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ABSTRACT

The limitations of commonly used bone graft materials have encouraged testing of tissue engineered graft materials.
We evaluated electrospun collagen nanofibers (CNFs) alone and in combination with bone marrow stromal cells
(BMSCs) as new bone graft biomaterials using a rat calvarial critical defect model, empty defects were used as
control. Our hypotheses were: 1) CNFs will isolate the defect from the surrounding tissue and prevent its filling
with fibrotic tissue 2) CNFs and BMSCs will further promote osteogenesis and lead to more organized bone repair.
Healing was evaluated by microcomputed tomography (MicroCT) at 0, 6, 12 and 16 weeks. Bone volume fraction
(BVF) analyzed. Renderings of defects used to grade bony bridging. At 16 weeks, animals sacrificed and the
defects with surrounding bone removed, fixed, decalcified and processed for histology. Stained sections assessed
for type and maturity of new bone. Increased bone filling was observed in the two experimental groups. Histology
showed that CNF's alone and CNFs + BMSCs minimized fibrotic tissue invasion and promoted bone regeneration.
Significant difference was found in BVF and bony bridging only between control and the CNFE. Our results indicate
CNFs with and without BMSCs can provide favorable stimulus for bone regeneration.
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Introduction

As the complexity of prosthetic orthopaedic and maxillofacial
surgeries advance the need for bone augmentation at the implant
sites is increasing. When restoration of the anatomy requires
filling a bony defect, surgeons usually utilize bone autografts and
allografts. These types of grafts are associated with donor site
morbidity [1,2] and graft resorption or collapse [3-5]. Instead of
using bone grafts surgeons are increasingly looking to resorbable
or non-resorbable bone graft substitutes.

Tissue engineered bone graft substitute materials are attractive
alternatives to synthetic grafts since they are biocompatible,
bioactive and designed to degrade after the appropriate native cells
start making their own matrix. Collagen is an abundant protein and
is a critical structural component of bone. Collagen meets all the
desired criteria for an applicable biomaterial as it is extensively
involved in the process of adhesion and proliferation of many

cell types. Collagen possess physicochemical properties that can
be modified by crosslinking since it has amino, carboxyl and
hydroxyl groups that serve as crosslinking sites [6]. The Brunel
group investigated the effect of crosslinking collagen on the repair
of calvaria defects in rat model and showed that crosslinking
delayed the resorption of collagen membranes, supporting the
feasibility of these membranes as guided bone regeneration (GBR)
materials. Surprisingly, the amount of crosslinking did not appear
to influence the outcomes in that study [7].

Stem cell therapy is becoming a mainstay for bone tissue
engineering due to its proven pluripotent nature and ability to
stimulate osteogenic repair in vitro and in vivo. Rat bone marrow
stromal cells (BMSCs) are multi-potent and are characterized in
vitro by their ability to differentiate into osteogenic, chondrogenic,
and adipogenic phenotypes [8-10]. After isolation these cells
retain their self-renewal and differentiation capacity. George
and Miyata showed that in addition to the composition of the
extracellular matrix, the structure of the scaffolding material
appears to play an important role in promoting the growth and
differentiation of BMSCs. Their rat BMSCs differentiated into
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osteoblasts on honeycomb collagen scaffold without the addition
of other differentiation factors [10]. Rochefort in 2016 further
showed that the use of collagen gel seeded with dental pulp stem
cells significantly accelerated the bone regeneration of rat calvarial
defects [11]. In our previous work, we tested the differentiation
capability of BMSCs on collagen nanofiber matrices without the
use of additional differentiation factors. After five weeks of culture
the BMSCs differentiated into osteoblasts and showed the ability
to deposit calcium minerals on the material surface [12].

In normal bone the collagen fibers orientation plays an important
role in the mechanical stability. Studies done in 1967 by Ascenzi
and 1973 by Evans showed that the predominant direction of
the collagen fibers is about the osteon’s long axis leading to
increase in the ultimate tensile strength and strain of the bone
[13,14]. The effect of crosslinking and crosslinking agents on the
mechanical properties of collagen fibers have been studied by
many investigators like Kato [15], Olde Damink [16], Caruso [17]
and our group [18]. Those studies have shown that crosslinking
considerably improved the mechanical properties of collagen
fibers. For this in vivo study, we used optimized collagen nanofiber
sheets with optimized crosslinking conditions.

The objective of this study was to evaluate the effect of collagen
nanofiber sheets alone and in combination with rat BMSCs on
bone regeneration in vivo. We hypothesized that a biomaterial
consisting of aligned, crosslinked collagen nanofiber sheets and
differentiated BMSCs would be superior to the control and to the
sheets without BMSCs in promoting osteogenesis and thus lead to
more organized bone repair.

Materials and Methods

Nanofiber sheets fabrication and crosslinking

Type I collagen from rat-tail tendons was isolated using the method
of Elsdale [19]. The collagen was used to form collagen nanofibers
as follows. The lyophilized dry collagen at a concentration of 12%
w/v was dissolved in 2.45ml of Hexafluoro-2-propanol (HFP) and
0.05ml of deionized water. The protocol for obtaining electrospun
aligned nanofibers was based on the work of Matthews and Heiden
using a custom apparatus [20,21]. The electrospun nanofibers were
crosslinked following the method by Caruso and Dunn [17] using
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC) in acetone and detailed in our previous publications [12,18].
Crosslinked sheets were sterilized in 70% ethanol for 24 hours,
then washed with sterile distilled water four times. Sterile sheets
were stored in sterile phosphate buffer saline at 4°C. Circular

discs measuring 10mm in diameter and 0.2mm thickness were
punched out form the nanofiber collagen sheets and prepared for
implantation.

BMSC:s isolation and culture

BMSCs from Fisher 344 rats were isolated using an established
method [22]. The rat femurs were dissected free and both proximal
and distal ends removed leaving the diaphyseal shaft. the shafts
were flushed with Dulbecco’s Modified Eagles Medium (DMEM)
containing 10% Fetal Bovine Serum (FBS), penicillin 20 mU/
ml and streptomycin 20 pg/ml using an 18-gauge needle, the
cell suspension was passed through a 70-um nylon cell strainer.
The cell suspension was plated in 25 cm? tissue culture flasks
and incubated at 37°C and 5% CO,. The first medium change
was done after three days and then every other day (7-10days)
until the adherent cells reached 70% confluency, then those were
trypsinized and subcultured at a ratio of 1:3. Cells used in this
experiment were from passage four. Twelve discs were directly
seeded with BMSCs at a density of 1x 10° cells per cm? in 1001 of
medium and cultured for 3 weeks before implantation.

Animal Surgery

All animal work was performed in compliance with institutional
committee guidelines for animal welfare. Critical bone defects were
created in the calvariae of 18 male Fisher 344 rats following the
protocol of Spicer et al. [23] Animals anesthesia was induced using
isoflurane 5% in oxygen for 2 min then anesthesia maintained with
1-3% isoflurane in oxygen for the duration of the surgery. A 1.5 cm
midline incision was made down to the scalp periosteum from the
nasal bone to just caudal to the bregma. The periosteum covering
of the calvarium was divided and pushed laterally to expose the
underlying bone, then the calvarium scored with surgical drill and
trephine at 1500 rpm with constant irrigation of sterile normal
saline. The trephinated portion of bone was lifted using a periosteal
elevator creating an 8 mm diameter, full thickness, round critical
calvarial defect. Special attention was made to prevent injuries
to the periosteum or the dura during the surgery (Figure 1). The
defect was left either untreated (G1- negative control, n=6), was
repaired using unseeded collagen nanofiber discs (G2, n=6), or
repaired using BMSCs seeded discs (G3, n=6). In the G2 animals,
the defects were closed by implanting one nanofiber disc under
and one nanofiber disc on top of the defect to create a sandwich
like construct. In the G3 animals, a similar “sandwich” was made
using seeded discs with the cell seeded sides facing inwards to the
space created between the two discs.

Figure 1: Shows the surgical steps for the creation of critical defect: Skin incision (A), pushing the periosteum to the sides and drilling the 8mm
circle(B), removal of the drilled bone and showing the intact underlying tissue(C).
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Before closing the cranial incision, intraperitoneal injections
of 0.05 mg/kg buprenorphine were given. The periosteum was
approached and closed using a 5-0 absorbable (Monocryl)
suture and the skin was closed with size 4-0 of the same type of
sutures. After the surgery animals were housed individually and
provided with food and water ad libitum. Ketoprofen Smg/kg was
administered post-operatively and once daily for one week after
assessment of the animals.

The surgical site (head) was scanned using Micro Computed
Tomography (micro-CT) at four-time points: zero time (within
48hrs of surgery), at 6 weeks, 12 weeks and at 16 weeks after the
surgery. The animals were sacrificed 16 weeks after surgery. Gross
images of the retrieved bones with the defect where taken before
sample fixation and the defects were further assessed post mortem
using histological methods.

Micro Computed Tomography

Animals were anesthetized using isoflurane 4% in oxygen for
induction then placed in a holder headfirst with 1-3% continuous
isoflurane in oxygen for the duration of the scan (~45 minutes).
MicroCT imaging was performed using a Scanco MicroCT scanner
(VivaCT 40; Scanco Medical AG, Bassersdorf, Switzerland) with
an x-ray source power of 70 kVp and 114 pA MAS. Scans varied
from 8.4 um to 11.2 um in length and were collected in 21.0 pm

slice increments, yielding a voxel size of 21.0 um (maximum
resolution was not utilized to minimize the time animals spent
under anesthesia). To reduce noise, the scanned grayscale images
were filtered through a low-pass Gaussian filter (sigma = 0.8,
support = 1). Data was collected at 0, 6, 12, and 16 weeks from
all qualified animals and 3D renderings of the scans were used to
evaluate the bone volume fraction (BVF) at all time-points.

To analyze the defects, the datasets were rotated using a custom
script (ISQ Align) created by a Scanco professional on the Scanco
MicroCT V6.1 software. Using three points around the defect, the
script can realign the dataset to a new XY plane, allowing the whole
circular defect to be visible within one image (Figure 2). Using the
realigned dataset, a circular region of interest (ROI), 336 pixels by
336 pixels (diameter = 7.056 mm), was created and spanned 100
slices (100 pixels = 2.1 mm) for a total ROI volume of 82.11 mm?.
This ROI is used to determine the BVF and captures the center of
the defect, excluding any natural bone that may be interrupting the
8.0 mm defect, and extends from the above the defect (outside the
skull) to below the defect (inside the skull). Micro CT images at
16 weeks were used to calculate the bone bridging score adopted
from Patel [20]. A score of zero equating to no bone growth and a
score of four indicating complete bone bridging between two sites
of the defect. The images were evaluated by 7 observers who were
blinded to the conditions.

Figure 2: Scout-view/x-ray of rat calvaria showing 8mm defect (white circle) and scanning region (black rectangle) (A). Single slice MicroCT image
showing defect (B). Single slice MicroCT image after data set is rotated, showing ROI used for analysis (white circle) (C).

Histological Analysis

At 16 weeks post-surgery the animals were sacrificed. The surgical
area was opened and the defect with its surrounding bone removed,
photographed, and then fixed in Neutral Buffered Formalin 10%
for 24 hours. Thereafter, the sections were decalcified in 12.5%
Ethylenediaminetetraacetic acid (EDTA) with the pH adjusted
to 6.0-7.5 using sodium hydroxide (NaOH) for two weeks then
processed and paraffin imbedded for histology. Sections 6um thick
were stained with hematoxylin and eosin (H&E) and with Masson
Trichrome. Four sections of each sample (a total of 24 sections
per group) were examined under light microscopy and scored
histologically using a modified grading system [24] based on
our project specificity. The graded parameters and their possible
scores are listed in Table 1. The higher scores indicated more bone
regeneration.

Bone formation Bone maturity | Bone bridging | Bone trabeculae
0-Absent 0- Absent 0-Absent 0-Absent
1-Present at the 1-Mostly 1-Present at the

. . 1-Incomplete .
periphery immature periphery
2- Present centrally 2-Mostly 2-Complete 2- Present centrally
mature
3-Present centrally 3-Present centrally
and at the periphery and at the periphery
Haversian Canal | Inflammation Gral'lulatlon Neovascularization
tissue
0-Absent 0-Present 0-Present 0-Absent
l-PresF:nt at the 1-Absent 1-Absent l-Pres.ent at the
periphery periphery
2- Present centrally 2- Present centrally
3-Present centrally 3-Present centrally
and at the periphery and at the periphery
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Table 1: Shows the parameters used to quantify the histological findings
from H&E stained whole sections using 4 sections of each sample.

Statistical Analysis

Bridging scores and histological grading where compared between
groups using a student’s T-test assuming equal variance. For
the bone volume fraction a longitudinal analysis of all outcome
measures across time was performed using generalized estimating
equation (GEE) modeling. This modeling technique was chosen
due to its robust ability to handle data, regardless of whether it
met the assumption of normality. Additionally, GEE allowed for
the clustered analysis of all observations that had been collected
longitudinally and accounted for any missing data that may have
been lost to follow-up. All observations were analyzed using
maximum likelihood estimations. Models included time and
group as fixed effects. All parameter estimates from the GEE
models were reported as means and with standard errors. Post-
hoc pairwise comparisons were used to analyze within group
differences over time as well as between group differences at each
time point. Bonferroni correction was used to adjust for multiple
pairwise comparisons. Statistical significance was defined as p <
0.05. All analyses were performed with SPSS, version 23.0 (IBM
Corp., Armonk, NY).

Results

Morphometric Analysis

Evaluation of the bone regeneration was performed periodically
for 16 weeks. The critical size defect was monitored in vivo by
micro CT starting within the first few days after surgery and then
after 6,12 and 16 weeks of the surgery. Micro CT images showed
and increased bone filing of the defect in all groups and is more
prevalent in the two experimental groups (CNF and CNF+BMSCs).
Bone regeneration is shown as a decrease in the defect size as well
as presence of new bone material within the defect (Figure 3).

G1-Control

G3-CNF+BMSc

Time zero

At 16 weeks

Figure 3: Top view of the 3D micro CT images showing the created
defects at time points zero and 16 weeks for all group.

Bone bridging scores at the end of the experiment were higher in
the experimental groups with statistically significant differences
noted between CNF and the control (p=0.008) and CNF+BMSCs
and the control (p=0.049). There were no differences between the

experimental groups (p=0.16). A plot representation of the results
is shown in Figure 4.

Bone Bridging Scores

= N w

Average Grading score (0-4)

=)
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= CNF

m Control

CNF+MSCs

Figure 4: A graphic representation of the bone bridging scores obtained
from the top view of the 3D micro CT images for all groups at 16 weeks’
time point.

Bone volume fraction values obtained from 3D rendering of the
scans were compared within the same group across time and
between groups at each time point. Statistically significant results
(p<0.01) were observed between time zero, 6,12 and 16 weeks for
all groups. When comparing between groups the only significant
difference was found between G1 vs G2 (p= 0.001, p=0.005 and
p=0.006 at 6, 12 and 16 weeks respectively), a plot of the results
is shown in Figure 5.

Bone Volume Fraction Minus Background (time 0)

* —E—
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Time

Figure 5: Graph representation of the BVF results, Error bars indicate
95% confidence intervals, * indicates significant difference.

Histological Analysis

Histological evaluation was performed on the decalcified samples.
H&E sections were evaluated qualitatively and semi quantitatively
for the presence, maturity of the newly formed bone and for signs
of inflammatory response. The control group had lower amounts
of bone islands within the defect and it was mostly filled with
fibrotic tissue. Both CNFs alone and CNF with MSCs groups
showed larger amounts of new mature bone with Haversian canals
observed and blood vessels within the lamellae of the new bone.
Degradation of the nanofibers was observed, and some remnants
were visualized by H&E and Trichrome in both experimental

groups (Figure 6).
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Figure 6: Representative decalcified and paraffin embedded stained
samples capturing the whole defect using PathScan at 40x magnification.
Left panel is Hematoxylin & Eosin showing bone in pink and collagen
in purple color. The right panel is Masson's trichrome stain showing the
bone in red and the collagen in blue color. Group 1 control (A&B), Group
2 CNF (C&D) and Group 3 CNF+BMSCs (E&F).

Results from histological grading of the defect were evaluated
using unpaired two tailed Student’s T-test with equal variance and
showed statistically significant difference with p<0.001 for G1 vs
G2 and for G1 vs G3 but not for G2 vs G3(p=0.382), results are
plotted and shown in (Figure 7).

Histological Grading of New Bone Formation

20
*

15

10

H G1- control

® G2- CNF 1 G3- CNF +BMSCs

Figure 7: Graphical representation of the histological grading of the
decalcified sections, * indicates significance.

Discussion

The objective of this study was to evaluate the effectiveness of
type I crosslinked collagen nanofiber sheets and nanofibers seeded
with bone marrow stromal cells on healing a critical sized defect
in the rat calvaria in vivo. The CNFs alone or in combination with
BMSCs prevented fibrotic tissue ingrowth into the defect and
enhanced the natural healing process.

Over the 16 weeks of study micro-CTs demonstrated increased bone
filling of the defect over time in all groups but the experimental
groups had more prominent and larger bony areas (Figure 3). The
BVF analysis showed that new bone formation was most prominent
in the G2 group (CNF) with statistical significant differences from
the control at all time points (Figure 5). Interestingly, no significant
differences were noted between the G2 and G3 groups indicating
that the current method of applying BMSCs did not enhance the
positive effect of the collagen nanofiber. The analysis of the 2-D

micro CT images showed larger bone coverage areas in both
experimental groups (CNF, CNF+BMSCs) that was statistically
different from the control (Figure 4). Histological findings
supported the micro CT results and the qualitative analysis showed
more bone regeneration for both experimental groups (Figures 6 &
7). These in vivo findings demonstrated the importance of collagen
nanofibers in recruiting local progenitor cells and directing their
differentiation into bone forming cells.

The stimulatory effect of various forms of collagen on the
differentiation of BMSCs into bone cells has been confirmed in-
vitro within honeycomb scaffolds [10] gels [11] and nanofibers
[12]. Some in vivo studies used collagen blends with beta tricalcium
phosphate and compared it to Bio-Oss Collagen [25], have shown
improvement in bone regeneration that they related to the effect of
beta-TCP. Other group investigated electrospun fibers made from
collagen and polylactic acid (PLLA) blend, they showed that this
combination enhanced the function of PLLA relative to control, but
complete coverage of the defect was not observed [26]. We used
pure crosslinked electrospun collagen nanofibers with or without
BMSCs and our findings indicated that the addition of BMSCs did
not provide additional cues. We believe that the observed effect
can be related to the physicochemical nature of the implanted
nanofiber matrix. The chemical composition, size and porosity of
these nanofibers resembled the host’s extracellular matrix. This
in turn provided physical and chemical cues that stimulated host
stem cells growth and differentiation. Additionally, we believe
that the crosslinking of the nanofibers prolonged their degradation
time for the length of the experiment (16 weeks) and this provided
continuous stimulation. The basis for combining BMSCs with
collagen nanofibers was partly due to our previous in-vitro study
where we showed that BMSCs survived and differentiated into
functional osteoblasts after 3 weeks of culture [ 12] and we expected
that this would further stimulate bone regeneration. Possible
reasons why this did not hold true for this in vivo experiment could
be due to lack of adequate nutrients for the BMSCs immediately
after implantation, the change in the behavior of the cells when
implanted in vivo (like loss of their multipotent characteristic), and
perhaps the cell coverage and distribution within the nanofibers
masked or modified some cues within the collagen structure.

There were some limitations herein; within the same group we
observed variation in patterns of bone filling. In some defects
the bone would grow from the periphery and in other the growth
appeared to start randomly. We theorize that this limitation could
be corrected by increasing our groups sample size. Also due to
the small sample size the effect of crosslinking and nanofibers
alignment on the mechanical properties after implantation was
not tested. Another limitation is the methodology of analysis
using the micro CT images. Applying the ROI shape in the same
spot every time was quite difficult due software limitations and
due to variations in animal positioning during imaging. One more
limitation is that in this work we did not perform any viability
testing, and this can be corrected in future studies by tagging the
implanted cell and follow their fate in vivo.
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In conclusion we showed that type I crosslinked collagen nanofiber
sheets allowed separation of the critical sized calvarial defect from
the surrounding tissues. The collagen nanofiber sheets prevented
or minimized fibrotic tissue invasion and enhanced the natural
healing process with the presence of mineralizing cells within
the defect. Adding bone marrow stromal cells did not provide
any additional cues for additional bone healing. We recommend
additional investigation into the effects of BMSCs by adding the
cells immediately during implantation of the nanofibers and using
specific identifying markers to follow their differentiation.
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