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Abstract
The self-assembly ofmolecular andmacromolecular building blocks into organized patterns is a
complex process found in diverse systems over awide range of size and time scales. The formation of
star- or aster-like configurations, for example, is a common characteristic in solutions of polymers or
othermolecules containingmulti-scaled, hierarchical assembly processes. This is a recurring
phenomenon in numerous pattern-forming systems ranging from cellular constructs to solutions of
ferromagnetic colloids or synthetic plastics. To date, however, it has not been possible to systematically
parameterize structural properties of the constituent components in order to study their influence on
assembled states. Here, we circumvent this limitation by usingDNAnanotubes with programmable
mechanical properties as our basic building blocks. A small set ofDNAoligonucleotides can be chosen
to hybridize intomicron-lengthDNAnanotubeswith awell-defined circumference and stiffness. The
self-assembly of these nanotubes to hierarchically ordered structures is driven by depletion forces
caused by the presence of polyethylene glycol. This trait allowed us to investigate self-assembly effects
whilemaintaining a complete decoupling of density, self-association or bundling strength, and
stiffness of the nanotubes. Ourfindings showdiverse ranges of emerging structures including
heterogeneous networks, aster-like structures, and densely bundled needle-like structures, which
compare to configurations found inmany other systems. These show a strong dependence not only on
concentration and bundling strength, but also on the underlyingmechanical properties of the
nanotubes. Similar network architectures to those caused by depletion forces in the low-density
regime are obtainedwhen an alternative hybridization-based bundlingmechanism is employed to
induce self-assembly in an isotropic network of pre-formedDNAnanotubes. This emphasizes the
universal effect inevitable attractive forces in crowded environments have on systems of self-
assembling softmatter, which should be considered formacromolecular structures applied in
crowded systems such as cells.

1. Introduction

Mechanisms leading to the self-assembly of ordered patterns have beenwidely observed over the years in
numerous scientific disciplines, in systems comprised of differentmaterials, and over a broad range of time and
size scales [1]. Examples reach from theoretical simulations at the atomic scale [2] to the aggregation of
amphiphilic lamella [3] and the self-assembly of rod-like viruses [4] to the nucleated growth of spherulite phases
inmelts of polymers such as isotactic polypropylene (iPP) [5]. Furthermore, spatiotemporal pattern-formation
driven by out-of-equilibriumprocesses can lead to highly complex behaviors [6].
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In particular, solutions offilamentous polymers show a surprising range of self-assembled states on the
mesoscopic scale [7–10]. Although the underlying components can be diverse, some self-assembled types of
order found in these systems show characteristics highly similar to those found throughout various disciplines.
One prominent example is the presence of star-like ‘aster’ structures, which are found in diverse systems
comprised of fundamentally differentmaterials such as inorganic, ferromagnetic colloids [11, 12], commercial
plastics like iPP [5] aswell as in several distinct systems of biological origin [7–10, 13–15]. From a biophysical
point of view, aster formationwas commonly attributed to energy-consuming self-organization caused by the
activity ofmolecularmotors. They can actively organize rodlikemicrotubules [9, 15] or semiflexible actin
filaments [7, 10] into radially-clustered, star-like configurations. Recent studies, however, show that these
structures form alsowithout converting chemical energy intomechanical work [8, 13, 16]. It is rather a general
feature of isotropic filamentous solutions driven by self-assembly effects caused by entropymaximization
towards an equilibrated system [8, 13].

It is important to carefully differentiate between the terms ‘self-organization’ and ‘self-assembly’, which are
often used interchangeably or are understood differently in the various disciplines. For thework presented here,
we conform to the definitions given byHalley andWinkler, where themain distinction between the two terms is
energy dissipation [17, 18]. Self-organization creates order through a permanent energy dissipationwhile self-
assembly refers to a decrease of the free energy of a given system.

In our study, we investigate a self-assembly process driven by depletion forces. These depletion forces are
caused by excluded volume effects in crowded environments and induce a grouping of suspended particles in
polymeric or colloidal solutions [19]. Thus, this inherent physical principle relies solely onmaximization of
overall entropy in crowded systems, whichmay influence active entities such as the internalmachinery of cells
[20]. For instance, the addition of a crowding or depletion agent such as polyethylene glycol (PEG) can induce
suspended, filamentous biopolymers such as actin to become grouped into aligned, bundled structures with
different collectivemechanical properties than their singular form [21–25]. By further increasing the
concentration of the involved components, these depletion forces cause an arrangement of these biopolymers
into hierarchically ordered structures such as asters [8, 13]. These recent findings demonstrate that the
formation of ordered structures can also be realized in biopolymer solutionswithout the actively driven
rearrangement of constituents in an energy-dissipating, self-organizing process. Instead, the process is
dominated by the local interaction between geometrical arrangement and entropymaximization. This indicates
that the intrinsic physical properties of the underlying constituents will have a strong influence on the self-
assembly process and formation of hierarchically ordered structures. For example, the bending rigidity of a
filament determines the nature of its transverse fluctuationmodes, each of which contributes to the overall
entropy of the system. These are suppressedwhen afilament is bundled together with otherfilaments due to, for
example, depletion forces. This entropic cost competes against the entropic gain resulting fromdepletion-
induced association, and the balance between the twowill shift depending on the stiffness of the constituent
filaments. These types of intrinsic physical parameters such as stiffness have not been accessible in previous
studies on the emergence of ordered self-assembly in systems such as actin [8, 13],filamentous bacteriophages
[4] or tubes of amphiphilicmolecules [3], and therefore their importance has not been investigated. Although
strikingly similar self-assembledmotifs are observed throughout diverse disciplines coveringwidely dissimilar
underlyingmolecular components [3–5, 8, 13], a unifying picture is still not described. The underlying problem
is twofold:many of the critical physical parameters within any given system cannot be systematically varied in a
decoupledmanner while a rigorous connection betweenmolecularly dissimilar systems is questionable.

Previously, changing the stiffness of the underlying filament could be only accomplished by either switching
to an entirely differentmaterial (e.g. from semiflexible actin filaments tomore rigidmicrotubules) or
introducing other components such as proteins or chemicals. These changes, however, are accompanied by a
different set of properties and alter these systems fundamentally. Other recent studies were able tomanipulate
the average persistence length of artificial peptide-based helical filaments over a range extending from a few
nanometers up to approximately 200 nm [26, 27]. However, to date themechanical properties of the underlying
components cannot be tuned over a large range to study their influence onmesoscopic structure formation,
which can be resolved by our approach. Structural programmability of composite, biologically-derived
molecularmotor constructs throughDNAmolecules has already been used to reversibly self-organize aster
structures in an active, energy-dissipatingmicrotubule- and kinesin-based system [28].

One central aimof our study is to investigate the influence of thefilaments’ stiffness as one distinct
parameter on the formation of hierarchically ordered structures. By utilizingDNAnanotubes with
programmable diameters as ourmodel filaments, we are able to vary the persistence length, which is ameasure
of stiffness, without changing the basicmaterial.

Here, we do not rely on naturally occurring components but use synthetic constructs withwell-defined and
fully tunable properties. TheseDNAnanotubes are formed by a tile-based design, where partial
complementarity between neighboring strands in a cyclicalmanner lead to enclosed rings of double-helical
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segments with a discrete diameter (figure 1). Due to the staggered arrangement of neighboring tiles, the
hybridization of further oligonucleotides leads to the formation, or effective polymerization, offilamentous
DNAnanotubes typicallymeasuring severalmicrons in length [29, 30]. A similar DNA-based tube design has in
fact been demonstrated to exhibit similar polymerization kinetics as actin filaments andmicrotubules [31]
supporting the applicability of this purely syntheticmodel system. By varying the number ofDNA strandswhich
make up the basic ring structure, the nanotube’s architecture aswell as its circumference can be controllably
varied (figure 1(b)). Slightly changing the circumference leads to a corresponding change in the nanotube’s
mechanical properties quantified as an altered persistence length [29].

The formation of complex,mesoscopic, condensed aggregates consisting of repeatingDNAmotifs
generated by PCR reactions has been previously addressed, for instance, in the frame ofmedical applications
[32–36]. Other studies have focused onmesoscopic crystallization phases of short, non-hybridizingDNA
oligomers through either end-to-end stacking or crowding effects [37–39].

In our study a chosen set of DNA sequenceswas used to hierarchically assemble large, isolated
mesostructures consisting of precisely defined, structurally programmable filamentous subunits. The effect of
systematically altering the stiffness of theseDNAfilament subunits was shown to significantly impact thefinal
self-assembled architecture.We systematically studied a broad range of emerging self-assembled structures
within hierarchically defined systems consisting of rodlike orfilamentousDNAnanotube subunits.

2.Materials andmethods

2.1.DNAnanotube formation
DNAnanotubes were hybridized from single strandedDNA sequences with a length of 42 nucleotides. All
sequences (appendix table A1)were purchased fromBiomers withHPLCpurification. LyophilizedDNA
sequenceswere diluted in double distilledwater to a desired concentration. This concentrationwasmeasured by
absorption spectroscopy at 260 nmusing aNanodrop 1000 (ThermoFisher Scientific Inc., USA). In order to
hybridize a nanotube of a desired strand number n, sequencesU1 toU(n−1) andTnweremixed in TE buffer
(20 mMTris, pH7.6, 2 mMEDTA) containing 12.5 mMMg2+. Forfluorescent visualizations of these
nanotubes,modifiedU1 oligonucleotides were used. These strands carried afluorescent Cyanine dye 3 (Cy3)
modification at the 5’ end and featured two additional thymine bases in between acting as spacer. U1-Cy3was
added at onefifth of the total desired oligonucleotide concentration for labeling. PEG (35 kDa—Sigma-Aldrich)
was used as a crowding agent in different concentrations to induce depletion forces in the system.

For an alternative bundlingmechanismwithout additional depletion agents, the existing sequences have
been replaced bymodified ones. The twomodified strands (U2 andU3)were orderedwith an additional shorter
sequence separated by three spacer thymine bases. These sequences are complimentary to each other and have
been chosen due to their significantly lowermelting temperature compared the othermatching sequences. This
ensures that the bundling occurs after the formation of the nanotubes and does not interfere with their
hybridization.

Final samplemixtures were placed between two Sigmacote-passivated glass slides (Sigma-Aldrich) and
sealedwith vacuumgrease and nail polish in order to prevent evaporation.

Within these chambers, theDNAnanotubes were hybridized according to the original protocol by Yin et al
[30] in a custom-build thermocycler device appropriate for their geometry. The temperature ramp started at
90 °Candwas held constant for 10 min before decreasing the temperature to 65 °Cover 30 min. The sample was

Figure 1. Formation of n-helix tubes. (a)The schematic shows the secondary structure of thin sheets consisting of four, specifically
designedDNAoligonucleotide ‘tiles’ forming a 4-helix tube (4HT). These strands have partially complementary sequences to drive
the polymerization ofDNA sheets. The set of strands are designed in a cyclicalmanner, which causes the sheet to close into a ring-like
configuration. Due to the staggered design of neighboring tiles, thesemonomer-like rings can effectively polymerize, leading to aDNA
nanotube. This basic design can be extended to formnanotubes withmore strands and larger circumference. (b)Weemployed four
different types of nanotubes with differing persistence lengths. As indicated in the cross sections, the strand numbers 4HT, 6HT, 8HT,
and 10HTwere used in this study. Inspired by [30].
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allowed to equilibrate for an additional 30 min and subsequently the temperature was dropped by 0.5 K every
30 min for a total duration of 10 h. After finishing the temperature ramp the setup cooled to room temperature
over the course of two hours. During the entire folding process the temperature within the device wasmonitored
with a PT1000 sensor (Heraeus).

2.2. Imaging techniques
Fluorescencemeasurements were performed using an epi-fluorescence LeicaDM IRBmicroscope equipped
with a 100×oil-immersion objective (Leica 11506168) and an iXonDV887 back illuminated EMCCDcamera
(Andor Technology). Fluorescence excitationwas inducedwith amercury vapor lamp and anN2.1filter cube
(Leica 11513882, excitation filter from515 to 560 nm) transmitting only thewavelength exciting Cy3 to the
sample. Imageswere recorded as grayscale pictures with the camera-associated Andor SOLIS software.

2.3. Analytical tools
Recorded grayscale images were analyzed using ImageJ and the available pluginRidgeDetection (http://fiji.sc/
Ridge_Detection). This plugin is based on the detection algorithmdescribed by Steger [40] for detecting ridges
and lines. Acquired rawdata from this routine yielded the line-width of the detected objects (appendix figure
A1). Datawas further processed using IPython [41] andMATLAB (theMathworks, R2013a). Analysis has been
performed for all conditions where bundles occurred, either as the exclusive feature, or as a part of a coexistence
state with asters or needle-like structures.We excluded small structures from further analysis, whichwere in fact
detected by the algorithmbut cannot be treated as a bundle ofDNAnanotubes (figure A1(b), white circle). These
features can originate, for instance, fromother bundles outside of the focal plane or due to the stochastic nature
of the assembly process. Thus, small debris with no apparent elongated structure can occur, which cannot be
considered as parallel bundles ofDNAnanotubes and should not be accounted for determining the linewidth.

3. Results

3.1. Formation of complex structures depends ondepletion strength
The system employed in this study offered a variety of advantages. Since the formation of nanotubes is based on
DNAhybridization, the polymerization process from individual strands to elongated nanotubes can be triggered
solely by temperature change (section ‘DNAnanotube formation’). This allowed us to premix all required
ingredients, seal them in a closed system, and then trigger the assembly process by subjecting it to an appropriate
temperature ramp. At the origin of the ramp, the high temperature (90 °C) prevents the hybridization of
complementaryDNA segments of the length used here, ensuring that the single-stranded tiles are in an isotropic
state. Having an isotropic closed system in the beginning prevents influences of network history on the outcome.
The impact of network history on ordered self-assembly has been reported earlier for other polymeric systems
[8, 13]. Depletion forces were introduced using the chemically inert, temperature resistant polymer PEG [19].

Depletion strengthwas altered via a stepwise increase of PEG content. A representative example is shown in
figure 2 for a 6-helix tube (6HT) at a concentration of 32 μMfor each type of single-strandedDNA tile (netting
roughly 0.25% (w/v) for total DNA content). The network undergoes a clearly visible transition from an
isotropic (figure 2(a)) to an anisotropic network already for small amounts of PEG (2.5%,w/v) (figure 2(b)).
Characteristic bundles form at lowPEG concentrations up to 5% (figure 2(c)). The system then undergoes a
sharp transition to larger,more complex structures for high PEG concentrations (10%) (figure 2(d)). These
structures display amore radial arrangement, reminiscent of astermorphologies seen in other systems
[5, 7, 9, 10, 42]. For higher PEG concentrations at or beyond 15%, depletion forces are so strong that the system
is compressed to small condensed aggregates (figure 2(e)). These different PEG regimes have been investigated

Figure 2.Transition of 32 μM6HT from an isotropic network to ordered bundles and needle-like structures with increasing PEG
content. The PEG content for each samplewas: (a) 0%, (b) 2.5%, (c) 5%, (d) 10%, and (e) 15%. The scale bar is 20 μm.
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for all DNAnanotubes. Since 2.5%PEGand 5%PEGdonot show a noticeably differentmorphology, the 2.5%
PEG sampleswill not be shown later in the text.

3.2. Influence ofDNAnanotube stiffness on self-assembled states
To fully investigate the assembly characteristics ofDNAnanotubes under the influence of depletion forces, we
also varied the characteristics of the tubes themselves. Our approachwas two-pronged: the effect of altering the
overall nanotube density was determined by scanning through awide range ofDNA tile concentrations, and the
influence ofmechanical stiffness was analyzed by scanning through PEG andDNA concentrations for each of
the four utilized nanotubes with different persistence length. Effectively, this allowed us to independently scan
through three decoupled parameters; nanotube density, association strength, andmechanical stiffness.

By using programmable DNAnanotubes the persistence length of the underlying filaments can be controlled
by their architectural design [29]. Four different types of nanotubes were investigated in this study: 4-helix tubes
(4HT), 6-helix tubes (6HT), 8-helix tubes (8HT), and 10-helix tubes (10HT). Previous studies have revealed a
polydisperse length distribution for these nanotubes with amean length of about 6 μm [30]. Persistence length
measurements by Schiffels et al [29] for the investigated nanotubes and previously unpublished ones for 4HT
have been confirmed by our ownmeasurements for our conditions (data not shown). This allows us to
investigate different stiffness regimes.With a persistence length of∼1.2 μm, 4HT resemble amoreflexible
regimewith a ratio of persistence length (lp) tomean length (Lmean) of 0.2 for an individual nanotube. 6HT
feature a persistence length of∼3.2 μmand an lp-to-Lmean ratio of 0.5 while 8HT feature a persistence length of
∼8.9 μmand an lp-to-Lmean ratio of 1.4. These two tube populations approachwhat is considered a semiflexible
regime. 10HT fall in a stiffer, although not rod-like (lpLmean) regime, with a persistence length of∼12.7 μm
and an lp-to-Lmean ratio of 2.1. This set ofDNAnanotubes covers one order ofmagnitude in stiffness without
further changes to the chemical ormaterial properties of the system. The change in diameter of the nanotubes
leading to the difference in persistence length is on the scale of nanometers, and changes roughly by a factor of
two (from approximately 5 nm for 4HT to 9 nm for 10HT) for the entire range of investigated nanotubes. It can
be expected that the diameter of individual nanotubes has aminor influencewith respect to the comparatively
larger change in stiffness.

Typical assembly characteristics of the different types of nanotubes for different concentrations and under
varying depletion forces are shown infigure 3. The self-assembled structures are visualized by representative
fluorescent images in each image series.

For lowDNAconcentrations (16 μM) and lowPEG content (5%), each of the four investigated types ofDNA
nanotubes formbundled networks (bottom left panel of each image series).With increasing stiffness, the
observed bundles appear shorter and denser. Characteristic aster-like structures, reminiscent of those seen in
other systems [8–10, 43], can only be observed using 4HT at these conditions. These structures can be
recognized by their radial appearance, with an interconnection point in the center of severalmerging bundles.
For higher PEG content (10%) at lowDNA concentrations (upper left panel) the networks changed into an
irregular aster-like state, except for 10HT,which still resembled thick short bundles. For 4HT it was possible to
increase the PEG content even further to 15%without completely condensing the system. Again isolated aster-
like structures could be observed (appendix figure A2). All otherDNA concentrations for 4HT and the three
other types of nanotubes used showed condensed aggregations at 15%PEG (data not shown).

For intermediate DNA concentrations (32 μM) and lowPEG content (bottommiddle panel), bundled
networkswith decreasing length for increasing nanotube stiffness could again be observed for the three stiffer
types of nanotubes, while 4HT show aster-like structures which are interconnected via long bundles. This
characteristicmorphology is conserved for the 4HTwhen going to high PEG content (topmiddle panel). In
contrast, for the other stiffer nanotubes at 32 μMDNAconcentration and high PEG content a new type of
characteristic structure emerges. Due to their highly similarmorphology to structures reported for the assembly
of amphiphilic building blocks by Losensky et al [3], we likewise adopt their naming convention of ‘needle-like
structuresʼ. These large structures are fundamentally different in their appearance. They are significantlymore
compact, without showing long outgrowths of thin bundles as seen in the aster-like structures, and are on the
scale of several tens ofmicrometers.While the softer 6HT show a coexistence of an intertwined bundled network
with needle-like structures in-between, 8HT and 10HT showonly the needle-like state for these conditions. This
needle-like state was not observed for 4HTunder any of the tested conditions.

For higher concentrations, therewas a practical limitation on the larger-diameter nanotubes. Inherent
errors in accurately pipetting small volumes of highly viscous concentrated PEG solutions togetherwith
increasingly large sets of highly concentrated (1 mMandhigher)DNAoligonucleotide tiles would require, for
example, lyophilization ofDNA tile sets. Therefore, in order tomaintain consistency in sample preparation
across all regimes, a slightly lowermaximumDNAconcentration for 10HT (50 μM)was used compared to the
other types of nanotubes (64, 80 μM). For 4HT the highestDNA concentration (80 μM) at lowPEG content did
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not show characteristic aster-like structures as observed before (bottom right panel), but rather an isotropic
network of bundles. Thismight be attributed to the increasing steric hindrance exerted between the formed
bundles, which limits the possibility for them to arrange into centralized aster clusters. For higher PEG content
(upper right panel) isolated asters still appeared for the 4HT. For the stiffer nanotubes (6HT, 8HT, and 10HT) a
state involving needle-like structures could already be observed for lowPEG content (bottom right panel). In the
case of 6HT and 8HT, a coexistence of needle-like structures embedded in a bundled network similar to that
seen at lowerDNA concentrations was observed. For the stiffer 10HT, even though themaximumconcentration
of 50 μMis somewhat lower than for the 6HT and 8HT, a full transition to exclusively needle-like structures
with no evidence of a remaining background network of bundles was clearly evident. For these higherDNA
concentrations, only condensed aggregates occurred for 6HT and 10HTwith higher PEG content (upper right
panel). In contrast, 8HT still formed large, isolated needle-like structures under these conditions. In the absence
of PEG all samples showed isotropic networks comparable tofigure 2(a) (data not shown). Birefringence
measurements did not reveal any nematic alignment or characteristic zebra stripe patterns previously reported
in highly concentrated solutions of semiflexible filamentous biopolymers [44].

3.3. The relation of assembly behavior to the thickness ofDNAnanotube bundles
Adeeper insight into the behavior of the involved bundled structures is given infigure 4. Samples have been
analyzed and evaluated as described in section ‘analytical tools’. Here, wemonitored the line-width thickness of
DNAnanotube bundles in all low-PEG (5%PEG) samples where they appeared. This included states consisting
solely of bundle or aster-like structures, as well as the coexistence states where bundles appeared togetherwith
aster- or needle-like structures. Samples exhibiting only needle-like structures or condensed aggregates were not
suitable for evaluation here. Thismeasure of line-width should not bemistaken for an absolute bundle thickness
due to thefluorescent labeling; instead it allows away to compare influence on the basic bundlingmechanism at
different conditions.We expect that there is a roughly direct correlation between the detected linewidth and the
thickness of the bundle beyond aminimum threshold defined by the diffraction limit. Resultantly, any increases

Figure 3.Observed self-assembled state for all investigatedDNAnanotubes for low (5%) and high (10%)PEG content. The
concentrationwritten below the panels represents the concentration of eachDNAoligonucleotide tile and thus of the nanotube unit-
rings. Scale bar is 20 μm.Amore detailed representation can be found in figure A3 (appendix).
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in the bundle thickness will lead to amonotonic increase in the observed line width.However, there is no current
method to reasonably determine this proportionality factor and thus the number of involved filaments.

The observed bundle line-width thickness is comparable for all different types of nanotubes and
concentrations in the systemwithin constraints provided by the resolution limit of our setup (figure 4),
displaying values between approximately 700 nmand 1 μm.This is consistent for all four types of nanotubes
used, as well as across the broad range ofDNA tile concentration range from16 to 80 μM.For both 6HT and
8HT, a non-negligible increase of approximately 20%–30% in bundle thickness is evident for the highest
(64 μM) concentrations ofDNA tiles where a coexistence with needle-like structures was observed, as compared
to the respective bundle-only state for the same nanotube diameter.

3.4. Alternative bundlingmechanism
We implemented an alternative attractive bindingmechanismbetweenDNAnanotubes based on the
hybridization of complementary, single-strandedDNA segments connecting the assembled nanotubes. For this,
two of the usual DNAoligonucleotide tiles were appendedwith an additional sequence at the 5′ end (section
‘DNAnanotube formation’). These sequences were complementary to each other in order to enable binding.
Theywere situated far enough apart on the tube surface to ensure that only binding between different nanotubes
was possible, and themelting temperature of the complementary segments was chosen to be low enough to
ensure that these connections formed at a later time point in the temperature ramp thanwhere the nanotubes
themselves are formed. This enabled an investigation of whether, in principle, bundled structures could be also
formed starting froman isotropic network of pre-assembledDNAnanotubes where the bundling force is
selectively ‘switched on’, as opposed to via depletion forces which are also present during the formation of the
nanotubes themselves.

Themost drastic effect has been observed for 4HT (figure 5(a)). At 16 μMDNAconcentration, even in the
complete absence of any other component such as PEG, they form a clearly inhomogeneous network of bundled
structures as a result of the hybridization-based connection of neighboring nanotubes. These are similar in
appearance to low-PEG, low-DNA concentration samples for stiffer 6HT (figure 3), and can be clearly
distinguished from the usually occurring isotropic networks at 0%PEG (figure 2(a)). Curiously, further
increasing theDNA concentrationweakens the bundling effect, so that it becomes dominated by large,
unbundled, isotropic domains (figure 5(b)). This behavior is in direct opposition to our earlier observations that
an increase in concentration leads to the appearance or domination ofmore compact structures, andmight be
attributed to the increasing steric hindrance for denser networks aswill be addressed later in the discussion.

4.Discussion

In this studywe present a highly diverse range of emerging structures induced by a local attractive force acting on
DNAnanotubes in solution.

Figure 4.Boxplot for width distributions of bundled structures appearing in all relevant states for each of the utilizedDNAnanotubes
in low-PEG (5%) conditions. The back line represents themedian, the surrounding colored box includes 50%of all data, and the
whiskers all data within the 1.5 interquartile range. Analysis has been performed for all conditions where bundles occurred, either as
the exclusive feature, or as a part of a coexistence state with asters or needle-like structures.
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The architecture of self-assembled structures was found to depend on the strength of the induced attraction,
the concentration of the underlyingDNAnanotubes aswell as theirmechanical properties. For the first time, we
investigated the influence of thesemechanical properties in amanner entirely decoupled from the other
parameters, by altering nanotubes’ architectural design to controllably vary their persistence length. Through
this, we give a broader view of the interaction and self-assembly of filamentous, rod-like polymers within a
crowded environment without any necessity to change our basicmaterial.

Having this unique possibility to cover one decade of persistence length in addition to scanning awide range
of bothDNAandPEG concentrations, wewere able to generate a broad range of structures. These are highly
reminiscent to those that have been observed in systemswith vastly different types of constituentmaterials
[3, 7, 8, 10, 39, 43], although in our case occurring within a singlematerial system.We could confirm and further
generalize that association offilaments in solutions into hierarchically ordered structures is a general feature of
unspecific, attractive interactions between filaments starting froman isotropic initial state. Structures occurred
bymere energyminimization and entropymaximization of the system, towards an equilibrium state, without
the need to actively dissipate energy.We see a clear impact of the underlying architecture of the componentDNA
nanotubes on thefinal assembled state. A graphical representation of this complex behavior is summarized in an
approximate diagram suggested infigure 6.We note that this overview aims to combine the diverse regimes and
drawn boundaries are only chosen to guide the eye. Transitions fromone regime to another cannot be resolved
with the used closed systems since initial starting conditions cannot be alteredwithin one sample.

More flexible 4HT characteristically form long interconnected bundles with star- or aster-like arrangements
for PEG concentrations above aminimum threshold (figure 6(a)). Even for very high PEG concentrations
(>15%PEG) theywere able to form asters at lowerDNA concentrations (16 μM), although they did exhibit
condensed aggregated states at highDNA concentrations. The emergence of the dense, although still highly

Figure 5.Emerging bundling and density fluctuations due to the alternative bundlingmechanism. 4HT carried additional
complementary DNA segments andweremeasured for (a) low and (b) high concentrations. The scale bar is 20 μm.

Figure 6. Suggested diagram for observed self-assembled states, as a function of the attraction strength (depletion forces) andDNA
concentration. (a) Flexible nanotubes (4HT). (b) Semiflexible and stiffer nanotubes (6–10HT).
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ordered needle-like structures was never evident for 4HTunder any conditions. This is in stark contrast to the
observed behavior typical for the stiffer 6HT, 8HT, and 10HT (figure 6(b)). These displayed a far richer variation
in self-assembledmorphologies, including bundled networks, aster-like structures and the dense needle-like
structures, as well as evidence of coexistence states of aster or needle-like structures embedded in a bundled
network. The general trend herewas that a shift towards either higherDNAor PEG concentration, i.e., a higher
component density or increase in attractive depletion forces, led to the preferred formation of the needle-like
structures. For these stiffer filaments, the effect of varying the underlying nanotube stiffness is less clear. As
evidenced by the behavior observed in 10HT, the onset of densermorphologies like the needle-like structures or
condense aggregates is shifted to lowerDNA concentrations (figure 3). This is suggested by the appearance of
completely isolated needle-like structures already at aDNA concentration of 50 μMfor the 10HT,whereas the
significantly higher concentration of 64 μMfor 6HT and 8HT still shows a coexistence with bundles.

A detailed analysis of the thickness of the bundled structures appearing in the different states (excluding
those exhibiting purely needle-like or condense aggregate structures) showed evidence of amaximum limit on
the numbers offilaments, or simply the amount ofDNA,which could be associated longitudinally into a bundle
(figure 4). A consistent value ranging from700 nm to 1 μmfor the line-width of bundles influorescence images
was seen over a broad range of total DNA concentration for all four types of tubes, with a noticeable jumpof
20%–30% for bundlesmeasured in a coexistence statewith needle-like structures.

The similar bundle thickness appearing over both a two-fold variation in nanotube diameter aswell as afive-
fold variation in concentration is consistent with previous observations on otherfilamentous systems that
suggested an effective upper limit in the number offilaments that can be added to a bundle formed by depletion
forces [24]. This is likely due to the fact thatmaterial-specific effects such as surface charge repulsion between
negatively chargedDNAnanotubesmust be balancedwith depletion-induced attraction. Such a balance could
be expected to eventually limit the addition ofmorefilaments to a bundle, evenwith large increases ofmaterial
available to contribute to bundles (e.g. thefive-fold increase of total DNA content for 4HT).

The aforementioned jump in average bundle thickness emerging in the co-existence states with needle-like
structures in 6HT and 8HT could be evidence of a change in the assembly process of the underlying components.
This could happen due to an increasing tendency for repeated, lateral growth of theDNA structures
perpendicular towhat would be considered the tube axis, resulting in the formation of extended sheet-like
architectures rather than discrete tubes.While earlier studies on this type ofDNAnanotube design have clearly
shown that discrete tubes are preferred for the lower concentrations up to approximately 3 μMper tile [30], the
drastically higher amounts used here in combinationwith local concentration enhancement of growing
filaments due to depletion forces could be responsible for affecting the assembly process of the constituentDNA
structures themselves. This can ultimately lead to a shift to states containing the observed needle-like structures.
Curiously, the structurally similar, needle-like ‘rosettes’ consisting of amphiphilicmolecules as previously
reported by Losensky et al do originate from giant unilamellar vesicles, which are effectively a single sheet in a
spherical geometry [3].

Employing an alternative, hybridization-based bundlingmechanism, whichwas triggered after an isotropic
network of fully-formedDNAnanotubes hybridized, showed thatwe could recreate density fluctuations and
bundling in our system comparable to lowPEG concentrations (figure 5). However, for higherDNA
concentration, this effect weakened possibly as a result of steric hindrance causing decreasedmobility of
nanotubes.Without the possibility for individual nanotubes to rearrange, they are caught in a frustrated state. It
has been previously reported that drastically decreasedmobility suppresses self-assembly and the formation of
patterns [1].While this hybridization-based bundlingmechanismoffers a number of tunable parameters
pertaining specifically to the bundlingmechanism andmerits its own in-depth study, this simple demonstration
gives indication that the direct coupling ofDNAnanotube growth togetherwith the simultaneous bundling
resulting fromdepletion forcesmight be crucial for the assembly ofmore complex and dense structures,
particularly at higher densities.

This apparent congestion at higher densities is evidence that the concomitant assembly and bundling of
nanotubes in samples dominated by depletion forces are important for assembly. This suggests an assembly
mechanismdriven by the radial outgrowth of semi-rigid polymerizingDNAnanotubes fromnucleation points
formed by depletion-induced aggregation of initially hybridized segments consisting of a few oligonucleotides.
Once these growing, hybridized segments become large enough in comparison to the PEGmolecules, theywill
be subject to depletion forces and bundling to other segments. The addition of new tube segments to a growing
nucleus enhances its spatial area, or collision cross-section available for the bundlingwith further radially
growingDNAnanotubes. This type ofmechanismhas been suggested as an explanation for the observed growth
of aster-like structures in actin-myosin solutions undergoing the transition from an actively dissipative to
passive crosslink-dominated state [10].

In our studywe demonstrated how the hierarchical combination of specific (DNAhybridization) and non-
specific (attractive potential) self-assembly leads to a broad variety of complex structures. Here, the rigidity of
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well-definedDNA-based nanotubes is observed to be a key parameter in thefinalmorphology of the assembled
state, in addition to the density and attractive force between thefilamentous components. The assembled
architectures not only bear a strong resemblance to those seen in systemswith entirely differentmolecular
components, but the results also give important insight into the underlyingmechanisms for the hierarchical
assembly of discrete structures in crowded environments. Cells, for instance, have amacromolecular content of
up to 40% [20], which ismore than a factor of two above themaximum threshold used in this study. Clearly this
is a physical factor thatmust be considered in the assembly of well-defined cellular structures frommechanically
dissimilar, filamentous, biopolymer components such as actin,microtubules, vimentin and keratin.
Additionally, the broad interest in applyingDNA-basedmacromolecules, often those of an extended rod-like
geometry and in the size regime subject to crowding effects [16, 45–48], as intracellular therapeutics, suggests
that this basic assemblymechanism should be considered.
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Appendix

Figure A1.Ridge detection algorithmused to determine bundle width. (a)Gray scale image of 6HT at 16 μMDNAconcentration and
5%PEG content. (b)Analysis of the gray scale image yields the backbone (red) and the determinedwidth (green) of the bundle. The
white scale bar is 20 μm. (c)Zoomed image of a tracked bundle. The yellow scale bar is 2 μm.

Figure A2. 4HT at 16 μMDNAconcentration and 15%PEG content show isolated aster-like structures. (a) Lowmagnification
(133×133 μm). (b)Highmagnification (83×83 μm). The left scale bar is 20 μm, the right scale bar 10 μm.
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Figure A3.Observed structures for all investigatedDNAnanotubes for low (5%) and high (10%)PEG content. The concentration
below represents the concentration of each oligo and thus of nanotube unit-rings.Within each box, the left picture represents a low
magnification (133×133 μm) and the right picture a highmagnification (83×83 μm). The left scale bar is 20 μmand the right scale
bar in the zoomed inset is 10 μm.

Table A1.DNA sequences used for the hybridization of all DNAnanotubes.

Name Sequence (5′ to 3′)

U1 GGCGATTAGGACGCTAAGCCACCTTTAGATCCTGTATCTGGT

U1-Cy3 Cy3-TTGGCGATTAGGACGCTAAGCCACCTTTAGATCCTGTATCTGGT

U2 GGATCTAAAGGACCAGATACACCACTCTTCCTGACATCTTGT

U2alt CTATGATCTTTGGATCTAAAGGACCAGATACACCACTCTTCCTGACATCTTGT

U3 GGAAGAGTGGACAAGATGTCACCGTGAGAACCTGCAATGCGT

U3alt GATCATAGTTTGGAAGAGTGGACAAGATGTCACCGTGAGAACCTGCAATGCGT

U4 GGTTCTCACGGACGCATTGCACCGCACGACCTGTTCGACAGT

U5 GGTCGTGCGGACTGTCGAACACCAACGATGCCTGATAGAAGT

U6 GGCATCGTTGGACTTCTATCAATGCACCTCCAGCTTTGAATG

U7 GGAGGTGCATCATTCAAAGCTAACGGTAACTATGACTTGGGA

U8 TAGTTACCGTTTCCCAAGTCAAACACTAGACACATGCTCCTA

U9 GTCTAGTGTTTAGGAGCATGTCGAGACTACACCCTTGCCACC

T4 GGTTCTCACGGACGCATTGCACCTAATCGCCTGGCTTAGCGT

T6 GGCATCGTTGGACTTCTATCACCTAATCGCCTGGCTTAGCGT

T8 TAGTTACCGTTTCCCAAGTCACCTAATCGCCTGGCTTAGCGT

T10 GTGTAGTCTCGGGTGGCAAGGCCTAATCGCCTGGCTTAGCGT
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