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ABSTRACT: We report here the combined use of Watson−Crick
and antibody−antigen interactions to induce phase separation of
antibody−DNA hybrid condensates. To achieve this, we have used
an antigen-conjugated star-shaped DNA motif (nanostar) in which
three arms terminate with single-stranded DNA sticky ends while
the fourth arm is end-conjugated with a moiety (i.e., an antigen)
that can be recognized by a specific bivalent antibody. Through the
concerted action of selective Watson−Crick base-pairing between
the sticky ends and bivalent antibody−antigen binding, such
antigen-conjugated nanostars phase-separate to form micron-scale
hybrid condensates with structural stability provided by both
nucleic acids and antibodies. We have demonstrated the specific
and orthogonal antibody-induced phase separation of four different
antigen-conjugated nanostars (biotin, DIG, DNP and MUC1), each with their corresponding antibody. By adding increasing
concentrations of the specific antibody to a fixed concentration of antigen-conjugated nanostars (300 nM), we observe
concentration-dependent formation of antibody−DNA condensates, starting at low nanomolar levels of the antibody. The
antibody−DNA hybrid condensates are also reversible and can be cyclically formed/dissolved by the cyclic degradation/addition of
the specific antibody. We qualitatively (and in some cases quantitatively) reproduce these results with an approach that conjugates
theory and simulations of a phase-field model. The introduction of antibody−antigen interactions into the phase separation process
of DNA brings these systems closer to natural cellular systems that rely on intricate networks of protein−protein or protein−nucleic
acid interactions and allows for greater programmability and versatility that could have applications in sensing and drug delivery.

■ INTRODUCTION
The field of nucleic acid nanotechnology has rapidly advanced
in recent years, paving the way for the development of
innovative materials and biomolecular structures that employ
the programmable nature of nucleic acid interactions.1,2 One
emerging area involves the possibility of creating DNA or
RNA-based condensates, assemblies of synthetic nucleic acids
that exhibit liquid-like behavior and highly programmable
phase separation features.3−14 DNA/RNA condensates have
attracted considerable attention as synthetic analogues of
natural cells or membraneless compartments, offering a
platform for studying and engineering biomolecular processes
in a controlled, customizable environment with potential
applications in various fields, including biophysics,9,14−22

materials science18,23−26 and bioengineering.27−32

In order to increase the diversity and complexity of such
nucleic acid-based condensates, several examples have recently
been reported in which the incorporation of other molecules
into the condensates has been demonstrated by exploiting the
programmability and versatility of nucleic acids. For example,
the incorporation of proteins using aptamers or ligands
embedded in DNA/RNA condensates has been demonstrated
as a way to improve the biomimetic properties of nucleic acid
condensates.9,32−34 Alternatively, the introduction of specific

enzymatic substrates into the condensates was used as a way to
provide localized enzymatic activity27,35−38 and to enable the
spatial and temporal control of biomolecular interactions
within the condensates.35

While the above examples clearly highlight the possibility of
extending the functionality and versatility of DNA/RNA
condensates to enable the creation of biomimetic structures,
they lack a general feature that characterizes natural cellular
compartments. That is, in nature, membraneless organelles and
cellular condensates often form through intricate networks of
protein−protein or protein−nucleic acid interactions that lead
to dynamic and regulated assemblies of complex biomolecular
structures.39,40 In other words, condensation in nature is often
the result of concerted interactions that ultimately enable
complex spatial organization and functionality so that specific
biochemical reactions, signal transduction pathways and
cellular processes can take place.41−46 However, DNA- and
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RNA-based condensates have so far mainly relied on the
formation of specific nucleic acid base pairs6 or on nonspecific
interactions (e.g., electrostatic interactions7 or hydrophobic
interactions14) to induce phase separation. Only a few
examples have shown phase separation of mixed DNA−
peptide coacervates, and these are induced by nonspecific
electrostatic interactions.47,48 This ultimately limits the
programmability and versatility of these tools. A similar lack
of diversity in the phase separation process also exists in
synthetic protein-based biomolecular condensates, which are
usually prepared using engineered proteins that have intrinsi-
cally disordered regions and can only form weak, nonspecific
interactions.49,50

Motivated by the above considerations, in an attempt to
mimic the diverse array of molecular interactions that occur in
natural cellular systems, we report here the combined use of
Watson−Crick and specific antibody−antigen interactions to
induce phase separation of antibody−DNA hybrid conden-
sates. The immune-induced phase separation strategy we used
here is based on star-shaped DNA motifs (i.e., nanostars)
designed to have three DNA-based sticky ends and one antigen
at the ends of their four arms. Under our experimental
conditions, phase separation of such nanostars occurs only
through the combined effect of selective base-pairing between
the sticky ends and bivalent antibody−antigen binding,
resulting in hybrid condensates with structural stability
provided by both nucleic acids and antibodies. The
introduction of an additional level of control over the phase
separation process allows for greater programmability and
versatility in synthetic biomolecular condensates.

■ RESULTS AND DISCUSSION
To achieve immune-induced phase separation of antibody−
DNA hybrid condensates, we used star-shaped DNA motifs,
also known as DNA nanostars, which can spontaneously self-
assemble under certain experimental conditions to form DNA-
rich condensates. The ability of the nanostars to phase
separate, as well as the stability and size of the resulting
condensates, are influenced by the number, length, and
strength of their sticky ends.6,8,51−54 In this work, we employed
DNA nanostars with four 6-nt sticky ends (valency = 4),
optimized by Saleh and co-workers.9 We replaced one of the
four sticky ends of the nanostar with a molecule (i.e., an
antigen) that can be recognized by a specific antibody. When
such antigen-conjugated nanostars are mixed in a solution at
submicromolar concentrations, their reduced valency prevents
them from spontaneously separating. After addition of a
specific antibody that leads to bivalent binding of two antigen-

conjugated nanostars and formation of an antibody−DNA
hybrid nanostar with an effective valency of 6, phase separation
can instead occur spontaneously (Figure 1). To demonstrate
this, we first used biotin as an antigen and conjugated it to the
5′-end of one of the four oligonucleotides that form the
nanostar (Figure 2a). We then tested the phase separation of
such biotin-conjugated nanostars (at 300 nM) in the absence
and presence of a stoichiometric concentration of anti-biotin
IgG antibody (i.e., 150 nM). To monitor the formation of
condensates, we labeled one of the four arms of the nanostar
with a fluorophore (e.g., Cy3) and also used a fluorophore-
labeled anti-biotin antibody (e.g., AF647) (Figure 2a). Under
these conditions, we were able to observe micron-scale
condensates as early as 1 h after addition of the anti-biotin
antibody, while in the absence of the antibody no condensates
were observed even after 72 h (Figures 2b and S1, and
Supporting Video 1). Remarkably, the microscopy images
obtained at the Cy3 (nanostar) and AF647 (antibody)
channels show a homogeneous distribution and almost perfect
colocalization of the antibody and nanostar (Figure 2c,d).
Similar colocalization is also observed through z-stack
acquisition using confocal microscopy (Figure S2, and
Supporting Video 2), once again supporting the hypothesis
that the condensates are formed by the concerted role of
DNA−DNA and antibody−antigen interactions.

Further confirmation of this is also provided by control
experiments in which we first replaced the bivalent anti-biotin
antibody with a monovalent anti-biotin Fab fragment that is
unable to bridge two nanostars after binding to biotin (Figure
2e). As expected, in this case we did not observe any visible
condensate even 72 h after the addition of the anti-biotin Fab
fragment (Figure S1). Similar results were observed when
nonspecific bivalent antibodies were used (Figures 2e and S1).
The final proof of the role of bivalent binding of the antibody
as a driving force for phase separation comes from an
additional control experiment in which we used only DNA−
DNA interactions. More specifically, we redesigned the
antigen-conjugated DNA nanostar described above to replace
the antigen with a 14-nt DNA anchor sequence (Figure S3).
We then added a synthetic DNA duplex in solution that
mimics an antibody and flanks two identical 14-nt DNA
domains that are complementary to the anchor sequence in the
nanostar. Binding of such a DNA-based antibody mimic
rapidly leads to phase separation of the nanostars (Figure S3),
again supporting the hypothesis that the valence enhancement
induced by the bivalent binding is crucial for the observed
phenomenon. Of note, the average density values of DNA
condensates and antibody−DNA condensates are within

Figure 1. DNA-based condensates formed by Watson−Crick and antibody−antigen interactions. Schematic representation of the antigen-
conjugated DNA nanostar. The four-armed nanostar is designed to have three arms ending with a 6-nt sticky end and the fourth arm chemically
conjugated at the 5′ end with an antigen. The nanostar is designed so that phase separation into antibody−DNA hybrid condensates occurs only
through the concerted action of base-pairing between the sticky ends and bivalent antibody binding that joins two antigen-conjugated DNA
nanostars.
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experimental error of each other ((13.7 ± 0.9) × 102/mm2 for
DNA condensates vs (12.8 ± 1.4) × 102/mm2 for antibody−
DNA condensates), indicating a very efficient condensation
process even in the presence of a large moiety as the antibody
(Figure S3). Despite this, the average area of the DNA
condensates (47.6 ± 0.9 μm2) is about 2-fold larger than that
of antibody−DNA condensates (27.3 ± 0.4 μm2), probably
due to a poorer tendency of antibody−DNA condensates to
coalesce (Figure S3).

The combined effect of antibody−antigen and DNA−DNA
interactions in condensate formation is quite delicate. For
example, replacing additional sticky ends with more antigens
results in the loss of the nanostars’ ability to phase condense
(Figure S4), likely due to the possibility of bivalent binding of
the same antibody to a single nanostar or to the formation of
kinetically trapped states induced by overly strong antibody
binding. Also, reducing the number of sticky ends and
retaining an antigen on the nanostar greatly reduces its ability
to phase separate (Figure S4). We also investigated the
dynamic nature of our system. To do this, we first prepared
antibody−DNA hybrid condensates using Cy5-labeled biotin−
DNA nanostars and anti-biotin antibody and then added Cy3-
labeled DNA nanostars (300 nM) with the same sticky ends
but without the antigen and observed their integration into the
pre-existing condensates (Figure S5). We speculate that the
unconjugated DNA nanostars integrate into the condensates

through exchange with antigen-conjugated nanostars that are
not linked to an antibody. We then repeated the experiment
but this time added Cy3-labeled biotin-conjugated DNA
nanostars with a different set of sticky ends to a solution of
Cy5-labeled anti-biotin antibody−DNA condensates. In this
case, we observed the formation of a separate set of
condensates containing only Cy3-labeled nanostars, likely
due to phase separation induced by anti-biotin antibodies
still free in solution. Interestingly, we observed that the
condensates tend to connect, forming regular “chains” of
alternating condensates, suggesting the ability of antibodies to
bridge different condensates through bivalent binding (Figure
S6).

The immune-induced phase separation of antibody−DNA
hybrid condensates is concentration-dependent and extremely
sensitive. To demonstrate this, we used a fixed concentration
of biotin−DNA nanostars (i.e., 300 nM) and added increasing
concentrations of anti-biotin antibody, observing an initial
concentration-dependent increase in condensate density,
which then levels off at around 300 nM (Figure 2f−h). A
similar antibody concentration dependence is also observed for
the condensate diameter. Moreover, consistent with the
polydisperse nature of such droplets, the diameter distribution
for each experiment is quite large (Figure S7). We also note
that antibody−DNA hybrid condensates can be observed upon
addition of an anti-biotin antibody concentration as low as 10

Figure 2. Phase separation of antibody−DNA hybrid condensates through the formation of a biotin and anti-biotin antibody complex. (a)
Schematic representation of biotin−DNA nanostars (labeled with Cy3 fluorophore) that phase-separate into condensates only in the presence of
anti-biotin antibody (labeled with AF647 fluorophore). (b) Epifluorescence micrographs of biotin−DNA nanostars (300 nM) in the absence and
presence of anti-biotin antibody (150 nM). (c) Scatter plot of the measured pixel intensity showing the correlation (Pearson’s correlation
coefficient, r) of Cy3 (biotin−DNA nanostar) and Alexa 647 (anti-biotin antibody) fluorophores in the sample containing antibody−DNA hybrid
condensates. (d) Graph showing fluorescence intensity line plots of labeled biotin−DNA nanostars and anti-biotin antibody along the dashed line
in the adjacent microscope image (merged). (e) Condensates’ density values (count/mm2) obtained without anti-biotin antibody, with anti-biotin
antibody, with anti-biotin monovalent Fab fragment and with control nonspecific antibodies (anti-Dig, anti-DNP or anti-MUC1). (f)
Epifluorescence micrographs (merged channels) of antibody−DNA hybrid condensates at different anti-biotin antibody concentrations. (g) Plot of
condensates’ density vs anti-biotin antibody concentration. The dashed gray line represents the fit to the theoretical data, rescaled to match the
absolute value of the experimental points (see Figure S8). (h) Graph showing fluorescence intensity line plots of the labeled anti-biotin antibody
along the dashed line in adjacent microscope images (merge). For each condition, we considered representative condensates with an area
corresponding to the average area of the sample. Experiments were performed in 10 mM Tris HCl and 0.5 M NaCl, pH 7.5 buffer at T = 25 °C.
Microscopy images were taken 1 h after the addition of the antibody. All scale bars of the micrographs are 5 μm. Specificity experiments were
performed adding anti-biotin Fab fragments and control antibodies at 150 nM. All the data in this figure correspond to the mean values obtained
from three replicates; error bars are the standard deviation of the mean.
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nM, suggesting that a similar approach may be useful for
sensing applications.

All the trends observed in experiments are qualitatively
captured by a theoretical model that takes into account the
binding specificity of both nanostars and antibodies, their
valence and their effective excluded volume in a mean-field
fashion.54,55 Notably, the theory reproduces the experimentally
observed phase boundaries semiquantitatively (Figure S8),
despite containing no free parameters, since all inputs are fixed
to values obtained from numerical simulations or established
models. We couple the theory to a numerical phase-field
approach based on the Cahn−Hilliard equation55 to
investigate the concentration dependence of the condensate’s
density. This integrated theoretical−numerical framework
reproduces the experimental trends at a qualitative rather
than quantitative level (Figure S9), a result consistent with its
mean-field character and the absence of microscopic detail. In
addition, the theory can also be used to fit the experimental
results of Figure 2g to obtain the concentration dependence of
the condensate’s surface tension (Figure S10).

The immune-induced phase separation of antibody−DNA
hybrid condensates is a versatile, modular and orthogonal
process. We re-engineered different DNA nanostars and
conjugated each of them with a different antigen to induce
discrete phase separation with different specific antibodies. We
first demonstrated this by conjugating a new antigen (in this
case digoxigenin, Dig) to one of the nanostar-forming
oligonucleotides and using the anti-Dig antibody as the driver
for the phase separation process (Figure 3a). Also in this case,
we observed visible condensates only in the presence of anti-
Dig antibodies and in a concentration-dependent manner with
sensitivity and specificity similar to those observed with the
biotin/anti-biotin system (Figures 3a and S11). Similar results
were also obtained using dinitrophenol (DNP) as antigen and
anti-DNP antibody as input antibody, although with slightly
poorer sensitivity (Figures 3b and S12) and with overall lower
condensate density compared to the other antibody−antigen
pairs. We attribute this difference to the fact that the anti-DNP
antibodies used here are IgE antibodies, which have important
structural differences compared to IgG antibodies (anti-biotin,
anti-Dig, anti-MUC1). For example, IgE antibodies lack the
classical hinge region of IgG antibodies and contain an
additional constant domain in each heavy chain, resulting in
reduced flexibility of the Fab regions.56 In addition, IgEs
exhibit higher levels of glycosylation compared to IgGs.57 All
these factors may contribute to differences in the efficiency of
the immune-induced phase separation process. We also
programmed a modular version of the same immune-induced
phase separation by redesigning the nanostars to have three 6-
nt sticky ends and a 17-nt anchor strand that allows
hybridization of a complementary antigen-conjugated oligonu-
cleotide. This approach is particularly advantageous for easily
exchanging the antigen on the nanostar so that it can respond
to different antibodies. For such a modular version, we used as
antigen a peptide with 15 residues excised from the MUC1
protein which is recognized by the clinically relevant anti-
MUC1 antibody (Figure 3c). Also in this case, the modular
version of the nanostar showed immune-induced phase
separation with sensitivity and specificity comparable to
those of their nonmodular counterparts (Figures 3c and
S13). We also tested EGFR protein as the antigen in this
modular format. In this case, however, we observed the
formation of DNA condensates not only in the presence of the

specific antibody (Cetuximab) but also when nonspecific
antibodies were added (i.e., anti-DNP, anti-Dig and anti-
biotin) (Figure S14). Further investigation of this unexpected
result revealed that the nonspecific phase separation process
does not directly involve the nonspecific antibody, which is not
colocalized in the condensate formed (Figure S15). Instead, it
is likely due to sodium azide, a common ingredient present in
all the antibody solutions tested (Figure S16). We hypothesize
that sodium azide might induce a structural change in the
EGFR protein, triggering its dimerization58,59 and consequent
phase condensation, but at this stage no experimental
confirmation of this hypothesis is available.

Since the sticky ends of the antigen-conjugated nanostars
shown above have different sequences and the antibody−
antigen interactions are highly specific, the immune-induced
phase separation process is a completely orthogonal process
that can occur in the same solution without cross-reactivity. To
demonstrate this, we mixed in the same solution three different
nanostars, each conjugated to a different antigen (biotin, Dig
and DNP) and labeled with non-overlapping orthogonal
fluorophores (Cy5, Cy3 and FAM, respectively) (Figure 4a).
We then added to this mixture the three input antibodies (anti-
biotin, anti-Dig and anti-DNP antibodies) in different
combinations and observed orthogonal phase separation of

Figure 3. Phase separation of antibody−DNA hybrid condensates
using different antibody−antigen pairs. In each row are depicted (left)
the schematic of the four-armed DNA nanostars, each conjugated
with a different antigen; (center) the epifluorescence micrograph of
antigen-conjugated DNA nanostars (300 nM) in the presence of the
specific antibody (150 nM); and (right) a plot of the condensate’s
density vs the specific antibody concentration. Antibody−antigen
pairs used here are (a) Dig and anti-Dig antibody, (b) DNP and anti-
DNP antibody and (c) MUC1 peptide and anti-MUC1 antibody;
experiments were performed in 10 mM Tris HCl and 0.5 M NaCl, pH
7.5 buffer at T = 25 °C. Microscopy images were taken 1 h after the
addition of the specific antibody. All scale bars of the micrographs are
5 μm. All the data in this figure correspond to the mean values
obtained from three replicates; error bars are the standard deviation of
the mean.
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the fully discrete condensate only in the presence of the
corresponding specific input antibody (Figure 4b and S17).

The introduction of an additional molecular interaction into
the phase separation process allows for greater programm-
ability in the formation and dissolution of the antibody−DNA
hybrid condensates. We first demonstrate here the possibility
of inducing the dissolution of antibody−DNA hybrid
condensates by adding free antigen in solution that competes
for antibody binding (Figure 5a). By doing so, we observe a
strong reduction in the area of the condensates, although
without complete dissolution (Figure 5b−d), probably due to
the fact that the free antigen is not able to completely
overcome the avidity effect caused by the bivalent binding of
the antibody in the condensates. As an alternative approach to
induce input-dependent dissolution of the hybrid condensates,
we used papain, a proteolytic enzyme that degrades IgG
antibodies into Fab and Fc fragments (Figure 5e). In this case,
we used biotin−DNA nanostars and anti-biotin antibodies and
observed papain concentration-dependent dissolution kinetics
leading to complete dissolution of the condensates, supporting
the assumption that antibody−antigen interactions are crucial
for the structural stability of the condensates (Figure 5f).
Remarkably, the addition of anti-biotin antibodies after papain-
induced dissolution of the condensates leads to a transient
formation of antibody−DNA hybrid condensates, as the
kinetics of the phase transition is faster than that of papain-
induced enzymatic degradation (Figure 5g,h). The numerical

approach we developed qualitatively reproduces these findings
(Supporting Video S3).

We also show that multiple antibodies can participate in the
same phase separation process. To this end, we first engineered
a four-armed DNA nanostar that has two sticky 6-nt ends on
opposite arms and two different antigens (i.e., biotin and Dig)
on the remaining arms (Figure S18). As expected, the reduced
valency of such a nanostar does not allow efficient phase
separation under our experimental conditions (nanostar
concentration of 200 nM), and no condensates are observed
in the absence of anti-biotin and anti-Dig antibodies. The
addition of only one specific antibody (i.e., 100 nM each),
which would lead to the formation of an antibody−nanostar
complex with valency = 4, also does not result in any visible
phase separation process, probably due the low concentration
of antigen-conjugated nanostars used in this experiment (i.e.,
200 nM). Only with the addition of both anti-biotin and anti-
Dig antibodies can we observe efficient formation of
antibody−DNA hybrid condensates showing colocalization of
both antibodies (Figure S18).

■ CONCLUSION
Inspired by the diversity of molecular interactions used by
natural systems to create membraneless organelles and cellular
condensates,39,40 we report here the programmable phase
separation of antibody−DNA hybrid condensates induced by
the combined use of sequence-specific Watson−Crick and

Figure 4. Orthogonal antibody−DNA hybrid condensates. (a) Scheme showing the three orthogonal antigen-conjugated DNA nanostars with
different sticky end sequences, each responsive to a different antibody and labeled with a different fluorophore. (b) (Top) Merged epifluorescence
microscopy images obtained by adding each antibody in different combinations (colored antibodies on top of each microscopy image represent the
antibodies added). (Center) Fluorescence intensity line plots of the labeled antigen-conjugated DNA nanostars along the dashed line indicated in
merged microscope images. (Bottom) Bar plots showing the average condensate area measured for each fluorophore. Experiments were performed
in 10 mM Tris HCl and 0.5 M NaCl, pH 7.5 buffer at T = 25 °C. Microscopy images were taken 1 h after the addition of the relevant antibodies.
All scale bars are 5 μm. All the data in this figure correspond to mean values obtained from three replicates; error bars are the standard deviation of
the mean.
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selective antibody−antigen interactions. To this end, we have
designed antigen-conjugated four-armed DNA nanostars that
phase separate into micron-scale droplets only in the presence
of the specific bivalent antibody that recognizes the antigen.
Thanks to the specific nature of the interactions involved in the
phase separation process, it is possible to rationally design
different antigen-conjugated nanostars that undergo orthogo-
nal phase separation in the presence of different antibodies.
Such immune-induced phase separation also occurs as a
function of antibody concentration, demonstrating the

possibility of utilizing a similar approach for sensing
applications.

By incorporating a broader range of molecular inputs into
DNA condensates, more complex and functional biomolecular
structures can be created that closely mimic the complexity
and dynamics of natural cellular systems. This multicomponent
approach expands the scope of DNA nanotechnology and
synthetic biology and offers new opportunities for the
development of advanced biomaterials, bioinspired devices
and biotechnological applications that take advantage of the

Figure 5. Programmable dissolution of antibody−DNA hybrid condensates. (a) Scheme of the antibody−DNA hybrid condensates’ dissolution
through competition with free antigen. (b) Epifluorescence microscopy images demonstrating the dissolution of biotin antibody−DNA
condensates after the addition of free biotin (100 μM). (c) Plot of normalized average area vs the concentration of free biotin. (d) Fluorescence
intensity line plot of the labeled anti-biotin antibody within hybrid condensates after the addition of varying free biotin concentrations. (e) Scheme
of papain-driven biotin antibody−DNA hybrid condensates’ dissolution. (f) Time-dependent plot of the normalized average area of antibody−
DNA hybrid condensates with different degradation times by varying the concentration of papain. (g) (Top) Epifluorescence microscopy images of
biotin antibody−DNA condensates after the cyclic addition of anti-biotin antibody and papain. (Bottom) Average area of condensates measured
after each addition. (h) Time-dependent plot of the normalized average area of the antibody−DNA hybrid condensates after the cyclic addition of
anti-biotin antibody and papain. Experiments were performed in 10 mM Tris HCl, 0.5 M NaCl, 15 mM Cysteine, pH 7.5 buffer at T = 25 °C.
[Biotin−DNA nanostars] = 300 nM, [anti-biotin antibody] = 150 nM. Papain was added at a concentration of 1.5 μM, unless otherwise specified.
All scale bars of the microscopy images are 5 μm. Data in panel c correspond to the mean values obtained from three replicates; error bars are the
standard deviation of the mean.
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synergistic interactions among DNA, proteins, RNA and small
molecules. The antibody-triggered, concentration-dependent
phase separation, for example, can provide highly selective,
multiplexed detection of biomarkers at low concentrations.
Antibody-responsive condensates can also be employed to
encapsulate and release therapeutic cargos in response to
specific immune signals, enabling spatial and temporal control
of drug availability. Finally, these hybrid condensates could
enable the creation of dynamic biomimetic intracellular
condensates, providing a platform to study natural phase
separation processes or engineer novel cellular functions.

■ EXPERIMENTAL SECTION
Chemicals. All reagent-grade chemicals, including Trizma hydro-

chloride, Sodium chloride, Cysteine, biotin and digoxigenin were
purchased from Sigma-Aldrich and used without further purifications.
All buffer solutions were filtered through 0.22 μm syringe filters
(Millex), stored at 4 °C and used within 3 weeks of preparation.
Papain (Carica papaya) was purchased from Merck (Darmstadt,
Germany).

Antibodies. Goat polyclonal anti-digoxigenin antibody and goat
polyclonal anti-biotin antibody were purchased from Vector
Laboratories (USA), sheep polyclonal anti-Dig Fab fragment was
purchased from Merck (Darmstadt, Germany) and goat polyclonal
anti-biotin Fab fragment was purchased from Rockland (USA).
AF647 mouse monoclonal anti-biotin antibody was purchased from
Biotium (USA). AF488 goat polyclonal anti-Dig antibody was
purchased from Vector Laboratories (USA). Mouse monoclonal
anti-DNP antibodies were purchased from Sigma-Aldrich, (USA).
Cetuximab, monoclonal Anti-MUC1 antibody and EGFR protein
were kindly provided by Merck (Darmstadt, Germany).

Oligonucleotides. The sequences of the DNA oligonucleotide
strands were modified from the 4-arm nanostars reported elsewhere.9

Oligonucleotides were synthesized, labeled and HPLC-purified by
Metabion International AG (Planegg, Germany) and Biomers
(Germany) and used without further purification. PNA/Peptide
chimera probes were purchased from Panagene (South Korea). The
oligonucleotides were shipped lyophilized and then dissolved in
phosphate buffer 30 mM, pH 7.2 at a concentration of 100 μM and
stored at −20 °C until use. The sequences of all the oligonucleotide
strands used are reported in the Supporting Information.

EGFR−DNA Hybrid Conjugation. Conjugation of DBCO-
modified DNA strands to the protein EGFR was performed using
ProFire (Dynamic Biosensors, Germany) and an amine coupling kit
following the manufacturer’s instructions. For that, 4 nmol of DNA
was conjugated with 400 μg of EGFR overnight. The cross-linking
products were separated by ion exchange chromatography using the
ProFire equipment, and after the data analysis with the equipment
software, the fractions that correspond to 1:1 binding ratio were
collected and stored at −20 °C.

Preparation of Antigen-Conjugated DNA Nanostars. All
nanostars were formed by mixing each oligonucleotide at a final
concentration of 15 μM in a buffer consisting of 10 mM Tris-HCl
(pH 7.5). To fluorescently label the nanostars, one of the strands was
modified using a fluorescent dye, which was mixed at a 5% molar ratio
in the solution. The mixture was placed in a Bio-Rad Mastercycler
Gradient thermocycler, held at 95 °C for 5 min and then gradually
cooled to room temperature at a rate of −0.2 °C/min. The assembled
nanostars were subsequently stored at 4 °C for preservation. Each
antigen−DNA nanostar was prepared separately. For nanostars with a
modular design, they were first prepared as reported above using the
four structural oligonucleotides and then incubated for 30 min with
the EGFR- or MUC1-conjugated oligonucleotide (1:1 ratio) at room
temperature.

Immune-Induced Formation of Antibody−DNA Conden-
sates. Immune-induced formation of antibody−DNA hybrid
condensates was achieved in 0.5 mL Eppendorf tubes by isothermally
mixing antigen−DNA nanostars (or antigen-mimic DNA nanostars)

(300 nM), NaCl (0.5 M) and varying concentrations of a specific
bivalent antibody (or synthetic antibody-mimic DNA duplex) in 10
mM Tris−HCl buffer (pH 7.5). Immediately after the addition of
antibody, the mixture was incubated at 25 °C for 1 h (unless
otherwise indicated in the text) in a thermoshaker at 330 rpm in order
to prevent condensate sedimentation.

Fluorescence Microscopy. Epifluorescence micrographs were
obtained using a Zeiss Observer 7 inverted epifluorescence micro-
scope equipped with a 100× oil immersion objective (EC Plan-Neo
Fluor) and a monochrome Axiocam 305 camera. Samples were
transferred and imaged into a 6-channel microfluidic chamber μ-Slide
VI 0.4 polymer coverslip (Ibidi, Germany). Samples containing Cy3,
Cy5/AlexaFluor647 and 6-Fam/AlexaFluor488 were visualized at
excitation wavelengths of 548, 650 and 493 nm, respectively. The
exposure time for image acquisition was set at 150 000 ms for
fluorophores conjugated to nanostars and at 20 000 ms for the
fluorophore conjugated to the antibody. Imaging was performed at
room temperature. For each experiment, 13 images were acquired at
each time point in each experimental replica, in order to cover the full
surface area of the μ-chambers. Images were initially acquired using a
region of interest (ROI) of 2464 × 2056 pixels, while a cropped area
of 500 × 500 pixels is reported in figures. Videos are shown with
enhanced contrast for better visualization.

Confocal Microscopy. An EVIDENT FV-4000 confocal laser
scanning microscope was used to investigate the spatial distribution of
Cy3 (biotin−DNA nanostars) and AF647 (anti-biotin antibody)
fluorophores within condensates. Fluorescence emission was collected
using a 60× oil immersion objective. Images were acquired at three
different wavelengths (Laser 488 λex = 488 nm, λem = 520 nm; Laser
555 HeNe λex = 555 nm, λem = 572 nm; Laser 635 Diodo λex = 635
nm, λem = 668 nm).

Image and Data Analysis. Microscope images were exported as
Tag Image File Format (.tiff) files. Image analysis was carried out
using ImageJ (National Institutes of Health, USA) and custom-made
scripts, without applying any LUTs or scaling modifications. Analyses
were performed on 10 random microscope images per experimental
condition. The density (count/mm2) and the mean diameter/area
were calculated for each image. These measurements were repeated
across three replicates. Final values were reported as the mean of the
replicate averages, with standard deviation representing the variation
among replicates. For time-lapse experiments, the mean area/
diameter was calculated for each image corresponding to a specific
time point. Standard deviation represents the variation within the
sample at a specific time point. Colocalization analysis was performed
using the JACoP (Just Another Colocalization Plugin) plugin in
ImageJ. Pixel intensities from both channels were extracted and
normalized. Pearson’s coefficient was calculated using correlation
analysis in Prism-GraphPad software. Binding curves were fitted using
Prism-GraphPad software with its built-in Hill function. Kinetic
curves were fitted using a one phase decay equation in the same
software. Normalization of the average condensate area was
performed by dividing the mean condensate area at each condition
by the mean condensate area measured before the addition of free
antigen or papain.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.5c13855.

Additional experimental details and oligonucleotides
sequences used; theoretical model, curve fitting, control
and supporting experiments (PDF)
Video S1, Formation of antibody−DNA hybrid
condensates using 300 nM of biotin−DNA nanostars
and 150 nM of anti-biotin antibody; anti-biotin antibody
is conjugated to AlexaFluor647 (shown in green) (MP4)
Video S2, Confocal z-stack of antibody−DNA hybrid
condensates using 300 nM of biotin−DNA nanostars
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and 150 nM of anti-biotin antibody; biotin−DNA
nanostars are conjugated to Cy3 (shown in red) and
anti-biotin antibody is conjugated to AlexaFluor647
(shown in green); from left: Cy3 channel, Cy5 channel,
bright field (BF) and merged (MP4)
Video S3, Papain-driven biotin antibody−DNA hybrid
condensates dissolution, using 300 nM of biotin−DNA
nanostars, 150 nM of anti-biotin antibody and 1.5 μM of
papain; anti-biotin antibody is conjugated to Alexa-
Fluor647 (shown in green); left: theoretical simulation,
right: experimental result (MP4)
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