fig. 1A). One of

the arms is modified with an additional single-
stranded overhang to which a base (b) strand is
connected. The base strand serves as a compet-
itive binding site for freely diffusing patterning
strands (p) of different lengths as depicted in
Fig. 1A, where complementarity of domains is
shown by same colouration and opposite direc-
tionality. All the patterning strands feature an
identical (red) domain complementary to the
base, but for longer strands complementarity
is extended to more adjacent domains. This
feature allows any longer patterning strand
to displace a shorter strand from the base
via toehold mediated strand displacement (toe-
holding),26,27 but not vice versa, establishing
a length-dependent binding hierarchy. The
length of even the shortest binding domain (14
nucleotides - nt) is such that thermal detach-
ment of the patterning strands does not occur
within experimentally-relevant timescales. Se-
quences of all oligonucleotides are reported in
Table S1, SI.

The principle for AC patterning is schemat-
ically depicted in Fig. 1C. Condensates are
prepared hosting uniformly distributed base
strands but without any patterning strands ini-
tially connected. Multiple types of patterning
strands are then introduced in solution, with
excess concentration compared to the number
of available binding sites in the condensates
(see Experimental Methods, SI). In this exam-
ple, we introduce patterning strands p1 (16 nt)
and p8 (40 nt) labelled with an Alexa 594 (red)
and Alexa 488 (green), respectively. The diffu-
sion coefficient of DNA increases with contour
length,30 and this dependency is enhanced in
porous environments like our condensates,31

allowing shorter DNA strands to diffuse signif-
icantly faster than longer ones. The shorter
patterning strands, p1 in the example, will
thus rapidly access the condensate occupying
base strands progressively, from the outside of
the condensate inwards. At later times, the
longer p8 strand also diffuses through the con-
densate, and as it does it displaces p1 strands
from the base via toeholding, releasing them
back into solution. The result, experimentally
demonstrated through confocal micrographs in
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Figure 1: Reaction-diffusion patterning of amphiphilic DNA condensates. A: Founda-
tional building block of the condensates consisting of a locked four-way DNA junction with choles-
terol moieties at the end of each arm. The constructs are composed of four distinct strands forming
the junction (blue) and four identical cholesterolised oligonucleotides (orange).23–25 One arm fea-
tures an additional overhang to which a base strand (b) is connected, which serves as a binding site
for complementary, freely diffusing patterning strands. The latter range between 16 nt (p1) to 40 nt
(p8) in length, and compete over (colour-coded) overlapping binding domains on the base strand.
p1 and p8 shown here are functionalised with Alexa 594 (red) and Alexa 488 (green) fluorophores,
respectively. The stop strand (s) has the same sequence as the base and can be added in solution
to sequester the excess patterning strands. Sequences of all DNA oligonucleotides are provided
in Table S1, SI. B: Assembly process for amphiphilic DNA condensates. Samples containing all
single-stranded DNA components are slowly annealed from 90°C to 20°C leading to the formation
of a nano-porous framework with the branched DNA motifs connecting micelle-like hydrophobic
cores where the cholesterol modifications localise, as previously reported.23–25 Details on sample
preparation are provided in the Methods (SI). C: Schematic depiction of the designed reaction-
diffusion pathway. At time t = 0, condensates are exposed to a solution of p1 (short, red) and p8
(long, green) patterning strands in excess concentration compared to base strands. Short p1 DNA
strands are able to diffuse inside the condensates faster than long p8 strands, allowing for prior
binding to the base strand (red box). At later times, p8 strands then diffuse within the condensates
and, due to the sequence design, are able to displace p1 strands via toeholding26,27 (green box).
The result is a sequence of two fronts propagating inward through the condensate. D: Series of
confocal micrographs of the process discussed in C, where propagating fronts are visualised thanks
to fluorescent modifications of p1 and p8. Scale bar: 15 µm.
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Fig. 1D, is a sequence of inward-propagating
fluorescent fronts: a red wave corresponding
to the rapidly diffusing p1 appears first, which
is then replaced by a green front produced
by the slowly diffusing but strongly binding
p8 strands. Note that, in confocal measure-
ments, signal from excess patterning strands
in solution is not visible due to the compar-
atively much higher concentration of binding
sites within the condensates.

This scheme thus allows us to localise differ-
ent oligonucleotides in distinct and individually
addressable concentric shells within the con-
densates. While in this example the patterning
strands bear a simple fluorescent modification,
one could easily envisage including functional
elements, thus paving the way for compartmen-
talised functionality in membrane-less ACs, as
discussed later.

Domain structure and evolution can be pro-
grammed via the number and length of pattern-
ing strands, as summarised in Fig. 2. Confocal
micrographs for representative condensates ex-
posed to one, two, three, and five patterning
strands are shown in Fig. 2A-D while SI Videos
S1-S12 exemplify pattern evolution in individ-
ual condensates and larger sample areas. On
the right-hand-side of Fig. 2, colour maps repre-
sent the time evolution of the radially-averaged
fluorescent intensity (see Experimental Meth-
ods). Examples of analogous colour maps for
multiple condensates and different numbers
of patterning strands are shown in Figs S3-6.
For tests with more that two domains, non-
fluorescent (dark) patterning strands of lengths
intermediate between two fluorescent ones were
used. For instance, in Fig. 2C, a dark 30 nt
strand (p6) is used in combination with 16 nt
(red) p1 and 40 nt (green) p8, generating a
dark shell that separates the fast-propagating
red wave and the slowest-propagating green
wave. Two dark (p3, p7) and three fluorescent
strands (p1, p5, p8) are used in Fig. 2D, gen-
erating five distinct micro-environments at ∼7
minutes from the exposure to the patterning
strands, as highlighted by the radially averaged
fluorescent-intensity profiles (right). Note that

in this case the difference in length between
adjacent species varies between 5 and 7 nt,
demonstrating a separation ability compara-
ble with electrophoretic techniques and hinting
at possible applications of the ACs for the de-
tection and separation of nucleic acids. For a
fixed number of patterning strands, the rela-
tive width of the domains can be controlled by
design, as shown in Fig. S7 for three-domain
experiments where dark strands of different
lengths are used.

In all examples discussed, the reactions are
designed to progress towards the equilibrium
configuration in which the longest, most sta-
ble construct occupies all binding sites, defying
the purpose of our solution as a means of en-
gineering AC compartmentalisation. Pattern
evolution can however be readily arrested using
a stop strand (s, Fig. 1A), with sequence identi-
cal to that of the base. The stop strand is added
in solution with excess concentration compared
to that of all patterning strands combined (see
Experimental Methods), sequestering them and
interrupting wavefront propagation. Figure 2E
shows that patterns arrested with this proto-
col remain stable for several hours, as required
for the purpose of compartment engineering in
ACs.

The system’s evolution can be modelled
through a set of coupled reaction-diffusion
equations under the assumption of a spheri-
cal condensate geometry and excess patterning
strands in solution, as fully detailed in the
Modelling Methods (SI). Alongside known or
easily determined system parameters such as
condensate size, the model requires as input
the diffusion constants (D) of the pattern-
ing strands, the second-order rate constants
through which the patterning strands bind
the base and/or displace previously bound
strands (kon), and the exchange rate of pat-
terning strands between the bulk and the con-
densate (kin).32,33 The latter three quantities
(D, kon and kin) are used as fitting parameters.
The model also features a partition coefficient
of the patterning strands within the conden-
sates32 that, for realistic values, is found to
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Figure 2: Condensate patterning is predictable and customisable. A-D: Patterning-strand
scheme (left) and confocal microscopy data (centre) for condensates patterned to form an increasing
number of concentric domains, from one in A to five in D. Some patterning strands are fluorescently
labelled with Alexa 594 (p1) and Alexa 488 (p5, p8), while others do not bear modifications, hence
resulting in dark regions intermitting fluorescent shells in confocal data. See Table S1 (SI) for
DNA sequences. The time evolution of the domain structure is visualised by plotting the averaged
radial fluorescence profile, which for systems A-C is compared with the fitted outcome of a reaction-
diffusion numerical model (right). Note that early times are not shown in experimental colour maps
(gray bands) due to a delay between the time at which condensates are exposed to patterning strand
(t = 0) and the start of confocal recording. See Methods (SI) for information on image analysis and
numerical modelling. For system D, on the right we show a radial intensity profile computed from
confocal images at t = 7 min, highlighting the presence of five distinct domains. The green dotted
and red dashed lines mark the signal from the Alexa 488 (p5, p8) and Alexa 594 (p1) channels,
respectively, while the black solid line represents the overall intensity. All profiles are normalised
by their highest value. E: Domain propagation can be arrested by adding an excess of the stop
strand (s) in solution (see Fig. 1A), here demonstrated with confocal data for a system with three
patterning strands (p1, p6, p8). The stop strand is added at t = 16 min, after which no further
pattern evolution is observed (besides photobleaching). Videos S1-S8 show pattern evolution in
individual condensates (even numbered) and larger fields of view (odd numbered). Scale bars: 15
µm.
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Figure 3: Model fitting enables extrac-
tion of diffusion constant Diffusion coeffi-
cients for 40 nt patterning strand p8 (A) and
16 nt patterning strand p1 (B). Data are shown
for samples with one patterning strand (p1 or
p8; Fig. 2A and Figs S3-4; N = 33 conden-
sates for p1 and N = 29 condensates for p8 ),
two patterning strands (p1 and p8; Fig. 2B and
Fig. S5; N = 23 condensates) and three pat-
terning strands (p1, p6, and p8; Fig. 2C and
Fig. S6; N = 43 condensates). The results
are displayed as box plots with highlighted me-
dian, upper and lower quartiles (box), and 50th
and 50th centiles (whiskers) outliers excluded.
Overlaid to the box plots are the mean (symbol)
and standard deviation (same-colour errorbar)
of the distributions.

have no significant effect on the fitting out-
comes, and was thus set to 1 (Fig. S8).

Numerical solutions of the model are fitted
to confocal data, accounting for diffraction-
induced blurring (see Modelling Methods),
for up to three competing patterning strands.
Comparison between experimental reaction-
diffusion maps and the fitted model outcomes
demonstrates near-quantitative agreement, as
shown in Fig. 2 (right) and Figs S3-6. Small
differences may emerge due to early-time effects
related to sample mixing, optical artefacts due
to refractive-index mismatches and absorption,
non-spherical condensate geometry, or non-
isotropic diffusion caused by the contact with
the bottom of the experimental chamber.

Figure 3 summarises the distributions of
fitted diffusion constants for our shortest
(p1, 16 nt) and longest (p8, 40 nt) patterning

strands, as determined for experiments with
a single patterning strand (p1 or p8; Fig. 2A
and Figs S3-4), two patterning strands (p1 and
p8; Fig. 2B and Fig. S5), and three patterning
strands (p1, p6, and p8; Fig. 2C and Fig. S6).

We observe an order-of-magnitude difference
in diffusion constant between p1 and p8, with
Dp1 = 1−4×10−7 cm2 s-1 and Dp8 = 1−4×10−8

cm2 s-1. D is the primary parameter that de-
termines the propagation speed of the reaction-
diffusion fronts through the condensates, there-
fore, the difference found between Dp1 and Dp8

is consistent with expectations. We further
note that both diffusion constants decrease in
the presence of additional patterning strands,
hinting at crowding effects.

Figure S9A shows the fitting outcomes for
rate constant kon. In all cases, kon, p1 de-
scribes binding of p1 to a free base strand,
given that p1 is unable to displace other in-
cumbent strands. Similarly, kon, p8 describes
hybridisation to free base strands in experi-
ments only featuring p8. When shorter pat-
terning strands are present alongside p8, kon, p8

can be interpreted as the effective second-order
rate constant of the toehold-mediated strand
displacement reaction through which p8 dis-
places incumbent p1 (2-strand case) and p6
(3-strand case).26 Fits produce values of kon, p1

and kon, p8 within the same order of magnitude
(104 − 105 M−1 s−1), with the former slighly
larger than the latter. Values are consistent
with previous observations for hybridisation in
hydrogels,20 and smaller than rates typically
measured in freely diffusing constructs (∼ 106

M−1 s−1).26 The similarity between rates of hy-
bridisation (kon, p1) and toeholding (kon, p8) is
expected, given that the two are known to con-
verge for toehold lengths in excess of 6 nt – a
condition that is verified in our reactions.26 A
decreasing trend is found with increasing num-
ber of patterning strands, which is much more
pronounced for kon, p8 compared to kon, p1 and
may thus be due to crowding.

We note that while D is the primary regulator
of the wavefront propagation speed, kon influ-
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ences the width (or sharpness) of the front, with
large rates producing sharper profiles. In ex-
periments, however, the fluorescent features are
also blurred by diffraction. We observe that the
diffraction-induced blurring of the wavefronts
dominates over that associated to changes in
kon when the latter drops below ∼ 105 M−1 s−1,
indicating that the model becomes insensitive
to changes in the binding/toeholding constants
when these take higher values. The fitting out-
comes in Figure S9A are close to the limit of
sensitivity of the model, and thus their quanti-
tative interpretation should be done with cau-
tion (see Modelling Methods for details).

The material exchange rate kin, as sum-
marised in Fig. S9B, is slightly larger for p1,
compared with p8, consistent with the higher
diffusion rate of the shorter patterning strand,
while no clear trend is observed as a function
of the number of patterning strands.

Having identified a route for establishing ad-
dressable domains in condensates, we can pro-
ceed with localising functional elements within
different compartments to create a model
membrane-less AC hosting a spatially organised
pathway. As summarised in Fig 4A, the AC has
been patterned with a “nucleus” region hosting
a template construct (t), containing a T7 pro-
moter sequence and the DNA complementary
sequence to an RNA aptamer, and the shell
region containing binding sites for the RNA
product. The template is anchored to the base
strand through a bridging (r) strand, which
ensures the formation of the double-stranded
T7 promoter required for the T7 polymerase to
begin transcription.34 The RNA produced is a
modified version of the DFHBI-binding fluores-
cent Broccoli aptamer.35 Addition of an extra 8
bps to the stem region produced a significantly
brigher aptamer as discussed in the Experimen-
tal Methods and Fig. S10. The aptamer also
features a binding site complementary to the
single-stranded overhang present in the capture
(c) strands located in the shell region. See
Experimental Methods for full details on the
patterning process.

The sought response at the AC level is
sketched in Fig. 4B. Patterned ACs are exposed
to polymerase that, similar to other proteins of
comparable size,24 can diffuse through the con-
densates, reaching the template in the nucleus.
Here, the Broccoli aptamer is produced, which
readily binds to DFHBI and diffuses out to-
wards the shell and binds the capture motifs.

Figure 4C (top) shows a time-resolved se-
quence of confocal micrographs from an AC
producing the designed response. The nucleus
(cyan), fluorecently stained thanks to a flu-
orophore on the bridging strand, retains the
same size through the experiment and only
undergoes progressive bleaching. In turn, flu-
orescence from the Broccoli aptamer (orange)
builds up in the shell region from the inside-
out, consistent with the RNA product being
produced in the nucleus. Combined bright field
/ confocal micrographs of the same objects
confirm that the overall size and appearance of
the condensate does not change during Broccoli
build up (Fig. 4C, bottom). In Fig. 4D we show
a colour map of the radial intensity of the Broc-
coli emission versus time, where the outwards-
propagating front is clearly observable, marked
by an arrow. Data from more ACs with differ-
ent shell thicknesses relative to nucleus size are
summarised in Fig. S11, while time lapses of the
process can be inspected in SI Videos S13-S16.
As a control, in Fig. S12 we show the results
of experiments with template/promoter con-
structs free in solution, which expectedly show
outside-in accumulation. Finally, in Figs S13
and S14 we report the time-dependent Broccoli
emission in bulk fluorimetry experiments, in-
cluding samples with aptamer-expressing ACs
and samples that only contain the supernatant
solution but no ACs. The lack of signal from
the latter further confirms that aptamer pro-
duction occurs exclusively within the AC nu-
cleus.

In summary, we have introduced a general
process for the creation of stable and individ-
ually addressable domains in condensates self-
assembled from DNA nanostructures. The pro-
cess relies on a reaction-diffusion scheme, where
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Figure 4: Compartmentalised functionality in a model artificial cell. A: Schematics of
the functional nucleic acid machinery in nucleus (cyan) and shell regions (orange). In the nucleus,
connected to the base strand are a bridge (r) strand and the template (t) strand. Together, these
form a double stranded T7 promoter (pink) and a single stranded polymerase template (purple,
red) from which a polymerase (black) is able to synthesise Broccoli RNA aptamers (folded purple
and red) that form a complex with DFHBI molecules to become fluorescent (orange). The base
strands in the shell region are connected to capture strands (c) with single stranded overhangs (red)
complementary to a free domain on the broccoli aptamer. Complementary DNA/RNA domains
are shown in the same colour. Protocols for patterning the ACs are detailed in the Experimental
Methods (SI). B: Mode of operation of the AC. The polymerase is added in solution alongside
NTPs, DFHBI, and other components required for Broccoli synthesis, which diffuse through the
shell (1) reaching the nucleus, where the aptamers are produced (2). The aptamers then diffuse
outwards and bind to the dedicated sites in the shell (3). C: A series of confocal images (top)
of an AC progressively building up Broccoli aptamer in the shell (orange). Note how the signal
accumulates from the nucleus-shell interface and propagates outwards. The nucleus is shown in
cyan, and progressively photobleaches. The dashed lines mark the physical boundary of the AC
and that between the nucleus and the shell. Bottom: bright field images of the same AC overlaid
to (faint) confocal data, demonstrating that no physical change to the AC occurs during Broccoli
synthesis. The reaction is initiated at time t = 0, as discussed in the Experimental Methods
(SI). D: colour map showing the evolution of the radial fluorescent intensity of the aptamer. The
slope of the fluorescent front signals accumulation from the inside-out, as highlighted by the white
arrow. Dashed lines mark the nucleus/shell and shell/solution boundaries. Videos S13-S16 show
the response of multiple ACs with different shell/nucleus size ratios. Scale bar: 15 µm.
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patterning constructs with different diffusivities
and binding affinities compete for binding sites
within the condensates. The number and size
of the domains can be tuned by design and
predicted by numerical modelling. As a proof-
of-concept, we apply the patterning scheme to
construct a model artificial cell with an ac-
tive nucleus that produces a fluorescent RNA
aptamer, and a storage shell where the prod-
uct progressively accumulates. We argue that
reaction-diffusion patterned DNA condensates
could constitute a versatile platform for engi-
neering cell-like agents with spatially-resolved
functionality. Potential responses are not lim-
ited to expression or capture of RNA products,
as the domains can be enriched with virtually
any functional molecule or nanoscale agent that
can be linked to the patterning strands, in-
cluding enzymes, nanoparticles, aptamers and
photo-responsive elements, thus unlocking the
opportunity to engineer ever more complex re-
action pathways within the ACs. Finally, while
here DNA condensates are used as passive scaf-
folds, one can envisage design modifications
where patterning dynamically alters the local
physical structure by modifying mesh size and
rheological properties. These solutions, could
enable the design of feedback systems where lo-
cal transport properties change in response to
AC activity, bringing us closer to synthetically
replicating the structure-function synergy that
characterises biological cells.
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