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Abstract

Bone tissue engineering (BTE) strategies utilize biodegradable polymeric matrices alone or in
combination with cells and factors to provide mechanical support to bone, while promoting cell
proliferation, differentiation, and tissue ingrowth. The performance of mechanically competent,
micro-nanostructured polymeric matrices, in combination with bone marrow stromal cells
(BMSCs), was evaluated in a critical sized bone defect. Cellulose acetate (CA) was used to
fabricate a porous micro-structured matrix. Type | collagen was then allowed to self-assemble on
these micro-structures to create a natural polymer-based, micro-nanostructured matrix (CAc). Poly
(lactic-co-glycolic acid) (PLGA) matrices with identical micro-structures served as controls.
Significantly higher number of implanted host cells were distributed in the natural polymer based
micro-nanostructures with greater bone density and more uniform cell distribution. Additionally, a
two-fold increase in collagen content was observed with natural polymer based scaffolds. This
study establishes the benefits of natural polymer derived micro-nanostructures in combination with
donor derived BMSCs to repair and regenerate critical sized bone defects. Natural polymer based
materials with mechanically competent micro-nanostructures may serve as an alternative material
platform for bone regeneration.

TOC image

asypporting Information is available online from the Wiley Online Library or from the author.
Professor Sangamesh G. Kumbar: kumbar@uchc.edu.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Aravamudhan et al.

Page 2

Micro-nanostructures of cellulose and collagen (CAc) were prepared and their ability to
regenerate a critical sized bone defect was evaluated. When donor derived BMSCs were used in
combination with the CAc structures in mice, a significant bridging of the defect was seen. Also,
twice as much collagen and bone density was seen in the regenerated bone in contrast to the
regeneration achieved by synthetic polymer. This preclinical study indicates the potential of
cellulose-collagen micro-nanostructures to be an alternative BTE material to the conventional
polyester based materials.

Keywords

Celulose C ollagen Micre Sanosirucinre

TISSUE ENGINEERING; MICRO-NANOSTRUCTURES; BONE; STEM CELLS;
REGENERATION

1. Introduction

Bone represents one of the most transplanted organs with roughly 500,000 bone grafts
implanted annually in the U.S.[1. Though autografts, patient’s own bone, are considered the
gold standard for achieving bone healing, they are restricted by availability and bring
additional discomfort to patients. Allografts, bone taken from cadavers, overcome these
limitations, but display low remodeling due to excessive processing of the allogenic
material, and carry the risk of disease transmission [2. Bone tissue engineering provides an
alternative treatment, where biomaterial matrices, biological factors, and cells are used alone
or in combination for enhanced bone regeneration [21,

Tissue engineered matrices act as templates for regeneration to occur and the properties of
the biomaterial can dictate the nature and quality of the regenerated bonel3l. It is well known
that material properties such as hydrophilicity[4l, morphology[®! and mechanical
properties(®! can be used to directly enhance bone healing. Several polymeric materials, such
as poly-L-lactide (PLLA) and poly (lactic-co-glycolic acid) (PLGA) are commonly used in
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the formulation of scaffolds for bone regenerationl’]. Though, synthetic polymers lend
themselves to be readily tunable to obtain desired mechanical and degradation properties,
concerns are raised due to their highly hydrophobic nature and acidic bulk degradation
products(® 9.

Polymers of natural origin such as polysaccharides and proteins are synthesized in biological
systems like plants, animals, and microbes and therefore have structures similar to the
extracellular matrix (ECM) macromolecules seen in the body!1%l. Hence natural polymers
have a higher degree of biomimicry and offer greater biocompatibility in tissue

healing['1: 121, Though a number of attempts have been made to create systems with natural
and synthetic components[3], very few successful efforts have been made towards the
design of an all-natural based system that provides adequate functions of mechanical
competence, porosity and bioactivity[24]. For example, collagen[®], polysaccharides like
chitosan[111.116] and protein based structures are often presented in the form of porous
sponges, fiber matrices or hydrogels, which lack mechanical stability and require chemical
crosslinking to produce stable structures. Additionally, during fabrication, extensive
processing and crosslinking can compromise the biological functionality of these
systemsl27]. Previously, we have successfully developed a mechanically competent micro-
nanostructured polymeric system[18] with increased bioactivity!1% for bone tissue
engineering. We followed a two-pronged approach by designing a mechanically competent,
3D sintered microsphere porous base, made of cellulose acetate (CA), which is further
functionalized with self-assembled nanofibrillar collagen (CAc)[8: 191, The cellulose
materials allowed greater biomimetic self-assembly of collagen nanofibers over PLGA
resulting in greater osteoinductivity of human mesenchymal stem cells (hMSCs), in vitro.
The cellulose materials also showed greater biocompatibility compared to PLGA in a
subcutaneous rodent model[20],

Often times, the inclusion of factors or stem cells is needed to achieve complete tissue
regeneration. In such cases, the biomaterial scaffold can act as both a template matrix and a
factor delivery vehiclel2], While the delivery of growth factors such as BMPs has had mixed
outcomes, such as ectopic bone formation[?2], a clinically viable alternative is the use of
autologous bone marrow stromal cells (BMSCs)[23]. In addition to being a cell delivery
vehicle, the scaffold acts as an instructive temporary ECM to control and direct the survival,
proliferation and differentiation of stem cells and ultimately dictate the quality of
regenerated bonel24 251, Hence the mechanical, pore properties, chemical functionalities,
and nanoscale topographical featuresl® 261 can all influence the osteogenic differentiation of
BMSCs. Few studies however do not examine the role of these material characteristics
towards regeneration /in vivo when combined with BMSCs.

In this study, we contrasted the /n7 vivo performance of natural polymer based (CA and CAc)
micro-nanostructured matrices against the performance of well-established synthetic
polymeric (PLGA) matrices of the same architecture[18. 19.27. 28] Quyr previous work had
shown greater osteoconductive, and osteoinductive nature of the cellulose-collagen system 7n
vitro and greater biocompatibility of the matrices over PLGA, /n vivo, in a subcutaneous
implant rat model(19 201, |t was hypothesized that the natural micro-nanostructured matrices,
due to greater biocompatibility, would be more conducive for cellular infiltration.
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Additionally, it was hypothesized that the natural micro-nanostructured matrices would offer
greater osteoinductive environments for donor BMSCs, leading to superior bone formation.

2. Experimental Section

2.1. Materials

Cellulose acetate (Mw: 30K) (CA), and Polyvinyl Alcohol (30,000-70,000) (PVA) were
procured from Sigma -Aldrich (St. Louis, MO, USA). Poly(lactic-co-glycolic acid) 85:15
(PLGA) was purchased from lakeshore biomaterials (Birmingham, USA). Acetone,
dichloromethane, cyclohaxane, paraformaldehyde, and gluteraldehyde were purchased from
Fisher Scientific (Fair Lawn, NJ, USA).

2.2. Preparation of microspheres

Oil in water solvent-evaporation, followed by sintering of formed microspheres using a
solvent/non-solvent mixture was used for producing microsphere of i) Cellulose acetate
(CA), ii) poly (lactic-co-glycolic acid) 85:15 (PLGA). In brief, 13(w/v)% of CA polymer
was dissolved in a solvent mixture containing methylene chloride and acetone at a ratio of
9:1 to produce microspheres. A 20(w/v)% solution in methylene chloride was used in the
case of PLGA polymer to produce the microspheres. The polymer solutions were then
poured in a thin stream into an aqueous media containing 1.25(w/v)% PVA as a surfactant,
with constant stirring at 250rpm to form an oil-in-water emulsion. These suspensions were
stirred overnight to evaporate the solvent to obtain hardened microspheres. Isolated
microspheres were washed repeatedly with deionized (DI) water, dried, and sieved into
different microsphere sizes. Microspheres in the size range of 200-425um were sintered into
micro porous scaffolds using either solvent-non-solvent or heat sintering based on the
polymerl18. 191,

2.3. Preparation of micro-porous sintered 3D microsphere matrices

Metal molds were filled with CA microspheres to which a 200uL volume of an optimized
solvent/non-solvent composition, acetone: cyclohexane in the ratio of 3:1 (v/v), was added
to cover the microspheres. Solvent was allowed to evaporate at room temperature to obtain
sintered microsphere scaffolds. Cylindrical scaffolds measuring 3.5mm diameter X 1mm
height were used for implantation into mouse calvaria. The control PLGA micro porous
scaffolds with identical micro-particle sizes were heat sintered at 95°C for 45 minutes!18l.
The volume of the microsphere mold was 9.6mm3.

2.4, Preparation of collagen nanofiber infused cellulosic 3D microporous matrices

A modified biomimetic approach was used to functionalize micro porous scaffolds with type
I collagen. In brief, the test CA scaffolds were incubated in a 0.1(w/v)% collagen type |
solution (pH adjusted to 4.2) at 37°C for 7 days to promote molecular collagen self-
assembly. The dried scaffolds were treated with UV light for 30 min each side to achieve
collagen nanofiber stability and washed repeatedly with DI water to remove buffer salts!19],
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2.5. Characterization of internal structure of scaffolds by SEM

Scanning electron microscopy (SEM) was used to characterize scaffold morphology and
evaluate collagen fiber diameter and distribution. Scaffolds were sputter coated with Au/Pd
using a Polaron E5100 sputtering system (Quorum Technologies, East Sussex, UK) to
achieve an eighteen-nanometer thick coating before viewing under SEM. The samples were
viewed using FEI Nova NanoSEM 450 scanning electron microscope (FEI, Hillsboro, OR,
USA) operated at an accelerating voltage of 2kV at various magnifications.

2.6. Transgenic models

We have utilized previously described transgenic models in which a fragment of type |
collagen promoter (Col3.6kb) directs the expression of green fluorescent marker (GFP) to
osteoblast lineage cells. Green (Col3.6tpz) and cyan (Col3.6cyan) variants were used[29],

2.7. Design of calvarial implantation studies

All animal procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Connecticut Health Center and all efforts were made to
minimize animal suffering. CD-1 wild type female mice (10-12 weeks old), weighing 26-32
g were used for implantation of the scaffolds alone. Cell-seeded matrices were implanted
into male Col3.6tpz that were bred into NOD scid gamma immunodeficient background (jax
stock Stock N0:005557 [NSG) (10-12 weeks old), weighing 25-30g. Donor cells were
obtained from Col3.6cyan transgenic mice. Thus, the fluorescent reporters acted as a tool to
determine the quantity of active osteoblasts formed by the donor cells and the host cells. In
the study with materials alone an n=6 was used, while an n=24 was used in the case of cell
seeded constructs. Each scaffold was sterilized by soaking in 70% ethanol followed by UV
treatment for 20 minutes on each side. Matrices were washed with sterile PBS and either
directly implanted or implanted after seeding donor cells as described below[30]. The
samples were retrieved at 8 weeks for radiological and histological examination.

2.8. BMSC Culture

The tibia and femur of 6-8 week old Col3.6cyan mice were isolated and the epiphyses were
removed. Media (a-MEM) containing 1% Penicillin/Streptomycin and 10% FBS was used
to flush the bone marrow. The flushed cells were filtered with a 70um cell strainer and
centrifuged for ten minutes at 350xg. The pelleted cells were resuspended in media and
plated at a density of 3x10 cells/cm?2. A 50% media change was completed at day 4 of
culture, followed by full media change after 7 days. Once confluent at day 10, cells were
lifted with Trypsin EDTA (2.5%) solution and suspended in media with serum to achieve a
cellular concentration of 1x10° cells/mL for implantation[32].

2.9. Calvarial surgery

A combination of Ketamine (135 mg/kg) and Xylazine (15 mg/kg) was administered (I.P.) to
anesthetize the mice (CD-1 wild type mice for implantation of scaffold alone and Col3.6tpz
mice in the case of BMSC seeded scaffolds). An incision was made to expose the cranium
and a 3.5mm critical sized defect was made on each side, using a drill bit, taking care that
the underlying dura matter was not damaged as illustrated in Figure 1A. A two-hole mouse
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calvarial model was used and the scaffolds were placed into theses defects as per the study
design (Figure 1B)[2%]. In the case of cell-seeded matrices, 1x10° cells (Col3.6Cyan)
BMSCs were seeded onto the matrices. 1x10° cells (Col3.6Cyan) BMSCs were spun down
to create a pellete with minimal amounts of media. This pellete was mechanically
transferred onto the PLGA/CA/CAC structures by using a micropipette, making sure all the
cells were transferred onto the scaffolds. These scaffolds were then used for implantation
into mouse calvarial defects.

3.1. Scaffold Morphology

The appearance of synthesized PLGA, CA and CAc materials were examined using a
dissection microscope and their internal structure was analyzed by scanning electron
microscopy (SEM). The 3D porous structures of PLGA were golden in color (Figure 2A),
while CA (Figure 2B) and CAc (Figure 2C) were opaque and white in color. Under high
magnification with SEM, PLGA 3D porous materials (Figure 2 D, G, J) showed a smooth
surface morphology (arrows), whereas CA (Figure 2 E, H, K) showed many surface
undulations (arrows), depicting a rougher surface associated with CA structures. Collagen
nanofibers self-assembled on the CA microspheres in CAc (Figure 2 F, I, L) and formed a
uniform coating on the microsphere without accumulating at the pores of the material
(arrows). These structural features prove that CA presents a less smooth surface and allowed
for uniform collagen nanofiber assembly.

3.2. Radiological examination of bone formation

At 8-weeks post implantation, the animals were sacrificed and the calvarias were dissected
and removed (Supplemental Figure S1-A, B, C in the case of unseeded materials and Figure
3A-1,2,3 in the case of materials seeded with BMSCs). X-ray was used to evaluate the
amount of bone formation in the materials. The radiopacity of the tissue formed in the case
of implants alone was minimum and mostly represented a background signal (Supplemental
Figure S1-D, E and F). However, when the materials were seeded with 1x108 donor BMSCs,
bone formation in the defect was observed (Figure 3A- 4, 5, 6). While all materials showed
bone formation in the presence of BMSCs, quantification of the radiopacity of each material,
revealed significantly higher amounts of bone on the CA groups than the PLGA group
(p<0.001) (Figure 3B). A two-fold increase in bone formation was observed on CA and CAc
structures than the PLGA group.

3.3. Histological analysis of implanted scaffolds

There was little to no bone formation associated with the materials alone after 8 weeks post
implantation in the calvarial defect (DIC -Figures S2). Additionally, a lack of robust bone
mineral deposition was observed indicating low degrees of bone mineral deposition. The
materials showed presence of cells in their interior along (DAPI -Blue stain, Figures S2)
along with robust alkaline phosphatase (AP) staining, indicative of osteoblastic activity (AP
-Red stain label Figures S2). However, the PLGA matrices had most of the cellularity
(DAPI-blue) and ostoblastic activity (AP-red) confined to the periphery of the implant
(Figure S2, C and I). Comparatively, cellularity (DAPI-blue) and ostoblastic activity (AP-
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red) were seen well inside the scaffold interior and were more evenly distributed in the case
of CA (Second row: Figure S2, D and O) and CAc (Figure S2, J and P). Finally, stronger
osteoclastic activity was observed in CAc (Figure S2, L and R) than in PLGA (Figure S2, E
and K). Thus, though the materials alone could not facilitate proper bone formation,
cellularization, osteoblastic, and osteoclastic cellular activity of host cells were observed to
be more active in CA and CAc than in PLGA implants, where this activity was confined
mostly to the periphery of the materials. There was no significant difference between the test
and the control materials in the quantity of cells or amount of osteoblast and osteoclast
activity. However, more uniform distribution of cells, along with osteoblast and osteoclast
activity, was observed on CA and CAc structures than the PLGA group.

3.4. ECM protein deposition by scaffolds and BMSCs

The collagen | (Coll 1) and bone sialoprotein (BSP) content of scaffolds loaded with BMSCs
was evaluated by immunostaining (Coll I-yellow, BSP-red). Both Coll | and BSP were found
in all the sections. The BSP content was similar among the groups (First row in each panel
of Figure 4). The distribution of collagen (Second row in each panel of Figure 4) was
confined to certain areas in the case of PLGA thereby lacking a continuous collagenous
extracellular matrix (ECM). Therefore, though collagen was present incomplete bridging
was seen in the case of PLGA (Figure 4-C and G). The distribution of collagen was more
uniform throughout the CA (Figure 4-D and K) and CAc (Figure 4-H and L) matrices.
Moreover, collagen intensity, when contrasted to the host bone, was weaker in PLGA
matrices (Figure 4-C vs the central insets in respective rows). The intensity of the collagen
signal from CA (Figure 4-D and K vs the central inset in the rows) and CAc (Figure 4-H and
L vs the central insets in the rows) matrices were comparable to the host bone.
Quantitatively, the collagen content produced on CA and CAc matrices were double that of
the collagen presented on the PLGA matrix (Figure 5B) (p<0.001).

3.5. Mineral deposition, host and donor cell participation in bone formation by materials
along with BMSCs

All scaffolds seeded with BMSCs showed bone formation (DIC signal in Figure S3, Figure
6, and Figure S4) and new mineral deposition (AC-red signal in Figure S3, Figure 6, and
Figure S4). Bone formation was confined to certain regions of the material in the case of
PLGA (Figure S3-A, C, E, G; Figure 6-A, C, E, G), with minimal closure of the defect at the
interphase of the calvarium and dura. Comparatively, on CA and CAc matrices, bone
formation was well distributed and a good bone bridge was formed at the interphase of the
calvarium and dura (CA-Figure S3-B, D, F, H; Figure S4-A, C, E, G; CAc-Figure 6-B, D, F,
H; Figure S4-B, D, F, H).

Quantitatively, the bone area on CA and CAc was approximately double what was seen in
PLGA implants (Figure 7A), however, there were no differences in the quantity of bone
mineral deposition (Figure 7B), donor cells (Figure 7C) and host cells (Figure 7D) amongst
all the groups. Additionally, all groups contained a higher presence of Col3.6-Cyan (donor)
cells than the Col3.6tpz (host cells). The donor cells also presented better merger with new
mineral deposition AC stain (red), (smaller insets in each of the insets of Figure S3, Figure
6, and Figure S4).
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3.6. Osteoblastic and osteoclastic activity in Materials seeded with BMSCs

The cellular content (DAPI-blue) of the scaffolds was similar among PLGA, CA and CAc
matrices (Figure 8). The AP (red) content was also similar between the groups (Figure 8).
However, the distribution was more uniform and a continuous layer of cells with active AP
content was seen in the case of CA and CAc. The PLGA materials showed cell (DAPI) and
AP distribution in only pocket areas of the matrix. There was also a lack of continuous tissue
(Figure 8-C and G) and osteoblastic AP activity at the interphase of the cranium and dura in
the PLGA implants (Figure 8-A and E), while a good degree of tissue and ostoblastic
activity was seen in analogous regions of CA (Cells-Figure 8-D and K; AP-Figure 8-B and I)
and CAc (Cells-Figure 8-H and L; AP-Figure 8-F and J). Though osteoclastic bone
resorption was not different among all the groups (Figure S5), the distribution of osteoclast
activity, as indicated by TRAP staining, was more homogenous with CA (Figure S5-B, E)
and CAc (Figure S5-D, F), than with PLGA matrices (Figure S5-A, C).

4. Discussion

Scaffold based bone tissue engineering relies on the ability of a temporary ECM to direct
tissue healing in a desirable direction[32]. Synthetic polymers such as biodegradable
polyesters, like polylactic acid (PLA), polyglycolic acid (PGA) and their copolymer (PLGA)
provide a convenient material platform for the formulation of BTE scaffolds. However,
clinical outcomes of long-term implantation of these materials, both in animal models and in
human patients, have yielded variable results in bone healing. For instance, the formation of
a sterile sinus over the site of implantation have been associated with polymeric implants
with loss of mechanical stiffness occurring before bone healing is complete[33]. In another
study, Biofix, a commercially available PGA implant, elicited high levels of immune
(foreign body) reaction, along with moderate to severe osteolysis, as early as four to six
weeks post implantation[34. In a nine-year study of patients implanted with a.-hydroxyl
ester bone implants, foreign body reaction and osteoarthritis at the joints located in the
vicinity of the implant were observed![33!. Inclusion of hydroxyapatite (HA) with poly-a.-
hydroxy! esters[3¢] to neutralize the degradation products have yielded greater bone
mineralization in animal models. Even so, bone formation at the implant core, where acidic
degradation products accumulate, remains a challengel371. Considering these limitations of
synthetic polymers, natural polymers are an attractive alternative for BTE, providing greater
biocompatibility and bioactivity[38].

Cellulose is the most abundant natural polymer in the biosphere and it is well suited for BTE
due to its mechanical capability[18] and hydrophilic naturel20l. Several attempts have been
made to employ cellulose in tissue engineering. Barbie ef a/. had conducted a 34-week
implantation of cellulose into the femur of rabbits and observed a good degree of integration
and minimal inflammatory reaction[39]. Cellulose and cellulose phosphate materials were
also seen to support bone healing[#l. Yet, most studies that use cellulose for BTE do not
take advantage of its strong mechanical property, as the materials formulated are often in the
form of hydrogels(40: 4] or fiber matsl4?] that cannot serve as a supportive matrix for bone
regeneration.
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Collagen, the most abundant protein in the animal kingdom[43], is another natural polymer
and is the major protein component of bonel44. Most BTE matrices that employ collagen,
subject the collagen to extensive processing to maintain its physical stability, but doing so
compromises the bioactivity of the collagen[*3]. In our previous work we had established a
cellulose acetate sintered microsphere system coated with nanofibrillar collagen, where the
mechanical competence of cellulose that was in the mid-range of trabecular bone with a
compressive modulus 266.75+33.22MPa and strength 12.15+2.23MPal18. 191 and the
bioactivity of collagen were preserved with a collagen nanofiber diameter of 75+7.0nm[20],
Human osteoblast19 and human mesenchymal stem[20] cell attachment, survival,
proliferation and osteoblastic differentiation on these materials were far superior to the
responses observed on similar structured PLGA materials, /n vitro.

Though, /n vitro experiments can indicate the potential application for a biomaterial,
implantation of the material into a functional defect and its performance in the body, where a
number of other factors such as the systemic and local responses play a crucial role,
ultimately determine the success of the implant. To test a biomaterial’s ability to support
bone formation in the body;, its performance in a critical sized defect must be tested /n
viva®l. Here, in our studies we formulated a mechanically competent, 3D porous structure
of cellulose acetate and collagen, and contrasted its performance with a model synthetic
polymer (PLGA) for its ability to heal a critical sized bone defect. Our earlier study had
demonstrated the ability of CA and CAc to induce the osteoblastic differentiation of seeded
human mesenchymal stem cells (nMSCs) in vitra2°].,

In the scaffold systems tested here, the morphology of the engineered PLGA and CA
matrices were strikingly different. While PLGA showed very smooth surface and interfaces
(Figure 2 G, J), CA matrices showed many surface undulations (Figure 2 H, K) revealing a
rough surface morphology. The cellular response towards an implanted biomaterial depends
on the physio-chemical properties of the biomaterial. Deligianni et a/., found that rough
surfaces were more conducive for attachment and osteoblastic differentiation of BMSCs /n
vitrd®7]. Lincks et al., also found that titanium implants with rough surfaces may serve
better for orthopaedic applications!8] and allow for greater osteointegration of the implant.
It is also known that cells adhere onto materials by forming adhesions through a process
similar to endocytosis. Rough surfaces induced greater endocytotic vesicle formation and
actin cytoskeletal remodeling than smooth surfaces, favoring cell retention and proliferation
on such surfacest9l. Finally, it is also noted that protein adsorption and conformational
presentation for cell-material, ligand-receptor interaction is greater on moderately rough
substrates than smooth onesl>],

A remaining challenge of BTE implants is limited diffusion, which results in the
accumulation of material degradation products at the implant core. Consequently, acidic
byproducts, such as those associated with PLGA, can cause minimum cellularity at the
scaffold corel® 27511 resulting in bone formation that is limited to the periphery of the
implant(28]. Our results have demonstrated that the natural polymer based CA and CAc 3D-
porous micro and micro-nanostructures showed greater tissue infiltration in contrast to
PLGA structures. Cellularity was confined to the periphery of synthetic PLGA implants
(Figures S2). This can be attributed to higher biocompatible propertiest>2] of natural
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polymeric materials in contrast to synthetic polymers that may have toxic byproducts(®3! that
accumulate in the interior of the matrix[54],

To increase the bioactivity of biomaterials, cells or other factors are added to attain better
tissue healing responses. Limitations associated with growth factors, such as off-target
effects like ectopic bone formation, as seen with bone morphogenetic protein-2 (BMP-2)[53]
has prevented their wide spread clinical use. Small molecule drugs offer advantages, like
ease of processing, however, these molecules may also have non-specific off-target
effectsl®6]. Usage of autologous stem cells along with biomaterials is proving to be a more
clinically viable option for enhancing bone defect healing. Hence in this study we tested the
performance of a cellulose acetate-collagen, micro-nano structured BTE scaffold system, in
a critical sized mouse calvarium defect in combination with bone marrow stromal cells. Host
cells carried a green fluorescent collagen reporter, whereas donor BMSCs carried a cyan
fluorescent collagen reporter. In this manner, the origin of new bone formation could be
monitored histologically.

Clinical studies have shown that inclusion of autologous BMSCs in materials implanted into
bone defects lead to accelerated defect bridging and functional limb recovery than the use of
materials alonel>7]. The accelerated healing of bone defects by combining autologous
BMSCs with materials is also seen to occur in animal models like sheep[®8] and dog[>9.
While these results suggest that using BMSCs accelerates bone regeneration, the mechanism
of bone regeneration by implanted BMSCs is still debated. It is seen that BMSCs when
implanted can have the effect of reducing the levels of inflammatory cytokines such as IL-6
and IL-1B and TNF-a[%9]. Also, studies where extracellular vesicles derived from BMSCs
were delivered into bone defect showed improved bone regeneration(621  indicating that
factors released by BMSCs may be responsible for stimulating the host cells to differentiate
into an osteoblastic phenotype. BMSCs are capable of differentiating into osteoblastic
lineage and hence could contribute directly towards bone regeneration in a defect!62], as
well. Others studies have shown a reduction in the implanted cell population with time and
hence a more paracrine mechanism of healing, where the implanted cells act as source of
factors that signal regeneration by the host cells[®3]. In the present study, with the inclusion
of BMSCs along with the materials, it was observed that the number of donor cells far
exceeded the number of host cells in all three materials tested (Figure 7 C, D, E). The donor
cells (Cyan-blue signal) showed greater degree of localization with the newly deposited
mineral (AC-red signal), while a relatively thin layer of host cells (Tpz-Green signal) can be
seen in the same regions. These results indicate donor BMSCs played an active role in the
formation of bone. Additionally, the donor cells may also have contributed indirectly to bone
formation by signaling the host cells to enter the defect.

Natural polymeric materials presented a rough morphology, greater hydrophilicity and
chemical functionalities that resemble the natural ECM of bone. These are in sharp contrast
to the smooth morphology, highly hydrophobic nature and progressive deposition of acidic
degradation products presented by polyester based materials. Even in the absence of cells,
the CA materials showed a greater degree of cell infiltration in contrast to PLGA (Figure
S2). The natural polymers allowed the host cells to perfuse through them and facilitated an
equal distribution in the interior of the scaffold due to the greater biocompatibility and
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biomimetic nature of the material. PLGA, on the other hand did not allow such a high degree
of cellular infiltration. The degradation products at the core of the material are less
conducive for achieving a uniform cell infiltration. Therefore, bone formation (DIC channel)
and new mineral deposition (AC-red channel) was widely distributed throughout the

material in CA and CAc groups (DIC, and AC-red channels in Figures 6, Figures S3, and
S4), whereas an uneven distribution was observed on PLGA implants.

When equal number of donor BMSCs were implanted along with the materials, the natural
polymers allowed for uniform cell adhesion on all parts of the material. On the other hand,
PLGA facilitated a more skewed distribution of cells. Also, the fraction of scaffold covered
by bone was significantly higher in the natural polymers (CA and CAc) than PLGA (Figure
7A). The radiopacity of the defect revealed a two-fold increase in bone formation with CA
and CAc matrices when compared to PLGA (Figure 3). Further, collagen content and
staining intensity were greater and better distributed on the natural microstructures than
PLGA (Figures 4 and 5B). The CA and CAc materials also lead to bone formation across the
defect at the interface of dura and the calvarium, which was absent in the PLGA treated
groups. The differences in BMSC-material interactions were important factors in
determining the quality of the regenerated bone in the defects. Additionally, the lack of
growth inhibitory degradation products on natural polymers leads to better BMSC
performance. These advantages of natural polymer over synthetic polymer translated into
greater collagen production by the implanted BMSCs and greater density of regenerated
bone on the natural polymers.

Cellulosic scaffolds were coated with collagen (CAc) to increase the innate bioactivity of the
materiall®4]. Type 1 collagen self-assembled into nanofibers on the CA microspheres
creating a nanofibrillar bone-ECM component[19]. Previous 7 vitro data showed greater
bone formation with collagen coated scaffolds[20]. At 8-weeks after implantation into a
critical sized bone defect, no significant differences were found between CA and CAc, in
terms of quantity or quality of the regenerated bone. This may be due to the degradation of
the collagen from the matrix at an earlier time point than observed /n7 vitro. The collagen
coating may help achieve biocompatibility and cellularization of the implant at an earlier
stage than its uncoated counterpart. After an extended period of time, there may be little
difference between the collagen coated and uncoated CA porous micro-nanostructures(20l. A
technique to improve the retainment of collagen on the matrix, such as chemical
conjugation, may be necessary to observe the prolonged benefits of prolonged nanofiber
bioactivity[®].

Several limitations assoicated with the study include the lack of While all the animals were
randomly assigned to the study groups, following guidelines like ARRIVE for
randomization and blinding of the samples, as described in the ARRIVE guidelines.
Randomization and blinding oft the study samples would strengthen the results. Additonally,
the mice used in the studies with no cells were female, whereas studies with cells were male.
However, the mice used in the study were juvenille in age (10-12 weeks). Strube et. a/.[6¢],
noticed differences in bone healing between female and male rodents did not occur until 12
months of age (elderly mice). Since no definitive evidence for differential bone healing in
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juvenile mice exists, we believe any impact from sex differences on bone regeneration would
be minimal in our studies.

Our results indicate that cellulose based materials, when designed to possess the desirable
characteristics of surface roughness, hydrophilicity, porosity and mechanical competence
may be better suited for bone regeneration than conventional synthetic polymer matrices. We
found donor cells to be indispensable for proper bone formation to occur on the micro-
nanostructured matrices. The scaffold carrier can accelerate BMSC mediated bone
regeneration to a greater or lesser extend depending on its material properties. This opens
the possibility for increased use of cellulose-based structures in BTE applications on a wider
scale.

5. Conclusions

In summary, we conclude that natural polymeric CA based 3D porous microstructures
performed better than well-established synthetic PLGA matrices of similar dimensions, in
inducing healing of critical sized bone defects. The CA based materials allowed better
cellular infiltration and better distribution of cellular activity. The addition of BMSCs
enhanced bone and collagen formation by two-fold on natural materials than PLGA,
indicating a higher density and quality of regenerated bone. No significant difference in
bone formation was found with the inclusion of collagen nanofibers (CAc) when compared
to neat CA scaffolds, as was observed previously with in vitro studies(67]. This observation
may be due to degradation of collagen at a faster rate than what is seen in vitro, and hence
the effects of nanofibrillar collagen were negligible after 8 weeks of implantation. Finally,
donor BMSCs were found in regions of new mineral deposition along with fewer host
BMSCs suggesting donor BMSCs may have played a critical role in the formation of new
bone by directly depositing matrix and/or indirectly signaling host BMSCs to contribute to
the process. Though there were no differences in the amount of donor BMSCs retained by
the materials, a more uniform cellular distribution was found on the natural polymers than
on the synthetic polymer. This study supports the use of natural polymeric 3D-porous
microstructures of cellulose, in combination with donor derived BMSCs, to effectively
induce bone formation. Natural based matrices may be an effective alternative to synthetic
polymer based BTE matrices.
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Refer to Web version on PubMed Central for supplementary material.
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A Surgical edure

Figure 1. Surgical procedure and schematic of the study groups
(A) Steps in the surgical implantation: (1) Creation of two circular 3.5mm defects on the two

sides of mouse calvaria, (2) removal of calvarial bone, (3) Implantation of the scaffolds into
the defects, (4) Closure of the implants by suturing the skin. (B) Groups 1: left side defect
was filled with PLGA and the right side defect with CA, group 2: left side defect was filled
with PLGA and the right side was filled with CAc, group 3: left side was filled with CA and
the right side was filled with CAc. In study 1, the materials alone were used. In study 2,
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1x108 Col3.6-Cyan BMSCs from donor mice were seeded on to each scaffold before
implantation into host mice with Col3.6-Tpz BMSCs.
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Figure 2. Examination of scaffold structure
Photographic images of 3D microporous scaffolds used (A) PLGA, (B) CA, (C) CAc, scale

bar=1mm; SEM images at 100x magnification (D) PLGA, (E) CA, (F) CAc, scale bar=
500um; SEM images at 500x magnification (G) PLGA, (H) CA, (1) CAc, scale bar= 100um;
SEM images at 1000x magnification (J) PLGA, (K) CA, (L) CAc, scale bar=50um.
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Figure 3. Whole calvaria and X-ray radiograph of defectsimplanted with materialsand cells
(A) Top panel: 1. Group 1-PLGA vs CA, 2. Group 2-PLGA vs CAc, 3. Group 3-CA vs

CAc.; X-ray radiographs of 4. Group 1-PLGA vs CA, 5. Group 2-PLGA vs CAc, 6. Group
3-CA vs CAc. (B) Quantitative radio opacity of defect area normalized to radio opacity of
host bone, both measured per unit area; PLGA, n=6; CA, n=6; CAc, n=7. One-way
ANOVAwith Tukey post-test, with 95% confidence intervals, *P < 0.001.
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Figure 4. Deposition of ECM proteinswith implantation of materials with donor cells
Fluorescent histological cross sectional images of calvaria implanted with material and cells

at 8 weeks, A-D-Group 1, PLGA vs CA; E-H-Group 2, PLGA vs CAc; I-L-Group 3, CA vs
CAc; Bone Sialoprotein (BSP) (red), Collagen 1 (yellow) —Bone ECM proteins.
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Figure 5. Quantification of Bone Sialoprotein (BSP) and Collagen | (Coll 1) deposited by

materialswith cells

(A) BSP-Bone sialoprotein (red stain in Figure 4), (B) Coll 1-Collagen 1 (yellow stain in
Figure 4). One-way ANOVAwith Tukey post-test, with 95% confidence intervals, *P <

0.001.
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Figure 6. Fluorescent histological images of calvariaimplanted with material and BMSCsat 8

weeks

Group 2: PLGA vs CAc, Top row: DIC-Differential interference channel image to visualize

bone and microspheres with AC-red labeled alizarin complexone marking new mineral

deposition, Donor cells-Col3.6-Cyan (blue), Host cells-Col3.6-Tpz (green) (PLGA inset A,
CAc inset B); Second row: DIC-Differential interference channel image to visualize bone
and microspheres with AC-red labeled alizarin complexone marking new mineral deposition
(PLGA inset C, CAc inset D). Third row: DIC-Differential interference channel image to
visualize bone and microspheres with Donor cells-Col3.6-Cyan (blue) (PLGA inset E, CAc

inset F). Fourth row: DIC-Differential interference channel image to visualize bone and
microspheres with Host cells-Col3.6-Tpz (green) (PLGA inset G, CAc inset H).
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Figure 7. Quantification of Bone defect closure, mineralization and number of host and donor
cells
(A) Bone area fraction-DIC quantification, (B) New mineral formation-AC quantification,

(C) Donor cells-Col3.6-Cyan quantification, (D) Host cells-Col3.6-Tpz quantification, (E)
Host (Green bars) and Donor (Blue bars) cells in each scaffold group. One-way ANOVAwith
Tukey post-test, with 95% confidence intervals, *P < 0.001, #P < 0.01, @P < 0.05.
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Figure 8. Fluorescent histological images of osteoblastic activity and cellularity on the calvaria
implanted with material and BM SCs at 8 weeks

In each image set, First row: AP (red)-Alkaline phosphatase activity for osteoblastic activity.
Second row : DAPI (blue) -cell nuclei. A-D-Group 1, PLGA vs CA (PLGA-inset A, C; CA -
inset B, D); E-H-Group 2, PLGA vs CAc (PLGA —inset E. G; CAc —inset F, H); M-R-Group
3, CAvs CAc (CA —inset I, K; CAc —inset J, L).
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Figure 9. Quantification of Cellularity, osteoblastic and osteoclastic activity on the calvaria
implanted with material and BMSCs at 8 weeks

(A) DAPI-cells, (B) AP/DAPI-osteoblastic activity, (C) TRAP-osteoclastic activity.
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