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ABSTRACT 

Traumatic spinal cord leads to devastating and permanent loss of neurological function. 

Artificial tissue engineering scaffolds show potential in spinal cord repair by providing guidance 

for regrowing axons. In this study, three-dimensional (3D) alginate/hyaluronic acid scaffolds 

designed for spinal cord repair were fabricated and characterized. Specifically, covalently and 

ionically crosslinked alginate/hyaluronic acid composite biomaterial was used for Schwann cell 

culture and for 3D scaffold fabrication and characterization. Carbodiimide mediated amide 

formation of composite biomaterial was examined in presence of ionic crosslinking and was 

found to be dependent on the concentrations of carbodiimide and calcium chloride and on the pH 

value of the reaction. The double-crosslinked composite hydrogels were biocompatible, allowing 

for Schwann cell survival and growth. No significant difference in cell number was found on the 

composite hydrogels with varying concentrations of alginate and hyaluronic acid used in this 

study. The results also indicated that covalent crosslinking and high concentration of hyaluronic 

acid were not favorable for Schwann cell growth. Finally, 3D porous scaffolds were successfully 

fabricated using two systems of the dispensing-based rapid prototyping technique. Effects of the 

fluid behavior, initial needle height, and concentration of calcium chloride were studied. 

Uniaxial compression mechanical test showed that the concentration of hyaluronic acid had little 

effect on the mechanical properties of the hydrogels, and that ionically crosslinked composite 

hydrogels had a similar viscoelastic compressive behavior as native spinal cord and had Young’s 

moduli favorable for neurite outgrowth. This information provides a basis for continuing in vitro 

and in vivo tests of the ability of rapid prototyped alginate/hyaluronic acid hydrogel scaffolds to 

support regeneration of traumatic spinal cord.   
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CHAPTER 1 Introduction and Objectives 

Thousands of people suffer spinal cord injuries (SCI) due to motor vehicle accidents, 

falls, violence, and sports injuries, among other causes. About 12,000 new cases of spinal cord 

injury occur each year in the United States, with the estimated annual number of Americans 

living with SCI at approximately 259,000 [1]. Damage to the spinal cord has severe clinical 

consequences due to neuronal cell death at the site of injury, and the disruption of axonal 

pathways crossing through the site of injury. To date, functional training is the principal clinical 

therapy used to help rehabilitate individuals after SCI. Other clinical treatments, such as anti-

inflammatory drugs, help to prevent secondary injury and to reduce pain and swelling, but do not 

promote tissue repair. Therefore, therapeutic strategies to restore lost tissue and reestablish 

axonal connectivity after SCI are still urgently needed.  

 

1.1 Spinal Cord Injuries 

1.1.1 Organization of Spinal Cord 

 The nervous system consists of the central nervous system (CNS; brain and spinal cord) 

and the peripheral nervous system (PNS; nerves and ganglia outside the CNS). Spinal cord tissue 

is organized so that gray matter is in its centre, composed of neurons, neuropil (small axon 

terminals, dendrites, and the synaptic contacts they make with each other) and glial cells. The 

spinal cord white matter columns surround the gray matter, containing ascending and descending 

axons that travel long distances to establish contacts between different spinal levels, and with the 

brain. These white matter axonal pathways also contain glial cells, particularly the 

oligodendrocytes that provide a covering of insulating myelin to the long axons. Dorsal roots of 

the peripheral nerves relay sensory information to the posterior horn of the spinal cord gray 
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matter, while the ventral roots leaving the anterior horn carry the motor information to muscles 

and visceral organs as shown in Figure 1.1. 

  

Figure 1.1 Structure of spinal cord and distribution of dorsal and ventral roots [2]. Sensory 

neurons in the dorsal root ganglion (DRG) receive and relay the sensory information through 

the dorsal roots of the spinal nerve to the posterior horn of the spinal cord gray matter, and the 

ventral roots of the spinal nerve leaving the anterior horn carry the motor information to 

muscles and visceral organs. 

 

Different axon tracts in different locations of spinal cord white matter convey various 

types of information (Figure 1.2). For example, the fasciculus cuneatus and fasciculus gracilis 

carry ascending touch information, the anterolateral system carries ascending pain and 

temperature information, and the spinocerebellar tracts provide ascending sensory feedback 

about body movement. Meanwhile, the corticospinal tracts, the rubrospinal tract, and the 

vestibulospinal tracts carry descending information that controls muscle movement. The current 

emphasis of tissue engineering for SCI repair is to promote re-growth of these essential tracts 

after injury, which should in turn lead to dramatic restoration of sensory and motor function.  
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Figure 1.2 Cross-sectional diagram of the spinal cord showing the distribution of the major 

ascending and descending pathways essential for neurological functions [2]. 

 

1.1.2 Spinal Cord Injury  

Many factors impede the re-growth of ascending and descending axons that carry signals 

between the different levels of the spinal cord and the brain, and thereby prevent functional 

recovery after SCI. The failure of regenerative axonal growth is in large part attributable to a 

CNS environment that is inhibitory for axonal growth. Factors contributing to growth inhibition 

in the spinal cord include poor clearance of damaged tissue caused by slow Wallerian 

degeneration, scarring caused by astrocytes, the presence of myelin-associated axonal growth 

inhibitors produced by oligodendrocytes and lack of intrinsic regenerative capability [3-8]. The 

current focus of tissue engineering research is to develop strategies to overcome the unfavorable 

nature of the scarring, enhance intrinsic axonal regeneration ability, increase the number of 

damaged ascending and descending axons that regenerate, guide the regenerating axons back to 

their appropriate target regions, and encourage the remyelination of these regenerating axons [7, 
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9-12]. In the past few years, considerable progress has been made in the development of 

bioengineered tissue scaffolds for the promotion of spinal cord repair.  

 

1.1.3 Therapeutic Strategies for Spinal Cord Repair 

The goal of tissue engineering for SCI is to create functional tissue repair in a controlled 

environment that promotes and directs axonal re-growth and penetration into the host spinal 

cord. Signals such as diffusible factors, extracellular matrix (ECM) proteins, cell-cell interaction, 

and mechanical stress can be utilized to create a favorable environment for axonal outgrowth, as 

cells continually sense and respond to these signals [13]. Nerve guidance scaffolds can provide 

mechanical support for axonal re-growth and serve as a local delivery system for growth factors, 

and living cells by allowing cell attachment, migration, and differentiation [14]. Thus, 

bioengineered tissue constructs have shown potential for the repair of the injured spinal cord. 

Such strategies as electrical stimulation [15-17], incorporation of bioactive molecules and living 

cells [17-22], delayed transplantation of scaffolds [23-26] and overcoming the hostile 

environment [27-30] have been demonstrated to promote axonal regeneration after SCI.  

Schwann cells, the major glial cell type of the PNS, have been investigated for restoring 

injured spinal cord since 1981, when transplantation of purified Schwann cells was first carried 

out [31]. Schwann cells show particular promise as they can be harvested from patients for an 

autologous transplant. Not only do they provide remyelination of regrowing axons when 

transplanted into injured spinal cord [22], but the infiltration and remyelination by endogenous 

Schwann cells from the peripheral nerves into the spinal cord lesion site has been observed, 

suggesting that host Schwann cells might contribute to the recovery of injured spinal cord [25]. 

Transplantation of Schwann cells can reduce the size of spinal cysts as well as secrete various 
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trophic factors and cell adhesion molecules, leading to a more permissive environment for axonal 

growth and neural survival [32]. Trophic factors that Schwann cells produce include nerve 

growth factor, brain derived neurotrophic factor, ciliary neurotrophic factor, neurotrophin-3, 

conserved dopamine neurotrophic factor and fibroblast growth factor [33, 34]. In addition, they 

express axon guidance cell adhesion molecules on their surfaces, such as laminin. Schwann cell 

culture on/within the scaffolds is also extensively employed in preliminary studies to study such 

properties as biocompatibility and effects on cell behavior before the neural cell culture and in 

vivo transplantation. As a result, Schwann cells are used in this study to evaluate the 

biocompatibility and substrate-cell interaction of the biomaterial. 

Despite the beneficial outcome provided by Schwann cell transplantation, decreasing cell 

numbers after transplantation pose a problem and some studies show insufficient axonal 

regeneration of brainstem spinal axons using Schwann cells alone; axons moreover, do not leave 

the Schwann cell graft to reenter the distal host spinal cord. Thus, strategies combining scaffolds 

with bioactive molecules or other supportive cells are usually used [35, 36]. Both olfactory 

ensheathing cells and Schwann cells have been widely used to promote axonal re-growth and 

functional recovery for SCI, yet it is still under investigation which is more beneficial [37, 38]. 

Studies of regenerating adult rat spinal cord with moderate contusion lesions at the thoracic level 

demonstrate that Schwann cells lead to more hindlimb locomotor recovery than olfactory 

ensheathing cells despite their relatively low integration with astrocytes [39]. Whether this also 

holds for non-human primates or other injury models remains to be determined. The low 

integration and migration of transplanted Schwann cells with the astrocytes is considered to be 

related in part to the high level of heparan sulfate proteoglycans, which mediate astrocytosis by 

facilitating the activity of the fibroblast growth factor family of growth factors [40]. However, by 
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forcing the transplanted Schwann cells to over-express the polysialylated neural cell adhesion 

molecule, their integration and migration in the spinal cord were improved, resulting in better 

axonal regeneration, remyelination and functional restoration [22, 41].  

 

1.2 Biomaterials 

Implantation of substrates such as cellular grafts can promote re-growth of axons after 

SCI. However, the growth of axons is highly random and does not extend past the graft site to re-

enter host tissue [42]. Artificial tissue scaffolds are designed to provide mechanical support for 

axonal re-growth and to potentially serve as a local delivery system for growth-promoting 

factors, growth-inhibitor neutralizing agents, or other therapeutic drugs, as well as a carrier for 

supportive cells that might facilitate repair. Biomaterials selected for construction of tissue 

scaffolds should meet the following criteria: biocompatibility with the host tissue to avoid 

adverse immune reactions; an adjustable rate of degradation; and degradation products that are 

non-toxic [9]. Specific to the needs of spinal cord repair, scaffold biomaterials with mechanical 

properties (specifically the elastic modulus) matched to that of the spinal cord at the lesion site 

has the ability to reduce astrocytic reaction and fibroblastic gliosis, and allow for cell adhesion 

and axonal re-growth.  

 

1.2.1 Natural Biomaterials from ECM 

Both natural and synthetic biomaterials have been modified to fabricate tissue scaffolds 

for SCI repair and are reviewed in detail in [43, 44]. Natural biomaterials used as scaffold 

construct materials for spinal cord repair include hyaluronic acid, alginate, collagen, agarose, 

chitosan, matrigel, fibrin, and fibronectin hydrogels. These hydrogels mimic the ECM of soft 
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tissue, being highly hydrated, soft and allowing for the exchange of nutrients and metabolic 

waste with surrounding tissues. On the other hand, the options for use of available synthetic 

biomaterials for SCI repair are quite limited due to the fact that the synthetic materials are mostly 

hard and therefore not suitable for the repair of soft tissues. Thus, hydrogels prepared from 

natural biomaterials are the focus of bioengineered scaffolds for SCI repair and discussed in 

detail in the following. 

Matrigel, fibrin, fibronectin, collagen and hyaluronic acid are components of native ECM 

and have been widely investigated for tissue engineering application due to their ability in 

regulating cell behavior. The ECM constituents provide anchorage and mechanical buffering, 

trigger intercellular communication and segregate different tissues [45].  

Matrigel is an ECM extracted from the Engelbreth Holm Swarm sarcoma and contains 

laminin, fibronectin and proteoglycans. It has ability to stimulate proliferation and adhesion of 

Schwann cells, bone marrow stromal cells and olfactory ensheathing cells as well as neurite 

outgrowth of DRG neurons [46]. However, its origin from mouse tumor cells limits its 

application in human spinal cord.  

Fibrin is a protein formed by enzymatic crosslinking of fibrinogen and thrombin upon 

mixing at physiological temperature and pH. It has been used as a delivery system for 

neurotrophic factors, chondroitinase ABC and different supportive cells, which result in 

increased axonal sprouting, decreased level of inhibitory molecules and significant behavioral 

recovery [47-51]. Unfortunately, the in vivo residence time of fibrin is not sufficient for SCI 

repair and needs to be prolonged.  

Fibronectin is a glycoprotein present outside cells and on the cell surface. It has 

neuroprotective effect on SCI and permits oriented axonal regeneration with infiltration of 
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macrophages, Schwann cells, oligodendrocytes and their precursors, and astrocytes. But the 

forms of fibronectin biomaterials are limited to the fibronectin mats or cables [52-54].  

Collagen can promote neural cell attachment and growth while on the other hand 

collagen is one component of the glial scar, which was suggested to impose a physical and 

chemical barrier for axonal regeneration after SCI [55-57]. In addition, though collagen is a 

major component of many tissue types in the body, native CNS tissue contains relatively little 

collagen. It is argued that the presence of biomaterial scaffolds consisted of un-naturally high 

concentration of collagen might impose undesirable side effects [58]. On the contrary, the native 

ECM of CNS contains high amounts of linear polysaccharides and glycosaminoglycans such as 

hyaluronic acid, chondroitin sulfate and heparin sulfate [59]. Chondroitin sulfate and heparin 

sulfate are also components of the glial scar and therefore are problematic to be used as natural 

biomaterials for the construct of scaffolds for SCI repair. Based on the discussion above about 

different natural biomaterials originated from ECM as well as the beneficial features provided by 

hyaluronic acid for spinal cord repair (discussed in section 1.3), hyaluronic acid was chosen as 

one natural biomaterial for the construct of 3D scaffolds for SCI repair. 

 

1.2.2 Other Natural Biomaterials  

Other natural biomaterials used for tissue engineering application include chitosan, 

agarose and alginate. Chitosan is a glycosaminoglycan carbohydrate polymer derived from 

chemical deacetylation of chitin, the major structural polysaccharide found in crustacean and 

insect exoskeleton. It has excellent ability for cell adhesion, survival and proliferation. 

Myelinated and unmyelinated axons as well as blood vessels were found after transplantation of 

extramedullary chitosan channel in a full transection SCI animal model [60]. On the other hand, 
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there are studies indicating that chitosan can trigger inflammation with the severity dependent on 

the degree of deacetylation [61]. Implanted as scaffolds in brain, chitosan biomaterials are 

ingested by macrophages as part of a foreign body response [62]. This limits the application of 

chitosan scaffolds in SCI repair.  

Agarose is a linear polysaccharide derived from seaweed. It is an alternating copolymer 

of 1, 4-linked 3, 6-anhydro-α-L-galactose and 1, 3-linked β-D-galactose. Agarose is 

thermoresponsive, and can gel at temperatures ranging from 17-40 °C depending on the degree 

of hydroxyethyl substitution on its side chains. Agarose nerve guidance scaffolds with uniaxial 

linear channels prepared by a freeze-dry process or templating were shown to orient and provide 

guidance to local spinal cord axons after SCI [63-65]. But the non-degradability property of 

agarose scaffolds seems to be disadvantageous for SCI repair. Scaffolds with a matching in vivo 

biodegradation profile with new tissue formation are desirable for tissue regeneration. 

Alginate is preferable to these natural biomaterials in terms of its biorestorability, 

biocompatibility and facilitation of scaffold fabrication by instant gelation with multivalent 

cations under mild conditions. Detailed properties of alginate hydrogels and its potential as a 

biomaterial for the construct of scaffolds for SCI repair are discussed in section 1.3. 

 

1.3 Hyaluronic Acid and Alginate Hydrogels for SCI Repair 

1.3.1 Hyaluronic Acid and Covalent Modification 

Hyaluronic acid, widely found in almost all extracellular tissue spaces, is an extremely 

long, negatively charged, heavily hydrated glycosaminoglycan. It is comprised of repeating 

disaccharide units of β-1, 4-D-glucuronic acid and β-1, 3-N-acetyl-D-glucosamine, as shown in 

Figure 1.3. Its hydroxyl groups and carboxyl groups can be targeted for chemical modification. 
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Hyaluronic acid demonstrates excellent biological properties, being biocompatible, 

biodegradable and immunoneutral. Hyaluronic acid is widely investigated for its potential for 

construction of tissue scaffolds. It promotes regeneration of the traumatized peripheral nerve [66-

68], in part because of its involvement in such complex cell signaling events as migration, 

attachment, angiogenesis and neuronal sprouting [69]. In addition, it shows potential for SCI 

repair as it is shown to inhibit scar formation by inhibiting lymphocyte migration, proliferation, 

and chemotaxis; granulocyte phagocytosis and degranulation; and macrophage motility.  

 

The abundance of hyaluronic acid in brain and spinal cord also demonstrates its 

significance in CNS development, which inspired researchers to investigate the possibility of 

controlling neuronal progenitor cell differentiation through fabrication of hyaluronic acid 

hydrogels with tunable mechanical properties [70-72]. Several studies have been conducted to 

investigate the promise of crosslinked hyaluronic acid hydrogels on neurite outgrowth and 

recovery from SCI. Recent studies examining brain injury in rats show improved cell infiltration 

and angiogenesis in hyaluronic acid hydrogel scaffolds engineered to incorporate laminin 

peptides [73], or covalently crosslinked with poly-D-lysine, a widely used adhesive coating 

material in the preparation of neuron cultures [74]. Such polymer combinations may also have 

Figure 1.3 Chemical structure of hyaluronic acid consisting of repeating disaccharide 

units of β-1, 4-D-glucuronic acid and β-1, 3-N-acetyl-D-glucosamine. 
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promise for the treatment of SCI. But its short residence time in vivo and weak mechanical 

properties turn out to limit the application of hyaluronic acid in the construction of 3D scaffolds 

for spinal cord restoration.  

Numerous methods have been developed to chemically modify hyaluronic acid to control 

its mechanical properties and promote release of tethered bioactive agents, such as neutralizing 

antibody against Nogo receptor-66 to block the activity of myelin-associated neurite growth 

inhibitors in injured rat brain and spinal cord [75, 76]. The application of crosslinked thiolated 

hyaluronic acid-poly (ethylene glycol)-diacrylate scaffolds resulted in extensive neurite 

outgrowth in vitro, yet neither axonal regeneration nor behavioral recovery after spinal cord 

transection was observed [77]. Possible explanations for the lack of functional recovery include 

the incapacity for the crosslinked hyaluronic acid scaffolds to provide mechanical support for 

axonal growth beyond 8 days and the persistence of a strong inflammatory response. It is 

unlikely that hyaluronic acid scaffolds alone can lead to the behavioral restoration without 

additional strategies, for instance, the inclusion of living cells or growth factors. Still, cells do 

not readily adhere to hyaluronic acid suggesting that modifications to its surface properties may 

improve the efficacy of a hyaluronic acid scaffold.  

In vivo residence of hyaluronic acid can be enhanced by covalent chemical modification. 

The formation of amide bonds with adipic dihydrazide (ADH) mediated by 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) has been demonstrated to enhance the mechanical 

strength and to control the in vivo biodegradation of crosslinked hyaluronic acid constructs [78]. 

A schematic diagram of chemical crosslinking of hyaluronic acid is shown in Figure 1.4.  
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Figure 1.4 Crosslinking of hyaluronic acid using EDC as the crosslinker [78]. Carboxyl groups 

of the hyaluronic acid can react with the amine groups of the ADH at an acid condition with the 

presence of EDC to give hyaluronic acid-ADH linked by the amide bonds. With the bifunctional 

ADH, the crosslinked hyaluronic acid-ADH-hyaluronic acid will be formed. 

 

The carboxyl groups of the hyaluronic acid will react with the amine groups of ADH to 

form the amide bonds under the mediation of EDC at an acid condition. Since the ADH is 

bifunctional, intermolecular and intramolecular crosslinking of hyaluronic acid through the 

amide bonds will take place, which overcomes the insufficient mechanical strength of hyaluronic 

acid scaffolds. In this reaction, EDC is transferred into urea, which is non-toxic to the native 

tissue. 

The comprehensive mechanism of the amide formation mediated by EDC in aqueous 

system is illustrated in Figure 1.5, which is quite different and complex from the case in the 

organic system. EDC can react with the ionized carboxyl group to form nucleophilic compound 

3 (O-acylisourea), which will then react with ionized carboxyl group and produce carboxylic 

anhydride 8 in the case of the cyclizable carboxyl group, which will form the corresponding 

amide 7 and urea derivative 2 when amine is present. For the non-cyclizable carboxyl group, 

compound 4 will react with a water molecule or a unionized amine to give carboxylate 6 or 

amide 7, respectively. The reaction with water will be prevailing. And if the carbodiimide is 
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added in excess, the carbodiimide would be able to react with compound 4 to form N-acylurea 5 

as a byproduct [79]. 

 

Figure 1.5 Schematic diagram of the mechanism of amide formation mediated by carbodiimide 

in aqueous media [79]. Carbodiimide 1 can react with an ionized carboxyl group to form 

compound 3 (O-acylisourea)and because of the reprotonation at the site of Schiff base, 

compound 3 can change into a carbocation 4, which will react with various bases in the aqueous 

system to yield different products. 

 

Previously, we found that 3D porous scaffolds cannot be produced using this chemistry, 

probably due to the non-instant crosslinking of the hyaluronic acid with the EDC in the aqueous 
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system. The extruded strands swell and collapse before extensive crosslinking takes place. As an 

alternative, it is possible that the inclusion of alginate, which can gel within seconds with 

divalent calcium cation (Ca
2+

), could provide the necessary mechanical support for the dispensed 

strands. Entrapped by the crosslinked alginate, hyaluronic acid will then be crosslinked and this 

may further enhance the mechanical strength of the fabricated scaffolds, and result in 3D porous 

scaffolds with a biodegradation rate suitable for use in SCI repair. There are not many 

investigations regarding use of the composite biomaterial of alginate/hyaluronic acid for the 

application of tissue engineering. Thus, this study may also provide insights into the potential of 

this composite biomaterial for the other tissue engineering applications.  

 

1.3.2 Alginate and Ionic Crosslinking 

Alginate is a water-soluble polysaccharide extracted from brown seaweed, consisting of a 

varying proportion of 1, 4-linked β-D-mannuronate (M) and 1, 4-linked α-L-guluronate (G) 

blocks (Figure 1.6), depending on the origin. Due to its biocompatibility and bioresorption 

properties, alginate has been widely used in tissue engineering to encapsulate and implant 

various growth factors or cell types into lesion sites to enhance the rate of tissue regeneration 

[80, 81]. In addition, several strategies have been proposed to control the degradation rate of 

alginate hydrogels, such as incorporating poly (lactide-co-glycolide) microspheres loaded with 

alginate lyase [82]. Non-structured alginate-based substrates transplanted into the mammalian 

CNS cause no allergic or inflammatory reactions but promote only limited axonal regeneration 

[83]. Freeze-dried alginate sponge can guide axonal re-growth in transected rat spinal cord, with 

the formation of functional synapses identified by intracellular electrophysiological recording 

[84]. Furthermore, alginate-based highly anisotropic capillary hydrogels, when assessed in both 
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axonal outgrowth assays in vitro and adult rat spinal cord lesions in vivo, elicit highly oriented 

linear axonal re-growth and appropriate target neuron reinnervation [85]. 

 

Application of alginate in the fabrication of 3D scaffolds using the solid freeform 

fabrication technique has been demonstrated, either serving as the scaffold biomaterial itself or 

as supporting additive for other biomaterials. Its instant gelation with divalent cations enables the 

inclusion of living cells during the dispensing process (Figure 1.7), eliminating the potential 

toxicity of other crosslinking reactants while allowing for the fabrication of the 3D constructs. 

However, there is no further study using alginate scaffolds with interconnected pore networks for 

either in vitro or in vivo test for SCI repair. Use of calcium crosslinked alginate as a matrix has 

been shown to permit the viability and growth of Schwann cells, and the neurite outgrowth of 

chick embryo DRG neurons was promoted by 170% when Schwann cells were suspended in the 

gel [86]. However, alginate lacks the ability to trigger the cellular and molecular signaling within 

the mammalian system, making the composite biomaterials of alginate and hyaluronic acid 

promising for construction of bioengineered scaffolds for SCI repair. 

Figure 1.6 Schematic diagrams of the (A) mannuronate (M), guluronate (G) monomers of 

alginate sodium and (B) an example of the alginate polymer consisting of repeating 

GGMMG. 
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Figure 1.7 Gel formation of alginate with divalent calcium cations to form “egg box” structure 

[86]. Carboxyl groups in the guluronic acid monomers of the alginate bind to the divalent ions 

to form the “egg box” structure, resulting in the alginate hydrogels. 

 

1.4 Scaffold Fabrication 

1.4.1 Design of Scaffolds 

Several requirements should be met when designing scaffolds for SCI repair, including 

mechanical properties similar to native spinal cord, favorable surface chemistry, sufficient pore 

size, porosity, pore interconnectivity and surface area for cell loading and cell-surface interaction 

as well as axonal re-growth and nutrient transport, and a biodegradation profile that produces 

adequate residence time [65, 87, 88]. However, because the use of artificial scaffolds for the 

repair of SCI is in its infancy, what constitutes an optimal scaffold remains to be defined. 

Parameters such as morphology, architecture, mechanical properties, surface properties, 

biodegradation rate, composition of biological components, and the variations of these factors 

with time have a substantial effect on the outcome [89, 90]. Systematic consideration of all of 

these factors will maximize the outcome for a particular application. 
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1.4.1.1 Surface Chemistry 

Surface chemistry of the biomaterials including charges, functional chemical groups and 

ECM proteins/peptides needs to be taken into account as it influences the interaction of the 

scaffold with macromolecules and cells. Particular cell types adhere to polymers with different 

surface charges. For example, the number of mesenchymal stem cells cultured on a positively 

charged hydrogel is elevated compared to hydrogels with a negative or no charge. This is 

attributed to absorption of serum macromolecules onto the positively quaternary ammonium 

groups [23, 91].  

In addition to the surface charge of biomaterials, chemical functional groups present on 

the surface of biomaterial also affect cell behavior through the interaction of receptors on cell 

membranes with specific ECM proteins absorbed by different chemical groups [92, 93]. Recent 

studies on the response of neural stem cells to materials with different chemical groups in a 

serum-free culture system indicate the chemical groups themselves can impose effects on cell 

behavior without the involvement of ECM proteins [94]. Detailed mechanisms of scaffold 

surface chemistry with respect to cell responses are not well understood.  

Presence of ECM proteins/peptides on the biomaterial scaffolds also influence on cellular 

activities such as cell migration, axonal guidance, synaptogenesis, cell survival, differentiation, 

and myelination [95]. Incorporation of ECM proteins or peptides derived from them, either by 

coating, covalent crosslinking, or blending, may enhance cell adhesion, differentiation, migration 

and axonal outgrowth [96-100]. Collagen, fibronectin, and laminin are the most widely 

investigated ECM proteins for biomodification of scaffolds to achieve better axonal regeneration 

[99, 101-103]. Limitations of modification with whole ECM proteins include batch variation and 

the risk of disease transmission [104]. Thus, synthetically prepared amino acid sequences from 

the domains of ECM proteins responsible for cell-substrate interactions are used as alternatives. 
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Arg-Gly-Asp (RGD), Tyr-Ile-Gly-Ser-Arg (YIGSR), and Ile-Lys-Val-Ala-Val (IKVAV) are the 

three most commonly used cell adhesion peptides in tissue engineering to promote the 

biocompatibility and interaction of scaffolds with cells [97, 98]. However, which 

functionalization technique and protein/peptide species and concentration are most efficient for 

each different scaffold application is still unknown.  

 

1.4.1.2 Mechanical Properties and Biodegradation Rate 

Mechanical properties of the scaffolds need to be taken into consideration when 

designing scaffolds for SCI repair. The elastic modulus, one key parameter for the mechanical 

properties of scaffolds, has a great influence on the cell response, depending on the cell type and 

the range of modulus presented. Soft substrates promote axonal growth but suppress the growth 

of astrocytes [105]. Besides, proliferation of stem cells can be modulated through the control of 

the mechanical properties of the scaffolds. For example, hyaluronic acid hydrogels with 

mechanical properties comparable to those of neonatal brain are found to direct the 

differentiation of neural progenitor cells into neurons. On the contrary, neural progenitor cells 

within stiffer hydrogels, with mechanical properties comparable to those of adult brain, 

differentiate into mostly astrocytes [72]. In general, scaffolds with material elastic modulus 

matching that of the native growth environment are preferable for cell growth, differentiation and 

migration across the tissue-implant boundary [106]. The values of the elastic modulus of native 

spinal cord tissue are reported to be within the range of ~3 KPa to 300 KPa [107, 108]. Due to 

the effects of mechanical properties of scaffolds on cell behavior, it is important to tune the 

mechanical properties of scaffolds for a particular application.  

In addition to the suitable initial mechanical properties, the mechanical properties of 

scaffolds are also supposed to match the growth of new tissue to support cell proliferation and 
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neurite extension. Thus, scaffolds with biodegradation profile matching the new tissue formation 

are desirable. Basically, the two main degradation mechanisms of scaffolds in vivo include 

uniform bulk degradation due to hydrolysis and proteolytic degradation of natural materials by 

protease enzymes in the ECM or cells [109].  

Several strategies can be applied to control the mechanical properties and biodegradation 

of scaffolds. Firstly, chemical/enzymatic and physical crosslinking of the natural biomaterials 

offer an option to control the mechanical properties and degradation profile of the hydrogel 

scaffolds. Other methods include varying material composition and delivery of particular 

protease enzymes for the biomaterials [82]. In addition, mechanical properties and 

biodegradation rate of the scaffolds are correlated with the internal microstructure of scaffolds 

such as pore size, porosity, and interconnectivity. Fabrication techniques of rapid prototyping are 

capable to produce controllable and reproducible microstructure of the scaffolds, and therefore 

provide effective control over the mechanical properties and biodegradation rate of scaffolds. 

However, with the complexity of the in vivo environment, how to monitor and control over the 

properties of scaffolds in vivo is an issue that needs to be further addressed.  

 

1.4.1.3 Macro-Architecture and Micro-Architecture  

To date, macro-scale architectures investigated for SCI repair include hydrogels, sponges, 

single- and multi-channeled guidance tubes, and nanofiber scaffolds. Among these, multi-

channeled scaffolds have drawn much attention among researchers as the hollow cylindrical 

channels can guide regenerating axons while the polymer matrix provides local, sustained release 

of therapeutic agents [44]. Compared to a single lumen tube, they provide more surface area, 

allowing for more cell attachment and local release of incorporated growth factors. In the PNS, 

multi-channeled tissue repair scaffolds resembling the structure of multiple basal lamina tubes 
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increased the accuracy of motor axonal regeneration in a 1-cm gap in a rat sciatic nerve model 

compared to single channel conduits [110]. In SCI repair, longitudinal tubes in the scaffolds can 

be fabricated through templating or adapted freeze-drying techniques. Introduction of uniaxial 

channels supported linear, organized axonal re-growth and blood vessel infiltration than 

scaffolds with random porous structure [63, 111]. However, axon migration was found to be 

independent of the conduit diameters. 

 Anatomically inspired open-path designs for SCI facilitate axonal regeneration through 

the lesion site and limit secondary injury progression. In comparison, implants of cylinder, tube, 

and single-channeled scaffolds result in a doubling of defect length due to secondary damage, 

and lead to large scar and cyst formation with no neural tissue re-growth [112]. These indicate 

that the macrostructure of the scaffolds itself is enough to affect the axonal regeneration after 

SCI.  

Implants with anatomical guidance channels positioned for major ascending and 

descending axon tracts as well as branch structure of the guidance scaffolds may be beneficial 

for the regeneration of traumatic spinal cord, particularly in combination with therapeutic 

strategies involving living cells and bioactive molecules [113]. This necessitates the development 

of advanced fabrication techniques capable to produce sophisticated macro-structure of the 

scaffolds. Conventional fabrication techniques are unable to do so.  

Microstructure of the implanted scaffolds, particularly the porosity, pore 

interconnectivity, pore size, and orientation of pores, is also important when designing scaffolds 

for SCI repair due to its impact on mechanical properties, surface to volume ratios, and cell 

behavior. High porosity and interconnectivity of the pores are essential in ensuring spatially 

uniform cell distribution, cell survival, proliferation and migration in vitro [88]. These features of 
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scaffolds can extensively affect on the diffusion of physiological nutrients and gases to the 

removal of metabolic waste and by-products from cells that have penetrated the scaffold. In 

general, high porosity and pore interconnectivity are preferable. However, high porosity of 

scaffolds compromises the mechanical strength and thus the proper porosity of scaffolds should 

be made with considerate care.  

Pore size of the scaffolds should not be too small as pore occlusion by cells will inhibit 

cellular penetration and matrix elaboration within the scaffolds [88]. Meanwhile, it should be 

small enough to physically align and restrict the direction of axonal growth [114-116]. It is 

reported that axonal ingrowth into capillary alginate hydrogels was promoted with increasing 

capillary diameter from 18 µm to 55 µm. In another study, micropatterned grooves with widths 

of about 30 µm were found to be the most effective at promoting oriented neurite growth [117].  

Micropatterning, microgrooves, photolithography, soft lithography, self-assembling and 

electrospinning are usually used to produce micro- and nano-scale topography, which best mimic 

the native ECM and thus provide a suitable environment for cell adhesion, migration, 

proliferation and differentiation. Electrospinning has drawn particular attention due to its 

capacity to fabricate scaffolds with linear fibers within nano- to micro-scale range. Electrospun 

nanofibers with linear orientation result in the highly aligned neurite extension of DRG neurons 

parallel to the fibers [118, 119]. In addition to the guidance of neurite outgrowth, gene 

expression of β-Tubulin in Schwann cells is upregulated; proliferation and differentiation of 

mutlipotent cells can be affected [120-122]. Unfortunately, as toxic chemical solvents or high 

temperatures are required to dissolve most synthetic polymers before electrospinning, the 

incorporation of cells and/or bioactive molecules when fabricating scaffolds using this technique 
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is an issue that requires further investigation. And electrospinning of scaffolds consisted of 

natural biomaterials have not been achieved so far and the shape of scaffolds is limited.  

With the emergence of computer-aided design (CAD), scaffolds with controllable, 

reproducible and bio-mimetic micro-architecture can be fabricated with the rapid prototyping 

techniques, facilitating the application of different therapeutic strategies for various ascending 

and descending tracts [44]. Newer technologies give researchers greater capacity to control 

macro-structure, micro-structure, and biological properties during tissue scaffolds design and 

production, and this is important to support continued progress. The following section focuses on 

selected currently available fabrication techniques potentially applicable to spinal cord repair, 

with emphasis on rapid prototyping techniques.  

 

1.4.2 Fabrication of Scaffolds 

Enhancing the biological properties of scaffolds during the fabrication process is a 

primary goal of tissue engineering. Fabricating artificial scaffolds that are subsequently seeded 

with living cells in bioreactors and one-step fabrication of scaffolds using a mixed solution of 

biomaterial and living cells are both methods that belong to the biofabrication domain. Adding 

cells to scaffolds after they are fabricated imposes limits on the ability to control cellular 

distribution. Advantages of incorporating cells into the production process include the ability to 

produce an even spatial distribution of the living cells [123], or even to construct defined cellular 

arrays. Sustaining the viability of living cells during the fabrication process is essential, and 

emphasizes the importance of sterile and gentle fabrication procedures. While several techniques 

have been widely used to fabricate scaffolds with required surface morphology and internal 

architectures for SCI repair, techniques allowing the inclusion of living cells and bioactive 
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molecules during the process are quite scarce. Different techniques used for scaffold fabrication 

and their merits and demerits are summarized in Table 1.1. 

 

Table 1.1 Different Scaffold Fabrication Techniques for SCI Repair 

Fabrication 

Methods 

Merits Demerits Reference 

Freeze drying 

No toxic chemicals needed 
Highly porous structures 

High pore  interconnectivity 

Control of porosity 

Random distribution of pores 
Incapable of fabricating intricate 

microstructure 

Limit to small pore sizes 

[64] 

Gas foaming 

Free of organic solvents and high    

temperature  

Controllable porosity and pore size 

High pressure involved 

Compact architecture for cells 

Lack of interconnectivity 

[124] 

Salt leaching/ 

Phase separation 

Allows incorporation of bioactive  

agents 

Residual solvents  [125] 

Mold casting 
Simple, cheap 

Requires no chemical agents 

Incapable of fabricating  

intricate microstructure  

[60] 

Electrospinning 

Produces long and continuous fibers 

Control over fiber orientation 

Versatile for many polymers 

Use of high-voltage apparatus 

Difficult to control fiber assembly 

Limited to viscous polymer solutions 

[99] 

Heat compression Free of organic solvents High temperature [126] 

 

Scaffold fabrication techniques can be divided into three groups: conventional methods, 

textile technologies and solid freeform fabrication. Conventional fabrication techniques are 

described in detail by Sachlos and Czernuszka [127], and include such methods as solvent-

casting, particulate-leaching, gas foaming, phase separation, melt molding, solution casting, and 

freeze-drying. These methods involve the use of toxic organic solvents and porogens, and lack 

the ability to precisely control the pore size, pore geometry, and spatial distribution of pores 

within the scaffolds. As these parameters play important roles in the material properties and 

functionality of the scaffolds, the utility of such conventional techniques is limited. Furthermore, 

whether the amorphous, irregular microstructure of conventionally fabricated scaffolds hinders 

longitudinal axonal regeneration remains to be determined.  
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1.4.3 Dispensing-Based Rapid Prototyping Technique 

Rapid prototyping, also known as solid freeform fabrication, has recently attracted 

increasing attention. Rapid prototyping can be used to fabricate scaffolds with controllable and 

reproducible microstructure, thanks to computer-aided fabrication processes that provide control 

over the physical properties (pore size, porosity, interconnectivity, and mechanical strength) of a 

scaffold as required for a particular application. Rapid prototyping using natural biopolymers is 

conducive to the simultaneous inclusion of cells and biomolecules. It is reported that rapid 

prototyped scaffolds provide better cell seeding in the scaffold interior, lower oxygen gradients, 

and better cell aggregation compared to conventional fabrication techniques, and can more 

successfully promote tissue regeneration [89, 128].  

Dispensing processes are most commonly used in rapid prototyping techniques and are 

termed as the dispensing-based rapid prototyping systems (Figure 1.8). Biomaterials are 

deposited in a predefined dispensing path to form the 3D scaffolds. These dispensing-based rapid 

prototyping systems, such as the 3D Bioplotter, are capable to fabricate hydrogel scaffolds and 

integrate supporting cells and bioactive molecules during the fabrication process without the 

involvement of toxic chemicals or high temperatures. However, few studies are carried out on 

the fabrication and in vivo characterization of rapid prototyped scaffolds for SCI repair. One 

work worth mentioning describes the fabrication of a new bi-phasic tubular scaffold by 3D 

bioplotting for SCI regeneration [129]. The favorable outcome of the preliminary in vivo test in a 

hemisection SCI model demonstrates the potential of the dispensing-based rapid prototyping 

technique to fabricate scaffolds with controllable microstructure, mechanical strength and 

biological patterns for enhanced promotion of axonal regeneration.  
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Despite of the advantages offered by this fabrication technique, it has so far proven 

difficult to precisely control the architecture of the scaffolds by varying such parameters as fluid 

behavior of the dispensing material, flow rate, dispensing speed, and dispensing nozzle shape, 

diameter and length. Different models have been developed to evaluate the flow rate with regard 

to the Newtonian or non-Newtonian fluid behaviors of different dispensing approaches [130-

133]. Modeling of scaffold porosity, pore size, and mechanical cell damage has also been carried 

out to offer an alternative to trial and error processes [134]. These models will greatly facilitate 

scaffold biofabrication, making it possible to optimize the geometry and process parameters, 

minimize cell damage during the biofabrication process, and maximize both mechanical and 

biological properties. Shortcomings of dispensing-based rapid prototyping fabrication include 

challenges regarding sterilization, cell damage that may occur during the fabrication process, and 

the inability to fabricate scaffolds from biomaterials that require a lengthy cross-linking process. 

 

Figure 1.8 (a) Schematic of a dispensing-based rapid prototyping system composed of two 

dispensers mounted on a three-axis positioning system, a stage to support the scaffolds 

fabricated, a personal computer and three controllers interfaced with the personal computer for 

the control of position, dispenser and temperature; and (b) top view of a multilayer orthogonal 

scaffold fabricated using the dispensing-based rapid prototyping method [133]. 

 

 

(b) (a) 
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1.5 Objectives 

In this research, crosslinked alginate/hyaluronic acid 3D scaffolds will be fabricated and 

characterized in terms of physical, biological and mechanical properties. The central hypothesis 

is that 3D scaffolds can be fabricated from crosslinked alginate/hyaluronic acid hydrogels and 

the composite hydrogels are permissive for Schwann cell viability and growth. If this hypothesis 

is supported, the alginate/hyaluronic acid composite material could be used in the future as the 

biomaterial to construct 3D scaffolds for SCI repair. To prove this, the following specific 

research objectives are to be achieved in this research: 

(1)  To synthesize and chemically characterize double-crosslinked alginate/hyaluronic acid 

composite biomaterial;  

(2)  To examine the biocompatibility of the crosslinked alginate/hyaluronic acid hydrogels 

for Schwann cell viability and growth; 

(3)  To design and fabricate 3D porous scaffolds with well-controlled microstructure by 

dispensing-based rapid prototyping techniques; 

(4)  To study the effect of concentration of hyaluronic acid on the mechanical properties of 

the ionically-crosslinked composite hydrogels. 

Overall, the present study will shed light on the application of alginate/hyaluronic acid 

hydrogel as a scaffold material that could serve as a platform for SCI repair. 

 

1.6 Organization of the Dissertation 

This dissertation is composed of five chapters in total, and each experimental chapter is 

divided into four main parts: introduction, materials and methods, results and discussions, and 

conclusions. 
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Chapter 1 presents a brief introduction and literature review on the bioengineered 

scaffolds for spinal cord repair. Specifically, it presents the recent development of bioengineered 

scaffolds for SCI repair, from the points of view of SCI, current therapeutic strategies, scaffold 

materials, and fabrication techniques.  

Chapter 2 presents the synthesis of double-crosslinked alginate/hyaluronic acid composite 

hydrogels and their characterization by means of Fourier transform infrared spectroscopy 

(FTIR). Covalent crosslinking of the composite material was applied and the chemistry was 

confirmed using FTIR spectroscopy. 

Chapter 3 discusses the biocompatibility of alginate/hyaluronic acid hydrogels for 

Schwann cell viability and growth. Schwann cell cultures were established on double-crosslinked 

alginate/hyaluronic acid hydrogels with different concentrations of alginate and hyaluronic acid 

to test the biocompatibility of the substrates. Also, the effect of concentration of hyaluronic acid 

incorporated and double crosslinking of alginate/hyaluronic acid biomaterial on Schwann cell 

number in comparison with just ionic crosslinking was studied to find proper substrates for the 

Schwann cell culture. 

Chapter 4 focuses on the fabrication of 3D porous scaffolds by the dispensing-based rapid 

prototyping technique. The effects of operating parameters, concentration of crosslinker solution 

and amount of hyaluronic acid incorporated on the formation of multilayer scaffolds were 

investigated. The mechanical properties of cylindrical ionically-crosslinked alginate/hyaluronic 

acid scaffolds were also studied by uniaxial compression test.  

Chapter 5 presents the main conclusions and discussion of this research, followed by 

comments for future work.  
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CHAPTER 2 Syntheses and FTIR Measurements of Composite Hydrogels 

 2.1 Introduction 

Hyaluronic acid has a great potential for constructing tissue scaffolds due to its 

excellent biological properties to trigger cellular and molecular signaling within the mammalian 

system. Unfortunately, hyaluronic acid has weak mechanical properties and cannot be used alone 

to fabricate 3D porous structures with the dispensing-based rapid prototyping system. In contrast, 

instant gel formation of alginate with calcium chloride (CaCl2) results in hydrogels with 

mechanical strength that can be handled and tailored to match the application of SCI repair. 

Thus, composite biomaterial of alginate and hyaluronic acid will facilitate the fabrication of 3D 

scaffolds using the dispensing-based rapid prototyping system meanwhile maintaining the 

biological properties of hyaluronic acid. Additionally, covalent crosslinking of 

alginate/hyaluronic acid with ADH mediated by EDC might prolong the in vivo residence time 

and enhance the mechanical properties of alginate scaffolds. FTIR spectra were used to confirm 

the amide formation of alginate/hyaluronic acid composite material in the presence of CaCl2 and 

EDC.  

 

2.2 Materials and Methods 

Low viscosity sodium alginate, molecular weight range 12,000~80,000 Da, mannuronic 

acid 61% and guluronic acid 39% was purchased from Sigma Aldrich Canada. Calcium chloride 

CaCl2 (Sigma, St. Louis, MO) was used as the crosslinker for sodium alginate. Hyaluronic acid 

sodium salt (MW 26-27 MDa) was bought from Shandong Freda Biopharm Co., Ltd. (Freda, 

Jinan, Shandong, China). ADH, 2-(N-morpholino) ethanesulfonic acid hydrate (MES buffer) 
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with useful pH range of 5.5-6.7, and EDC were all purchased from Sigma Aldrich Canada. 

Dialysis tubes having a 3500 Dalton molecular weight cut offs were used to dialyze the excess 

reagents. Potassium bromide (KBr) of the FTIR grade, ≥ 99% trace metals basis (Sigma Aldrich, 

Canada) was used for the FTIR spectrometers. 

 

2.2.1 Sample Preparation for FTIR 

2.2.1.1 Covalent Crosslinking of Hyaluronic Acid 

Three samples were used to examine the covalent modification of hyaluronic acid with 

ADH by EDC at an acid condition. They were hyaluronic acid reacted with EDC alone 

(HA_4_EDC_stir), hyaluronic acid reacted with ADH and EDC (HA_ADH_4_EDC_stir) and 

unreacted hyaluronic acid (HA), which served as the negative control. In detail, 0.75% (wt %) of 

hyaluronic acid was prepared by dissolving hyaluronic acid powder in double distilled water and 

stirred overnight. The pH value of the hyaluronic acid solution was adjusted by adding drop by 

drop of 10 mM HCl until it reached a value of 4. This pH value supports good covalent 

modification as discussed in Chapter 1. For sample HA_ADH_4_EDC_stir, both hyaluronic acid 

and ADH (w/w, 1:5) were dissolved in double distilled water and the pH value of mixture was 

also adjusted to 4 by HCl (HA_ADH_4). One mL of the mixtures from each experimental 

sample was then reacted with 1 mL of 50 mM EDC solution by stirring for hours. The hydrogels 

were then transferred to two presoaked dialysis tubes and dialyzed for 2 days with three water 

changes. After dialysis, the hydrogels were then transferred into clean plastic tubes and dried 

overnight in a Speed Vac before the FTIR measurement.  
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Table 2.1 Conditions Used to Prepare Different Samples for Crosslinking of Hyaluronic Acid 

Sample 

Abbrebiation 

Hyaluronic Acid 

(wt %) 

ADH 

(wt %) 

PH 

Value 

EDC 

(mM) 

Stirring or 

Immersion 

Dialysis 

and Dried 

HA_4_EDC_stir 
0.75%, H20 _ 4 50 Stirring Yes 

HA_ADH_4_EDC_stir 
0.75%, H20 3.75% 4 50 Stirring Yes 

HA 
Power _ _ _ _ _ 

 

2.2.1.2 Covalent Crosslinking of Alginate 

As the alginate precipitates at pH values lower than 3.5, depending on the molecular 

weight [135], the pH value of the alginate solution cannot be adjusted through adding HCl as 

was done for hyaluronic acid. To control pH we used MES buffer with the effective pH range of 

5.5-6.7 as it doesn’t have the carboxyl groups present to disturb the chemistry of the covalent 

crosslinking. Thus, the alginate was dissolved in 50 mM MES buffer with a pH value of 5.5 to 

prepare 3% alginate solution (3% alginate_MES_5.5). A mixture of 0.5 mL H2O and 0.5 mL 3% 

alginate_MES_5.5 was then stirred with ADH (1.875%, wt %) to get the alginate_ADH mixtures 

(1.5% alginate_MES_5.5_ADH). One mL of 1.5% alginate_MES_5.5_ADH reacted with 1 mL 

of 30 mM CaCl2 solution was then used as the negative control (1.5% 

alginate_MES_5.5_ADH_30mM CaCl2_dispense), while the experimental samples include 1.5% 

alginate_MES_5.5_ADH immersed within 1 mL of 100 mM EDC solution for 24 hrs (1.5% 

alginate_MES_5.5_ADH_100mM EDC_dispense) and 1.5% alginate_MES_5.5_ADH gelated 

with 1 mL of 30 mM CaCl2 solution first before further immersion in 1 mL of 100 mM EDC for 

24 hrs (1.5% alginate_MES_5.5_ADH_30mM CaCl2(first)_100mM EDC_dispense). Through 

this, we can identify whether the alginate can be covalently modified with ADH by EDC and 

also if alginate can be further covalently crosslinked after ionic crosslinking. After chemical 

reaction, the hydrogels were dialyzed and dried as described in section 2.2.1.1.  
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Table 2.2 Conditions Used to Prepare Different Samples for Crosslinking of Alginate 

Sample 

Abbreviation 

Alginate 

(wt %) 

ADH 

(wt %) 

CaCl2 

(mM) 

EDC 

(mM) 

Stirring or 

Immersion 

Dialys

is and 

Dried 

1.5% Alginate_MES_5.5_ADH_30mM 

CaCl2_dispense 

1.5%, 

MES 

buffer 

1.875% 30 _ Immersion Yes 

1.5% Alginate_MES_5.5_ADH_100mM 

EDC_dispense 

1.5%, 

MES 

buffer 

1.875% _ 100 Immersion Yes 

1.5% Alginate_MES_5.5_ADH_30mM 

CaCl2(first)_100mM EDC_dispense 

1.5% 

MES 

buffer 

1.875% 30 100 Immersion Yes 

 

2.2.1.3 Ionic and Covalent Crosslinking of Alginate/Hyaluronic Acid 

For the preparation of alginate/hyaluronic acid mixtures for ionic and covalent 

crosslinking (double crosslinking), 1.5% alginate, 0.375% hyaluronic acid was used. To achieve 

this without the use of HCl for adjusting the pH value, 3% alginate_MES_5.5 and 0.75% 

hyaluronic acid_ADH_4 were mixed at 1:1 volume ratio. This mixture has a final pH value of 

approximately 5 and the solution is symbolized as alginate_hyaluronic acid_ADH_PH in this 

work. One mL of alginate_hyaluronic acid_ADH_PH solution reacted with 1 mL of 100 mM 

EDC by stirring was termed as alginate_HA_ADH_PH_100mM EDC_stir. To examine the 

effect of addition of ADH, sample of alginate_hyaluronic acid_PH without ADH reacted with 1 

mL of 100 mM EDC was also used (alginate_HA_PH_100mM EDC_stir). And the one 

immersed within 100 mM CaCl2, or 100 mM CaCl2 and 100 mM EDC are labeled respectively 

as alginate_HA_ADH_PH_100mM CaCl2_dispense and alginate_HA_ADH_PH_100mM 

CaCl2_100mM EDC_dispense. Dialyzed alginate_hyaluronic acid_ADH_PH was termed as 

alginate_HA_ADH_PH_dialysis, which theoretically gives only alginate/hyaluronic acid after 

dialysis as ADH should be removed from the mixture during the dialysis process.  
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Table 2.3 Conditions Used to Prepare Different Samples for  

Crosslinking of Alginate/Hyaluronic Acid 

Sample Abbreviation 

3% 

Alginate_MES_5.5 

: 

0.75% Hyaluronic 

acid_4 (V/V) 

ADH 

(wt %) 

CaCl2 

(mM) 

EDC 

(mM) 

Stirring or 

Immersion 

Dialysis 

and 

Dried 

Alginate_HA_PH_100mM

_EDC_stir 
1:1 _ _ 100 Stirring Yes 

Alginate_HA_ADH_PH_ 

100mM_EDC_stir 
1:1 1.875% _ 100 Stirring Yes 

Alginate_HA_ADH_PH_ 

100mM CaCl2_dispense 1:1 1.875% 100 _ Immersion Yes 

Alginate_HA_ADH_PH_ 

100mM CaCl2_100mM 

EDC_dispense 

1:1 1.875% 100 100 Immersion Yes 

Alginate_HA_ADH_PH_ 

dialysis 1:1 1.875% _ _ Stirring Yes 

 

The effect of concentrations of CaCl2 and EDC as well as the pH value of the 

alginate/hyaluronic acid hydrogel formation was then investigated. Alginate_hyaluronic 

acid_ADH_PH mixtures were reacted with 100 mM EDC with various concentrations of CaCl2 

(0 mM to 100 mM) and the final products were examined by the FTIR spectra. Also, crosslinker 

solutions of 50 mM CaCl2 with different concentrations of EDC (0 mM to 100 mM) were used to 

crosslink alginate_hyaluronic acid_ADH_PH mixtures.  

For the experiment aimed to evaluate the effect of pH value on the covalent crosslinking, 

two methods were used to prepare 1.5% alginate_0.375% hyaluronic acid_ADH mixtures. One is 

to prepare as the way described above: mixing 3% alginate_MES_5.5 and 0.75% hyaluronic 

acid_ADH_4 at 1:1 volume ratio. Mixture prepared by this method is symbolized as 

alginate_HA_ADH_PH. The second method is to prepare MES buffer at pH value of 4. And then 
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dissolve the alginate, hyaluronic acid and ADH powders in this buffer to obtain mixture of 

alginate_HA_MES_4_ADH. PH value of the final mixture prepared in the second way was 

around 5.5, which was higher than that of alginate_HA_ADH_PH. The two mixtures were then 

immersed within 100 mM EDC solutions for crosslinking. 

To further understand the effect of pH value on the covalent crosslinking, similar 

experiment was done on hyaluronic acid. Briefly, one method was to adjust pH of hyaluronic 

acid_ADH mixture to 4, while the other method was to adjust pH of the hyaluronic acid solution 

to 4 first before adding ADH powder. Then the two mixtures were crosslinked by immersing 

them in 200 mM EDC crosslinker solution. All the crosslinked hydrogels were further dialyzed 

for 2 days with three times water changes and lyophilized on the Speed Vac, after which FTIR 

measurements were carried out. 

 

2.2.2 FTIR Measurement 

Lyophilized 10 mg samples of each reaction product were mixed with 300 mg dry KBr 

and pressed into a pellet using a macro KBr die kit. The solid pellet was analyzed using FTIR 

instrument (Perkin-Elmer, PerkinElmer Life And Analytical Sciences, Inc., USA). 

 

2.3 Results and Discussions 

To facilitate the following discussion, peak assignment for different chemical bonds in the 

organic chemicals is summarized in Table 2.4. As shown in Table 2.4, plain hyaluronic acid has 

the characteristics for carboxylate anions, which are absorption bands at 1600 cm
-1 

and 1412 cm
-1 

assigned to the asymmetric and symmetric strectching vibrations of carboxylate anions. Though 
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there are amide bonds in the plain hyaluronic acid, peaks for amide bonds in plain hyaluronic 

acid are not evident due to the small quantity of amide bonds. 

 

Table 2.4 IR Peak Assignment for Different Chemical Bonds of  

Alginate/Hyaluronic Acid Crosslinking 

Chemicals Functional Group Molecular Motion Wavenumber(cm
-1

) 

 

Alginate/hyaluronic acid 

(pH=~4) 

 

Carboxylic acid 

-COOH 

C=O stretching dimer ~1710 

C=O stretching monomer ~1735 

O-H bend 1440-1400 

O-H stretch 2500-3300 

C-O-H in-plane bend ~1415 

C-O stretch 1320-1210 

Alkane 

-CH3 

C-H stretch 2950-2800 

CH3-bend ~1375 

Amide bond 

-CO-NH- 

Secondary amide 

N-H bend (amide II band) 1530±30 

N-H strecth (>= 2 bands) 3330-3060 

C=O stretch 1630-1695 

ADH 

Amine 

-NH2 

Primary amine 

N-H stretch 
3400-3500 

(two bands) 

N-H bend (scissoring) 1580-1650 

C-N stretch 1000-1250 

Amide bond 

CO-NH- 

Secondary amide 

N-H bend (amide II band) 1530±30 

N-H strecth (>= 2 bands) 3330-3060 

C=O stretch 1630-1695 

Alkane 

-CH2 
CH2 bend (scissing) ~1458 

Crosslinked 

alginate/hyaluronic acid 

hydrogel 

Amide bond 

CO-NH- 

Secondary amide 

N-H bend (amide II band) 1530±30 

N-H strecth (>= 2 bands) 3330-3060 

C=O stretch 1630-1695 

Ester bond 

-COO 

C=O stretch 1750-1735 

C-C(O)-C stretch 1160-1210 

Carboxylate 

-COO- 
C=O stretch ~1620, ~ 1429 

 

      Crosslinking of hyaluronic acid with EDC leads to crosslinked hydrogels with enhanced 

mechanical strength. Spectrum of the resulted hydrogel shows the peaks at the wavenumber of 

1708 cm
-1

 and 1114 cm
-1

, which are assigned to the C=O stretch and C-C(O)-C stretch of ester 

bond, respectively. Also, there are characteristic peaks for amide bonds (1660 cm
-1

, 1550 cm
-1 
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and 1423 cm
-1

). This is propably due to undesired side reaction of the O-acylisourea to rearrange 

into the stable N-acylurea. As indicated in Figure 1.5, there is formation of N-acylurea when the 

carbodiimide is in excess. And since the N-acylurea is of high molecular weight, it cannot be 

gotten rid of during the dialysis process. However, as observed in Figure 2.1, there is a peak at 

the wavenumber of 1600 cm
-1

, which indicates that there are unreacted carboxylate groups with 

only EDC added. 

 

 

Figure 2.1 FTIR spectra of plain hyaluronic acid, hyaluronic acid stirred with EDC, and 

hyaluronic acid_ADH mixtures stirred with EDC after dialysis and lyophilization. Reaction 

of EDC with hyaluronic acid at pH of 4 led to the new characteristic peaks of ester bonds at 

1708 cm
-1

(purple dash line), and amide bonds at 1660 cm
-1

(red dash line) and 1550 cm
-1 

(blue dash line), with the remaining peak of carboxyl groups at 1600 cm
-1

(black dash line). 

Further addition of ADH into the hyaluronic acid, reacted with the presence of EDC, 

resulted in more amide bonds (red and blue dash line), but fewer ester bonds (purple dash 

line). And the amide formation was complete with no wave absorption at1600 cm
-1 

, 

indicating that all the carboxyl groups were transformed into ester bonds and particularly 

the amide bonds. 
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Crosslinking of hyaluronic acid_ADH_4 leads to the decrease of the peaks at 1708 cm
-1

, 

1114 cm
-1

, and 1405 cm
-1

, and increases the peaks at 1660 cm
-1 

(C=O stretch of secondary 

amide), 1550 cm
-1 

(N-H bend of amide) and 1423 cm
-1 

(C-N stretch of amide). This indicates the 

formation of more amide bonds when the ADH is added, which is consistant with the mechanism 

of EDC mediated crosslinking of carboxyl groups with amine groups. Morphologically, reaction 

of ADH with hyaluronic acid under the function of EDC resulted in crosslinked hydrogels, with 

better mechanical strength compared to the one without ADH added. This is attributed to the 

amine bonds and bifunctional property of ADH, leading to more covalent crosslinking.  

Crosslinking of 1.5% alginate with ADH by EDC also leads to the formation of amide 

bonds as demonstrated in Figure 2.2. MES buffer at pH of 5.5 is used as alginate precipitates at 

low pH values, making the adjustment of the pH of alginate solution problematic. As noticed, 

there is still existence of carboxylate anions, which is consistent with the morphology change. 

The resulted hydrogel is weak at mechanical strength, making it difficult to handle. When 

compared to the ADH-crosslinked hyaluronic acid, with the same reaction conditions, it seems 

that alginate was not completely covalently crosslinked. This is probably due to the insufficient 

amount of ADH or EDC added. And it was found that the coupling efficiency of amine acid to 

heparin and heparan sulfate is less efficient than that to other glycosoaminoglycan such as 

hyaluronic acid. It is proposed that the α‐L, 1‐4 glycosidic bonds between the uronic acid and 

glucosamine residues of the heparin and heparan sulfate is the main reason [136]. Similarly, it is 

likely that the structural difference of alginate and hyaluronic acid would lead to the difference in 

crosslinking extent between alginate and hyaluronic acid with ADH by EDC. Another possibility 

is that the pH value of 5.5 is not optimal for alginate crosslinking, or there is a part of carboxyl 

groups in alginate that do not crosslink with ADH by EDC.  
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It is also found that alginate after ionic crosslinking with CaCl2 can be further crosslinked 

by ADH to form the amides. This can be explained by the fact that carboxyl groups in the 

mannuronate blocks, which don’t bind to the CaCl2, can still react with ADH to form the amide 

bonds. But it remains to be determined whether the carboxyl groups in the guluronate blocks 

could form amide bonds with ADH. 

 

Covalent crosslinking of 1.5% alginate/0.375% hyaluronic acid mixture with ADH by 

EDC was demonstrated in Figure 2.3. Dialyzed mixture of alginate_hyaluronic acid_ADH_PH 

had the characteristic peaks for carboxylate anions, with no peaks for ADH, which indicates the 

 

Figure 2.2 FTIR spectra of 1.5% alginate_MES_5.5_ADH crosslinked with CaCl2, EDC or 

both CaCl2 and EDC. Crosslinking of alginate with CaCl2 didn’t change the spectra, while 

further addition of EDC into the CaCl2 crosslinked alginate led to the characteristic peaks 

for amide bonds at 1660 cm
-1

, and 1550 cm
-1 

(red and blue arrows, respectively). 

Crosslinking of alginate, ADH with EDC also resulted in the amide formation despite that 

there were carboxyl groups remaining indicated by the black dash line. 
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efficiency of the dialysis. Ionically crosslinked with CaCl2, the mixture had similar FTIR 

spectrum profile as that of the non-ionically crosslinked one. Addition of EDC to 

alginate/hyaluronic acid mixture without ADH led to ester bond formation as well as some amide 

formation, whereas addition of ADH resulted in more amide bonds and fewer ester bonds. This 

was consistent with the result of the crosslinking of hyaluronic acid with ADH as described 

above.  

 

 

Figure 2.3 FTIR spectra of 1.5% alginate_0.375% hyaluronic acid_ADH_PH mixtures 

crosslinked with CaCl2, EDC or both CaCl2 and EDC under mixing or dispensing 

conditions. There was amide formation when EDC was added to the alginate/hyaluronic 

acid mixture and the reaction efficiency was increased when ADH was further 

incorporated. Also, the covalent modification was made to the alginate_hyaluronic 

acid_ADH mixture with the presence of both CaCl2 and EDC. Black dash line indicated 

the characteristic peak at 1600 cm
-1

 for carboxylate anions, red and blue arrows 

represent the characteristic peaks at 1660 cm
-1

 and 1550 cm
-1 

for amide bonds.  
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Also, there was amide formation in the group of alginate_hyaluronic acid_ADH_PH 

immersed within crosslinker solution of 100 mM CaCl2 and 100 mM EDC. However, peaks in 

the range of 1400 cm
-1

 to 1750 cm
-1

 are not evident and decent. This was probably due to the 

presence of the carboxylate anions in the ionically-crosslinked alginate, which might ruffle the 

spectrum. Also, it is possible that CaCl2 might disturb the amide formation as both ionic and 

covalent crosslinking are aimed at the carboxyl groups. Primary results indicated that CaCl2 

didn’t affect on the amide formation of hyaluronic acid with ADH. Thus, it is likely that CaCl2 

can influence on the covalent crosslinking through gelation of alginate with CaCl2. 

FTIR spectra of alginate_hyaluronic acid_ADH_PH mixtures crosslinked by 100 mM 

EDC with varying concentrations of CaCl2 were shown in Figure 2.4. Though it is difficult to 

quantify the amide formation using FTIR spectroscopy measurement, Figure 2.4 demonstrates 

that amide formation was dependent on the concentration of CaCl2. With less CaCl2 added for 

ionic crosslinking, there was more amide bond formation concluded from the relative amount of  

amide II band (blue dash line) and amide I band (red dash line) to the carboxylate anions (black 

dash line). Ionic crosslinking of alginate with CaCl2 is dependent on the concentration of CaCl2 

and gelating time. The more CaCl2 applied and the longer time it is allowed for ionic 

crosslinking, the fewer carboxylate groups in the alginate are left for amide formation, which 

takes a longer time. Thus, it is necessary to control the extent of ionic crosslinking so as to 

permit more covalent modification. And this can be done through limiting the CaCl2 amount and 

the crosslinking time for ionic modification. On the other hand, ionic crosslinking of alginate in 

the alginate/hyaluronic acid mixture should be strong enough to provide the structural support 

for the 3D scaffold during the dispensing process. 
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Concentration of EDC also affected the amide formation, as shown in Figure 2.5: there 

was more amide bond formation with higher concentration of EDC. 50 mM EDC was excessive 

to crosslink the carboxylate groups in the alginate_hyaluronic acid_ADH_PH. As discussed in 

Chapter 1, excessive EDC leads to more side reaction of N-acylurea formation. However, 

without homogenization, the covalent crosslinking of alginate/hyaluronic acid was slow and the 

chance of reagent molecules coming across was quite limited. Thus, higher concentration of 

EDC is probably needed for more covalent crosslinking of alginate/hyaluronic acid mixture.  

Figure 2.4 Effect of CaCl2 concentrations on the covalent crosslinking of 1.5% 

alginate_0.375% hyaluronic acid_ADH_PH. With the increase of concentration of CaCl2 

solution, there seemed to be fewer amide bonds, as indicated by the characteristic peaks at 

1660 cm
-1

(red dash line), and 1550 cm
-1 

(blue dash line). And higher concentration of 

CaCl2 masked the FTIR spectrum, with the undistinguishable peaks for different chemical 

bonds. Black dash line indicated the characteristic peak at 1600 cm
-1

 for carboxylate 

anions. 
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Next, pH value of the reaction was investigated since the respective pH adjustment of 

alginate and hyaluronic acid solution was troublesome and time-consuming. It would be easier 

that both alginate and hyaluronic acid can be dissolved in the same buffer, while ensuring the pH 

value to be high enough to non-precipitate alginate and low enough to allow the chemistry to 

work. At first attempt, MES buffer at pH of 5.5 was proposed to dissolve both alginate and 

hyaluronic acid, after which ADH would be added. However, since the MES buffer is effective 

within the pH range of 5.5 to 6.7 and addition of ADH would increase the pH value. And the 

primary experimental result shows that mixtures with a lower pH value crosslink sooner. Thus, 

attempt was tried to prepare MES buffer at pH of 4 initially while addition of ADH makes the 

final pH value equal 5.5.  

Figure 2.5 Effect of EDC concentrations on the covalent crosslinking of 1.5% 

alginate_0.375% hyaluronic acid_ADH_PH. There was more amide formation when EDC 

was added at a higher concentration. Black dash line indicated the characteristic peak at 

1600 cm
-1

 for carboxylate anions; red and blue dash lines represented the peaks at 1660 

cm
-1 

and 1550 cm
-1

 for amide bonds. 
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Comparison of amide formation with different preparation methods of hyaluronic acid 

hydrogel and alginate/hyaluronic acid hydrogel is shown in Figure 2.6. And we can find that 

(a) 

(b) 

Figure 2.6 Effect of pH value on the covalent crosslinking of (a) hyaluronic acid, and (b) 

alginate/hyaluronic acid mixture. (a)More amide bonds were formed for hyaluronic acid 

at a lower pH as indicated by the relatively more peak absorption at 1533 cm
-1

; (b)No 

significant difference of amide formation was observed for alginate/hyaluronic acid 

mixutures reacted at different pH values. 
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both methods lead to the formation of amide bonds of hyaluronic acid with ADH, but the 

crosslinking speed is quicker at pH of 4 and there seems to be more amide bond formation at the 

lower pH value (Figure 2.6 (a)). As for the alginate/hyaluronic acid mixture, the hydrogel 

formation is sooner in the group of alginate_hyaluronic acid_ADH_PH group, which has the pH 

value of 5. The pH value of alginate_hyaluronic acid_MES_4_ADH mixture was around 5.5, and 

the reaction rate was slower. From the FTIR spectra, we cannot conclude whether there was 

significant difference of amide formation between these two groups.  

The effect of pH value on the EDC-mediated amide formation has been investigated by 

others, and the result shows that pH value of 5.5 leads to a most efficient conjugation of peptide 

into the biomaterial [137]. However, with different reaction reagents having different pKa (acid 

dissociation constant) values, it is possible that the pH value of a particular reaction is unique 

and this could be achieved by measuring the conjugation efficiency at different pH values. Since 

the reaction is more favorable under lower pH values, the preparation method of respective pH 

adjustment of hyaluronic acid_ADH_4 and alginate_MES solution before mixing together was 

applied for the biocompatibility test in Chapter 3.   

 

2.4 Conclusions 

There are covalent crosslinking of alginate/hyaluronic acid mixture with ADH in 

presence of CaCl2, and the chemical modification is dependent on the concentration of EDC, 

CaCl2 and pH value of the reaction. Effect of the pH value on the covalent crosslinking 

efficiency is probably due to the fact that the amide formation requires both ionized carboxyl 

groups and disassociated protons (as indicated in Figure 1.5), which can be obtained through 

maintaining the pH within the range of 3.5 to 4.5 [79]. It still remains to be determined whether 
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the hyaluronic acid in the mixture was covalently crosslinked. The present research shows that 

alginate, after crosslinking with CaCl2, can further crosslink with ADH by EDC, which might 

delay the loss of the mechanical strength of alginate in vivo. And the incorporation of crosslinked 

hyaluronic acid may further increase the in vivo residence time. For this, in vivo biodegradation 

study of alginate/hyaluronic acid hydrogels may shred a light on this.   
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 CHAPTER 3 Biocompatibility of Alginate/Hyaluronic acid Hydrogels  

3.1 Introduction 

Covalent crosslinking of alginate/hyaluronic acid mixture with ADH at presence of EDC 

and CaCl2 were examined, yet it remains to check the biocompatibility of the composite 

hydrogels for Schwann cells, which are proven to play a key role in both peripheral nerve and 

spinal cord regeneration. Thus, it is interesting to investigate whether the concentration of 

alginate and hyaluronic acid have an effect on the Schwann cell viability and growth. Besides, 

the effects of the covalent modification of the alginate/hyaluronic acid substrates and the 

concentration of hyaluronic acid incorporated were also studied so as to find the proper 

composite substrate for Schwann cell culture, which will be promising for SCI repair. 

 

3.2 Materials and Methods 

3.2.1 Schwann Cell Culture 

In this study, Schwann cells (RSC 96, CRL-2765, passage number from 14 to 22) 

purchased from ATCC (American Type Culture Collection ATCC, Manassas, VA) were used for 

the MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide, a yellow tetrazole) 

assay to determine the biocompatibility of the composite hydrogels. Schwann cells were cultured 

in standard Dulbecco's Modified Eagle Medium (DMEM), 10% fetal bovine serum (FBS) 

(Invitrogen Co, Carlsbad, California, CA, USA), and 1% antibiotics 

(penicillin/streptomycin/amphotericin-B) on the 10-cm tissue culture dish at 37°C in a 5% CO2, 

relatively humidified incubator. Cells were passed at 80-100% confluence using 0.05% 

Trypsin/ethylenediaminetetraacetic acid (EDTA) (Invitrogen). And cell counting of Nigrosine 
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dye staining were performed with a hemocytometer. Before cell seeding, the cells were 

resuspended in fresh medium to the desired cell density. 

 

3.2.2 Substrate Preparation  

Low viscosity sodium alginate, molecular weight range 12,000~80,000 Da, mannuronic 

acid 61% and guluronic acid 39% was purchased from Sigma Aldrich Canada. Calcium chloride 

(Sigma, St. Louis, MO) was used as the crosslinker for sodium alginate. Hyaluronic acid sodium 

salt (MW 26-27 MDa) was bought from Shandong Freda Biopharm Co., Ltd. (Freda, Jinan, 

Shandong, China). ADH, MES buffer with useful pH range of 5.5-6.7, and EDC were all 

purchased from Sigma Aldrich Canada.  

Two dimensional (2D) films of double-crosslinked alginate/hyaluronic acid hydrogel 

with different volume ratios of 3% alginate_MES_5.5 and 0.75% hyaluronic acid_ADH_4 were 

formed in 24-well tissue culture plates. Specifically, 100 µL of the alginate_hyaluronic 

acid_ADH_PH mixture was poured evenly into each well of the plate and 200 µL of 50 mM 

EDC_50 mM CaCl2 crosslinker solution was applied on the top of the mixture. For the group of 

3% alginate, only CaCl2 crosslinking was applied, while for the group of 0.75% hyaluronic acid, 

merely EDC crosslinker solution was used. The crosslinking process was allowed to proceed for 

6 hours or 20 hours at room temperature before rinsed extensively with phosphate buffer solution 

(PBS) buffer for 5 times, 5 mins per time. The crosslinked substrates were then sterilized with γ-

radiation (dose rate: 7.13 Gy per minute) for 20 hours. Substrates made from uncrosslinked 

alginate or hyaluronic acid as well as crosslinked 20%-80% (V/V) alginate/hyaluronic acid 

hydrogels coated with 300 µL/well 100 µg/mL poly-l-lysine hydrobromide (PLL) (mol wt 

30,000-70,000, Sigma) at 4°C overnight were used as controls. 
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Schwann cell culture on the 1.5% alginate with different amounts of hyaluronic acid was 

carried out to investigate the effect of concentration of hyaluronic acid on the Schwann cell 

viability and growth. Comparison of just ionic crosslinking with both ionic and covalent 

crosslinking on the cell number was also studied. In detail, mixtures of 1.5% alginate with 0%, 

0.375%, 0.50% and 0.75% hyaluronic acid were prepared by dissolving the alginate, hyaluronic 

acid and ADH (3.75%, wt%) in 100 mM MES buffer at pH value of 4, which resulted in a pH 

value of 5.5 as mentioned in Chapter 2. 20 µL of the mixtures was then spread evenly in each 

well of a 96-well tissue culture plate and centrifuged at 4000 rpm/min for 5 mins. The prepared 

films were then left in air overnight to air dry. After drying, 80 µL of 50 mM CaCl2 was applied 

in each well on the top of the film for the ionically-crosslinked groups. For the double-

crosslinked ones, 80 µL of 50 mM CaCl2_100 mM EDC was applied in each well on the film 

and crosslinked for 24 hours. Rinsed three times with double distilled water, the films were then 

immersed in 70% ethanol overnight to sterilize the substrates. After removing the ethanol, the 

substrates were rinsed twice with double distilled water and one more time with DMEM with 1% 

antibiotics.  

 

3.2.3 Cell Seeding and MTT Assay 

MTT assay is used to assess the cytotoxicity of alginate/hyaluronic acid hydrogels. The 

reduced insoluble, dark purple formazan of MTT by living cells can be solubilised by dimethyl 

sulfoxide into a colored solution, whose absorbance will be measured spectrophotometrically 

[138]. Thus, the cell number is correlated with the absorbance of the formazan reagent.  

For the experiment studying the effect of concentration of alginate and hyaluronic acid on 

Schwann cell survival and growth, Schwann cells were seeded on the prepared 2D substrates at a 
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density of 100,000 cells/mL and 1 mL of the cell suspension was placed in each well of 24-well 

tissue culture plates. Cells were incubated in the 5% CO2, 95% air, 37°C, humidified incubator 

and motored microscopically every day by Zeiss Axiovert 100 (Zeiss, Germany) supplemented 

with Retiga EXi Fast 1394 CCD Camera (QImaging, CA). MTT assay was carried out according 

to the protocol after 2 days’ incubation at which the cells were about 95% confluent. Specifically, 

5 mg/mL stock solution of MTT (Sigma) was prepared in 10 mM sterile PBS and 120 µL of 

MTT solution was added to each well. After incubation at 37°C for 3.5 hrs, media were carefully 

removed without disturbing the cells. 800 µL of dimethyl sulfoxide (Sigma) was added to each 

well and the plate was agitated on an orbital shaker at 150 rpm for 5 mins. To eliminate the 

interference of the substrate absorbance of the light, the soluble colored solution was removed to 

a clean 96-well tissue culture plate and the plate was read by a LISA reader (Spectra Max 340, 

Molecular Device Inc., CA, USA) at 560 nm with reference filter of 670 nm.  

For the experiment studying the effect of covalent crosslinking and concentration of 

hyaluronic acid incorporated on the cell number of Schwann cells, 1500 cells was placed in each 

well of the 96-well tissue culture plate and incubated for 2 days, after which the MTT assay was 

carried out according to the protocol to evaluate the cell number of Schwann cells on the 

different substrates. The amount of MTT is 5 mg/mL and 20 µL/well. The incubation time is 1 hr. 

 

3.2.4 Statistical Analysis 

Measured values are expressed as means ± standard deviation. Levels of significance for 

comparing mean values of absorbance in the MTT assay were calculated using one-way 

ANOVA with Turkey post test.  All calculations were made using GraphPad Prism 5.0. 
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3.3 Results and Discussions 

Figure 3.1 and Figure 3.2 show the Schwann cell morphology after 2 days’ incubation on 

the 2D double-crossliked alginate/hyaluronic acid hydrogels. The images were taken at same 

illumination and photography conditions. The results showed that Schwann cells on the 

alginate/hyaluronic acid hydrogels (Figure 3.1 (c)) and crosslinked hyaluronic acid films (Figure 

3.1 (d)) had spherical-shaped morphology, with cells assembling in clusters. In contrast, 

Schwann cells on the tissue culture plate and PLL-treated tissue culture plate (Figure 3.1 (a) and 

Figure 3.1 (b), respectively) showed typical spindle-shaped morphology. This indicated that the 

substrates were even less preferable than the surrounding cells. This can be explained as the non-

adhesive properties of alginate and hyaluronic acid. Compared to the 100% hyaluronic acid 

hydrogel, alginate/hyaluronic acid hydrogels seemed to be more favorable for the Schwann cell 

attachment. The uncrosslinked alginate was quite favorable for the cell attachment as shown in 

Figure 3.2 (b), while the uncrosslinked hyaluronic acid film did not permit the attachment of the 

cells (Figure 3.2 (a)). PLL treatment on the 20%-80% alginate/hyaluronic acid hydrogels, to 

some extent, enhanced the adhesion of Schwann cells though the attachment was not as good as 

the tissue culture plate or the uncrosslinked alginate films. 
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            Figure 3.3 showed the MTT assay results for the number of Schwann cells after 2 days’ 

incubation on the alginate/hyaluronic acid substrates double-crosslinked for 6 hours (a) or 20 

hours (b). There was significant difference between control groups (Schwann cells on tissue 

culture plate, PLL-treated tissue culture plate, uncrosslinked hyaluronic acid and alginate films) 

and experimental groups (alginate/hyaluronic acid hydrogels with different concentrations of 

alginate and hyaluronic acid; and PLL-coated 20%-80% alginate/hyaluronic acid hydrogels), P < 

0.05. 

Figure 3.1 Schwann cell morphology after 2 days’ culture on (a) tissue culture plate; (b) 

PLL-coated tissue culture plate; (c) 20%-80% alginate/hyaluronic acid hydrogels; and (d) 

100% hyaluronic acid hydrogels. Scale bars: a, b, c, d=100 µm. 
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The numbers of Schwann cells on the alginate/hyaluronic acid hydrogels crosslinked for 

6 hours with different volume ratios were not significantly different except the group of 100% 

hyaluronic acid hydrogels with hydrogels at volume ratios of 20%:80%, 50%:50% and 30%:70%. 

The relatively low number of Schwann cells on the EDC crosslinked hyaluronic acid hydrogels 

compared to the other groups may be due to the unfavorable adhesion of Schwann cells onto the 

hyaluronic acid substrate compared to the alginate/hyaluronic acid hydrogels and the barely 

attached cells were carelessly removed during the MTT assay. The inhibitory effect of 

Figure 3.2 Schwann cell morphology after 2 days’ culture on (a) uncrosslinked hyaluronic 

acid films, (b) uncrosslinked alginate films, (c) PLL-coated 20%-80% alginate/hyaluronic 

acid hydrogels and (d) 20%-80% alginate/hyaluronic acid hydrogels. Scale bars: a, b, c, 

d=100 µm. 
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hyaluronic acid with high molecular weight on cell proliferation may also cause the relatively 

low cell number. Still, from the morphology of the hydrogels prepared, hyaluronic acid 

hydrogels had a stronger mechanical property in comparison with other alginate/hyaluronic acid 

hydrogels or alginate hydrogels. This may also lead to the discrepancy of cell number on the 

hyaluronic acid hydrogels with the composite hydrogels.               

 

 

(a) 

(b) 

Figure 3.3 MTT result for the number of Schwann cells on the double-crosslinked 

alginate/hyaluronic acid hydrogel films with different volume ratios of 3% alginate and 

0.75% hyaluronic acid for 6 hours (a) and 20 hours (b). Error bars represent the standard 

deviation; *p < 0.05, **p < 0.001, ***p < 0.0001 
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Compared to the non-PLL-coated 20%-80% alginate/hyaluronic acid hydrogels, the PLL-

treated ones had significantly more Schwann cells (P < 0.001). For the hydrogels crosslinked for 

20 hours, there was no significant difference in the cell number of Schwann cells between 

different experimental groups, P > 0.05. This indicates that the composite hydrogels have a 

comparable biocompatibility as the individual biomaterial. 

Experiment into the effect of covalent crosslinking on the number of Schwann cells was 

carried out and the result indicated that there was significant difference between the ionically 

crosslinked alginate/hyaluronic acid hydrogels with their correspondent double-crosslinked ones 

as shown in Figure 3.4. But there was no significant difference in cell number between the group 

of 1.5% alginate_0% hyaluronic acid_CaCl2 with that of 1.5% alginate_0% hyaluronic 

acid_CaCl2, EDC, though there were fewer cells on the latter substrate. 

 

Figure 3.4 MTT result of Schwann cells after 2 days’ culture on the ionically-crosslinked 

and double-crosslinked alginate/hyaluronic acid hydrogels. Error bars represent the 

standard deviation; **p < 0.001, ***p < 0.0001. 
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For the effect of hyaluronic acid’s concentration on the number of Schwann cells on the 

CaCl2 crosslinked alginate/hyaluronic acid substrates, there was no significant difference in cell 

number except the group of 1.5% alginate/0.5% hyaluronic acid with that of 1.5% 

alginate/0.75% hyaluronic acid, with fewer cells in the latter group. This probably is due to the 

fact that the high molecular weight hyaluronic acid inhibits the cell proliferation [139, 140]. On 

the other hand, there were no significant differences among other groups with lower 

concentrations of hyaluronic acid (0%, 0.375%, and 0.5%). This was possibly attributed to the 

non-covalently incorporated hyaluronic acid, which might escape from the scaffolds into the 

surrounding environment. In addition, the difference of cell number on these ionically-

crosslinked alginate/hyaluronic acid substrates with the group of tissue culture plate was not 

statistically significant, indicating that the ionically-crosslinked alginate/hyaluronic acid 

substrates are comparable to the tissue culture plate and thus are quite suitable for Schwann cell 

culture.  

When comparing the ionically-crosslinked 1.5% alginate/0.375% hyaluronic acid, 1.5% 

alginate/0.5% hyaluronic acid and 1.5% alginate/0.75% hyaluronic acid to their respective 

double-crosslinked ones, we can find that there were all significant differences. However, no 

significant difference was found between the groups of ionically-crosslinked 1.5% alginate 

substrate with the one of double modification. This means that the covalent crosslinking of 

alginate with ADH by EDC did not affect much on the biocompatibility of the alginate hydrogels. 

The non-complete covalent crosslinking didn’t lead to much physical and mechanical change of 

the substrates. If these assumptions are applicable to the alginate/hyaluronic acid hydrogels 

similarly, then the significant differences between the ionically-crosslinked composite hydrogels 

with their corresponding double-crosslinked ones are attributable to the fact that the incorporated 
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hyaluronic acid were covalently crosslinked by ADH under the function of EDC, which might 

affect on the mechanical properties of the substrates and therefore influence on the cell number.  

Also, it was found that there were significantly fewer cells on the 1.5% alginate/0.75% 

hyaluronic acid_CaCl2, EDC substrate in comparison with the 1.5% alginate/0% hyaluronic 

acid_CaCl2, EDC. This was probably because hyaluronic acid inhibited cell proliferation or the 

covalent crosslinking of hyaluronic acid resulted in the non-favorable substrate for cell survival 

and growth.  

When comparing the double-crosslinked alginate/hyaluronic acid substrates 

(1.5%/0.375%, 0.50%, and 0.75%) to the positive control (tissue culture plate), we can conclude 

that the double-crosslinked composite hydrogels did not permit as much Schwann cell survival 

and growth as the tissue culture plate. As discussed above, the ionically-crosslinked 

alginate/hyaluronic acid substrates were comparable to the tissue culture plate in allowing 

Schwann cell survival and growth. Thus, we can conclude that the ionically-crosslinked 

alginate/hyaluronic acid substrates are more preferable to the double-crosslinked ones in 

Schwann cell culture.  

 

3.4 Conclusions 

From the MTT assay results for Schwann cell viability and growth, it is observed that 

both the double-crosslinked and ionically-crosslinked alginate/hyaluronic acid hydrogels allow 

for the Schwann cell survival and growth, indicating the potential of this composite biomaterial 

as a matrix for Schwann cells and neurite outgrowth of DRG neurons. There was no significant 

difference in cell number among the alginate/hyaluronic acid hydrogels with different volume 

ratios of 3% alginate and 0.75% hyaluronic acid. In terms of the number of Schwann cells, 
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covalent crosslinking and high concentration of hyaluronic acid seemed to be inhibitory for 

Schwann cell survival and growth. Thus, hydrogel of ionically-crosslinked 1.5% alginate/0.375% 

hyaluronic acid or 1.5% alginate/0.5% hyaluronic acid is most suitable for Schwann cell culture. 
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CHAPTER 4 Fabrication and Mechanical Characterization of 

Alginate/Hyaluronic Acid Scaffolds 

4.1 Introduction 

Bioengineered scaffolds with highly interconnected pore networks show promise for SCI 

repair. Alginate has been used successfully to fabricate scaffolds with reproducible 

microstructure using the dispensing-based rapid prototyping technique [141]. Unfortunately, the 

alginate scaffolds show limited interaction with mammalian cells due to the absence of receptors 

required for binding. Hyaluronic acid, which has been shown to promote robust neurite 

outgrowth, is incorporated in this study.  

In Chapter 3, we have looked into the biocompatibility of the alginate/hyaluronic acid 

substrates, either ionically crosslinked or double-crosslinked ones. It was found that the 

ionically-crosslinked alginate/hyaluronic acid hydrogels permitted more survival and growth of 

Schwann cells. However, in order to fabricate 3D scaffolds, it is necessary to consider the 

feasibility to produce 3D scaffolds from the composite biomaterial by the dispensing-based rapid 

prototyping system. Concentration of hyaluronic acid affects on the fluid behavior of the 

dispensed biomaterial, and therefore influences on the 3D scaffold fabrication process. Thus, the 

ionically-crosslinked alginate/hyaluronic acid hydrogels with different concentrations of 

hyaluronic acid were used for the scaffold fabrication. Concentration of ionic crosslinker 

solution (CaCl2) was also studied to check its effect on the strand profile in terms of strand 

diameter, linearity, and connectivity between layers.  

Mechanical properties of the hydrogels are very important as the implanted scaffold 

should be strong enough to provide necessary mechanical support while not too hard to damage 
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the surrounding native tissue. For this, this chapter also presents the mechanical characterization 

of the 3D alginate/hyaluronic acid hydrogel scaffolds.  

 

4.2 Materials and Methods 

Low viscosity sodium alginate, molecular weight range 12,000~80,000 Da, mannuronic 

acid 61% and guluronic acid 39% was purchased from Sigma Aldrich Canada. Calcium chloride 

(Sigma, St. Louis, MO) was used as the crosslinker for sodium alginate. Hyaluronic acid sodium 

salt (MW 26-27MDa) was bought from Shandong Freda Biopharm Co., Ltd. (Freda, Jinan, 

Shandong, China).  

 

4.2.1 Preparation of Alginate/Hyaluronic Acid Mixture 

Stock solution of 6% (w/v) sodium alginate and 2% (w/v) hyaluronic acid were used to 

prepare four alginate/ hyaluronic acid mixtures with the final alginate concentration of 1.5% and 

final hyaluronic acid concentrations of 0%, 0.375%, 0.5% and 0.75%. These gel mixtures were 

proceeded for viscosity measurement, fabrication and mechanical test. CaCl2 solutions of 10 

mM, 30 mM, 50 mM, 75 mM, 100 mM and 150 mM were used as the ionic crosslinking media 

for alginate/hyaluronic acid mixtures. Such concentrations were chosen to validate whether the 

decrease of crosslinker solution concentration would limit the crosslinking speed and density, 

which might serve to solve the problem of detachment between different layers during 

dispensing. Also, as crosslinking extent of the alginate would lead to shrinkage or swelling of the 

dispensed struts, the variation of CaCl2 concentration might facilitate the fabrication of 3D 

scaffolds with controllable microstructure. 
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4.2.2 Viscosity Measurement 

The rheological properties of prepared alginate/hyaluronic acid mixtures were measured 

by a rheometer (Brookfield DV-III+ Programmable rheometer, Brookfield, Middleboro, MA), 

shown in Figure 4.1.  

 

This rheometer has a cone and plate structure with the shear rate controlled via 

programming. The rheometer also provides the ability to collect and record the data during the 

rheological tests. In the present study, a CP 41 spindle was selected for use, which required a 

sample volume of 2 mL. After zeroing and calibration of the rheometer, the flow behavior of 

alginate/hyaluronic acid mixtures was measured at varying shear rates via the control of the 

spindle rotation speed sweeping from 10 RPM to 250 RPM in 30 RPM increments. Only data 

with the torque value ranging from 10% to 100% was considered to be effective data. All the 

measurements were done once as the repeatability of the instrument was proven high. Shear 

(a) (b) 

Figure 4.1 (a) Wells/Brookfield DV-III+ Cone/Plate rheometer; (b) sample cup spindle for 

the rheometer. 
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stress-shear rate curves as well as viscosity-shear rate curves were obtained to characterize the 

flow behavior of different mixtures and the power law was applied to fit the curves: 

                                                            K
n
                                              (Eq. (4.1)) 

Where τ is the shear stress, τ0 is the yield stress, Κ is the consistency index,  is the shear rate 

(the velocity gradient perpendicular to the plane of shear), and n is the flow behavior index.  

 

4.2.3 Fabrication of Multilayer Scaffolds  

4.2.3.1 Scaffold Fabrication by the Adapted Fluid Dispensing System 

For the fabrication of 3D hydrogel scaffolds, the dispensing-based rapid prototyping 

system adapted from a typical commercial fluid dispensing system (C0720M, Asymtek), shown 

in Figure 4.2, was applied. The pressured air in the pneumatic dispenser drives the fluid flow in 

the syringe through a small-sized dispensing nozzle. And with the personal computer to control 

the dispenser, position and temperature, this system enables the construction of 3D scaffolds 

with reproducible, controllable and complex microstructure. In this study, aqueous mixtures of 

1.5% alginate with 0%, 0.375%, 0.50% and 0.75% hyaluronic acid were dispensed layer by layer 

through 250 µm SmoothFlow nozzle tip into CaCl2 crosslinking solution for gel formation. 

Unfortunately, with parameters such as air pressure, needle size, nozzle velocity, flow behavior 

of dispensed biomaterials, as well as the initial nozzle height from the crosslinking solution, it is 

quite difficult to control the scaffold microstructure. To obviate the time-consuming process of 

adjusting so many parameters for scaffold fabrication, model of the strut diameter was applied. 
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Diameter of the dispensed struts is dependent on the flow rate, nozzle velocity, swelling 

rate of the hydrogel strands. Ignorant of the effect of swelling, the relationship between the strut 

diameter with the flow rate and nozzle velocity can be represented as Eq. (4.2) 

                                                              D=                                                      (Eq. (4.2)) 

Where Q is the volume flow rate (mL/s) and v is the nozzle deposition velocity.  

To obtain deposited struts with diameters equal to the nozzle inner diameter, the velocity 

of nozzle (defined as nozzle deposition velocity) can be determined in Eq. (4.3) 

                                                              v                                                      (Eq. (4.3)) 

To avoid mechanical vibration of the system caused by high speed nozzle movement, the 

nozzle deposition velocity was limited to 5 mm/s to 20 mm/s. Thus, with a predefined nozzle 

deposition velocity and nozzle diameter, flow rate at which the dispensed strut diameter equals to 

Figure 4.2 Adapted commercial fluid dispensing machine: (a) horizontal view of the whole 

system; (b) close-up view of the dispensing component. 
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the nozzle inner diameter can be calculated according to Eq. (4.3). And with the help of the mass 

flow rate measurement function provided by the dispensing system, air pressure was then 

adjusted to get the flow rate needed. Table 4.1 summarizes the calculated and experimental flow 

rate and strut diameter correspondent to different nozzle deposition velocities for 1.5% 

alginate/0.75% hyaluronic acid.  

 

Table 4.1 Calculated and Experimental Flow Rate, and Strut Diameter Correspondent to 

Different Nozzle Deposition Velocities for  

1.5% Alginate/0.75% Hyaluronic Acid 

Nozzle Deposition 

Velocity (mm/s) 

Calculated 

Volume Flow 

Rate 

Calculated Mass 

Flow Rate 

Experimental 

Mass Flow Rate 

Calculated 

Strut Diameter 

 
5 mm/s 0.25 µl/s 0.244 mg/s 0.26 mg/s 260.52 µm 

10 mm/s 0.50 µl/s 0.488 mg/s 0.52 mg/s 260.65 µm 

15 mm/s 0.75 µl/s 0.731 mg/s 0.76 mg/s 257.29 µm 

20 mm/s 1.00 µl/s 0.975 mg/s 1.00 mg/s 266.85 µm 

 

To overcome the surface tension of the first layer, the initial level of CaCl2 solution was 

lowered to just cover the Petri dish surface. For the following layers, the level of CaCl2 solution 

was increased after each layer by an increment equal to the layer thickness. The amount of the 

added CaCl2 solution each layer can be calculated as Eq. (4.4) 

                                                V                                                     (Eq. (4.4)) 

Using the glass tissue culture Petri dish (D=100 mm, h=15 mm), the volume of the 

crosslinking solution added for each layer will be 2 mL for 250 µm nozzle tip. While dispensing, 
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the initial needle height from the Petri dish bottom was adjusted to obtain the strands that are 

uniform and straight with the diameter approximate to 250 µm.  

CaCl2 concentration affects the crosslinking speed and density of alginate, and thus is 

important for the attachment of scaffold layers and the control of strand diameter. The 

concentration of CaCl2 was varied from 10 mM to 150 mM for each mixture to examine its 

influence on the fabrication of scaffolds, which was characterized in terms of strut diameter, 

linearity and connectivity between layers. 

To quantify the effect of hyaluronic acid’s addition and CaCl2 crosslinker concentration 

on the feasibility and manufacturability of scaffold fabrication, top and front view images of four 

4-layer scaffolds from each group were taken microscopically to visually show the strand profile 

as well as the intersectional part. Average strut diameter was determined by averaging the 

diameters of 4 randomly chosen struts using the equipped image software. The 4-layer scaffolds 

(n=5) were then placed in 3 mL of CaCl2 solution for 24 hours to validate the attachment 

between different layers. The criteria is that scaffolds with straight line of predefined diameter, 

less fusion but more connection between layers are better.  

 

4.2.3.2 Fabrication of Scaffold by 3D BioplotterTM System 

The adapted fluid dispensing system is not sophisticated, leading to the uncontrollable 

and non-repetitive results. Because of this, the 3D Bioplotter
TM

 system was used instead to check 

the feasibility of fabricating 3D scaffolds with controllable and repetitive microstructure from 

composite biomaterial. The 3D-Bioplotter™ (EnvisionTEC, 4
th

 generation) is a proper rapid 

prototyping tool for the 3D scaffold fabrication with defined inner and outer structure. It handles 

a very wide range of biomaterials, from soft hydrogels for soft tissue regeneration over melting 

polymers such as polycaprolactone to hard ceramics and metals. It offers an axis resolution of 
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0.001 mm and a needle sensor resolution of 0.001 mm, making the dispensing process quite 

repetitive and controllable. One another advantage of this rapid prototyping system is that it is 

particularly designed to work in sterile environment in a laminar flowbox, making the fabrication 

of scaffolds with living cells possible.  

The 3D-Bioplotter™ is delivered together with a personal computer workstation which 

operates and monitors the system. When fabricating, a 3D CAD model was first established and 

then transferred to the equipped personal computer and processed by the Bioplotter
TM

 Software 

Package. The 3D Bioplotter
TM

 then receives the preprocessed data and starts building the 3D 

scaffolds, which is still monitored by the Bioplotter
TM 

software.  

The low temperature dispensing cartridge was used in this experiment to load the 

dispensing materials: composite material of 1.5% alginate/0.375% hyaluronic acid. After 

calibrating the X, Y, Z position and the needle height, trials were made to find the suitable air 

pressure and dispensing velocity to obtain desired strand diameter. Once these parameters were 

determined, the fabrication of 3D scaffolds started. It was found that if the composite biomaterial 

was dispensed into the CaCl2 solution, the dispensed strands floated on the surface of the solution 

and the strands were curved. Thus, attempts were tried to dispense 2-layer scaffold onto the Petri 

dish first, after which very little amount of CaCl2 solution was applied carefully onto the 2-layer 

scaffold to let the crosslinking take place. After that, excess CaCl2 solution was removed using 

the Kimwipe without disturbing the integrity of scaffold structure. This was done to avoid the 

surface tension caused by the material with the CaCl2 solution. Repeat the same procedure every 

2 layers before the final scaffold was completed. The fabricated scaffolds were then imaged 

microscopically to examine the internal and external structures. 



 

65 

 

 

 

4.2.4 Mechanical Test 

In this study, 50 mM CaCl2 was chosen for the crosslinking of the four aqueous 

alginate/hyaluronic acid mixtures for uniaxial compression test to study the effect of hyaluronic 

acid’s addition on the mechanical property. Alginate/hyaluronic acid mixtures and 100 mM 

CaCl2 solution were poured into custom-made cylindrical Teflon molds (10 mm diameter × 20 

mm length) at a volume ratio of 2:1 to crosslink for 12 hours at room temperature. The hydrogels 

(n=4) was then removed and placed in large quantity of 50 mM CaCl2 solution for additional 12 

hours. The cylindrical hydrogels scaffolds were then cut at both ends to obtain sample size of 10 

mm diameter × 10 mm length. Sample sizes of diameter and length were measured in triplet 

before applying compressive force.  

The mechanical tests were all performed on a desktop measurement system, 

ElectroForce® 3100 test instrument (Bose Corporation, ElectroForce® Systems Group, USA), as 

shown in Figure 4.4. The instrument can provide high resolution of a minimum 6 mN 

Figure 4.3 (a) 3D Bioplotter
TM

 system and (b) examples of the 3D scaffolds fabricated from 

different materials using the 3D Bioplotter
TM

 system. 

 

(a) (b) 
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controllable peak-to-peak force and minimum 0.0015 mm controllable peak-to-peak 

displacement. Thus, this instrument is well suited for the tissue mechanics research, micro-

indentation of cartilage and other soft tissue, dynamic mechanical analysis of tissues, elastomers 

and other soft materials. Apply a ramp displacement generated by the WinTest® digital control 

system at a constant rate of 0.083 mm/s (5 cm/min) on the specimens to provide a compressive 

force till a 20% strain (2.0 mm) was achieved. Collect the data of load and displacement, from 

which the stress-strain curves can be obtained. Such mechanical properties as compressive 

elastic modulus, and tangent modulus were then determined from the stress-strain curves. 

 

 

 

 

Figure 4.4 The ElectroForce® 3100 test instrument: a) the hardware of the instrument 

including the WinTest digital control system, load sensor, a mover and a chamber; b) the 

chamber structure, providing a sterilized and isolated environment as a bioreactor for the 

sample during the mechanical test. 
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4.2.5 Statistical Analysis  

Measured values are expressed as means ± standard deviation. Levels of significance 

were calculated using one-way ANOVA with Turkey post test. All calculations were made using 

GraphPad Prism 5.0. 

 

4.3 Results and Discussions 

4.3.1 Flow Behavior 

The relationship of shear stress with shear rate for different mixtures of 

alginate/hyaluronic acid is shown in Figure 4.5. As is shown, 1.5% alginate behaves like 

Newtonian fluid, where the shear stress is directly proportional to the shear rate. It has a constant 

viscosity of 41 cp. Mixtures of alginate with hyaluronic acid instead behave like the non-

Newtonian fluid, with the flow behavior index being less than one (Table 4.2). The mixtures has 

the viscosity decreasing with increasing shear rate (shear thinning), which is illustrated in Figure 

4.6. Table 4.2 summarizes the different parameters (named flow behavior parameters) for the 

generalized power law mentioned in section 4.2.2 for each mixture. The flow behavior 

measurement results showed that the flow behavior parameters, particularly the yield stress and 

consistency index varied with the concentration of hyaluronic acid. Mixtures with higher 

concentration of hyaluronic acid had bigger yield stress and higher consistency index, but lower 

flow index. As yield stress of the biomaterials for the scaffold fabrication needs to be high to 

maintain the 3D interconnected microstructures, the addition of hyaluronic acid into 1.5% 

alginate solution makes the mixtures a more feasible biomaterial for 3D scaffold fabrication 

using the dispensing-based rapid prototyping system [134].   



 

68 

 

 

 

Table 4.2 Flow Behavior Parameters for Four Alginate/Hyaluronic Acid Mixtures  

Mixtures  τ
0 

(D/cm)  K (cp)  n  

1.5% Alginate/0%  

Hyaluronic Acid 
-11.38  100.2  0.87  

1.5% Alginate/0.375% Hyaluronic 

Acid  
20.30  1719.0  0.60  

1.5% Alginate/0.50% Hyaluronic Acid  37.20  2835.0  0.56  

1.5% Alginate/0.75% Hyaluronic Acid  113.6  6151.0  0.49  

 

Viscosity-shear rate curves of alginate/hyaluronic acid mixtures in Figure 4.6 showed that 

the viscosity of mixtures increased with the increased amount of hyaluronic acid at low strain 

rates, while the difference was not significant at high strain rates. 

Figure 4.5 Shear stress vs. shear rate curves of alginate/hyaluronic acid mixtures at 

different shear rates. 1.5% alginate behaved like Newtonian fluid while the 

alginate/hyaluronic acid mixtures behaved like non-Newtonian fluid. With the increase of 

the concentration of hyaluronic acid, yield stress of the mixture increased. 
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4.3.2 Scaffold Fabrication 

Scaffold fabrication was carried out based on the model of the strut diameter. Volume 

flow rate with predefined needle geometry and nozzle disposition velocity was calculated 

according to Eq. (4.3). The adapted fluid dispensing machine has the function to measure the 

mass flow rate. Thus, the air pressure can be adjusted to get the required flow rate. Different 

dispensing velocities were tested to investigate the effectiveness of proposed fabrication 

technique and to examine the effect of nozzle deposition velocity on the strut structure. From 

Figure 4.7, we can see the orthogonal pore structure for scaffolds dispensed at velocities of 5 

mm/s and 10 mm/s. Strands of the first layer had a larger diameter compared to those of the 

second layer, probably because of the surface tension and contact angle. Higher velocities of 15 

Figure 4.6 Viscosity vs. shear rate curves of alginate/hyaluronic acid mixtures. 

Alginate/hyaluronic acid mixtures behaved like non-Newtonian fluid, with the viscosity 

decreasing with increasing shear rate. The viscosity of mixtures increased with the 

increased amount of hyaluronic acid. 1.5% alginate solution behaved like Newtonian fluid 

and had a constant viscosity of 41 cp. 
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mm/s and 20 mm/s led to the non-linear strand profile of scaffolds. As indicated by the first 

layers which had uniform and linear strand profile, the dispensing parameters such as dispensing 

velocity, needle size, and air pressure were suitable for the fabrication process of 1.5% 

alginate/0.75% hyaluronic acid mixture. Thus, the irregular shaped 2D scaffolds dispensed at 15 

mm/s and 20 mm/s may be due to the mechanical vibration of the dispensing system, initial 

needle height or crosslinker solution level. 

 

Effect of initial needle height on the strut diameter and linearity was then investigated 

and the result shown in Figure 4.8 indicated that strand formation was highly dependent on the 

initial needle height. For the mixture of 1.5% alginate/0.75% hyaluronic acid and the dispensing 

parameters of nozzle deposition velocity at 10 mm/s, mass flow rate at 0.52 mg/s, and needle 

Figure 4.7 Images of 1.5% alginate/0.75% hyaluronic acid scaffolds dispensed at different 

velocities and correspondent mass flow rates (a) 5 mm/s, 0.26 mg/s (b) 10 mm/s, 0.52 mg/s 

(c) 15 mm/s, 0.76 mg/s, and (d) 20 mm/s, 1.00 mg/s. Scale bars: a, b, c, d=1 mm. 
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size of 250 , an initial needle height of 0.35 mm results in linear strands (Figure 4.8 (a)) while 

higher needle heights of 0.40 mm, 0.45 mm, 0.55 mm led to curved strand structures as shown in 

Figure 4.8 (b), (c), and (d). Figure 4.8 (e) and (f) revealed the even less uniform shape of the 

dispensed strands with further increase of the initial needle height. 

 

Figure 4.8 Initial needle heights of (a) 0.35 mm, (b) 0.40 mm, (c) 0.45 mm, (d) 0.55 mm, (e) 

0.60 mm, and (f) 0.65 mm tested to assess the effect of initial needle height on the strut 

diameter and linearity. Scale bars: a, b, c, d=1 mm. 
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Possible explanation for the effect of initial needle height on the strand profile is that the 

dispensed fluid didn’t touch the Petri dish bottom until enough liquid was accumulated for the 

gravity force to overcome the surface tension. Thus, the actual velocity of deposit ion was smaller 

than the calculated value, which was supposed to match the correspondent flow rate. Along with 

this, the strand had a shorter length and a bigger diameter with a higher initial needle height 

compared to a lower initial needle height. 

Crosslinking of alginate/hyaluronic acid mixtures by CaCl2 is dependent on the CaCl2 

concentration, which may in turn affect the strut diameter and attachment between layers. High 

CaCl2 concentration leads to extensive crosslinking of alginate and shrinkage of strut diameter. 

On the other hand, gelation speed of the dispensed strut increases with the CaCl2 concentration, 

which might result in the detachment of different layers. Thus, it is important to study the effect 

of CaCl2 concentration on the geometrical formation of 3D scaffolds. Figure 4.9 showed the strut 

diameters of 1.5% alginate/0.375% hyaluronic acid mixture dispensed into CaCl2 solution with 

different concentrations. As observed, all concentrations led to a bigger strut diameter than 250 

µm. This may be due to the swelling of the uncrosslinked hyaluronic acid in the strut after one 

day. And there was significant difference in strut diameter between 10 mM and the rest 

concentrations, P < 0.0001. Though higher concentration of CaCl2 seemed to result in a smaller 

strut diameter, the difference was not significant.  

In terms of connectivity between layers, 50 mM or 75 mM CaCl2 is preferable for 1.5% 

alginate/0.375% hyaluronic acid. Five samples of 4-layered scaffolds were fabricated for each 

concentration and immersed in correspondent CaCl2 solution for one day, after which the 

integrity of the scaffolds were examined visually. The result showed that concentrations of 10 

mM, 50 mM and 75 mM maintained the integrity of the fabricated scaffolds. Group of 100 mM 
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CaCl2 had two scaffolds falling apart and three intact. And higher concentration of 150 mM had 

all the scaffolds lose their structure. For the mixture of 1.5% alginate/0.5% hyaluronic acid, 100 

mM of CaCl2 was found to be more favorable in terms of strut diameter and connectivity. 

 

Concentration of CaCl2 has an effect on the strut diameter and the connectivity between 

different layers of the scaffolds. High concentration of CaCl2 leads to more ionic crosslinking of 

alginate, which would result in the shrinkage of dispensed struts. As for the connectivity, it is 

likely that the presence of hyaluronic acid would hinder the crosslinking of alginate with CaCl2, 

thus the problem of detachment between dispensed layers using the same concentration of CaCl2 

will become less severe for the mixture with higher concentration of hyaluronic acid compared to 

the one without or with lower concentration of hyaluronic acid. This, on the other hand, indicates 

that a higher concentration of CaCl2 might be more suitable for the alginate/hyaluronic acid 

mixture with higher concentration of hyaluronic acid. This helps to explain why higher 

concentration of CaCl2 (100 mM) is more appropriate for 1.5% alginate/0.5% hyaluronic acid 

Figure 4.9 Effect of CaCl2 concentrations on strut diameter of ionically-crosslinked 1.5% 

alginate/0.375% hyaluronic acid hydrogel scaffolds. Error bars represent the standard 

deviation; *** P < 0.0001. 
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while mixture of 1.5% alginate/0.375% hyaluronic acid requires 50 mM or 75 mM of CaCl2 to 

obtain the desired strut diameter and good attachment of different layers.  

Figure 4.10 shows two examples of the multilayer scaffolds fabricated using the adapted 

fluid dispensing system: (a) four-layer scaffold with the first two layers detached; (b) top view of 

a 10-layer scaffold. As we can see, while the 4 or 5 layer scaffolds can be fabricated with open 

pores, scaffolds with more layers is problematic with non-interconnected pores. 

 

Multilayer scaffolds fabricated from the 3D Bioplotter
TM

 system were shown in Figure 

4.11. As we can see, the strands were linear and uniform, with interconnected pore structures. 

This indicated the feasibility of fabricating 3D scaffolds with predefined and reproducible 

microstructure using the 3D Bioplotter
TM

 system.  

 

Figure 4.10 Examples of the multilayer 1.5% alginate/0.375% hyaluronic acid scaffolds 

fabricated by the adapted fluid dispensing system: (a) four-layer scaffold with the first two 

layers detached; and (b) top view of a 10-layer scaffold. Scale bars: a, b=1 mm. 

 

(a)                                                                             (b) 
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(a) 

(b) 

Figure 4.11 An example of the multilayer scaffolds fabricated using the 3D Bioplotter
TM

 

system. (a) 3D porous structure of 1.5% alginate/0.375% hyaluronic acid hydrogel 

scaffolds dispensed by SmoothFlow™ Tapered Tips with the inner diameter of 200 um, 

image taken at 25× magnification, scale bar=1 mm; (b) the same scaffold imaged at 50× 

magnification, scale bar=100 µm. 
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4.3.3 Mechanical Properties 

Bioengineered tissue scaffolds provide necessary mechanical support for the native tissue 

while the scaffold should not be too hard to damage the surrounding tissue. And compression is 

the most common form of spinal cord trauma. Thus, uniaxial compression test was carried out on 

the alginate/hyaluronic acid hydrogels to study their mechanical properties. Though the 3D 

porous scaffolds dispensed by the dispensing-based rapid prototyping system were aimed for the 

later in vitro and in vivo study of SCI repair in animal models, measurement on the cylindrical 

hydrogel samples would facilitate the fabrication process while providing important information 

about the mechanical properties of the hydrogels. The result indicated that the stress-strain 

curves of four samples from each group were not very consistent, probably due to the difficulty 

to accurately transfer the viscous mixtures into the molds, the non-uniform crosslinking density 

or the uneven surface of the hydrogels. These are the common issues involved with the 

mechanical test of hydrogels.  

Typical stress-strain curves for each group of hydrogels were shown in Figure 4.12. As 

shown in the figure, 1.5% alginate hydrogels with different amounts of hyaluronic acid added 

behaved like soft tissue, having stress-strain curves of an exponential shape. An initial linear 

region existed in each group with hyaluronic acid added. The elastic modulus or Young’s 

modulus for compression, one key parameter of the mechanical properties, is the slope of the 

linear region of the stress-strain curve. Elastic moduli of the different alginate/HA hydrogels 

were difficult to obtain as the elastic regions are hard to determine and stress-strain curves of 

each group varied quite a lot from sample to sample. However, the slope of the stress-strain 

curve at the strain of 0.03 was calculated for each sample and averaged to get the average elastic 

modulus for each alginate/HA hydrogel. And no significance was found in the elastic modulus 
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for compression between different groups, as shown in Figure 4.13. Stress of 1.5% alginate/0% 

HA hydrogels had a linear relationship with strain, demonstrating as an elastic material. After the 

point of the proportional limit, the hydrogels had the non-linear profile of the stress-strain curve, 

indicating the materials underwent plastic deformation. For this non-linear region, tangent 

modulus, the slope of the stress-strain curve at a certain strain, is used to characterize the 

mechanical properties of materials stressed beyond the yield point. Calculating the tangent 

moduli of different hydrogels at the same strain of 0.18, surprisingly, we can find that there was 

no significant difference in the tangent modulus between different hydrogels, as shown in Figure 

4.14. 

 

Figure 4.12 Stress-strain curves of cylindrical alginate/hyaluronic acid hydrogels 

measured at the strain rate of 0.0083/s. One typical stress-strain curve was selected from 

each group. The alginate/hyaluronic acid hydrogels behaved like soft tissue, having stress-

strains of an exponential shape while alginate hydrogels demonstrated as an elastic 

material with linear strain-strain curves. 
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Scaffolds’ mechanical test showed that the cylindrical hydrogels crosslinked by 50 mM 

CaCl2 for 24 hours demonstrated a viscoelastic compressive behavior as native spinal cord and 

Figure 4.13 Average elastic moduli of ionically-crosslinked hydrogels of 1.5% alginate 

with 0%, 0.375%, 0.5% and 0.75% hyaluronic acid. Elastic modulus represents the slope 

of the stress-strain curve at the proportional region. Error bars represent the standard 

deviation; P > 0.05. 

 

Figure 4.14 Average tangent moduli of four alginate/hyaluronic acid hydrogels at the 

strain of 0.18. Error bars represent the standard deviation and no significant difference 

was found between the different hydrogels based on the one-way ANOVA. 
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had tangent moduli of 70-80 KPa (measured at the strain rate of 0.0083/s). Also, there was no 

significant difference in the elastic modulus and tangent modulus between different hydrogels. 

There are many tension tests on both animal and human spinal cord, but not many compression 

studies have been done on the spinal cord samples. The reported mechanical properties for the 

spinal cord tissue are not consistent but usually within the range of 3 KPa to 300 KPa [72, 107, 

108, 142]. Stress-strain curves of porcine spinal cord white matter all have an exponential shape 

at different strain rates [143]. To achieve biomimetic mechanical properties of the spinal cord 

tissue, the concentration of CaCl2, and gelating time used for ionic crosslinking can be adjusted 

to meet a particular application.  

Also, it was found that elastic modulus of 2 KPa to 5 KPa is likely to be most favorable 

for neurite extension and neural differentiation of progenitors [144-146]. The elastic moduli of 

different hydrogels were around 5 KPa to 20 KPa and had no significant difference between 

different groups. This indicated that the CaCl2-crosslinked hydrogels of 1.5% alginate with 

different amounts of HA had quite suitable mechanical properties for neurite outgrowth and 

neural differentiation. And the composite biomaterial with adjustable mechanical properties (by 

changing the CaCl2 concentration) could be applied to culture the neuron stem cells for cell 

differentiation and proliferation studies.   

 

4.4 Conclusions 

This chapter presents the fabrication of 3D scaffolds of CaCl2 crosslinked 1.5% alginate 

with different concentrations of hyaluronic acid using the dispensing-based rapid prototyping 

systems, both the adapted fluid dispensing system and the 3D Bioplotter
TM

. Flow behavior of the 

different mixtures was characterized to facilitate the fabrication process. And the results showed 
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that 3D construct cannot be produced from ionically-crosslinked 1.5% alginate, due to the low 

yield stress necessary for 3D configuration. And 3D scaffolds can be fabricated from CaCl2 

crosslinked 1.5% alginate with 0.375%, 0.5% and 0.75% hyaluronic acid. Due to the 

unsatisfying resolution and difficulty to adjust the air pressure to exact value of the adapted fluid 

dispensing system, fabricated scaffolds aren’t quite reproducible. This also makes the 

interpretation of experiment results challenging. Application of more sophisticated rapid 

prototyping fabrication systems such as 3D Bioplotter
TM

 to repeat this part of work would 

extensively make this piece of work more worthwhile. And the fabricated 3D scaffolds using the 

3D Bioplotter
TM

 system also indicated its superiority in producing scaffolds with controllable 

and reproducible microstructure over the adapted fluid dispensing machine.   
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CHAPTER 5 General Discussions 

5.1 Summary and Conclusions 

In this study, composite biomaterial made from alginate and hyaluronic acid was 

synthesized and characterized by the FTIR spectrum to confirm the covalent crosslinking in 

Chapter 2. Alginate’s instant gelation with CaCl2 was employed to make use of its ease to 

construct 3D structure by the dispensing process while incorporation of hyaluronic acid may 

provide cellular and molecular interaction with native tissue to improve SCI repair outcome. 

Covalent crosslinking of hyaluronic acid and alginate with ADH mediated by EDC under an 

acidic condition may postpone the in vivo residence time, which is typically several months for 

SCI repair. The loss of mechanical strength of alginate hydrogels with 15 hours after in vivo 

transplantation could be overcome by the covalently-crosslinked hyaluronic acid and alginate. 

The FTIR measurements showed that there was covalent modification with the crosslinking 

protocol described in Chapter 2. The covalent modification was found to be dependent on the 

concentrations of EDC and CaCl2, as well as the pH value of the reaction. 

In Chapter 3, the biocompatibility of the composite hydrogels for Schwann cells, which 

are proven to play a key role in the spinal cord regeneration, was investigated. For this, 

substrates double-crosslinked for both 6 hours and 20 hours were examined for Schwann cell 

viability and growth. The results indicated that cells survived on the double-crosslinked 

alginate/hyaluronic acid hydrogels, despite that there were not as many cells as the tissue culture 

plate. Also, there was no significant difference between different substrates prepared from 

different volume ratios of 3% alginate and 0.75% hyaluronic acid. Treated with PLL coating, the 

20%-80% alginate/hyaluronic acid hydrogels showed improved Schwann cell adhesion and had 

more cells growing compared to the non-treated group. However, cells remained circular without 
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extended processes, indicating the lack of adhesive property of the hydrogels for Schwann cells. 

Additionally, covalent crosslinking by EDC mediated amide formation and high concentration of 

hyaluronic acid seemed to be inhibitory for Schwann cell survival and growth, resulting in fewer 

cells when compared to the controls. Hydrogels of ionically-crosslinked 1.5% alginate/0.375% 

hyaluronic acid or 1.5% alginate/0.5% hyaluronic acid may be most suitable for Schwann cell 

culture. 

In Chapter 4, 3D scaffold fabrication by the dispensing-based rapid prototyping systems 

was investigated. The result indicated the feasibility to fabricate 3D alginate/hyaluronic acid 

tissue construct with controllable microstructure using the dispensing-based rapid prototyping 

systems. The influence of flow behavior, initial needle height and CaCl2 concentration for the 

formality of scaffolds was examined. The result showed that 3D scaffolds can be fabricated from 

mixtures of 1.5% alginate with hyaluronic acid but not 1.5% alginate alone. The initial height of 

the dispensing needle tip from the surface of CaCl2 solution imposed a significant effect on the 

formality of scaffolds. Concentration of CaCl2 solution had an impact on the strand profile with 

50 mM or 75 mM preferable for 1.5% alginate/0.375% hyaluronic acid and 100 mM for 1.5% 

alginate/0.5% hyaluronic acid in terms of strand diameter and attachment between layers.   

Scaffolds’ mechanical test showed that the cylindrical hydrogels crosslinked by 50 mM 

CaCl2 for 24 hours demonstrated a viscoelastic compressive behavior as native spinal cord and 

had tangent moduli of 70-80 KPa (measured at the strain rate of 0.083mm/s). Also, there was no 

significant difference in the tangent modulus between different hydrogels. Two fabrication 

methods were tried on the adapted commercial fluid dispensing system and the 3D Bioplotter
TM

 

respectively and both methods were successful in fabricating multilayer scaffolds. However, in 
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terms of the ease to fabricate 3D scaffolds, the method to dispense first two layer patterns onto 

the tissue culture plate without the presence of CaCl2 is more controllable and repetitive.  

 

5.2 Discussions 

This is the first study of synthesis, characterization and fabrication of alginate/hyaluronic 

acid composite hydrogels for the application of SCI repair. Alginate was incorporated into the 

hyaluronic acid in this study so as to enhance the feasibility to fabricate 3D scaffold from the 

composite biomaterial. Fast gelation of alginate with CaCl2 provides the mechanical strength of 

dispensed strands. Without alginate, hyaluronic acid could not form scaffolds with open pores 

even if the covalent crosslinking of hyaluronic acid with ADH by EDC was applied. This is 

because the covalent modification is not quick enough to solidify the dispensed strands. 

 The concentration of alginate was set at 1.5% as 1.5% alginate was high enough to be 

crosslinked by CaCl2 to provide sufficient mechanical support in the dispensing process. Higher 

concentrations of the alginate are unwanted as alginate has been shown to be not favorable for 

Schwann cell adhesion with cells demonstrating spherical shape. It also inhibits the Schwann cell 

metabolic activity and neurite outgrowth of the DRG neurons [46]. Addition of fibronectin 

increased the DRG neurite outgrowth but cannot change the spherical morphology of Schwann 

cells [46]. Thus, it is unnecessary that the alginate/hyaluronic acid hydrogels will not permit 

DRG neurite outgrowth even though the morphology of the cultured Schwann cells on the 

composite biomaterial indicated that the hydrogels were not suitable for Schwann cell attachment. 

Culture of DRG neurons on or within the alginate/hyaluronic acid composite hydrogels will 

shred a light on this. 
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Also in vivo transplantation of the alginate/hyaluronic acid hydrogels should be done 

even when the primary in vitro study of the composite biomaterial in promoting neurite 

outgrowth of DRG neurons is not encouraging. This is due to the fact that cell culture on the 2D 

scaffold or within 3D scaffold in vitro differs from the in vivo study with the transplanted 

scaffolds. The underlying mechanisms are complex and not well understood. It is likely that the 

composite biomaterial of alginate and hyaluronic acid might result in an advantageous effect in 

promoting axonal regeneration though the outcome of DRG culture may be quite negative.  

Hyaluronic acid is not adhesive for cell attachment both in vitro and in vivo. The non-

adhesive property of hyaluronic acid limits the attachment of Schwann cells and DRG neurons. 

Thus, it is likely that the composite hydrogels may restrain the neurite outgrowth of DRG 

neurons in vitro. And it is interesting to find out that there was extensive neurite outgrowth of a 

single DRG neuron in the crosslinked thiol-modified hyaluronic acid-poly (ethylene glycol)-

diacrylate though there was no significant improvement of motor evoked potentials, retrograde 

axonal labeling or behavioral assessment in vivo in a complete thoracic spinal cord transection 

rat model [77]. 

Application of hyaluronic acid to the SCI lesion site results in significant decrease in scar 

formation and astrocytic response; it is necessary to maintain the excellent biological benefits 

provided by the hyaluronic acid when modification of hyaluronic acid is made for better SCI 

regeneration. Application of soluble high molecular weight hyaluronic acid in vitro decreased 

astrocyte activation and proliferation and the deposition of inhibitory chondroitin sulfate 

proteoglycans. The implantation of the crosslinked hyaluronic acid hydrogels with the 

biomimetic mechanical strength in a rat model of spinal dorsal hemisection injury also showed 

significant decrease of immune cells, chondroitin sulfate proteoglycans production, and astrocyte 
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response [147]. It was suggested that the interaction of high molecular hyaluronic acid with the 

CD 44 receptor on cell membrane accounted for the inhibitory effect of hyaluronic acid on scar 

formation after SCI [148, 149]. Y.T. Wei et al. had implanted the freeze-dried hyaluronic acid 

hydrogels modified with nogo-66 antibody and PLL in a rat model of lateral hemisection of 

spinal cord and they found that the hydrogels resulted in angiogenesis, reduction of glial scar, 

and axons growing into the hydrogels [76]. With the encouraging results of these studies, it is 

likely that the interconnected microstructure offered by the rapid prototyped alginate/hyaluronic 

acid scaffolds in this study might further increase the possibility of alginate/hyaluronic acid 

composite hydrogels to promote axonal regeneration.  

 In this study, the feasibility of alginate/hyaluronic acid composite biomaterial for 3D 

scaffolds for the applications in SCI repair was studied from the aspects of chemistry, 

biocompatibility, and feasibility of 3D scaffold fabrication. And the result of chemical 

characterization showed that there was covalent crosslinking of the alginate/hyaluronic acid 

composite substrates by EDC with ADH, even in the presence of CaCl2.  

EDC mediated amide formation has been widely used in tissue engineering to modify the 

biomaterial, either to couple one material to another, or to incorporate bio-functional 

biomolecules such as cell adhesion peptides into the biomaterial [150]. The reaction is highly 

dependent on the pH value and the optimal pH for the two steps of reaction is different. On one 

hand, carboxylic acid activation by EDC is most efficient in an acidic environment with pH 

value of 3.5-4.5 [79]. Meanwhile, amide formation is suggested to be best done at high pH value 

when the amine is deprotonated. At high pH, EDC can rapidly hydrolyze into the N-acylurea by-

product and no amidation may occur. Thus, amines with high pKa are not easily conjugated to 

the polymer by EDC. Replacing diamines by dihydrazides, such as ADH, which have much 
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lower pKa values of 2-3, increase the coupling efficiency to up to 56% [151]. However, 

excessive ADH added will only lead to single functionalization of hyaluronic acid, which doesn’t 

result in the crosslinked hyaluronic acid. In this study, the physical change of the hyaluronic acid 

or alginate solution into hydrogels with mechanical strength indicated that the covalent 

crosslinking of the polymers did occur.  

The reaction efficiency of EDC mediated amide formation of alginate/hyaluronic acid 

with ADH was not measured in this study. This could be measured through the radio-labeled 

ADH. In this way, the amide formation of hyaluronic acid, alginate and alginate/hyaluronic acid 

with ADH will be quantitatively confirmed. It can also help to determine the carboxylate groups 

responsible for the covalent modification of alginate. If the alginate in alginate/hyaluronic acid 

mixture can be further crosslinked with ADH by EDC as the alginate solution itself, this would 

help to reduce the biodegradation rate of alginate/hyaluronic acid hydrogels in vitro and in vivo 

and may affect the mechanical and swelling properties of the hydrogels. As discussed in Chapter 

1 about EDC crosslinking, the side reaction of EDC with carboxyl groups to form N-acylurea 

may affect on the amide formation of carboxyl groups of the polymer with ADH to crosslink the 

alginate/hyaluronic acid. Thus, measurement of conjugation efficiency will help to determine the 

proper EDC concentration, ADH amount, CaCl2 concentration and pH value for the covalent 

crosslinking. Thus, quantitative measurement of the amide formation is essential.   

The biocompatibility of alginate/hyaluronic acid hydrogels for viability and growth of 

Schwann cells was identified in this study. Primary examination of the Schwann cell growth on 

the double-crosslinked alginate/hyaluronic acid hydrogels on 2
st
, 3

nd
 and 5

th
 day demonstrated 

that Schwann cells survived and grew on the substrates, indicating that the hydrogels were 

permissive for Schwann cell growth. No significant difference was found in the double-
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crosslinked alginate/hyaluronic acid hydrogels with various concentrations of alginate and 

hyaluronic acid. This probably is attributable to the lack of HA’s mediation on cell proliferation. 

Schwann cells express CD44, a major HA binding protein that mediates various cellular 

processes including cell-cell adhesion, migration and differentiation [152, 153]. However, HA 

may not affect the Schwann cell survival and proliferation though high molecular weight HA was 

found to inhibit the proliferation of astrocytes. Findings of Suri S and Schmidt C E also 

illustrated this when incorporation of HA into collagen did not change the Schwann cell viability 

and proliferation [154]. Studies need to be carried out to confirm this. One another explanation is 

that the variance of the HA concentration was not large enough to affect on the cell number of 

Schwann cells. The maximal concentration of HA was 0.75%, as higher concentrations of HA 

were too viscous to handle and would be difficult for the fabrication process.  

Treatment of PLL coating on the double-crosslinked alginate/hyaluronic acid hydrogels 

increased the adhesion and cell number of Schwann cells. PLL is positively charged and through 

the electrostatic interaction between negatively charged ions of the cell membrane of Schwann 

cells and the culture surface (alginate/hyaluronic acid hydrogels), the adhesion of Schwann cells 

could be increased. However, here the PLL itself is not sufficient to overcome the non-adhesive 

property of alginate/hyaluronic acid hydrogels. Studies using hyaluronic acid hydrogels 

covalently modified by PLL on the hippocampus neuron culture also demonstrated the lack of 

cell spreading and attachment [76]. Modified with both PLL and Nogo-66 receptor antibody, 

neurons exhibited multipolar or bipolar morphology [76]. This indicated the necessity to 

carefully modify the alginate/hyaluronic acid hydrogels so as to promote the adhesion of 

Schwann cells and neurons as well as the neurite outgrowth both in vitro and in vivo.  

Modification of alginate or hyaluronic acid hydrogels to permit cell adhesion and neurite 
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outgrowth has been successfully achieved by either incorporating other natural ECM component 

(e.g., laminin, collagen) or cell adhesive polypeptides (laminin peptides) [96, 100, 150, 155-158]. 

It remains to be determined what functionalization method, protein/peptide species and 

concentration are most effective and efficient for the alginate/hyaluronic acid composite 

hydrogels. 

Number of Schwann cells on the ionically crosslinked 1.5% alginate/0.375%, 0.5% and 

0.75% hyaluronic acid hydrogels have a significant difference from those of the double-

crosslinked ones. The loss of uncrosslinked hyaluronic acid in the ionically crosslinked 

alginate/hyaluronic acid hydrogels into the culture media may reduce the inhibitory effect of 

hyaluronic acid on the cell proliferation. EDC was applied as the enzyme to activate the chemical 

reaction as it is thought to be the “green crosslinker”, having better biocompatibility with the 

product transferred into urea. However, there has been research indicating the toxicity of EDC-

mediated amide formation. The acid condition required by the reaction is also an issue. Non-

reacted EDC crosslinker may be also toxic to the cells, leading to the low cell number in the 

double-crosslinked alginate/hyaluronic acid hydrogels.  

In addition, mechanical properties of the double-crosslinked hydrogels are likely to differ 

from the ionically crosslinked ones, leading to decreased cellular activities as studies have 

indicated that the mechanical properties of substrates can modulate such cellular activities as 

attachment, differentiation, and proliferation [72, 159-161]. In general, scaffolds with most 

biomimetic mechanical properties as the ECM environment of particular cells will result in most 

cell differentiation, and proliferation and migration. For Schwann cells and neurons, soft 

scaffolds support more cell proliferation. Therefore, the fewer cells growing on the double-

crosslinked alginate/hyaluronic acid hydrogels may indicate the stronger mechanical properties 
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of hydrogels caused by the double crosslinking. Mechanical tests on the double-crosslinked 

hydrogels and the ionically crosslinked ones as described in Chapter 4 would provide insights 

into this.  

3D scaffold fabrication of 1.5% alginate/0.375%, 0.5% and 0.75% hyaluronic acid 

hydrogels were successfully achieved and the effect of initial needle height, concentration of 

CaCl2 and fluid behavior on the formation of 3D scaffolds was evaluated. The method of 

dispensing alginate/hyaluronic acid mixture into CaCl2 crosslinker solution involved the problem 

of surface tension, which made the fabrication process hard to control. Surface tension refers to 

the property of the surface of a liquid that allows it to resist an external force. It causes the 

floating of the dispensed strands on the surface of the CaCl2 solution, in spite of the higher 

density of alginate/hyaluronic acid mixtures. The surface tension then causes the liquid surface to 

contract to the minimal area. The dispensed strands were then contracted by the tension force, 

leading to the non-uniform strand structure. Also, the stream of alginate/hyaluronic acid mixture 

tends to adhere to the dispensing needle tip until the point where the gravity overcomes the 

surface tension to stretch the stream to fall. Mixtures assemble into spherical drops rather than 

streams. This makes the fabrication of alginate/hyaluronic acid scaffolds difficulty.  

The effect of initial needle height on the formation of strands illustrated in Chapter 4 is 

attributed to the surface tension and can be minimized by setting the distance of the needle tip 

from the surface of the Petri dish to a value that allows the dispensed strand to form the bridge 

between the needle tip and the Petri dish surface [162]. Once the effect of surface tension is 

excluded, the fabrication process could be facilitated by the model of strut diameter and mass 

flow rate measurement. With predefined nozzle geometry and nozzle deposition velocity, the 

volume flow rate needed for strand diameter equal to the nozzle diameter can be obtained. The 
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air pressure required will be then determined through the measurement of mass flow rate.  

There was no significant difference in strand diameter at different concentrations of 

CaCl2 solution except the group of 10 mM CaCl2. Concentration of 50 mM to 150 mM led to 

extensive ionic gelation of alginate with calcium cations. High concentration of CaCl2 leads to 

the shrinkage of the dispense strands. However, this effect is probably overcome by the swelling 

of alginate/hyaluronic acid hydrogels. The detachment of different layers is an issue occurring in 

the fabrication process when the alginate/hyaluronic acid mixture is dispensed into the CaCl2 

solution. To eliminate this problem, the dispensing process should be instant, with little time 

interval between different layers. Also, the volume of the CaCl2 solution should be controlled to 

just cover the dispensed layers. Still, the CaCl2 concentration should not be too high. One 

another method is to incorporate EDTA and/or citric acid to lower the speed of ionic crosslinking. 

Affected by the competitive sequestering of calcium ions by the EDTA and/or citric acid, the 

gelation of alginate with CaCl2 could be decreased.  

Fabrication of 3D alginate/hyaluronic acid scaffolds by the 3D Bioplotter
TM

 is a little bit 

different from the way using the adapted commercial fluid dispensing system. With the precise 

control of air pressure and displacement, fabrication of strands with desired diameter is quite 

easy, making the mass flow rate measurement useless. Directly dispensing the material onto the 

Petri dish surface avoids the problem of surface tension caused by the CaCl2 solution. Removal 

of the excess CaCl2 solution every two layers after crosslinking was also done to eliminate the 

effect of surface tension. The initial needle height from the Petri dish can be set at a value equal 

to 80% of the strand diameter and was heightened by the same value layer by layer. 80% instead 

of 100% of the desired strand diameter was used to ensure the well attachment of different layers. 

The problem of this method is that there is probably fusion at the contact region of the newly 
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dispensed layer and the previously dispensed layer as illustrated in Figure 4.11. The newly 

dispensed strands may yield and spread before the application of crosslinker solution. Mixtures 

of 1.5% alginate with 0.5% hyaluronic acid or 0.75% hyaluronic acid have larger yield stresses 

and thus are less likely to yield and spread while solution of 1.5% alginate is not viscous enough 

to maintain its structure. In term of this, incorporation of hyaluronic acid into 1.5% alginate 

facilitates the fabrication process.  

 

5.3 Recommendations for Future Work 

In this study, the double-crosslinked alginate/hyaluronic acid hydrogels were synthesized 

and characterized by the FTIR spectrum. The amide formation were examined, but the amount of 

covalent modification and the responsible carboxyl groups in the composite hydrogels for 

covalent modification need to be further investigated through the quantitative measurement of 

amide formation. Characterization of the synthesized composite hydrogels from the aspects of 

swelling rate measurement, in vitro and in vivo biodegradation study should be carried out to 

better understand the properties of the composite material. Effects of crosslinker solutions, ADH 

concentration and gelation time on the properties of the composite material should also be well 

studied to tailor the biomaterial for a particular application.  

Biocompatibility study of the composite biomaterial, either ionically crosslinked or 

double-crosslinked ones, was carried in this work using the in vitro Schwann cell culture. As 

discussed in the section of discussions, though the biomaterial allowed for the Schwann cell 

viability and growth, the substrates were not well suited for cell attachment. Modification of the 

non-adhesive property of the alginate/hyaluronic acid hydrogels to promote cell attachment and 

neurite outgrowth needs to be investigated. The reason for the decreased cell number on the 
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double-crosslinked alginate/hyaluronic acid hydrogels compared to the ionically crosslinked 

alginate/hyaluronic acid hydrogels is unknown and requires further investigation.  

Fabrication of 3D scaffolds from the ionically crosslinked alginate/hyaluronic acid 

hydrogels was tried and the mechanical properties of the cylindrical hydrogels were evaluated. 

Work done on the adapted fluid dispensing system should be repeated on the 3D Bioplotter
TM

 

system, with its higher resolution provided, to better understand the results. Future work looking 

into mechanical properties of the double-crosslinked cylindrical hydrogels and the dispensed 3D 

porous scaffolds as well as the effects of gelation time, crosslinker concentration, strain rate, and 

microstructure on the mechanical properties of scaffolds needs to be done.  

Lastly, in vitro and in vivo study of the fabricated 3D porous scaffolds using the DRG 

culture and a rat model of SCI will finally show the promise of this composite biomaterial for 

axonal regeneration and functional recovery of traumatic spinal cord. Integrated with other 

therapeutic strategies such as incorporation of bioactive molecules, living cells and electrical 

stimulation, the rapid prototyped alginate/hyaluronic acid scaffolds may turn out to be a 

promising option for SCI repair.  
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