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ABSTRACT: Nucleic acid—collagen complexes (NACCs) are a
self-assembled biomimetic fibrillary platform arising from the
spontaneous complexation of single-stranded DNA (ssDNA)
oligonucleotides and collagen. NACCs merge the extracellular
matrix functionality of collagen with the tunable bioactivity of
ssDNA as aptamers for broad biomedical applications. We
hypothesize that NACCs offer a hierarchical architecture across
multiple length scales that significantly varies compared to native
collagen. We investigate this using atomic force microscopy and
electron microscopy (transmission electron microscopy and
cryogenic electron microscopy). Results demonstrate key topo-
graphical differences induced by adding ssDNA oligonucleotides to
collagen type I. NACCs form a dense network of intertwined
collagen fiber bundles in the microscale and nanoscale while retaining their characteristic D-band periodicities (~67 nm).
Additionally, our exploration of thermodynamic parameters governing the interaction indicates an entropically favorable NACC
formation driven by ssDNA. Thermal analysis demonstrates the preservation of collagen’s triple helical domains and a more
stabilized polypeptide structure at higher temperatures than native collagen. These findings offer important insights into our
understanding of the ssDNA-induced complexation of collagen toward the further establishment of structure—property relationships
in NACCs and their future development into practical biomaterials. They also provide pathways for manipulating and enhancing
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collagenous matrices’ properties without requiring complex chemical modifications or fabrication procedures.

B INTRODUCTION

To obtain bioactive materials for long-term efficacy and tissue
regeneration, recent research efforts have focused on creating
technologies that mimic the native extracellular matrix (ECM)
environment and stimulate desired cell phenotypes. By closely
replicating the ECM, biomaterial systems enable cells to model
their native behavior, allowing biomedical researchers to study
tissue-specific cells and regenerate complex tissues and organs.
To achieve this, there is a need to develop innovative
technologies that recapitulate the native microenvironment in
a highly reproducible and user-friendly manner without harsh
chemistries. Moreover, the complex multiscale structure that
exists in living tissues must be introduced in cell-laden scaffolds
to enable the hierarchical branching of cells, thereby enhancing
their viability and function." Over the years, collagen-based
hydrogels have emerged as a prominent biomaterial platform
due to their ability to function as three-dimensional substrates
for cell culture and scaffolds for engineered tissues, leveraging
collagen’s natural abundance in the ECM, low immunoge-
nicity, and biocompatibility.” In parallel, the exploration of
DNA aptamer-functionalized hydrogels has enabled targeted
interactions with specific cellular entities.” DNA aptamers are
© 2024 The Authors. Published by
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short single-stranded sequences (<100 nucleotides) that fold
into tertiary structures and bind to targets like proteins with
high affinity and specificity. They act as chemical equivalents of
antibodies,” with low to no immunogenicity, and can promote
or inhibit receptor—ligand interactions.” The emerging concept
of “four-dimensional biomaterials” suggests the ability to
replicate the three-dimensional spatial ECM network while
directing biophysical or biochemical changes that ECM
undergoes with time as a “fourth dimension.”® Current
strategies involve designing bioactive synthetic multifunctional
peptide systems that promote the formation of multiscale
fibrous structures through “click-chemistry” reactions.” How-
ever, such four-dimensional biomaterials lack extensive
biocompatibility (relying on metal ligands for stabilization),”
limit the number of cells incorporated within the topography,
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(a) NACCs

(b) Collagen only

Figure 1. Representative high-resolution AFM height topography images of DNA—collagen complexes after adsorption to mica sheets, compared
with collagen only. (a) NACCs show the distribution of large fibril aggregates on top of root-like structures of self-assembled collagen fibrils. (b)
For comparison, cross-linked collagen-only fibrils without any ssDNA present are shown. (c) Nanoscale observations focusing on the selected
boxed regions of NACCs from (a). In the left image, we can see individual collagen fibrils complexed together. The central and right images show
intertwined NACC fibrillary bundles. White arrows on representative individual collagen fibrils show retainment of the characteristic D-band

periodicities.

and fail to provide an entirely conducive environment for cell
proliferation and ECM remodeling. Developing aptamer-
functionalized, customizable collagen-based systems that
mimic the ECM environment, stiffness, topography, and
biochemistry can potentially promote and enhance reprodu-
cible native cellular functions by overcoming challenges linked
to synthetic matrices’ native cellular functions.

A novel, fibrillary material platform utilizing collagen and
single-stranded DNA (ssDNA) aptamers to render site-specific
matrix bioactivity is under investigation by our group, referred
to as nucleic acid—collagen complexes (NACCs). NACCs are
characterized by their rapid self-assembly at room temperature
upon the simple mixing of specific molar ratios of collagen type
I and ssDNA oligonucleotides, independent of DNA base-pair
sequence or G—C content.” The unique interplay of DNA and
collagen is positioned to be a next-generation biomaterial
platform that leverages the benefits of both materials while
addressing many of their individual limitations. NACCs rapidly
form a three-dimensional network of fibrils (<1 ym) and larger
fiber bundles (>10 pm), mimicking ECM architecture. Acting
as a “molecular glue,” ssDNA spontaneously induces the
microstructural rearrangement of colla$en, forming hierarch-
ical, interwoven fibers within seconds.'” NACCs are wholly
native materials, potentially an ideal candidate to recapitulate a
wide variety of ECM signals to cells.

Previous research groups focused on exploring the influence
of collagen fibrillogenesis with long (>1000 base pairs),
double-stranded DNA (dsDNA), and various theoretical
models for the dsDNA—collagen complex were developed.'"'*

However, attempts to clarify the nanostructural topographies
of DNA—collagen complexes have yet to succeed."” Similarly,
mechanistic insights into the specific interaction of collagen
with other forms of DNA, such as ssDNA, remain to be
explored.

B RESULTS AND DISCUSSION

Unique Topographical Features of NACCs. In this
study, we successfully determine the topography of NACCs
down to the nanoscale through quantitative imaging atomic
force microscopy (AFM). The characterization of this unique
material system with AFM aids in exploring the nanofiber
morphology with a precision that surpasses the limits of other
imaging modalities [such as optical or transmission electron
microscopy (TEM)].'* In our investigation, we observed the
presence of thick, aggregated bundles with variable diameters
and lengths at random orientations in NACCs on top of a
dense, carpet-like collagen mesh with overlapping fibrils
(Figure la,c). Typically for collagen only, an even distribution
of smaller collagen fibrils on a porous multilayer is expected,"
as also verified in our study, helping us establish direct visual
comparisons between the collagen and NACCs (Figure 1b).
For AFM, collagen film formation methodology and
morphology can vary depending on the substrate (e.g., mica,
glass, or polystyrene latex), opening pathways to manipulate
the structure of naturally occurring collagen.'®'” For the
purpose of this characterization, mica sheets were preferred as
the substrate for sample immobilization due to their atomically
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flat nature, enabling better adsorption of fibers and retaining
the fibrillary physiological characteristics of collagen."®'” In
NACC s, individual collagen fibrils were identified from the
characteristic pattern of repeated D-band periods every ~67
nm. This indicates that these structurally important bands
remain unaffected upon ssDNA-induced complexation (Fig-
ures 2a, S1, and S2).

(a) Height profile along an individual NACC fibril
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Figure 2. (a) Line height profile plotted along the white box shown
on the fibril, confirming the presence of intervals every ~67 nm,
corresponding to the collagen D-band periodicities. Shown in 3D view
is a NACC. (b) Elasticity profile showing a regular sinusoidal pattern
along the lengthwise direction of a representative NACC fibril, plotted
along the red and black lines shown on the 3D NACC image. (c) Bar
chart comparison of average elasticity values (n = 6 fibrils) in NACCs
and collagen only. The collagen-only sample is shown in 3D view.

We also examined the stiffness of NACC fibers in the
lengthwise and transverse directions, with values of 10.62 +
3.76 and 8.51 + 1.94 MPa, respectively. Regular sinusoidal
patterns of modulus variations were evident along the
lengthwise but not the transverse direction—another indicator
of D-band gap and overlap region retainment™ (Figure 2b).
The average individual fiber stiffness value for collagen only
was 40.57 + 13.45 MPa lengthwise and 43.44 + 10.89 MPa
transversely (Figure 2c). This variation in stiffness between
pure collagen samples and NACC formulations suggests that

factors beyond the inherent properties of individual collagen
fibers are at play.

The observed differences in the matrices’ mechanical
properties might be attributed to structural reorganization
aspects of the collagen fibrils, such as unique cross-linking
patterns. Moreover, ssDNA strands, which exhibit a notably
shorter persistence length than collagen fibers,”' are likely to
influence the decreased elasticity observed in NACC samples.
This aligns with topological images showing NACC samples
with denser fiber accumulation, suggesting a more compact
structure. The thermodynamic qualities linked to collagen’s
strength also merit consideration, potentially explaining the
observed mechanical property variations.

Collagen-only samples, characterized by a more uniform
structure, display increased stiffness. This implies that stiffness
variability along the longitudinal axis could signal features of
matrix cross-linking. The material near cross-link points
appears more rigid due to lesser deflection, but further from
these points, the AFM cantilever detects increased deflection,
indicating reduced stiffness—a hypothesis supported by
uniform stiffness in the transverse direction, implying
consistent proximity to cross-link points.

The structural topography, showcasing D-band periodicities
and the fibrils’ overall morphology, alongside the stiffness
mapping, offers profound insights into cross-linking dynamics.
Our findings indicate that structures containing only collagen
exhibit greater stiffness than NACCs, underscoring the
complex relationship between structural details and mechanical
behavior. This also highlights the importance of considering
both molecular and structural factors in their analysis. The
disorderly nature of NACC complexes appears to agree with
the idea that hydrophobic and hydrophilic domain interactions
drive the assembly of collagen peptides into hierarchical
fibrillary materials.””*® This can be of interest to researchers
working on soft matter physics or sustainable biomaterials.”*
Even though the orientation of collagen into various assemblies
can be controlled by hydrodynamic flow,”® this was not
controlled in our study to allow NACC fibers to form in their
preferred, randomly distributed structures. Such fibrillary
topographies can direct cellular processes in wound healing®®
or tissue-mimetic templates27 and, as specifically demonstrated
with NACCs, can provide contact guidance to endothelial cells
and enhance the expression of angiogenic markers.”® Addi-
tionally, the hierarchical and curly nature of these rapidly self-
assembled NACC nanofibrils enables their mineralization with
hydroxyapatite toward directing osteocyte-like morphologies.””

NACCs Hierarchically Assemble across Multiple
Length Scales. To further contribute to our understanding
of NACC internal structure and multiscale hierarchy, we also
looked at the organization of fibrils using phase contrast
microscopy, TEM, and cryogenic electron microscopy (cryo-
EM). We observed closely packed fiber bundles of collagen in
NACCs, compared to randomly oriented and independently
cross-linked fibrils in collagen only (Figures 3 and S3).
Individual fibrils in NACCs are assembled into a mesh and run
almost parallel.

Mechanistic Insights on NACC Fibrillogenesis. We
utilized various thermoanalytical techniques to investigate the
thermodynamic parameters governing the complexation and
evaluate the thermal stability of NACCs. As a method used to
reveal the fibrillogenic mechanisms of collagen,30 isothermal
titration calorimetry (ITC) is a good starting point for
monitoring the thermodynamics behind the ssDNA-induced
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(a) Phase contrast (b) TEM (c) cryo-EM

NACCs

Collagen only

100 pm

Macroscale Microscale Nanoscale>

Figure 3. (a) Phase contrast microscopy reveals the presence of fibers of various lengths in NACCs, in comparison to collagen alone, where the
individual fibrils are indistinguishable. Such DNA—collagen fibers are also visible to the naked eye. (b) TEM (negative staining conditions: aq.
uranyl acetate 1% w/v) demonstrates a dense network of complexed collagen fibrils and fiber bundles, in contrast to collagen only where fibrils do
not assemble in that manner. (c) Cryo-EM images indicate a continuous mesh of collagen fibrils in NACCs. Since our cryogenic investigation was
done without any staining, contrast variations are the direct result of electron densities. The small, electron-dense dark specks in NACC fibers lead
us to believe that these are the single strands of DNA linking the fibers together, absent in collagen only.

(a) ITC Enthalpogram (b) Thermograms
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Figure 4. (a) Top panel: ITC enthalpogram of the titration of ssDNA into collagen (exotherm down). Bottom panel: Integrated data of the NACC
AH and fit (kJ/mol) per injection. ITC reveals an initial high energy release and entropic favorability in the ssDNA-induced collagen complexation.
(b) Top panel: differential scanning calorimetry (DSC) thermogram (exotherm up) shows a significant shift in thermal behavior upon NACC
formation, with native collagen exhibiting an endothermic denaturation peak, while NACCs display an apparent exothermic event. Bottom panel:
TGA thermogram confirms increased residual mass and elevated onset degradation temperatures in NACCs, indicating enhanced thermal stability.

complexation of collagen (ie,, NACCs). This provides initial energy-responsive and dynamic collagen-based materials, such
critical guidelines for improving and controlling the design of as NACCs, in tissue engineering and regenerative medicine
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applications.”’ The incremental titration of ssDNA in collagen
solution has shown that this is an exothermic process, with the
heat evolved during the addition of ssDNA to collagen yielding
negative enthalpy (AH = —2.082 + 0.515 kJ/mol as
determined by an independent binding model fit). Moreover,
we found that this type of complexation appears to be
entropically favorable (AS = +72.72 J/mol-K), thereby driven
by the spontaneous and increasing molecular disorder (Figure
4a).

In contrast with, e.g., collagen-matrix metalloproteinase-1
complex formation, accompanied by positive entropy but
endothermic enthalpy,32 we can infer that NACC formation
does not involve any collagen triple helix unwinding.****
Initially, the titration indicated a high energy release because of
NACC complexation, consistent with the literature suggestin§
increased enthalpic effects due to collagen aggregation.”
Subsequent addition of ssDNA resulted in a drop in the
reaction heat rate, implying that less complexation can occur
due to the sample cell reaching a critical mass concentration
(Figure S4). We attribute these observations to be primarily
due to the formation of collagen fibrillary bundles, triggered by
the supramolecular interaction with ssDNA. ssDNA appears to
drive collagen units to adopt specific quaternary conforma-
tions, eventually leading to the hierarchical formation of
NACC:s as higher-order structures. The association of the two
species minimizes thermodynamically unfavorable interactions
with water (local structuring of water molecules around the
biomacromolecules). We believe that this largely entropic
driving force enables the increase in the disorder of water
molecules surrounding hydrophobic species (Figure SS),
driven by the disruption of the structured water clathrates
around individual collagen and ssDNA species in situ and
minimizing such solvent cages through spontaneous complex-
ation,*>*¢

ssDNA Enhances the Physicochemical Stability and
Thermal Properties of Collagen. To investigate the
consequence of NACC formation on the native properties of
collagen, we performed DSC on type-I collagen alone and
compared the resultant thermogram to the NACC counterpart.
Techniques such as DSC enable the determination of intrinsic
thermal properties of many protein-based biomaterials.’”
Specifically, proteins or polypeptides and their secondary
structures (often dictated by intramolecular hydrogen
bonding) exhibit many complex thermal transitions, primarily
dictated by the irreversible denaturation of such secondary
structures.”® As expected, collagen specimens exhibit a
significant endothermic transition, which we attribute to the
denaturation of the a-helical secondary structure® at
approximately 130—140 °C (Figure 4b). Fascinatingly, this
thermal denaturation event is no longer presented upon the
formation of the NACCs; rather, an apparent exothermic event
is displayed. We hypothesize that this significant alteration in
thermal behavior could be attributed to a covalent cross-linking
event between ssDNA and collagen. Regardless, this shift
toward a higher temperature demonstrates greater thermody-
namic stability of collagen upon complexation, allowing us to
conclude that the triple helical domains of collagen are not
only preserved but are also stabilized by adding ssDNA. These
data highlight the potential of single-stranded oligonucleotides
to not only impart augmented bioactivity to collagen-based
materials but also act as stabilizers, conferring increased
thermal stability within biomaterials without compromising
their inherent structure.

Seeking to validate the thermal properties revealed by DSC,
we utilized thermogravimetric analysis (TGA) to evaluate the
consequence of ssDNA complexation and the exothermic
event (vide supra) on the collagen materials’ thermal stability
and decomposition profiles. The results appear to agree with
the literature suggesting that the structural state of collagenous
biomaterials affects the onset degradation temperatures;* in
this case, we indeed see evidence confirming the phenomenon
observed in DSC studies. Namely, the NACC displays a patent
increase in the residual mass following degradation (Figures 4d
and S6), which is likely a result of covalent cross-linking
between collagen fibers unique to the structure of the DNA—
collagen complex. This covalent modification stabilizes the
polypeptide structure at higher temperatures compared to
native collagen, increasing the overall carbonization at
significantly elevated temperatures (>350—400 °C). From
our thermal investigations, we can infer that a prolonged in
vivo longevity of DNA-complexed collagenous scaffolds may
follow, given the stability under thermal stress enabled within
NACCs, possibly offering more resistance to deterioration
from collagenases or nucleases.”' ~**

Bl CONCLUSIONS

The work we present herein is an updated report on our
understanding of the dynamics of nucleic acid—collagen
complexation and the formation of macro-, micro-, and
nanofibers stemming from the unique union of these
biomacromolecules. NACCs are composed of an ECM
building block and a nucleotide building block that, when
mixed, rapidly self-assemble into a three-dimensional network
of insoluble and stable fibrils. Our results provide fundamental
principles of this macromolecular interaction and can
potentially be adapted to study similar self-assembling systems.
We have shown that ssDNA modulates collagenous matrices’
internal structure and physicochemical properties. This adds to
our previously published findings, which established that this
interaction results in the robust reinforcement of the bulk
matrix while retaining the secondary structure of individual
collagen fibrils.

In summary, ssDNA acts as a driver for collagen
reorganization, but it also gives us the ability to localize
function-specific aptamers. NACCs present a compelling
avenue toward establishing them as a highly reproducible,
customizable, tunable, and bioactive aptamer-based material
system for a wide range of biomedical applications. Being in an
ideal blank state, they can be tailored to specific applications,
both in terms of material properties as well as bioactivity. The
spontaneous creation of bioactive fibrils resembling the native
ECM unlocks the potential of NACCs to represent a
groundbreaking advancement in biomaterials.

B METHODS

Extensive descriptions of methods are included in the
Supporting Information. NACC complexation occurs at
room temperature simply by mixing collagen type I (bovine,
PureCol EZ Gel, Advanced Biomatrix) and ssDNA (IDT
Technologies) solutions at desired ratios and gently pipetting.
For AFM sample preparation, we developed a specialized
protocol. Briefly, mica sheets were cleaved fresh using a razor
blade, immediately followed by the deposition of the desired
sample on the surface. The Bruker NanoWizard 4 was used
with triangular pyramid probes in quantitative imaging mode.
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For TEM (Talos L120C G2), samples were placed on glow-
discharged, carbon-coated Formvar copper grids, 400 mesh.
Images with rat-tail collagen (Corning) were also taken for
comparison. Cryo-EM images were recorded with a Tecnai G2
F20-TWIN TEM and a Gatan Inc. CCD camera. ITC was
performed with a TA Instruments NanoITC. ssDNA
oligonucleotide solution in the buret syringe (10 M) was
titrated over aqueous type-I collagen (950 yL, 1.5 mg/mL) in
the sample cell at 25 + 0.1 °C. 4.76 uL ssDNA injections were
carried out at 100 s intervals, and the constant stirring speed in
the sample cell was set to 250 rpm. For DSC and TGA,
NACCs with collagen derived from an additional collagen
species were evaluated (rat-tail, Corning), and similar trends
were obtained as the bovine collagen. Samples were lyophilized
for 24 h, and a final sample mass of around 5 mg was tested in
aluminum containers. Measurements were carried out on a TA
DSC2500 (20—200 °C range, ramp 10 °C/min) and TA
TGASS00 (50—800 °C range).

B ASSOCIATED CONTENT
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