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ABSTRACT: The integration of proteins with DNA nanotechnology
would enable materials with diverse applications in biology, medicine,
and engineering. Here, we describe a method for the incorporation of
bioactive fibronectin domain proteins with DNA nanostructures using
two orthogonal coiled-coil peptides. One peptide from each coiled-
coil pair is attached to a DNA origami cuboid in a multivalent fashion
by attaching the peptides to DNA handles. These structures can then
be assembled into one-dimensional arrays through the addition of a
fibronectin domain linker genetically fused with the complementary
peptides to those on the origami. We validate array formation using
two different self-assembly protocols and characterize the fibers by
atomic force and electron microscopy. Finally, we demonstrate that surfaces coated with the protein−DNA nanofibers can serve as
biomaterial substrates for fibroblast adhesion and spreading with the nanofibers showing enhanced bioactivity compared to that of
the monomeric protein.
KEYWORDS: DNA nanotechnology, coiled-coils, self-assembly, biomaterials, fibronectin, bionanotechnology, supramolecular chemistry

■ INTRODUCTION
The ability to control the morphology, size, and activity of
biomimetic structures is a long-standing goal of nano-
technology. DNA, in particular, allows for the construction
of complex and highly addressable nanostructures through the
self-assembly of multiple synthetic oligonucleotides with
unique sequences.1−3 Recently, there has been a great focus
on the functionalization of these structures with peptides4,5 or
proteins6−8 to impart a biological function or to diversify their
structural and chemical properties. One area where hybrid
protein−DNA nanomaterials have found application is in the
creation of cell-engaging substrates for probing, or controlling,
cell adhesion and biological activity. For example, a number of
reports have used DNA nanostructures functionalized with
peptides or proteins to probe the effect of ligand spacing, on
cell activity, or as force sensors for cell receptor−substrate
interactions.9−14 Less common is the use of polypeptide-
modified DNA nanoscaffolds as mimics of fibrous extracellular
matrix (ECM) proteins like fibronectin (Fn) or collagen. Silver
and co-workers reported that DNA ribbons decorated with the
10th type III Fn domain (Fn-III10) could be used to tune the
stiffness and thus the cell response of a substrate,15 whereas
Stupp and co-workers reported that DNA nanotubes bearing
the (Fn-III10)-derived cell-adhesive peptide RGDS could
enhance neural stem cell differentiation into neurons.16

These examples highlight the potential of probing the
structure−function relationships in the ECM by tuning the

diameter and mechanical properties of a fiber independently of
the bioactive components attached to it. However, to fully
realize this potential, new methods to incorporate the bioactive
proteins directly into a nanostructure in a highly biomimetic
fashion are necessary.
In particular, we were inspired by the molecular structure of

native fibronectin, which is composed of multiple bioactive
modules linked together like beads on a string and helps
mediate cell attachment, migration, and differentiation.17,18 We
asked whether a protein−DNA nanofiber could recapitulate
the linear presentation and regular spacing of Fn-III10, which is
displayed with a periodic spacing of ∼50 nm (Figure 1A).
Fn-III10 binds to integrin receptors on cells and mediates their
attachment to the extracellular matrix.17,19,20 The ability to
independently control such a nanofiber’s morphology (through
the DNA origami component) and bioactivity (through the
protein attached to them) could be useful for applications in
tunable biomaterials or for fundamental cell−matrix studies.21

Toward this end, we sought to use a DNA origami cuboid
scaffold22 to recapitulate this protein spacing (Figure 1B). We
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reasoned that to best mimic its physiological arrangement in
the native protein, where individual domains are linked in
series like beads on a string, the Fn-III10 proteins should be
linked to the origami scaffolds at the two termini.
Rather than covalently attaching DNA handles to the

protein,4,5,8 which is especially difficult if two distinct
attachment sites are desired, as in this case, we instead
designed an approach relying on coiled-coil self-assembly.
Recently, we reported that the cuboid nanostructures could be
assembled into long, one-dimensional arrays through multi-
valent coiled-coil peptide interactions.23 We reasoned that it
might be possible to incorporate proteins into these systems by
using two orthogonal coiled-coil pairs (termed P3/P424 and
EI/KI23,25). In this design, we genetically fused P3 and EI to
the Fn-III10 protein and separately linked the P4 and KI
peptides to opposite sides of the origami through peptide−
DNA conjugates (Figure 1C). Because our approach relies on
the selective self-assembly of these coiled-coil pairs, it requires
no additional manipulation of the protein prior to self-
assembly with the peptide-bearing origami. As a result, we can
avoid chemically conjugating DNA to the protein, which
usually requires purification from under-modified species,
resulting in a marked decrease in the yield of the final species.
Our approach should also position the Fn-III10 domains in a
consistent orientation at each junction and throughout the
fiber. We demonstrate the successful assembly and character-
ization of the hybrid protein−DNA nanofibers and show that
they can promote greater fibroblast spreading in comparison
with the nonassembled Fn-III10 domain alone, while cell
adhesion seemed to be comparable. This suggests that the
fibrillar morphology as well as the spacing of the Fn-III10
within the nanofiber are important parameters that guide cell
spreading and that hybrid origami−protein nanostructures are
a promising novel biomaterial that can provide unique handles
to tune these factors and test their effects on cell behavior.

■ MATERIALS AND METHODS
Peptide Synthesis and Characterization. Peptides were made

on a CEM Liberty Blue instrument using standard solid-phase peptide
synthesis (SPPS) with Fmoc-protected amino acids, as previously
reported.3 Peptides were synthesized at a 0.1 mmol scale on Rink-
Amide resin (0.57 mmol/g). Deprotection steps were performed in

20% piperidine in dimethyl formamide (DMF). Coupling was carried
out using N,N′-diisopropylcarbodiimide (DIC), Oxyma, and Fmoc-
protected amino acids at 5 mol equiv to the resin. All peptides were
capped using acetic anhydride and N,N-diisopropylethylamine
(DIPEA). Peptides were cleaved from the resin in a 10 mL solution
of a 95:2.5:2.5 ratio of trifluoroacetic acid (TFA), triisopropylsilane
(TIPS), and water. The peptide was precipitated from the cleavage
solution using 40 mL of cold diethyl ether. The precipitate was
centrifuged, and the supernatant was discarded. The peptide pellets
were dissolved in a 70:30 mixture of water and acetonitrile with 0.1%
TFA for purification. All peptides were purified by reverse phase
chromatography on a Waters HPLC with a C18 Phenomenex column
using a linear gradient of buffer B (acetonitrile + 0.1% TFA) in buffer
A (water + 0.1% TFA) at a rate of a 1.5% increase in buffer B per min.
Peptide identity and purity were confirmed via MALDI-TOF MS on
an AB SCIEX 4800 MALDI TOF/TOF using a matrix of α-cyano-4-
hydroxycinnamic acid matrix (Sigma).

Synthesis of Peptide−DNA Conjugates. Peptides were
conjugated to DNA following previously reported protocols3 using
strain-promoted azide−alkyne cycloaddition (SPAAC). Briefly, DNA
was first coupled to DBCO by mixing amine modified strands at a
concentration of 1 mM with 5 mol equiv of DBCO-sulfo-NHS in
phosphate buffered saline (PBS) consisting of 10 mM Na2HPO4, 1.8
mM K2HPO4, 136 mM NaCl, and 2.7 mM KCl, pH = 8.0. To remove
excess DBCO, the reaction was washed four times using a 3 kDa
MWCO filter. DBCO-modified DNA was reacted with the azide
modified peptide at room temperature and shaken overnight. All
peptides besides KI were reacted at a 2:1 ratio with the DNA; KI
peptides were reacted at a 1:1 ratio to avoid precipitation due to
electrostatic complexation. All reactions were syringe filtered with a
0.22 μm filter prior to purification. The reaction mixtures were
purified via reverse phase HPLC on an Agilent 1220 Infinity using a
Zorbax Eclipse XDB-C18 column with a gradient of 10% to 100%
methanol in 50 mM triethylammonium acetate (TEAA) over 60 min.
The synthesis was confirmed by MALDI-TOF mass spectrometry
using a matrix of 3-hydropicolinic acid (HPA, Sigma).

Expression of P3−Fn-III10−EI Protein. All primers and
oligonucleotides were purchased from Integrated DNA Technologies,
Inc. (Coralville, IA). The gene for P3-(Fn-III10)-EI fusion protein
was inserted in the pQE-80L plasmid via Gibson Assembly. The
constructed plasmid was transformed into E. coli DH5α competent
cells, from New England Biolab, Inc. USA (Rowley, MA) for plasmid
amplification. The plasmids were purified via a miniprep kit from
Qiagen (Hilden, Germany). After plasmid purification, all mutant
constructs were verified via Sanger DNA sequencing, using primers:
pBR-Eco -FWD: aa t aggcg t a t c a cgaggc ; T0 -Te rm-REV:

Figure 1. Overview of approach. (A) Native fibronectin spaces the 10th type III domain (Fn-III10; in green) ∼50 nm apart. (B) This arrangement
can be recapitulated with DNA origami nanostructures that position that same domain with a similar spacing (bottom). (C) Hybrid protein−
origami nanofibers can be synthesized through the self-assembly of a DNA cuboid bearing two orthogonal coiled-coils (P4 and KIc) that are
complementary to coils genetically fused to the Fn-III10 domain (P3 and EI, respectively). Each origami interface is mediated by eight protein
linkers.
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GCGGCAACCGAGCGTTC. The plasmids were then transformed
into BL21 (DE3) cells, from New England Biolab, Inc. (Rowley, MA)
for protein expression. The transformed cells were grown in 1× Luria
Bertani (LB) broth containing 100 g/mL carbenicillin at 37 °C to an
OD600 = 0.6−1.0. Once the optimal OD level was reached, the
culture was induced with 1.0 mM isopropyl-D-thiogalactopyranoside
(IPTG) (SigmaAldrich, St. Louis, MO) and allowed to grow
overnight at 18 °C. The overnight culture was harvested by
centrifugation at 4200 rpm for 10 min. The cell pellets were
resuspended in 15 mL of lysis buffer containing 25 mM Tris, pH =
8.0, 150 mM NaCl, and 0.1 mM EDTA supplemented with 100 μL of
100 mM PMSF, 50 μL of DNase l (10 mg/mL), and 50 μL of
lysozyme (10 mg/mL) and lysed using sonication. The cell lysate was
subsequently centrifuged at 15 000 rpm for 30 min to remove cell
debris, loaded onto a 1 mL HisTrap HP Ni-NTA column (GE
Healthcare, USA), and washed with 10 column volumes of 50 mM
Tris, pH = 8.0, 300 mM NaCl, and 10 mM imidazole to remove
nonspecifically bound molecules. The target protein was eluted with a
40 column volume stepwise gradient using an elution buffer
composed of 50 mM Tris, pH = 8.0, 150 mM NaCl, and 500 mM
imidazole. The stepwise gradient consisted of 10 column volumes of
10% of the elution buffer and then a linear gradient from 10% to
100% elution buffer over 30 column volumes. Peak fractions were
analyzed via SDS-PAGE; the fractions containing the target protein
were consolidated and placed in a 10 kDa molecular weight cutoff
(MWCO) dialysis membrane, and the sample was dialyzed overnight
at 4 °C against 1 L of 50 mM Tris-HCl buffer with 0.5 mM EDTA,
pH = 8.0. The resulting sample was concentrated using an Amicon 10
kDa (MilliporeSigma, USA) MWCO filter. The TEV fusion protein
was cleaved with TEV protease at a 50:1 ratio and allowed to sit
overnight at room temperature. The cleaved protein was loaded onto
a 1 mL HisTrap HP Ni-NTA column, and the flowthrough was
collected. To further remove residual MBP, the protein sample was
loaded onto a 1 mL MBPTrap HP column (GE Healthcare, USA)
and the resulting flowthrough was collected. The flowthrough was
placed in a 10 kDa MWCO dialysis membrane, dialyzed overnight at
4 °C against 1 L of PBS buffer, and then concentrated using an
Amicon 10 kDa (MilliporeSigma, USA) MWCO filter.
Preparation of Surfaces Modified with DNA−Fn-III10 Nano-

fibers. Coverslips were submerged in a solution of 2% Micro-90 in DI
water at 60 °C for 30 min. Coverslips were then rinsed six times with
DI water and twice with ethanol and allowed to dry completely. After
drying, coverslips were plasma cleaned (Basic Plasma Cleaner, Harrick
Plasma) for 5 min on high. Glass bottom dishes (supplied sterile from
the manufacturer) were plasma cleaned directly with no additional
preparation. For improved consistency, initial surface coatings were
applied within 15 min of plasma cleaning.
DNA Origami Cuboid Annealing Protocol and Character-

ization. DNA origami samples were annealed using two distinct
protocols: (1) one-pot annealing; (2) hierarchical (two-step)
annealing and incubation. The one-pot annealing method was used
for samples A−E in Figure S6 (corresponding to lanes 1−5 in Figure
S7 and lanes 1−5 in Figure S8). Samples were made at 10 nM relative
to the M13 scaffold with 10 equiv of staple strands and 80 equiv of
peptide−DNA conjugates (equimolar with the eight handles per
origami). Samples were heated in a PCR thermocycler at 65 °C for 15
min followed by a 0.5 °C/min temperature ramp from 60 to 40 °C
and finally rapid cooling to 4 °C to avoid undesired nonspecific blunt-
end stacking. The two-step protocol was used for sample F in Figure
S6 (corresponding to lane 6 in Figure S7) and all samples
incorporating proteins. This protocol consisted of the same procedure
for the initial origami annealing, followed by a second incubation at
room temperature. All protein added was equimolar to the peptide−
DNA handles (i.e., 80 equiv relative to the M13 scaffold strand). All
DNA origami were analyzed by a 1% agarose gel electrophoresis
(AGE). The gels were prestained with ethidium bromide, electro-
phoresed at 80 V for 1 h, and then imaged with a Bio-Rad Molecular
Imager GelDOC XR+ imaging system. Arrays of origami linked by
P3−Fn-III10−EI were purified utilizing Amicon 100 kDa molecular

weight cutoff filters. The samples were centrifuged at 8000 rpm for 5
min, followed by the addition of fresh buffer, for a total of four times.

Atomic Force Microscopy (AFM) Characterization. AFM
images were obtained using a Veeco DI MultiMode V instrument in
air using scan assist mode with SCANASYST-AIR tips (Bruker). Two
μL of sample and 48 μL of 1× TAE with 12.5 mM Mg2+ buffer were
pipetted onto freshly cleaved mica and allowed to adhere to the
surface for 2 min. Samples were washed with 50 μL of water to
remove excess salts and immediately dried with a stream of air.

Transmission Electron Microscopy (TEM) Characterization.
All TEM images were collected using a Philips CM-12 transmission
electron microscope. DNA origami−peptide arrays were adsorbed
onto glow-discharged Formvar copper mesh grids (Ted Pella) and
stained with a solution of 2% uranyl acetate in water.

Surface Functionalization. Immediately following plasma
cleaning, a sufficient volume of the desired coating solution was
applied to the surface in order to achieve a final coating density of 2
pmol/cm2 and then incubated for 1 h. Following coating, the
remaining liquid on the surfaces was aspirated and surfaces were
gently rinsed three times with 1× PBS. For DNA-modified surfaces,
12.5 mM MgCl2 was added to all wash solutions to help maintain the
surface coating.

Characterization of DNA Cuboid Nanofiber and Integrin
Modified Surfaces. Glass bottom dishes were modified with DNA
cuboid nanofibers as described above. Following modification, the
coating was characterized using the fluorescent DNA intercalator
YOYO-1 (Thermo Fisher, Y3601). Integrin binding assays were
performed using a modified solid-phase binding assay.26,27 Solutions
of the recombinant human integrins α5β1 and αvβ3 (R&D systems,
3230-A5 and 3050-AV, respectively) were prepared (2 μg/mL, TS-B
Buffer), added to separate DNA cuboid−nanofiber modified surfaces,
and incubated for 1 h at room temperature. Following integrin
binding, surfaces were washed an additional three times for 5 min in
PBS-T + Mg2+ to remove excess integrin. Surfaces were then fixed in a
solution of 4% paraformaldehyde (PFA) in PBS + 12.5 mM Mg2+ for
15 min to preserve bound integrin in subsequent immunofluorescent
labeling.

Cell Culture. Normal human foreskin fibroblasts (HFFs) were
obtained from the UNC Tissue Culture Facility (HDF-UNCH1,
passage number 18) and cultured in DMEM, high glucose (Gibco,
11965092) supplemented with 10% fetal bovine serum (Seradigm,
1500-500G) and 1% penicillin−streptomycin (Gibco, 15140122).
Cells were passaged every 3 days and used at a passage number
between 20 and 25.

Fibroblast Adhesion Assays. For adhesion experiments, DNA−
Fn-III10 nanofiber modified surfaces (as described above) were
prepared immediately before use, alongside fibronectin and P3−Fn-
III10−EI monomer-only surfaces used as positive and negative
controls, respectively. HFF cells were plated on the modified surfaces
at a density of 2500 cells/cm2 in reduced serum media (DMEM, 2%
FBS). Cells were allowed to adhere for 2 h and were then gently
washed once with 1× PBS, followed by fixation for 15 min with 4%
PFA in PBS (Invitrogen Image-iT Fixative, R37814). Following
fixation, cells were washed three times with ice-cold PBS + Mg2+ (1×
PBS, 5 mM MgCl2).

Immunocytochemistry. The following primary antibodies and
their dilutions were used for immunocytochemistry: mouse anti-
vinculin (1:500, Sigma-Aldrich V9131), rabbit anti-β3/CD61 [SJ19-
09] (1:500, Invitrogen MA5-32077), and rat anti-β1 [MB1.2] (1:100,
Sigma MAB1997).

Following fixation, cells on the modified surfaces were first
permeabilized for 5 min in 0.1% Triton-X100 in PBS followed by
three, 5 min washes in PBS + Mg2+. After permeabilization, cells were
blocked with a 1% BSA Fraction V solution (Gibco, 15260037) in
PBS-T + Mg2+ (1× PBS, 0.1% Tween-20, 5 mM Mg2+) for 30 min at
room temperature. The blocking solution was removed and replaced
with a solution of the primary antibodies (1% BSA in PBS-T + Mg2+)
and incubated for 1 h at room temperature. Surfaces were then
washed three times for 5 min in PBS-T + Mg2+. A solution of
AlexaFluor-conjugated secondary antibodies against the appropriate

ACS Applied Bio Materials www.acsabm.org Forum Article

https://doi.org/10.1021/acsabm.2c00303
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


species for the primary antibodies was added to the surfaces and
incubated for 1 h in the dark at room temperature. Following
incubation with secondary antibodies, surfaces were washed three
times with PBS-T + Mg2+ followed by a 1 h incubation with
AlexaFluor 488-Phalloidin (1:400, Invitrogen, A12379) and a 20 min
incubation with Hoechst 33342 (1:2000, Invitrogen H3570). Surfaces
were washed a final three times with PBS + Mg2+, then mounted on
glass slides using ProLong Diamond Antifade Mountant (Invitrogen,
P36965), and allowed to cure for >6 h in the dark at room
temperature prior to imaging. For low magnification images and

quantification, coverslips were imaged on a GE INCell Analyzer 2200
high-content microscope.

Confocal Microscopy. Confocal images were acquired on either a
Zeiss LSM 710 or a Zeiss LSM 880 equipped with an Airyscan
Superresolution detector. Zeiss Plan Apochromat 1.4 NA oil
objectives with either 40× (LSM 710) or 63× (LSM 880)
magnification were used. Power and gain settings were optimized
for each fluorophore but kept consistent across similar samples.

ImageJ and Statistical Analysis.Morphometric and quantitative
analysis of images and all related quantifications were performed using

Figure 2. Formation of 1D fibronectin−origami arrays using coiled-coil linkers. (A) Two different protocols for assembling protein−DNA
nanofibers, where (i−iv) indicates the samples referred to below. (B) Agarose gel electrophoresis of samples. Lane M: dsDNA ladder (kbp); cub:
cuboids with peptides after one-pot annealing; (i): sample after addition of protein linkers and incubation at 37 °C; (ii): purified protein−DNA
fibers. The white box denotes the high-molecular weight aggregates that correspond to the nanofibers. The orange arrow indicates excess free
staples and peptide−DNA conjugates. (C, D) Negative stain TEM images of the unpurified (tan) and purified (green) protein−DNA fibers. Scale
bars: 100 nm. (E) Histogram of the array length for samples (i) and (ii). (F) Schematic of protein−DNA nanofiber interface with the expected
dimensions indicated. (G) AFM zoom-in image of an isolated protein−DNA fiber. (H, I) AFM height profiles along the blue and red line,
respectively, from (G). (J) Agarose gel electrophoresis of samples. Lane M: dsDNA ladder (kbp); cub: cuboids without peptides (for comparison);
(iii): cuboids with peptides following purification; (iv): assembly of fibers from purified cuboids. The white box denotes the high-molecular weight
aggregates that correspond to nonspecific aggregates for (iii) and nanofibers for (iv). (K, L) AFM images of sample (iv). (M) Histogram of array
length for sample (iv). For all histograms, numbers correspond to arrays with a length equal to that between the value of the previous bin and
indicated number, e.g., “10” indicates arrays 6−10 cuboids in length.
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Fiji ImageJ software (National Institute of Health). Data from ImageJ
was compiled using Microsoft Excel. Statistical analysis was performed
using Graphpad Prism 9 software. For the determination of statistical
significance, a Student’s t test or ordinary one-way ANOVA was
implemented.

■ RESULTS AND DISCUSSION
The monomeric protein “linker” was recombinantly expressed
in E. coli as a genetic fusion with the P3 peptide at the N-
terminus and the EI peptide at the C-terminus to yield P3−Fn-
III10−EI. We coupled the P4 and KI peptides (which form
parallel heterodimer coiled-coils with P3 and EI, respectively)
to two unique 14-nt ssDNA handles, ADNA and BDNA, using
copper-free click chemistry with an azidolysine on the
peptides.23 These peptide−DNA conjugates could in turn be
attached to the DNA origami cuboid bearing complementary
handles on opposite faces. We modified the origami cuboids,
which are 32 × 19.5 × 16 nm in size with sites for handle
extension on the faces perpendicular to the DNA helical axes,
with one or two sets of orthogonal peptides on the two
smallest faces (the 19.5 × 16 nm faces). The details of protein
expression and purification, peptide synthesis, and peptide−
DNA conjugation, purification, and characterization can be
found in Sections S2−S4.
We used circular dichroism to confirm that the P3 and P4

formed a coiled-coil, as evidenced by the characteristic peaks at
208 and 222 nm, but that no such signal was seen between
these peptides and either EI or KI, demonstrating the desired
orthogonality of the two pairs selected (Figure S3). Previously,
we reported that DNA origami cuboids could be assembled
into long, 1D arrays by functionalizing them with eight copies
of the EI and KI peptides on each side,23 so we used this same
number of handles on the cuboids for all experiments herein.
We also note that, in order to ensure the proper directionality
of protein attachment to the peptides (Figure S5, asterisks),
the BDNA handle was attached to the C-terminus of the KI
peptide, as opposed to our prior studies in which the handle
was attached to the N-terminus. This was accomplished by
moving the azidolysine that gets linked to the DNA to the C-
terminus (peptide KIC), as opposed to the N-terminus
(peptide KIN), while otherwise keeping the self-assembling
motif of the peptide constant; the complete sequences for all
peptides used can be found in Figure S1. We highlight that the
ability to control the site specificity of DNA attachment to the
peptide allows for both parallel and antiparallel coiled-coils to
be used, expanding the possible design space of future
materials.
We first probed whether the P3/P4 coiled-coil pair could

mediate DNA nanofiber formation on its own, similar to the
EI/KIN pair.23 We followed a “one-pot” procedure where we
annealed the P3−BDNA and P4−ADNA conjugates with the M13
scaffold, staple strands, and staples extended with handles
complementary to those on the peptides. Compared with the
nanostructures lacking handles (Figure S6A), this sample
yielded one-dimensional arrays of the cuboids linked along the
expected interface, as imaged by negative-stain TEM (Figure
S6B). In contrast, cuboids annealed with one peptide from
each pair, either P4 and KIN (Figure S6D) or P3 and EI
(Figure S6E), primarily gave monomeric species indistinguish-
able from the unmodified cuboids. These two populations of
cuboids were mixed in a second, lower-temperature annealing
step to create an alternating copolymer of nanostructures,
driven by both coiled-coil interactions (Figure S6F). Taken

together, these results demonstrated that a “mixed” system of
coils could sequence-specifically drive DNA nanostructure
assembly, in much the same way that unique DNA sticky ends
can assemble complex nanostructures.
Next, we attempted to make arrays driven by the P3−Fn-

III10−EI fusion (Figure 2A). We first annealed cuboids bearing
P4 and KIC, and then, in a second step, added the protein
linker equimolar to the peptides in solution; i.e., 80-fold
relative to the M13 scaffold due to the 10-fold excess of staples
and the eight handles per cuboid face. We incubated this
sample at room temperature for 15 h, a temperature that was
not expected to disturb either the peptide assembly or the
protein, and analyzed the sample (termed “unpurified arrays
(i)” in Figure 2A) by both agarose gel electrophoresis (AGE)
and negative stain TEM. As evidenced by AGE, the band
corresponding to the cuboid and short oligomers transitioned
to a high-molecular weight band in the loading well (Figure
2B, lanes cub vs (i)). Negative stain TEM analysis revealed 1D
nanofibers (Figure 2C) with a length distribution similar to
that of the sample with the mixed peptides alone (Figure S6F),
including fibers of up to 26 origami in length. Thus, the protein
linker bearing two coils was able to effectively assemble the
DNA nanostructures and create a hybrid structure with
multiple proteins interspersed between the origami cuboids
and a similar efficiency to the mixed nanofibers formed solely
by the two pairs of peptides.
According to AGE analysis, control experiments with

cuboids bearing EI and P3 peptides incubated with P3−Fn-
III10−EI did not yield fibers (Figure S8), confirming that the
origami must bear the complementary peptides to the handles
on the protein to drive self-assembly. All of the above samples
were annealed in the presence of a 10-fold excess of staples
with multivalency preventing fiber “capping” and termina-
tion.22,23 However, having an excess of peptide−DNA
conjugates and protein linkers in solution could be problematic
for some applications. For example, it would be counter-
productive for cell studies to have an 80-fold excess of free
P3−Fn-III10−EI in solution, which could compete with the
fibers for binding to integrin receptors. We thus explored
whether the fibers could be purified (“purified arrays (ii)” in
Figure 2A) using a high molecular-weight cutoff (MWCO)
centrifugal filter. A 100 kDa MWCO filter should retain the
fibers (as well as cuboid monomers, which are megadaltons in
size) but remove free staples, peptide−DNA conjugates, and
protein linkers. Indeed, after four rounds of centrifugation and
dilution using this filter, no excess peptide−DNA conjugates or
staples were seen by AGE (Figure 2B, lane (ii)), and long
fibers were still readily observable by TEM (Figure 2D). The
determination of the fiber lengths before and after purification
gave virtually identical distributions (Figure 2E), demonstrat-
ing the purification did not break (or aggregate) the fibers, nor
did the removal of excess peptides and proteins cause them to
lengthen. It may be possible to further increase the protein−
DNA fiber length using a stronger second pair of peptides than
P3/P4 (e.g., on par with EI/KI), increasing the number or
modifying the spatial distribution of handles, or tuning the
annealing and hierarchical assembly protocol. These inves-
tigations will be the focus of a future study.
We also probed the protein−DNA nanofiber structure and

dimensions by AFM. The expected intercuboid gap is 21.6 nm,
on the basis of the dimensions of Fn-III10 (3.8 nm, according
to the crystal structure28) and the estimated lengths of the
coiled-coils (4.2 nm) and dsDNA handles (4.7 nm); see Figure

ACS Applied Bio Materials www.acsabm.org Forum Article

https://doi.org/10.1021/acsabm.2c00303
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00303/suppl_file/mt2c00303_si_001.pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


S5. Combined with the dimensions of the long edge of the
cuboid (32 nm), we expect a distance of 53.6 nm between the
edges of each cuboid (Figure 2F), not taking into account the
flexible linkers between the peptide and its DNA handle. AFM
analysis of an isolated fiber (Figure 2G) demonstrated an
average distance between the edges of adjacent cuboids of ∼53
nm (Figure 2H), which closely matches the expected value.
Notably, this distance is greater than the previously measured
intercuboid distance of ∼40 nm for the EI/KIN fibers,23 as a
result of the protein and the second coiled-coil pair between
each cuboid in an array. The height and width of each
individual cuboid are 11 and 24 nm, respectively (Figure 2I),
as observed in the EI/KIN fibers. We note that these images
were taken after drying on the mica substrate, so the cuboids
are expected to be slightly flattened due to the drying effects.
However, AFM analysis confirms that not only are the cuboids
linked along the expected interface but also that the
dimensions between them correlate well to the dimensions
of the protein with the two coil handles.
In previous experiments with the EI/KI pair, the most

efficient pathway for the assembly was to purify the cuboids
first and then add a preformed coiled-coil/DNA conjugate to
assemble them into fibers.23 We thus explored whether
annealing cuboids with P4 and KI peptides, purifying them,
and only afterward adding a stoichiometric amount of P3−Fn-

III10−EI would lengthen the fiber assembly (Figure 2A,
“purified cuboids (iii)” and “purified arrays (iv)”). By AGE,
the purified cuboids (Figure 2J, lane (iii)) showed an
aggregated band in the loading well, indistinguishable from
the sample after the addition of the P3−Fn-III10−EI linker and
incubation at room temperature for 72 h (Figure 2J, lane (iv)).
The examination of this species by AFM (Figure S19A),
however, showed clustered cuboids, not long 1D arrays, which
we attribute to nonspecific aggregation due to the spin
concentration step. The sample after protein addition, in
contrast, showed the expected arrays by AFM (Figures 2K,L
and S19B). The quantification of the fiber length distribution
(Figure 2M) showed a fairly similar distribution to the
previous assembly protocol (Figure 2E), albeit with some
longer fibers reaching 40 cuboids in length.
Having demonstrated successful assembly of nanofibers

composed of DNA origami units linked by ECM-derived
proteins, we next turned to probing the bioactivity of these
fibers. We first needed to verify that they can efficiently modify
glass surfaces for cell culture assays. As the DNA−Fn-III10
fibers are assembled and purified in magnesium-containing
solutions, they should efficiently bind to negatively charged
plasma cleaned glass, as previously demonstrated.29 To test
this hypothesis, we applied solutions of DNA−Fn-III10 fibers
to glass coverslips immediately following plasma cleaning and

Figure 3. Modification of biocompatible surfaces with DNA−Fn-III10 arrays. Glass substrates were modified with DNA−Fn-III10 fibers and stained
with YOYO-1, followed by imaging using CLSM. (A) A 25 × 25um overview image of the DNA−Fn-III10 modified surface. Insets show areas
representing long nanofiber (i) and shorter nanofiber (ii) arrays. (B) Quantification of fiber length from the confocal images. (C) Representative
fibers containing regions of bound integrins, either α5β1 (i) or αVβ3 (ii). Gray = YOYO-1, DNA−nanofibers. Red = integrin (D) Line scans along
the dotted lines in (C) show the overlapping regions of both DNA and integrins. Line-scan plots are shown normalized to the maximum value of a
given trace. Black = YOYO-1 (DNA nanofibers). Red = integrin. (E) Quantification of the density of overlapping regions of integrin and DNA,
representing regions of integrin binding. Mean overlap density shown by the bars.
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allowed the functionalized surfaces to incubate at room
temperature for 1 h, followed by two washes with Mg-
supplemented PBS. To characterize the resulting surface

coating, we used the DNA intercalator dye YOYO-1 to
fluorescently label the DNA nanofibers, followed by imaging
using confocal microscopy. This method of surface mod-

Figure 4. Cells adhesion and spreading on DNA−Fn-III10 nanofibers. (A) Representative widefield images of cells grown on surfaces coated with
native fibronectin, DNA−Fn-III10 nanofibers, P3−Fn-III10−EI monomers, or DNA-only nanofibers (10× objective, actin stained with AlexaFluor-
phalloidin-488). (B) Quantification (from the brightfield images in (A)) of cell attachment density (i) and projected cell area (ii) on differently
modified surfaces. (C) Confocal microscopy images of cells grown on the same surfaces stained for vinculin and integrins a5β1 and aVβ3. Arrows:
focal adhesions shown in the vinculin channel. Arrow heads: focal adhesions shown in the corresponding integrin channel. (D) Quantification
(from the confocal images in (B)) of the vinculin channel showing the aspect ratio of focal adhesions larger than 0.5 μm2 for cells grown on FN-
containing surfaces. All error bars show the 95% confidence interval of the mean, and p-values were calculated in Prism using a one-way ANOVA. *
= p < 0.05; **** = p < 0.0001.
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ification resulted in the efficient coating of glass substrates with
DNA−Fn-III10 fibers 250−500 nm long, correlating well with
the fiber length observed via AFM imaging (Figures 3A,B and
S20). We next tested whether the Fn-III10 domains within the
hybrid fibers could effectively engage integrins. Glass surfaces
modified with DNA−Fn-III10 nanofibers were incubated with
solutions of purified recombinant integrins, either α5β1 or
αVβ3, followed by labeling with primary antibodies against the
corresponding integrin and fluorescent secondary antibodies.
By labeling the DNA with YOYO-1, we were also able to
visualize the spatial arrangement of integrins on the DNA
nanofibers. This experiment revealed that both integrins were
able to bind the DNA nanofibers (Figure 3Ci,ii). Line scans
taken from representative images of integrin-bound DNA
nanofibers (Figure 3D) revealed multiple points of overlap
between the black (DNA) and red (integrin) signals with an
apparent preference toward binding at the ends of the DNA
fibers compared to the center. This may be because protein
(either the Fn-III10 domains themselves or the integrins to
which the antibodies must bind) at the end of the fibers is
more accessible, as there are no nanostructures on one side of
them. Colocalization analysis of the imaged surfaces allowed us
to quantify the density of these overlapping regions (Figures
3D and S21). Interestingly, the DNA−Fn-III10 nanofibers
revealed a slight binding preference toward integrin α5β1 as
shown by the increased number of overlaps/μm2 (1.06 vs 0.62
μm−2, p < 0.1). While the preference is mild, this result
suggests it might be possible to design origami−Fn hybrids
that would be selective toward target integrins.
Finally, we turned our efforts toward understanding whether

these hybrid nanofibers could promote cell adhesion and
spreading. We plated human foreskin fibroblasts (HFFs) on
surfaces modified with either native fibronectin, DNA−Fn-III10
nanofibers, or P3−Fn-III10−EI protein monomers (Figure 4).
Cells were allowed to adhere and spread under low serum
conditions (2% FBS) for 2 h followed by fixation and staining.
Images (10× magnification) of cells on these three surfaces
(Figure 4A) were taken over the entire coverslip and used to
quantify cell density and projected cell area. Cell density was
variable across the surfaces, but the fibronectin and DNA−FN-
III10 surfaces showed an increased number of adhered cells.
However, quantification of cell area revealed substantial
differences (Figure 4Bi,ii). While the native fibronectin
surfaces showed the highest degree of cell spreading (1848
± 96 μm2), cells on DNA−Fn-III10 surfaces were significantly
larger (1546 ± 14 μm2) than on P3−Fn-III10−EI surfaces (714
± 36 μm2, p < 0.0001). Cells on DNA−Fn-III10 surfaces also
showed significantly improved spreading compared to DNA-
only nanofibers (619 ± 32 μm2) or unmodified glass substrates
(683 ± 39 μm2, data not shown). We also performed
immunocytochemistry labeling of cells on the differently
modified surfaces and stained for proteins associated with
focal adhesions (vinculin) and integrin activation (α5 and β3
integrins) (Figure 4C). The cells grown on both native
fibronectin and DNA−Fn-III10 nanofibers show the formation
of focal adhesions that are positive for both α5 and β3
integrins. While these structures are not as mature in cells
grown on DNA−Fn-III10 nanofibers versus native Fn, the
vinculin channel shows the formation of FAs that appear to be
predominantly composed of integrin α5β1, further suggesting a
slight selectivity toward α5β1, as we demonstrated in our
binding studies (Figure 3). Interestingly, cells grown on the
nonassembled P3−Fn-III10−EI monomer only surfaces show

very limited spreading and ill-defined structures in the vinculin
and integrin channels. These differences were further
characterized by quantifying the aspect ratio of the focal
adhesions. Masks of the focal adhesions were isolated from the
vinculin channel images and analyzed to calculate the mean FA
aspect ratios, which were 6.71 ± 0.48, 5.31 ± 0.41, and 2.13 ±
0.14 for native Fn, DNA−Fn-III10 nanofibers, and P3−Fn-
III10−EI monomer surfaces, respectively (Figure 4D). Taken
together, these results suggest that, while the Fn-III10 domain
alone is sufficient to promote cell adhesion, the optimal
engagement of integrins and effective cell spreading and focal
adhesion formation require the Fn-III10 domains to be
polymerized via the DNA origami nanostructures. We further
supported this by plating cells on surfaces with increasing
concentrations of the P3−Fn-III10−EI monomer either
adsorbed or covalently linked to the surface. Both adsorbed
and covalently linked monomers induced cell spreading
(Figure S22A,B), but the covalently linked monomers caused
a greater increase in cell area, once we controlled for the
possible differences between the substrate and background
(APTES vs plasma cleaned). Interestingly, although cells
behaved differently on these modified surfaces, higher amounts
of P3−Fn-III10−EI monomer did not correlate with a higher
degree of spreading, regardless of whether the monomer was
covalently attached or not. This suggests that simply having
more monomer on the surface is not sufficient to induce an
efficient cell response. Instead, the ordered fibrillar geometry of
the DNA nanofibers is needed to recreate the adhesion and
spreading, and the possibly increased adhesion of the fibers to
the surface compared with monomeric protein or cells
responding partly to the nanomorphology of the fibers (vs
globular monomeric proteins) is not sufficient. These
questions will be the focus of future experiments with these
hybrid systems. Our results highlight the importance of
hierarchical ordering in ECM proteins, where the specific
spatial and multivalent arrangement of bioactive cues is critical
to achieve the desired cell activity.

■ CONCLUSIONS
In conclusion, we have demonstrated the synthesis of hybrid
protein−DNA nanofibers that use two orthogonal coiled-coil
pairs to assemble one-dimensional DNA origami nanostruc-
tures interspersed with bioactive Fn-III10 domains. Further-
more, our method avoids having to chemically modify the
protein with DNA handles and instead relies on standard
genetic fusion techniques, simplifying protein incorporation
into the DNA-based system. Our work is, to our knowledge,
the first example of integrating proteins with a DNA
nanostructure via the coiled-coil motif to create a hybrid
self-assembled system. The programmability of the coiled-coil
pairing rules30,31 and the large toolkit of the orthogonal pairs
make this self-assembly motif an attractive candidate for
nanomaterials.32−35 Although here we demonstrate only two
orthogonal peptide interactions, this method should be readily
extensible to the broad toolkit of specific coiled-coil pairs that
have been previously described,30,35 potentially enabling site-
specific incorporation of multiple proteins.
We also demonstrated that fibers containing the proteins

served as efficient scaffolds for cell adhesion and spreading
with improved activity compared with monomeric proteins not
assembled into a biomimetic fibrillar structure. The program-
mable nature of the underlying DNA origami backbone also
allows for the incorporation of other domains within the same
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fiber, whether they are additional fibronectin domains or
domains from other important ECM proteins. In addition, the
nanoarray polymerization via DNA hybridization or coil−
coiled interactions can be leveraged to make the fibers
responsive and reconfigurable to user defined inputs through
the use of both DNA and peptide strand displacement.36,37

The ability to independently control the nanofiber morphology
(e.g., aspect ratio, stiffness) and the number and identity of the
proteins presented will enable structure−function studies for
ECM-mimetic materials that are hard to accomplish using
native proteins or other bioengineered systems like self-
assembled all-peptide or protein nanofibers.
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