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ABSTRACT: Engineering bone tissue is particularly challenging Aligned P 2

because of the distinctive structural features of bone within a nanofiber: | ‘___.--\:'%,‘ ~~~~~~~~

complex biochemical environment. In the present study, we R g e

fabricated poly(L-lactic acid) (PLLA) electrospun nanofibers l--_':'i':_ -------------- Defoctregion ..o e

with random and aligned morphology immobilized with bone ! = N ——N z==- i

morphogenic protein-2 (BMP-2) and investigated how these | [fusus— = — & : — _,§-Ea i

signals modulate (1) in vitro osteogenic differentiation of human | / - ' =
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mesenchymal stem cells (hMSCs) and (2) in vivo bone growth
rate, mechanical properties, and collagen assembly of newly
formed bone. The orientation of adherent cells followed the
underlying nanofiber morphology; however, nanofiber alignment did not show any difference in alkaline phosphate activity or in
calcium mineralization of hMSCs after 14 days of in vitro culture in osteogenic differentiation media. In vivo bone regeneration
was significantly higher in the nanofiber implanted groups (approximately 65—79%) as compared to the defect-only group (11.8
+ 0.2%), while no significant difference in bone regeneration was observed between random and aligned groups. However,
nanoindentation studies of regenerated bone revealed Young’s modulus and contact hardness with anisotropic feature for aligned
group as compared to random group. More importantly, structural analysis of collagen at de novo bone showed the ability of
nanofiber morphology to guide collagen deposition. SEM and TEM images revealed regular, highly ordered collagen assemblies
on aligned nanofibers as compared to random fibers, which showed irregular, randomly organized collagen deposition. Taken
together, we conclude that nanofibers in the presence of osteoinductive signals are a potent tool for bone regeneration, and
nanofiber alignment can be used for engineering bone tissues with structurally assembled collagen fibers with defined direction.
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H INTRODUCTION depends on the volume of bone, the collagen mineral ratio, and

Bone tissue engineering has gained considerable interest in the structural assembly of collagen at different hierarchical

recent years due to various clinical issues and the limited
availability of suitable bone grafts. Generally, natural bone
healing is a multifactorial process that is orchestrated by many

levels.* More importantly, collagen fibers are unidirectionally
arranged (i.e., parallel to the long axis of the bone), and their
structural features in the bone are vital for the increased tensile

cell types and a variety of chemicals as well as physical signals.' strength and load-bearing capacity of bone tissues.” Therefore,
At the earlier stages of bone healing, uncommitted mesen- it is of importance to consider engineering methods to guide
chymal stem cells migrate from the periosteum or bone marrow the structural assembly of collagen fibers in a bone micro-
to the wound area and are then differentiated into osteoblasts environment for regeneration of physiologically relevant bone
by a group of growth factors including platelet derived growth tissue.
factors and bone morphogenic proteins (BMPs).” The Most bone tissue engineering approaches have focused on
differentiated osteoblasts secrete type I collagen, which is developing biomaterials that are capable of recruiting and
mineralized in a later stage by chemical interactions with
calcium and phosphate ions in the microenvironment, Received: February 10, 2015
providing the main structural framework of bone tissue.” It Accepted: March 31, 2015
has been reported that the mechanical property of bone Published: March 31, 2015
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inducing endogenous stem cell function.*” A number of growth
factors such as bone morphogenic proteins (BMP), vascular
endothelial growth factor (VEGF), platelet derived growth
factor (PDGF), or basic fibroblast growth factor (bFGF) have
been used in bone engineering.® " In particular, BMP-2 has
attracted considerable attention because it is a potent inducer of
both osteogenesis and angiogenesis during normal bone
healing. Efforts have been made to develop the effective
delivery of these growth factors to the defect site to mitigate
problems associated with spatiotemporal distribution and
optimal dosing of BMP-2 for the bone regeneration
process.'”'* The majority of delivery systems involve
incorporation of BMP-2 within carrier materials that are
engineered to release the BMP-2 to the defect in a soluble form
to bind transmembrane receptors of bone forming cells.
Alternatively, BMP-2 has been immobilized onto the surface
of scaffolds via diverse chemical and physical methods to
maintain long-term exposure to the microenvironment.'>'* We
reported immobilization of BMP-2 on PLLA nanofibers using
polydopamine-inspired chemistry and revealed its potential in
bone regeneration with controlled dosing.'® Although these
works provided insight into the use of inductive molecules for
enhanced bone formation, unsolved questions still remain
regarding how in vivo structural assembly of collagen is related
to engineered bone.

Growing evidence indicates that the physical, architectural,
and mechanical properties of scaffolds have tremendous
influence on the in vitro activities of stem cells.'® A variety of
fabrication methods including micropatterning, 3D printing,
and electrospinning have been used to introduce different
structural features to biomaterials; the resulting diverse
geometries including pits, pillars, or porous structure of
scaffolds serve as critical signals to induce lineage-dependent
behavior of stem cells.'” " Electrospinning has emerged as a
potent tool in tissue engineering because it can easily produce
fibrous structures with diameters ranging from a few hundred
nanometers to submicrometers. Many researchers have ex-
plored nanofiber scaffolds in tissue engineering for skin, nerve,
blood vessels, muscles, cartilage, and bone.?*~** Furthermore,
fiber physical properties such as alignment and diameter can be
precisely controlled by changing the spinning parameters.”*
Aligned nanofibers have become an interesting platform for in
vitro tissue engineering attempts because they can structurally
mimic some of the native tissue organization. For instance,
fibers with an aligned structure are effective for neuronal
differentiation of embryonic stem cells, generation of longer
myotubes in myoblasts, and even osteogenic differentiation
behavior of different cell types.zs_29 However, the effect of
these well-defined geometries from nanofibers on in vivo tissue
formation, particularly the modulation of de novo collagen
assembly during the bone healing process, has not yet been
tully investigated.

The ultimate goal of this study was to develop ideal scaffolds
for engineering bone tissues with well-controlled collagen
assembly by understanding the structure—function relationship
during the bone regeneration process. Our specific objectives
were to analyze the synergistic or independent effects of
nanofiber orientation and immobilized BMP-2 on (1) in vitro
cell adhesion, morphology, and osteogenic behavior of human
mesenchymal stem cells (hMSCs), (2) in vivo bone growth rate
in a mouse calvarial critical size defect model, and (3) the
mechanical properties and structural assemblies of collagen in
regenerated bone tissues.
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B MATERIALS AND METHODS

PLLA was purchased from Boehringer Ingelheim GmbH (Resomer
L214S, Essen, Germany, 5.7—8.5 dL/g viscosity). 1,1,1,3,3,3-
Hexafluoro-2-propanol (HFIP) was from Wako (Osaka, Japan), and
Tris-HCl was from Alfa Aesar (Heysham, UK). Phosphate buffered
saline (PBS), fetal bovine serum (FBS), trypsin-ethylenediaminetetra-
acetic acid (TE), and penicillin-streptomycin (PS) were from Wisent
(Montreal, QC, Canada). Dulbecco’s modified eagle medium
(DMEM) with low glucose was from Gibco BRL (Rockville, MD).
Hoechst 33258 was from Molecular Probes (Eugene, OR), and
rhodamine-phalloidin was from Invitrogen Corp. (Carlsbad, CA).
Distilled water was produced by an Elix advantage system (Millipore,
MA). Dopamine hydrochloride was from Sigma-Aldrich (St. Louis,
MO). BMP-2 and BMP-2 Quantikine immunoassay kits were from
R&D Systems (Minneapolis, MN). Unless otherwise specified, all
other chemicals and solvents were obtained from Sigma-Aldrich.

Fabrication of PLLA Nanofibers and Characterization.
Nanofibers with random and aligned morphology were fabricated
using an electrospinning technique as previously reported.*® Random
fibers were collected using 2% PLLA solution in HFIP at a metal
collector rotation speed of 200 rpm, and to collect aligned fibers the
rotation speed of the collector was adjusted to 1400 rpm using 2.5%
PLLA. The fabricated fibers were dried overnight at room temperature.
The nanofibers were then coated with 2 mg/mL 3,4-dihydroxyphe-
nethylamine (dopamine) dissolved in a 10 mM Tris buffer (pH 8.5)
for 4 h with mild shaking. Nanofibers were rinsed and stirred in
distilled water overnight to remove any unbound polydopamine. BMP-
2 was immobilized on polydopamine-coated nanofibers by immersing
the fibers in a solution of BMP-2 (500 ng/mL, 10 mM Tris-HCI
buffer, pH 8.5) at 37 °C overnight, as previously reported.® Diameter
of nanofibers and orientation angle were measured from SEM images
(JEOL JSM 6330F, Tokyo, Japan) using Nikon imaging software
(NIS-Elements AR 3.00, Nikon, Japan). The alignment of nanofibers
was quantified by measuring the orientation angle of individual fibers
from five images (n = 30). A reference angle was set by random
selection, and the results were arranged into nine levels ranging from
0° to 90°. The frequency of nanofibers oriented in different angle
ranges was calculated and presented as the percentage of total analyzed
fibers. For quantifying the immobilized amount of BMP-2, nanofibers
were treated with 500 uL of BMP-2 solution and incubated overnight
at 37 °C and measured using enzyme-linked immunosorbent assay
(ELISA). All ELISA experiments were performed according to the
manufacturer’s guidelines, and sample absorbance was measured using
a spectrophotometer at 450 nm with 540 nm used for 4 correction.

hMSCs Culture and Seeding on Nanofibers. The hMSCs used
in this study were purchased from Cambrex Inc. (Charles City, IA),
and they were expanded with growth media composed of low glucose
DMEM, MEM, 10% FBS, and 1% PS under standard culture
conditions (37 °C, 5% CO,, and 95% humidity). For seeding onto
nanofibers, circular samples (1.9 cm?) were punched from random and
aligned nanofibers and sterilized with 70% EtOH under UV light for 2
h. Sterilized samples were washed thoroughly with PBS and
immobilized with BMP-2. The trypsinized hMSCs were then seeded
onto the nanofibers at 2 X 10* cells/cm? for cell adhesion analysis and
at 4 x 10* cells/cm? for all other in vitro experiments. After 1 day of
incubation in growth media, cells were supplemented with osteogenic
differentiation medium containing 10% FBS, 1% PS, 50 ug/mL
ascorbic acid, 0.01 M glycerol-2-phosphate, and 107’ M dexametha-
sone in low-glucose DMEM. The medium was changed every 2—3
days.

Cell Adhesion Analysis. Cell adhesion analysis on nanofibers was
done using fluorescence staining and SEM imaging. After 1 day of
incubation, the hMSCs on the nanofibers were washed twice with PBS
and fixed using 4% paraformaldehyde. Fixed cells were stained for cell
nuclei and F-actin using Hoechst 33258 (1:10 000) and rhodamine—
phalloidin (1:200), respectively, in blocking buffer for 1 h at 37 °C.
Images were acquired by confocal microscopy (LSM S Exciter, Carl
Zeiss, Germany). Cell adhesion orientation was performed as for the
nanofiber orientation. For each group, a total of 60 cells from different
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Figure 1. Characteristics of electrospun nanofibers. SEM images of (a) polydopamine coated random and (b) aligned nanofibers (scale bar: 1 ym).
(c) Average diameter of polydopamine coated nanofibers and (d) the amount of immobilized BMP-2 on nanofibers.

images were analyzed and presented as a percentage of cells lying in a
particular angle range to total analyzed cells. For SEM imaging,
samples were treated with 1% glutaraldehyde for 30 min followed by 3
h in 4% formaldehyde. Samples were dehydrated through a series of
graded alcohol solutions (30—100%). All samples were then treated
with hexamethyldisilazane for 15 min and air-dried overnight. Prior to
imaging, cells were gold coated using a sputter coater (BAL-TEC/
SCD 005, BAL-TEC AG, Balzers, Liechtenstein) for 5 min and
observed at an acceleration of 5 kV. For immunofluorescence staining
with fibronectin, cells were fixed with 4% paraformaldehyde and
permeabilized with cytoskeleton buffer and incubated with blocking
buffer (5% FBS in PBS) for 1 h. Cells were then subsequently
incubated with antifibronectin (1:200) for 1 h and then incubated with
antimouse IgG biotin conjugate (1:200) and FITC-conjugated
streptavidin (1:100) for 1 h. Cell nuclei were counter stained with
Hoechst 33258.

In Vitro Osteogenic Differentiation Studies. hMSCs were
cultured for 10 days under osteogenic differentiation medium, and
ALP activity was measured using p-nitrophenyl phosphate (Sigma, St.
Louis, MO) according to manufacturer’s protocol. Lysed cell samples
were centrifuged at 13 000g for 10 min, and 10 uL of collected
supernatants were treated with 200 uL of p-nitrophenyl phosphate at
37 °C for 30 min. The reaction was stopped using SO yL of 3 N
NaOH, and the optical density was determined with spectropho-
tometer at 405 nm. A DNA assay was performed using the Quant-iT
Pico Green ds DNA assay kit (Invitrogen, Carlsbad, CA) according to
the manufacturer’s procedure with the same set of samples. ALP
activity was normalized to DNA content. To analyze the mineral
deposition of hMSCs on both nanofibers, cells were cultured for 14
days in the osteogenic medium and quantified using the QuantiChrom
Calcium Assay kit (Bioassay Systems, Hayward, CA) according to the
manufacturer’s instructions. Deposited calcium was estimated by
spectrophotometrically measuring absorbance at 570—650 nm.
Osteogenic differentiation studies on blank nanofibers (polydop-
amine-coated random and aligned nanofibers without BMP-2) were
also calculated for analyzing the influence of nanofiber morphology
without the presence of BMP-2.

Mouse Calvarial Defect Model. The effect of nanofiber
morphology and immobilized BMP-2 on in vivo bone formation was

8800

assessed using 6-week-old ICR mice (Narabiothec, Seoul, Korea). All
animal work was performed in accordance with protocols approved by
the Institutional Animal Care and Use Committee (IACUC) at
Hanyang University (HY-IACUC-12-079). Prior to operation, mice
were anesthetized with xylazine (20 mg/kg) and Zoletil (60 mg/kg).
Two, 4 mm sized defects were created on each side of the cranium
using a suitable surgical trephine bur. The right side defect was
covered with nanofibers, while the left side defect remained without
any fiber implantation and served as the negative control. Surgery sites
were sutured and treated with povidone iodine. Each group included
four mice, and all mice were sacrificed after 2 months.

Micro-CT Analysis. New bone formation at the defect site was
determined by micro-CT analysis. Mice were sacrificed using CO, gas,
and skull bones were extracted. Bone samples were fixed with 10%
neutral formalin for 3 days at 4 °C. Samples were exposed to micro-
CT scanning (80 kV, 124 uA; Skyscan1172, Bruker-microct, Belgium),
and three-dimensional images from micro-CT scanning were analyzed
with Adobe Photoshop CS6 (Adobe Systems, CA) to measure
regenerated bone areas.

Histological and Immunohistochemistry. For histological
analysis, the skull bones underwent a decalcification process using
Rapidcal (BBC Biochemical, Mount Vernon, WA) for 2 weeks with
solution replacement every 2 days. Samples were dehydrated with
graded EtOH (70—100%), toluene, and paraffin and embedded in
paraffin wax and sectioned at 6 ym using a microtome (Shandon,
Runcorn, Cheshire, GB). Sectioned samples were deparaffinized and
hydrated and then stained for nuclei and cytosol with Harris
hematoxylin and eosin solution. Goldner’s trichrome staining method
was performed to analyze collagen deposition in the defect area.
Stained samples were dehydrated again, mounted with mounting
medium (Richard-Allan Scientific, Kalamazoo, MI), and observed
under an optical microscope (Nikon 2000, Japan). To analyze the
presence of vascular structure on regenerated bone, tissue specimens
were also immunostained with primary CD-31 specific antibodies.
Samples were then visualized by treating with secondary antibodies,
which are conjugated with FITC. Stained tissue specimens were then
observed under a fluorescent microscope.

Mechanical Characterization. Nanoindentation method was
used to analyze the elastic modulus and contact hardness of
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Figure 2. Adhesion of hMSCs on nanofibers. Fluorescence images stained for F-actin (red) and nuclei (blue) of hMSCs on (a) random and (b)
aligned nanofibers after 24 h of culture (scale bar: 100 #m). SEM images of hMSCs on (c) random and (d) aligned nanofibers after 24 h of culture
(scale bar: 20 ym). The orientation degree of adhered hMSCs and respective underlying (e) random and (f) aligned nanofibers. Dashed arrows

indicate the mean direction of cell adhesion and aligned fibers.

regenerated bone tissue. Calvaria specimens were fixed and embedded
with acrylic resin (Ortho-Jet, Lang, Wheeling, IL), and sectioned into 2
mm thickness slice with a low speed diamond saw (Isomet, Buehler,
Lake Bluff, IL). The aligned specimens were cut horizontal and vertical
to the fiber direction. Sections were polished using silicon carbide
abrasive paper and aluminum oxide paste and glued onto a stainless
steel holder and mounted on a nanoindenter (Nano-XP, MTS,
Oakridge, TN). All indentations were conducted up to SO0 nm depth
with loading and unloading displacement rates of 10 nm/s following
the previous study.®" The indentation force—displacement curves then
were used to obtain the contact hardness by dividing the peak
indentation force by the projected area at the end of loading, and the
elastic modulus using the unloading slope. The distance between
indent locations was at least 30 ym to avoid any interruptions from the
adjacent indents. A total of 363 nanoindentation sites were analyzed
including 185 at the regenerated bone tissues and 178 at the host bone
tissues.

SEM and TEM Imaging. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) imaging were
performed to analyze the deposited collagen fiber morphology at the
defect site. Implanted nanofibers were cut in the perpendicular
direction to the bone regeneration direction to confirm fiber direction.
The procedure for SEM imaging was the same as for in vitro SEM
imaging, and morphology was observed by field emission scanning
electron microscopy (FE-SEM) (AURIGA, Carl Zeiss, Germany). For
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TEM imaging, samples underwent transition by treating them with
100% propylene oxide, and they were embedded with Spurr’s resin
through polymerization at 70 °C. Embedded samples were sectioned
by ultramicrotome (MT-X, RMC, Tucson, AZ), stained with 2%
uranyl acetate and Reynolds’ lead citrate for 7 min, and observed by
TEM (LIBRA 120, Carl Zeiss, Germany). Nanofiber circularity was
calculated from TEM images of implanted fibers (S0 individual fibers
for each group) using Nikon imaging software (NIS-Elements AR
3.00, Nikon, Japan) and presented as the percentage of fibers that lay
in different circularity levels to total analyzed fibers. For quantification
of the collagen aspect ratio, zoomed TEM images were used, and an
aspect ratio of 35 individual collagen fibers was analyzed by calculating
the long axis/short axis using Image] software.

Statistical Analysis. Quantitative values are shown as the average
+ standard error of the average, and the data were analyzed using ¢t test
or ANOVA with Tukey HSD procedure. Values of p < 0.05 were
considered significant.

B RESULTS AND DISCUSSION

Nanofiber Characterization. Many recent studies have
shared information on the influence of physical properties of
biomaterials on tuning cell behavior in ex vivo conditions.
However, this information poorly translates to in vivo
environments. In the present study, we analyzed the
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importance of structural cues in bone tissue engineering using
electrospun nanofibers. To provide structural guidance for in
vitro and in vivo experiments, PLLA nanofibrous scaffolds with
random and aligned morphologies were fabricated and studied
in the in vitro osteogenic differentiation of hMSCs and in vivo
bone regeneration in a mouse calvarial defect model.

SEM images clearly showed a difference in morphology for
the two types of nanofibers (Figure la and b). An irregular
woven arrangement of nanofibers was found in random fiber
groups, whereas a highly aligned ordered distribution of
individual fibers was observed for the aligned nanofibers. The
average fiber diameter in both groups was similar at 500—600
nm (Figure 1c) and is similar to that of individual collagen
fibers in the bone extracellular microenvironment.>* A faster
rotation speed of the collector (1500 rpm) resulted in
stretching of the fibers in the direction of the collector, which
gave highly unidirectional nanofibers. In contrast, spinning the
fibers at a lower rotation speed (200 rpm) resulted in randomly
aligned nanofibers, which was consistent with previous
studies.”*® The amount of coated dopamine (data not
given) and immobilized BMP-2 on nanofibers showed no
difference between the random and aligned fiber groups
(Figure 1d). Quantified BMP-2 was 100.5 =+ 0.3 and 99.2 +
0.2 ng/cm’ on random and aligned fibers, respectively.
Polydopamine coating was presented as a powerful tool in
cell/tissue engineering in recent years due to its versatility and
ease of use.>* ¢ In our previous work, we found an excellent
immobilization efficiency (nearly 90%) of BMP-2 on nanofibers
using polydopamine chemistry, and the long-term presence of
osteoinductive BMP-2 facilitated in vivo bone regeneration."
The amines and thiols present in the biomolecules can be
reacted with catecholamine-containing polgdopamine through
Michael addition or Schiff base reactions.””*® To confirm the
specific interaction of amines and thiols in the BMP-2 to the
polydopamine layer, we analyzed immobilization efficiency of
BMP-2 on polydopamine-coated nanofibers at different pH
values of tris-HCl such as pH 4, 7, and 8.5 (Supporting
Information Figure S1). It was found that BMP-2 immobilized
on polydopamine-coated nanofibers at pH 8.5 showed the
highest immobilization efficiency among tested groups. In
general, Michael addition and Schiff base reactions involved in
thiols and amines show the highest reaction efliciency at slight
alkaline pH.**** Hence, pH 8.5 would have facilitated the
strong covalent interaction between BMP-2 and polydopamine.
In order words, as the pH reduced, the interaction between
BMP-2 and polydopamine also diminished. Nanofibers, in
which BMP-2 was immobilized at pH 4, showed the least
interaction. At this pH, polydopamine possesses a net positive
charge because of the protonation of the amine group, which
may further nullify any chance of electrostatic interactions
between positively charged BMP-2.*!

Cell Adhesion and Morphology. Cell adhesion behavior
in the random and aligned groups was investigated by
fluorescent staining and SEM imaging (Figure 2a—d). hMSCs
showed sufficient cell adhesion and widely spread cell
morphology on both types of fibers with notable difference.
On random fibers, hMSCs were more polygonal in shape and
distributed randomly throughout the nanofibers. On aligned
fibers, the cells had spindle shape morphology and stretched
along the long axis of the underlying nanofibers. The
orientation of adherent cells as compared to that of individual
fibers on different nanofiber alignments was analyzed (Figure
2e and f). In the aligned nanofiber group, an orientation degree
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of ~65% of the cells was within <10° which suggests
unidirectional adhesion of hMSCs along the underlying
nanofibers. On the random nanofiber group, an irregular
distribution of orientation degree (1—90°) of individual fibers
and cells was observed.

The change in cell adhesion and elongated cellular
morphology on nanofibrous scaffolds can be explained by the
classical theory of contact guidance.*” Different cell types,
including endothelial cells, neuronal cells, cardiomyocytes, and
hMSCs, received contact guidance cues from the underlying
substrate such as nano-/micropatterned substrates and nano-
fibers.”>**** Aligned nanofibers have recently been explored to
employ spatial instruction for different stem cells types.
Embryonic stem cells were cultured on aligned poly(e-
caprolactone) and showed a very elongated morphology that
resembles the structure of neuronal cell types.*> When human
unrestricted somatic stem cells were cultured on aligned poly-e-
caprolactone/poly-L-lactic acid/hydroxyapatite nanofibers, the
same morphological changes were observed as we reported.*
Well-organized fibronectin assembly was observed after 10 days
of culture in an osteogenic medium, which followed the same
trend of initial cell adhesion. Fibronectin is one of the main
components in the bone extracellular matrix, second to collagen
type 1. It is conceivable that cells may prefer to continue their
initial cell adhesion behavior and that ECM secretion can also
follow the same pattern, which is consistent with other
studies.”®

Osteogenic Differentiation of hMSCs. We observed that
hMSCs on both orientations of fibers showed similar levels of
osteogenic differentiation irrespective of fiber morphology as
well as cell morphology. Immuno-stained images showed
organized assemblies of fibronectin on both types of nanofibers.
Moreover, preferred cell adhesion was consistent with day one
culture as the fibronectin assembly was also found to follow the
fiber orientation (Figure 3a and b). We then analyzed the
osteogenic differentiation potential of hMSCs on random and
aligned fibers (Figure 3c and d). We found that there was no
difference in osteogenic differentiation between the groups.
ALP activity on random fibers and aligned fibers was 2.4 + 0.1
and 2.4 + 0.2 nmol/DNA/30 min, respectively. Analysis of
calcium content also showed the same trend as calcium;
content in the random group was 45.8 + 1 ug and in the
aligned group was 45.0 + 1 ug. However, in the non-BMP-2
immobilized nanofiber groups, aligned nanofibers showed
higher osteogenic differentiation properties than did random
nanofiber groups (Supporting Information Figure S2).

In general, different physical factors such as surface
topography, stiffness, and shear stress are influential in
osteogenic differentiation of different cells, although osteogenic
differentiation on random and aligned nanofibers is slightly
controversial.*” For example, Liu et al. demonstrated that
human bone marrow mesenchymal stem cells (hBMSCs)
cultured on PLLA fibers showed increased ALP activity and
higher expression of osteogenic genes on random fibers as
compared to an aligned substrate.”” Contrary to these results,
bone marrow stromal cells grown on aligned PLGA-based
scaffolds showed higher expression of osteogenic gene markers
such as RUNX2 and OSX.*® Similarly, increased ALP activity
and calcium content as well as higher expression of Runx-2,
COL-1, and OCN were observed on PCL/COL-1 aligned
nanofibers.*® In our study, only polydopamine-coated nano-
fibers (without immobilized BMP-2) showed reduced osteo-
genic differentiation capacity as compared to the BMP-2
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Figure 3. Osteogenic differentiation studies on nanofibers. Immuno-
fluorescence images of hMSCs on (a) random and (b) aligned
nanofibers showing the nucleus (blue) and fibronectin (green)
assembly after 10 days of culture in osteogenic culture medium
(scale bar: 100 um). (c) ALP activity of cultured hMSCs on nanofibers
after 10 days. (d) Quantification of mineralized calcium by hMSCs
cultured on nanofibers after 14 days.

immobilized groups. Notably, aligned nanofibers in the non-
BMP-2 immobilized groups showed higher ALP and calcium
activity than that of random nanofiber groups, but random and
aligned nanofibers with immobilized BMP-2 showed no
difference. It should be noted that most of the above-
mentioned studies were conducted on substrates without any
modification using inductive chemical factors. In contrast, we
immobilized a strong osteoinductive factor, BMP-2, on the
surface of the nanofibers with the aid of polydopamine, and we
speculate that the alignment of nanofibers may be influential
when there is no strong chemical signal; however, the influence
of physical factors may become less significant in the presence
of a strong chemical signal (BMP-2).

In Vivo Bone Formation and Histology. New bone
formation was analyzed on implanted nanofibers in a calvarial
defect model after 2 months using micro CT (Figure 4a). Bone
regeneration in both the random nanofiber and the aligned
fiber groups was increased (69.2 + 0.1% and 65.7 + 0.4%,
respectively) as compared to the defect-only group (11.8 =+
0.2%) (Figure 4b). H&E staining showed the rich encapsula-
tion of host cells and thick tissue formation along the implanted
nanofiber region with the presence of regenerated blood vessels
(black arrows) as compared to the defect-only group
(Supporting Information Figure S3a—c). Goldner’s trichrome
staining demonstrated a dense distribution of regenerated
collagen fibers throughout the defect region for both nanofiber
groups (Figure Sa—c). The nanofibers were completely covered
by newly formed thick collagen fibers, which were integrated
into the host tissues. Large blood vessels and lacunae (black
arrows) were also observed throughout the regenerated tissues.
The immunohistochemistry of implanted samples showed CD-
31 marker expression on random and aligned nanofibers, which
confirmed the presence of vascular structure on newly
generated bone tissues (Supporting Information Figure S3a—c).
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Figure 4. Radiographic analysis of skull bone implanted with random
and aligned nanofibers 2 months after surgery. (a) The micro-CT
images of the various nanofibers from the implanted skull bone
samples and (b) the quantitative values of regenerated new bone area
from each group. The “*” indicates a significant difference as
compared to the defect-only group (p < 0.0S).

Overall, the bone regeneration in the BMP-2 immobilized
nanofiber groups was significantly enhanced relative to the
defect-only group, which is consistent with our previous
study."> Histological and immunofluorescent images of
sectioned samples showed the presence of blood vessels
throughout the nanofiber region, which further showed the
maturation of newly formed bone at the defect site. It has been
indicated that BMP-2 can also indirectly influence the neo-
vascular structure formation.*” Hence, along with the bone
regeneration, BMP-2 would have also triggered the formation
of blood vessels in de novo bone tissues. However, consistent
with our in vitro results, we did not observe any difference in
overall bone growth between the random and aligned groups.
In general, migration of osteoblasts or progenitor cells from the
neighboring region to the defect site is affected by (1) gradients
in concentration of growth factors and (2) geometrical patterns
of bone ECM. In a recent study from our group, aligned PLLA
fibers enhanced both the in vitro migration speed of hMSCs
and in vivo bone regeneration as compared to random fibers.*’
Nevertheless, in this study, both the random and the aligned
groups showed a similar level of in vivo bone regeneration
when BMP-2 was conjugated to the substrate fibrous scaffolds.
As speculated from our in vitro results, the presence of BMP-2
may be more decisive than geometrical factors (i.e., orientation
of substrate fibers) in recruiting progenitors and osteoblasts in
the in vivo bone microenvironment. To the best of our
knowledge, it is the first study investigating the effect of both
fiber alignment and the presence of growth factors in the in
vivo guided bone regeneration applications.

Mechanical Properties of New Bone. Modulus and
hardness of the newly regenerated bone on defect-only group
and nanofiber implanted group were measured using nano-
indentation and compared to host native bone (Figure 6a). For
the regenerated bone tissue in the nanofiber groups, their
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Figure S. Histological analysis of sectioned mouse calvaria. The defect model samples 2 months after nanofiber implantation. Goldener’s trichome
staining images of (a) the defect-only group, (b) the random nanofiber implanted group, and (c) the aligned nanofiber implanted group. Magnified
images of dotted circles from each figure are presented at the right side (scale bar: 50 ym). Black arrows, newly generated blood vessels in
regenerated bone (CT = connective tissue, NF = nanaofiber, NB = new bone).

elastic moduli in the horizontal direction were comparable to
those for the corresponding host bone tissues (p > 0.49)
(Figure 6b). On the other hand, the elastic modulus in the
vertical direction for the regenerated bone tissue in the aligned
nanofiber group was significantly lower than that for its
corresponding host bone tissue (13.68 + 2.55 GPa vs 15.67 +
3.27 GPa) (p = 0.002). The contact hardness in the horizontal
direction for the regenerated bone tissue in the aligned
nanofiber group was significantly higher than that for its
corresponding host bone tissue (0.52 + 0.1 GPa vs 0.45 + 0.09
GPa) (p 0.019), while other nanofiber groups had
comparable values with those of the corresponding host bone
tissues (p > 0.264) (Figure 6c). However, mechanical
properties of bone tissue regenerated at the defect site were
significantly less as compared to the corresponding host bone
tissue and the regenerated bone tissues in all other groups (p <
0.001) having an elastic modulus of 3.80 + 0.95 GPa and
contact hardness of 0.12 + 0.05 GPa.

Most of the guided bone regeneration studies have
concentrated on analyzing the bone regeneration capacity of
the implanted biomaterials. However, the long-term success of
implants may lie on the functionality of the newly regenerated
bone, which may be defined by how closely it mimics the native
bone, both functionally and structurally. Bone is a highly
anisotropic and viscoelastic material that can withstand a high
level of mechanical loading. Hence, it is important to analyze
the mechanical properties of newly regenerated bone to
understand its functional properties. Elastic modulus and
contact hardness of the bone at the nanoscale level may
depend on the structural assembly and degree of mineralization
of collagen.>® Our nanoindentation studies showed that the
mechanical property of regenerated bone at the nanofiber
implanted groups was significantly higher than the defect-only
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group, and those values were close to that of host bone,
implying that regenerated bone facilitated by our implanted
nanofiber exhibited bone characteristics and was functionally
close to the host bone. Histological analysis demonstrated that
thick collagen deposition and deposited collagen along with
mineralization may have resulted in physiologically matching
mechanical properties. Interestingly, regenerated tissue at the
aligned nanofiber groups showed anisotropic mechanical
behaviors. Young’s modulus was slightly lower in the vertical
direction, whereas contact hardness in the vertical direction was
slightly higher as compared to the corresponding host bone.
Many of the previous studies have shown directional-dependent
mechanical behavior of different bone tissues.>"* Together, we
conclude that our BMP-2 immobilized nanofibers at the defect
site facilitated matured bone characteristics with mechanical
properties similar to those of the host bone, and aligned
nanofibers showed an anisotropic mechanical behavior similar
to that of the natural bone tissues.

Structural Assembly of Collagen. We performed SEM
and TEM analysis of the implanted nanofibers to analyze the
structural assembly of collagen in the newly regenerated bone.
The SEM images clearly depict the impact of fiber morphology
on controlling the collagen fiber deposition characteristics
(Figure 7a—d). Nonuniformly arranged collagen fibers were
deposited on random nanofibers, and these randomly deposited
collagen bundles structurally resemble woven bone character-
istics.® In contrast, a regular, ordered, unidirectional distribution
of collagen fibers was observed in regenerated bone tissues in
the aligned nanofiber group. It is important to note that the
individual collagen fibers were more closely packed on aligned
nanofibers than on the random fibers, and they formed
relatively thicker collagen bundles. These aligned collagen
bundles were well organized and ran parallel to the long axis of
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Figure 6. Mechanical characterization of newly regenerated bone using
nanoindentation. (a) Cutting direction for the implanted aligned
nanofiber group, (b) elastic modulus of different groups as compared
to that of host bone, and (c) contact hardness of the different groups
as compared to that of host bone. The “*” indicates a significant
difference as compared to the corresponding host bone group (p <
0.05).

the nanofibers without any impedance. This observation clearly
indicates that collagen deposition was strongly affected by
underlying fiber morphology.

The orientation of the deposited collagen matrix was further
confirmed by TEM imaging (Figure 8a—d). The images
showed a strong interaction of nanofibers with the surrounding
regenerated tissue. In the aligned nanofiber group, the collagen
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Figure 7. SEM images of calvaria tissues at 2 months postimplantation
of nanofibers. Lower and higher magnification images of (a)
implanted, (b) random, and (c and d) aligned groups (NF, nanofiber;
CB, collagen bundle). Scale bars represent 10 ym for (a) and (c), and
2 ym for (b) and (d).
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Figure 8. TEM images of calvarial tissues 2 months postimplantation
of nanofibers. Images of (a) random nanofiber groups and (b) aligned
nanofiber groups. (c) Circularity of implanted nanofibers and (d)
aspect ratio of newly regenerated collagen fibers were analyzed (NF,
nanofiber; COL, collagen). White arrows indicate the presence of
coated collagen on the nanofibers. Scale bar represents 200 nm. The
“*” indicates a significant difference as compared to the defect-only
group (p = 0.0000002892).

fibers were observed as circular dots, indicating uniformity in
the orientation of deposited collagen fibers. To make sure that
implanted nanofibers maintained their respective morphologies,
the circularity of individual nanofibers was also analyzed;
samples were cut perpendicular to the bone regeneration
direction. The semiqualitative data of nanofiber circularity
showed that the majority of nanofiber circularity in the aligned
nanofibers was close to one, indicating unidirectional alignment
of fibers. In contrast, the circularity of the random nanofibers
was distributed throughout the range of 0.1—1, which
confirmed the irregular orientation of the nanofibers. The
aspect ratio of individual collagen fibers indicates a heteroge-
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neous distribution of values, which indicates the randomness of
the collagen fiber orientation in the random fiber groups.
Collagen fibers in the aligned nanofiber groups showed reduced
aspect ratio values with a narrow distribution.

Bone is a highly dynamic tissue that is continuously
remodeled during its normal growth or following injury.
Woven bone is initially produced during bone remodeling and
is characterized by a mechanically weak, disorganized arrange-
ment of collagen fibers. However, during the bone remodeling
process, woven bone is eventually replaced by regular, parallel
aligned collagen fibers that form a sheet-like structure called
lamellar bone. There is recent evidence that the structure of the
implanted biomaterials can influence the collagen deposition
pattern.>® In this study, we observed that collagen remodeling
was strictly controlled by the nanofiber architecture. A lamellar-
like collagen assembly was found on aligned nanofibers,
whereas a disorganized, woven-like pattern was observed on
the random fibers during the same time period. Under natural
conditions, bone remodeling is a function of the response of the
bone to external mechanical loading (Wolfs law). However,
under load-free conditions such as biomaterial-based ap-
proaches, nanofiber alignment can influence collagen remodel-
ing during bone healing. Here, we propose a possible
mechanism of in vivo collagen matrix assembly guided by
implanted aligned fibers (Figure 9). The presence of BMP-2 on
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1 recruitment/adhesion  differentiation  collagen secretion collagen assembly :

Figure 9. Schematic mechanism of in vivo collagen assembly as
instructed by the implanted aligned nanofibers.

the implanted nanofibers actively turns endogenous progenitor
cells into osteoblasts where, through contact guidance, their
adhesion is instructed by the nanofiber morphology. The
osteoblasts then secrete collagen along the direction of cell
adhesion (fiber direction), which subsequently forms the
collagen fibril bundles in the direction of deposited collagen
molecules. Individual collagen fibrils may undergo directional
mineralization and then be grouped together to make collagen
fibers resulting in the fiber direction-dependent anisotropic
mechanical properties of the regenerated bone tissues as
observed in this study. These mineralized structures are then
assembled together to form an organized structure of bone. On
the basis of this proposed model, we conclude that, along with
the right chemical cues, smart structural designing may also be
needed for biomaterial-based bone tissue engineering,

B CONCLUSIONS

In this study, we used BMP-2 immobilized electrospun PLLA
nanofibers with random and aligned morphologies to test the
combinatorial effects of biochemical and structural cues on in
vitro osteogenic differentiation of hMSCs and in vivo bone
regeneration in a mouse calvarial defect model. Cell adhesion
and ECM assembly in vitro were directed by the underlying
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nanofiber morphology, while fiber alignment did not have a
significant influence on in vitro osteogenic differentiation. In
addition, overall in vivo bone regeneration was similar on both
fiber groups, and it was significantly greater as compared to the
defect-only control groups, implying that surface immobilized
BMP-2 actively induced new bone formation. The mechanical
properties of newly regenerated bone on both fibers were close
to those of host bone at the micro scale level; more
importantly, anisotropic characteristics in Young’s modulus
and contact harness were demonstrated only in the groups that
received aligned nanofibers. Observation of tissue specimen
using SEM and TEM revealed that nanofiber alignment was
able to direct structural assembly of newly regenerated collagen
fibers at the defect site. Aligned nanofibers showed ordered,
unidirectional alignment of collagen assembly that resembled
collagen assembly of a lamellar bone, which also resulted in
anisotropic mechanical behavior. Together, our results suggest
that biochemical factors (e.g., BMP-2) may have more influence
on bone regeneration; however, structural properties of
biomaterials (nanofiber alignment) can control collagen fiber
assembly and thereby may be used to engineer structurally
relevant bone.
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