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Materials and Methods: 
 
PA synthesis and purification: Peptides were synthesized on solid support using a rink amide 
MBHA resin (100-200 mesh, 0.55 mmol g−1) using standard fluorenylmethyloxycarbonyl (fmoc) 
procedures. The unnatural amino acids azidolysine (denoted Kaz) and Fmoc-NH-OEGx-(CH2)-
COOH (denoted PEGx) were incorporated as indicated. Following synthesis, the peptides were 
cleaved from the resin using a 95:2.5:2.5 mixture of trifluoroacetic acid:triisopropyl silane:water, 
and precipitated using cold diethyl ether. The peptides were purified using reverse phase HPLC 
(Varian Prostar 363, Jupiter 10u Proteo 90A column) using a water/acetonitrile gradient (2-100% 
acetonitrile over 60 min) with 0.1% ammonium hydroxide. Purified peptides were lyophilized 
and stored at –20 °C. The purity of the peptides was confirmed by electrospray ionization mass 
spectrometry in positive mode (ESI-MS, Agilent 6510 Q-TOF). 
 
DNA-PA synthesis, purification, and quantification: Oligonucleotides modified with a terminal 
amine were purchased from Integrated DNA technologies and dissolved to 1 mM in 100 mM 
phosphate buffer, pH 8.3. Dibenzocyclooctyne-sulfo-N-hydroxylsuccinimidyl ester (DIBAC-
sulfo-NHS, Sigma-Aldrich) was added to the DNA solution as a 100 mM solution in DMSO to 
5 equivalents. The mixture was incubated at room temperature for 2 hours under vigorous 
shaking, after which the solvent was exchanged to fresh 100 mM phosphate buffer, pH 8.3, using 
an Amicon Ultra-0.5 filter unit, 3 kDa, 5 eq DIBAC were added as before, and the pH was 
adjusted to 8.3 by adding 1 M sodium hydroxide as necessary. The mixture was incubated at 4°C 
overnight under vigorous shaking after which excess DIBAC was removed using an 
ultracentrifuge filtration unit. To this solution were added two equivalents of the azide-modified 
peptide amphiphile dissolved in 0.1 % ammonium hydroxide to 1 mM. Sodium chloride was 
added to a final concentration of 100 mM and the solution was gently agitated overnight. 
Following conjugation, the solvent was once again exchanged using an ultracentrifuge filtration 
unit to 50 mM triethylammonium acetate buffer (TEAA), pH 7, and concentrated to ~1 mM 
DNA. 
 
The DNA-PA was purified by reverse-phase HPLC (Agilent 1260 Infinity, DIKMA Inspire C18 
column (5 μm, 250 × 4.6 mm) with a gradient of organic buffer B (90% acetonitrile in water, 
+50 mM TEAA, pH 7) in water +50 mM TEAA, pH 7 (buffer A, using a 5-50% B gradient over 
30 min. Absorbance at 260 nm was monitored, with unmodified DNA eluting at ~12 min, and P-
DNA conjugates approximately 21-26 min. Fractions containing DNA-PA were concentrated 
using ultracentrifuge filtration units and the resulting DNA concentration was quantified by UV-
vis absorbance at 260 nm, followed by lyophilization.  
 
The PNA-PA was purchased from PNABio.  
 
Rheology: Rheological experiments were performed using Anton Paar MCR 302 rheometer with 
a 25 mM diameter 2° angle cone-plate oscillating geometry. Prior to testing 100 μl PA solution 



was placed on the stage while 100 μl gelling solution (150 mM sodium chloride, 25 mM calcium 
chloride, 3 mM potassium chloride) was placed on the fixture. The fixture was lowered to the 
stage mixing the PA and the gelling solution. The temperature was maintained at 37 °C and the 
gap was sealed with mineral oil to prevent evaporation. A 15-minute equilibration period at 0.1% 
oscillatory strain and 10 s−1 oscillatory frequency preceded further testing. Next, a frequency 
sweep was performed (100 to 1 s−1) with the strain held at 0.1%. Finally, a strain sweep was 
performed from 0.1% to 100% strain at constant 10 s−1 frequency. 
 
Scanning electron microscopy: For scanning electron microscopy, polystyrene sponges were 
coated in PA solution by soaking. The PA-coated sponges were then incubated in gelling 
solution and incubated for 1 hour at room temperature. PA coated coverslips were fixed with a 
solution of 2.5% glutaraldehyde, 2% paraformaldehyde in PBS for 30 minutes at room 
temperature. All samples were dehydrated by exposure to a graded series of water-ethanol 
mixtures. Once in 100% ethanol, the samples were dried at the critical point of CO2 using a 
critical point dryer (Tousimis Samdri-795), and dried samples were coated with 14 nm of 
osmium using an osmium plasma coater (Filgen, OPC-60A). Imaging was performed using a 
LEO Gemini 1525 field emission scanning electron microscope at 20 kV accelerating voltage.  
 
Transmission electron microscopy: For transmission electron microscopy, PA samples were 
diluted 10 times in distilled water, cast on carbon-film-coated 300-mesh copper grids (electron 
microscopy sciences) for 5 minutes, and then wicked off the grid. The grids were rinsed twice 
with sterile water, stained twice for 20 seconds with 2% uranyl acetate in water, and then rinsed 
twice more. Imaging was performed on an FEI Tecnai Spirit G2 at an accelerating voltage of 
80 kV. 
 
Small-angle x-ray scattering: Experiments were performed at the DuPont-Northwestern-Dow 
Collaborative Access Team Synchrotron Research Center at the Advanced Photon Source, 
Argonne National Laboratory. The instrument comprised a double-crystal monochromator to 
select 17 keV x-rays with a CCD camera placed 245 cm behind the sample to record scattering 
intensity. Samples were measured in a 1.5 mm quartz capillary exposed to x-ray for 0.5 to 5 
seconds. Scattering intensity was plotted against the wave vector q = (4π)sin(θ/2) where d = 
2π/q. The two-dimensional scattering images were averaged using azimuthal integration and 
plotted on a relative scale as a function of the wave vector, following background subtraction of 
buffer-only controls. 
 
AFM nanoindentation: The Young's modulus of coatings was measured by Atomic Force 
Microscopy (AFM, Dimension Icon, Bruker Corp). An AFM tip with a 20-nm tip radius 
(MLCT-Bio-E, Bruker Corp) was used to indent coatings in Peakforce Force Tapping mode at 
1 KHz with an amplitude of 100 nm in 2 mM calcium solution bath. DNA-PA bundles were 
identified by their morphology in the topographic image, and force curves on the bundles were 



selected for analysis. Individual force curves were fit with the linearized Hertz model with an 
indentation depth of 10-15 nanometers. 
 
Animals: All animal housing and procedures were performed in accordance with the Public 
Health Service Policy on Humane Care and Use of Laboratory Animals and all procedures were 
approved by the Northwestern University Institutional Animal Care and Use Committee.   
 
Primary Cultures: Glial cells were derived from the cerebral cortex of newborn mice (P0), as 
described elsewhere (27). Briefly, cerebral cortices were dissected free of meninges in dissection 
buffer (PBS 0.6% glucose (Sigma-Aldrich), 0.3% BSA (Sigma-Aldrich)) and digested with 
trypsin (Biological Industries) and DNAse I (Sigma-Aldrich) for 10 min at 37 ºC. The tissue was 
dissociated in Dulbecco’s Modified Eagle Medium (DMEM, Biological Industries), 10% normal 
horse serum (NHS, GIBCO), 1% penicillin-streptomycin (Pen-Strep, Biological Industries) and 
2 mM L-glutamine (Biological Industries). After centrifugation and resuspension, cells were 
plated and grown to confluence at 37 °C, 5% CO2 (approximately 25-30 days in vitro (div)). All 
experiments were performed using glial cells from the first passage (Ps1). 

Passage 1 (Ps1) cells were cultured at a density of 1105 cells/cm2 for 5 or 10 days in vitro (div) 
in DMEM, 1% Pen-Strep, and 2 mM L-glutamine on non-coated culture plastic (for Western 
blotting) or glass (for immunocytochemistry, cell survival and ROS assay). The cell composition 
and biochemical characterization of control and reference glial conditions have been described 
previously (28). 
 
Glial cell culture and dynamic modulation on PA-DNA platforms:  Glial cells were plated on 
poly D-lysine surfaces coated with various PA hydrogels: E3 PA (gelled with calcium), DNA-
PA Individual fibers (IF), DNA-PA Bundled fibers (BF) for 5 div. Then, a solution containing 

the invader or anti-invader strands (10 M) was added to the media and the cells were cultured 
for an additional 5 div. As control conditions, astrocytes were cultured on glass coverslips with 
or without dibutyryl cyclic adenosine monophosphate (dAMPc) at 500 mM (Sigma-
Aldrich) (28). 
 
Western blot: For Western blot analysis, protein extracts were obtained from primary cultures 
after 5 or 10 div, and total protein extracts were separated by SDS-polyacrylamide gel 
electrophoresis and electro-transferred to a nitrocellulose membrane (Bio-Rad). Membranes were 
blocked with 5% bovine serum albumin (BSA, Sigma-Aldrich) and incubated first with primary 
antibodies overnight at 4°C, and then with their corresponding secondary HRP-conjugated 
antibodies (1:3000; Santa Cruz Biotechnology). Protein signals were detected by the ECL 
chemiluminescent system (Azure Biosystems). Densitometry analysis, standardized to Actin as a 
control for protein loading, was performed with ImageJ software (National Institutes of Health, 
USA). The analyses were done in 3 independent experiments with 3 replicates per condition. 
 



Inmunocytochemistry: For immunofluorescence, fixed primary cultures were incubated with 
primary antibodies overnight at 4°C, and then with their appropriate Alexa 488 or Alexa 555 
secondary antibodies (1:500, Thermofisher). DAPI (1:500, Thermofisher) was used to stain 
nuclei. Finally, the preparations were cover-slipped Immu-Mount (Thermo Scientific) for imaging. 
The following primary antibodies were used for Western blot and/or Immunocytochemistry; 
rabbit anti-GFAP (mature and reactive glial marker, 1:500-1:8000, Dako), mouse anti-Vimentin 
(neuronal marker 1:10000, Abcam) and mouse anti-Actin (1:1000, Cell signaling). 
 
Cell viability: For cell viability experiments, media was exchanged with PBS containing 2 μM 
calcein-AM (Life Technologies) and 100 ng ml 1propidium iodide (Sigma Aldrich) for 20 min at 
37 °C. The cells were then rinsed with PBS and imaged with a Nikon A1R confocal laser-
scanning microscope with GaAsP detectors. Live and dead cells were counted using the Cell 
Counter plug-in for ImageJ. 
 
Cell proliferation analysis. For astrocytes proliferation assay, 2 μM of the thymidine analog 5-
ethynyl-2’-deoxyuridine (EdU, Thermo Fisher) was incorporated into the culture medium for 24 
hours. Cells were fixed at the indicated time points (24h, 5div and 10div) in 4% 
paraformaldehyde (PFA) for 15 min at room temperature (RT). After fixation samples were 
washed in PBS twice and then stained with EdU staining cocktail containing 11 mM CuSO4 
(from 50 mM stock) and 1 μg/ml of Alexa Fluor-488 azide (from 0.5 mg/ml, Thermo Fisher) for 
30 minutes at RT in the dark. The staining cocktail was then removed, and cells were washed 
with PBS. Then, astrocytes were used for counterstained with 4', 6-diamidino-2-phenylindole 
(DAPI, Thermo Fisher) at 5 μg/ml in PBS for 20 min at RT. The cells were washed with PBS 
and mounted with Immu-Mount (Fisher Scientific). Fluorescent images were taken using a 
Nikon Ti2 Widefield Microscope. Image files were imported into Fiji software and the “analyze 
particles” and “cell counter” functions were used to measure the total number of nuclei (DAPI 
positive) and proliferative nuclei (EdU positive). The number of EdU-positive cells was divided 
by that of DAPI-positive cells to obtain the percentage.  
 
Reactive oxygen species (ROS): For the detection of ROS in astroglial cells, media was 
exchanged with PBS containing CellROX® Reagent (Life Technologies) at a final concentration 
of 5 μM for 30 minutes at 37 °C. The cellROX reagent was then removed and cells were washed 
with PBS and counterstained with Hoechst (1:1000, Life Technologies) for 20 min at RT. The 
cells were then rinsed with PBS and imaged with a Nikon A1R confocal laser-scanning 
microscope with GaAsP detectors. Image files were imported into Fiji software and the “analyze 
particles” and “cell counter” functions were used to measure the number of cells (Hoechst 
positive) and ROS cells (ROS positive).  The number of ROS-positive cells was divided by that 
of Hoechst-positive cells to obtain the percentage.  
 



Imaging/analysis of cells: Fluorescent preparations were viewed and micrographs were captured 
with a Nikon A1R confocal laser-scanning microscope with GaAsP detectors or a Nikon Ti2 
Widefield Microscope. Images were assembled in Adobe Photoshop (v. 7.0), with adjustments 
for contrast, brightness, and color balance to obtain optimum visual reproduction of data. The 
analyses were performed using ImageJ software (National Institutes of Health, USA). 
 

Simulation procedures: Coarse-grained molecular dynamics (MD) simulations were performed 
to study the generic behavior of fiber intertwining and the underlying mechanism of bundle 
formation.  

Each fiber consisted of a cylindrical peptide-amphiphile (PA) backbone and nucleotide side 
chains (Fig. S5). We modeled the fiber backbone as a chain of overlapping spheres with 
diameter c = 12.6 nm, the width of a PA fiber (29), and center-to-center distance dc = 0.1c = 
1.26 nm. Each backbone sphere consisted of a group of 23 PA monomers and was grafted with 
up to nmax = 23 DNA or PNA side chains (corresponding to 100% nucleotide coverage). The side 
chains were coarse-grained into bead chains of diameter s = 0.1c = 1.26 nm (single-stranded 
DNA width). Each bead represented 5 nucleotide bases, had a center-to-center distance 
ds = 0.135c = 1.7 nm (5 nucleoside length), and either carried a charge 5e or was neutral, 
depending on the nucleotide type (DNA or PNA).  

Bead connections were modeled via harmonic bond potentials,  

 , 

with minimum-energy bond length r0 and strength kbond, as listed in Table S4. Strong permanent 
bonds (black lines in Fig. S5) were utilized to preserve the desired bead distances. 

To implement the desired fiber stiffness, a harmonic angle potential was introduced between 
every two adjacent bonds, 

 , 

with equilibrium angle 0 and strength kangle, as listed in Table S3. The backbone had kangle = 

104 kBT/rad2, rendering the persistence length of individual fiber Lp  25 m in experiment. The 
side chain had kangle = 0.3kBT/rad2, yielding the persistence length of a single-stranded DNA 

Lp  1 nm).  

Furthermore, we employed a purely repulsive shifted-truncated Lennard-Jones interactions to 
represent excluded-volume effects, 

  , 
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with strength  = kBT, minimum bead distance  (=c, s, or (c+s)/2 for a BB, DD, or BD bead 

pair, respectively), and cutoff rc = 21/6. A Yukawa potential was utilized to account for screened 
electrostatic interactions,  

 , 

where qi is the charge valence, 0 the vacuum permittivity, water the relative permittivity of water, 

and D the Debye length, chosen to be 1 nm to reflect an ion concentration of ~100 mM. 

To mimic the hybridization process, we exploited the concept of dynamic bonding. When two 

complementary nucleotide beads were closer than sf = 0.16c = 2 nm (double-stranded DNA 
width) and furthermore were not part of another hybridized pair, a weak temporary bond was 
created to join them. This dynamic bond would break when the bead distance became larger than 

sb = 0.24c = 3 nm. The breakup required an energetic cost of 9kBT, corresponding to the 
hybridization energy of 5 nucleotide pairs (30). Hybridization also affects the stiffness of 
nucleotide strands. To account for this, we increased the strength of the angle potential for two 
hybridized side chains to kangle = 7.5 kBT/rad2, corresponding to the persistence length of double-

stranded DNA, Lp  50 nm. 

 

Intertwining of two complementary fibers: We simulated the intertwining process of two 3 m-
long fibers, one grafted with DNAs while the other was grafted with complementary PNAs. 
Without loss of generality, the two fibers were initially placed at an arbitrary contact angle. We 
systematically explored the influence of contact angle, nucleotide coverage, DNA length, and 
fiber stiffness on the intertwining behavior. 

Bundle formation in a gel system: We investigated the bundle formation in a gel system. Given 
the supramolecular nature of the fibers, we permitted the exchange of DNA strands among the 
fibers. To study the role of this DNA exchange in the bundle formation, we first allowed DNA 
side chains to detach from (and rejoin with) fiber backbones via dynamic bonding. Using this 
approach, we studied the influences of intra-fiber energy Eintra (PA hydrophobicity and β-sheet 
formation) and inter-fiber energy Einter (DNA hybridization) on the bundle growth.  

A cubic domain of side length L = 1.5 m was employed, containing more than 500 fibers of 

length l = 1 m and with periodic boundary conditions applied in all three dimensions. The 
simulations started from configurations with random fiber arrangements. 

The simulations for both the intertwining and the bundling events ran for more than 109 time 

steps with step size dt = 10–4, where  = (mcc
2/kBT)1/2 ≈ 10 ns is the time unit (where mc is the 

mass of the backbone bead). 
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Discussion: 
 
Discussion S1: Assessment of the interaction energy scales in experiment 
 
DNA hybridization (Einter) and the peptide hydrophobic binding energy (Eintra) play a role in the 
assembly process. In order to achieve bundle formation, the lower of these two must be in the 
interaction range of 5-10 kBT, and both can be controlled via molecular design. 

For the assemblies in Fig. 1, the DNA sequences that we employed yielded an inter-fiber energy 
of 64 kBT, according to the calculation by OligoCalc (31). In view of this strong hybridization, 
we conclude that bundling was controlled by the hydrophobic interaction of the peptide 
amphiphiles (PAs). To estimate this intra-fiber energy, we employed a coarse-grained 
approach (32) based upon the Martini force field (33, 34). The PA sequence was treated as a 
linear chain with 3 C1-type beads (the hydrophobic tail) concatenated by 9 Nda-type beads (the 
amino acid sequence), embedded in an aqueous environment modeled with P4-type water 
molecules. We assumed that each bead on average interacted with 6 nearest neighbors. When a 
PA detached from a fiber, it became exposed to the water environment. This led to the breakup 
of 6.5 C1-C1, 18 Nda-Nda and 24.5 P4-P4 bonds, accompanied by the formation of 13 C1-P4 
and 36 Nda-P4 bonds, yielding a net enthalpy change of 22.5 kBT. Moreover, approximating the 
morphology change of the PA upon detachment as a semiflexible coil, we estimated the entropy 
gain as 16.5 kB. Thus, the intra-fiber energy was approximately 6 kBT, in good agreement with the 
range of 5-10 kBT predicted using our more coarse-grained model. This properly tuned energy 
explains the emergence of big bundles. 
 
For the assemblies in Fig. S14-15, a shorter PA sequence was employed. Using the same coarse-
grained approach as above, we could treat it as a chain of 2 C1-type beads (the hydrophobic tail) 
concatenated by 9 Nda-type beads (the amino acid sequence). In this case, the detachment of a 
PA from the fiber led to the breakup of 4.5 C1-C1, 18 Nda-Nda and 22.5 P4-P4 bonds, along 
with the formation of 9 C1-P4 and 36 Nda-P4 bonds, yielding a net enthalpy change of 18.9 kBT. 
Moreover, the morphology change of the PA gave rise to an entropy gain of 15 kBT. Therefore, 
the intra-fiber energy was approximately 3.9kBT, below the threshold of 5 kBT predicted by the 
simulation. Indeed, it was so weak that the assembly of pure PA monomers resulted in a mixture 
of fibers and micelles (Fig. S15A) while the co-assembly with DNA-containing 
monomers resulted in no bundles (Fig. S15B). 

 

 

 

 

 

 



Figures: 

 

Figure S1: Synthesis of oligonucleotide-peptide amphiphiles. (1) Synthesis of DNA-PA 
(2) Synthesis of PNA-PA. 
 
 
 
 
 
 
 
 
 



 
Figure S2: TEM images of the self-assembled structures formed by various co-assemblies 
of DNA-PA. Cryo-TEM images of the DNA-PA obtained by (A) mixing monomers 1 and 2 in a 
1:0.01 molar ratio and (B) mixing monomers 1 and 2 in a 1:0.1 molar ratio. (C) TEM image of 
the DNA-PA obtained by mixing monomers 1 and 2 in a 1:0.1 molar ratio in the presence of a 
DNA complementary strand modified with gold nanoparticles (as shown in inset). (D) Ratio 
between number of particles (NPs) to fibers over 10 images divided to 3 by 3 frames. Graph 
shows that most frames (~90%) have a similar ratio between particles to fibers, suggesting a 
stochastic distribution of particles along the fibers.  
 
 

 
 
 

 

Figure S3: Reversible Gelation. Gel (left panel) vs. sol (right panel) after addition of the 
invader strand. 
 
 



 
 
Figure S4: SEM image of bundles formed by mixing all monomers together simultaneously. 
Adding all components at once (1/2; 1/2') resulted in similar phase separation containing bundles 
and thinner filaments. 
 
 
 
 
 
 
 



 
Figure S5: SAXS scattering patterns of: (A) DNA cross-linking after mixing and annealing 
solutions containing fibers with monomers 2 and 2’. (B) monomer 2 only, (C) monomer 2’ only, 
(D) backbone PA only (monomer 1). Higher slope on the low-q regions indicates formation of 
higher-order structures. 
 
 
 
 
 
 



 

Figure S6: Confocal images of DNA-PA gels. (A-B) Confocal microscopy images of 
electrostatic cross-linking (addition of calcium chloride) of solutions containing fibers with 
either (A) monomer 2 or (B) monomer 2’. (C) Confocal microscopy image (left) and 
reconstruction image of section of hydrogel (right) formed upon DNA cross-linking after mixing 
solutions containing fibers with monomers 2 and 2’. Images below the panels are schematic 
illustrations of the corresponding fiber structures. In all images the oligonucleotides are labeled 
with a fluorescent dye (Cy3) to probe their distribution in the hydrogel. Scale bar: 10 μm and 
relevant to all images. 
 
 
 
 
 
 
 
 
 



 
Figure S7: SEM micrographs of: (A) Fibers containing noncomplementary oligonucleotides 
(monomer 2 and scrambled monomer 2’. Non-complementary oligonucleotides did not yield 
bundled structures. scrambled monomer 2’ 
(GGCTAATGAGAAATTGTGCATAAGAGGGATAACCATAGAACAGAC). (B-D) DNA 
cross-linking after mixing solutions containing fibers with monomers 2 and 2’ at DNA coverage 
of (B) 0.1 mole % (C) 0.4 mole % (D) 0.8 mole %. The intermediate DNA coverage (0.4 
mole%) resulted in larger bundles than for 0.1% and 0.8%.  
 
 
 

 
 
Figure S8. Schematics of the bead-spring model. Each fiber consisted of a cylindrical 
backbone randomly grafted with either DNA or PNA. The backbone was modeled as a chain of 
overlapping spheres with center-to-center distance much smaller than their radius, as illustrated 
in the transparent region. The side chains were linked to the centers of the backbone spheres. 
When two complementary side chains met, temporary bonds (red lines) were formed, mimicking 
the hybridization process. 



 

 
Figure S9: Kinetics of bundle formation and molecular exchange. (A) Time-lapse monitoring 
the growth of a bundle using a fluorescently tagged monomer (Cy3-modified monomers 2 
and 2’). The frames are colored as a heatmap to better illustrate the difference in color of the 
bundled regions. Scale bars are 20 µm. (B) Kinetics of bundle growth over time quantified by 
intensity of the red color channel per pixel at each frame of the time-lapse. All data analysis was 
completed using the matplotlib, sci-kit image, and numpy Python libraries. (C) The timescale of 
hybridization and molecular exchange was measured using FRET kinetic experiments. Two sets 
of PA nanofibers were pre-assembled separately from a mixture of non-labeled PAs with either 
Fluorescein, FAM-monomer 2 (0.1%) or Cyanine, Cy3-monomer 2’ (0.1%). The two solutions 
were mixed at a final PA concentration of 0.5 mM and the fluorescence-emission spectra were 
recorded over time (spectra shown in 10-minute intervals) at the excitation wavelength of FAM 
(450 nm), at which direct excitation of Cy3 is negligible. After 30 minutes considerable FRET 
emission of the acceptor dye (Cy3) can be seen, providing evidence for molecular exchange 
between nanofibers. 
 



 
 
Figure S10: Dynamics of DNA-containing monomers. (A) Trapping time, defined as the time 
span between the entrance and departure of a monomer from a region. On average, a DNA-
containing monomer was trapped on a bundled fiber (BF) seven times longer than on an 
individual fiber (IF). (B) Diffusivity. Compared to free DNA in solution (SOL), DNA-containing 
monomers on IFs and BFs had a diffusivity that was suppressed by 50% and 90%, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

Figure S11: Calculation of the bundle growth rate. We designed a global order parameter m 
to quantify the emergence of large bundles owing to large-scale DNA redistribution. The entire 

system was meshed with a 3D grid. For clarity, a 555 grid is shown; the actual calculations 

employed a 101010 grid. For each cube i, we calculated the DNA concentration cDNA(i), the 
fiber density ρfiber(i), and the liquid-crystal order parameter of the fibers, sfiber(i). cDNA(i) 

represents the spatial distribution of DNA, whereas ρfiber(i)sfiber(i) quantifies local fiber bundling. 

We used their correlation to derive m  c
DNA

(i)  
fiber

(i) s
fiber

(i)
i

c
DNA

(i)
i
 

fiber
(i) s

fiber
(i)

i
,

where i stands for the average over cube i. The bundle growth rate was calculated as dm/dt. 
We explored its dependence on intra- and inter-fiber energies, as shown in Fig. 1 in the main 
text. 

 

 

 

 

 

 

 

 

 



 

 
 
Figure S12: Influence of interaction energies on gel structures. (A) Emergence of large 
bundles at an intra-fiber interaction Eintra = 8 kBT and hybridization energy Einter = 8 kBT. The 
moderate intrafiber interaction allowed large-scale redistribution of DNA-containing monomers, 
which promoted bundle formation among fibers. These bundles then are held together by the 
sufficiently strong hybridization energy. (B) Random network at Eintra = 8 kBT and Einter = 2 kBT. 
With a weak inter-fiber interaction, emergent bundle cannot be sustained. (C) Weak bundling at 
Eintra = 15 kBT and Einter = 8 kBT. Here the relatively strong intra-fiber interaction suppressed 
redistribution of DNA, so that any bundle formation had to rely on rearrangement of the fibers. 
The DNA rehybridization required for that was permitted by the moderate inter-fiber energy. As 
a result, small bundles formed. All systems shown here had 0.4% DNA coverage. The order 
parameter quantifying the extent of bundling (defined in fig. S10) was 0.51, 0, and 0.09 for 
panels A, B, and C, respectively. 
 
 
 
 
 
 
 
 
 



 
Figure S13: Effect of DNA length and GC content on the formation of bundles: 
(A) Molecular graphics illustrations of DNA monomers and their interactions. The crosslinking 
strand (D1’2’) bridges the two DNA-PA monomers (D1; D2). (B) Sequences of the monomers. 
The crosslinkers (of various lengths) consisted of 2 domains, one complementary to D1 and the 
other to D2. These two domains varied in the GC content and stability of the resulting duplex. 
(C-F) SEM micrographs of DNA-crosslinked gels formed by (C) pre-mixing of D2 and short 
crosslinker after addition of D1, (D) pre-mixing of D1 and short crosslinker after addition of D2, 
(E) pre-mixing of D2 and long crosslinker after addition of D1, and (F) pre-mixing of D1 and 
long crosslinker after addition of D2. Longer complementary domains and higher GC content 
stabilized the formation of larger bundles. According to OligoCalc (31), the hybridization 
energies involved in panels C-F were 8.9 kBT, 9.8 kBT, 19.4 kBT, and 22.3 kBT, respectively. The 
inter-fiber energy for the 8-base sequences with GC content 37.5% (panel C) and 50% (panel D) 
was so weak that it resulted in only weak bundling (mean bundle diameters correspond to 43±6 
nm for C and 121±35 nm for D). In contrast, the inter-fiber energy in panels E-F (12-base 
sequences with GC content 41.7% and 58.3%, respectively) was strong enough to result in the 
formation of larger bundles (mean bundle diameters correspond to 184±27 nm for E and 561±78 
nm for F). The increased bundling in panel F compared to panel E confirms that bundle 
formation can be enhanced not only by increasing DNA length, but also by increasing GC 
content. Quantification of bundle diameters utilized a minimum of 10 randomly selected images 
(taken from two independent batches) for each system.  
 
 
 
 
 
 
 
 



 
 
 
 

 
Figure S14: SAXS scattering patterns of (A) monomers D1 and D2 cross-linked by the long 
crosslinker strand (D1’(12)D2’(12)), (B) D1 and D2 mixed without the crosslinker, (C) D1 only, 
(D) D2 only, and (E) backbone PA only. The complementary cross-linking strand (D1’2’) led to 
fiber bundling, as evidenced by the high slope in the low-q region. In the absence of crosslinker, 
no bundles were observed. 
 
 
 
 
 
 
 
 

 



 
Figure S15: Chemical structures and mass spectra of short tail weak -sheet system. Top – 
diluent PA, bottom – azido-PA used to link oligonucleotides via click chemistry. 
  

 
 

 
 

 
Figure S16: Effect of hydrophobic tail and -sheet on self-assembly of oligonucleotides-
peptide amphiphiles: (A) TEM of 1wt% C12G3A3E3 PA showing a mixture of fibers and 
micelles. (B) SEM micrograph of 0.4 mole% co-assemblies of complementary monomers short2 
and short2’. Images show sparse fiber assembly and no bundled structures. 
 
 
 
 
 



 
Figure S17: Time-dependent bundle growth in the absence of salt: TEM images after mixing 
complementary monomers 2 and 2’ in the absence of salt showing the time-dependent evolution 
of bundles over (A) 1 hour, (B) 1 day, and (C) 2 days.  
 
 
 
 
 
 

 
Figure S18: Effect of salt on bundle formation: SEM micrographs after mixing and annealing 
complementary monomers 2 and 2’ in the presence of (A) 150 mM Na+ ions; (B) 150 mM Na+ 
and 10 mM Ca2+ ions; (C) 150 mM Na+ and 25 mM Ca2+ ions. Monovalent ions are sufficient to 
stabilize the formation of large bundles. The addition of divalent ions also induced electrostatic 
crosslinking on top of the DNA crosslinking, resulting in bundles as well as highly crosslinked 
DNA-depleted areas. The bundles formed in the presence of both monovalent and divalent ions 
appear to be smaller, probably due to fast electrostatic gelation that inhibits the redistribution of 
monomers.  



 
Figure S19: Dependence of bundle growth on interaction energies at various DNA 
coverages. (A) Fixed inter-fiber energy Einter = 8 kBT. As the intra-fiber energy Eintra was varied, 
the growth rate at intermediate DNA coverage (0.4%) was generally higher than in the other two 
cases. (B) Fixed intra-fiber energy Eintra = 8 kBT. As the intra-fiber energy Eintra was varied, the 
intermediate DNA coverage (0.4%) again generally resulted in faster bundle growth than for 
0.2% and 0.8%. This can be explained from the fact that too low DNA coverage suppresses 
large-scale DNA redistribution, whereas a too high DNA coverage causes kinetic “freezing” of 
the system.  
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Figure S20: TEM images of DNA monomers 2 and 2’ in pure form. (A) TEM images of the 
self-assembled structures formed by monomer 2; (B) by monomer 2’; (C-D) after mixing 
complementary monomers 2 and 2’. 
 
 
 
 
 
 
 



 

Figure S21: TEM images of DNA monomers 3 and 3’ in pure form. (A) TEM images of the 
self-assembled structures formed by monomer 3; (B) by monomer 3’; (C) after mixing 
complementary monomers 3 and 3’. 
 
 
 
 
 
 

 

Figure S22: TEM images of monomers 4 and 4’ in pure form. (A) Cryo-TEM images of the 
self-assembled structures formed by PNA-PA monomer 4 and (B) DNA-PA monomer 4’. 
 



 
 

Figure S23. Free-energy difference between the parallel and intertwined states of a 
complementary fiber pair. (A) Pathway for thermodynamic integration. The free-energy 
change upon dehybridization in the parallel state and rehybridization of the intertwined state 
(purple arrows) was computed via Kirkwood integration. The free-energy change upon twisting 
was calculated by integrating the torque measured as a function of twist angle. We chose a 
300 nm-long segment of two complementary PA fibers, so that a 360° twist generated the 
saturated intertwining pitch. (B) Average potential energy difference U between hybridized and 
dehybridized states as a function of Kirkwood parameter  For each reduced affinity , an 
ensemble of configurations was generated and U was computed as the difference between those 
configurations in their fully hybridized state and their unhybridized state. Results for both the 
parallel and the interwined states are shown and were very similar. Integration of U over  
yielded the free-energy change due to hybridization as −15.0 ± 0.1 kBT/nm and 
−14.9 ± 0.1 kBT/nm, for a parallel and an interwined pair, respectively. (C) Averaged density of 
DNA duplexes along the fibers. The extent of DNA hybridization was again very similar in both 
the parallel and the intertwined state. (D) Averaged torque as a function of twist angle. 
Integration of this torque yielded the free-energy cost of purely mechanical twisting in the 
absence of DNA hybridization as 0.49 ± 0.03 kBT/nm. (E) Schematics of the free-energy 
comparison. The parallel state had a lower free energy than the intertwined state, albeit with a 
difference of only 0.6 ± 0.2 kBT/nm. However, to switch between the two states, the fibers must 
first undergo dehybridization, which corresponds to a large barrier of 14.9 ± 0.1 kBT/nm, which 
results in kinetic trapping of fibers that initially reside in the intertwined state. 



 
 

 
 
Figure S24. Time evolution of two complementary fibers at different contact angles: 0° (top 
row), 20° (middle row), 40° (bottom row). The fibers that were initially aligned in parallel did 
not show any tendency to intertwine, whereas fiber pairs that met at larger angles exhibited 
intertwining. 
 
 
 
 



 
Figure S25. Free-energy difference between the parallel and intertwined states for soft 
fibers. To explore the effect of fiber deformability and a corresponding change in interaction 
surface on DNA hybridization between two fibers, we considered a modified fiber model. The 
excluded-volume interactions between the overlapping spheres that form the fiber backbone 
(Fig. S5) were reduced by a factor 10, allowing closer approach of two fibers, and the strengths 
of the backbone-DNA (B-D) and backbone-PNA (B-P) bonds were reduced by a factor 100 to 
kbond = 10 kBT/c, allowing the side chains to be stretched and reach longer distances. The panels 
shown here are the counterparts of panels B-E in Fig. S22. (A) Average potential energy U 
between hybridized and dehybridized states as a function of Kirkwood parameter  The 
potential energy of hybridization is significantly larger than for the less deformable fibers in 
Fig. S22, yet remains very similar for parallel and intertwined pairs. (B) Averaged density of 
DNA duplexes along the fibers, which is correspondingly higher than for the less deformable 
fibers. (C) Averaged torque. As the softer fibers are wound more tightly, the torque is slightly 
higher than in Fig. S22. (D) Schematics of the free-energy comparison. Owing to the larger 
number of duplexes, the free-energy barrier between the intertwined and parallel states is higher 
than for the less deformable fibers. However, the free-energy difference between the two states is 
not affected by the softness, and the parallel state remains the thermodynamically favorable 
configuration. 
 



 
Figure S26: Dependence of intertwining pitch on fiber stiffness. (A) The intertwining pitch 
exhibited a power-law dependence on the persistence length of individual fibers, which can be 
described by an exponent ¼. (B) Same data on a logarithmic scale. This power-law dependence 
can be derived as follows. We parametrize a twisted fiber as (x, y, z) = (d cos(θ)/2, d sin(θ)/2, 
θ p/(2π)), where d is the core-to-core distance between the two fibers (measured perpendicularly 
to the central axis of the twisted pair), p denotes the intertwining pitch, and θ is the azimuthal 
angle. Then, the curvature generated by intertwining is κ = 2d/(d2 + p2/ π2), which for p ≫ d 

reduces to κ  2π2d/p2. The associated bending energy density follows as e = kBTLpκ2/2 
2π2kBTLpd2/p4, where Lp is the persistence length of a fiber. Assuming that intertwining occurs up 

to a bending energy penalty e0, we find p = (2π2kBTLpd2/e0)1/4  Lp
1/4, explaining the observed ¼ 

power law. 
 
 
 
 
 



 
 

Figure S27: Twisted bundles. Compared to intertwining of two fibers, multiple-fiber twisting 
exhibited larger and less regular pitch. Moreover, due to the stronger electrostatic repulsion, the 
twisted bundle in the DNA-DNA system (bottom) developed into a ribbon-like structure, 
whereas a rod-like bundle was observed in the DNA-PNA system (top). Both systems had 40% 
nucleotide coverage. 
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Figure S28: SEM micrographs of reversible gelation. (A-B) Thermal melting of the gel (95 °C 

over 30 min) resulted in individual fibers and subsequent cooling (over 60 min) causes the gel 
and bundles to reform. (C-D) Addition of the invader strand (for 30 min) resulted in individual 
fibers (right panel) and upon subsequent addition of the anti-invader (for 30 min) the gel and 
bundles reformed (left panel). (E) Addition of a scrambled invader strand 
(5’CAAAAGGTGGTAAACGTAATTAGGCCGACAGCCTTAATCGCAGATGAATGAGAC
GGAAC3’) did not change the bundled structures (bottom panel), confirming that the 
hierarchical assembly is controlled by the specific DNA hybridization and that simply addition 
of a DNA strand does not result in morphological changes.  



 
 

 
 
Figure S29: SAXS scattering patterns at various temperatures of: (A) Solutions containing 
monomers 2 and 2’. (B) Solutions containing monomer 1. The DNA-cross linked sample has a 
higher slope in the low-q region indicating the formation of bundles. After heating, the slope 
decreases since the bundles are “melted” into individual fibers; the slope for the diluent PA 
(monomer 1) is roughly unchanged indicting the existence of individual fibers in both conditions.  
 
 
 
 
 
 
 



  
Figure S30: Tunable bundle dimensions and mechanical properties. (A-C) SEM 
micrographs showing bundle size in the presence of various concentrations of the invader strand: 
(A) no invader; (B) 10 mM; (C) 50 mM. Scale bar: 1 µm and relevant to all images. (D) Tunable 
reversible gelation: Storage modulus of DNA-crosslinked gels as a function of concentration of 
invader strand or anti-invader strand. (E) Storage modulus of a DNA-crosslinked gel and 
electrostatically crosslinked gel as a function of strain performed at 10 s–1 frequency.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

 
Figure S31: Local stiffness of DNA-PA bundles: Histogram of Young's Moduli for DNA-PA 
bundles (1.04 ± 0.09 MPa) and dispersed PA fibers (0.19 ± 0.02 MPa) measured using AFM 
nanoindentation; p < 0.0001, Mann-Whitney test. 
 
 
 
 
 
 
 
 



 

Figure S32: Chemical structures and mass spectra of non-DNA system. Top – monomer (5), 
middle – monomer (6), bottom – monomer (7). 
 
 
 



 
     Figure S33: Programming hierarchical structures with a peptide code. (A) Chemical 

structure of the DNA-mimetic peptide and the anticipated self-complementary interactions of its 
oppositely charged domains. (B) SEM micrographs of structures formed by the self-
complementary peptide at different pH values: acidic (fibers, left), neutral (twisted bundles of 
fibers, center), basic (fibers, right). 

 
 
 
 
 
 
 
 
 

 



 

 
Figure S34: SAXS scattering patterns of (A) Monomer 5 (E3-Peg2-K3-PA) annealed at pH 4, 
(B) pH 7, (C) pH 10, and (D) backbone PA only annealed at pH 7. At pH 4 and 10, only basic or 
acidic residues respectively are charged so bundling does not occur, and the scattering pattern 
has a slope of –1 in the low-q region, indicating a cylindrical morphology.  At pH 7, both acidic 
and basic residues are charged resulting in bundling due to electrostatic interactions and the 
scattering pattern has a slope of –2.5 in the low-q region, indicating larger structures. 

 



 
Figure S35: SAXS scattering patterns of (A) Monomer 5 (E3-Peg2-K3-PA) annealed at pH 7, 
(B) Monomer 6 (E4-Peg6-K4-PA) annealed at pH 7, and (C) Backbone PA annealed at pH 7. 
PAs with complementary charged regions bundled to form large aggregates, indicated by a steep 
negative slope in the low-q region. 

 
 
 
 
 
 
 
 
 
 



 
 

Figure S36: Mixing oppositely charged fibers (A) Chemical structures of peptide amphiphiles 
with a charged domain of three or six amino acids. (B-C) SEM micrographs of the hydrogels 
formed upon mixing oppositely charged fibers with three charged amino acids, (B) or six 
charged amino acids, (C).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 

Figure S37: Dynamic modulation of astroglial phenotype. (A) Confocal images of astroglial 
cells plated on non-DNA containing hydrogels (Monomer 1), on monomer 1 hydrogels after 
addition of Invader strand, in the presence of dibutyryl cyclic adenosine monophosphate 
(dAMPc) and on Glass (control condition). Staining for GFAP (mature/reactive glial marker, 
green), and DAPI (nuclei, blue). (B) Western blot analysis of GFAP and Vimentin 
(mature/reactive glial markers) in astroglial cells measured after 10 days in vitro on individual 
fibers (Naive), on bundled fibers (Reactive), after switching from individual fibers to bundles 
(Switch to Reactive) and from bundles to individual fibers (Switch to Naive), on non-DNA 
containing hydrogels (Monomer 1), monomer 1 hydrogels after addition of Invader strand 
(Monomer 1+Invader), in the presence of dibutyryl cyclic adenosine monophosphate (dAMPc) 
and on Glass (control condition). Psg0 corresponds to first passage of astrocytes before culture 
them on the experimental conditions. (C) Relative expression of proteins derived from western 
blots in (B). (D) Western blot analysis of PH3 (proliferation marker) in astroglial cells measured 
after 10 days in vitro on the indicated substrates. (E) Relative expression of PH3 derived from 
western blots in (D). All values were normalized to Actin expression. (* p < 0.05; ** p < 0.01; 
**** p < 0.0001, LSD test). Scale bar: 20 µm and relevant to all images. 



 
Figure S38: Proliferation assay in astroglial cells. (A-C) Immunofluorescent images of 
astroglial cells stained with EdU (proliferative cells, green) and DAPI (Nuclei, blue) on 
individual fibers (Naive) and bundled fibers (Reactive) for (A) 24h, (B) 5 days in vitro (div) and 
(C) 10 div after switching from individual fibers to bundles (Switch to Reactive) and from 
bundles to individual fibers (Switch to Naive). (D) Immunofluorescence images of astroglial 
cells stained with EdU (proliferative cells, green) and DAPI (Nuclei, blue) control condition 
(Glass), non-DNA containing hydrogels (Monomer 1), after addition of Invader strand to 
monomer 1 hydrogels (Monomer 1+Invader) and in the presence of dibutyryl cyclic adenosine 
monophosphate (dAMPc). (E, F) Quantification of the percentage of cells that have incorporated 
EdU (24h incubation) in the different conditions mentioned in (A-D). (*** p < 0.001, LSD test). 
Scale bar: 100 µm and relevant to all images. 

 



 
 
Figure S39: Reactive oxygen species in astroglial cell. (A) Immunofluorescence images of 
astroglial cells stained with ROX Green (reactive oxygen species, green) and Hoechst (Nuclei, 
blue) on control condition (Glass), individual fibers (Naive), bundled fibers (Reactive), after 
switching from individual fibers to bundles (Switch to Reactive) and from bundles to individual 
fibers (Switch to Naive), on non-DNA containing hydrogels (Monomer 1), after addition of 
Invader strand to monomer 1 hydrogels (Monomer 1+Invader) and in the presence of dibutyryl 
cyclic adenosine monophosphate (dAMPc). (B) Reactive oxygen species (ROS) quantification 
versus total number of cells (Hoechst) in the different conditions mentioned in (A). (* p < 0.05, 
** p < 0.01, *** p < 0.001, LSD test). Scale bar: 100 µm and relevant to all images. 
 
 
 
 



 
Figure S40: Mechanical properties of calcium-gelled monomer 1. Storage modulus of DNA-
free gels made from the E3 PA fibers and added calcium. Samples were measured either by 
annealing the PA at the tested concentration (blue), or by diluting the PA from samples annealed 
at 1 wt% prior to testing (orange). Gels annealed at 0.25 wt% have similar mechanical properties 
to the DNA-crosslinked gels. (B-C) Storage modulus of E3 gels at various concentrations as a 
function of (B) strain and (C) frequency. Frequency sweeps were performed at 0.1 % strain and 
strain sweeps were performed at 10 s–1 frequency.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 



Tables: 
 

 
Table S1: Names and corresponding sequences of all monomers used in this manuscript. 
Complementary domains of the different pairs are shown in green. 2/2’ pair (30 bp; GC content 

36.7%; Tm 63.1 C); 3/3’ pair (14 bp; GC content 64.3%; Tm 55.3 C). 4/4’ PNA/DNA pair 

(10 bp; GC content 60%; Tm 55.7 C).  
 
 



 

Table S2: Names and corresponding molecular graphics illustrations of DNA monomers 
and their interactions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Bead pair kbond r0 

B-B 104kBT/c
2 0.1c 

B-D or B-P 104kBT/c
2 0.6c 

D-D or P-P 104kBT/c
2 0.135c 

Hybridized D-P 1.4103kBT/c
2 0.16c 

Table S3: Parameters for the harmonic bond potentials. The first column specifies the bead 
pairs: backbone (B), DNA (D), and PNA (P). 

 

 

 

Bead triplet kangle 0 

BBB 104 kBT/rad2 180º 

BBD (or BBP) 104 kBT/rad2 90º 

BDD (or BPP)  kBT/rad2 180º 

DDD (or PPP) 0.3 kBT/rad2 180º 

DDD (or PPP) after hybridization 7.5 kBT/rad2 180º 

Table S4: Parameters for the harmonic angle potentials. Different 3-bead sequences of 
backbone (B), DNA (D), and PNA (P) are shown.  

 

 

 

 

 

   



Movie S1. Intertwining of two complementary fibers. The two fibers were 3 μm long, grafted 
with 10-base-long DNA (red) and complementary PNA (blue), respectively. Prior to 
intertwining, the two fibers met at an initial contact angle of 20º. 
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