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Abstract

Native and biomimetic4 DNz structures have been demonstrated to impact materials synthesis
under a variety of.coadiions but have only just begun to be explored in this role compared to
other biopolyniarssuch as peptides, proteins, polysaccharides, and glycopolymers. One selected
DNA aptamer has been explored in calcium phosphate and calcium carbonate mineralization,
demonstrating sequence-dependent control of kinetics, morphology, and crystallinity. This
aptamer is here applied to a biologically-relevant bone model system that uses collagen
hydrogels. In the presence of the aptamer, intrafibrillar collagen mineralization is observed
compared to negative controls and a positive control using well-studied poly-aspartic acid. The

mechanism of interaction is explored through affinity measurements, kinetics of calcium uptake,
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and kinetics of aptamer uptake into the forming mineral. There is a marked difference observed
between the selected aptamer containing a G-quadruplex secondary structure compared to a
control sequence with no G-quadruplex. It is hypothesized that the equilibrium interaction of the
aptamer with calcium-phosphate precursors and with the collagen itself leads to slow kinetic
mineral formation and a morphology appropriate to bone. This points to new uses for DNA
aptamers in biologically-relevant mineralization systems and the possibility of future biomedical

applications.

1. Introduction

Bone is a complex biomaterial that requires the" hiczarchical assembly of collagen protein,
inorganic mineral, and other components’ onwhany different scale levels.! Biological bone
formation, including structure and funét/on,"* and biomimetic control of bone repair* "' has been
studied to a large extent over theynaut decades and continues to attract research attention due to
the complexity of the nfatciiar and biological environment and the need for restorative
procedures. Systems svidied have included animal models, demineralized tendon or enamel, and
assembled colla/en yyarogels that present networks and arrays of organized collagen fibrils. In
vitro mineralizat on of collagen requires three essential factors which include the collagen itself,
the forming mineral, and a non-collagenous protein (NPC) mimic or additive.'? Biomimetic
macromolecules serve as analogs to the NCPs typically expressed in the extracellular matrix in a
biological environment and could prove useful as controllable, synthetic, and available
treatments in biomedical bone remineralization. One well-studied NCP analog is poly-aspartic
acid (pAsp),>*"* chosen for the low pKa of the carboxylic acid side chains that results in a high

negative charge and strong ability to chelate metal cations. Its homopolymeric nature also
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provides a general lack of secondary structure making pAsp a non-rigid and adaptable
biomolecule. A wide range of evidence has demonstrated the usefulness of pAsp in promoting
biologically-relevant internal mineralization of collagen fibrils, known as intrafibrillar
mineralization, creating a mechanically strong material. This action has been demonstrated to

follow a polymer-induced liquid precursor (PILP)*%!3718

mechanism where the pAsp forms
liquid-phase associations with calcium and phosphate ions that are fluid, quasi-stable, and
amorphous in crystallinity and morphology. It has been proposed that through capillary action
these PILP associations are transported into the collagen fiber wheie they later form crystalline
hydroxyapatite (HAP). The mechanism behind the transit:?Ontéin an amorphous to crystalline
phase remains poorly understood and may involve other intermediate phases.'> While numerous
experiments have provided insight into the PILF ni*chanism, research interest in this area
remains a priority for understanding, con'roiting, and recreating the impressive hierarchical
structure of bone. One important considcration is in the structure-function relationship for pAsp

in this role as an NCP mimic.and, if there are other biomacromolecules that could provide

additional advantages in miticialization.

DNA and RNA are,bioinacromolecules with a multitude of functions and roles in biology and
biomimetics:4Bcth Fave intended functions in the body but have also been shown to have
unexpected ei=Cts related to calcium mineral formation in disease states or following cell
apoptosis indicating a potential natural, though often overlooked, connection between DNA and
mineral.'””*! This connection has recently been highlighted by showing that large (15-30 kbp)
DNA sequences extracted from natural tissues can influence intrafibrillar collagen
mineralization, suggesting that DNA in vivo could play a role in pathological mineralization or
could be leveraged to improve bone regeneration.”’ Similarly, large, native DNA and RNA

sequences have been integrated with calcium phosphate mineral to make composites used in
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vector delivery”? and immuno-modulatory bone repair,” demonstrating the potential biomimetic
effect on biological activity. On a molecular level, DNA is a polymer with an extended
phosphate backbone, an ability to chelate divalent cations, potential for unique secondary
structures, and exceptional programmability in base-pairing when known sequences are prepared
and optimized. Designer DNA origami structures of various shapes and patterns have been
shown to direct calcium phosphate precursors to promote controlled mineralization offering
potential in biomimetic hierarchical materials.** " Smaller, synthetic DNA and RNA aptamers
have been widely studied for their biomimetic capabilities that minar enzyme-like catalysis and
antibody-like affinity’' > but have only recently been expldred refated to materials affinity or as
templates in materials synthesis.**** In particular, tha,Liu group has demonstrated interactions

37,39,40

between short oligonucleotides and metal oxides oi".metal phosphate materials while

Bawazer, et al.”* selected a DNA aptamer fdt 220 formation.

We previously reported a novel, Precipitation SELEX* (Systematic Evolution of Ligands by
Exponential Enrichment) metkod that resulted in the identification of a DNA aptamer with an
ability to influence caleivm phosphate mineralization in vitro. It was found that this 40-
nucleotide aptamer«Apwamier G, 12.5 kDa) contains a hybrid or 3+1 G-quadruplex secondary

44,45
structure

ana that the adaptability of that structure leads to control of mineralization kinetics,
morphology, anxd crystallinity under various conditions with both calcium phosphate and calcium
carbonate precursors.*** A control sequence (Aptamer G-, 12.5 kDa) has the same number of
nucleotides and similar sequence as Aptamer G but is mutated to prevent G-quadruplex
formation. Circular dichroism (CD) experiments have previously confirmed the presence of a G-
quadruplex structure in Aptamer G and a lack thereof in Aptamer G-.** CD has also

demonstrated a significant interaction of Aptamer G with calcium ions compared to Aptamer G-

,* which has been supported by DNA melt temperature experiments in the presence of calcium
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ions from 0.5 uM to 2 mM. Aptamer G appears to be more sensitive to calcium ion concentration
compared to Aptamer G-, indicating a stronger interaction between the G-quadruplex structure
and the calcium ion.*® Fluorescence measurements have shown lower stability of Aptamer G at
higher pH compared to Aptamer G- as well.** Based on these previous results, Aptamer G
appears to form a less rigid and more adaptable secondary structure while Aptamer G-, capable
of forming canonical base-pairing, produces a more rigid hairpin-loop structure. These
differences in structure, stability, and adaptability have been shown to play an important role in
the function of the aptamers. Similar poly-anionic proteins and«ncivmers, such as pAsp, have
undefined, globular structures and have been used to demgastiate biomimetic control of calcium
phosphate mineralization of collagen hydrogels thromgh RTLP mechanism.>" Tt is hypothesized
that Aptamer G could perform in a similar PILP m<chanism to pAsp but could also present new
opportunities due to the poly-phosphate #acn>ene and uniquely programmable primary and
secondary structure not possible with 3asp or with large, native DNA sequences. In this work,
we aim to elucidate the influerae ¢f Aptamer G on collagen mineralization in comparison to
known pAsp and to Aptimes G-. This demonstrates the usefulness of DNA aptamers in
biologically- and medizaliy-relevant biomaterials synthesis and helps to expand the use of DNA

aptamers in mor/: cosaplex biological systems.

2. Materials aitu Methods

2.1 Chemicals. Type I Bovine collagen (Telocol-3, 3.1 mg/ml) was purchased from Advanced
Biomatrix. Poly-aspartic acid (PLD200, 27 kDa) was purchased from Alamanda Polymers. Tris
hydrochloric acid (99.0%), sodium phosphate dibasic (99.0%), calcium chloride anhydrous
(99.5%), sodium borohydride (98%), and L-glutathione reduced (>98 %) were purchased from

Sigma Aldrich. Strontium AAS standard solution (1000 pg/mL) and sodium azide were
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purchased from Thermo Fisher Scientific. A 10x tris borate EDTA (TBE) buffer was purchased
from Bio-Rad. GelStar Nucleic Acid Gel Stain was purchased from Lonza. Hydrogen
tetrachloroaurate (99.9 %) was purchased from Strem Chemicals. DNA strands were purchased
from Integrated DNA Technologies and were reconstituted in 10 mM tris buffer pH 7.4 before
use. Synthesis and purity were confirmed by the vendor using mass spectrometry. UV
absorbance was used to confirm concentration of DNA. Aptamer were annealed at 85-95 °C in
50.0 mM tris pH 7.4, 150 mM sodium chloride, 4.5 mM calcium ion and cooled to room
temperature before each experiment. The following ssDNA antaniers were used for analysis:
(Aptamer G, 12.5 kDa) 5'-CAG GTG GGC GCG CTG TEG1 &G GTG CTC GGG TGC GGT
TGG G- 3'; (Aptamer G—, 12.4 kDa) 5'-CAG GTG C&CGCG CTG TCG TGC GTG CTC GCG
TGC GGT TGC G- 3'; (Aptamer Gr) 5’-AAA AZLATAAA AAA CAG GTG GGC GCG CTG
TCG TGG GTG CTC GGG TGC GGT TGUC .G~ 3'; (T12-linker) 5-TTT TTT TTT TTT-3'-
CsHg-SH. All solutions were filtercd! #prior to use and fresh mineralization solutions were

prepared each day.

2.2 Collagen Hydrogel Freparation. Collagen hydrogels were prepared by combining 1200 pL
Type I bovine collagen 2.1 mg/mL), 300 uL 10x phosphate-buffered saline (PBS), and 200 pL
0.1 N NaOH,:fo'lowed by ice-bath sonication for five minutes and incubation at 37°C for one
hour. Hydrogeis were rinsed with deionized (DI) water twice, then once with tris buffer prior to

use. Hydrogel preparations were reproducible with consistent size, shape, and mass.

2.3 Mineralization and Analysis of Collagen Hydrogels. Collagen hydrogels were incubated at
37 °C in mineralization solution containing 50.0 mM tris pH 7.4, 150 mM sodium chloride,
0.02% sodium azide, 4.5 mM calcium ion, and 2.1 mM phosphate ions.” These conditions

produce an oversaturation with respect to hydroxyapatite (HAP) with a saturation index of 11.97
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as calculated using Visual MINTEQ Ver 3.1.*” Biomimetic polymers were added to 1.8 pM and
included either poly-aspartic acid, Aptamer G, Aptamer G-, or a control with no added polymer.
Solutions reacted at 37 °C with rotation for 1-15 days. Mineralized hydrogels were then rinsed in
DI water, frozen in dry ice-acetone, and lyophilized in vacuum. Lyophilized samples were
analyzed in several ways including FT-IR using a Thermo Nicolet Avatar 370 instrument with
Sil0 ATR at 64 scans and 4 cm™ resolution. SEM was used after sputter-coating with 4.5 nm Pt
using a Leica EM ACE600 and a Hitachi-S-4700 SEM at 3 or 5 kV. TEM was used after
shredding collagen fibers, rehydrating in water, spotting on a grid.atd air drying, using 200-mesh
Cu Formvar grids and a JEOL 1200EX 80 kV instrument./Are1natively, according to published
methods, " collagen was combined with 10x PBS 2248 1 N NaOH as described above, then 2
uL was added directly to a 200-mesh Ni Formvar ZEN grid and incubated at 37 °C for 1 h. The
TEM grid was rinsed in DI water then floatcd=with the collagen-side-down on 30 pL of the
mineralization solution described abo'=. This was placed in a humid chamber at 37 °C and

incubated for 3 days. The grid y#an ttian washed in DI water and dried prior to TEM analysis.

2.4 Calcium Uptake Diring Mineralization. Concentration of calcium in the mineralization
solution was measuiad Curing the mineralization process in two ways. A calcium ion selective
electrode (Ccle-Rariner) was calibrated and used to measure calcium directly in the
mineralization solution at various timepoints during the reaction. Samples were removed from
incubation and cooled to room temperature for measurement then returned to incubation at 37
°C. A calibration curve was prepared at each measurement timepoint using a range of standard
calcium solutions. Calcium concentration in each unknown solution was determined through the
calibration curve and error was propagated through regression analysis and reported as standard

deviation. Inductively-coupled plasma atomic emission spectroscopy was used to measure
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calcium in triplicate in aliquots removed from the reaction solutions. Standard calcium solutions
were combined with a strontium internal standard and measured to establish a calibration
between the two. At each timepoint, 100 pL aliquots of mineralization solution with 100 uL of
100.0 ppm strontium standard and 1.0 mL of 1.0 M nitric acid were combined and diluted to 10.0
mL prior to analysis on an Agilent MP-4100 AES instrument at 393.366 nm and 407.771 nm for

calcium and strontium respectively.

2.5 DNA Aptamer Uptake During Mineralization. Concentration \f.aptamer in the mineralization
solution was measured during the mineralization process us ng Tluorescence. A sample with
DNA aptamer in tris buffer with no calcium, phosphate; ¢x cellagen was used as a control. At
each time point, 10 pL aliquots of mineralization $hlutiyn were diluted in triplicate in 1x TBE
buffer with 1x Gelstar dye. Fluorescence was (neusured on a Horiba Fluoromax-3 with excitation

at 493 nm with 5 nm slit width and eriiss) »n r:om 500-600 nm with 1 nm slit width.

2.6 Analysis of Particle Size Durine Mineralization. Particle size was measured in triplicate
using dynamic light scatteringand’a Wyatt DynaPro Nanostar DLS. Ten microliter aliquots were

removed from the mingrasization supernatant and analyzed in triplicate at 20 °C.

2.7 DNA Apwsmer A finity for Collagen. Collagen hydrogels were prepared as above but on a
smaller 1:10 scale. Concentrations of Aptamer G and Aptamer G- from 0.2 to 8 uM were
annealed in tris buffer pH 7.4 with 4.5 mM calcium ions for 10 minutes at 85°C, then cooled to
room temperature. The annealed DNA samples were added to the hydrogels and reacted for one
hour at 37°C in tris buffer pH 7.4 with 4.5 mM calcium ions. Samples were centrifuged for one

minute and supernatant aliquots were analyzed in triplicate for absorbance at 260 nm using an
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Agilent 8453 UV-Vis spectrophotometer. An equilibrium constant was calculated for Aptamer G

following the Langmuir isotherm, described in Supporting Information S4.

2.8 Mineralization of Collagen Hydrogels with Gold Nanoparticle Labeling. Mineralization of
collagen with Aptamer G was completed as above but with 1.78 uM Aptamer G, 0.02 uM
Aptamer G, and 0.02 uM functionalized gold monolayer-protected nanoparticle. The
nanoparticle was synthesized and functionalized according to prior work.* ! Briefly, 0.3 mmol
auric acid was combined with 0.9 mmol glutathione in 25 mL c¢'4 ethanol with 10 mL cold DI
water. Sodium borohydride (3 mmol) was dissolved in 5 mL water D1 water and added rapidly to
the gold-glutathione solution to produce a characteri<tichdark nanoparticle suspension. The
sample was precipitated in ethanol and impurities C2car :ed prior to dissolving in DI water and
placing in dialysis (13 kDa MWCO) for (nree, days, changing the water daily. Resulting
monolayer-protected nanoparticles were ¢ -ieciand analyzed by NMR (Anasazi 90 MHz, in D,0),
DLS (Wyatt Instruments), and T&M (JEOL 1200EX-80 KV). T12-linker DNA was attached by
place exchange in buffer (4 miv/‘pigsphate pH 7.4, 2 M sodium chloride, 12.5 mM magnesium
chloride) by stirring at #Ooin, temperature for 24 h. Nanoparticle with attached T12-linker was
purified from free Iinker with a 10 kDa MWCO spin filter (Amicon) and confirmation of T12-
linker attached,was<obtained by absorbance measurement of the eluent compared to a control.
Aptamer G was added at a 1:1 aptamer to nanoparticle ratio, annealed to 50 °C, and cooled to
37 °C prior to addition to mineralization. Resulting mineralized hydrogels were analyzed with

SEM and TEM as described above.

2.9 Statistical Analysis. Several methods of statistical analysis were employed throughout this
work. In Supporting Information S2, error bars from replicate measurements of fiber widths

represent standard deviations. An unpaired t-test was conducted to determine statistical
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significance between different samples and p-values are provided. Statistical significance
threshold was set at 95% confidence or P < 0.05. In calcium uptake experiments, Figure 3A,
calcium concentration in each unknown solution was determined through the calibration curve
and error was propagated through regression analysis and reported as standard deviation. An
unpaired t-test was used to compare data points at different timepoints and results are reported as
p-values. Statistical significance threshold was set at 95% confidence or P < 0.05. In DNA
aptamer affinity experiments, Figure 3B, and DNA aptamer uptake experiments, Figure 3C, error
bars from replicate measurements represent standard deviations..In IXNA affinity experiments, an
equilibrium constant was calculated for Aptamer G follow g\ tie"Langmuir isotherm, described
in Supporting Information S4. Error was propagated through regression analysis of the linearized
version of the Langmuir isotherm model and sepdirted as the standard deviation of the
equilibrium constant. In DNA aptamer 2 ptozes experiments, unpaired t-tests were used to
compare data points at different tiriedoints and results are reported as p-values. Statistical

significance threshold was set af.Q5% confidence or P < 0.05.

3. Results and Disenseion

DNA Aptamen, 4, selected for an ability to interact with calcium phosphate mineral precursors,
has a known primary sequence and a non-rigid G-quadruplex secondary structure. Here we
demonstrate the influence of Aptamer G on intrafibrillar collagen mineralization and highlight
the difference between it and a control aptamer sequence, Aptamer G-. Collagen hydrogels were
prepared by neutralizing soluble Type I collagen with incubation at 37 °C, producing samples of
consistent mass, size, and shape. Mineralization conditions followed previously reported

conditions using low concentrations of calcium ions at 4.5 mM and phosphate ions at 2.1 mM,

10
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incubation at 37 °C, and agitation using a rotational shaker or with no agitation in experiments on
TEM grids. Enhanced mineralization kinetics, producing more mineral in a shorter period of
time, could have been achieved with higher ion concentrations or more aggressive solution
mixing. Since the goal of this work is to understand the influence of DNA aptamers on collagen
mineralization, modest levels of mineralization were more desirable than collagen overloaded
with mineral. Under these milder mineralization conditions some amount of heterogeneity in

mineral formation was expected while clear trends developed.

Apparent differences in mineralization are observed in TE!M and SEM images at different
timepoints in Figure 1, when Aptamer G, Aptamer G-p ¢z n¢ aptamer was added to solution.
Figures la,b, 1g,h, and Im,n show TEM images« rom mineralization experiments conducted
directly on collagen-coated TEM grids for 3“a.ys. Figure la, with no aptamer added, shows
large, 5 um spherical-like mineral rarticles, formed either independent of collagen fibers or
adjacent to fibers. Figure 1b, froin the same sample, shows what appears to be mineral forming
around collagen fibers but not'witi ia fibers, which is expected when no NCP or NCP-mimic is
present. Figure 1g, with /ipiamer G present, shows smaller, 1-2 pm, mineral particles that appear
more bundle-like than s herical and are more intimately connected throughout long collagen
fibers. Figurcylinshows higher magnification of collagen that appears in the process of
intrafibrillar mineralization with mineral stretching along the long axis of the fiber. Figure Im,
with Aptamer G- present, shows larger, 5-10 um, spherical-like mineral particles that appear to
be surrounded by external collagen fibers and that are similar in shape to that in Figure l1a with
no added aptamer. Figure In at higher magnification does show small mineral particles

associating with the collagen but in a less organized fashion compared to that in Figure 1h.

11
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Aptamer G- may be helping to bring mineral to the collagen fibers but not in a manner that

appears consistent with intrafibrillar mineralization.

Using SEM, larger collagen hydrogel samples could be analyzed. Experiments with Aptamer G
present show minor signs of external, surface mineralization after 7 days in Figure 1i but
primarily show thick collagen fiber bundles that are suggestive of internal, intrafibrillar
mineralization. Some fibers demonstrate smooth, mineralized bundles in Figure 1j while others
contain a crystalline mineral morphology or bristling fibers in' Figure 1j,k. After 14 days of
reaction, in Figure 11, mineral still appears to be aligned wi‘h ccllagen fibers with additional
mineral forming clusters. The presence of thick, bristling ‘iber, in SEM images adds support to
the conclusion that intrafibrillar mineralization is ocsurrii\g in the presence of Aptamer G. This is
consistent with SEM images, seen in Sppporting Information S2, from mineralization
experiments using pAsp as a positivecoatrol since it is known to produce intrafibrillar
mineralization.”” This type of minerali2ation is not observed in control experiments with no
DNA aptamer in Figure lc-f ou pwth Aptamer G- in Figure lo-r. The difference between
mineralization with Aptamer G compared to Aptamer G- or no DNA aptamer is apparent in all
images. Aptamer Gy, shcws fibers that are thin and unmineralized with particles of crystalline
mineral lodged Batween fibers in Figure 1o. The results for Aptamer G- are similar to those when
no DNA aptaiicr is used in the control in Figure lc-f. After 14 days mineral formed with no
aptamer in Figure 1f and with Aptamer G- in Figure 1r both show crystalline, plate-like mineral
with collagen fibers weaved between mineral, which is not consistent with intrafibrillar
mineralization. Fiber thickness measured in 7-day SEM experiments using image analysis further
supports the conclusion of intrafibrillar mineralization. Fiber thickness is statistically different (P
<0.0001) with 260 + 20 nm diameter fibers measured when Aptamer G is used and 160 + 20 nm

diameter fibers measured when no aptamer additive is included. Furthermore, there is no

12



Journal Pre-proof

statistical difference (P > 0.39) between fiber diameters when Aptamer G is used compared to
pAsp, shown in Supporting Information S1. Additional TEM and SEM images, including
comparison images when poly-aspartic acid additives were used can be found in Supporting

Information S2.

FT-IR spectroscopy analysis using attenuated total reflectance of the mineralized collagen
showed significant peaks for amide functional groups found in collagen at 1632 cm™ and for
phosphate at 1016 cm™, 557 cm™, and 598 cm™ in Figure 2, vthich confirms the presence of

165233 cipstallinity factor, Cf, which

calcium phosphate mineral in the collagen sample.
describes progression towards crystalline mineral can bz ‘lete mined, as described by Choi, et
al.? by using peaks at 557 and 598 cm ! and ve leys at 587 cm ! as (Iss7 + Isog)/Isgs4 after
normalization. HAP standards typically have Z1values ranging from 5 to 13.*>® Heterogeneity
of the mineralized collagen samples vas »boerved within a single sample and between samples,
shown in Figure 2 and Supporting Intcsmation S3, where Cf values ranged from 2.0 to 3.2.
Figure 2 shows three reprefercctive spectra from three different collagen samples each
mineralized in the presencc nf Aptamer G for 7 days. Variability in crystallinity can be observed
in the definition ofwhotphate peaks at 1016, 557, and 598 cm™. As such, no clear trend was
observed in aincral crystallinity or in the ratio of peak intensity for phosphate compared to
amide when cuiisidering sample mineralized with poly-aspartic acid, Aptamer G, Aptamer G-, or
in the absence of aptamer. It was noted that mineral crystallinity appeared to increase when the
ratio of phosphate to collagen also increased, shown in Supporting Information S3, but this does
not indicate intrafibrillar mineralization on its own because uncontrolled surface mineralization
is also likely to be crystalline. This can be observed in crystalline-like morphology of mineral

that is independent of collagen fibers formed in the control sample in Figure 1. Intrafibrillar

mineral observed in SEM and TEM images in the presence of Aptamer G appears to be

13
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crystalline in some areas and potentially amorphous in other areas which agrees with the FT-IR
results. Under these reactions conditions, different portions of the collagen hydrogel may
mineralize and transform to crystalline material at different rates potentially due to quality of the
fiber formation, lower calcium and phosphate supersaturation conditions, accessibility to

mineralization solution, or the low 1.8 uM concentration of aptamer used.

The kinetics of mineral formation with each aptamer was followed over a 14-day period by
measuring calcium ion concentration in the supernatant solttion. A calcium ion-selective
electrode was used for supernatant measurements and demons rate! the influence of Aptamer G
and Aptamer G- on mineralization kinetics in Figure 5/, Chntrol samples with no collagen
present in buffer with free calcium ions and either®\ptaner G or Aptamer G- showed minimal
variability in measured signal over 14 days iidrcating the stability of the measurement and an
inability of low 1.8 uM concentratiors o1 apvamer to influence higher 4.5 mM concentrations of
free calcium ions. Control sampias with collagen hydrogels, free calcium ions, and no aptamer
showed calcium ion uptake vy ti.¢ collagen independent of any mineralization or aptamer
interaction. Nearly 5 +/:2 74 of calcium ions were sequestered by the collagen, likely through
electrostatic interactians. for the 14 days. Mineralization of the collagen hydrogel in the absence
of any aptames additive showed calcium ion uptake within the first three days of reaction and
continued until more than 50% of calcium ion had been removed from solution. This might
include some amount of bulk precipitation in solution but also includes surface mineralization of
the collagen hydrogel. Inclusion of Aptamer G and Aptamer G- both demonstrated a delay or
inhibition of calcium ion uptake, with Aptamer G showing the greatest effect. After 7 days of
mineralization, calcium uptake when either Aptamer G or Aptamer G- was statistically different

from the No Aptamer control (P < 0.0005). After 14 days of mineralization, calcium uptake with

14
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Aptamer G present was statistically different from both Aptamer G- and the No Aptamer control
(P < 0.05). This would indicate that Aptamer G is potentially interacting with the calcium and
phosphate precursors in solution to a greater degree or with greater affinity than Aptamer G-,
preventing bulk mineralization, and promoting intrafibrillar mineralization seen in Figure 1. The
kinetic inhibition observed with Aptamer G- may be following a different mechanism of
interaction with mineral precursors that does not delay particle nucleation and growth to as great

of an extent and does not encourage precursor association with collagen fibrils.

The role of the DNA aptamer, its interaction with collagen (ind "wvith mineral precursors, was
further investigated through absorbance, fluorescence, ana dynamic light scattering experiments
to track aptamer in solution. The affinity of each I NA aptamer to collagen in the presence of
calcium ion, but the absence of phosphats; ‘was determined through solution absorbance
experiments. The absorbance of easin »plemer in solution decreased when incubated with
collagen hydrogels at 37 °C form30 miw, presumably due to adsorption of the aptamer to the
collagen. Increasing the concei traion of aptamer in solution led to an increase in adsorption for
both aptamers but in very a.fferent ways in Figure 3B. Aptamer G showed an increase in binding
to the collagen with “inding saturation at higher micromolar concentrations, indicating
adsorption bekavior fnat could be modeled with a Langmuir isotherm.”*> The isotherm assumes
monolayer adsdiption at equilibrium and indicates a dissociation constant (Kg) of 2.5 + 0.7 uM.
The Langmuir isotherm calculation and fit are available in Supporting Information S4. Aptamer
G- shows a linear increase in binding with increasing concentration. This does not indicate
monolayer formation at equilibrium but rather suggests non-specific adsorption that might

include multi-layer aggregation. Since both aptamers have the same number of nucleotides and
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similar overall charge, the interaction with calcium and collagen must be dominated by the

aptamer secondary structure, resulting in very different binding interactions.

Analogous experiments were performed in the presence of mineralization solution over the
course of 14 days in Figure 3C. Throughout the mineralization reaction, aliquots of supernatant
were removed, combined with Gel Star dye, and analyzed with fluorescence spectroscopy.
Aptamer dissolved or suspended in solution, not associated with collagen, would be collected
and detected in fluorescence measurements. Control experimeiits using DNA aptamers with
calcium ion but in the absence of phosphate or collagen show that t.2e aptamers are stable and are
not degraded in this mineralization environment shown /n" Supporting Information S5. Removal
of aptamer from solution is therefore presented as« he jercent of aptamer uptake, which could
include affinity binding to collagen, like see@ yu Figure 3B, or could include participation or
entrapment in forming mineral pregurshrshassociated with collagen. Both Aptamer G and
Aptamer G- demonstrate initial uptake nathe first 2-24 hrs, ranging from 6 to 12% uptake, that is
likely associated with adsorpfioiito the collagen possibly in complexation with calcium or
calcium phosphate precugsc:. While the amount of uptake is similar between the two aptamers at
this point, the interactioiwwith the collagen could be quite different based on the affinity results
in Figure 3B."As *im/ continues Aptamer G- remains stably associated with the collagen, ranging
from 10 to 1290 uptake. After approximately 7 days calcium uptake due to mineralization
increases dramatically, as observed in Figure 3A, and corresponds to a similar increase in uptake
for Aptamer G- reaching nearly 80% uptake. Inhibition of mineral formation by Aptamer G-
persists for approximately 7 days at which point mineral growth apparently overcomes the
influence of the aptamer. It is likely that Aptamer G- is then enveloped by or adsorbed to the
surface of mineral growing between collagen fibrils seen in Figure 1, consistent with previous

findings that Aptamer G- has an affinity for calcium phosphate.*®
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Aptamer G shows a different impact on collagen mineralization. Affinity of Aptamer G to the
collagen surface appears to be equilibrium driven in Figure 3B and that equilibrium may be
shifting during the subsequent days of mineralization. Uptake or affinity of Aptamer G drops to
nearly zero after 2 to 3 days indicating that the concentration of free aptamer in solution has
increased possibly due to complex formation with networks of calcium phosphate precursors
rather than with collagen. After 5 to 7 days aptamer uptake begins to rise, reaching a plateau of
16 to 19% uptake at the same time that calcium uptake in Figure 3A begins to rise. This indicates
mineralization inhibition, the slow transport of aptamer and calciuin, ions into the collagen, and
results in intrafibrillar mineralization seen in Figure 1. Frcuuiably, calcium ion uptake and
Aptamer G uptake would continue to rise slowly as.intiafibrillar mineralization proceeded and
eventually transitioned to external, bulk mineraliza*:on." At both 7 and 14 days of mineralization,
the percent of aptamer uptake for Aptamer, (5 10 statistically different from that of Aptamer G- (P

<0.0005).

Dynamic light scattering analysis «f particles in solution at 4 h and 14 d show a wide range of
particles sizes spanning 7-12 nni, 100-400 nm, and 900-16000 nm when % intensity is plotted in
Supporting Information 76. This wide range of particles sizes could be due to the heterogeneity
of the solutioioithe low 1.8 uM concentration of aptamer, already discussed. When focusing on
the smaller siz¢ range that is likely to include aptamer and PILP-like materials, Aptamer G
shows 6 + 1 nm particles at 4 h and 12 + 3 nm particles at 14 days. Aptamer G- shows consistent
5 + 1 nm particles at both 4 h and 14 days. This agree with results above that Aptamer G may be
changing its interaction with calcium phosphate precursors over time due to shifts in equilibrium

but Aptamer G- has a static interaction.
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In order to track the location of Aptamer G after 7 days of mineralization, 2 nm diameter gold
nanoparticles were employed as markers detectable in TEM. Aptamer G was used at a total
concentration of 1.8 uM, in line with all previous experiments, but 1% of this aptamer contained
a 5’-Aj; sequence that hybridized to a 3’-thiolated T, sequence attached to a gold nanoparticle.
We hypothesize that the native aptamer and the nanoparticle-tagged aptamer would both

participate in the mineralization process as in previous experiments, allowing for identification

of the location of aptamer in the collagen sample. TEM anaiysie«0f the mineralized collagen in
Figure 4 shows well-defined collagen fibrils, mineraithat appears to be both internal and
external to the fibril, and gold nanoparticles that anpcii to be closely associated with the fiber.
Nanoparticles are not associated with exterr‘al ‘nireral particles. It is difficult to confirm that the
nanoparticles are internalized rather ‘ha# surface-bound but since they are not aligned with the
edges of the collagen fibril it is Jikely that they are contained within the fibril. This indicates that
nanoparticles, and therefore”aptanders, are interspersed throughout the mineralized collagen and
supports the conclusien that Aptamer G is playing a role in controlling intrafibrillar collagen

mineralization.

We have deriiadistrated the differential influence that DNA aptamers can have on collagen
mineralization based on essential factors of their secondary structure. Previous compelling
examples exist where various forms of DNA such as poly-C nucleotides,”” assembled DNA
origami,zy29 and native DNA?*? have been used to interact with and control mineral formation
in vitro and in vivo. The recent work by Shen, et al.”' demonstrates that very large native DNA

can have a significant influence on collagen mineralization. In the same work, Shen, et al.

showed that synthetic DNA could have a similar influence on collagen mineralization but in all
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cases only considered double-stranded DNA without appreciable secondary structure or
consideration for programmability. Here, we demonstrate the impressive potential of DNA
secondary structure and the role that it can play when interacting with collagen and mineral
precursors. A hypothesized mechanism of action is shown in Figure 5 where a DNA aptamer
containing an adaptable G-quadruplex structure has an equilibrium-based interaction with
collagen and calcium phosphate precursors. Aptamer conformation may change during this time
due to interactions with calcium ions and collagen as noted in prior circular dichroism studies
and in dynamic light scatter measurements presented here. This wllows the aptamer to slow
mineralization kinetics, seen in Figure 3A, while mainteining “iiore than 80% of aptamer in
solution, seen in Figure 3C. This may indicate an abilitv wa shuttle calcium phosphate precursors
into collagen fibrils while not being entrapped 1" the growing mineral. This promotes
intrafibrillar mineralization of collagen simi ar “o.xvhat has been reported using poly-aspartic acid
additives and which is similar to buwc-like structures. An aptamer containing a more rigid
hairpin-loop structure has a nop.equilibrium-based interaction with the collagen which appears
to enhance its interaction /with “die collagen but limit its interaction with calcium-phosphate
precursor structures i, sc'ution. This results in external mineralization of the collagen surface
and a lack of intfatiyriiiar mineralization. These results provide new insight into the mechanism
by which collagin may be mineralized in vivo including the role of non-collagenous proteins.
This also demonstrates the effectiveness of Aptamer G as a biomimic of non-collagenous
proteins that could be useful in influencing biomineralization in a biomedical setting. In future
experiments, the structural aspects of DNA aptamers and the specific interaction with collagen
should be further explored. The programmability and control available in DNA technology

should also now be leveraged to further explore the potential of adaptable biomimetic DNA.
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Figure Captions

Control

Aptamer G

Aptamer G-

Figure 1. TEM ¢nd T EM images of collagen hydrogels mineralized with calcium phosphate in
the presence onaveerce of DNA aptamers. a-f) Control experiments in the absence of DNA
aptamers shows ihineral external to the collagen fibers after 3 days of reaction in a,b using TEM,
external mineraiization or mineral formed between fibers after 7 days of reaction in c-e and after
14 days of reaction for fusing SEM. g-1) Mineralization using DNA Aptamer G appears to
produce smaller, bundle-like mineral particles and mineral associated with the long axis of
collagen fibers indicating early signs of intrafibrillar mineralization after 3 days of reaction in g,h
using TEM, fibrils that are thick and rigid, indicating intrafibrillar mineralization after 7 days of
reaction for i-k and after 14 days of reaction for 1 using SEM. m-r) Mineralization using DNA
Aptamer G- shows mineralization similar to the control with external or surface mineralization
after 3 days of reaction in m,n using TEM, 7 days of reaction for o-q and after 14 days of
reaction for r.
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Figure 2. FT-IR spectroscopy analysis ol three replicate, representative lyophilized collagen
samples mineralized with calcium phosphate in the presence of Aptamer G for 7 days. Three
spectra show the presence of cilcium phosphate and collagen in all three examples but show
different levels of crystallinicy, T is observed in variability in amide peak intensity related to
collagen (1632 cm’™), phesphatepeak intensity related to mineral (1016 cm™), and phosphate
peaks related to crystallinity (557 cm™ and 598 cm™).
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Figure 3. Analysis of calcium (ins. untamer interaction with collagen. A) Calcium uptake in
collagen or bulk solution miiieraiization measured by the decrease in calcium ion concentration
in solution by ion selectiye alectirode. With no phosphate present, a small amount of calcium ion
is apparently absorbed,by:the collagen hydrogel. In the absence of aptamer, mineralization
proceeds on the timafran = of 1-3 days but with aptamer present mineralization is delayed by 7-
10 days. Error badsweprcsent standard deviation propagated through replicate standard curves. At
7 days, both /intemer G and Aptamer G- are statistically different from the No Aptamer control
(P <0.0005). Ati'4 days, Aptamer G is statistically different from Aptamer G- and the No
Aptamer contiel (P < 0.05). B) DNA aptamer interaction with collagen in the presence of
calcium at different concentrations of aptamer. Error bars show standard deviation of replicate
measurement. C) DNA aptamer interaction with collagen during calcium phosphate
mineralization over a 14-day reaction. Error bars show standard deviation of replicate
measurements. At both 7 and 14 days, differences between Aptamer G and Aptamer G- are
statistically different (P < 0.0005).
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Figure 4. TEM images of collagen fibers mineralized in calci
Aptamer G and Aptamer G conjugated gold nanoparticles. Fig
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Figure 5. Schematic demonstrating the hypothesis of mode of action of DNA aptamers when
influencing calcium phosphate mineralization of collagen. Aptamer G results in intrafibrillar
mineralization of collagen due to an equilibrium interaction established between the aptamer,
collagen, and calcium phosphate precursors. Aptamer G- results in external mineralization of the
collagen surface due to non-equilibrium adsorption of aptamer to collagen and lack of control of
mineralization precursors.
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Statement of Significance

Collagen is the protein structural component that mineralizes with calcium phosphate to form
durable bone. Crystalline calcium phosphate must be infused throughout the collagen fiber
structure to produce a strong material. This process is assisted by soluble proteins that interact
with both calcium phosphate precursors and the collagen protein and has been proposed to
follow a polymer-induce liquid precursor (PILP) model. Further understanding of this model and
control of the process through synthetic, biomimetic molecules could have significant advantages
in biomedical, restorative procedures. For the first time, synthetic INA aptamers with specific
secondary structures are here shown to influence andsunwce~collagen mineralization. The
mechanism of this process has been studied to demonstravs an important equilibrium between the

DNA aptamer, calcium phosphate precursors, and collazen.

Graphical Abstract
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