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Abstract
An ideal scaffold for bone regeneration will provide adequate mechanical support and eventually degrade after bone healing with-

out causing harm to the body. Chitosan, mixed with carboxymethyl chitosan, creates a scaffold with high porosity, but low mechanical 
strength. Therefore, the objective of this research is to develop biofunctional chitosan based scaffolds for possible application in bone 
regeneration, and characterize the mechanical properties, degradation rates, and porosity of these scaffolds. It was hypothesized that 
chitosan combined with hydroxyapatite will result scaffolds which will provide a stable biodegradation rate and suitable mechanical 
properties while bone regenerates. Hydroxyapatite was added to the solution of carboxymethyl chitosan to enhance the mechani-
cal properties of the scaffolds created from the mixture. This solution was mixed with a chitosan solution, creating the scaffolds for 
analysis. Morphology of the scaffolds was determined using a Scanning Electron Microscope to evaluate the porosity of the scaffolds. 
Compression testing was done to determine the mechanical strength of the scaffolds. Qualitative assessment revealed a porous struc-
ture throughout each scaffold. It was noted that the addition of hydroxyapatite increased the mechanical stability of each scaffold 
tested. It was concluded, chitosan based composite can provide the needed mechanical support for regenerating bone, which was 
inclusive of a 3D environment. 
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Introduction
Bone remodeling in humans is restricted when tissues are completely destroyed by traumatic injuries or degenerated by age-related 

or inflammatory diseases. Biodegradable scaffolds may be used as a support structures for regenerative bone or tissues because of good 
biocompatibility and three-dimensional porous structures. An interconnected porous network facilitates the cell growth and transport 
the nutrients and metabolic waste [1]. Bone defects are frequently caused by trauma, diseases, developmental deformity, and tumor re-
moval [2]. Patient-derived bone cells can be used in addition to temporary scaffolds, initiating the generation of natural bone tissues. A 
porous chitosan and carboxymethyl chitosan scaffold using a hydroxyapatite composite is a prime candidate for scaffolding of osteoblast-
like cells and a barrier in growth of fibrous connective tissue [3]. 
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Two-dimensional (2-D) scaffolds have significantly contributed to the advancement of the cell culturing, cell growth, and testing. 
Three-dimensional modifications have shown to be improvements over existing structures [4]. Three-dimensional scaffolding aids 
growth factor exchange and viability. As the first generation of cell culture medium, 2-D dishes have various limitations. Dishes are rigid 
and inert structures that restrict cell movement [5]. This restricts cellular growth because it eliminates the possibility of growth factor 
exchange that would happen in a 3-D environment. In addition, 2-D growth structures are unstable and impossible to use for mechanical 
testing. A key difference between 2-D and 3-D scaffolds is media diffusion; while in dishes diffusion and exchange will not occur. 3-D scaf-
folds mimic the exchange more closely [5-7]. 

The merging of micro and nanotechnology is a promising approach to design 3-D biodegradable scaffolds [8,9]. When creating 3-D 
scaffolds, there are various requirements that need to be met. First of all the scaffolds should have higher levels of biocompatibility, sec-
ondly scaffolds should exhibit mechanical properties similar to the surrounding environment, to prevent stress shielding. In addition, 
scaffolds need suitable morphology that allows expansion and/or biodegradation as necessary [10]. When 3-D scaffolds act as the ECM, 
they provide more faithful replication data of in-vivo data [6,11]. Most of all, the implementation of the ECM is to deliver the biochemical 
signals for sustainable differentiation and homeostasis [12]. Since 3-D structure scaffolds act as ECM, it promotes cell to cell interaction, 
which supports the structure and function of physiologically occurring factors, acting as proliferation surface and promotes the shape and 
its environment [6]. 

There are currently several types of biomaterials in development and use. Among the most popular are stainless steel, chromium-
cobalt based alloys, titanium and titanium based alloys, as well as various ceramic materials, all of which are not biodegradable. The lack-
ing biodegradability often requires additional surgeries for removal or revision. Additional discomfort is experienced by patients with 
permanent materials. 

Highly biocompatibility, which enhances cell adhesion and proliferation [13-15], often make use of natural polymer scaffolds desir-
able. Alginate, collagen, chitosan, hyaluronan, gelatin and silk are the most commonly used polymers for tissue engineering [16,17]. 
Chitosan(CS) is natural polysaccharide formed by the partial deacetylation (derivative) of chitin, which formed from the exoskeletons of 
crustaceans, shells, insects, and spiders [18]. Chitosan is a cationic polymer, it has been considered as a multi-factor natural material with 
several biomaterial and bone healing applications, because of its biodegradability and biocompatibility [19] and has high biocompatibil-
ity. Carboxymethyl chitosan (CMC) is derivative of chitosan that can be engineered in multiple ways. Carboxymethyl chitosan has a very 
similar trait as chitosan, such as natural biodegradability and biocompatibility. After chemically modifying CS to CMC, it becomes an an-
ionic polymer, turning the mixture between CMC and CS into a strong bond [19,20]. Chitosan has many biomedical applications, but does 
not dissolve in water. Moreover, carboxymethyl chitosan easily dissolves in water without any acetic acid. In addition, CMC has unique 
physiochemical and biological properties including high viscosity, low toxicity, high biocompatibility, and mechanical versatility in film, fi-
ber and hydrogel process [18]. Hydroxyapatite (HA) is a calcium phosphate known to be chemically bonded to bone tissues [18]. Hydroxy-
apatite enhances the mechanical properties of the scaffolds also to support the bone growth [21-24]. Hydroxyapatite [Ca10(PO4)6(OH2)], a 
bioactivated biomaterial is minimally degraded in the body, and on implantation into bone defects will induce formation of new bone by 
osteoblast proliferation [25]. 

The objective of this research is to develop novel biofunctional chitosan based scaffolds for cancellous bone regeneration. The devel-
opment of the scaffolds includes the characterization of porosity and mechanical properties of the scaffolds. It was hypothesized that 
chitosan based scaffold combined with hydroxyapatite would provide a stable biodegradation after performing the bone integrality and 
mechanical properties for bone regeneration. 
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Methodology
Chitosan (≈200 kDa, 90% DD), and acetic acid were purchased from Fisher Scientific (Waltham, Massachusetts, USA). Carboxymethyl 

chitosan (≈200 kDa, 90% DD) was purchased from Santa Cruz Biotechnology (Santa Cruz, California, USA). Hydroxyapatite (99.995%) 
was purchased from Sigma Aldridge (St. Louis, Missouri, USA). Phosphate buffered saline (PBS) and sodium hydroxide (NaOH) were 
purchased from Fisher Scientific (Waltham, Massachusetts, USA). For mixing CMC solution with chitosan solution Thinky was used, it is a 
Planetary Centrifugal Mixture (ARM-310) purchased from (Iwamoto-cho, Chiyoda-Ku, Tokyo, Japan). Cell Culture Dishes (48 well Immu-
noassay Cell Culture Dish) was used to fabricate the scaffolds, was purchased from Fisher Scientific. The Freeze-dryer (FreeZone Plus 2.5 
Liter Cascade Benchtop Freeze Dry System) was purchased from LabConCo (Kansas City, MO, USA), and was used for lyophilization. The 
Dubnoff Metabolic Shaking Incubator (water bath) at 37.5˚C, 65 RPM was used to simulate in vivo condition. 

All solutions were prepared using weight percentages. Chitosan solution was prepared with a diluted mixture of acetic acid. Solution 
was mixed at room temperature using magnetic stir bar for 6 - 8 hours then stored in a 4°C refrigerator. The solution was taken out the 
freezer after 6 - 8 hours to hand stir because of its high viscosity which prevented magnetic stir bar usage. This process was repeated till 
the solution fully dissolved, took about 4 - 5 days. The final product of chitosan solution was dark brown color and highly viscous. The 
solution was stored in a 4°C refrigerator unit use. 

Separately the CMC solution was prepared with deionized (DI) water. Solution mixed at room temperature using the magnetic stir bar 
for 5 - 6 hours, till the solution dissolved fully, then stored in a 4°C refrigerator unit use. The results of fully dissolved CMC were clear and 
less viscous compared to chitosan solution.

As previously mentioned two different mixing methods were used for optimization. Method 1: previously 5% chitosan and 5% CMC 
solution was prepared and kept in the freezer at 4°C. One percent HA powder was added into dissolved chitosan and mixed then mixing 
with CMC. Method 2: 1% Hydroxyapatite powder was dissolved in 2% acetic acid (2.5 ml); which took approximately 15 - 20 minutes in 
a conical tube. After the solution was dissolved into 2% acetic acid, HA solution was then place in a container and 5% chitosan solution 
was mixed in a same container using the magnetic stir for 30 minute in a stir. Then CMC was mixed into the HA and chitosan solution. 
After the Thinky container was weighted, a necessary step to set the counter balance in a Thinky to physically mixing the chitosan and 
CMC together in a centrifugal mixture was used for 40 minutes. After the solutions were mixed, they were placed in 48 cell culture dish 
using syringe. Method 3 followed the same procedure as method 2, except HA powder was dissolved into DI water then mixed in CMC 
solution then mixing with chitosan using Thinky. Three different percentage of HA were added into the CMC and chitosan solution to find 
the proper balance of porous structure and the increased mechanical strength of the scaffolds. Starting with 1% HA then 3 and 5% HA 
scaffolds were created using method 3. 

A freeze dryer was used in the lyophilization process. After mixing the CMC and Chitosan with HA and put into the 48 well cell culture 
dish. The scaffolds were placed in 4°C refrigerator then transferred into -20°C for 4 hours then into -80°C and kept for overnight (approxi-
mately 10 - 12 hours). The frozen scaffolds were placed in a glass LabConCo containment jar and kept in that state for 36 - 40 hours. After 
lyophilization, scaffolds were removed from the freeze dryer then kept in the room temperature for 24 hours to reconstruct themselves 
in ambient air. This allowed the scaffolds to expand to their normal diameter, keeping the porous structure in inside the cell culture dish.

This process was to remove the acetic acid that was used to dissolve chitosan. A small concentration of sodium hydroxide (NaOH) 
(0.1 molar) solution was used. Each scaffold was submerged completely into the NaOH solution then rinsed it out with DI water. The DI 
water was used to eliminate excess NaOH after neutralization. For scanning electron microscope image and other experiments, stabilizing 
process was followed. 
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Scanning Electron Microscope Assessment 

The surface morphology of HA/CS/CMC composite scaffolds was examined by scanning electron microscope (SEM). Tracor Northern 
TN5400 was used to assess the structure of the scaffolds. Polaron E5400 High Resolution Coater (United Kingdom), was used to gold 
sputter the samples for SEM usage. Six samples were tested, using two per mixing method. The 5% CMC: CS 1:1 ratio was compared using 
1%, 3%, and 5% HA, respectively. The scaffolds were cut into four pieces, the center parts were used because the outer layer is not smooth 
surface and uneven. Place in the proper holder for the samples and adjust the height. Double sided copper tape was used for attaching 
the specimens to its holder. Due to its non-metallic properties, a liquid strip of graphite glue was used on an edge of the scaffold to act as 
a conductor in order to generate the 3-D image. Samples were then gold sputtered using a Polaron. The samples were imaged using 5 kV 
low voltages and 5 μA conduction for visual readings. A low magnification setting was used to capture the image because of its size and 
finding porous in the scaffolds. Images were taken at 500 µm and 1.00 mm in magnifications. All SEM images have the same voltage and 
conduction as well as same sample size. 

Mechanical Testing

Compression testing provides information regarding the behavior of cellular material under compressive load. Living tissues are con-
tinuously interacting with high and low mechanical loads of internal or external stresses including vascular, cardiac, ligament, and car-
tilage tissues, which are very responsive to the compression forces [26]. Therefore, compression testing was done to obtain a complete 
load-deformation curve. The test was able to compute the compressive stress and the effective modulus of elasticity in accordance with 
ASTM Standard D1621-10 [27]. An Instron 5525 was setup with the scaffold within the cross-head unit before testing had begun, and the 
testing was completed under displacement control. A 500 N load cell was connected to the compression chamber, interfacing to a com-
puter directing mechanical test conditions (extension, load, rate, and the data collection) using Merlin software. Testing machine was set 
to ASTM D 695-10 specifications. The samples were compressed at a rate of 1.3 ± 0.3 mm/min [28]. 

Sixty samples were tested, using five per conditions and per mixing method. The 5% CMC: CS 1:1 ratio was compared using 0%, 1%, 
3%, and 5% HA, respectively. A set of samples were tested before stabilization while it was still at dry conditions. Another set of samples 
were stabilized and compression tested using the Instron 5525. The other set of samples were stabilized and placed inside of a conical 
tube containing approximately 25 ml of 1X PBS solution. The conical tube was then placed into the incubator at 37.5°C for six hours be-
fore doing any testing of those five samples. Test specimens need to be prepared carefully in the control environment, smooth surface, 
and clean edges. The standard test specimen shall be the form of right cylinder or prism, whose length is one and half of its principle of 
width or diameter. When testing syntactic foam, the standard test specimen shall be in the form of a right cylinder approximately 10 mm 
in diameter by 15 mm in length.

Figure 1: Instron 5525. (A) Full set-up of the machine and (B) Cross-head unit with scaffolds.
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A  vertical line was drawn to intersect the linear elastic line to fine the yield point of the curve. The modulus of elasticity was calculated 
according to ASTM Standard D1621-10 by extending a line from the initial linear portion of the load deformation curve. The slope of the 
curve was calculated using Origin software, which gave the modulus of elasticity. The results were then expressed in Megapascals (MPa) 
to three significant figures. 

Chitosan Based Composite Scaffolds 

After mixing Carboxymethyl chitosan with the chitosan at 5% ratio of 1:1 showed the best results. The 5% ratio was the best by com-
paring with its 4 and 6% solution counterparts. The results of 6% CS and CMC mixture was not homogeneous, also making it too viscous 
for CS and CMC mixing. Results of the 5% 1:1 CMC: CS was centrifuged in the Thinky are shown. A 5% solution was homogeneous (per-
fectly mixed). 

Results

Comparison of Different Types of Mixing Methods 

Three different methods were used to see which methods was the best to mix HA into CS and CMC scaffolds. All solutions used 5% 1:1 
CMC: CS, but the method of hydroxyapatite dissolution into mixture was changed. 

Method Hydroxyapatite and 5% 1:1 CMC: CS Scaffolds
1 Non-homogeneous to the eye, method not used

2 Homogeneous to the eye, method used
3 Homogeneous to the eye, method used

Table 1: Summary of the results of mixing methods for HA and 
%5 1:1 CMC:CS.

Assessment of Scanning Electron Microscope 

Hydroxyapatite and 5% 1:1 CMC: CS Scaffolds Method 2: SEM images (Figure 2) show the morphology that HA did not dissolve 
fully as the white crystals are still visible in figure 2A. Also Figure 2B shows that the structure of the scaffolds is not uniform and has very 
minimum porosity. 

Figure 2: SEM illustrating 1% HA added into CS then mixing with CMC.
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Hydroxyapatite and 5% 1:1 CMC: CS Scaffolds Method 3: Figure 3 shows the morphology of the scaffolds using this method, the HA 
did fully dissolve and nor mix well. SEM image shows no white crystal (HA) present even at 400X magnifications. Figure 3 also shows that 
the structure of the scaffolds is uniform and contains porosity. 

Figure 3: SSEM illustrating 1% HA added into CMC then mixing with CS.

Comparison of 1%, 3% and 5% Hydroxyapatite into 5% 1:1 CMC: CS: After determining that method 3 was the best for adding 
hydroxyapatite, the next step was to find out the proper ratio of HA contains best porous structure. Figure 4 shows the results of the dif-
ferent ratios of HA. Figure 4A and B are 1% HA illustrates that the porous structures are being observed at 100X magnification. There are 
also small inner pores throughout the inner wall structure. Fifty times magnification clearly shows the porosity is not uniform throughout 
the surface of the scaffolds. This porosity helps to maintain the cell to cell interaction when seeded, as it would in-vivo. Figure 4C and D 
are 3% HA added to the solution illustrating the presence of a porous structure and a small, porous, inner wall at 100X magnifications. At 
50X the structure is fairly uniform and has a better porosity than 1% HA. Figure 4E and F are 5% HA added to the solution. While a porous 
structure is present from 100X magnification, no inner wall porosity was visible; only the top surface of the scaffold was porous. At 50X 
magnification, it clearly shows that 5% HA is not uniform nor does it contain acceptable porosity. 

Figure 4: SEM illustration comparing 1%, 3% and 5% HA added into CMC then mixing with CS.
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Mechanical Testing 

During the compression testing of 5% HA scaffolds, it is believed that scaffolds broke from inside, and it occurred for all samples that 
were stabilized also after keeping the solution in the incubator for six hours. All scaffolds failed inside, As a result, data was not collected 
to further evaluation. 1% and 3% scaffold structures did not change besides compressing to a minimal (approximately 70%).

Compression Testing Comparison

To compare how the scaffold reacts to the three different conditions (dry – unstabilized, wet – stabilized, and wet – incubated), scaf-
folds of the same ratio were used. For 1 and 3 percent HA, 5 samples for each test were prepared. In comparison, the 1 percent HA dry 
sample had a higher stress and the yield point than the 3 percent. Figure 5 below shows the stress-strain curve and a yield of approxi-
mately 0.8 MPa for the 1% HA and approximately 0.65 for that of the 3 percent. 

 Figure 5: 5% CMC: CS scaffolds comparison with 1% HA vs. 3% HA before stabilization.

One and three percent HA scaffolds was tested as wet samples. Figure 6 on the right has the yield point for one percent is approxi-
mately 0.018 MPa and for three percent yield point is approximately 0.014 MPa. Figure 6 on the right which showed the graph of 6 hours 
after submerged in body bath, after compressing the scaffolds to 45%, linear elastic region did not have peak for one nor three percent 
HA scaffolds. 
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 Figure 6: 1 and 3% HA, 5% CMC: CS scaffolds comparison.

To calculate the modulus of elasticity, average of 5 samples were taken. The linear region of the stress-strain was taken to evaluate the 
elastic region. Table 2 below shows the different modulus of elasticity also the degradation of the scaffolds. 

Modulus of Elasticity (MPa)
Samples (5% CMC: CS) As synthesized After Stabilization (Wet samples) After Incubation (6 h, PBS, 37˚C)

0% HA 0.159 ± 0.013 0.0246 ± 0.006 0.0212 ± 0.0066
1% HA 0.857 ± 0.0165 0.0359 ± 0.0693 0.0343 ± 0.0123
3% HA 0.651 ± 0.0226 0.0293 ± 0.0103 0.0263 ± 0.0924

Table 2: Modulus of Elasticity of composite scaffolds.

Discussion
The objective of this work was to develop novel biofunctional chitosan based scaffolds for cancellous bone regeneration. Based on the 

results, the 5% CS mixing with the 5% CMC was the best mixture. The 4% CMC: CS was too liquid for mixing and would not create proper 
scaffolds and the 6% solution was too viscous to mix together, making it difficult to obtain a homogeneous mixture. CMC and CS were 
chosen due to their excellent biocompatibility and biodegradability, and possibility for medical applications [29]. 

Chitosan Based Scaffolds Under SEM 

The final products of methods 2 and 3 were assessed through SEM. Method 2 morphology showed that the scaffolds did have porosity, 
but were not uniform in the inner and outer layers of the scaffolds. Also, the SEM images showed that HA did not fully dissolve into the 
solution. However, scaffolds from method 3 showed uniform distribution. In addition, no HA crystals were visible, which suggests method 
3 as the best choice with which to move forward.
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After determining scaffold creation method 3 was the best choice, additional scaffolds were prepared using this method and 1%, 3%, 
and 5% HA with 5% CMC: CS solution. This step was to determine which ratio of HA would be the best in 5% CMC: CS scaffold. The one 
percent HA scaffolds showed that the structure of the scaffolds contains porosity, and had a rough surface. There were also small inner 
pores throughout the inner wall structure of the scaffolds. This architectural design is needed for the bone cells to move freely while the 
scaffold is incorporated into the bone. Three percent HA scaffolds also had the porosity structure and inner porous wall. A five percent HA 
didn’t have any uniform porous structure, and the inner porous wall was very small and only had few inner porous walls. 

Aronow M., et al. (1990) identified that the porous size of the compressive scaffolds varies from 100-200 µm, this provided the path-
way for the cells which are in size of 10 - 30 µm to migrate into the scaffolds. After analyzing scaffolds SEM images, it was determined that 
the pore size was limited, ranging from 150 to 200 µm. It was concluded that scaffolds can provide a pathway for the cells to interact and 
migrate. The porous structure of this scaffold created a non-uniform, rough surface. 

Mechanical Testing of Chitosan Based Scaffolds 

Chitosan or CMC by itself is not a strong polymer for any application. Combining these together can create a much stronger bond. 
Thein-Han., et al. (2009) compared and contrast the mechanical properties between just CS and CS with HA and results were, 6.0 ± 0.3 
KPa and 9.2 ± 0.3 KPa, respectively [30]. 

Mechanical testing was done using an Instron 5525. All four different types of scaffolds were tested in three different conditions to 
validate which ratio was the best for creating scaffolds. In all three conditions only CMC: CS scaffolds lacked mechanical strength at the 
yield point and modulus of elasticity. Five percent HA scaffolds did not provide enough data for analysis the mechanical testing. During the 
testing, scaffolds broke from the inside for all the stabilized scaffolds. It was confirmed that no HA added to the CMC: CS scaffolds results 
in a much lower mechanical strength, also by adding too much of HA to the CMC: CS the scaffolds do not show higher mechanical strength.

One and three percent HA scaffolds, after stabilization showed linear behavior from the toe region to the yield point, exhibiting great 
energy absorption. The results show that adding HA in small percentages will increase the mechanical strength of the scaffolds, even after 
submerging the scaffolds in the PBS solution, then incubating for 6 hours. The modulus of elasticity did not change significantly. 

Limitations
Limitations of this work included the method for adding HA powder into the CS and CMC solution. Small amounts of HA powder 

remained in the conical tube, from human error, which may have impacted the studied properties. Future work should consider new 
methods to mix HA with CMC. During the lyophilization, well plates containing frozen scaffolds were placed at approximately 45º due 
to the design and shape of the apparatus valve. As observed most of the time scaffolds that were in the center of the well plate came out 
improper, containing cracks in the middle and the bottom of the scaffolds. Also, if more than two valves were used, scaffolds needed to 
stay in the freeze-dryer longer. During the mechanical testing, ambient temperature may have a significant effect. It is possible that high 
temperature may increase the interfacial bonding between CS and HA [31]. Therefore, all the testing that was done in the lab was in con-
trolled room temperature to ensure the consistency of test samples.

Future research to analyze scaffold degradation rates are needed. Scaffold will need to be observed at various time points to identify 
structural changes along with the previously described compression tests to assess scaffold strength. 

Conclusion
The objective of this research was to develop novel biofunctional chitosan based scaffolds and characterize the porosity and mechani-

cal properties of these scaffolds. It was hypothesized that chitosan combined with hydroxyapatite would result in a porous scaffold with 
appropriate mechanical properties suitable for bone regeneration. Results show that the composite scaffolds contained porous structure, 
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even in the inner wall of the structure. Assessment of SEM proves that the structure was stable after adding hydroxyapatite. One percent 
HA created the best structure for the bone regeneration containing porosity of the surface and a rough and rigid surface for better cell to 
cell interaction. For all the conditions tested, strain-stress curve did not have a high peak of yield point nor linear elastic region. It is due to 
scaffolds in wet conditions can have high linear elastic region. No ultimate yield strength was determined due to limits in the physical test-
ing. Because, the porous structure collapsed and the graph is no longer informative. Compression testing concludes that adding hydroxy-
apatite in current scaffolds CMC: CS does increase the mechanical strength in dry and wet conditions. The results support the research 
hypothesis. In conclusion, chitosan based composite scaffolds show great promise in providing mechanical support for regenerating bone. 
Such technology can be used to improve the quality of life of the individuals suffering from bone defects. 

Acknowledgements
This work was supported by the United States National Science Foundation through the Engineering Research Center for Revolution-

izing Metallic Biomaterials (EEC-0812348). 

Bibliography

1. Huang Hongyun., et al. “Avidin–Biotin Binding-Based Cell Seeding and Perfusion Culture of Liver-Derived Cells in a Porous Scaffold 
with a Three-Dimensional Interconnected Flow-Channel Network”. Biomaterials 28.26 (2007): 3815-3823.

2. Bandyopadhyay Amit., et al. “Calcium Phosphate-Based Resorbable Ceramics: Influence of Mgo, Zno, and Sio2 Dopants”. Journal of the 
American Ceramic Society 89.9 (2006): 2675-2688. 

3. Tokura Seiichi and Hiroshi Tamura. “O-Carboxymethyl-Chitin Concentration in Granulocytes During Bone Repair”. Biomacromole-
cules 2.2 (2001): 417-421.

4. Correia Clara R., et al. “Chitosan Scaffolds Containing Hyaluronic Acid for Cartilage Tissue Engineering”. Tissue Engineering Part C: 
Methods 17.7 (2011): 717-730. 

5. Gelain Fabrizio., et al. “Designer Self-Assembling Peptide Scaffolds for 3D Tissue Cell Cultures and Regenerative Medicine”. Macromo-
lecular Bioscience 7.5 (2007): 544-551.

6. Kim JB. “Three-Dimensional Tissue Culture Models in Cancer Biology”. Seminars in Cancer Biology 15.5 (2005): 365-377.

7. Ng Chee Ping and Suzie Hwang Pun. “A Perfusable 3d Cell–Matrix Tissue Culture Chamber for in Situ Evaluation of Nanoparticle Ve-
hicle Penetration and Transport”. Biotechnology and Bioengineering 99.6 (2008): 1490-1501.

8. Dvir Tal., et al. “Nanotechnological Strategies for Engineering Complex Tissues”. Nature Nanotechnology 6.1 (2010): 13-22.

9. Panseri Silvia., et al. “Electrospun Micro-and Nanofiber Tubes for Functional Nervous Regeneration in Sciatic Nerve Transections”. 
BMC Biotechnology 8.1 (2008): 39. 

10. Prestwich Glenn D. “Simplifying the Extracellular Matrix for 3-D Cell Culture and Tissue Engineering: A Pragmatic Approach”. Journal 
of Cellular Biochemistry 101.6 (2007): 1370-1383. 

11. Han Ju., et al. “Molecular Predictors of 3d Morphogenesis by Breast Cancer Cell Lines in 3d Culture”. PLoS Computational Biology 6.2 
(2010): e1000684.

12. Hebner Christy., et al. “Modeling Morphogenesis and Oncogenesis in Three-Dimensional Breast Epithelial Cultures”. Annual Review of 
Pathology: Mechanisms of Disease 3 (2008): 313-339. 

https://www.ncbi.nlm.nih.gov/pubmed/17544499
https://www.ncbi.nlm.nih.gov/pubmed/17544499
http://onlinelibrary.wiley.com/doi/10.1111/j.1551-2916.2006.01207.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1551-2916.2006.01207.x/abstract
https://www.ncbi.nlm.nih.gov/pubmed/11749201
https://www.ncbi.nlm.nih.gov/pubmed/11749201
https://www.ncbi.nlm.nih.gov/pubmed/21517692
https://www.ncbi.nlm.nih.gov/pubmed/21517692
http://onlinelibrary.wiley.com/doi/10.1002/mabi.200700033/abstract
http://onlinelibrary.wiley.com/doi/10.1002/mabi.200700033/abstract
https://www.ncbi.nlm.nih.gov/pubmed/15975824
https://www.ncbi.nlm.nih.gov/pubmed/17969174
https://www.ncbi.nlm.nih.gov/pubmed/17969174
https://www.ncbi.nlm.nih.gov/pubmed/21151110
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2358889/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2358889/
https://www.ncbi.nlm.nih.gov/pubmed/17492655
https://www.ncbi.nlm.nih.gov/pubmed/17492655
https://www.ncbi.nlm.nih.gov/pubmed/20195492
https://www.ncbi.nlm.nih.gov/pubmed/20195492
http://www.annualreviews.org/doi/abs/10.1146/annurev.pathmechdis.3.121806.151526
http://www.annualreviews.org/doi/abs/10.1146/annurev.pathmechdis.3.121806.151526


25

Development of Chitosan Based Scaffolds for Bone Regeneration: A Preliminary Report

Citation: Matthew BA McCullo., et al. “Development of Chitosan Based Scaffolds for Bone Regeneration: A Preliminary Report”. 
EC Orthopaedics 8.1 (2017): 15-25.

13. Hsu Shan-hui., et al. “Evaluation of Chitosan-Alginate-Hyaluronate Complexes Modified by an Rgd-Containing Protein as Tissue-Engi-
neering Scaffolds for Cartilage Regeneration”. Artificial Organs 28.8 (2004): 693-703.

14. Zhang Xiaohui., et al. “Electrospun Silk Biomaterial Scaffolds for Regenerative Medicine”. Advanced Drug Delivery Reviews 61.12 
(2009): 988-1006.

15. Francis Suh J-K and Howard WT Matthew. “Application of Chitosan-Based Polysaccharide Biomaterials in Cartilage Tissue Engineer-
ing: A Review”. Biomaterials 21.24 (2000): 2589-2598.

16. Kumar MNV Ravi., et al. “Chitosan Chemistry and Pharmaceutical Perspectives”. Chemical Reviews 104.12 (2004): 6017-6084. 

17. Langer Robert and David A Tirrell. “Designing Materials for Biology and Medicine”. Nature 428.6982 (2004): 487-492.

18. Jayakumar R., et al. “Novel Carboxymethyl Derivatives of Chitin and Chitosan Materials and Their Biomedical Applications”. Progress 
in Materials Science 55.7 (2010): 675-709.

19. Liuyun Jiang., et al. “Preparation and Biological Properties of a Novel Composite Scaffold of Nano-Hydroxyapatite/Chitosan/Carboxy-
methyl Cellulose for Bone Tissue Engineering”. Journal of Biomedical Science 16 (2009): 65.

20. Qiu Xiao-Lin and Guo-Ming Li. “Preparation of Low Molecular Weight Heparin-Chitosan-Sodium Carboxymethyl Cellulose Microcap-
sules and Its Drug-Release Performances”. Chinese Journal of Pharmaceuticals 36.11 (2005): 690.

21. Smith IO., et al. “Nanostructured Polymer Scaffolds for Tissue Engineering and Regenerative Medicine”. Wiley Interdisciplinary Re-
views: Nanomedicine and Nanobiotechnology 1.2 (2009): 226-236. 

22. Lv Qing., et al. “Fabrication, Characterization, and in Vitro Evaluation of Poly (Lactic Acid Glycolic Acid)/Nano-Hydroxyapatite Com-
posite Microsphere-Based Scaffolds for Bone Tissue Engineering in Rotating Bioreactors”. Journal of Biomedical Materials Research 
Part A 91.3 (2009): 679-691.

23. Guarino Vincenzo., et al. “Bioactive Scaffolds for Bone and Ligament Tissue”. Expert Review of Medical Devices 4.3 (2007): 405-418.

24. Rezwan K., et al. “Biodegradable and Bioactive Porous Polymer/Inorganic Composite Scaffolds for Bone Tissue Engineering”. Bioma-
terials 27.18 (2006): 3413-3431.

25. Laurent Jeffrey J., et al. “The Use of Bone Morphogenetic Protein-6 Gene Therapy for Percutaneous Spinal Fusion in Rabbits”. Journal 
of Neurosurgery: Spine 1.1 (2004): 90-94.

26. Xie Jun., et al. “Mechano-Active Scaffold Design Based on Microporous Poly (L-Lactide-Co-Ε-Caprolactone) for Articular Cartilage 
Tissue Engineering: Dependence of Porosity on Compression Force-Applied Mechanical Behaviors”. Tissue Engineering 12.3 (2006): 
449-458.

27. D1621-10, ASTM. “Standard Test Method for Compressive Properties of Rigid Cellular Plastics” (2004).

28. D695-10, ASTM. “Standard Test Methods for Compressive Properties of Rigid Plastics” (2013). 

29. Toǧrul Hasan and Nurhan Arslan. “Carboxymethyl Cellulose from Sugar Beet Pulp Cellulose as a Hydrophilic Polymer in Coating of 
Mandarin”. Journal of Food Engineering 62.3 (2004): 271-279.

30. Thein-Han WW and RDK Misra. “Biomimetic Chitosan–Nanohydroxyapatite Composite Scaffolds for Bone Tissue Engineering”. Acta 
Biomaterialia 5.4 (2009): 1182-1197. 

31. Yamaguchi I., et al. “Preparation and Microstructure Analysis of Chitosan/Hydroxyapatite Nanocomposites”. Journal of Biomedical 
Materials Research 55.1 (2001): 20-27. 

Volume 8 Issue 1 October 2017
© All rights reserved by Matthew BA McCullo., et al. 

https://www.ncbi.nlm.nih.gov/pubmed/15270950
https://www.ncbi.nlm.nih.gov/pubmed/15270950
https://www.ncbi.nlm.nih.gov/pubmed/19643154
https://www.ncbi.nlm.nih.gov/pubmed/19643154
https://www.ncbi.nlm.nih.gov/pubmed/11071608
https://www.ncbi.nlm.nih.gov/pubmed/11071608
https://www.ncbi.nlm.nih.gov/pubmed/15584695
https://www.ncbi.nlm.nih.gov/pubmed/15057821
http://www.sciencedirect.com/science/article/pii/S0079642510000162
http://www.sciencedirect.com/science/article/pii/S0079642510000162
https://jbiomedsci.biomedcentral.com/articles/10.1186/1423-0127-16-65
https://jbiomedsci.biomedcentral.com/articles/10.1186/1423-0127-16-65
http://en.cnki.com.cn/Article_en/CJFDTOTAL-ZHOU200511016.htm
http://en.cnki.com.cn/Article_en/CJFDTOTAL-ZHOU200511016.htm
https://www.ncbi.nlm.nih.gov/pubmed/20049793
https://www.ncbi.nlm.nih.gov/pubmed/20049793
https://www.ncbi.nlm.nih.gov/pubmed/19030184
https://www.ncbi.nlm.nih.gov/pubmed/19030184
https://www.ncbi.nlm.nih.gov/pubmed/19030184
https://www.ncbi.nlm.nih.gov/pubmed/17488233
https://www.ncbi.nlm.nih.gov/pubmed/16504284
https://www.ncbi.nlm.nih.gov/pubmed/16504284
https://www.ncbi.nlm.nih.gov/pubmed/15291027
https://www.ncbi.nlm.nih.gov/pubmed/15291027
https://www.ncbi.nlm.nih.gov/pubmed/16579678
https://www.ncbi.nlm.nih.gov/pubmed/16579678
https://www.ncbi.nlm.nih.gov/pubmed/16579678
https://www.astm.org/DATABASE.CART/HISTORICAL/D1621-10.htm
https://www.astm.org/DATABASE.CART/HISTORICAL/D695-10.htm
http://www.sciencedirect.com/science/article/pii/S0260877403002401
http://www.sciencedirect.com/science/article/pii/S0260877403002401
https://www.ncbi.nlm.nih.gov/pubmed/19121983
https://www.ncbi.nlm.nih.gov/pubmed/19121983
https://www.ncbi.nlm.nih.gov/pubmed/11426393
https://www.ncbi.nlm.nih.gov/pubmed/11426393

	_Ref371169712
	_GoBack
	_GoBack

