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origami blocks are able to combine into 
spherical superstructures,[8] organized 
frameworks can shape lipid vesicles,[9] 
and plate arrays which assemble on 2D 
surfaces to mimic famous artwork.[10] This 
emerging field is opening the way towards 
novel nanoarchitectonic structures[11] with 
unique nanoscale functionality. However, 
expanding this concept further across 
the micron scale will enable new mac-
romolecular materials to be assembled 
with unique biophysical control. These 
materials may include engineered woven 
fabrics with tailored nano-properties, syn-
thetic actin filaments that simulate cel-
lular movement inside model cells, and 
extracellular scaffolds which organize 
cells to aid biomedical research.[12]

DNA-based nanotubes are well suited 
as nanoarchitectonic structures. DNA 
strands can be programmed to form 
extended nanotube lattices. To date, a 
diverse array of nanotubes have been engi-
neered with controllable diameters and 

inter-duplex connectivity.[13–17] The arrays can be functionalized 
and support the 1D organization of metal ions,[18] plasmonic 
particles,[19] quantum dots,[20] and fluorescent dyes with tailored 
properties.[21] In addition, DNA nanotubes can be assembled 
into higher order nanofibers using specially designed junctions 
or organic modifications.[17,22] However, DNA nanotubes and 
nanofibers are highly flexible across the micron scale which 
limits their macroscopic potential. Therefore an alternative 
strategy is required to rigidify DNA nanotubes.

DNA condensation is a natural phenomenon in cell biology. In 
order for genomic DNA to fit inside the nucleus of a cell, histone 
complexes attach to DNA to form a condensed superstructure.[23] 
This process has been exploited in materials science, for example, 
Bar-Ziv and co-workers generated 1D patterned bio-chips using 
spermidine-DNA duplex condensates.[24] Inspired by the favorable 
properties of condensation, I have developed a novel macromo-
lecular assembly method which condenses flexible DNA nanotubes 
into rigid fibers (Figure 1). Applying high concentrations of diva-
lent metal cations generates an inter-nanotube complex (Figure 1a, 
inset). The component nanotube was first presented by Winfree 
and co-workers[13] and is assembled from subunits comprised 
of five oligonucleotides. Complementary toe-hold single strands 
positioned at each corner of the subunit overlap with a pitch of 
≈30° to form, on average, a 7 subunit, 14 helix bundle. The bun-
dles elongate upon annealing to generate a flexible nanotube 
framework (Figures S1–S3, Supporting Information).

Deoxyribonucleic acid (DNA) nanotechnology enables user-defined struc-
tures to be built with unrivalled control. The approach is currently restricted 
across the nanoscale, yet the ability to generate macroscopic DNA structures 
has enormous potential with applications spanning material, physical, and 
biological science. To address this need, I employed DNA nanotechnology 
and developed a new macromolecular nanoarchitectonic assembly method 
to produce DNA fibers with customizable properties. The process involves 
coalescing DNA nanotubes under high salt conditions to yield filament 
superstructures. Using this strategy, fibers over 100 microns long, with stiff-
nesses 10 times greater than cytoskeletal actin filaments can be fabricated. 
The DNA framework enables fibers to be functionalized with advanced syn-
thetic molecules, including, aptamers, origami, nanoparticles, and vesicles. 
In addition, the fibers can act as bacterial extracellular scaffolds and adhere 
Escherichia coli cells in a controllable fashion. These results showcase the 
opportunities offered from DNA nanotechnology across the macroscopic 
scale. The new biophysical approach should find widespread use, from the 
generation of hybrid-fabric materials, smart analytical devices in biomedicine, 
and platforms to study cell-cell interactions.

1. Introduction

Deoxyribonucleic acid (DNA) nanotechnology has produced 
significant advancements across materials science.[1] The DNA 
origami construction approach enables discrete structures 
with nanometer control to be developed readily.[2] The applica-
tions are widespread and include robots with programmable 
movement,[3] DNA-based nanopores with charge selective ion 
transport,[4] and smart sensing devices which deliver cargo to 
designated sites in vivo.[5,6] More recently, the field has been 
expanded towards supramolecular structures which assemble 
across the low micron scale.[7] Using recognition sites, DNA 
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Structural analysis of the nanotubes and fibers was conducted 
first to identify their core parameters, including, diameter, length, 
and rigidity (Figure  1b). The superstructures’ metal cation con-
centration dependency was established, along with annealing 
profiles, optimal annealing rates, and biocompatibility. Next, their 
modular properties were studied, and how the introduction of 
π-stacking cyanine dyes, or multiple seed-annealing cycles influ-
ences fiber formation. Following this, the fiber assembly process 
was applied to different DNA nanotube designs to confirm the 
methodology is generalizable. To showcase the DNA-enabled 
approach, a range of advanced synthetic biomolecules were 
incorporated (Figure  1c). The engineered filaments were then 
used to bind bacteria cells to function as extracellular scaffolds 
(Figure  1d). Two cell adhering mechanisms were investigated, 
either using divalent metals cations (type-I) or cationic liposomes 
(type-II). Finally, advanced bacterial cell matrix applications were 
developed, including adhesion under complex multicellular con-
ditions to organized cell division along the framework.

2. Results

2.1. Structural Characterization of DNA Nanotubes and Fibers

The DNA framework must be sufficiently stable and rigid across 
the micron range for macroscopic applications. To achieve this, 
individual DNA nanotubes were coalesced into structurally more 

rigid and longer fibers. Experimental characterization showed 
isolated DNA nanotubes form readily after mixing the 5 com-
ponent strands and annealing less than 1 h in buffer containing 
14  mm MgCl2 (see Figures S1–S3,S7–S12, Tables S1–S3, Sup-
porting Information). Transmission electron microscopy (TEM) 
and confocal laser scanning microscopy (CLSM) confirmed 
the DNA nanotube formation (Figure  2a; Figures S12–S15,  
Supporting Information). Nanotubes with diameters between 
7 and 20  nm are observed, which is comparable to previously 
published results.[13] However, the frameworks are highly flex-
ible and formed large interwoven bundles measuring ≈6  µm 
across (Figures S12–S15, Supporting Information). The nano-
tubes physical properties are shown in Table 1.

At high divalent metal ion concentrations the DNA nano-
tubes coalesced to form highly rigid fibers (Figure  2b;  
Figures S9–S11, Supporting Information). Structural characteri-
zation revealed long filaments were generated when the com-
ponent mixture was annealed in at least 42 mm MgCl2 or CaCl2 
(Figure S9, Supporting Information). TEM analysis showed fibers 
are composed of tightly packed and aligned DNA nanotubes 
(Figure  2b-ii; Figures S12,S13, Supporting Information). The 
filaments measure ≈7 nanotubes across, implying each fiber is 
a bundle of ≈37 condensed nanotubes. The nanotube packing 
arrangement was due to high concentrations of divalent metal  
cations which complex between adjacent phosphate anions 
from neighboring nanotubes (Figure  1a, inset). The divalent 
requirement was confirmed since monovalent NaCl and KCl 

Figure 1. Overview of engineered DNA fibers. a)Five component oligonucleotides anneal to form flexible DNA nanotubes under low salt conditions, or 
highly rigid DNA fibers (grey) in the presence of high concentrations of divalent metal cations, chemical structure of fiber inter-nanotube metal com-
plex (inset). b) Fibers are highly versatile and can be customized in length, diameter, and rigidity. c) Fibers can be decorated with advanced synthetic 
molecules, including, DNA linkers, DNA origami, DNA nanoparticles, and liposomes (magenta). d) E. coli cells (green) adhere to DNA fibers using 
two approaches, via divalent metal cations (type-I, magenta dots) or cationic vesicles (magenta spheres) (type-II).
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did not form fibers (Figure S9, Supporting Information). CLSM 
showed the fibers measure up to 33.3 µm ± 3.7 µm (Figure 2b-iii),  
and are almost an order of magnitude stiffer than isolated 
nanotubes (Table  1; Figures S14,S15, Supporting Informa-
tion). Agarose gel electrophoresis and a centrifugal pelleting 

assay confirmed the fibers form in high ratios (Figures S7,S8, 
Supporting Information). Gel electrophoretic analysis showed 
the fibers did not migrate into the gel lane. This indicates 
the majority of the component oligonucleotides and subu-
nits formed a large molecular weight complex. A centrifugal 

Figure 2. Structural characterization of DNA nanotubes and fibers. a) DNA nanotubes; a-i) 3D rendering, a-ii) TEM image of nanotube bundle, scale bar 
1000 nm, and a-iii) CLSM showing ensemble nanotube bundles, scale bar 10 µm. b) DNA fibers; b-i) 3D rendering, b-ii) TEM image of fiber, scale bar 
50 nm, and b-iii) CLSM image showing ensemble fibers, scale bar 10 µm. c) Ultra-rigid DNA fiber characterization using 1 eq. of Cy3 modification per 
subunit (magenta spheres); c-i) 3D rendering, c-ii) TEM image of fiber cross-section, scale bar 50 nm, and c-iii) CLSM image showing ensemble fibers, 
scale bar 10 µm. d) Ultra-long DNA fiber characterization with multiple seed-annealing cycles containing 1 eq. of Cy3 modifications per subunit (magenta 
spheres); d-i) 3D rendering, d-ii) TEM image, scale bar 50 nm, and d-iii) CLSM image of ensemble fibers, scale bar 10 µm. e) UV absorbance thermal 
analysis at 260 nm comparing annealing (grey line) and melting transitions (magenta line) of DNA fibers, dotted lines represent the Tm values. f) TEM 
cross-section width analysis comparing DNA fibers without (grey line) and with 3× seed-annealing cycles (magenta line). g) CLSM-derived length analysis 
of DNA fibers with various seed-annealing cycles, values obtained by plotting the average longest fibers for each cycle. h) CLSM-derived stability of DNA 
fibers in deionized water (H2O), lysogeny broth (LB), and fetal bovine serum (Serum), values represent the percentage length after 4 h exposure at 37 °C.
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pelleting assay backed up this finding which revealed 90.3  ± 
2.3% was large enough to precipitate under modest centrif-
ugal forces.

The condensation strategy is compatible with other DNA 
nanotube designs. A tile[16] and origami-based[25] nanotube 
designs were assayed and their fiber-forming properties iden-
tified (Figure S16, Supporting Information). The DNA tile is 
assembled from overlapping subunits, whilst the DNA origami 
structure contains terminal blunt-ends which interact with 
other subunits to form a nanotube array. CLSM showed both 
types of nanotubes were able to form fibers under high diva-
lent metal ion concentrations, to confirm the condensation 
approach is generalizable.

The fibers’ length and stiffness can be improved by 
introducing high concentrations of aromatic fluorophores 
(Figure  2c). Cy3 is known to form homodimers via favorable 
π-stacking interactions.[26] Increasing the modified DNA con-
centration from 0.1 to 1  µm, which equates to 0.1 and 1 Cy3 
per subunit, respectively, increased the length and rigidity 
of fibers markedly. TEM analysis showed the fibers formed 
tightly bound nanotube complexes with co-aligned subunits 
(Figure 2c-ii; Figures S12,S13, Supporting Information). CLSM 
identified the longest fibers’ increased to over 40  µm, whilst 
the persistence length increased to over 200 µm (Figure 2b-iii, 
Table 1; Figure S14, Supporting Information), which is an order 
of magnitude stiffer than cytoskeletal actin filaments.[27] The 
results imply the Cy3 dyes interact constructively in the nano-
tube bundle with adjacent dyes via π-stacking interactions. 
A similar stabilizing effect has also been observed for other 
covalently attached aromatic modifications on DNA, including 
porphyrins.[28]

Thermal UV absorbance and corresponding CLSM anal-
ysis confirmed all DNA constructs remain structurally stable 
at physiological temperatures (Figure  2e, Table  1; Figure S17, 
Supporting Information). The DNA nanotubes and fibers 
were folded by thermally annealing between 75 and 20  °C at 
a rate of 1 °C min−1. Monitoring the absorbance at 260 nm, the 
annealing profiles revealed a 2-step transition for all constructs. 
Previously published results[13,29] show the core subunit has a 
melting temperature between 50 and 55 °C, which corresponds 
to the higher melting transition. Whilst the four toe-hold single 
strands around each subunit, which are five bases long, give 
rise to the lower melting transition. Upon cooling, the subunit 
toe-holds anneal with other subunits to form a 1D nanotube lat-
tice. The mechanism of nanotube-lattice formation has been 
shown to follow a nucleation-elongation model.[16] This result 
implies both the nanotubes and fibers form simultaneously, 
and therefore also follows a nucleation-elongation mechanism 
(Figures S17,S18, Supporting Information). Contrastingly, in 

the melting profiles, only DNA nanotubes displayed a 2-step 
melting transition (Tm) (47.1 and 62.0  °C), whilst the fibers 
displayed a single melting transition (61.1–63.0  °C). The high 
thermal stability of the fibers indicates they form highly coop-
erative superstructures suitable for various bionanotechnology 
applications.

The fibers’ length and diameter can be improved by per-
forming multiple seed-annealing cycles (Figure 2d; Figure S19, 
Supporting Information). The large hysteresis shift between 
the annealing temperature (≈47  °C) and the melting tempera-
ture (≈62 °C) can be exploited, enabling assembled fibers to be 
combined with additional component strands at 55  °C. Upon 
cooling, the supplemented oligonucleotides complex to the 
annealed fibers to increase their length and width markedly 
(Figure 2g). Using this strategy, the fibers’ dimensions can be 
modulated by varying the number of seed-annealing cycles. 
3× seed-annealing cycles improved the fibers’ stiffness fur-
ther, with fibers over 100 µm long and 300 nm wide observed 
(Table 1; Figures S12–S14, Supporting Information).

DNA fibers are stable in biocompatible cell media and dis-
played good nuclease resistance properties. The fibers were pel-
leted and resuspended in lysogeny broth (LB) or fetal bovine 
serum, and the length monitored using CLSM (Figure  2h; 
Figures S20,S21, Supporting Information). After 4 h, the length 
was measured to be >80% of the original. This result confirmed 
the fibers remain stable and resilient to physiological tempera-
tures and proteins in both media types, including DNA diges-
tion enzymes within this timeframe. The fibers also remain 
stable when resuspended into deionized water.

2.2. Functionalizing DNA Fibers with Synthetic Biomolecules

DNA fibers can be modified with a range of biomolecules to 
introduce nanoscale functionality. Firstly, DNA single-strand 
linkers were incorporated to enable subsequent downstream 
DNA attachment (Figure  3a; see Tables S1–S3, Supporting 
Information for sequences and mixing, and Figure S4, Sup-
porting Information for 2D strand map). The extended linker 
strand contains the DNA sequence of a component oligonucle-
otide, but extended in the 5′ direction, leaving a single strand 
domain protruding from the fiber. TEM and CLSM showed 
the linker strands did not interfere with fiber formation, even 
when added in a one equivalent stoichiometric ratio per sub-
unit (Figure 3a-ii–iv; Figures S22,S23, Supporting Information). 
The linker regions can be used as aptamer sequences to direct 
cellular binding,[30] or as DNAzymes to introduce subsequent 
mechanical action.[31]

Secondly, DNA origami nanostructures can be attached to 
fibers via single strand linkers (Figure 3b). A dye-labeled DNA 
origami smiley measuring ≈90 nm × 70 nm × 2 nm was incor-
porated into the DNA fibers by mixing the two folded and 
purified constructs (see Figure S5, Supporting Information 
for 2D strand map, and Table S4, Supporting Information for 
sequences, Figure S24, Supporting Information). Atomic force 
microscopy (AFM) and CLSM confirmed the two synthetic bio-
molecules were able to assemble readily, and that the DNA ori-
gami was able to tether specifically to the fibers (Figure 3b-ii–iv; 
Figure S25, Supporting Information). A control fiber without 

Table 1. Physical properties of DNA nanotubes and fibers.

Construct Maximum length [µm] Persistence length [µm] Tm ([°C]

DNA nanotubes - 2.0 ± 0.1 47.1, 62.0

DNA fiber 0.1 eq. Cy3 33.3 ± 3.7 17.9 ± 1.7 61.1

DNA fiber 1 eq. Cy3 40.6 ± 6.3 217.2 ± 31.4 63.0

3× seed-anneal DNA 
fiber 1 eq. Cy3

101.1 ± 29.8 272.8 ± 13.8 –
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the linker strands did not show any significant DNA origami 
loading, confirming the two complementary strands extended 
from the fiber and origami were able to form a stable duplex. 

This result means the DNA matrix can be decorated with a 
vast array of complex structures, from sensors,[5] robots,[3] or 
quantum dot-loaded motifs.[20]

Figure 3. Functionalizing DNA fibers with synthetic biomolecules. a) Characterization of DNA fibers (grey) modified with linker strands (magenta) 
extended from component oligonucleotides, corresponding a-i) 3D rendering, a-ii) TEM image, scale bar 100 nm, a-iii) CLSM image of DNA fibers (grey 
channel) with fluorescein labeled-linker strands (magenta channel), scale bar 10 µm, and a-iv) cross-sectional analysis of CLSM images comparing DNA 
fibers (grey line) with and without linker strands (magenta line). b) Characterization of DNA fibers (grey) modified with fluorescein-labeled DNA origami 
smileys (magenta) connected via linker strands, corresponding b-i) 3D rendering, b-ii) AFM image of ruptured nanotubes, scale bar 100 nm, b-iii) CLSM 
image of DNA fibers (grey channel) with linker strands and DNA origami smileys (magenta channel), scale bar 10 µm, and b-iv) cross-sectional analysis 
of CLSM images comparing DNA fibers (grey line) with and without linker strands containing DNA origami smileys (magenta line). c) Characterization of 
DNA fibers (grey) modified with Cy5-labelled hydrophobic DNA nanoparticles (magenta) connected via linker strands, corresponding c-i) 3D rendering, 
c-ii) TEM image, scale bar 100 nm, c-iii) CLSM image of DNA fibers (grey channel) with linker strands and DNA nanoparticles (magenta channel), scale 
bar 10 µm, and c-iv) CLSM analysis comparing number of DNA nanoparticles bound along DNA fibers with (magenta line) and without linker strands 
(grey line). d) Characterization of DNA fibers (grey) complexed with vesicles (magenta) of different sizes, corresponding d-i) 3D rendering, d-ii) TEM 
image, scale bar 100 nm, d-iii) CLSM image of DNA fibers (grey channel) complexed with MUVs (magenta channel), scale bar 10 µm, and d-iv) CLSM 
analysis comparing the number of bound SUVs (grey line) versus MUVs (magenta line) along DNA fibers (grey line) with increasing concentration.
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Thirdly, hydrophobic DNA nanoparticles were able to bind 
along the DNA framework via single strand linkers (Figure 3c). 
DNA nanoparticles containing cholesterol-rich regions were 
generated from M13mp18 single strands (see Figure S6, Sup-
porting Information for 2D strand map and Figure S26, Sup-
porting Information, Tables S1–S3,S5, Supporting Informa-
tion for sequences and mixing). Cholesterol-modified oligo-
nucleotides were introduced to the scaffold by binding to 34 
target sites using 17 helper strands. The embedded cholesterols 
interact with other functionalized scaffolds via favorable hydro-
phobic intermolecular interactions to form nanometer-sized 
particles. A single strand region of the M13mp18 scaffold was 
designed to tether to the extended linking strand from the fiber. 
TEM and CLSM showed the DNA nanoparticles were able to 
bind along the fiber via the linker strand (Figure 3c-ii–iv; Fig-
ures S27,S28, Supporting Information). The role of the linker 
strand was confirmed since a control fiber without the linkers 
showed significantly less nanoparticle loading. The DNA nano-
particles may serve as sensitive functional sensors to support 
biomedical research along fibers.[32]

Finally, DNA fibers can be decorated with liposomes of various 
diameters (Figure 3d). Liposomes composed of lipid 1,2-dimyris-
toyl-sn-glycero-3-phosphocholine (DMPC) complexed to DNA 
fibers via favorable ionic interactions. Vesicles ranging from 
100 nm to 20 µm in diameter were screened and the fiber-loading 
capabilities determined. TEM and CLSM showed the liposomes 
complex readily to the fibers (Figure  3d; Figures S29,S30,  
Supporting Information). Small, medium, and large unila-
mellar vesicles (S-, M-, and LUVs), with diameters of 100, 400, 
and 1000 nm, respectively, align along the 1D arrays. In contrast, 
giant unilamellar vesicles (GUVs), with diameters between 
2 and 20  µm, were too large to align, and instead caused  
the fibers to wrap around the vesicles. The binding event was 
mediated via magnesium ions since a control assay using potas-
sium ions did not show any vesicle loading. This result con-
firmed magnesium ions coordinate between negatively charged 
phosphate anions from the DNA and DMPC lipid headgroups. 
The immobilized liposomes can be used to direct binding via 
lipid modified headgroups, or as active ingredient reservoirs for 
downstream cell-matrix applications.[33]

2.3. Escherichia coli Cells Adhere Along DNA Fibers

In order to study bacterial cell adhesion, DNA fibers were first 
bound to a glass microfluidic chamber. The fibers aligned 
under flow by applying shear stress forces. Time-series CLSM 
analysis showed fibers adhered rapidly to the glass surface 
and orientated with the flow direction (see Figure S31, Sup-
porting Information). The aligned fibers average length was 
57.2 (± 30.2) µm long.

Divalent metal cations mediate Escherichia coli cell binding 
along flow-aligned fibers following a type I mechanism 
(Figure 1d). In nature, neutrophils excrete DNA to act as extracel-
lular traps to capture Gram-negative pathogens in the presence  
of divalent metal ions[34] Inspired by this process, magnesium 
and calcium ions were employed to mediate binding between 
negatively charged phosphates from the fiber, and negatively 
charged entities from the outer membrane of E. coli, including 

phosphatidylglycerol (PG) lipids and glycocalyx groups 
(Figure  4a).[35] TEM analysis showed the fibers were able to 
complex E. coli cells along the 1D array in the presence of these 
cations (Figure  4b; Figure S32, Supporting Information). The 
images also revealed the fibers remained structurally rigid 
during the complexation process and can support micron-
sized bacteria cells. Next, CLSM was used to investigate the 
cation binding dependency of E. coli cells. Three salt conditions 
were screened to identify the optimal cell loading (Figure 4c,d; 
Figure S33, Supporting Information), divalent magnesium and 
calcium ions, and monovalent potassium ions. Calcium ions 
only caused the E. coli cells to clump together and were there-
fore not suitable for comparison. Using flow-aligned fibers, 
combined calcium and magnesium ions exhibited the most 
efficient E. coli cell complexation properties. The cell loading 
was 6.4 times higher than magnesium ions. Whilst potassium 
ions did not show any significant binding to confirm the diva-
lent requirement. CLSM also revealed the cell binding event 
is rapid. Analysis of the combined entities in the presence of 
magnesium and calcium ions showed complexation occurred 
within seconds using a microfluidic flow chamber. Once bound, 
particle tracking analysis showed the cell remained fixed at the 
fiber site (Figure S34, Supporting Information).

Cationic liposomes support type II E. coli cell adhesion 
along DNA fibers. Positively charged lipids were introduced 
into liposomes to mediate binding between negatively charged 
DNA fibers and E. coli cells (Figures 1d,4e).[36] First, the optimal 
cationic-vesicle fiber loading ratio was identified using CLSM 
(see Figure S30, Supporting Information). This was performed 
to ensure the vesicles remain isolated along the fibers. Next, 
bovine serum albumin (BSA) was added to the reaction mix-
ture to minimize cellular binding via Mg2+ ions. BSA also 
prevented the fibers from sticking to the glass surface, which 
had the added benefit of improving its molecular accessibility 
to freely diffusing cells. TEM and CLSM images showed the 
E. coli cells bind only at the vesicle sites along the DNA fiber 
(Figure  4f,g; Figures S35,S36, Supporting Information). Two 
different 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)-
containing vesicle sizes were assayed, 100  nm SUVs and 
400 nm MUVs. The analysis revealed the smaller vesicles were 
not suitable for location-specific cellular binding, as each cell 
was able to bind to more than one vesicle along the fiber. In 
contrast, the larger vesicle size showed improved binding prop-
erties, where each cell was able to adhere to one vesicle along 
the fiber. Time-series particle tracking analysis showed the 
bound cells remained tethered but was able to diffuse around 
the liposome (Figure 4h; Figure S37, Supporting Information). 
The rotational movement was most likely due to lipid diffusion 
from the vesicle and cell membranes.[37] Using this approach, 
the intercellular spacing between the immobilized cells was 
identified. Gap analysis revealed the cells fluctuated with low 
micron-scale mobility.

2.4. Biological Applications of E. coli-DNA Fibers

DNA fibers can function as advanced extracellular scaffolds. 
The fibers can act as bacteria-capture devices and were able to 
bind E. coli  cells under complex biological conditions. To test 
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the cellular selectively, fibers were added to E. coli cells mixed 
with dilute whole blood (WB) in reduced serum media. Using 
a microfluidic chamber, CLSM revealed DNA fibers adhered 
E. coli cells and not erythrocytes or white blood cells (Figure 5a; 
Figure S38, Supporting Information). This selectivity was 

most likely due to blood cells having reduced levels of nega-
tively charged lipid molecules compared to E. coli.[35] In addi-
tion, the analysis also confirmed the binding was maintained 
in the presence of serum proteins. At high concentrations the 
fibers formed 3D networks to act as conventional extracellular 

Figure 4. E. coli cells adhere along DNA fibers. Type I cell adhesion mediated via Mg2+ and Ca2+ ions between DNA fibers (grey) and phosphatidylg-
lycerol (PG) lipids found in the outer membrane (OM) of E. coli cells (green), corresponding a) 3D representation of complex, b) TEM image of fiber- 
E. coli complex in Mg2+ and Ca2+ solution, scale bar 1 µm, insert magnification of complex, c) CLSM image of flow-aligned fibers (magenta channel) 
complexed with E. coli cells (green channel) in Mg2+ and Ca2+ solution, scale bar 10 µm, and d) fiber counterion dependency of bound E. coli cells 
derived from CLSM analysis. Type II cell adhesion mediated via cationic liposomes (magenta) between negatively charged DNA fibers (grey) and phos-
phatidylglycerol (PG) lipids found in the OM of E. coli cells (green), corresponding e) 3D rendering of complex, f) TEM image of E. coli-SUV-fiber, arrow 
denotes the position of the vesicle, scale bar 1 µm, g) CLSM time series of E. coli cells (green channel) adhering at cationic SUVs (magenta channel) 
tethered to DNA fibers (grey channel), scale bar 1 µm, and h) particle tracking analysis of tethered E. coli cells (green) with SUVs (magenta) (top), and 
corresponding gap separation between cells (bottom) taken from (g).

Figure 5. Applications of extracellular DNA fibers. a) DNA fibers (magenta channel) selectively adhere E. coli cells (green channel) and not erythrocytes 
or white blood cells found in whole blood (WB, bright-field channel) in reduced serum via a type I mechanism using Ca2+ and Mg2+ ions, scale bar 
2 µm. b) 3D DNA fiber matrix (magenta channel) adheres E. coli cells via a type I mechanism using Ca2+ and Mg2+ ions, scale bar 2 µm. c) Over time 
DNA fibers can support multi-generational alignment of dividing E. coli cells, scale bar 2 µm.
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matrices.[38] This approach can also be used to mimic extracel-
lular DNA which is used by certain bacterial strains during bio-
film formation.[39] CLSM showed the fibers form interconnected 
frameworks when left to settle on a surface at 1 µm or higher. 
When E. coli cells were added to Mg2+ and Ca2+ coated fibers, 
the cells adhered readily via a type I mechanism (Figure  5b; 
Figure S39, Supporting Information). Importantly, the bound 
cells were viable for both adhesion mechanisms. Times 
series analysis confirmed the vesicle-fused cells were viable 
(Figure S40, Supporting Information). After 29  min of cell 
adhesion, the images showed the E. coli cells were able to divide 
at the vesicle site. Contrastingly, for calcium and magnesium 
mediated adhesion, the dividing cells remained complexed to 
the extracellular scaffold in some instances. Using non-flow 
aligned fibers, CLSM showed the cells were able to divide 
sequentially along the DNA framework (Figure 5c; Figure S41, 
Supporting Information). The image revealed the 1D array was 
able to sculpt the dividing  daughter cells to enable long-term 
multi-generational order.

3. Summary and Perspective

A new macromolecular nanoarchitectonic approach has been 
developed which can be functionalized with synthetic biomol-
ecules and E. coli cells. The findings expand the boundaries of 
DNA nanotechnology by generating highly functional macro-
scopic fibers. The results show DNA nanotube condensation is 
very efficient, robust, and versatile. The strategy is generalizable 
as both DNA origami and tile-based nanotube designs can be 
condensed into fibers. Modifying the surface chemistry of the 
fibers by introducing π-stacking modifications, or adapting the 
annealing protocol, enables the diameter, length, and rigidity to 
be customized. However, there is scope to expand the proper-
ties further, for instance, applying more seed-annealing cycles 
should yield even longer and stiffer fibers. Alternative con-
densation agents, like diverse divalent metal cations or small 
cationic organic molecules[24] can enhance the fibers chemical 
diversity. DNA fibers may be simplified by using nanotubes 
comprised of just one oligonucleotide.[15] Or contrastingly, 
employing origami-based designs, which exploit secondary 
structure-recognition,[8] may facilitate sequence-specific control 
across the entire fiber length.

The biophysical ability to organize bacteria cells along DNA 
fibers should find widespread use in biomedical research.[40] 
The results show DNA fibers’ capture selectivity is maintained 
in complex biological systems paving the way for future clinical 
applications, including, novel wound-dressing materials to dial-
ysis devices.[41] The intercellular-gap analysis between tethered 
E. coli cells reveals their position is relatively fixed along the 
framework. This ability means the proximity between bound 
cells can be determined and important studies performed, such 
as, distance thresholds for cell-cell communication, the genera-
tion of complex 3D cell matrixes to mimic biofilm formation,[42] 
and aligned multi-generational cell experiments to study anti-
microbial resistance.[43] Incorporating advanced synthetic bio-
molecules along the DNA framework can help support mecha-
nistic research, or be used to direct cell-specific binding. Smart 
molecules readily incorporated include, DNA aptamers, DNA 

origami-based robots, or liposome agents, all of which can be 
activated to release payloads on command. In addition, the 
extracellular scaffold can be selectively digested by applying a 
high concentration of DNase enzymes. These advanced matrix 
properties are not readily possible with existing extracellular 
scaffolds.

In synthetic biology, new functional materials can be devel-
oped, including replicating actin filaments inside model 
cells with controlled cellular movement, to mimicking fla-
gella motion of synthetic bacteria. Alternatively, with bigger 
and stiffer fibers, the arrays should be able to support mam-
malian cells, opening the route for unique cell-, skin-, and 
organ-grafting materials.[44] Additionally, the DNA fibers have 
a densely packed core, which could be used as novel drug 
delivery agents, similar to DNA hydrogels.[45] Importantly, the 
unit cost of the DNA framework is relatively cheap, requiring 
just 5 component single strands, meaning the new materials 
can be applied to many approaches at scale. To complement 
this, the fibers can be pelleted readily using centrifugation, and 
therefore concentrated, diluted, or exchanged into new buffer 
systems in seconds. In conclusion, my report advances the field 
of macromolecular nanoarchitectonics across three disciplines, 
and helps to address the demand for macroscopic materials 
with nanotechnology-enabled functionality.

4. Experimental Section
Reagents: All DNA oligonucleotides were purchased from IDT DNA 

technologies (Coralville, IA, USA) on a 250 nmol scale, desalted, except 
cholesterol and Cy3 modified DNA which was purified with HPLC. All 
other reagents were purchased from Sigma Merck (UK) unless stated.

Folding Nanotubes and Fibers: The DNA nanotube was published 
previously (information on the sequences, and mixing, including 
2D maps and dimensions is provided in Tables S1–S3, Supporting 
Information).[13] The tubes and fibers were assembled by combining 
an equimolar mixture of the component DNA strands (at 1 or 10  µm, 
1000 µL, unless stated) in 1× TAE pH 8.3 with 14 mm MgCl2 for nanotube 
formation, or 42  mm MgCl2 for fiber formation (unless stated). The 
constructs were folded by heating the solution at 95 °C for 2 min, then 
cooling to 60 °C at a rate of 5 °C min−1, and then to 20 °C at a rate of 
1 °C min−1. Folding was performed in plastic PCR tubes (100 µL) using 
a PCR instrument (BioRad, UK). For AFM analysis of DNA nanotubes, 
the constructs (1  µm, 100  µL) were ligated to prevent rupturing by 
adding T4 kinase buffer (10×, 10  µL, New England Biolabs, UK), T4 
kinase (10  000 U mL−1, 1  µL, New England Biolabs, UK) and T4 ligase 
(2 000 000 U mL−1, 1 µL, New England Biolabs, UK) overnight.

Purification of Fibers: The fibers (1 or 10  µm, 1000  µL) were washed 
by combining the samples in a plastic vial (1  mL, Eppendorf, UK), 
and centrifuging for 4 min at 16k r.p.m. The supernatant (900 µL) was 
removed and replaced with fresh folding buffer (900 µL). The washing 
step was repeated two more times, and the fiber resuspended with 
mixing. The pure constructs were stored at room temperature, used 
within two weeks and mixed prior to use by shaking for 2 s.

Transmission Electron Microscopy: Carbon-coated copper grids (EM 
resolutions, UK) were glow discharged for 90 s (Quorum, UK). The DNA 
nanotubes or fibers (10 µL, 1 µm, in folding buffer) were deposited on 
the grid for 1 min. The grid was then added to a uranyl formate droplet 
(10  µL, 2% w/v in deionized water) for 1 s, transferred to a second 
uranyl formate droplet (10  µL) for 1 s, and then washed by placing in 
a deionized water droplet (10 µL) for 1 s. Finally, the grid was dried by 
blotting onto filter paper and applying a gentle airflow for 1  min. The 
samples were imaged using a transmission electron microscope (JEM-
2100, Jeol, US) equipped with a camera (SC200, Gatan Orius, US).
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Confocal Laser Scanning Microscopy: CLSM images were collected 
using a 60× oil objective microscope (FV-1000 Olympus, UK). To 
visualize the folded nanotubes and fibers, the DNA solution (10  µL, 
unless stated at 1 µm in folding buffer) was deposited on a fluorodish 
(World Precision Instruments, Sarasota, FL, USA) and left to settle for 
5  min before imaging. Where possible, the microscope settings were 
kept identical for each experiment. Images were maximum projections 
from a z-stack, except for times series videos which are single frames 
collected with a wide aperture. The images were analyzed using ImageJ 
software (https://imagej.nih.gov/ij/). The contour lengths and longest 
fibers were measured using the line segmentation tool in ImageJ and 
then averaged. The persistence lengths were calculated using the 
Persistence Version 4 software.[46]

Agarose Gel Nanotube and Fiber Analysis: The nanotubes and fibers 
(10 µL, 1 µm, in TAE pH 8.3, folded in 14, and 42 mm MgCl2, respectively) 
were added to purple gel loading dye (10 µL) (New England Biolabs, UK),  
and loaded onto a 4% agarose gel containing 1× TAE with 2 mm MgCl2 
and ethidium bromide. The gel was run at 60 volts for 1 h at 4 °C and 
visualized using a gel reader.

UV Melting Studies: Thermal melting studies were performed using 
a UV–vis spectrophotometer (Varian Cary Eclipse, Agilent, UK) by 
monitoring the absorption at 260 nm of DNA nanotubes (1 µm, 1 mL, 
1× TAE pH 8.3, and 14 mm MgCl2) and DNA fibers (1 µm, 1 mL, 1× TAE 
pH 8.3, 42 mm MgCl2) in a 1 cm quartz cuvette. Heating and annealing 
was performed in 1 °C steps for 1 min between 75 and 20 °C.

Ultra-Long and Wide DNA Fibers: The DNA fibers were folded following 
the protocol described above (1  µm, 1000  µL), then concentrated by 
centrifuging for 4 min at 16k r.p.m. to generate a pellet. The supernatant 
(800  µL) removed and the fiber was resuspended by shaking the 
remaining solution (≈5 µm, 200 µL). Next, the assembled fiber solution 
(5 µm, 25 µL) was used as a seed and added to annealing fiber (5 µm, 
25 µL) at 55 °C. Upon cooling, longer and wider fibers were generated. 
The seeding process was repeated a two more times to generate even 
longer and wider fibers.

DNA fiber Buffer Exchange and Stability Assays: To freshly assembled 
and washed DNA fibers (100 µL, folded at 1 µm, in 1× TAE pH 8.3, and 
42 mm MgCl2) the solution was centrifuged for 4 min at 16k r.p.m., and the 
supernatant carefully removed (90 µL). The stated buffer system (90 µL) 
was then added to the pelleted fiber and the solution mixed to re-suspend 
the DNA fiber. CLSM images were collected 4 h after buffer transfer.

DNA Origami Preparation: M13mp18 single strand scaffold (125  µL, 
50 nm) was added to the staple strands (200 µL, 250 nm, see Table S4,  
Supporting Information for sequences), 10× TAE pH 8.3 (100  µL), 
MgCl2 (1000 mm, 14 µL), and water (561 µL). The origami was folded by 
thermally annealing the mixture from 70 to 30 °C for 2 h. Excess staple 
strands were removed using size-exclusion chromatography with a S200 
sephadex column (GE Healthcare, UK). To incorporate the FAM-dye 
strands, the purified origami from above (50 µL, 20 nm) was added to 
the FAM-strand (0.3 µL, 50 µm) and mixed at room temperature for 4 h.

Fibers Functionalized with DNA Origami: The assembled fiber (100 µL, 
1 µm, 1 eq. of linker, 1× TAE, and 42 mm MgCl2) was pelleted and washed 
3× via centrifugation. The fiber (100 µL) was added to the purified DNA 
origami smiley (15 eq. of FAM-dye strand, 10  µL, 20  nm, TAE pH 8.3, 
and 14 mm MgCl2) at room temperature and left to mix for 2 h prior to 
CLSM imaging. The non-complexed origami was removed by pelleting 
the fibers and washing once via centrifugation. For AFM analysis, the 
nanotube (100 µL, 1 µm, 1 eq. of linker, 1× TAE, and 28 mm MgCl2) was 
pelleted and washed 3× via centrifugation. The DNA solution (100 µL) 
was added to the purified DNA origami smiley (10 µL, 20 nm, TAE pH 
8.3, and 14  mm MgCl2) at room temperature and left to mix for 1 h 
prior. The DNA solution (20 µL) was deposited on freshly cleaved mica, 
after 2 min additional assembly buffer (80 µL) was added. Images were 
collected using a Multimode 8 atomic force microscope (Bruker Santa 
Barbara, CA, USA) in fluid tapping mode using a MSNL cantilever E tip 
(Bruker Santa Barbara, CA, USA).

Fibers Functionalized with Hydrophobic DNA Nanoparticles: The 
cholesterol modified strands (3.4  µL, 100  µm, in water) and helper 
strands (0.2 µL, 50 µm, in water) (see Table S5, Supporting Information) 

were added to M13mp18 (40  µL, 100  nm) (New England Biolabs, UK), 
10× TAE pH 8.3, 140 mm MgCl2 (10 µL), and deionized water (46.4 µL). 
The nanoparticles were assembled by heating to 95 °C for 2 min, then 
cooled to 4 °C for 10 min. The nanoparticles (10, 5 and 1 µL, 40 nm, TAE 
pH 8.3, and 14 mm MgCl2) were added to the assembled fiber (40 µL, 
1  µm, containing 0.05 eq. of linker, 50  nm, TAE pH 8.3, and 42  mm 
MgCl2) at room temperature and left to mix for 1 h prior to imaging.

Fibers Functionalized with Neutral and Cationic Vesicles: For neutral 
vesicles, DMPC lipid (36.9  mm, 271  µL in chloroform), cholesterol 
(100  mm, 50  µL in chloroform) and Cy5 PE lipid (1  mm, 2  µL, in 
chloroform) were mixed in a glass vial (20 mL). The organic solvent was 
removed under vacuum for 20  min using a rotary evaporator (Buchi, 
UK). The thin film was hydrated in phosphate buffered saline (PBS) 
(1×, 1  mL) by vortexing vigorously and sonicating for 1  min. Next, the 
solution was centrifuged for 10 min at 16 k r.p.m., and the supernatant 
was removed (800 µL) and replaced with fresh PBS (800 µL). The pellet 
was re-suspended by vortexing for 1  min, the process was repeated 
two more times to isolate GUVs. For 1000, 400, and 100  nm vesicles, 
the vesicles were extruded though a 1000, 400, or 100  nm filter using 
a syringe extruder kit (Avanti Polar Lipids, US). The liquid was passed 
through the filter 15 times. The vesicles were used within 2 weeks, stored 
at room temperature, and vortexed for 2 s before use. For cationic 
vesicles, the process above was followed, except POPC lipid (10  mm, 
100 µL in chloroform), DOTAP (10 mm, 40 µL in chloroform), and Cy5 PE 
lipid (0.8 mm, 0.2 µL, in chloroform) were mixed in a glass vial (20 mL) 
instead. To generate fibers coated with vesicles, the extruded vesicles  
(2, 0.2, or 0.02 µL) were added to the assembled fiber (1 µm, 20 µL) at 
room temperature and left to mix for 1 h prior to imaging.

Fiber Adhesion under Flow: A microfluidic dish (1  mm wide, 8 
chambers, Ibidi, DE) was carefully filled with water (10 µL) ensuring no 
air bubbles were generated, and a small droplet was left protruding from 
the cis and trans openings. 6-carboxyfluorescein (5 µm) was added to the 
water to aid visualization of the dish surface in a separate fluorescence 
channel. The assembled DNA fiber (20  µL, 10  µm in 1× TAE pH 8.3, 
42 mm MgCl2, and 20 mm CaCl2) was added to the cis well followed by 
binding buffer (100 µL, 1× TAE pH 8.3, 42 mm MgCl2, and 20 mm CaCl2). 
Next, the plane of the dish was identified using the 6-carboxyfluorescein 
channel. To initiate fiber flow and adhesion, binding buffer (25 µL) was 
added to the trans well. A CLSM time series was performed to a region 
of interest, scanning every second.

E. coli Culture: Under sterile conditions, E. coli K12 EGFP bacteria 
were grown overnight in LB at 37 °C shaking at 300 r.p.m., supplemented 
with kanamycin (50  µg mL−1). The culture was then diluted 1:100 and 
re-grown at 37  °C shaking at 300 r.p.m. for 3 h to reach exponential 
growth phase. Next, the culture was diluted 1:10, and IPTG (1.0  mm) 
was added to express GFP, and the culture incubated for a further 2 h 
shaking at 300 r.p.m. to reach an optical density (OD) of 1 at 600 nm. 
The cells (1 mL) were centrifuged for 1 min at 16k r.p.m., the supernatant 
removed, and re-suspended in PBS (1  mL) by vortexing for 30 s. The 
washing step was repeated twice, and the cells re-suspended in the 
stated buffer system for type I alignment, or PBS (1  mL) for type II 
alignment and used within 1 h.

Magnesium and Calcium Ion Fiber Alignment under Flow: The 
procedure for fiber adhesion described above was followed. After 
5 min of fiber adhesion from the cis to the trans well, the liquid in the 
trans well was removed to stop the flow (≈100 µL). The excess fiber in 
the cis well was removed by washing the well with buffer (5 × 50  µL,  
1× TAE pH 8.3, and 42 mm MgCl2, and where stated supplemented with 
20  mm CaCl2), always ensuring liquid (≈25  µL) was left in the cis well 
to prevent air bubble formation. Binding buffer (1× TAE pH 8.3, 42 mm 
MgCl2, and where stated supplemented with 20 mm CaCl2) was added 
to the cis well (sum volume 100 µL), and then to the trans well (70 µL), 
the small volume imbalance generated a slow flow from the cis to trans 
well. E. coli (10 µL, OD of 1 at 600 nm, in either 1× TAE pH 8.3, 42 mm 
MgCl2, or supplemented with 20  mm CaCl2, or 0.3 M KCl, and 15  mm 
tris pH 8.0, where stated) was added to the cis well. A time series video 
was collected 1  min after the addition of the E. coli cells, or end point 
analysis after 20  min of flow. Particle tracking analysis was conducted 

Small 2021, 2100136

https://imagej.nih.gov/ij/


www.advancedsciencenews.com www.small-journal.com

2100136 (10 of 11) © 2021 The Authors. Small published by Wiley-VCH GmbH

using Trackmate software to monitor the binding movement.[47] For the 
cell competition experiment under flow, the same protocol was followed, 
except E. coli cells (10  µL, OD 1 at 600  nm, in PBS) were mixed with 
heparinized human WB (0.2 µL) then loaded onto the flow chamber.

DOTAP Coated Fibers with E. coli Alignment: The vesicle-loaded 
fiber (10  µL, 1  µm, in 1× TAE pH 8.3, 42  mm MgCl2 with 0.2  µL MUV 
or SUV, and 1  mm lipid in PBS) was added to PBS (10  µL) containing 
BSA (0.01  mg mL−1). The solution (10  µL) was deposited on a glass 
petri fluordish (35  mm, Ibidi, DE) and left to settle for 5  min. E. coli 
(1 µL, OD 1 at 600 nm, in PBS) was added to the top of the droplet and 
carefully mixed, after 30 min the fiber was imaged. Particle tracking was 
conducted using Trackmate software.[47] To confirm viability, time series 
analysis was performed by scanning once every min for 30 min at 37 °C.

E. coli Extracellular Fiber Mesh: The assembled DNA fiber (20  µL, 
10 µm, in 1× TAE pH 8.3, 42 mm MgCl2, and 20 mm CaCl2) was added 
to a fluorodish (35  mm, Ibidi, DE) and left to settle for 5  min. E. coli 
cells (0.2  µL, OD 1 at 600  nm, in PBS) were added to the top of the 
droplet. The images were collected after 10 min of incubation at room 
temperature.

E. coli Cell 1D Growth: The assembled DNA fiber (40  µL, 1  µm in 
1× TAE pH 8.3, 42  mm MgCl2, and 20  mm CaCl2) was pipetted on to 
glass petri dish with lid (35 mm diameter, Ibidi, DE) and left to settle for 
5 min. E. coli cells (0.6 µL, OD 1 at 600 nm, in PBS) were added to the 
top of the droplet and the dish incubated at 37 °C. Images were collected 
after 4 h by carefully transferring the dish on to the imaging platform.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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