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Abstract

The objective of this study was to investigate the effects of a copper loaded chitosan scaffold on
bone regeneration in critical-sized calvarial defects in rats. Chitosan scaffolds and copper-chitosan
scaffolds were fabricated and characterized by scanning electron microscopy (SEM). Chitosan and
copper-chitosan scaffolds were implanted into 5 mm diameter critical-sized calvarial defects in
Fisher 344 male rats. Empty defects (no scaffolds) were included as a control. After 4 weeks, the
rats were sacrificed for micro-computed tomography (micro-CT) and histological analysis of new
bone tissue development. Microscopy images revealed the uniformly porous structure of chitosan
and copper-chitosan scaffolds. Significant bone regeneration was noted in the defects treated with
copper-chitosan scaffolds when evaluated using micro-CT and histological analysis, when
compared to other groups tested. On analysis of the micro-CT scans, an eleven-fold and a two-fold
increase in the new bone volume/total volume (BV/TV) % was found in defects treated with the
copper-chitosan scaffolds, when compared to empty defects and chitosan scaffolds, respectively.
This study demonstrated the suitability of copper-crosslinked chitosan scaffolds for bone tissue
engineering and provides the first evidence that inclusion of copper ions in scaffolds can enhance

tissue regeneration.
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1. Introduction

Bone defects resulting from tumor resection, periodontal disease, skeletal deficiency/
disorder, abnormal development, and trauma, present significant health risks and are
challenging to treat. Various approaches have been undertaken to treat bone defects with the
goal of regenerating the lost osseous tissue thereby regaining function. Current treatments to
treat bone defects are only partially effective and are often accompanied by major
drawbacks such as limited supply and transplant rejection/incompatibility along with
surgical side effects from harvesting bone such as infection, disease transmission or
neurovascular injury.!~# Limitations of the current strategies of bone regeneration or
replacement have led to tissue engineering approaches for repairing skeletal defects.”’ In
orthopedics and dentistry, guided bone regeneration in combination with osteoconductive
scaffolds is an alternative.8-10 As such, there is a great need for biomaterials with higher
bone regenerative capacity and predictability that favors complete bone regeneration without
the aforementioned drawbacks.

Chitosan is an abundantly available natural biopolymer; it is biodegradable and
biocompatible.!!,12 It undergoes enzymatic degradation to glucosamine, and N-
acetylglucosamine copolymers, substances naturally found in the body which are excreted or
used in the amino sugar pool.!3 Chitosan aids in hemostasis and plays a role in activation of
macrophages and cytokine stimulation.!3 Chitosan has also been reported to induce collagen
synthesis and angiogenesis in the early wound healing and tissue remodeling phases of
wound repair.!4,15 Owing to these attributes, chitosan has generated significant interest as a
biomaterial for a broad range of wound healing applications.!6-18 It has been shown that
chitosan forms a chelate complex with metal ions and that copper ions strongly interact with
chitosan.!® 20 The chelation between chitosan and copper ions that occurs through the four
nitrogen ligands in a square-planar geometrical manner is responsible for the formation of
tightly packed chitosan gel 21,22

Apart from the known physiological roles of copper in enzymatic reactions and protein
functions, it has also been reported to act as an endogenous stimulator of angiogenesis by
inducing the migration and proliferation of endothelial cells.23-25 Copper has been
demonstrated to induce vascular endothelial growth factor (VEGF) expression in vitro and
in vivo.26 The quality of regenerating tissue was also shown to be distinctly improved with a
high density of cells in the granulation layer of copper-treated wounds. Copper-sensitive
pathways are implicated to be involved in the regulation of key mediators of wound healing
such as angiogenesis and tissue extracellular matrix remodeling. The primary objective of
this proof of concept study is to develop chitosan scaffolds complexed with copper and test
its in vivo bone regeneration capacity. This study, to our knowledge, is the first to develop
and investigate the effect of copper crosslinked chitosan scaffold on bone tissue engineering
in critical-sized calvarial defects.
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2. Materials and methods

2.1. Materials

Chitosan (high purity, My, 110,000-150,000) and copper (II) sulfate were purchased from
Sigma-Aldrich® (St. Louis, MO). All other chemicals and solvents used were of reagent
grade.

2.2. Scaffold fabrication

To prepare the chitosan sponges, chitosan was dissolved in 0.3 M acetate buffer, pH 4.5 at a
concentration of 2 % w/v and freeze-dried. The copper-chitosan scaffolds were prepared by
slowly adding 450 ul 2 % w/v chitosan solution to 50 pl 0.625 mM copper solution in
acetate buffer. The mixture was vortexed for 30 s-1 min for homogeneity, incubated at room
temperature for 4 h and later freeze-dried to completely remove the solvent (Fig. 1).
Addition of chitosan solution to the copper solution led to the spontaneous formation of
chitosan gel without any leakage.

2.3. Morphological characterization of the scaffolds

Standard protocol for scanning electron microscopy (SEM, Hitachi Model S-4800, Japan)
was employed. Briefly, the scaffolds were mounted on aluminum stubs, sputter-coated with
gold and examined using the microscope operated at 3 kV accelerating voltage and a current
of 10 pA. The surface characteristics of the scaffolds, including pore interconnectivity and
scaffold integrity were analyzed.

2.4. Surgical procedure: In vivo implantation of scaffolds

Inbred 14 week-old male Fisher (CDF®) white rats (F344/DuCrl, ~250 g) were obtained
from Charles River Laboratories International, Inc (Wilmington, MA) and housed and cared
in the animal facilities. The surgical procedures were approved by and performed according
to guidelines established by the University of Iowa Institutional Animal Care and Use
Committee, lowa. The animals were anaesthetized by intra-peritoneal injection of ketamine
(80 mg/kg)-xylazine (8 mg/kg) mixture (provided by the Office of Animal Resources,
University of Iowa). A sagittal incision, ~1.5 — 2 cm, was made on the scalp of each rat, and
the calvaria was exposed by blunt dissection. Two 5 mm diameter x 2 mm thickness critical-
sized defects were generated using a round carbide bur on the parietal bone, on both sides of
the sagittal suture. The defects were randomly allocated into the following study groups: (1)
empty defect (n = 3); (2) chitosan scaffold (n = 2); and (3) copper-loaded chitosan scaffold
(n = 2). The shape and size of the cylindrical scaffold discs was adjusted to fit into the
defects with a diameter of 5 mm and a thickness of 2 mm and implanted into the rats. The
incision was closed in layers using sterile silk sutures. Buprenorphine (0.15 mg,
intramuscular), as an analgesic, was administered to each rat thereafter and the animals were
carefully monitored during post-operative recovery. The rats were able to function normally
after this procedure. After 4 weeks, all the animals were euthanized and the bony segments
containing the regions of interest were harvested from the calvarial bone and fixed in 10 %
neutral buffered formalin.
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2.5. Micro-CT analysis

Three-dimensional microfocus x-ray microcomputed tomography imaging was performed
on the specimens using a cone-beam micro-CT system (micro-CT40, Scanco Medical AG,
Switzerland). Specimens were scanned in 70 % ethanol at 55 kVp and 145 pA with a voxel
size of 10 um and an integration time of 300 ms. Analysis was performed using a constant 5
mm diameter circular region of interest that was placed in the center of the machined defect
and spanned a total of 50 reconstructed slices, such that a total cylindrical volume of interest
of ~9.8 mm?3 oriented perpendicular to the outer table of the calvarium was analyzed for
each specimen using the manufacturer's software (sigma = 0.8, support = 1.0, and threshold
=250). Bone volume (BV) per total volume (TV) in the bone defect was obtained.

2.6. Histological analysis of rat bone defects

The bone samples underwent a decalcification (Surgipath, Decalcifier II) procedure. When
the decalcification end point test returned negative for the presence of calcium, the rat bone
specimens were introduced into a paraffin processor for paraffin processing, paraffin
embedded and the blocks were sectioned in the sagittal plane for each specimen.
Histological analysis was performed on the 5 um sections in the central portion of the
wound. The sections were collected on Superfrost Plus Slides (Fisher Scientific®),
deparaffinized and stained with Harris hematoxylin and eosin (H & E staining) according to
standard protocols. Sections representing the central area of each defect were used to
observe the presence of collagen, new bone formation, and cells in order to evaluate bone
regeneration after 4 weeks in vivo implantation. The bright field examination of the slides
was done with an Olympus Stereoscope SZX12 and an Olympus BX61 microscope, both
equipped with a digital camera.

2.7. Data presentation

Numerical data were reported as means with bars representing standard error of the mean
(SEM) from replicate samples. Graphs were generated using Prism 5.0 (GraphPad Software
Inc., San Diego, CA). The data was compared by ANOVA followed by a Tukey post-test
analysis. The differences between the groups were considered to be statistically significant
when the P value was < 0.05. Statistical analyses were performed using Prism 5.0 software.

3. Results and discussion

3.1. SEM analysis of chitosan scaffolds and chitosan-copper scaffolds

The three-dimensional porous polymer scaffold design creates and maintains a three-
dimensional space within the defect in vivo for tissue regeneration. This facilitates the
recruitment of healthy bone cells and other appropriate cell types from the surrounding
tissue to the wound site, favors cellular attachment, and promotes the growth and
differentiation of these cells. Subsequently, as a result, a space-filling tissue is formed over
time as a result of cell localization facilitated by the scaffold.2” Thus, within the defect, the
three-dimensional scaffolds help control the size and shape of the regenerated, functional
bone tissue. The crosslinking and gelation of polymeric chitosan chains induced by copper
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(IT) ions may also improve the mechanical strength and degradation rate of these scaffold
matrices.

The freeze-drying technique was utilized in the preparation of scaffolds to obtain a three-
dimensional structure with a spongy texture. In this method, the frozen solvent was removed
by sublimation, and the now empty spaces once occupied by the frozen solvent crystals
turned into the pores of the scaffold. The chitosan scaffolds showed a highly porous
interconnecting network, with pore sizes of 104 + 5 um (Fig. 2a). The incorporation of
copper within the scaffolds did not appear to have any adverse effect on the morphology or
the micro-structural aspects of the final scaffold (Fig. 2b).

3.2. In vivo bone regeneration: Micro-CT scans

The chitosan scaffold matrix containing copper was evaluated in vivo for its efficacy as a
bone regenerative biomaterial. Critical-sized calvarial defects were created in rats and were
utilized as a model to test the in vivo efficacy of three different treatment groups: (1) empty
defect (untreated) as a control, (2) defect filled with chitosan scaffold, and (3) defect filled
with copper entrapped in the chitosan scaffold. The rats were sacrificed after 4 weeks and
newly-formed bone tissue was evaluated for its volume using micro-CT scans. The micro-
CT scan imaged the induced circular bone defects and the regenerated bone tissue in the
defects as a result of various treatments (Fig. 3a—c, the circles superimposed on each of the
representative images indicate the original bone defect edges). The empty, untreated defect
displayed minimal irregular, patchy bone formation, while the chitosan scaffold exhibited
much more organized mineralized regions towards the defect edge. In contrast, the scaffolds
incorporating copper demonstrated remarkable mineralized tissue formation within the
defect area, when compared to the other groups evaluated. The new bone tissue also
appeared to be synthesized more towards periphery of the defect, and patterning to close in
on the defect. This treatment was observed to have more hard tissue ingrowth from the
edges of the defect within the implant region compared to empty defect and chitosan
scaffold. The addition of chitosan solution to the copper sulfate solution results in the
chelation of copper (I) ions with the amino groups of chitosan. This causes the gelation of
chitosan solution and the retention of the copper (II) ions within the gel as well as the
subsequent freeze-dried scaffolds.2! We hypothesize that the presence of copper in the
scaffold matrix may have accelerated the proliferation of epithelial and endothelial cells.8
These functions, together with growth factor signaling, could have then promoted

regeneration of the osseous tissue.29-31

3.3. In vivo bone regeneration: new bone volume fraction

The amount of bone tissue regenerated was quantified by analyzing bone volume fraction of
the total tissue volume of interest — bone volume / total volume (BV/TV). The BV/TV was
two-fold and eleven-fold higher in defects treated with copper-embedded chitosan scaffolds,
when compared to the chitosan scaffold and empty defect control groups, respectively (Fig.
3d). Results of the ANOVA test provided evidence that the distribution of BV/TV outcomes
differed significantly among the three treatment groups (p = 0.0418). These highly macro-
porous scaffolds most likely, caused the cells in the vicinity to migrate into the scaffold and
through its pores. The walls of the porous matrix act as a support for the attachment and
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anchoring of cells. Since the pores are bigger in size than the cells, there is sufficient room
within the scaffolds for tissue development. This structure facilitates the processes of cell
growth and proliferation, differentiation, and angiogenesis, thereby enhancing local tissue
repair.32 The chitosan biomaterial surface together with copper may possibly be
osteoconductive for progenitors and give rise to such processes. In addition, the
incorporation of copper may have allowed for more cells to enter the scaffold through
angiogenesis. Later, as the chitosan matrix biodegrades aways, it is replaced by the newly-
formed bone tissue.

3.4. In vivo bone regeneration: H & E staining

Histology further confirmed the differences observed with micro-CT analysis. The pattern of
distribution of mineralization across the defect regions as a result of different treatments
observed in micro-CT images is consistent with histological examination using H & E
stains. The image from the untreated, open defect showed that the defect created between
the old bone edges was unfilled, while the chitosan scaffold group demonstrated more bone
formation in the defect peripheries than empty defects (Fig. 4a—b). In the defect implanted
with chitosan-copper scaffolds, we found significantly more bone formation in the defect
than the other two groups. The bone formation is pronounced in the edges of the defects
gradually protruding towards the center of the defect (Fig. 4c). The histology data
demonstrated that the cells begin to regenerate the tissue and mineralization begins to occur
around 4 weeks in vivo. We hypothesize that the copper is released gradually from the
degrading chitosan matrix, which then results in endothelial cell proliferation leading to new
blood vessel growth and osteoprogenitor recruitment into the scaffold. Copper has been
studied to stimulate cell growth and division, and angiogenesis.232* Along with oxygen and
nutrients, new blood vessels help in the transportation of inflammatory cells and
osteoprogenitors to the wound site, thus accelerating/improving bone healing, repair and
regeneration.33

To our knowledge, this is the first report to explore the effect of adding copper (II) ions to
scaffolds to enhance bone tissue regeneration. This proof of concept experiment clearly
demonstrates the safety, feasibility and efficacy of chitosan copper scaffolds (relative to the
controls or chitosan scaffolds) for bone tissue engineering. No biologics were employed in
this study to make this scaffold osteoinductive and we relied completely on the
osteoconductivity of the scaffold. In more comprehensive future studies, it will be necessary
to carry out detailed physicochemical characterizations of the chitosan scaffolds with and
without copper, determine if using higher concentrations of copper in the scaffolds generates
any toxicity, quantify the degree of vascularization that occurs using chitosan copper
scaffolds versus chitosan scaffolds alone and determine the kinetics of bone regeneration
over time using chitosan scaffolds with and without copper. We anticipate that in future
studies, this scaffold could promote complete bone regeneration when the experiments are
extended to more than 4 weeks and potentially synergistic morphogens such as bone
morphogenetic proteins (BMPs) are simultaneously incorporated into the scaffold.
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4. Conclusions

Our results demonstrated that the copper-loaded chitosan scaffolds promoted osseous defect
healing in calvarial defects in rats. This study demonstrated the feasibility and capability of
copper-loaded chitosan scaffolds in enhancing the bone repair and regeneration process.
These scaffolds, in combination with tissue inductive/conductive growth factors may be
utilized for several biomedical applications including hard bone formation and soft tissue
engineering.
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Fig. 1.
Schematic showing the approach to preparing copper-chitosan scaffolds
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200um

Fig. 2.
SEM images of chitosan scaffolds (a) and chitosan scaffolds embedded with copper (b).
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Fig. 3.
Evaluation of in vivo bone formation: representative micro-CT scans showing the level of

regenerated bone tissue after 4 weeks in empty defects (a, n = 3), chitosan scaffolds (b, n =
2) and copper-loaded chitosan scaffolds (c, n = 2). Assessment of regenerated bone volume
fraction in defects treated with different groups (d). Scale bar, 1 mm.
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Fig. 4.
Representative histology sections demonstrating the extent of new bone formation in the

defects at 4 weeks due to various treatments: empty defects (a), chitosan scaffolds (b) and
copper-loaded chitosan scaffolds (c). OB = old bone and NB = new bone. Note the partial
bridging of new bone in the copper-loaded chitosan test group indicated by the arrows. Scale
bar, 50 pm.
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