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ABSTRACT: Materials engineering can generally be divided
into “bottom-up” and “top-down” approaches, where current
state-of-the-art methodologies are bottom-up, relying on the
advent of atomic-scale technologies. Applying bottom-up
approaches to biological tissues is challenging due to the
inherent complexity of these systems. Top-down methodologies
provide many advantages over bottom-up approaches for
biological tissues, given that some of the complexity is already
built into the system. Here, we generate interfacial scaffolds by
the spatially controlled removal of mineral content from
trabecular bone using a chelating solution. We controlled the
degree and location of the mineral interface, producing scaffolds
that support cell growth, while maintaining the hierarchical
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structure of these tissues. We characterized the structural and compositional gradients across the scaffold using X-ray diffraction,
microcomputed tomography (#CT), and Raman microscopy, revealing the presence of mineral gradients on the scale of 20—40
pum. Using these data, we generated a model showing the dependence of mineral removal as a function of time in the chelating
solution and initial bone morphology, specifically trabecular density. These scaffolds will be useful for interfacial tissue
engineering, with application in the fields of orthopedics, developmental biology, and cancer metastasis to bone.
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B INTRODUCTION

Methodologies for engineering complex materials systems are
often divided into “top-down” and “bottom-up” approaches.
Bottom-up approaches, involving the synthesis of a material
beginning at the molecular or even the atomic scale, provide a
high degree of control over the final system. Current efforts in
materials science and biomedical engineering generally focus
on bottom-up approaches, given recent advances in materials
fabrication, polymer synthesis, and other nanoscale systems.' >
Despite the advantages to these bottom-up systems, generating
the hierarchy necessary for recapitulating tissue structure and
function can be challenging. Currently, no biological scaffolds
produced from a bottom-up approach have successfully
recapitulated the complex structure of bone, let alone soft
tissue-to-bone interfaces. Top-down approaches have been
utilized throughout human history and in biomedical engineer-
ing. For example, decellularized tissue, like the intestinal
submucosa, has been utilized as a tissue graft in various
applications,”™” and demineralized bone has been used as a
void filler and as a biomaterial in other applications.”” Here,
we develop a method for spatially controlled demineralization
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of decellularized bone to generate soft tissue-to-bone interfaces
for tissue engineering.

Understanding the hierarchical structure of soft tissue-to-
bone interfaces is critical for engineering complex, multiscale
materials to match the physical and chemical properties of
native tissue interfaces.'’™'* These interfaces link soft tissue
with trabecular bone through multiple interfacial regions.
Trabecular bone is a hierarchically structured tissue consisting
at the nanoscale of oriented collagen fibrils intercalated with
platelets of mineral oriented along the axis of the fibril."*~"*
This mineral is primarily poorly crystalline carbonated
hydroxyapatite. At a larger scale these fibrils are arranged
into lamellar sheets, which are wrapped circumferentially
around a network of struts that make up the bulk of trabecular
bone.'*'* The organization of the soft tissue of these regions
varies depending on the particular interface but generally
consists of oriented collagen. The interface between soft tissue
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and bone consists of a series of intermediate regions, typically
unmineralized cartilage/fibrocartilage, mineralized cartilage/
fibrocartilage, and a thin layer of dense bone, all of which are
centrally coupled by a mineral gradient.'’”"*'®"” This gradient
dictates the interface between these hard and soft tissues.

Soft tissue-to-bone interfaces exist throughout the human
body. Most notably, these interfaces are present at the ends of
ligaments and tendons and between cartilage and bone. In all
these cases, the interface mechanically mediates a multiple
order of magnitude transition in stiffness.'®'®'* For ligaments
and tendons, the function of the interface is primarily
mechanical, transitioning the tensile strains experienced in
the ligament into the bone to allow for stabilization and
movement. The function of the interface between cartilage and
bone varies depending on the location. The osteochondral
interface plays a mechanical role, linking cartilage to bone and
providing an anchor for articulation within the knee joint.
Other cartilage-to-bone interfaces are relevant to development,
such as the growth plate and the interface present during
endochondral ossification.'”' """ These interfaces can also act
as loci for cancer metastasis to bone.”’ The pervasiveness of
interfacial tissue systems throughout biological fields highlights
the need for a generalizable scaffold system.

Development of interfacial tissue engineered scaffolds is
important for the production of implants as well as the study of
different native interfaces,'’™'*'®'” as a native-like scaffold
would provide access to studying the effects of scaffold
composition on cell behavior, in both healthy and pathological
models.”” Recent reviews have described the fabrication of
interfacial scaffolds, which can typically be classified as graded
scaffolds, consisting of multiple delineated regions, and
gradient scaffolds, utilizing a continuous chan%e in composi-
tion and/or structure.'”"""” Graded scaffolds™ can precisely
reproduce the relative mechanical properties across soft tissue-
to-bone interfaces but may suffer from a lack of continuity
between regions. Cell-based, tissue engineering approaches
have shown success in generating morphologically accurate
interfacial constructs.”* As with many cell-based approaches,
however, careful timing would be ultimately required to
implant these scaffolds due to long culture times. Production of
interfacial scaffolds using materials-based fabrication methods
has generated constructs that appear morphologically similar to
soft tissue-to-bone interfaces,”> but these scaffolds do not
possess the regional composition observed in native interfaces
as of yet. Other bottom-up approaches have resulted in
scaffolds lacking hierarchical structure or proper compositional
aspects (e.g., low mineral concentration).””?” Gradient
scaffolds have typically been produced using a bottom-up
approach by growing mineral inside of a soft scaffold or mixing
mineral into a soft material.”**® For example, a mineral
gradient was formed on a polymer nanofiber scaffold by
partially submerging a portion of the scaffold in a solution
containing the precursor ions for apatitic mineral.”® The top
point of contact between the solution and the scaffold was
continually increased over the mineral growth period, thereby
generating a mineral gradient. Such scaffolds, however, which
consist of calcium phosphate mineral grown on the exterior of
polymer fibers, lack the hierarchical structure of bone. Other
scaffolds with mineral gradients have been fabricated using
complex diffusion systems, but these scaffolds also lack the
hierarchical structure of bone.”””” Although these approaches
are encouraging, collectively they point to the need for
methods to produce hierarchical scaffolds with graded
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structure and composition to more accurately mimic those
seen in native interfaces.

We have chosen to approach this problem of generating a
mineral gradient using spatially controlled mineral removal
from bone. Demineralization is commonly used in biology and
biomedical engineering to prepare samples for histological
analysis. Further, powdered, demineralized bone has been used
as a void filler during surgery.”” For these applications,
demineralization is often accomplished using strong deminer-
alizing agents like hydrochloric acid or formic acid. These
agents risk damaging the underlying protein matrix during
demineralization, thereby eliminating the hierarchical structur-
ing inherent to tissue. Demineralization using a chelator,
ethylenediaminetetraacetic acid (EDTA), has been shown to
leave the protein matrix intact.>® To the best of our knowledge,
no studies have examined methods for spatially controlled
demineralization, regardless of demineralization agent.

In this study, we demonstrate the fabrication of a cell-
seedable scaffold with an apatitic mineral gradient possessing
the inherent hierarchical structure of trabecular bone. These
scaffolds were generated using a top-down approach, by
removing the mineral content from decellularized bone. The
resulting scaffold was demonstrated to contain structural and
compositional gradients and an intact fibrillar collagen
structure. Such scaffolds are useful for generating tissue
engineered interfaces with application in orthopedics, devel-
opmental studies, and cancer research.

B MATERIALS AND METHODS

Bone Plug Decellularization. Trabecular bone biopsies were
extracted and decellularized as previously described.’"* Briefly, bone
biopsies were explanted from 1-3 day old neonatal bovine distal
femurs (Gold Medal Packing, Inc., Rome, NY) using a 6 mm diameter
coring bit and sectioned into 10 mm long cylinders. Cellular debris
and bone marrow were removed from biopsies by rinsing them with a
high velocity stream of deionized water (~140 mL/s through a S mm
diameter nozzle), followed by sequential soaks of 0.1 w/v%
ethylenediaminetetraacetic acid (EDTA) (TCI, Tokyo, Japan) in
phosphate buffered saline (PBS) (Corning, Manassas, VA) for 1 h,
hypotonic buffer (10 mM Trizma base (TCI, Tokyo, Japan), 0.1 w/v
% EDTA in PBS) at 4 °C for 24 h, and detergent (10 mM Trizma
base, 0.5 w/v% sodium dodecyl sulfate (SDS) (Sigma, St. Louis, MO)
in PBS) at 4 °C for 24 h. Following washes, biopsies were rinsed 7
times with PBS and frozen.

Partial Demineralization. Bone biopsies were skewered on a 20
gauge surgical needle and partially suspended in a bath containing 9.5
w/v% EDTA in PBS solution (pH = 7.4) for demineralization.* The
EDTA solution was gently stirred, avoiding the formation of a vortex.
The bone plugs were collected at time points of 3, 4, 4.5, 5, 6, and 12
h. The partially demineralized bone plugs were washed with deionized
water S times and frozen (Figure 1, Figure S1).

X-ray Computed Tomographic Analysis. Mineral content in
bone scaffolds was analyzed using microscale X-ray computed
tomography (uCT) at either a ~15 um voxel resolution (Xradia
Zeiss VersaXRM-520, Zeiss, Oberkochen, Germany), or a S0 ym
voxel resolution (GE eXplore CT-120 microCT, GE Healthcare,
Chicago, IL). Higher resolution data were processed using Avizo Fire
software (Version 8.1.1) to visualize the mineral profile and the
microstructure of the trabecular bone. Lower resolution yCT data
were processed using FIJI*® to examine the demineralization process.
To analyze these data, #CT stacks containing interfacial scaffolds were
converted to 8-bit images. These stacks were normalized to the
sample holder, a gridded paper box. To eliminate variations in the
sample holder material, 30 randomly chosen voxels were averaged,
and each voxel in the stack was divided by this number. The
normalized data were thresholded using an empirically derived value
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Figure 1. Schematic of process for forming mineral gradient in bone
scaffolds. (a) Bone biopsies are explanted from bovine condyles using
a coring bit. (b) Cartilage and bone marrow are removed from
biopsies, and biopsies are decellularized. (c) Biopsies are mounted on
a needle. Mounting location determines location of demineralization
front. (d) Bone biopsies are partially submerged in a demineralizing
solution to immediately below mounting location. (e) Biopsies are
removed from demineralizing solution, where time in the solution
dictates the morphology of the resulting interfacial scaffold.

of 16 (from an 8-bit image), resulting in a binary image of mineralized
tissue and other contents of the stack. Each scaffold was segmented
from this stack by cropping around the individual scaffold and in all
three dimensions. The trabecular density was determined by taking
the average number of mineralized voxels from the first 10 full slices
of the mineralized end of the scaffold. The number of mineral voxels
was counted for the whole stack. The length of each scaffold was
determined (Supporting Information, Figure S2). The fractional
demineralized content was calculated by dividing the number of
mineral voxels within the whole stack by the length of the scaffold.
These data were processed in MATLAB to find the relationship
between the fractional demineralized content, trabecular density, and
time. A first order surface was fitted to the data points using the Curve
Fitting Tool (cftool) package.

Powder X-ray Diffraction. X-ray diffraction (pXRD) was used to
determine the relative mineral portion per quarter moving axially
along the bone plug. Four partially demineralized bone scaffolds were
lyophilized and quartered perpendicular to the axis, moving from
mineralized to demineralized portions of the scaffold. Corresponding

quarters from the four bone scaffolds were ground under liquid
nitrogen using a mortar and pestle. The four powders were analyzed
with pXRD using a Bruker D8 Advance ECO powder diffractometer
(Bruker, Billerica, MA). The X-ray exposures were taken at a distance
of 250 mm, and at 40 kV and 25 mA, with Cu Ka radiation with a
detector slit opening of 9 mm. The XRD data were processed using
MATLAB and Microsoft Excel. This experiment was performed four
times to determine consistency.

Histology. Partially demineralized bone scaffolds were fixed,
dehydrated, embedded in poly(methyl methacrylate) (PMMA),
sectioned to a 10 pum thickness, and stained with Von Kossa and
methyl green pyronin to visualize mineral. Other bone scaffolds were
fixed, decalcified, dehydrated, embedded in paraffin, sectioned to a 4
um thickness, and stained. Hematoxylin and eosin (H&E) and
Picrosirius Red with hematoxylin were used to show collagenous
matrix in trabecular bone and the result of decellularization. Sections
were imaged using an Aperio Scanscope slide scanner (Aperio
Technologies, Inc,, Vista, CA) under bright-field. Picrosirius Red
stained slides were also imaged under cross-polarizers with a Nikon
Eclipse TE2000-S microscope (Nikon Instruments, Melville, NY) and
a SPOT RT camera (Diagnostic Instruments, Steriling Heights, MI)
to view the alignment of collagen fibrils after demineralization.

Raman Microscopy. Raman microscopy was performed on a
PMMA embedded sample using a WiTec Alpha300R confocal Raman
microscope. Data were collected using a 532 nm laser at 30 mW of
power through a S0X objective (Zeiss LD EC Epiplan-Neofluor Dic
40x/0.55). Spectra were collected in 10 um increments as line scans
across the interface between mineralized and demineralized tissue
within individual trabeculae in the transition zone between the fully
mineralized and fully demineralized ends of the bone plug. Each
spectrum is an average of 3 accumulations with an integration time of
8 s. For analysis, data were analyzed in MATLAB, using the ratio of
peak intensities for 957:1673 cm™' to determine the mineral:matrix
ratio.>* The results at this peak ratio were also compared to the ratio
of the peak intensities for 428:1673 cm™".

Mesenchymal Stem Cell (MSC) Seeding. To assess the ability
of scaffolds to support cells, partially demineralized scaffolds were
seeded with mesenchymal stem cells (MSCs). MSCs were isolated
from trabecular bone marrow of 1—3 day old neonatal bovine distal
femurs. Briefly, the trabecular region of the femur was washed with
heparin supplemented media, and the extract solution was centrifuged
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Figure 2. X-ray uCT of interfacial scaffolds showing demineralization front morphology. High densities are shown in white (mineral), and lower
densities are shown in yellow and red (collagen). (a) Fully mineralized bone biopsy prior to submersion in demineralization solution. (b) Interfacial
scaffold after half submersion for 4.5 h in demineralization solution. Demineralization front forms conical profile as demineralization progresses. (c)
Fully demineralized bone biopsy. (d—h) Single slices from uCT of part b. Hash marks on "Demineralization Front" arrow in (b) indicate the

approximate locations of each slice.
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Figure 3. (a) Demineralization morphology progression for time points at a trabecular density between 0.2 and 0.25 mm?®. (b) Plot showing
relationship of fractional demineralized content to time to trabecular density with accompanying fitted surface. (c) Resulting morphology of
demineralizing bone scaffolds at 6 h, shown as a function of trabecular density.

at 300 X g. Pelleted cells were plated on culture flasks, and the
nonadherent cell population was washed off after 48 h. Isolated MSCs
were plated at a cellular density of 2000 cells/cm® and expanded to
passage 2 in an expansion medium including Dulbecco’s modified
Eagle’s medium without sodium pyruvate (DMEM) (Corning,
Manassas, VA), 10% fetal bovine serum (FBS) (Gemini Bio-Products,
West Sacramento, CA, 1 ng/mL basic fibroblast growth factor (bfGF)
(BD Biosciences, Franklin Lakes, NJ), and 100 IU/mL penicillin.
Bone biopsies used for viability testing were cut in half along the
axis prior to demineralization. These samples were skewered halfway
along the axis of the sample and submerged in the demineralizing
solution for 4.5 h. After partial demineralization, bone scaffolds were
soaked in 70% ethanol for 1.5 h, washed in PBS, and soaked in an
osteogenic media containing minimum essential medium-a (MEM-)
(ThermoFisher, Waltham, MA), 10% FBS, 100 IU/mL penicillin, 2
mM L-glutamine (VWR, Brooklyn, NY), 0.1 uM f-glycerolphosphate
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(MP, Santa Ana, CA), 50 uM ascorbic acid, and 0.1 uM
dexamethasone. Bone scaffolds were seeded as previously described.”
Briefly, bone scaffolds were skewered and suspended in a spinner
flask. The flask was filled with 150 mL of osteogenic media containing
500000 cells/bone scaffold and stored in an incubator for 48 h.
Following seeding, scaffolds were transferred into osteogenic media
for 3 days of static culture.

To determine the viability of cellular populations after seeding,
live/dead stains were performed on bone. Briefly, seeded bone
scaffolds were transferred from culture media to dye solution at 1 mL
PBS:1 uL calcein AM:1 uL ethidium homodimer (Life Technologies
Corporation, ThermoFisher, Waltham, MA), and left for 30 min.
Samples were stored in PBS for at least S min before imaging. Imaging
was performed using a Zeiss LSM 710 AxioObserver using a C-
Apochromat 10X/0.45 W objective. Images consisted of 3 channels:
the first channel for ethidium homodimer had an excitation
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wavelength of 561 nm and a detection range of 582—741 nm, the
second channel for calcein AM had an excitation wavelength of 488
nm and a detection range of 510—741 nm, and third channel for
reflectance had an excitation wavelength of 488 nm and a detection
range of 480—497 nm. Images were collected every 750 ym moving
across the bone plugs, beginning approximately ~1 mm from the
beginning and ending ~1 mm from the end of the bone plug. Slice
thicknesses were ~250 um. Live/dead counting was performed in
FIJ1.** Data were analyzed using Microsoft Excel. Confocal z-stacks
were also collected. The z-stacks taken from the ends of the bone
plugs consist of 25 slices over 193.2 um. The z-stack collected from
the center of the bone plug consisted of 80 slices over 478.0 um.
Images were compiled using Zeiss ZEN 2.3 (blue edition).

Additional samples were cultured for 4 days after seeding to image
the MSC-deposited matrix. These samples were prepared for
sectioning and stained with H&E, as above.

B RESULTS

A spatial gradient in mineral was generated in bone scaffolds
through half submersion in an EDTA solution (Figure 1,
Figure S1). Analysis using #CT confirmed the removal of
mineral as a function of time (Figure 2, Figure S3, Movie 1).In
accordance with typical diffusion patterns, mineral removal
progressed from the end and sides of the scaffold, which were
exposed to solution. Minimal demineralization was observed at
3 h, while at 4 h, the sides and end of scaffolds began to show
the presence of demineralized collagen (Figure S3). After 4.5
h, this exposure pattern generated a conical mineral profile
(Figure 2b,d—h, Movie 1).

The portion of the scaffold exposed to EDTA appeared to be
entirely demineralized at S h, and the demineralization front
began to progress into the portion of the bone scaffold that was
not submerged at 6 h (Figure 3a). By 12 h, the bone scaffolds
were generally observed to be entirely demineralized, with
some containing a small core in the unsubmerged portion of
the scaffold (Figure S3). To confirm the degree of control over
the demineralization front location, scaffolds were also
submerged up to a quarter and up to three-quarters of the
scaffold, finding that the demineralization front progressed in a
similar manner (Figure S4).

Variation in the demineralization progression was qual-
itatively observed to be dependent on the porosity, or,
inversely, on the trabecular volume of the scaffolds, through
analysis of yCT data. To confirm this speculation, the average
trabecular density was calculated from the mineralized portion
of each scaffold. This density was calculated as the average
number of mineralized voxels over the first 10 slices from the
mineralized end of the scaffold. The total mineral volume per
unit length or fractional demineralized content was plotted as a
function of trabecular volume and time. A first order surface
was fitted to these data, finding an adjusted R* value of 0.68
(Figure 3b—d, and Figures S5 and S6). One sample that had
been demineralized for 4.5 h became fully demineralized over
this time period. This sample was not included in the analysis,
as the trabecular volume could not be reliably calculated due to
the lack of mineral. While the bone biopsies follow the same
general trend in demineralization, the trabecular volume
dictates the state the sample reaches after a given time point
(Figure 3e,f). Of the 8 partially demineralized scaffolds at the 6
h time point, 6 show the expected trend in morphology,
following the adjusted R* value of 0.68 from the fitted surface
(Figure 3b).

To confirm the mineral distribution across the scaffold,
pXRD was performed. For this analysis, four bone scaffolds
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were divided axially into quarters, and the corresponding
quarters of these scaffolds were cryo-fractured and mixed
together. Powder X-ray diffraction showed a decrease in the
intensity of characteristic carbonated apatite peaks (~26° and
~32°) progressing from the mineralized end of the bone
scaffold to the demineralized end (Figure 4). Further, this

TY

[+

Intensity (Arb. Units)

30 35 40
20 ()

6 10 20 25

Figure 4. Representative diffraction patterns from pXRD analysis of
quartered scaffolds (n = 4). (1—4) Patterns moving from
demineralized (1) to mineralized (4) end of scaffold. Patterns from
6° to 10° and from 20° to 45° are scaled to I and J, respectively.

analysis confirms that the EDTA does not affect the mineral
type, maintaining mineral within the scaffold as carbonated
apatite.”> A peak with increasing intensity moving from the
mineralized to demineralized end of the scaffold was also
observed at a 26 of 8° (Figure 4). This 5peak is associated with
the triple helical structure of collagen.’

Histological analysis was used to assess changes in the
microstructure of the bone matrix in the scaffold as a function
of demineralization. Hematoxylin and eosin staining shows
successful decellularization and maintenance of the protein
content in the scaffolds (Figure Sa). Analysis of scaffolds
through Von Kossa staining demonstrates that demineraliza-
tion occurs from the outside of the trabecular struts into the
interior. Phosphate staining, relating the mineral content, can
be observed in the cores of individual trabeculae located within
the transition zone from the mineralized to demineralized ends
of the bone plug (Figure Sb). Picrosirius Red staining confirms
that the fibrillar structure of the collagen is not altered by the
demineralization protocol (Figure Sc). Picrosirius Red stain
through cross-polarizers reveals differences in coloration
between the mineralized and demineralized ends of the
scaffold (Figure Sd). Changes in color and intensity of
Picrosirius Red stains under cross-polarizers have been shown
to relate to changes in collagen fibril orientation and
diameter.”**® Collagen appeared redder in demineralized
regions of the scaffolds (Figure S5Sd1) and greener in
mineralized areas (Figure 5d2).

The uCT, pXRD, and histology data confirm a structural
gradient, on the order of hundreds to thousands of microns,
moving from the mineralized to demineralized ends of the
bone plugs. From the Von Kossa staining, we noted a
transitional zone between the two regions in which individual
trabeculae possess apparent mineral gradients on a much
smaller length scale (Figure 6a). To semiquantitatively
measure these compositional gradients, we used Raman
microscopy on PMMA embedded tissue. This analysis revealed
a ~20—40 um gradient in the mineral:matrix ratio
(v,PO,*> :amide I) within the individual trabecular located
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Figure S. Histological stains for interfacial scaffolds, where parts a—d show the whole scaffold and parts 1 and 2 show insets from parts a—d. (a)
Hematoxylin and eosin stain of the section. (b) Von Kossa stain of section. (c) Picrosirius Red stain of section under white light. (d) Same

Picrosirius Red section under cross-polarizers.
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Figure 6. Images and Raman-derived line scan showing local compositional gradient within transitional zone between mineralized and
demineralized tissue. (a) Von Kossa stain of transitional zone near the middle of a bone plug. (b) White light image showing a partially
demineralized individual trabeculae. Red box indicates region from which a Raman line scan was collected. (c) Representative line scan of
mineral:matrix ratio, derived from peak intensity ratio of 957 cm™:1673 cm™' from Raman spectroscopy.

within the immediate transitional zone (Figure 6b,c, Figure these results to other mineral:matrix ratios (e.g.,
S7). The size of this gradient was also confirmed by comparing v,PO,>":amide 1) as a function of distance.
2993 DOI: 10.1021/acsbiomaterials.9b00176
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Figure 7. Live/dead stain of MSCs seeded onto interfacial scaffolds. Green indicates live cells. Red indicates dead cells, and white shows the
scaffold through confocal reflectance. (a) Z-stack recorded from the center of the scaffold. (b) Z-stack recorded from demineralized end of scaffold.

(c) Z-stack recorded from mineralized end of scaffold.

Finally, partially demineralized scaffolds were seeded with
MSCs to confirm the applicability of these scaffolds for
supporting cellular adhesion and growth. Live/dead staining (n
= 6) of scaffolds found an average viability of 91% with no
differences observed between the mineralized and demineral-
ized ends of the scaffold (Figure S8). Cells were found to
actively bind to the scaffold, spreading along the exterior of the
trabeculae (Figure 7a, Figure S9). Qualitative differences in cell
spreading were observed between the mineralized and
demineralized portions of the scaffold (Figure 7b,c). To
confirm this observation, samples were cultured for 4 days after
seeding to determine the extent of this observation, and
differences in cell spreading behavior on the demineralized
portions of the scaffold versus the mineralized portions of the
scaffold were observed (Figure S10). Cells appeared more
elongated along the exterior of the trabeculae in the
mineralized sections of the scaffold. Cells in the demineralized
regions showed rounder phenotypes, grouping together in a
matrix that the cells deposit around the scaffold (Figure S10).

B DISCUSSION

We have demonstrated the fabrication of a native-like
interfacial scaffold containing structural and compositional
gradients of apatitic mineral using a spatially controlled, top-
down approach. Studies have shown the feasibility of using
decellularized scaffolds as implants,”>"~”*"**~* but to the
best of our knowledge, this study is the first to apply top-down
approaches to biological systems in a spatially controlled
manner. Given the inherent complexity of biological systems,
top-down approaches are a useful mechanism for creating
relevant systems for a variety of applications. The main
challenge for this approach is identifying factors that vary
within an animal population and that affect the resulting
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scaffold. We used neonatal bovine bone as a source of tissue,
which provides a consistent source of tissue, but these explants
show variation in the trabecular density. We were able to
measure the trabecular density from our gradient scaffolds,
finding that this factor is relevant to the overall demineraliza-
tion of the scaffold (Figure 3). By measuring this property
prior to beginning the demineralization process, a predictable
gradient can be generated. Use of other tissues for top-down
generation of tissue engineered scaffolds could be useful for a
variety of applications, provided that the main variables are
identified. For example, one could treat tendons using an
enzymatic degradation to produce an oriented collagen scaffold
that has a low enough density for cells to penetrate into the
interior of the scaffold during seeding. These approaches will
open up a new direction for future tissue engineering
initiatives.

For generating a gradient in mineral content, we chose to
use EDTA as demineralizing agent due to its chelating
properties. Unlike harsher demineralizing agents such as HCI
or formic acid, EDTA leaves the underlying protein matrix
intact, allowing for a native-like scaffold.*® Utilization of EDTA
likely results in longer demineralization times than stronger
acids, but these longer times provide more control over the
demineralization process. Despite this factor, care still needs to
be taken when applying the demineralizing fluid to the
scaffolds. Any areas that are in contact with EDTA will
demineralize, and improper application of the solution is likely
to result in a fully demineralized scaffold. Utilizing this detail,
however, means that the location of the mineral front can be
easily controlled by modulating the point of contact between
the scaffold and the demineralizing fluid (Figure S4).
Utilization of this aspect allows the process to be modified
for a multitude of applications.
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We used pXRD to verify that the mineral type was not
changed during demineralization of the scaffold. We observed
peaks typically associated with the carbonated apatite found in
bone (Figure 4). We also observed a peak at a 26 of 8°, which
is associated with the triple helical structure of collagen.*
Interestingly, areas of the scaffold with a higher degree of
demineralization also presented a higher intensity of the
collagen helix peak as compared to mineralized areas of the
scaffold. This increase in peak intensity may be related to a
stress relaxation of the collagen in the scaffold as the
intrafibrillar mineral platelets are removed from the collagen
fibrils. A similar observation was found upon examination of
Picrosirius Red stains of the collagen under cross-polarizers.
Mineralized areas of the scaffold were found to have a green
color, whereas demineralized areas of the scaffold were red.
This green to red color change is related to an increase in the
diameter and/or orientation of collagen.‘%_38 As the
demineralization process does not add any collagen to the
scaffold, the diameter of the fibrils is unlikely to change. As
such, this color change may be attributed to an increase in
orientation, possibly related to the removal of internal stresses
generated by the apatite platelets.

Our scaffolds contain a structural gradient extending across
their length, continuously progressing from mineralized to
demineralized tissue. If we focus on the transitional zone, we
also observe a local compositional gradient across individual
trabeculae (Figure 6a). Using Raman microscopy, we
determined this gradient to be approximately 20—40 ym in
length (Figure 6b,c and Figure S7), on the same order of
magnitude as mineral:matrix gradients in native tissues.*’~**
Due to the presence of mineralized cores we observed in some
trabeculae, we wanted to confirm that the gradient in the
scaffolds is compositional, rather than a geometrical artifact
resulting from this cored structure. As we observe a gradient
that is longer than the thickness of the sections from which we
collected the data, we believe this gradient is compositional.
Further, as removal of mineral in our system progresses in a
manner typical of any diffusion process, a compositional
gradient at the scale of that found in native tissue is to be
expected at the interface between mineralized and demineral-
ized tissue. This gradient size makes these scaffolds ideal for
examining cellular behavior at interfaces in vitro.

To examine the feasibility of using these scaffolds for tissue
engineering applications, we seeded MSCs onto the scaffolds
(Figure 7, Figure S9). We found high viability across the
scaffold, with no observable difference in viability per location
(mineralized or demineralized) (Figure S8). While the viability
did not change as a function of location, the morphology of the
cells did change from more elongated on the mineralized
sections to more rounded on the demineralized sections. These
morphological differences are most likely in response to
changes in material properties, such as stiffness, between these
areas.”*® More analysis, however, needs to be performed to
confirm that these observations relate to scaffold-driven
differentiation of the seeded cells.

Our synthetic approach results in a scaffold possessing
compositional and hierarchical structuring similar to that
observed in native tissues. Significantly, a key feature of the
scaffolds prepared using this top-down approach is that the
collagen network remains continuous throughout the entire
length of the scaffold. This feature is critical for ensuring a
mechanically robust scaffold. Our scaffolds, however, do not
possess the interfacial regions present in the osteochondral
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interface, enthesis, or growth plate. Despite the lack of native
morphology, our scaffolds are porous and thus can be easily
integrated with injectable materials, such as collagen gels, with
and without cells. Previous experiments from our laboratories
using fully mineralized bone biopsies have shown promise for
direct interaction between reconstituted collagen gels and the
cell-deposited matrix surrounding the bone scaffold.*”

These scaffolds have applications in a variety of fields that
target the construction of interfacial biological systems through
tissue engineering. Orthopedic tissue interfaces, such as the
enthesis or the osteochondral interface, require the presence of
a mineral gradient to function.'””"> For example, these
scaffolds could be applied to systems that use similar tissues
to generate seamless interfacial structures.”> These scaffolds
would also be useful for analyzing cellular behavior in
developmental systems. For example, seeding chondrocytes
or other musculoskeletal cells onto interfacial scaffolds would
allow for the in vitro study of cellular behavior during
endochondral ossification or long bone growth directed from
the growth plate. Our partially mineralized scaffolds are also
useful for examining cellular behavior in pathological systems.
For example, the growth plate has been implicated as a possible
“metastatic niche” for cancer cell localization.”' Interfacial
scaffolds allow for the direct study of these systems without
requiring complex animal models. Further, scaffolds containing
both mineralized and unmineralized regions allow for studying
cell behaviors as a function of material composition, which can
be useful when assessing the potential of particular cancer cells
to metastasize to bone.

In conclusion, we successfully fabricated a hierarchically
structured scaffold containing structural and compositional
mineral gradients for use in tissue engineering. This scaffold
was created using a top-down approach that has not previously
been applied to biological systems. These scaffolds were shown
to contain a gradient in mineral content using a combination of
uCT, pXRD, histology, and Raman microscopy, and the
resulting scaffolds were found to be compatible with typical
cell seeding methodologies. The scaffolds will be useful for a
variety of tissue engineering applications, targeting the complex
interfacial systems found in biology. Further, the top-down
approach to tissue engineering provides access to a wider range
of tissue morphologies and hierarchies than previously
accessible.
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