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Abstract 

The use of CO2 at sub-critical states and formation of porous structures with porosity 

gradients and interconnectivities from biodegradable polymers and their blends were 

investigated. Porous structures with well-defined pore sizes ranging from very large (i.e. 

d>100um) to very small pores (i.e. d<10um) were prepared by foaming multilayered films of 

poly (dl-lactic-co-glycolic acid) (PLGA 50/50), poly e-caprolactone (PCL), poly (dl-lactic-

co-caprolactone) (PLCL) and their blends. 

In order to improve the interconnectivity, a ternary system comprised of poly (lactic-co-

glycolic acid) (PLGA 50/50)/poly (ethylene glycol) (PEG)/ethanol (C2H5OH)/C02 was 

foamed by CO2 under sub-critical conditions. By varying the PEG concentration in the 

mixture, and subsequently foaming the samples by either pressure quench or temperature 

quench, an interconnected porous structure was generated. Investigations demonstrated that 

the (PLGA 50/50)/PEG blend in ratios of 95/5, 90/10, 75/25 , 50/50 and 33/67 wt% can be 

foamed into a wide range of pore sizes from 10 to 500 urn and opening sizes from 5 to 250 

um. The generated scaffolds geometry in the investigated systems ranged from partially open 

to completely open, well interconnected, homogeneous or heterogeneous big pore structures. 

The scaffolds could find potential applications in tissue engineering. 
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Resume 

L'utilisation du C02 aux etats sous-critiques et la formation des structures poreuses 

avec des gradients et des interconnectivities de porosite a base de polymeres biodegradables 

et de leurs melanges ont ete etudiees. Des structures poreuses avec des pores de largeur bien 

defini entre tres grand (c.-a-d. d>100um) a tres petits (c.-a-d. d<10um) ont ete prepares en 

ecumant des films multicouche de poly (acide DL-lactique-Co-glycolique) (PLGA 50/50), 

poly s-caprolactone (PCL), poly (DL-lactique-Co-caprolactone) (PLCL) et leurs melanges. 

Afin d'ameliorer l'interconnectivite, un systeme ternaire compose de poly (acide 

lactique-Co-glycolique) (PLGA 50/50)/poly (ethylene-glycol) (PEG) /ethanol (C2H5OH) 

/CO2 a ete ecume par CO2 a des conditions sous-critiques. En changeant la concentration de 

PEG dans le melange et en ecumant les echantillons soit a la pression etanche ou la 

temperature etanche, une structure poreuse reliee ensemble a ete produite. L'etude a 

demontre que le melange, de (PLGA 50/50)/PEG dans les rapports de 95/5, 90/10, 75/25, 

50/50 et 33/67 par poids peuvent etre ecume pour produire un variete de tailles de pore de 10 

a 500 um ainsi que des ouverture de 5 au 250 um. La geometrie produite d'echafaudages 

dans les systemes etudies furent de grosse structure poreuse varie entre partiellement ouvert a 

completement ouvert, bien relier ensemble, homogenes et heterogenes. Les echafaudages 

ont des applications potentielles dans la technologie de tissu. 
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1. Introduction 

1.1 Scaffolds for tissue engineering 

Tissue engineering is "an interdisciplinary field that applies the principles of 

engineering and life sciences toward the development of biological substitutes that restore, 

maintain, or improve tissue function or a whole organ" [1]. Cells or drugs are often 

implanted or seeded into an artificial structure capable of supporting three-dimensional tissue 

formation. These structures are typically called scaffolds. The scaffolds offer the possibility 

of the regeneration of tissues damaged by disease or trauma and to create new tissues and 

replace failing or malfunctioning organs [2] [3]. This is typically done through the use of 

degradable biomaterials to either induce surrounding tissue and cell ingrowths or to serve as 

temporary scaffolds for transplanted cells to attach, grow, and maintain differentiated 

functions[4] [5]. 

1.2 Scaffold requirements 

To achieve the goal of tissue reconstruction, scaffolds must meet some specific 

requirements. The scaffolds serve at least one of the following requirements [6-8]: 

1. Biocompatibility: The scaffolds must be biocompatible with cells and human 

bodies in order to allow cell attachment and migration. 

2. Porosity: The scaffolds must have enough porosity to deliver and retain cells and 

other biologically active ingredients, such as growth factors. A high porosity and an adequate 

pore size are necessary to facilitate cell seeding and diffusion throughout the whole structure 

of both cells and nutrients. 

3. Mechanical property: The scaffolds must have certain mechanical property to act 
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as a physical support. The surrounding tissue compresses the scaffold continuously, so that 

the scaffold must be strong enough to maintain its shape and porosity in order to supply the 

environment for the cell growth and new tissue regeneration. 

4. Biodegradability: Biodegradability is another essential factor since scaffolds need 

to be absorbed by the surrounding tissues without the necessity of further surgical removals. 

The rate at which degradation occurs has to coincide as much as possible with the rate of 

tissue formation: this means that while cells are producing their own natural matrix structure 

around themselves, the scaffold is able to provide structural integrity within the body and 

eventually it will break down, leaving newly formed tissue to take over the mechanical load. 

1.3 Scaffold materials 

Based on the requirements of the scaffolds, many different materials (natural and 

synthetic, biodegradable and permanent) have been investigated [9-12]. Most of these 

materials have been known in the medical field for a long time, such as materials used in 

bioresorbable sutures and meshes. 

1. Naturally occurring materials: Commonly used natural materials for scaffolds 

include [7]: protein materials, such as collagen and fibrin; and polysaccharidic materials, 

such as chitosan and glycosaminoglycans (GAGs). All of those materials have been proven 

to be suitable in terms of cell compatibility; however some issues with potential 

immunogenicity still remain. 

2. Synthetic materials: A commonly used synthetic material in tissue engineering is 

biodegradable poly(a-ester), such as poly(lactic acid) (PLA). This is a type of polyester 

which degrades within the body to form lactic acid, a naturally occurring chemical which is 

easily removed from the body. Similar materials are poly(glycolic acid) (PGA) and poly(s-
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caprolactone) (PCL): their degradation mechanism is similar to that of PLA, but they exhibit 

respectively faster and slower degradation rates compared to PLA [13]. 

3. New functional synthetic materials: In order to improve the scaffold properties, 

new biomaterials have been engineered to have ideal properties such as injectability, 

biocompatibility, and non-immunogenicity. For example, PuraMatrix, originated from the 

MIT laboratories of Zhang, Rich, Grodzinsky and Langer, is one of these new biomimetic 

scaffold families which have now been commercialized and have already shown great 

clinical promises in tissue engineering [14]. PuraMatrix is a synthetic 16-amino acid 

polypeptide which assembles into a 3-D extracellular matrix hydrogel to support the growth 

of many different types of cells in tissue culture. Furthermore, a lot of research is 

concentrated on the synthesis of hybrid materials which combined the advantages of several 

selected materials together for special applications. For example, Salomon et al. synthesized 

a new tri-block copolymer poly(e-caprolactone)/poly(L-lactic acid)/ poly(s-caprolactone) 

(PCL/PLA/PCL). The tri-block copolymers displayed enhanced mechanical properties; at the 

same time, these copolymers degrade faster than their respective homopolymers. The 

degradation can be adjusted by changing the PLA block length [15]. It is also possible to 

improve the scaffold performance by adding functional groups in the polymers. In Rabolt's 

work, poly(ethylene glycol) (PEG) functionalized with low molecular weight heparin 

(LMWH) was fabricated into poly(lactide-co-glycolide) 75:25 (PLGA 75/25) fibers for 

application in drug delivery. They compared the basic fibroblast growth factor (bFGF) 

binding on electrospun fibers between PLGA 75/25, (PLGA 75/25)/LMWH and (PLGA 

75/25)/PEG-LMWH. They observed the significant improvement in the binding of (bFGF) to 

the electrospun PLGA 75/25 fibers functionalized with PEG-LMWH [16]. The result shows 

that there are significant differences in bFGF binding between the LMWH/ (PLGA 75/25) 
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and PEG-LMWH/ (PLGA 75/25) fibers because the retention of PEG-LMWH on the PLGA 

75/25 fibers is longer than LMWH alone. Instead of synthesizing new materials, blending of 

different existing materials with desired properties is a likely simple way to optimize 

material properties in order to satisfy tissue engineering scaffold design requirements. To this 

end, for example, Li et al. electrospun fibrous composite scaffolds composed of PLGA 90/10, 

gelatin and elastin. Their results show that the resultant scaffolds offered a combined desired 

characteristic of each individual composing components, rendering the newly blended 

material biodegradable, biocompatible, hydrolysis resistant and cell adhesive [17]. 

1.4 Scaffolds perspective in drug and cell deliveries 

The ideal scaffold design and the corresponding potentials of the scaffold are mainly 

determined by the tissue engineering specific applications [18, 19]. In fact, as the demand of 

new and more sophisticated scaffolds develops, materials are being designed to have a more 

active role in guiding tissue development [20]. Instead of merely holding cells in place, these 

matrices are designed to accomplish other functions through the combination of different 

format features and materials [21]. In one case, heart cells were cultured on collagen 

scaffolds and induced to synchronously contract using electrical pacing designed to mimic 

those in native heart tissue. The electrical stimulation resulted in the in vitro development of 

cardiac constructs with a remarkable level of ultra structural organization 8 days later. 

Another good example of new scaffold design is the use of drug delivery devices that can act 

simultaneously as scaffolds for cell growth. For example, the combination of microspheres 

or nanospheres (with encapsulated cells, growth factors or other therapeutic agents) within a 

polymeric matrix will facilitate the cell growth and drug delivery [22], This type of 

multifunctional device can also be designed to act as an injectable material, with the 
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advantage of allowing minimal invasive surgery procedures for their implantation in the 

body. 

Drug delivery profiles of the drug concentration in plasma against time can be used to 

compare traditional methods of drug delivery (e.g. oral, intravenous) and the controlled 

release by using scaffolds. Figure 1.1 is based on a figure from a review by Holland and 

Tighe [23] and illustrates typical drug delivery profiles, showing the advantages of the 

controlled drug delivery. The drug release system in a scaffold involves incorporation of the 

active substance into a scaffold, which is implanted into the patient in various ways, and a 

diffusion mechanism produces the maintained drug release followed by bulk hydrolysis of 

the polymer. 
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Figure 1.1. Drug release profile comparison [23] 

Beside single use of growth factor or other drugs, combined use of multiple drugs in 

a scaffold preceded with cells to accelerate tissue regeneration. Richardson and Mooney 



published their research on a dual drug delivery system in which vascular endothelial growth 

factor (VEGF) and platelet-derived growth factor (PDGF) loaded in PLGA 80/20 scaffold 

can direct the formation of a mature vasculature, as compared to the delivery of VEGF or 

PDGF alone [24]. This process allows for sustained protein delivery and maintains the 

biological activity of incorporated and released growth factors. The polymeric scaffold 

developed to allow controlled, dual release of two distinct proteins could provide a powerful 

tool to study a wide array of other developmental processes in biology and medicine. 

Now researchers are attempting to combine new techniques with scaffold design to 

apply on the tissue regeneration, such as stem cells and gene therapy[25] [26]. For example, 

DNA has been incorporated into polymeric scaffolds to enhance gene transfer by delaying 

clearance from the desired tissue. The scaffold can protect DNA from degradation and an 

immune response, providing sustained delivery and extending opportunities for 

internalization. Nie et al. loaded DNA in Poly (lactide-co-glycolide) 

(PLGA)/Hydroxylapatite (HAp) composite scaffolds via two ways: naked DNA and 

encapsulation of DNA/chitosan nanoparticles into scaffolds [27]. The results demonstrate 

that sustained DNA release in DNA/chitosan nanoparticles with negligible immunological 

effects. Also the cell culture experiments show that the scaffolds with encapsulated 

DNA/chitosan nanoparticles have higher cell attachment, higher cell viablility and desirable 

transfection efficiency of DNA. 

One important consideration for the most widely studied tissue engineering 

approaches is the cell source and the ability to control cell proliferation and differentiation 

[28]. The recent identification of stem cells [29] [30] [31] - cells that can give rise to 

essentially all cell types in the body, depending on the culturing conditions - offers probably 

the most exciting alternative source of cells for tissue engineering. These recent 
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developments in the stem cell field have impacted significantly on the progress of tissue 

regeneration and scaffold design. For example, Levenberg et al. studied the human 

embryonic stem (hES) cells differentiation on three-dimensional scaffolds fabricated from 

degradable poly(a-hydroxyl esters) including poly(lactic-co-glycolic acid) and poly(L-lactic 

acid) [32]. They succeeded in the enhanced Neuronal differentiation by using the factors in 

the medium ((e.g., retinoic acid (RA), nerve growth factor (NGF), and neurotrophin 3 (NT-

3)). This may be beneficial for the treatment of diseases such as Parkinson's, spinal cord 

, injury, and glaucoma. 

1.5 Nervous system and regeneration 

1.5.1 Nervous system and injuries [33] 

The nervous system is classified into two main subsystems: the central nervous 

system (CNS) and the peripheral nervous system (PNS). The CNS consists of the brain and 

the spinal cord. The PNS consists of all other nerves and neurons that do not belong to the 

CNS. The PNS consists of nerve fibers that receive information from the external 

environment and carry signals to and from the brain and spinal cord. Neurons (nerve cells) 

are the core components of the brain, spinal cord and peripheral nerves. Neuron is typically 

composed of a soma, or cell body, a dendritic tree and an axon. Neurons are electrically 

excitable cells in the nervous system that process and transmit information [34], 

Physical injury to the nervous system, such as crush or transection, represents one of 

the major causes of nervous system injury. As mature neurons are non-proliferative, injury to 

the cell bodies lead to neuron death and consequently to loss of function. Injury to the PNS 

normally causes a loss of function in the muscles and sensory organs. Injury to the mature 

CNS will leave patients permanently paralyzed below the site of injury. There is no accepted 
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treatment to restore impaired sensory or motor function due to the inability of the axons to 

repair or regenerate by themselves [35, 36]. 

1.5.2 Nerve regeneration strategies 

The biology of the PNS and CNS are different and thus the approaches required 

achieving regeneration of the PNS and CNS can not be the same. 

In the PNS, the severed processes spontaneously regenerate by extending axons 

through nerve bundles from proximal to distal ends, which can result in successful 

regeneration and functional recovery. A major problem in PNS regeneration is that the 

distance of healing is limited to very short gaps [37]. For repair of large gaps (i.e. gaps 

longer than 5 mm), nerve autografts are currently accepted as the standard of care [38]. To 

overcome the limitations associated with the autograft approach, researchers [39] [40] [41] 

have engineered biomimetic artificial grafts to improve the possibility of peripheral nerve 

regeneration, especially over long gaps. Most of the strategies have focused on using a 

conduit that is filled with either a matrix, such as diluted collagen or neurotrophic factors to 

promote regeneration. 

The inhibitory environment of the injured CNS (including both physical and chemical 

barriers) must be overcomed in order to repair spinal cord injury. The chemical barrier and 

glial scar have been demonstrated to be two major factors to prevent regeneration in the CNS. 

[42]. One strategy involves stem cell transplantation to replace injured neurons and glial cells 

with new healthy cell populations, and to activate endogenous cells to provide "self-repair" 

[43]. Additionally, neurotrophic factors, such as nerve growth factor (NGF) [44], 

neurotrophin-3 (NT-3) [45, 46], brain derived neurotrophic factor (BDNF) [47] and the 

combination of NT-3 and BDNF [48], have been delivered into the CNS to promote nerve 
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fiber regeneration after injury. 

1.5.3 Scaffold design for the nerve regeneration after spinal cord injury (SCI) [42] 

To overcome SCI, the inhibitory glial environment and the limited regenerative 

capacity of the mature CNS neurons has to be reversed with judicious intervention, such as 

the use of the biomimetic regeneration device. To enhance regeneration, Cao and Shoichet 

have investigated the effect of haptotactic and chemotactic cues on the nerve regeneration. 

Haptotactic cues involve polymer surface/bulk modification with cell adhesive peptides. 

Chemotactic cues involve guiding axons with concentration gradients of neurotrophic factors. 

They demonstrated a nerve regeneration model in which the cell-adhesive and cell-

nonadhesive regions were created and the neurotrophic factor gradient was also included in 

the system (Figure 1.2). 
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Figure 1.2. Design of biomimetic device for nerve regeneration after SCI [42]. 

To mimic natural repair in the body, recent studies have focused on the use of various 

approaches to create ideal nerve guidance channels that combine multiple stimuli in an effort 

to better mimic the complex signals normally found in the body. Wang et al. fabricated 

tubular scaffolds with knitted outer wall and controllable inner structure [49]. Chitosan fiber-

based yarns were used to create porous hollow tubes, which served as the outer wall of the 

scaffolds. The inner matrices with multiple axially oriented macrochannels and radially 

interconnected micropores were fabricated by a special molding technique. The cell culture 

experiment showed that the neuro-2a cells (mouse neuroblastoma) proliferated and grew 

along the aligned microchannels. Zhang and Wen fabricated semipermeable hollow fiber 

membranes (HFM) by using the wet phase inversion process [50]. The HFMs have aligned 
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grooves on the inner surface of HFMs. The dorsal root ganglion (DRG) regeneration assay 

was carried out in vitro. Their studies showed that both the alignment and outgrowth rate of 

regenerating axons increased significantly on HFMs with aligned textures compared to those 

on HFMs with a smooth inner surface. Moore et al. produced biodegradable scaffolds with 

multiple-channel geometry by a simple injection molding/solvent evaporation technique [51]. 

Poly(lactic-co-glycolic acid) (PLGA) with copolymer ratio 85:15 was used for the 

experiments. The scaffold channels were seeded with Schwann cells and the Schwann cells 

survived for at least 48 h in vitro. Schwann-cell containing scaffolds implanted into 

transected adult rat spinal cords. They demonstrated the axon regeneration by the three-

dimensional reconstruction of serial histological sections. 

According to the work introduced above, we can conclude that the scaffold design 

and fabrication for the nerve regeneration is a systematic engineering. Besides the general 

properties required as a common scaffold, the ideal tubular scaffold for nerve regeneration 

should have some special attributes. The shell of the scaffold should have enough mechanical 

property to endure the compress from the surrounding tissue, and also the shell should be 

used as a drug carrier to support and promote the nerve or cell growth. The inner matrix 

should be used to guide and promote the nerve growth. The optimized design of the inner 

matrix should contain haptotactic and chemotactic cues. In our project, one of the goals of 

the research is to demonstrate a tubular structure which can be used as the shell of tubular 

scaffolds for nerve regeneration to guide and promote nerve growth. 

1.6 Project goals 

1. Multilayered films will be prepared by using different polymers and their blends. 

Polymer films will be made by using solvent (chloroform)-casting technique and dried on 
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glass petri-dishes layer-by-layer. The different molecules should have strong interactions, 

especially in the interfaces between layers. Meanwhile, the solvent vaporization should 

be fast enough to avoid the upper layer polymer solution dissolving the polymer films 

underneath. 

2. Multilayered films will be foamed at sub-critical CO2 conditions and the porous 

structures will be studied. Because different polymers will foam differently, the scaffolds 

with gradient porous structures will be fabricated. 

3. The interconnected (open) porous structures will be fabricated by using a tertiary system 

composed of poly (dl-lactic-co-glycolic acid) (PLGA 50/50), poly (ethylene glycol) 

(PEG), and ethanol; and then the system will be soaked at a sub-critical CO2 condition 

and foamed by a pressure quench or temperature quench method. The different PEG 

concentrations and different foaming conditions will be studied. 

4. The polymer tubes will be fabricated by a dip-coating technique. Then polymer tubes 

will be foamed at a sub-critical condition to obtain tubular scaffolds. By using this 

method, the gradient tubular structure can be realized. 

1.7 Hypotheses 

1. A porous scaffold with porosity gradient can be formed from a multi-layered film using a 

sub-critical CO2 foaming process. 

2. The interconnected (open) structures can be obtained by selecting appropriate polymer 

blend system and suitable processing conditions. 
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2. Literature survey 

In this project, the research direction is on the scaffold fabrication. The involved 

background includes the survey of biomaterials, such as biomaterial synthesis and other 

related biomaterial properties. We also need to investigate the scaffold fabrication methods, 

thus we can compare them and make our choice. The scaffolds will be intended to apply in 

cell and drug delivery, especially for the nerve regeneration. Therefore, the tube fabrication 

and the resulting typical structures are surveyed and compared. We finally decided using CO2 

gas foaming technique to make scaffolds because of its advantages superior to other 

fabrication techniques based on the whole comparisons. As a result, the CO2 gas foaming 

technique related theory, processing, and testing are also investigated and discussed. The 

drawback of CO2 gas foaming technique, i.e. the lack of interconnectivity in scaffolds and 

the existence of skin layer on scaffold surfaces, is also investigated and discussed. 

2.1 Synthesis of biodegradable polymeric biomaterials (Poly(a-esters)) [52] [53] [54] 

Linear polyesters of lactide (PLA) and glycolide (PGA) have been used for more than 

four decades for a variety of medical applications. They were among the first synthetic 

degradable polymers to find application as surgical suture materials, controlled drug release 

devices, as well as orthopedic and reconstructive implants. Low molecular weight PLA and 

PGA are prepared by the direct condensation of lactic and glycolic acid, respectively. Poly 

(e-caprolactone) (PCL) was synthesized from the anionic, cationic or coordination 

polymerization of s-caprolactone. Poly (lactide-co-glycolide) (PLGA) is obtained by the 

condensation of both lactic and glycolic acids with or without catalysts. High molecular 

weight polymers are all produced by the ring opening method with a catalyst such as dialkyl 
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zinc. For example, PLGA is synthesized by means of random ring-opening co-

polymerization of two different monomers, the cyclic dimers (1, 4-dioxane-2, 5-diones) of 

glycolic acid and lactic acid. Common catalysts used in preparation of this polymer include 

Tin(II) 2-Ethylhexanoate, Tin(II) Alkoxides or aluminum isopropoxide. During 

polymerization, successive monomeric units (of glycolic or lactic acid) are linked together in 

PLGA by ester linkages, thus yielding linear aliphatic polyester as a product. Because the 

ratio of monomeric units (glycolic acid and lactic acid) will affect the property of the 

polymer, PLGA is usually written as PLGA m/n. The m/n indicates the molar ratio between 

monomeric unit of lactic acid and glycolic acid in the polymer. 

Having an asymmetric carbon atom, lactic acid has two optical isomers. Therefore, its 

polymer consists of L (levorotation)-, D (dextrorotation) - and D, L- lactic acid in which the 

L or D- polymers have a crystalline form, and D, L- polymers are amorphous and more 

rapidly degraded. 

The industrial synthesis of PLA, PGA, PLGA m/n and PCL is shown as follows: 

Table 2.1 The industrial synthesis of PLA, PGA, PLGA m/n and PCL 

PGA 

Catalyst 
Heat fl 

>• —[-0 — CH2 C-j— 
n 

o 
Glycolide Polyglycolide 

H3C 

PLA 

Catalyst 
Heat 

>• 

CH, 

0 
Lactide 

CH3 O 
f I II 1 

-4o—c—c- — 
1 Jn 

Polylactide 

14 



PLGAm/n 
H3C—r o 

Catalyst 
Heat 

+ n o-^y— CH3 Ov 

0 
Lactide 

0 
Glycolide 

O CH3 0 
f II I 1 [II 

- j—C-CH-O^ [C-CH2—O-
*• • ' m l 

Polylactide Polyglycolide 

PCL 

Catalyst 
Heat » 

£- Capralactone 

"O Cn2 CH2 CH2~Cn2"CH2-C— 

Polycapro lactone 

Jn 

2.2 Degradation[55] 

Degradation of PLA, PGA, PLGA and PCL has been studied extensively both in vitro 

and in vivo. Degradation can be followed by change in mass, molecular weight, morphology, 

mechanical strength as well as in glass transition temperature (Tg) and crystallinity. The 

polymers and copolymers of glycolide, lactide, and e-caprolactone degrade by simple 

hydrolysis. When these polymers are exposed to aqueous media such as buffer or tissue, 

water is absorbed and reacts with the ester linkages, thus breaking the polymer backbone. 

One hydroxyl group and one carboxylic acid group forms for each ester linkage that is 

hydrolyzed. Because the ester linkages are cleaved randomly along the polymer backbone, 

relatively few water-soluble fragments form initially. Rather, long polymer chains are broken 

to form shorter ones. As a result, the reduction in molecular weight produces an increase in 

hydrophilicity but little change initially in physical properties or polymer mass. As 

degradation proceeds, the reduction in molecular weight leads to a reduction in physical 

properties and the formation of water-soluble fragments. These water-soluble fragments 

diffuse away from the polymer matrix and finally these fragments are ultimately hydrolyzed 

to glycolic and lactic acids, which are processed through normal metabolic pathways. The 
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rate of hydrolysis depends on factors such as the size and hydrophilicity of the particular 

polymer implant, the monomer composition and the degree of crystallinity of the polymer, 

the pH, and temperature of the environment. 

2.3 Biocompatibility 

PLA, PGA, PLGA 50/50 and PCL have good biocompatibility and now are being 

used clinically in human therapy, such as sutures and bone fracture devices [56]. Grayson et 

al. studied the tissue reaction to PLA, PGA and PLGA 50/50 films [57]. In their research, the 

in vivo biocompatibility and both in vivo and in vitro degradation of these materials were 

characterized using several techniques. The total leukocyte concentration measurements 

showed normal acute and chronic inflammatory responses to the PGA. Low-molecular-

weight PLGA 50/50 was resolved by 21 days, while the normal inflammatory responses to 

the PLA and high-molecular-weight PLGA 50/50 were resolved at slower rates up to 21 days. 

They found that there was normal inflammatory reaction to the polymers and these polymers 

have suitable biocompatibility and biodegradation rates for implantable drug-delivery 

devices. Another experiment was conducted by Bini et al. in an attempt to extend the 

application of degradable PLGA 10/90 polymers into neurosurgery [58]. Poly (L-lactide-co-

glycolide) (10:90) polymer fibers were used for the fabrication of conduits. One week after 

implantation of the conduit into the right sciatic nerve of rat, a thin tissue capsule was formed 

on the outer surface of the conduit, indicating good biological response of the conduit. One 

month after implantation, 9 of 10 rats showed successful nerve regeneration. None of the 

implanted tubes showed tube breakage. This showed that there was no inflammatory 

response to the PLGA 10/90 in rat bodies. 
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2.4 Scaffold fabrication 

There are many methods invented and materials used for different applications. The 

fabrication methods have been described in many literatures for preparing porous structures 

to be employed as tissue engineering scaffolds. The detailed reviews of the scaffold 

processing are reviewed elsewhere [28] [59] [60]. The major methods are generally 

descripted and discussed as follows: 

2.4.1 Electro spinning [61-63] 

Electro spinning technique is able to produce continuous fibers from the submicron 

diameter down to the nanometer diameter. A high electric voltage is applied to the polymer 

viscoelastic solution. A solution jet comes out from the tip of spinneret by the aid of the high 

electric voltage. A grounded target is used to collect the resultant fibers which are deposited 

in the form of a nonwoven mesh. Figure 2.1 illustrates the schematics of the process. The 

factors affecting the process include solution viscosity, conductivity, applied voltage, 

spinneret tip-to-collector distance, and solution concentration. Overall, most of the electro-

spinning research is focused on the development of nanofiber membranes and scaffolds as 

new materials for applications. For example, Zhong et al. obtained a novel nano fibrous 

collagen-glycosaminoglycan (GAG) scaffold by electro spinning collagen and chondroitin 

sulfate (CS). The electrospun collagen-GAG scaffold exhibited a uniform fiber structure in 

nano-scale diameter. The scaffolds exhibited a high biostability from the collagen digestion 

test. Its excellent biocompatibility was demonstrated by standard cell proliferation assay and 

cell morphology studies [64]. The advantage of the technique is that highly interconnected 

scaffolds can be obtained. The shortcoming of the method is that the residue of solvent in 

scaffolds may affect the cell proliferation. 
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Figure 2.1 Electro spinning process [64] 

2.4.2 Solvent Casting & Particulate Leaching [65] [66] 

This is a simple scaffold fabrication method although the scaffold morphologies are 

generally worse than those made by other methods. First the polymer is dissolved into a 

suitable organic solvent (e.g. poly(lactic acid) could be dissolved into dichloromethane), and 

then the solution is cast into a mold filled with porogen particles. Such porogen can be an 

inorganic salt like sodium chloride, crystals of saccharose, gelatin spheres or paraffin spheres. 

After the polymer solution has been cast, the solvent is allowed to fully evaporate. Then the 

composite structure in the mold is immersed in a bath of a liquid suitable for dissolving the 

porogen. Once the porogen has been fully dissolved, a porous structure is obtained. Figure 

2.2 illustrates the process schematics. Draghi et al. investigated the effect of three different 

porogens (gelatin microspheres, paraffin microspheres and sodium chloride crystals) on the 
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scaffold morphologies and properties [67]. Highly porous scaffolds were obtained with all 

porogens and well defined spherical pores resulted from microspheres leaching. Furthermore, 

scaffolds with spherical pores showed better mechanical performance and lower flow 

resistance. The size of the porogen particles will affect the size of the scaffold pores, while 

the polymer to porogen ratio is directly correlated to the amount of porosity of the final 

structure. This approach allows the preparation of porous structures with regular porosity, but 

with a limited thickness. The uneven distribution of salt particles and the extraction of the 

salt are two major concerns in the technique. In order to overcome this disadvantage, 

normally this technique will be combined with other technique, such as freeze drying 

technique [68]. By using this technique, the porogen can be easily frozen evenly in the 

polymer solution, thus the limit of the thickness of scaffolds should be diminished. Another 

drawback of the technique lies in its use of organic solvents which must be fully removed to 

avoid any potential damage to the cells seeded with the scaffold. 

Polymer Scaffold 

Figure 2.2. Solvent Casting / Particulate Leaching process [66] 

2.4.3 Emulsifkation/Freeze-drying [69] [70] [71] 

First a polymer is dissolved into a suitable solvent (e.g. polylactic acid in 
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dichloromethane) then a poor solvent (e.g. water) is added to the polymeric solution and the 

two liquids are mixed in order to obtain an emulsion. Before the two phases separate, the 

emulsion is cast into a mold and quickly frozen by means of immersion into liquid nitrogen. 

The frozen emulsion is subsequently freeze-dried to remove the dispersed water and solvent, 

thus leaving a solidified, porous polymeric structure. Figure 2.3 shows the schematic process 

of emulsion/freeze drying technique. The emulsification and freeze-drying is a faster process 

in comparison with solvent casting & particulate leaching, since it does not require a time 

consuming leaching step. However, it still requires the use of potentially harmful organic 

solvents. Moreover the pore size is relatively small and the porosity is often irregular. 

Emulsion/Freeze-drying is a commonly employed technique for the fabrication of 

scaffolds. The control on the polymer concentration, solvent type and freezing speed are all 

very important on the final scaffold morphologies. By using the freeze-drying technique, 

Cho et al. fabricated porous alginate/polyvinyl alcohol (PVA) scaffolds to improve cell 

compatibility as well as flexibility of the scaffolds [70]. The scaffolds exhibited highly 

porous, inter-connected structures. The average pore sizes ranged from 190 jam to 290 (am, 

and the porosity was 85% approximately. 
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Figure 2.3. Emulsification/Freeze-drying process [70] 

2.4.4 Liquid-liquid phase separation [72, 73] 

The phase separation technique is based on thermodynamic de-mixing of a 

homogeneous polymer solvent solution into a polymer-rich phase and a polymer- poor phase, 

usually by either exposure of the solution to another immiscible solvent or cooling the 

solution below a binodal solubility curve. The phase separation procedure requires the use of 

a solvent with a low melting point that is easy to sublime. The quenched polymer solution 

below the freezing point of the solvent is subsequently freeze-dried to produce porous 

structure. Figure 2.4 schematically described the liquid-liquid phase separation process. For 

example dioxane could be used to dissolve PLA, then phase separation is induced through 

the addition of a small quantity of water: a polymer-rich and a polymer-poor phase are 

21 



formed. Following cooling below the solvent melting point and some days of vacuum-drying 

to sublime the solvent, a porous scaffold is obtained. Hua et al. used PLGA-dioxane-water 

ternary systems to fabricate regular and highly interconnected macroporous scaffolds ranging 

in size from 50 to 150 urn [74]. The effect on scaffold morphology of processing parameters 

including quenching temperature, polymer concentration, solvent composition, molecular 

weight, and quenching time. They showed that most commercial PLGAs have different 

characteristics including molecular weights and LA/GA ratios; therefore they will exhibit 

different phase transition and solution properties. Hence, the optimum quenching conditions 

should be tested for each PLGA in order to effectively fabricate porous scaffolds for cell 

culture. One of the advantages of this technique is that various porous structures can be 

obtained by adjusting various thermodynamic and kinetic parameters. Liquid-liquid phase 

separation presents the same drawbacks of emulsification/freeze-drying, including 

difficulties in controlling the morphology of the resulting scaffolds and the residue of the 

organic solvents in the foams. 
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Figure 2.4. Liquid-liquid phase separation process [73] 

2.4.5 CAD/CAM Technology [75-77] 

Computer aided design (CAD) and computer aided manufacturing (CAM) become 

more and more popular because of the development of the computer technology and the 

mechanical technology. Since most of the approaches described above are limited to the 

control of porosity and pore size, computer assisted design and manufacturing techniques 

have been introduced to tissue engineering scaffold designs. First a three-dimensional 

structure is designed using CAD software, and then the scaffold is realized by using ink-jet 

printing of polymer powders or through fused deposition modeling (FDM) of a polymer melt. 

Figure 2.5 shows the schematic process of the FDM fabrication technique. Sun et al. 

introduced the computer aided design and applications in tissue engineering, including 
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biomimetic design, analysis, simulation and freeform fabrication of tissue engineered 

substitutes [78]. The advantage of this technique is that scaffolds can be fabricated into 

complicated tissue morphologies, such as skull, tooth and bone. The whole process of tissue 

reconstruction includes 3 steps: obtaining the tissue image via computed tomography (CT)/ 

magnetic resonance imaging (MRI) first, then 3D modeling (CAD), and final application-

CAM (the fabrication of scaffolds). However, the smallness of the powder particles or binder 

drops is limited to a few hundred microns. The accuracy of the printing nozzle is also limited 

[79].The other disadvantage of this technique is that the high temperature used in the process. 

Most materials used in heat-based fabrication are synthetic polymers which have to 

withstand high temperatures while retaining their desired properties such as degradation and 

biocompatibility. 
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Figure 2.5. A schematic diagram of the FDM extrusion and deposition process [76] 
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2.4.6 C0 2 Gas Foaming [80] [81] [82] 

First, polymer films are prepared by means of compression molding using a heated 

mold. The films are then placed in a chamber and exposed to high pressure CO2 for certain 

time. This will allow CO2 molecules to diffuse into polymer matrix. At the end of the process, 

the pressure inside the chamber is released to the normal atmospheric pressure. During this 

procedure, the pores are formed by the carbon dioxide molecules that abandon the polymer 

matrix due to the thermal dynamic instability, resulting in a sponge like structure. Figure 2.6 

shows a CO2 gas foaming process schematics. Alternately, the polymer films containing CO2 

molecules can be put in higher temperature environment to generate the nucleation and 

finally to obtain porous structures. The main problem related to the technique is that the 

pores normally do not form an interconnected structure and the existence of non porous skin 

layer on the foam surfaces. Beckman et al. studied the skin formation in poly(methyl 

methacrylate) (PMMA) during the foam formation [81]. They explain that the skin formation 

in the foaming process is attributed to the CO2 molecules near the edge of polymer films 

diffusing out of films faster then the speed that they can form nuclei. The C02 concentration 

near the edge of the films is too low to nucleate and grow into pores. Colton et al. 

investigated the relationship between openings and the processing conditions [83]. They 

indicate that surface tension and viscosity of a polymer are very important to affect the 

success of the open structure formation. The surface tension affects the nucleation density 

and therefore determines the saturation pressure requirements, and the viscosity affects the 

rupture time and therefore determines the required foaming time. They used poly(styrene) 

(PS) to test their theory and found that the open structure can be obtained at a saturation 

pressure of 17.2 MPa and foamed at a scaled time of 1 -2 s at 200°C. 
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Figure 2.6. The gas foaming method (pressure quench) [82] 

To summarize, each scaffold fabrication technique has its pros and cons. The major 

advantages and disadvantages of these techniques are listed as follows: 

Table 2.2. Polymer scaffold fabrications and their characteristics for tissue engineering [1] 
[60] 

Processing 
Electro spinning 

Solvent Casting & 
Particulate Leaching 

Advantages 
—Highly porous scaffolds with 
interconnected pores 

—Controlled porosity, up to 
93% 
—Independent control of 
porosity and pore size 

Disadvantages 
—Use solvents which are 
poisonous to cells immersed in 
them for a long time 
—Limit to membranes up to 3-mm 
thick 
—Lack required mechanical 
strength for the load-bearing 
tissues 
—Use solvents which are 
poisonous to cells immersed in 
them for a long time 
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Emulsification/Freeze-
drying 
Liquid-liquid phase 
separation 

CAD/CAM 
Technology 

CO2 Gas Foaming 

—Interconnected porous 
structure 
—No decreased activity of the 
bioactive molecules 

—No thickness limitation. 
—Enhanced control over pore 
structure, porosity, etc. 
— Independent control of high 
porosity and pore size. 
—Macro shape control 

No organic solvents 

—User and technique sensitive 
-Solvent residue maybe harmful 
—Difficult to control precisely 
—Use solvents which are 
poisonous to cells immersed in 
them for a long time 
—precise control the deposition. 
— High temperature required for 

non amorphous polymer 

—Mostly a nonporous surface. 
—Closed-pores structure inside 
the polymer matrix. 

2.5 Methodology of tube fabrication 

There are many methods which are used in the fabrication of micro-tubular structure. 

The widely used method in industry is extruding [84]. The continuous production can be 

processed by using the extruder. Polymer and polymer blends can be extruded using a round 

ring shape die, thus a polymer tube can be formed followed by a tube cooling unit. The tube 

casting is another technique used in study and industry [79]. The melting polymer can be 

filled into tubular molds. Then the mold/polymer temperature is cooled down. Finally the 

polymer tube can be obtained after the separation of the polymer tubes from the molds. Other 

methods include freeze drying [85], solvent casting and leaching [86], which are normally 

used for making porous tubular structures. But these methods can not avoid their 

disadvantages mentioned above—solvent residue. The rotational melt molding is a special 

technique to fabricate the polymer tubes [87], The molten polymer is coated in rotating 

molds at high temperature. The coating time in the oven is critical. If the time is too long, the 

polymer will start to degrade which will negatively impact the mechanical property of the 

material. If the coating time is too short, the polymer melt may be incomplete, resulting in 
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large bubbles in the polymer tube. Dip coating is another method that can be used to cast 

polymer into tube [88]. The polymer solution is coated on a spinning mandrel layer by layer. 

Finally the solvent is vaporized and the polymeric tube is obtained. This is a simple method 

to make micro tubes because there is no complicated instrument needed in the process. In 

this project, we will use this method to fabricate tubes. 

2.6 Structures with porosity gradients [89] 

In order to fabricate structures with porosity gradients, Harley et al. used a spinning 

method combined with freeze drying technique [90]. The collagen-glycosaminoglycan 

suspension was spun at 5,000-30,000 rpm in a copper cylindrical mold to accomplish relative 

component separation (liquid and solid phases). The spinning suspension was then rapidly 

frozen in liquid nitrogen to lock the component separation achieved via spinning, and then 

the frozen solvent phase was removed via sublimation. The resulting the tubular scaffold had 

a gradient structure with denser structure at outer wall and more porous structure inside. The 

structure was created to facilitate drug or cell deliveries in tissue engineering. However, the 

drawback of this technique is the difficulties to control the gradient structure because the 

temperature, the spinning speed, and the cooling rate are all critical to the final morphology. 

Another example is that the electro-spinning technique was used for the fabrication of 

the gradient structures. Pham et al. fabricated layered scaffolds by changing the poly(e-

caprolactone) (PCL) fiber diameter from 2-10 micron meter to 20-45 micron meter [89]. 

Mesenchymal stem cells (MSCs) were chosen to test the scaffold properties. Cell attachment 

after 24 h did not increase with increasing number of nanofibers, but the presence of 

nanofibers enhanced cell spreading. Additionally, increasing the thickness of the nanofiber 

layer reduced the infiltration of cells into the scaffolds. 
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Wang et al. fabricated a gradient tubular structure by using fiber knitting and special 

molding technique [49]. Chitosan fiber-based yarns were first used to create porous hollow 

tubes, which served as the outer wall of the scaffolds, through an industrial knitting process. 

Then, an inner matrix was molded with multiple axially oriented macrochannels and radially 

interconnected microspores. Acupuncture needles were used as mandrels during molding to 

improve the safety and controllability of the process. The results showed the scaffolds 

processed the suitable mechanical strength, porosity and biodegradability. The neura-2a 

(mouse neuroblastoma) cells attachment and proliferation results showed that the cells grew 

into the scaffold interior and along the oriented microchannels. 

The conventional homogenous scaffolds will result in an even distribution of cell and 

drug concentration in all directions. However, scaffolds with gradient porous structure will 

provide a better control over distribution of cells and drug deliveries, such as drug 

concentrations and targeted areas, which means the higher efficient drug delivery 

environment compared to those with homogeneous structures. Gradient structures are 

promising and challenging. To date, there is no published paper or patent related with the 

fabrication of micro tubular gradient structures by using the CO2 gas foaming technique. 

2.7 Supercritical fluids [91] [92] 

A supercritical fluid is defined as a substance for which the temperature and pressure 

are above their critical values and which has a density close or higher than its critical density. 

Supercritical fluids generally are compressed gases, which combine properties of gases and 

liquids in a chemically interesting manner. Supercritical fluids have physicochemical 

properties in between a liquid and a gas. They can have gas-like low viscosity and high 

diffusivity and, like a liquid, can easily dissolve many chemicals and polymers. The typical 
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values of physical properties of gases, supercritical fluids and liquids are listed and compared 

in Table 2.3. 

Table 2.3. Comparison of typical values of physical properties of gases, supercritical fluids 
and liquids, where p, r\ and D stand for density, viscosity and diffusivity, respectively [91]. 

Properties 
P (kg i«"J) 
r\ (Pa s) 
D (m2 s"1) 

Gas 
1 
0.001 
MO"5 

Supercritical fluid 
100-800 
0.005-0.01 
HO"7 

Liquid 
1000 
0.05-0.1 
HO"9 

In Table 2.4, the critical properties of some compounds which are commonly used as 
supercritical fluids are shown as follows. 

Table 2.4. Critical conditions of several substances [92] 
Solvent 
Acetone 
Ammonia 
Carbon dioxide 
Cyclohexane 
Diethyl ether 
Difluoromethane 
Difluoroethane 
Dimethyl ether 
Ethane 
Ethylene 
Ethane 

Tc(K) 
508.1 
405.6 
304.1 
553.5 
466.7 
351.6 
386.7 
400.0 
305.3 
282.4 
308.2 

Pc (MPa) 
4.70 
11.3 
7.38 
4.07 
3.64 
5.83 
4.50 
5.24 
4.87 
5.04 
6.14 

Solvent 
Hexafluoroethane 
Methane 
Methanol 
n-hexane 
Propane 
Propylene 
Sulphur hexafluoride 
Tetrafluoromethane 
Toluene 
Trifluoromethane 
Water 

T0(K) 
293.0 
190.4 
512.6 
507.5 
369.8 
364.9 
318.7 
227.6 
591.8 
299.3 
647.3 

Pc (MPa) 
3.06 
4.60 
8.09 
3.01 
4.25 
4.60 
3.76 
3.74 
41.1 
4.86 
22.1 

Supercritical fluid technology encompasses a very broad field, which includes 

various reactions, separations, and material formation. In this project, we will only focus on 

the CO2 gas foaming technique. 

Supercritical fluids in general exhibit interesting physical properties, specific interest 

in CO2 is magnified by its perceived 'green' properties—carbon dioxide is non-flammable, 

relatively non-toxic, and relatively inert. In addition, unlike water, the supercritical regime of 

CO2 is readily accessible, given its critical temperature of only 304 K and critical pressure 

only 7.4 MPa [93]. In various traditional methods of polymer processing, environmentally 
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hazardous volatile organic solvents (VOCs) and chlorofluorocarbons (CFCs) are generally 

used. Due to the enormous increment of hazardous solvents emissions and generation of 

aqueous waste streams, chemists and chemical engineers are seeking new and cleaner 

methods for the processing of polymers [93]. The most widespread use of supercritical CO2 

is in extraction processes for the food and pharmaceutical industries with several large 

extraction units in operation in the United States and in Europe, i.e. decaffeinating coffee and 

tea, extracting flavours and essential oils from hops, spices, and herbs. Other applications are 

reported in recrystallization, purification, cleaning, degreasing, and as a substitute for organic 

diluents in spray painting and coating processes. 

2.8 Supercritical CO2 and CO2 foaming technology 

The supercritical CO2 is used as a processing solvent or plasticizers, therefore people 

have already used the supercritical CO2 as a foaming agent to replace other organic solvents. 

For microcellular foaming technique, supercritical CO2 is dissolved into a polymer at a 

certain pressure and temperature. Upon pressure release, the CO2 transforms from the 

supercritical to the gas phase. This results in super saturation, which gives the 

thermodynamic instability needed for nucleation. The foaming temperature, the saturation 

pressure, and the depressurization rate (pressure drop per unit time) mainly determine the 

number of the cells (cell density), the cell size, and the cell size distribution in a product [94] 

[95]. The classical homogeneous nucleation theory is widely used to describe the start of 

foaming process (nucleation) [95]: 

N0=CQf0e(-&GlJkT) 
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where No is the nucleation rate, Co is the concentration of gas molecules, f0 is the frequency 

factor for gas molecules joining the nucleus, k is Boltzmann's constant, T is temperature in 

K, AGh*om is the homogeneous activation energy for homogeneous nucleation, ybp is the 

interfacial tension of the polymer-bubble interface, AP is pressure difference generated in 

the foaming process. The equation is exponential with respect to the activation energy barrier 

(AGL). 

The heterogeneous nucleation normally happens in polymer/additive systems. The 

nucleation appears at the interface between polymer and additive interface [92], which can 

be described as follows: 

N^CJsi-AGl/kT) 

1 
^Ghet = 

\67ryl n \ 
(2 + cos#Xl-cos#)2 

W 3AP 

where Ci is the concentration of gas molecules, fx is the frequency factor for gas molecules 

joining the nucleus, k is Boltzmann's constant, T is temperature in K, AG*hel is heterogeneous 

activation energy for heterogeneous nucleation, yhp is the interfacial tension of the polymer-

bubble interface, AP is the pressure difference generated in the foaming process, 0 is the 

contact angle of polymer-additive-gas interface. 

After the nucleation, the cells start to grow and finally a porous structure is formed. 

Colton et al. illustrated how the parameters in foaming process will affect nucleation, cell 

growth, and cell rupture [83]. The pressure drop and pressure drop rate, foaming 

temperature, foaming time and CO2 concentration are key factors to decide the foaming 

result because these factors determine the viscosity, solubility and diffusivity. 
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2.9 Methodology of CO2 foaming technique [96] 

Ordinarily, we can separate the CO2 gas foaming technique into two series: batch 

foaming and continuous foaming. For batch foaming, polmer/C02 melts can be injected into 

molds and finally expanded and solidified into shaped foams in molds. This technique is 

usually used in research works, e.g., tissue engineering. For example, polymers are soaked in 

high CO2 pressure vessel and foamed by pressure quench method (super saturation is 

generated by pressure difference) or temperature quench method (super saturation is 

generated by temperature difference). In comparison, the continuous method is usually used 

in industry to produce large amount of products. In industry, different foaming agents and 

materials are always added into polymers to adjust the final foaming result in order to match 

the market demands. 

2.10 The CO2 solubility in polymers 

Because the CO2 uptake in a polymer matrix is the fundamental element that decides 

the formation of a scaffold during the CO2 gas foaming process, the survey of the CO2 

solubility is necessary to be conducted. The solubility of CO2 in a polymer is an index to 

show the relationship between polymer and CO2 under certain conditions, which also reflects 

a phase equilibrium status between the polymer and CO2. 

2.10.1 The effect of temperature and pressure [97] [98] 

The solubility of CO2 in polymer increases with increasing pressure. In contrast, the 

solubility of CO2 in polymer decreases with increasing temperature. At higher CO2 density 

region and lower temperatures, more CO2 can be adsorbed into polymer. Pantoula et al. 
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measured the CO2 solubility in PS/CO2 system [97]. The sorption of CO2 in PS is about 4% 

(wt%) at 132°C and at lOMPa, about 11% (wt%) at 35°C and at lOMPa. Once the pressure 

increases from lOMPa to 25MPa, the sorption of C02 in PS can reach 8% (wt%) at 132°C 

and 16% (wt%) at 35°C. However, the solubility of N2, He, H2, and O2 in polymer may 

increase with the increase of the temperature, especially at high temperature conditions, 

which is called reverse solubility [99]. 

2.10.2 The effect of functional groups [100] [101] 

The affinity of CO2 for a polymer is associated with the interaction between CO2 and 

the polymer molecules. The functional groups such as polyolefin have the weak interaction 

with CO2, whereas the other functional groups, such as carboxylic groups, have the stronger 

interactions between CO2. As a result, the CO2 solubility will be higher in polymers with 

carboxylic groups than that in polyolefin. Generally, the solubility of CO2 increases with the 

increasing content of polar groups in the polymer. Berens and Huvard pointed out that sub-

critical CO2 behaves like a polar, highly volatile organic solvent when interacting with 

polymers [100].Several researchers used FTIR (Fourier transform infrared spectroscopy) to 

investigate the interaction of CO2 with polymers [102] [103] [104]. For example, Eckert and 

co-workers find that polymers containing carbonyl groups act as electron donors and exhibit 

specific interactions with CO2 as electron acceptors rather than as electron donors. Mawson 

et al. suggests that the interaction of CO2 with polymers possessing acrylate groups 

(containing carbonyl groups) may be of a Lewis acid-base nature [105]. Shieh and Lin 

reviewed the interactions between CO2 and polymers and studied the effects of carbonyl 

group content and crystallinity on the equilibrium solubility of CO2 in rubbery ethylene vinyl 

acetate (EVA) with different vinyl acetate (VA) content [101]. Their study suggests that the 
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sorption process at or below critical pressure was mainly driven by the carbonyl groups and 

above critical pressure by the degree of crystallinity such that the higher the degree of 

crystallinity, the lower the normalized CO2 sorption concentration in the polymer. Also, the 

specific interactions between CO2 and the dipoles of the C-F bonds or fluorine were 

proposed to explain the increased solubility of CO2 in fluorine-containing polymers in 

comparison with polyolefin. 

The pendant groups, such as methyl group, as a kind of steric hindrance, will prevent 

the CO2 uptake. On the other hand, the pendent group will also increase the free volume in 

the polymer matrix, which will also increase the CO2 uptake. The final CO2 uptake will be 

affected by both factors. Tomasko et al. presented that the solubility of CO2 in PLGA m/n 

increases with the increase of the lactic group ratio (m) because of the increased free volume 

[106]. 

2.10.3 The effect of molecular weight 

When CO2 is dissolved into a polymer, the mobility of the polymer chains is 

increased due to disentanglement of the polymeric chains. As a result, the free volume inside 

the polymer is increased and the swelling of the polymer takes place. The polymer with 

higher molecular weight will have stronger molecular entanglement; therefore the 

accessibility of CO2 to the free volume or to functional groups will be more difficult [107]. 

Elvassore et al presented that PLGA 53/46 with a molecular weight of 27 kDa has higher 

CO2 sorption in comparison with PLGA 53/46 with a molecular weight of 47 kDa. At a 313K 

and 2.0MPa condition, PLGA 53/46 with a molecular weight of 47 kDa has a solubility of 

3.06% (wt%), whereas PLGA 53/46 with a molecular weight of 27 kDa has a solubility of 

3.34% (wt%) [105]. 
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2,10.4 Correlation and Prediction of Solubility of C02 in Polymers. 

The sorption isotherms of CO2 in polymers exhibit different pressure dependencies 

below and above the glass transition temperature (Tg). Below Tg, the dependence of sorption 

on pressure is represented by a curve concave to the pressure axis, described by the dual-

mode sorption model [108]: 

C = CD + CH = kDp + CH - - , 
l + bp 

where C and/? are the molar concentration and pressure, respectively, Co is the molar 

concentration sorbed by ordinary dissolution, CH is the molar concentration sorbed by hole 

filling, ko is Henry's law constant and CH and b are the molar Langmuir capacity and 

Langmuir affinity constant, respectively. 

The sorption occurs in two modes: the dissolution mode obeying Henry's law and the 

adsorption mode obeying the Langmuir equation. Above Tg, the dependence of sorption on 

pressure is generally linear in the low pressure range and can be described accurately by 

Henry's constant, that is, CH is zero and the model reduces to the dissolution mode. 

This model successfully characterizes the sorption behaviour of CO2 inside polymers 

and correlates the solubility of CO2 in polymers, but the three parameters in the model are all 

functions of temperature. The Henry's law constant ko is also considered as a function of 

total absorbed concentration C at high pressures, which makes the model of limited use in 

extrapolating to higher pressure and temperatures. 

The Sanchez-Lacombe equation of state [109] is perhaps the most widely used model 

to describe the solubility of CO2 in polymers due to its simplicity, well-defined physical 

meaning, and the ability to extend available data to high temperature and pressures. 
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According to the lattice theory [110], the polymer molecules are ordered according to a 

lattice structure. The sorption of gas in polymer can be explained as that the gas molecules 

diffuse into the polymer lattice and finally the chemical potentials between gas phase and 

solid phase reach equilibrium. It is particularly adept at correlating mixtures containing 

molecules of widely different sizes using three characteristic parameters per molecule (T*, 

P*, and p *). Typical characteristic parameters for gases and polymers have been published 

[111] [112]. Mixtures are handled using volume fraction-based mixing rules and an 

adjustable binary interaction parameter, 8 y, is typically introduced into the mixing rule. 

Unfortunately, very limited interaction parameter data for CO2 and polymers are available in 

literatures, and those are in a limited pressure or temperature range. Although the Sanchez-

Lacombe equation of state can correlate the solubility of CO2 in polymers very well, it 

cannot be relied upon to extrapolate to other temperatures and pressures. Kirby and McHugh 

[113] show that a good representation of the phase behaviour is obtained only if the binary 

mixture parameters are allowed to vary with temperature. 

2.11 Open structures obtained by CO2 gas foaming technique 

In tissue engineering, a highly interconnected and porous structure is desired in order 

to achieve cell seeding and growth within the scaffold, and to facilitate the transportation of 

nutrients and oxygen for subsequent cell proliferation and differentiation. Microcellular 

biodegradable thermoplastic scaffolds are composed of pores (or cells), and open structures 

mean there are the holes existing on the pores. The controlled fabrication of open structures 

and the accurate characterization of pore size and opening size are important on specified 

applications. However, many researchers working with CO2 foaming technique believe that 
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the technique results in the formations of highly porous scaffolds, but with limited 

connectivity between pores and with a skin layer on the scaffold surface [114]. The reason is 

believed to be that the CO2 on the polymer surface is easier to diffuse out from the polymer 

matrix, but not nucleate and foam [115]. 

Researchers tried to solve the problem by using gas foaming/salt leaching (GF/PL) 

technique [116]. Porogen (salt) was first blended with polymer and soaked in high pressure 

CO2 environment. Once the foaming process is finished, the porogen was leached out, thus 

an interconnected porous structure can be obtained. The GF/PL process results in matrices 

with two levels of porosity: interconnected macropores are created by leaching of the salt 

(NaCl) particles, and smaller, closed pores are created by the nucleation and growth of gas 

pores within the polymer matrix. Although the partly open scaffolds can be fabricated, salt or 

porogen particle sizes limit the morphology of the scaffold, i.e. salt size limit. The salt 

residue may also affect the cell growth. Especially it is difficult to disperse the salt particle 

homogenously in the polymer matrix. 

Other researchers tried to change polymer chemical structures to obtain open 

structures. For example, Nawaby et al. grafted metal ligand on polymer chain so the 

polymer's properties will change and lead to the open structures at a mild processing 

condition [117]. The other development in this research direction includes the change of 

crystallinity in the foaming process [118]. The different plasticization or crystallization rate 

in the CO2 soaking process will affect the C02 solubility and polymer physical properties, 

and therefore the open cellular foam morphologies may be generated. 

Rodeheaver and Colton developed a theoretical model related with the open-cellular 

foam production [83]. They divided the process into two stages: the cell impingement and 

the bubble coalescence. In microcellular foam, a single bubble nucleates and grows until it 
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contacts other bubbles on all sides. To form an open-celled structure, the thin walls between 

cells must break spontaneously. The rupture of thin walls is modeled as two bubbles that 

coalesce to form one bubble. The nucleation density, surface tension and viscosity are three 

important factors to decide the open structures. Higher pressure and higher temperature will 

increase the CO2 nucleation density, therefore the cell impingement is easier to be realized. 

At the same time, the higher pressure and higher temperature will decrease the surface 

tension and the viscosity in the system, therefore the bubble coalescence can be reached. To 

sum up, the higher foaming temperature and pressure condition will beneficial for obtaining 

open structures. 

High pressure condition means higher equipment investment and high temperature 

means high energy consumption, and sometimes the high temperature and pressure condition 

cause the porous structure to collapse or can not maintain the original shape due to the 

polymer melting condition. It is also possible that the higher temperature will de-activate 

therapeutic ingredients loaded in the polymer scaffolds. 

In our project, one goal is to fabricate interconnected porous scaffolds. Because of the 

disadvantages of high pressure/temperature conditions, we want to find a simple solution to 

obtain interconnected scaffolds at mild pressure/temperature conditions. 

2.12 The plasticization effect 

The plasticizers are very important on the polymer physical properties. They are 

widely used to improve the processing properties [119]. In fact, in the CO2 gas foaming 

process, CO2 is a plasticizer [120]. Plasticizers work by embedding themselves between the 

chains of polymers, spacing them apart, and thus significantly lowering the glass transition 

temperature for the plastic and making it softer. It has been known for many years that the 
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dissolution of CO2 lowers the Tg of amorphous polymers dramatically. Not only CO2 

molecules, but other small molecules, such as water, ethanol, poly(propylene oxide) (PPO) 

and poly(ethylene glycol) (PEG) (with low molecular weight) can also lubricant the polymer 

molecules and plasticise the polymer system [121]. In theory, the small molecules will 

increase the free volume in the polymer matrix due to the increase of the flexibility of the 

polymer chains [122]. 

Since there are so many molecules that can be used as plasticizers like CO2, the open 

porous structure may be solved at mild conditions by the combination of CO2 and other 

plasticizers. 

2.13 The measurement of the CO2 uptake 

Generally speaking, there are 3 kinds of methods to measure the CO2 uptake in 

polymer. 

2.13.1 Barometric (Pressure decay) Method [123] 

The apparatus in the pressure decay method is inexpensive and simple. The mass of 

gas absorbed by a polymer sample is obtained from the difference between the amount of gas 

initially contacted with the polymer and the amount remaining in the gas phase after 

equilibration. However, this method needs a large amount of sample (about 5 g), which in 

turn requires a long time for the polymer to equilibrate with CO2. Also, it is difficult to apply 

at high temperatures for polymer melts because of the lack of suitable pressure sensors. If the 

measurement is carried out at high temperature (e.g., 200 °C for polystyrene (PS)), 

degradation becomes a concern. Further, a very accurate equation of state for the gas phase is 

needed and the volume of the system needs to be very accurately calibrated. 
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2.13.2 Gravimetric Method [124] 

The CO2 solubility is obtained by measuring the weight change of a polymer sample 

after being removed from a high pressure cell to a microbalance at ambient conditions. Based 

on the analytical solution to diffusion from a flat plate, the time-dependent weight change 

can be extrapolated to time zero to give an estimate of the solubility. In this project, we will 

use this simple method to measure the CO2 solubility in polymers. More precisely, the mass 

of the polymer sample plus CO2 is directly measured with a sensitive microbalance in high 

CO2 pressure environment. The gravimetric method requires an accurate equation of state for 

the gas phase and the estimate (or measurement) of the swelling of the polymer phase to 

diminish the buoyancy effect. The swelling of polymers can be either measured or predicted 

using the Sanchez-Lacombe equation of state. The basic principle for measuring the swelling 

of polymers in CO2 is to determine swelling by measuring the change in one or more 

dimensions of a polymer sample. The other common type of microbalance is the magnetic 

suspension balance (MSB) [124]. The sample and balance are mechanically isolated in MSB. 

The sample is magnetically levitated inside a high-pressure vessel while the balance 

electronics are at ambient conditions. This makes it suitable for the measurement of gas 

solubility and diffusivity in polymers at high temperatures and pressures. But the buoyancy 

correction is also important for this type of balance. 

2.13.3 Frequency Modulation Method [125] 

Quartz crystal microbalance (QCM) is used in the frequency modulation method to 

measure the CO2 solubility. It is an accurate technique to measure gas solubility in polymers 

at high pressures. The QCM is composed of a thin quartz crystal coated with the polymer 
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(sample) and sandwiched between two metal electrodes, which establish an alternating 

electric field across crystal, causing vibrational motion of the crystal at its resonant 

frequency due to the piezoelectric effect. The resonant frequency decreases linearly as the 

mass of the coating increases, which works very well for small mass gains in well-adhered 

films. The challenge of this technique is the preparation of well-adhered films on the crystal. 

42 



3. Experimental 

3.1 Materials 

Poly(D, L-lactic-co-glycolic acid)(50:50) (PLGA 50/50) with different molecular 

weights of 125, 000 g/mol, 76, 000 g/mol and 45, 000 g/mol were purchased from Durect 

Corporation (Pelham, AL); Poly(£-caprolactone)(PCL)(Mw=:123,000 g/mol) and poly(D, L-

lactic-co-caprolactone)(80: 20)(PLCL 80/20)(Mw=175,000 g/mol) were also obtained from 

Durect Corporation. Anhydrous ethanol (>99.8%) was purchased from Commercial Alcohols 

Inc. (Toronto, ON). Deionized distilled water was obtained from Milli-RO 10 plus and Milli­

es plus system (Bedford, MA) and used at ISMQ. resistance. Bone-dry 99% pure CO2 was 

purchased from BOC Gas Canada Ltd. (Whitby, ON). All other chemicals were purchased 

from Sigma-Aldrich (St. Louis, MO) and used as received unless indicated otherwise. 

Polymer molecular structures are listed below: 

Poly(D, L-lactic-co-glycolic acid) (PLGA 50/50) 

O O 

h o CH2
 C T ~ ( 0 CH2 c 7 m : n = 5 0 : 5 0 

CH3 

Poly s-caprolactone (PCL) 

O 

- fo-fcH^C-)^ 

Poly(D, L-lactic-co-caprolactone) (PLCL 80/20) 
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-O CH2 

CH3 

0 0 

Poly(ethylene glycol) (PEG) 

f«; C CH, o-h 

m: n=80: 20 

The major chemieal and physical properties of the polymers were provided by Durect 

Corporation (Pelham, AL) and are listed in Tables 3.1 and 3.2. 
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Table 3.1 Polymer physical properties-1 [126] 

Polymer Inherent Melting 

Type Viscosity Point 

(dL/g) (°C) 

Glass Concentration* Approximate 

Transition At 5% Resorption 

Temperature w/w Time 

(°C) (Months) 

PLGA 50/50 0.55-0.75 Amorphous 45-50 1,2,3,4,5,6 1-2 

PCL 1.1-1.3 58-63 -65--60 1,4,5,6 >24 

PLCL 80/20 0.70-0.90 Amorphous 20 1,4,5 16 

* Solvents (partial listing only): 

1 = dichloromethane 

2 = tetrahydofuran 

3 = ethyl acetate 

4 = chloroform 

5 = hexafluoroisopropanol 

6 = acetone 

Table 3.2 Polymer physical properties-2 [126] 

Polymer Type Specfic Gravity Tensile Strength Elongation Modulus 

(g/ml) 

PLGA 50/50 

PCL 

PLCL 80/20 

1.34 

1.11 

1.22 

(MPa) 

41.37-55.16 

20.68-34.47 

-5.17 

(%) 

3-10 

300 - 500 

-150 

(MPa) 

1.38 x l 0 J -2.76 x l0 J 

2.07 xlO2-3.45 xlO2 

4.13xl02-1.38xl03 
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3.2 Methods 

3.2.1 Film casting 

Biodegradable polymers and their blends were dissolved in 5 ml chloroform to form 

10% (w/v) solutions. The solutions were then cast in Petri dishes (diameter=6 cm) (VWR 

International, Mississauga, ON) and subsequently air dried for 3 days, followed by placing 

the samples in a vacuum oven at 45 °C for 7 days. The resulting films (thickness ~200um) 

were peeled off carefully in liquid nitrogen. The multilayered films were made in a similar 

fashion except that the film was dried first and then cast layer by layer for several times with 

different polymer solutions for different layers. The films were stored in vacuum till they 

were used for other experiments. 

3.2.2 Compress molding 

To compare and study the morphology and CO2 uptake of the polymers, the polymer 

pellets or films were compress molded into even round thin films. The compress molding 

setup is shown in Figure 3.1: 

Figure 3.1. Compress molding setup 
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Briefly, a sheet of aluminum foil was placed on a steel plate. A mold of desired 

thickness was subsequently placed on top of the foil along with the polymer pellets or films. 

This was followed by layering a second sheet of aluminum foil on top of the polymer and a 

second steel plate was placed on the top. The entire setup was pressed in a compression 

molding machine (Fred S. Carver Inc., Wabash, IN) at 100°C at pressures increasing from 

3.45-17.24 MPa in 3.45 MPa increments, with each pressure being applied for about 1 

minute. Finally the setup was removed from the machine. The hot plates were then removed, 

and the aluminum, mold and polymer were left at room temperature for cooling. Once cooled, 

the sheets of aluminum foil were carefully peeled off from the mold. The film thickness was 

measured using a micrometer. The final films were compress molded into round films with a 

diameter of 6.30 mm and a thickness of 0.45 mm. The resulting compress molded films were 

ready for other experiments. 

3.2.3 Tube fabrication 

The Dip coating technique was used to make polymer tubes. The glass pipette 

(diameter=T .4 mm) as a mandrel spinning at 20 rpm was dipped into a polymer solution 

(10% g/mL) for 5 s and was then pulled out. This resulted in the polymer solution sticking on 

the glass pipette outer surface. The glass pipette was then rotated in horizontal position and 

spun for 4 h until the polymer solution was dry on the pipette surface forming a thin polymer 

film. After repeating the same procedure on the glass pipette for -20 times, a certain 

thickness polymer tube was made (thickness~0.2 mm). Soaked in the liquid nitrogen, the 

glass pipette and polymer tube can be readily separated. The multilayered polymer tube was 

made by using different polymer solutions to get different polymer layers on the glass pipette. 
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When the dip-coating was finished, the polymer tube was put into a vacuum oven to dry for 

one week. Finally the dried tube was soaked in a supercritical CO2 vessel and foamed. The 

dip-coating process schematics are shown below in Figure 3.2. 

Polymer 
coating 

Polymer 
solution 

'•* fe 

Figure 3.2. Dip coating process schematics 

3.2.4 Sub-critical CO2 Foaming 

Films or tubes were saturated with CO2 at pre-determined pressures (i.e. 1.38 MPa, 

2.76 MPa, 4.14 MPa and 5.86 MPa) in a stainless vessel at room temperature for 24 h. 

Cellular morphologies were obtained by a pressure quench method (fast release the pressure 

to 1 atm within approx. 2-3 s) [82] or a temperature quench method (after the pressure 

quench method, the sample was immediately transferred in hot water to promote the 

nucleation and foaming) [127]. After rapid depressurization, the samples were foamed for 1 

minute at room temperature and then cooled in ice water for 1 minute to solidify the foam 

microstructure. For the temperature quench method, the samples were pressure quenched 

Motor 
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first, and then they were immediately put into 35°C water for 30 s, and finally cooled down 

in ice water for 1 minute to solidify the foam microstructures. Figure 3.3 shows the foaming 

process schematics: 

i f i l j l POLYMER 
j j j f l i i l F I L M 

FILM SOAKED IN C02 

II IN 
• ] • : • : • : • : - : : ^ 

i j i j i & i l i j : 

POLYMER 
FILM 

C02 IMPREGNATED IN FILM 

, i—, VENTING 

POLYMER 

FOAMING 

Figure 3.3. The foaming process schematics 

In experiments that the CO2 soaking process also involved ethanol or water solutions, 

the polymer films were soaked in ethanol or water solutions in glass vessels; the glass 

vessels were placed in a high pressure CO2 container (Figure 3.4). The rest of the foaming 

procedures were the same as described above. 

-t£i-

PRESSURE REGULATOR 

- 1 , * • 

VENT VALVE 

HIGH PRESSURE 
CQ. BOTTLE 

POLYMER 
FILM 

HIGH PRESSURE 
COz VESSEL 
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C02 in C02 out 

Ethanol 
/Water 

Polymer 

Figure 3.4. Polymer with ethanol/water system soaking and foaming process 

3.2.5 CO2 up-take measurements 

CO2 up-take was measured at room temperature and at 5.86 MPa and room 

temperature. PLGA 50/50, PLCL and PCL samples were prepared in round shaped films with 

a diameter of 6.30 mm and a thickness of 0.45 mm.Their weight and thickness were 

measured at first. The samples were then placed in the pressure vessel and saturated at the 

desired pressure and room temperature for 24 h. The CO2 high pressure vessel was then 

vented, and the sample was removed from the vessel for weighing immediately. The 

difference in weight of the sample is equal to the amount of CO2 absorbed by the polymer. In 

order to obtain the weight of the sample at time zero, a plot of sample weight versus the 

square root of time was carried. This should result in a straight line [105]. By extrapolating 

the straight line to the time zero, the sample weight time zero could be obtained. C02 up­

take was calculated by dividing the difference in weight between the sample initial weight 

and the sample weight at the time of zero. 

3.2.6 Scanning electron microscope (SEM) 
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Foamed samples were stored at room temperature for 3 days before they were 

fractured in liquid nitrogen and the surfaces were examined. The porous structures on the 

fractured cross section and surface were examined using a scanning electron microscope 

(SEM) (Hitachi S-4800 field SEM, Tokyo, Japan) with accelerating voltage 1.2 kV. 

3.2.7 Gel permeation chromatography (GPC) 

Polymer molecular weight and distribution were determined using GPC Viscotek 

TDA302 (VISCOTEK, Houston, TX). The GPC system is comprised of 2 ViscoGEL 

columns GMPWxl (Viscotek) coupled with a Viscotek on-line triple detector SEC3 system 

which included a four-capillary differential viscometer, right angle laser light scattering 

detector, and differential refractometer. The system was controlled with modular Windows 

TM-based OmniSEC™ 4.2 software (VISCOTEK, Houston, TX). Polymers were dissolved 

in tetrahydrofuran (THF) at a concentration of lmg/mL. A sample size of 100 ul was 

injected and eluted at a flow rate of 1 ml/min. THF was used as mobile phase, and narrow 

distribution polystyrene standards (Mp=4, 000, 20, 000, 63, 000, and 200, 000, respectively. 

Polydispersity index=1.04, Polyscience, Warrington, PA) were used to construct a 

calibration curve. The molecular weight and poly distribution index of the sample polymers 

were then calculated by using OmniSEC™ 4.2 software. 

3.2.8 Differential scanning calorimetry (DSC) 

The thermal analysis of the polymers and their blends was verified by TA instruments 

DSC (TQC1000, TA instruments, New Castle, DE). Samples were scanned between -80°C 

and 100 °C at a heating rate of 10 °C /min. N2 was used as a purging gas at a flow rate of 50 

mL/min. 
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3.3 Characterization of scaffold 

3.3.1 Image analysis and cell density 

The pore sizes and distribution were counted and calculated by using Image-Pro Plus 

5.0 software. (Media Cybernetics Inc., Silver Spring, MD). Cell sizes were measured from 

the SEM images. The number of cells/cm3 (cell density) in the foam (Nf) was approximated 

by: 

Nf 
'nMJ ^ 

A j 

, [128] 

where n, Mx, and A are the number of pores in the micrograph, magnification and area of the 

micrograph (cm2), respectively. 

3.3.2 Foam density and porosity 

Foam density was characterized by the total immersion method using a Mettler ME-

163 balance (Mettler-Toledo, Inc, Columbus, OH). According to the Archimedean Principle 

[129], a solid body immersed in a liquid loses as much of its own weight as the weight of the 

liquid it has displaced. The solid body is first weighed in air and then immersed in water. 

From these two weightings, density p is calculated as follows: 

W 
P = ~—*P0 ,[130] 

WA~WB 

Where 

p = Density of solid body; 
WA= Weight of solid body in air; 

WB= Weight of solid body when immersed in test liquid (water); 
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p0 = Density of test liquid (water) at a given temperature T. The density table for distilled 

water with temperature is attached in appendices. 

The densities of the unfoamed (pp) (polymer film density) and foamed (pf) (polymer 

foam density) samples were both measured using the method mentioned above. The porosity 

( s ) was calculated by: 

e = l - - ^ , [ 8 ] 
Pp 

3.3.3 Scaffold sectioning and microscopy 

Polymer scaffolds were soaked in Tissue-Tek solution (O.C.T. Compound) (Sakura 

Finetek, CA) in Peel-A-Way Disposable Embedding Molds (Polysciences, Inc., USA) and 

frozen at -25°C in Leica CM3050S Cryosectioning system (Leica Microsystems (Canada) 

Inc., ON). Then the solidified samples with Tissue-Tek (O.C.T. Compound) (Sakura Finetek, 

CA) were sectioned into 5um thin layers on superfrost slices (VWR, USA). 

The slices with thin-layered samples were dipped into water for 2 s to get rid of the 

Tissue-Tek solution. Finally the dried samples the on slices were checked under Motorised 

Research Microscope 1X81 (Olympus, Japan). 
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3.3.4 Elemental analysis 

The polymeric scaffold samples were dried in vacuum oven at room temperature for one 

week until weights are constant. The dried samples were analyzed by elemental analysis 

instrument (Flash 1112 Series EA, Italy) to obtain the atomic compositions of resulting 

scaffolds. Assume that the weight percentages of PLGA 50/50 and PEG in the resultant 

scaffolds are X and Y, respectively. According to the results obtained from the elemental 

analysis, by using the following formula, it is possible to calculate the value of X to Y 

(weight ratio of C to O). Then, according to the molecular weights of PLGA 50/50 and PEG, 

the weight ratios of PLGA 50/50 and PEG in resulting scaffolds could be obtained. 

X * C%(PLGA 5o/50) + Y * Co/o(PEG)= C% 

X * (100-C%(PLOA50/50))+ Y * (100-C%(PEG))= 0% 

- C %( PLOA so/so): weight percentage of carbon in the compound of PLGA 50/50; 

- C %( PEG): weight percentage of carbon in the compound of PEG; 

- C%: weight percentage of carbon in the resultant scaffolds, which was obtained from 

element analysis. 

- 0%: weight percentage of oxygen in the resultant scaffolds, which was obtained from 

element analysis. 

3.3.5 Statistics 

Data obtained from the image analysis were analyzed by Minitab 14 (Minitab Inc., 

State College, PA). Statistical analysis was carried out with 95% confidence. One-way 

ANOVA was employed to compare different groups. 
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4. Results 

4.1 C0 2 uptake 

Polymer films were placed into high pressure CO2 vessel (5.86 MPa, room 

temperature) for 24 h to fully reach the saturation condition. Then the system is fast 

depressurized and the polymer samples were rapidly taken out to an external balance with 

O.OOlmg accuracy (Sartorius, Germany). The weights of polymer samples as a function of 

time were recorded. The CO2 concentration in a polymer sample as a function of square root 

of time is reported in Figures 4.1-A, 4.1-B and 4.1-C, indicating the CO2 desorption profiles 

of PLGA 50/50, PLCL and PCL films, respectively. 

M(0) - M(t) 
The CO2 concentration in a polymer at time t, Ct = 

MP 

where M(0) is the sample CO2 uptake and M(t) is CO2 duffusion mass measured at 

time t, Mp is the mass of polymer measured before the experiment. 

According to Fick's second law [131], the CO2 concentration at time t can be 

described as 

D*t 
• C, = C0 - Af.^— , [98] 

where Co is the CO2 concentration at time zero; A/ is a constant related with the 

sample thickness, sample weight and the total CO2 mass saturated in polymer; and Dj is the 

desorption diffusivity. The detail explanation of Fick's law is stated in Appendices (A4). 

Therefore, Fick's law can be used to calculate the solubility of CO2 by extrapolating 

the linear fitting to zero desorption time. Figure 4.1 (A, B and C) indicate that the linear 

relationship between the concentration of CO2 and the square root of desorption time 

validates the assumption that the polymer follows the Fick's diffusion. It is worthwhile to 
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note that typically about 30 s was needed to depressurize the system, open the cell and to 

place the sample on the external mass balance. As a result, there is no data between time zero 

and 30 s. If we can obtain more data near time zero, the more accurate results of CO2 

solubility can be obtained. 

PLGA 50/50, PCL and PLCL has the solubility of 20.11 % (wt%), 15.49 % (wt%) 

and 16.63 % (wt%), respectively. The PLGA 50/50 has the highest solubility and PCL has 

the lowest solubility. From the slopes of the linear fitting lines, we find that PLCL has the 

fastest diffusion, and the PLGA has the lowest diffusion speed. The release behaviour 

(slopes) of carbon dioxide from the polymeric matrix during desorption is due to the chain 

mobility of the polymer. Also the slopes are related with sample size but which will not 

affect the calculation of the solubility. The solubility results are similar with that in other 

people's work, i.e., 20%(wt) C02 in PLGA 50/50 at 30 °C and 6 MPa [106], which 

demonstrate that the technique is feasible on measuring the solubility on these materials in 

this condition. It is worthy to note that this is a simple and rough method because it neglects 

the swelling. 

t1/2,s 
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Figure 4.1 C02 release profile from PLGA 50/50 (A), PCL (B) and PLCL (C) films treated at 

5.86 MPa and room temperature. Points are experimental measurements and lines are used to 

extrapolate CO2 concentration to time zero. The standard deviation of the experimental data 

was calculated with three repetitions of the experiment. 
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4.2 Miscibility 

It is not possible to get varieties of morphologies only relying on the pure limited 

polymers (PLGA 50/50, PLCL and PCL in our project). The use of polymer blends is a 

solution because the unlimited blend ratios can be created between the limited polymers and 

those blends of the limited polymers can be foamed into different morphologies due to their 

different physical properties. Since miscibility is an important element in polymer blends, so 

it should be tested before the foaming experiments. These experimental results are shown 

and discussed as follows: 

A thermal analysis (DSC Figure 4.2.1) of the blends of PLGA 50/50 and PLCL shows 

that their Tg peaks come together. This indicates that they are partial miscible polymers and 

the Tg shift is due to the change of phase composition. When the (PLGA 50/50)/PLCL ratio 

is 1/3, the two peaks merge into one. If we calculate the Tg in the blend by using the Fox 

Equation [132], 

1 _ w, w2 

T ~ T T ' 

where 

w i - PLGA 50/50 weight percentage in the blend; 

w 2 - PLCL weight percentage in the blend; 

Tg l-PLGA 50/50 Tg; 

Tg2-PLCLTg; 

Tg - The final merged glass transition temperature in the polymer blend; 

The Tg of the (PLGA 50/50)/PLCL blend with a weight blend ratio of 1/3 

(Tg=30.63°C) almost equals the theoretical value (Tg=32.92°C) calculated by the Fox 

equation, which means the two polymers are miscible and formed into a one-phase system. 
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The Tg difference between the experimental value and the theoretical value may be because 

the (PLGA 50/50)/PLCL blend ratio is not accurate enough or more complex models, such as 

the Couchman approach [133] should be applied in this case. We hypothesize that the good 

compatibility is due to the common lactic groups in PLGA 50/50 and PLCL (50% in (PLGA 

50/50) and 80% in PLCL), respectively. 

PLGA 50/50 

(PLGA 50/50)/PLCL 3/1 

(PLGA50/50)/PLCL 1/1 

(PLGA50/50)/PLCL 1/3 

PLCL 

ExoUp 

15 

Temperature (°C) Universal V4.2E TA Instruments 

Figure 4.2.1 A thermal analysis of (PLGA 50/50) and PLCL blends 

For the PLCL and PCL blends, Figure 4.2.2 shows that there is no PLCL Tg shift and 

the PCL Tg is not easy to observe due to the high crystallinity of PCL [134]. Therefore, it is 

difficult to predict the miscibility of PLCL and PCL using DSC. However, after the polymer 

films are prepared and foamed, these foams show homogeneous morphologies, suggests that 

these polymers mix very well. Both PLCL and PCL share poly-s-caprolactone chain 
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segments in their backbones. Although the concentration of the segment is not very high in 

PLCL (20%), it is still possible to form homogeneous polymer blends using PLCL and PLCL. 

PLCL 

PLCL/PCL 3/1 

PLCL/PCL_1/1 

PLCL/PCL_l/3 

PCL 

Exo Up 

15 

Temperature (°C) Universal V4.2E TA Instruments 

Figure 4.2.2 A thermal analysis of PLCL and PCL blends 

The PCL/ (PLGA 50/50) blends are totally immiscible because even the blends 

solutions are separated automatically into two phases which are the PLGA 50/50 (brown 

color) solution and the PCL (transparent color) solution. The polymer films can also be found 

in two layers with a white color and a brown color. The DSC results shown in Figure 4.2.3 

are only the simple combinations of their pure polymer thermal behaviors with different 

blend ratios. 
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Figure 4.2.3 A thermal analysis of (PLGA 50/50) and PCL blends 
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4.3 Morphologies 

4.3.1 Single layer scaffolds 

Figure 4.3.1 shows PLGA 50/50, PLCL, and PCL foam morphologies obtained by 

using a pressure quench foaming method at 1.38 MPa, 2.76 MPa, and 5.86 MPa at room 

temperature. 

1.38 MPa 2.76 MPa 5.86 MPa 

PLGA 50/50 

PLCL 

PCL 

Figure 4.3.1 Morphologies of pure polymers (PLGA 50/50, PLCL and 
PCL) foamed by a pressure quench method at 1.38 MPa, 2.76 MPa, and 
5.86 MPa at room temperature. 
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As shown in Figure 4.3.1, the PLGA 50/50 film cannot be foamed at 1.38 MPa. The 

CO2 concentration is not high enough to relax the polymer molecules and to overcome the 

energy barrier to nucleate [92]. The PLCL film is easily foamed at 1.38 MPa because the Tg 

(~20°C) of the amorphous polymer is a little bit lower than room temperature. Once the CO2 

molecules diffuse into the PLCL matrix, the Tg of PLCL will be further decreased. Thus the 

polymer is easily relaxed and foamed at 1.38 MPa and room temperature. The PCL film 

cannot be foamed under 1.38 MPa, 2.76 MPa and 5.86 MPa, due to the polymer's high 

crystallinity. In theory, CO2 molecules can not penetrate into crystals; therefore crystallized 

polymers cannot be easily foamed. To overcome this problem, people normally choose high 

temperatures and pressures (i.e., supercritical conditions) because the crystals are totally 

destroyed at these conditions [115]. The lower pressure means less nucleation sites and 

bigger pore sizes [114]. If the CO2 pressure is higher, the pore size will decrease because of 

the higher CO2 concentration and more nucleation sites generated afterwards. When the CO2 

pressure increases, PLGA 50/50 pore sizes decrease from 268 um (2.76 MPa) to 20.4 urn 

(5.86 MPa) and PLCL pore sizes decrease from 231 um (2.76 MPa) to 12.4 um (5.86 MPa) 

(Table 3.1). 

As shown in Figure 4.3.1, different polymers foam differently even at the same 

pressure. Therefore we believe that by blending different materials with good compatibilities, 

different blend morphologies can be achieved. To demonstrate this, PCL/PLCL blends at 

different ratios were foamed. Figure 4.3.2 shows the effect of blend ratios on the resulting 

foam morphologies. 
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1.38 MPa 2.76 MPa 5.86 MPa 

PLCL/PCL 9/1 

PLCL/PCL 6/1 

PLCL/PCL 3/1 

PLCL/PCL 1/1 

Figure 4.3.2 Morphologies of blend polymers PLCL/PCL foamed by a pressure quench 
method at 1.38 MPa, 2.76 MPa, 5.86 MPa and at room temperature. 
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With the increase of PCL in the blend system, the blends become more difficult to 

foam. When the pressure is higher, the number of nucleation sites increases. Therefore the 

foam morphologies show that these foams will have the smaller pore sizes (Table 4.1). 

Table 4.1 Pore sizes of PLCL and PCL blends foamed by a pressure quench method at 1.38 

MPa, 2.76 MPa, 5.86 MPa and room temperature. 

PLCL 
PLCL/PCL 9/1 
PLCL/PCL 6/1 
PLCL/PCL 3/1 

1.38 MPa 
Pore size 

urn 

314 
735 
534 
67.2 

Standard 
Deviation 

um 
±115 
±202 
±128 
±22.9 

2.76 MPa 
Pore size 

um 

231 
196 
185 
34.5 

Standard 
deviation 

um 
±64.3 
±47.5 
±32.9 
± 12.5 

5.86 MPa 
Pore size 

urn 

12.4 
10.2 
8.84 
5.79 

Standard 
deviation 

um 
±6.1 

±5.47 
±2.51 
±1.26 

It can be observed clearly that the foam shrinkage phenomenon appears during the 

PLCL/PCL foaming process due to the elasticity of the polymers. Because the CO2 

molecules can not support the shrinkage of cell walls, some of the pores shrink and collapse. 

The collapsing phenomenon becomes more pronounced when the pressure decreases. 

Therefore, the pore sizes can not be counted accurately in the foams foamed at 1.38 MPa. 

With the increase of PCL concentration in the PLCL/PCL blends, the shrinkage phenomenon 

in the foaming process becomes less pronounced. 

The (PLGA 50/50)/PLCL blends are amorphous and they can be foamed into high 

porosity foams at 5.86 MPa. The pore sizes can be adjusted by the blend ratio between 

(PLGA 50/50) and PLCL (Figure 4.3.3). 
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(PLGA 50/50)/PLCL_l/3 (PLGA 50/50)/PLCL_l/l (PLGA 50/50)/PLCL_3/l 

Figure 4.3.3 Morphologies of polymer blends (PLGA 50/50)/PLCL foamed by a 

pressure quench method at 5.86 MPa and room temperature. 

The pore sizes of the blends ranges from 13.0 urn ((PLGA 50/50)/PLCL_l/3) to 18.6 

f̂ m ((PLGA 50/50)/PLCL_3/l) which are located between the pore sizes of pure PLCL 

(12.3um) and that of pure PLGA 50/50 (20.4um). 

All these blends show that they have higher porosities and smaller pore sizes when the 

pressure increases (Figure 4.3.4). PLGA 50/50 foamed at 5.86 MPa yields a porosity of over 

90%. The porosity decreases drastically when the PCL concentration increases in PLCL/PCL 

blends. As for (PLGA 50/50)/PLCL blends, the porosity ranges from 78% to 82%, between 

the porosity of PLGA 50/50 (92%) and that of PCL (76%). 
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Figure 3.3.4 Porosities of polymer PLGA50/50, PLCL, PCL and their blends foamed by a 
pressure quench method at 5.86 MPa and at room temperature. 

The effect of pressure on the foam morphologies is illustrated in Figure 4.3.5. It can 

be concluded that the porosities increase with increasing foaming pressure in the PLCL/PCL 

system. The PLCL foam has the highest porosity in the PLCL/PCL blend system whereas the 

PCL film can not be foamed at 5.86 MPa. 
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PLCL 

PLCL/PCL 9/1 

PLCL/PCL 6/1 

PLCL/PCL 3/1 

PLCL/PCL 1/1 

PLCL/PCL 1/3 
PCL 

-i 1 r- 1 1 1 r 

0.69 1.38 2.07 2.76 3.45 4.14 4.83 5.52 6.21 

Pressure, MPa 
Figure 4.3.5 Porosities of PLCL/PCL blends foamed by a pressure quench method at 1.38 
MPa, 2.76 MPa, and 5.86 MPa at room temperature. 
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4.3.2 Gradient (Multilayered) scaffolds 

From the morphology results obtained, the high porosities and homogeneous structures 

can be generated at 5.86 MPa by a pressure quench method at room temperature. Therefore 

the multilayered foams were fabricated at this condition. The use of PLCL, PLGA 50/50, 

PCL is feasible to form the gradient structures because the polymers and their blends can 

form different morphologies with significant differences at the same foaming condition, as 

has been shown in section 4.3.1. The results shown in Figures 4.3.6-4.3.9 are two-layered 

structures and their pore size distributions foamed by a pressure quench method at 5.86 MPa 

and at room temperature. 

The SEM micrographs show that there is no phase separation between the different 

morphologies within one scaffold, suggests that the solvent casting technique is good enough 

to make the molecules entangle each other into the neighbor layer. The different 

morphologies also show that the solvent vaporization is fast enough to avoid the layered 

films mixed into one homogenous phase. For PCL/(PLCL/PCL) two-layered films with one 

layer composed of the PLCL/PCL blend polymer and another layer composed of the PCL 

polymer, the PLCL/PCL ratio can be adjusted from PCL 100% to PLCL 100%. The two-

layered scaffold without separation can be obtained likely due to the strong entanglement 

between PLCL and PCL molecules. The fabrication of the (PLGA 50/50)/ (PLCL/PCL) two-

layered system is relatively difficult. When the PLCL/PCL ratio is less than 3/1, the two-

layered scaffold will separate into two layers due to the weak entanglement and the bigger 

expansion difference in the foaming process. 
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(PLGA 50/50)/ (PLCL/PCL_ 3/1) 

Figure 4.3.6 The two-layered foam morphology and pore size distribution—(PLGA 50/50)/ 
(PLCL/PCL_3/1) foamed by a pressure quench method at 5.86 MPa and at room temperature. 

PLGA 50/50 H 

(PLGA 50/50)/ (PLCL/PCL_9/1) 

Figure 4.3.7 The two-layered foam morphology and pore size distribution—(PLGA 50/50)/ 
(PLCL/PCL_9/1) foamed by a pressure quench method at 5.86 MPa and at room temperature. 
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Figure 4.3.8 The two-layered foam morphology and pore size distribution—PLCL/ 
(PLCL/PCL_9/1) foamed by a pressure quench method at 5.86 MPa and at room temperature 
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Figure 4.3.9 The two-layered foam morphology and pore size distribution—PLCL/PCL 
foamed by a pressure quench method at 5.86 MPa and at room temperature 
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Figures 4.3.10 and 4.3.11 show a three-layered and a six-layered scaffold with gradient 

structures. It is easy to find that the pore sizes and morphologies in the gradient structures are 

different in comparison with homogeneous scaffolds. Srinivas Siripurapu et al explain the 

phenomenon that the surface-constrained CO2 foaming is totally different from the free film 

foaming on the nucleation, the pore growth, and the gas diffusion [135]. Once the foaming 

process starts, the CO2 molecules will diffuse out from the polymer matrix. For the 

homogeneous polymer films, the gas diffusion happens evenly and freely to the entire film 

surface. For the layered gradient films, CO2 molecules can only diffuse out easily from one 

side. Besides, the heterogeneous stretching of the gradient structures in the foaming process 

will also affect the CO2 nucleation, the pore growth and the diffusion [135]. Figure 4.3.11 

show the pore size's growth direction is from zero (in PCL layer) to very big (toward the 

PLCL layer). The anisotropic morphologies are most likely to be useful on one directional 

drug delivery. 
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(PLGA 50/50)/ (PLCL/PCL_9/1)/ 
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Figure 4.3.10 The three-layered foam morphology and pore size distribution—(PLGA 50/50)/ 

(PLCL/PCL_9/1)/ (PLCL/PCLJ/1) foamed by a pressure quench method at 5.86 MPa and at 

room temperature 
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Figure 4.3.11 The six-layered foam morphology—PCL/ (PLCL/PCL_1/1)/ 
(PLCL/PCL_3/1)/ (PLCL/PCL_6/1)/ (PLCL/PCL_/9/l) /PLCL foamed by a pressure 
quench method at 5.86 MPa and at room temperature. 
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4.3.3 Multi-layered tubular structures 

One of the objectives of this study is to fabricate porous, tubular scaffolds that display a 

gradient in the porosity along the tube radius, as well as a one-directional diffusion scaffold 

to facilitate the drug's migration characteristics, such as the nerve growth factor diffusion 

during the nerve regeneration. The outer layer of the scaffold with the dense phase structure 

will prevent the nerve growth factor migration, while the inner tube with a highly porous 

structure will provide fast nerve growth factor diffusion. A tubular scaffold with an inner 

tube of relatively lower densities and decreased pore sizes along the radial direction will 

make the transportation of the nerve growth factor to the drug target more effective. By using 

the dip coating technique, the multi-layered scaffolds with the porous gradient can be 

fabricated. Figure 4.3.12-A shows a two-layered tubular scaffold with an inner layer 

composed of PLGA 50/50 and an outer layer composed of PLCL/PCL_6/1. Figure 4.3.12-B 

shows that the enlarged interface between the two-layered scaffold. The inner layer has 

bigger pore sizes while the outer layer has smaller pore sizes. The outer layer pores were 

compressed and stretched because of the different expansion rate. 
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Figure 4.3.12 The two-layered foam morphology—a polymeric tube with an inner layer 
composed of PLGA 50/50 and an outer layer composed of PLCL/PCL_6/1 foamed by a 
pressure quench method at 5.86 MPa and at room temperature 
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4.4 Interconnected open structures 

In order to improve the scaffold interconnectivity, a novel method was developed in 

this project. Our assumption is the combination of "the salt leaching" and the gas foaming at 

one step. The salt and solvent should both be used as components to enhance the CO2 

solubility. Plasticizers, such as PEG, water and ethanol, were selected in this project due to 

their plasticization effects and enhanced CO2 uptakes [81] [121] [136]. PEG is a 

biocompatible material and it can be easily dissolved in water and ethanol, thus the residue 

of PEG in scaffolds will not be cytotoxic to the cells [137] [138]. 

The combination of water or ethanol, the (PLGA 50/50)/PEG system and the sub-

critical CO2 foaming technology in preparing biodegradable scaffolds with open structures is 

investigated. The open structures were only studied with PLGA 50/50. 

4.4.1 The effect of small molecules(plasticizers) 

In the CO2 foaming process, the surface tension and viscosity significantly affect the 

porous morphologies [139]. Ethanol, water are small molecules which can be used as 

plasticizers to decrease the viscosity and enhance the CO2 solubility [81] [140]. In order to 

check their effects on the foam morphologies, PLGA 50/50 films were first soaked and 

foamed in a CO2 vessel with water or ethanol solutions under a sub-critical condition (5.86 

MPa and room temperature). 

As shown in both Figure 4.4.1 and Table 4.2, PLGA 50/50 scaffold morphologies will 

change by adding ethanol or water solutions. 

76 



ikmssmamm 

Figure 4.4.1 Morphologies of PLGA 50/50, (PLGA 50/50)/water and (PLGA 50/50) /ethanol 
foamed by a pressure quench method at 5.86 MPa and room temperature. 
a, b: The PLGA 50/50 scaffold in low magnification (a) and high magnification (b); 
c, d: The (PLGA 50/50)/water scaffold in low magnification (c) and high magnification (d); 
e, f: The (PLGA 50/50)/ethanol scaffold in low magnification (e) and high magnification (f). 
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Table 4.2 PLGA 50/50, (PLGA 50/50)/water, (PLGA 50/50)/ethanol morphology analysis 

Pore size 
Diameter, 

urn 
PLGA 
50/50 i 

(PLGA 
50/50) 
/water 
(PLGA 
50/50) 

-'ethanol 

25.5 

29.0 

Standard 
deviation 

Foam density 

g/cm3 

±3.0 0.0927 

±4.6 0.0419 

Standard 
deviation 

±0.0108 

±0.0013 

±6.6 0.0545 ' ±0.0021 
! I 
1 

Cell density 
cm""3 

/*106 

382.29 

446.72 

231.21 

Standard 
deviation 

Porosity 

% 
Standard 
deviation 

±48.08 93.08 | ±0.81 

±13.76 96.87 ±0.16 

i 

±9.37 95.93 ' ±0.09 

Using one-way ANOVA analysis of variances between groups, we find that there are 

statistically significant differences of the foam density, the cell density, and the porosity 

between PLGA 50/50, (PLGA 50/50)/water, and (PLGA 50/50)/ethanol systems. There are 

significant differences of pore sizes between PLGA 50/50 and (PLGA 50/50)/water systems 

or PLGA 50/50 and (PLGA 50/50) /ethanol systems, but there is no significant difference of 

their pore sizes between (PLGA 50/50) /water and (PLGA 50/50)/ethanol systems. Both 

(PLGA 50/50)/water and (PLGA 50/50)/ethanol systems get smaller foam densities and 

bigger pore sizes than pure PLGA 50/50 does. In addition, the (PLGA 50/50)/ethanol system 

obtains the smallest cell density. The possible reason is the effect of the surface tension 

introduced by the water (73dynes/cm, 20°C) or ethanol (22dynes/cm, 20°C) [141]. But there 

is still no open structures shown in these systems. 

The use of (PLGA 50/50)/PEG blends is another promising issue because PEG is a 

plasticizer and the C02 uptake is much higher in PEG than that in PLGA 50/50 [142] [143] 

[144]. The (PLGA 50/50)/PEG series of films with different PEG concentration are soaked 

in a CO2 vessel at 5.86 MPa for 24 h at room temperature and foamed by a pressure quench 

method to try to obtain an open structure. 

78 



The morphologies of these scaffolds are shown in Figure 4.4.2. The average pore size 

distribution is illustrated in Figure 4.4.3. The pore size decreases with the increasing 

concentration of PEG in polymer films. The pore sizes of (PLGA 50/50)/PEG 95/05 wt% and 

90/10 wt% scaffolds have bigger pore sizes than the scaffold of pure PLGA 50/50, which 

indicates that the little amount of PEG will plasticize the polymer. As a result, cells are easy 

to swell and grow into bigger pores. However a higher PEG amount in polymer films will 

significantly enhance the nucleation, resulting in more small pores. The phenomenon may be 

explained by using heterogeneous nucleation theory [145, 146]. The free energy needed to 

generate nucleation in this (PLGA 50/50)/PEG blend system is much lower than that in 

PLGA 50/50, resulting in smaller pore sizes. 
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(PLGA 50/50)/PEG 95/05 wt% (PLGA 50/50)/PEG 90/10 wt% 

(PLGA 50/50)/PEG 75/25 wt% (PLGA 50/50)/PEG 50/50 wt% 

(PLGA 50/50)/PEG 33/67 wt% Control - PLGA 50/50 

Figure 4.4.2 (PLGA 50/50)/PEG blends foamed at 5.86 MPa and 
room temperature by pressure quench method 
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Figure 4.4.3 (PLGA 50/50)/PEG scaffold pore size distribution obtained at 5.86MPa and 
room temperature by pressure quench method. 

4.4.2 The combination effect of EthanoI/Water/PEG on scaffold morphologies 

In order to try obtaining open structures, small molecules, i.e., ethanol, water and PEG, 

are combined to foam. (PLGA 50/50)/PEG blend films are put in water, ethanol or 

water/ethanol (1/1) solutions. Then these films with solutions are soaked in the 5.86 MPa 

CO2 environments for 24 h and foamed by a pressure quench method at room temperature. 

The results are shown in Figure 4.4.4. 
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Cross section Cross section Surface 
(Low magnification) (High magnification) 

mmmam 

Figure 4.4.4 Morphologies of (PLGA 50/50)/PEG_33/67_wt% soaked in 
ethanol/water/C02 solutions and foamed by a pressure quench method at 5.86 MPa and 
room temperature. 
A-l, A-2, A-3: The (PLGA 50/50)/PEG_33/67_wt% soaked in the water and C02 solution 
B-l, B-2, B-3: The (PLGA 50/50)/PEG_33/67_wt% soaked in the water/ethanol 1/1 (v/v) 

and CO2 solution. 
C-l, C-2, C-3: The (PLGA 50/50)/PEG_33/67_wt% soaked in the ethanol and C02 

solution. 
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The results illustrate that an open structure without the skin layer can be obtained by 

using (PLGA 50/50)/PEG_33/67_wt% plus ethanol (Figure 4.4.4-C). Once ethanol is 

changed to water, the scaffold shows a heterogeneous structure without interconnectivity 

(Figure 4.4.4-A). When the water/ethanol mixer with 1/1 volume ratio solution is used, the 

partly open structure scaffold can be made, but there is still no openings on the surface 

(Figure 4.4.4-B). The small molecules' plasticization effect and CO2 uptake are both 

important to. affect the final result. The surface tension of ethanol is much smaller than that 

of water, thus ethanol will decrease the polymer surface tension dramatically. This is helpful 

to obtain open structures. Besides, the CO2 concentration can be 10 times higher in ethanol 

than in water especially in high pressures [147]. The higher CO2 concentration will also 

significantly decrease the surface tension and viscosity of the polymer film. Also the 

existence of PEG is also helpful to get open structures due to its higher CO2 uptake and 

plasticization effect. As a result, the interconnected open porous structures can be easier 

obtained by using the (PLGA 50/50)/PEG/ethanol/CO2 system compared with the (PLGA 

50/50)/PEG/water/CO2 system. 

4.4.3 (PLGA 50/50)/PEG/ethanol system and open structures 

Based on the previous results, a series of (PLGA 50/50)/PEG blend films are made with 

different blend ratios of 95/05, 90/10, 75/25, 50/50 and 33/67 wt%. Then they are soaked in 

an ethanol/C02 environment for 24 h and foamed by a pressure quench method at 5.86 MPa 

and room temperature. A series of porous structures is shown as follows (Figure 4.4.5). 
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(PLGA 50/50)/PEG 95/05 wt% 

(PLGA 50/50)/PEG 90/10 wt% 

(PLGA 50/50)/PEG 75/25 wt% 

(PLGA 50/50)/PEG 50/50 wt% 

(PLGA 50/50)/PEG 33/67 wt% 

Figure 4.4.5 Morphologies 
MPa and room temperature 

Cross section 

of the (PLGA 50/50)/PEG/ethanol/CO2 systems saturated at 5. 
and subsequently foamed by a pressure quench method. 
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Figure 4.4.6 (PLGA 50/50)/PEG scaffolds pore sizes and opening sizes distributions 
(foamed by a pressure quench method at 5.86 MPa and room temperature). 
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From the SEM pictures, we can see clearly that pore sizes, openings and the degree of 

the openings on the surfaces will become larger when the PEG concentration increases in the 

polymer films. The pore sizes from 9 to lOOum, openings on the pore walls from 3 to 50um 

and the openings on the surface from none to 100 um are observed (Figure 4.4.6). The higher 

the PEG ratio, the easier it is to get open structures: bigger pore sizes, bigger openings. 

If the temperature quench method is used, much more CO2 can be nucleated [148]. It is 

evident in the SEM results (Figure 4.4.7) that the bigger pores and openings are obtained in 

comparison with the results foamed by the pressure quench method. The pore sizes from 16 

to over 250u.m, openings on the pore wall from 4 to 50um, and the openings on the surface 

from zero to over 500 urn are made (Figure 4.4.8). With the increase of PEG ratio, more and 

more holes appear on the scaffold surfaces. 
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(PLGA 50/50)/PEG 95/05 wt% 
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(PLGA 50/50)/PEG 33/67 wt% 

vis':- * i " •*,««< WoflfrW'JBkV1 

^w^-St^«jWffi^i)rfMBll K * ' ^ i * , *"•" • ate » E w l W v * 

Figure 4.4.7 Morphologies of the (PLGA 50/50)/PEG/ethanol/CO2 systems saturated at 5.86 
MPa and room temperature and subsequently foamed by a temperature quench method (in a 
35°C water bath for 30 s). 
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Figure 4.4.8 (PLGA 50/50)/PEG scaffolds pore sizes and opening sizes distributions 
(foamed by a temperature quench method (in a 35°C water bath for 30 s)). 



In this system, once the pressure is released, the polymers will start to foam due to the 

low Tg and the high CO2 concentration in the polymer matrixes. Subsequently, the foams are 

soaked in a 35°C water bath, which will initiate the second foaming immediately. The high 

temperature will soften the polymer matrix and CO2 molecules entrapped in the pores will 

obtain the higher energy to swell the pore walls again. At the same time, the new nucleation 

sites will appear in the cell walls and grow into smaller pores. The softened pore walls, the 

increased strength of CO2 in the pores, and the small pores appeared in the pore walls will all 

enhance the break of the cell walls. Figure 4.4.9 shows the second foaming schematics. 

Bubble formed by 
the 1st foaming 

(Pressure quench) 

Bubble formed by 
the 1st foaming 

(Pressure quench) 

Nucleation site 
formed by the 2 

foaming 
(Temperature 

nd 

Figure 4.4.9 The second foaming (a temperature quench method in this process) schematics 

It is very helpful to understand this phenomenon in Figure 4.4.7 of 

(PLGA 50/50)/PEG_50/50_wt% and (PLGA 50/50)/PEG_33/67_wt%, in which there are 

many micro holes and bubbles dispersed on the cell walls. The foaming process is so strong 
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that the morphology of the (PLGA 50/50)/PEG_50/50_wt% results in irregular pore shapes 

and many broken pores merge into some bigger pores. The C02 molecules burst almost all 

the pore structures in (PLGA 50/50)/PEG_33/67_wt%, so that the porous structure can not be 

distinguished very well on the pore openings and pore sizes. 

4.5 Gradient interconnected structures 

According to the gradient scaffold fabrication method described above, we can make 

layered interconnected scaffolds. Figure 4.5 shows two 2-layered scaffold SEM pictures. 

Layer I is a dense layer with smaller pore size and smaller openings, while layer II is a loose 

layer with bigger pores and bigger openings. Figures 4.5-A and 4.5-B show the different pore 

size gradients. Figure 4.5-A has a big difference on the pore size gradient between the two 

layers, while the Figure 4.5-B has a smaller pore size gradient. The pore sizes and opening 

sizes can be adjusted by controlling the PEG concentration in polymer blends. Therefore we 

can design controlled gradient structures for our future work by using this method. 

I: (PLGA 50/50)/PEG_90/10 I: (PLGA 50/50)/PEG_95/5 
II: (PLGA 50/50)/PEG_75/25 II: (PLGA 50/50)/PEG_90/10 

Figure 4.5 Morphologies of 2-layered interconnected gradient scaffolds 
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5. Discussions 

5.1 The Mechanism of layered structures 

To fabricate gradient structures by using the gas foaming technique, the coalescent 

force between different polymer layers should be considered to avoid phase separations. At 

least there are two factors related with the coalescent force. One is the expansion difference. 

The different polymer layers with different expansion rate and ratio will stretch each other, 

consequently the higher differences in between means more difficult it is to keep the gradient 

structure in one entire piece of scaffold. The other factor is that the interface between two 

layers should endure the stretching when the foaming happens, which means the 

entanglement of molecules in the interface should be strong enough to maintain the scaffold 

in one piece. The mutual effect of the two factors will result in the final morphologies. Figure 

5.1.1 shows the gradient structure foaming schematics. Gradient structures without phase 

separations are our research goal. 

Figure 5.1.1 The gradient structure foaming schematics. 

At beginning, we wanted to use PLGA 50/50 and PCL to get a two-layered scaffold in 
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which one layer is PLGA 50/50 with a high porosity and another layer is PCL with no pores 

at all. After we cast the films and foamed it, the scaffold separated into two pieces (Fig 5.1.2) 

due to the weak interaction between PLGA 50/50 and PCL molecules in the interface. 

Another reason of the layer separation is due to the big swelling strength generated by CO2 

molecules between different layers. If the expansions in different layers were significantly 

different, the polymers would stretch each other drastically. 

Figure 5.1.2 The 2-layered foam morphology—the phase separation due to the 

immiscibility and the big expansion difference between PLGA 50/50 and PCL. 

In order to enhance the entanglement between PLGA 50/50 and PCL molecules, PLCL 

is selected as a molecular linker because it is a copolymer with one segment of PCL and 

another segment of PLA. The segments are included in PCL and PLGA 50/50 molecules 

(Figure 5.1.3). 
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Figure 5.1.3 The function of PLCL molecule as a molecular linker 

The two component blends, such as (PLGA 50/50)/PLCL and PLCL/PCL, are miscible at 

any ratio as a result of the homogeneous solutions and non-separated foams. Once another 

component is added into the polymer solution, the layered solution or the foam separation is 

always found to some extent. For example, the solution will separate into 2 layers in (PLGA 

50/50)/PLCL/PCL blend with weight ratio of 1/1/1, with one layer of brown color and 

another layer with transparent color. The detail study has not been done yet, but we suggest 

that it may be miscible if PCL is less than 1/6 in (PLGA 50/50)/PLCL solution. 

5.2 The Mechanism of open structures 

5.2.1 Differential scanning calorimetry (DSC) analysis 

The differential scanning calorimetry (DSC) of the (PLGA 50/50/PEG) polymer blends, 

as represented in Figure 5.2.1, indicates that the melting peaks become bigger with the 

increase of PEG concentrations in the polymer blends. The melting peaks in the blends are 

located at the same position of the pure PEG, which demonstrates that the PEG aggregation 
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results in forming crystals. 
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Figure 5.2.1 A thermal analysis of the (PLGA 50/50)/PEG blend system. 

80 100 

For the amorphous PLGA 50/50 film, the glass transition temperature (Tg) is about 30°C, 

which is lower than the pure PLGA 50/50 (Tg ~45-50°C), likely due to the chloroform 

residue. PEG is a highly crystallized polymer with a melting temperature (Tm) of 45°C and a 

Tg around -55°C [52], but we can not observe the Tg due to its high crystallinity [134]. The 

PEG plasticization effect can be observed by the fact that the Tgs of (PLGA 
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50/50)/PEG_95/5_wt% and (PLGA 50/50)/PEG^90/10_wt% films go down to 16°C-18°C 

which is much lower than the PLGA 50/50 film. The melting peak cannot be found in the 

(PLGA 50/50)/PEG_95/05_wt% film, which means that PEG molecules disperse evenly in 

the PLGA 50/50 film without crystal aggregations or maybe the amount of PEG is too low to 

measure. The tiny melting peak appears in the (PLGA 50/50)/PEG_90/10_wt% film and the 

melting peak becomes clearer and bigger when the PEG concentration go up to 25% or 

higher. Once the PEG concentration is higher than 25%, the Tg peaks can not be observed 

because they are overwhelmed by the strong Tm peaks. The appearance of melting peaks 

clearly shows that they form heterogeneous blend morphologies with PEG crystal clusters in 

PLGA 50/50 films. 

In order to compare the composition difference between the films and the foams, the 

(PLGA 50/50)/PEG films with different ratios are soaked in a C02 vessel with the ethanol 

solution at the sub-critical condition (5.86 MPa and room temperature). The series of (PLGA 

50/50)/PEG blend films are soaked in the ethanol/CC^ solution for 24 h and foamed at by 

using a pressure quench method. Subsequently these scaffolds are dried in a vacuum oven 

(room temperature) for 7 days to get rid of the ethanol residue from the scaffolds. The 

thermal analysis of the (PLGA 50/50)/PEG polymer foams is also tested by DSC. 
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Figure 5.2.2 A thermal analysis of the (PLGA 50/50)/PEG/Ethanol/CO2 system saturated in 
5.86 MPa and room temperature for 24 h, and subsequently foamed by the pressure quench 
method. 

From Figure 5.2.2, we observed that not only the melting peaks disappeared, but also all 

the glass transition peaks went back to the original position of pure PLGA 50/50 ( ~45°C). 

Because PEG is an ethanol-soluble polymer, and with the help of high pressure CO2, ethanol 

molecules easily diffuse into the polymer matrix to dissolve the PEG molecules and diminish 

the hydrogen bonds between PEG molecules [149] [150]. At the same time, PEG molecules 

will also diffuse out from the PLGA matrix. Ethanol is a good solvent for PEG and an anti-

solvent for PLGA 50/50, thus we can conclude that there is a much higher ethanol 
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concentration surrounding PEG molecules, rather than surrounding PLGA 50/50 molecules. 

Under high pressure conditions, hydrogen bonds will be generated between CO2 and ethanol 

molecules [151]. This will significantly increase the CO2 concentration in PEG/ethanol 

region. The PEG/ethanol/C02 concentration gradient, created between the (PLGA 

50/50)/PEG polymer matrix and the solvent ethanol/C02 environment, will drive PEG 

molecules out from the polymer matrix. Once the foaming process happens, CO2 molecules 

will nucleate and form bubbles. Because of the heterogeneous structures of the (PLGA 

50/50)/PEG matrix, C02-rich domains (ethanol/PEG/C02 region) will nucleate and foam 

first due to the higher diffusivity and the higher uptake of CO2 molecules in these domains. 

These CO2 molecules will easily swell the polymer matrix since there are still ethanol/C02 

molecules in the PLGA 50/50 region, and these ethanol/CCh molecules will significantly 

plasticize PLGA 50/50. By taking advantage of the plasticized polymer matrix, the CO2 

molecules can swell the pore walls and burst them more easily, even the skin layer. Figure 

5.2.3 schematically describes the process. 

PEG cluster PLGA 50/50 C02 Ethanol PEG/C02/ethanoI cluster 

Figure 5.2.3 Schematics of the soaking and foaming process of the (PLGA 50/50)/PEG/ 
Ethanol/C02 system, I: C02/ethanol saturated at 5.86 MPa and room temperature; II: foamed 
by a pressure quench method. 

The phase separation will happen between PLGA 50/50 and PEG domains once the 
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foaming process starts because the PEG molecules are dissolved and surrounded by 

ethanol/C02. After the cell growths finished, the PEG molecules will be totally separated 

from the PLGA 50/50 matrix. The PEG molecules will be either left in pores or be blown out 

of the scaffold. PEG molecules will be first dissolved, then partly extracted, and finally 

blown away, thus there is no any melting peak shown in the DSC diagram in these scaffolds. 

Although there maybe still a little amount of PEG molecules in the polymer matrix after 

foaming, since PEG molecules located on the surface of scaffolds rather than in polymer 

matrixes, they will not affect their foams Tgs. Another result shown in the DSC diagram was 

that due to the extraction function of CO2 and ethanol, the chloroform residue was also 

extracted away from the polymer matrix so that the glass transition peaks went back to the 

position of the pure PLGA 50/50 polymer (Figure 5.2.2). 

5.2.2 Scaffold weight loss analysis 

These foams were also checked by weight losses compared with the weights of the 

original films (Figure 5.2.4). 
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Figure 5.2.4 Scaffold weight losses as a function of PEG concentration in the (PLGA 
50/50)/PEG/ethanol/CO2 system (saturated in 5.86 MPa and room temperature for 24 h and 
subsequently foamed by a pressure quench method). 

The weight losses almost equal the PEG weights in the polymer films. This also 

demonstrates that PEG molecules disappear in the process. For the foam with high PEG 

ratios, the weight loss is even larger than the total PEG amount, which means there is PLGA 

50/50 mass loss to some extent in the whole process. Maybe the CO2 gas can blow some of 

PLGA 50/50 off from the polymer matrix, especially when the C02 concentration is higher 

(Which is related with the high PEG concentration). 

5.2.3 Scaffold sectioning micrography 



The open porous structure can be sectioned into broken pieces, like Figure 5.2.5 

described as follows. On the contrary, the closed structure can only be sectioned into 

integrated round structure. So from the sectioning results in Figure 5.2.6, we can clearly 

detect if the scaffolds are open or closed structures. We can see from the pictures that (PLGA 

50/50)/PEG 950/05 wt% and (PLGA 50/50)/PEG 90/10 wt% are mostly composed of closed 

pores, but others showed many broken pieces in the pictures to identify that they are open 

structures. 

Figure 5.2.5. The schematics of scaffolds sectioning result for the open porous structure. 
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Figure 5.2.6 (PLGA 50/50)/PEG scaffolds sectioned at -25°C and 5um. Pictures were taken 

by Olympus Microscope (1X81). The magnification is 100X. 
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5.2.4 Elemental analysis 

The elemental analysis is carried out in films and scaffolds composed of PLGA 50/50, 

PEG and their blends. The results in Table 5.1 show that it is not accurate if we compare the 

compositions of theoretical value of C/O in pure PLGA 50/50 or PEG and experimental 

results. The possible reason may be that the moisture (water) is not totally dried out or the 

degradation has already happened because the elemental analysis experiment was done one 

year after we bought the materials. But if we compare the C/O ratio between these films and 

scaffolds, we can find the C/O ratio in scaffolds is lower than those in films, which 

demonstrate that part of PEG molecules left the scaffolds after the foaming process. 
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Table 5.1 The elemental analysis results in films and foams composed of PLGA 50/50, PEG 

and their blends. 

Sample 

Film 

Foam 

01# PLGA 50/50 

02# (PLGA 50/50)/PEG 
(95/05) 

03# (PLGA 50/50)/PEG 
(90/10) 

04# (PLGA50/50)/PEG 
(75/25) 

05# (PLGA50/50)/PEG 
(50/50) 

06# (PLGA 50/50)/PEG 
(33/67) 

07# PEG 

08# PLGA 50/50 

09# (PLGA50/50)/PEG 
(95/05) 

10# (PLGA50/50)/PEG 
(90/10) 

11# (PLGA 50/50)/PEG 
(75/25) 

12# (PLGA 
50/50)/PEG(50/50) 

13# (PLGA50/50)/PEG 
(33/67) 

14# PEG 

c% 

46.59 

44.39 

45.31 

46.66 

48.23 

47.23 

51.91 

46.00 

45.83 

45.96 

44.35 

46.64 

44.13 

52.33 

o% 
50.98 

50.23 

48.70 

48.16 

44,71 

46.90 

38.56 

48.11 

49.73 

50.24 

48.78 

45.30 

48.11 

38.62 

c/o 
0.91 

0.88 

0.93 

0.97 

1.08 

1.01 

1.35 

0.96 

0.92 

0.91 

0.91 

1.03 

0.92 

1.35 

Theoretical 
value C/O 

0.94 

0.97 

0.99 

1.08 

1.22 

1.31 

1.50 

0.94 

0.97 

0.99 

1.08 

1.22 

1.31 

1.50 

5.3 The effect of soaking time 

Besides the (PLGA 50/50)/PEG series films soaked in ethanol for 24 h and foamed 

by a pressure quench method ( see section 4.4.3 ), other soaking times (12 h, 24 h, 36 h, 

and 60 h) were also selected in order to study the effect of soaking time on the scaffold 

morphologies. The morphologies and pore size distributions of these scaffolds are shown 

in Figure 5.3.1, Figure 5.3.2, and Figure 5.3.3. The average pore size and opening size 
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are illustrated in Figures 5.3.4 and 5.3.5. All results show that the pore size and opening 

size increase with increasing of the PEG concentration in films, which indicate that the 

PEG has a critical effect on the morphology. The morphologies of (PLGA 50/50)/PEG 

series with a soaking time of 12 h are much similar with the series with a soaking time of 

24 h, but they are different from the series with a soaking time of 36 h and 60 h, which 

indicate that the 12 h and 24 h soaking times are not in an equilibrium status and the PEG 

molecules can still diffuse out from the polymer matrix and go into ethanol solution. The 

morphologies with soaking times of 36 h and 60 h have bigger pore and opening sizes, 

which indicate that the films will not be easily foamed into open structures with the 

decrease of the PEG concentration in films. 
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Figure 5.3.1 Morphologies of (PLGA 50/50)/PEG blends soaked at 5.86 MPa and room temperature with 
ethanol for 12 h and foamed by pressure quench method 
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Figure 5.3.2 Morphologies of (PLGA 50/50)/PEG blends soaked at 5.86 MPa and room temperature with 
ethanol for 36 h and foamed by pressure quench method 
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Figure 5.3.3 Morphologies of (PLGA 50/50)/PEG blends soaked at 5.86 MPa and room temperature with 
ethanol for 60 h and foamed by pressure quench method 
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Figure 5.3.4 The pore size distributions of (PLGA 50/50)/PEG scaffolds soaked at different 

time and foamed by a pressure quench method at room temperature. The standard deviation 

of the experimental data was calculated with three repetitions of the experiment. 
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Figure 5.3.5 The opening size distributions of (PLGA 50/50)/PEG scaffolds soaked at 

different time and foamed by a pressure quench method at room temperature. The standard 

deviation of the experimental data was calculated with three repetitions of the experiment. 

108 



5.4 The effect of other processing conditions 

Which element is the most important factor to affect the open structures? PEG's major 

function is as a plasticizer and forming heterogeneous structures in the (PLGA 50/50)/PEG 

films when the high PEG concentration is used in the system. The dissociated PEG (<5%) 

can plasticize PLGA 50/50 and enhance CO2 solubility, but that is not enough to get open 

structures. When the PEG concentration increases, the crystals of PEG will form. The 

aggregation of PEG can not absorb a lot of CO2 because its crystallinity prevents the CO2 

molecules diffuse in the PEG crystal regions, thus the open structures still can not be 

obtained. The ethanol vapour was introduced into the system to try to enhance the 

plasticization effect. The result shows that a partly open structure can be formed (Figure 

5.4.1-a). Under this condition, there is no any PEG diffusing out from the polymer matrix 

before the foaming process. This is an evidence to show that the single component PEG can 

not be used to get open structures. Also it is shown that the low concentration of ethanol will 

not contribute significantly to form open structures. We also tried to use a low pressure to 

foam the polymer matrix at 2.76 MPa. A non-open structure is observed simply because the 

C02 solubility is low (Figure 5.4.1-b). The (PLGA 50/50)/PEG_33/67_wt% is soaked with 1 

h and foamed by a pressure quench method to check their morphologies (Figure 5.4.1-c). 

When the soaking time is short (1 h), it evidently shows in the SEM picture that the polymer 

matrix is not saturated by CO2 because there is still some non-porous regions in the scaffold. 

We also tried to decrease the CO2 release rate from 2 s to 15 s to control the CO2 nucleation 

and the cell growth. The result (Figure 5.4.1-d) shows that a big-pore scaffold without open 

structures is obtained. We also tried to leach PEG molecules from (PLGA 

50/50)/PEG_33/67_wt% in an ethanol solution for 24 h; a non porous structure polymer film 

was obtained (Figure 5.4.1-e). This suggests that the PEG leaching technique itself will not 
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be able to get open structures in the PLGA/PEG system. 

laEHnH 

Figure 5.4.1 (PLGA 50/50)/PEG 33/67 wt% scaffolds fabricated by different processing 
conditions: (a) Soaked in the ethanol vapour/C02; (b) Soaked at 2.76 MPa; (c) soaked for 1 
h;(d) Pressure release rate slow down to 15 s; (e) ethanol leaching for 24 h without C02 

treatment. 
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From the above experiment results, it is concluded that the processing parameters are 

critical to control the final scaffold morphologies, including the ethanol concentration, the 

release rate, and the pressure. 
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6. Conclusions 

Using the sub-critical CO2 gas foaming technique, biodegradable polymeric scaffolds 

were fabricated. The scaffold morphologies of PLGA 50/50, PCL, PLCL and their blends 

were characterized and discussed. The PLGA 50/50 foamed at 5.86 MPa yields a porosity of 

over 90%. The porosity goes down drastically when the PCL concentration increase in 

PLCL/PCL blend from 76% (PLCL) to 0% (PCL). For (PLGA 50/50)/PLCL blend, the 

porosity changes from the range of 78% to 82% among the porosity of PLGA 50/50 (92%) 

and PLCL (76%). Through the DSC results and experimental observations, PLGA 50/50 is 

miscible with PLCL and PLCL is miscible with PCL, but PLGA 50/50 is immiscible with 

PCL. 

Scaffolds with porosity gradients were fabricated with biodegradable polymers and 

their blends, i.e., PLGA 50/50, PLCL, PCL and their blends. Due to the immiscibility 

between PLGA 50/50 and PCL, the polymer layers can not be made from (PLGA 

50/50)/PCL blend. In order to enhance the molecular interactions in the interfaces of the 

polymer films, PLCL is chosen as a molecular linker because of its miscibility with other two 

polymers. The usage of PLCL succeeded in the fabrication of gradient scaffolds without 

layer separation. The gradient morphologies are apparent in these layered scaffolds. For 

example, (PLGA 50/50)/ (PLCL/PCP_9/1)/ (PLCL/PCLJ/1) three-layered scaffold shows 

that the pore sizes in three layers can be from 38.0 urn, 12.7 um, to 6.0um. The six-layered 

PLCL/PCL blends scaffold becomes a gradient structure with gradually changes from one 

side composed of PCL (no any pore) to another side composed of PLCL (highly porous 

structure). 

In the present study, the interconnected PLGA 50/50 scaffolds with micro pores sizes 
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are fabricated by using the (PLGA 50/50)/PEG/ethanol/CO2 system. The pore sizes and 

interconnectivities can be controlled by adjusting polymer blend ratios. The (PLGA 

50/50)/PEG blend in ratios of 95/5, 90/10, 75/25 , 50/50 and 33/67 wt% can be foamed into a 

wide range of pore sizes from 10 to 500 (am and opening sizes from 5 to 250 um. It is 

demonstrated that most of PEG molecules existing in PLGA 50/50 matrix will be 

disappeared after the CCVethanol soaking and foaming process. The (PLGA 

50/50)/PEG/ethanol/CO2 foaming results show that the skin layer of scaffolds is diminished 

once the PEG concentration is higher than 10%, and also the interconnectivity can be greatly 

improved with the increase of the PEG concentration. The CO2 soaking and foaming 

conditions are also critical in obtaining the interconnected scaffolds with high porosities. The 

morphologies of (PLGA 50/50)/PEG series with a soaking time of 12 h are much similar 

with the series with a soaking time of 24 h, but they are different from the series with a 

soaking time of 36 h and 60 h, which indicate that the 12 h and 24 h soaking times are not in 

an equilibrium status and the PEG molecules can still diffuse out from the polymer matrix 

and go into ethanol solution. The morphologies with soaking times of 36 h and 60 h have 

bigger pore and opening sizes, which indicates that the films will not be easily foamed into 

open structures with the decrease of the PEG concentration in films. Without using ethanol or 

using other weaker soaking /foaming conditions (i.e., lower pressure, slower pressure release 

time), the experimental results show that the scaffolds will not express open structures due to 

the low CO2 concentration and low nucleation effect. 

The scaffold fabrication method is relatively simple and can be implemented without 

the use of costly equipments. The open porous scaffolds without skin may find applications 

in tissue engineering. 
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7. Future works 

In this work, it was shown that the gradient structures can be fabricated by different 

layered polymers. By tailoring the blend ratios to control the morphology, the one directional 

drug delivery scaffolds can be realized. In order to better understand the roles of these 

scaffolds on the drug delivery, it would be interesting to conduct the following experiments: 

1. To investigate the mechanical properties of the scaffolds. Find a solution to 

control the mechanical properties and the morphologies in the gradient 

structures. The rigid scaffold will stimulate the surrounding tissue to form a 

tissue scar at the edge of the scaffold and that will prevent the tissue regrowth; 

meanwhile, the scaffold without enough mechanical properties will collapse in 

vivo due to the surrounding tissue compression. The fabrication of gradient 

structure creats the possibility to generate proper scaffolds which satisfied these 

properties. For example, the rigid PCL or PCL/PLCL can be used as the outer 

layer of the scaffold to provide enough mechanical strength and prevent the drug 

escape. (PLGA 50/50)/PLCL blend can be made into highly porous structure as 

the inner layer of the tubular scaffold to load drugs. 

2. To study the drug loading and diffusion behaviors, especially the one directional 

diffusion behaviors. The successful one-directional scaffolds should have more 

significant drug/release efficiency than those homogeneous scaffolds. The drug-

loaded tubular scaffolds can be put into designed vials in vitro to measure the 

drug concentration inside and outside of the tubes periodically. 

3. To study the scaffolds degradation behaviors. The degradation property is 

another important factor in the design of scaffolds because the scaffold 
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degradation must match the tissue re-growth. The simple experiment is to 

measure the weight loss of scaffolds with time in vitro. 
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8. Supplement 

8.1 The effect of chloroform 

Chloroform is a good solvent and also can be used as a plasticizer. PLGA 50/50 with 

different chloroform concentrations were foamed at 5.86 MPa and room temperature by a 

pressure quench method. Morphologies of these scaffolds are shown in Figure 8.1. When 

chloroform concentration is higher, the highly porous structure with higher expansion 

volume is obtained. Once the chloroform concentration goes down, the denser scaffold is 

made. Although the highly porous structure can be obtained by adding high concentration 

chloroform in PLGA 50/50, the chloroform residue is still a concern in tissue engineering. 

According to the United States Pharmacopeia (USP), the chloroform concentration limit in 

polymers used in tissue engineering field ( i.e., suture) is 50 ppm [156]. But till now there is 

no detail definition of chloroform limit in scaffolds for the nerve regeneration. 
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PLGA 50/50 film with chloroform 
(35 wt%) in the glass bottle 

PLGA 50/50 with chloroform (18 wt%) 
foamed by pressure quench method 

PLGA 50/50 with chloroform (35 wt%) 
foamed by pressure quench method 

PLGA 50/50 with chloroform (8 wt%) 
foamed by pressure quench method 

Figure 8.1 Morphologies of PLGA 50/50 foamed with different concentration of chloroform 

by pressure quench method 
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8.2 The effect of molecular weight 

PLGA 50/50 with different molecular weight were purchased from Durect Inc. and the 

molecular weights were measured by GPC (TDA-302, Viscoteck). 

Table 8.1 GPC result of PLGA 50/50 with different molecular weights 

Viscosity* Mw Mn Mp Mw/Mn 

dL/g 

PLGA 0.55-0.75 44911 23121 47302 L942 " 

50/50-1 

PLGA 0.76-0.94 76545 40655 75921 1.883 

50/50-2 

PLGA 0.95-1.25 125132 62710 151778 1.995 

50/50-3 

* means that the viscosity is provided by the company, measured in HFIP. Other 

properties were characterized by GPC. 

PLGA 50/50 films with different molecular weight were soaked at 400, 600, 5.86 

MPa by pressure quench method. Figure 8.2.1 shows the morphologies of these foams. At 

2.76 MPa, all foams show big pore sizes indicating the difficult nucleating and foaming 

condition. The highly porous structures can be obtained at higher pressure conditions. The 

high magnification SEM pictures of these foams obtained at 5.86 MPa (in Figure 8.2.2) 

indicate that PLGA 50/50-3 with the highest molecular weight has the smallest average pore 

size (20.4 jam). PLGA 50/50-1 and PLGA 50/50-2 have average pore sizes of 40.8 urn and 

56.1 jam, respectively. Their foam densities are 0.081, 0.085 and 0.126 g/cm3 from PLGA 

50/50-1, PLGA 50/50-2 to PLGA 50/50-3 (Figure 8.2.3). 

These films also foamed by a temperature method (soaked at 5.86 MPa and foamed at 
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different temperatures, i.e. at 35°C and 30 s, and at 60°C and 15 s). The morphologies are 

shown in Figure 8.2.4. The interesting phenomenon is that the big bubbles formed in the -

foams indicating the bubble coalescence in the temperature-quenching process. The PLGA 

50/50-3 has the less bubble-coalescence. At 60°C foaming condition, the collapsed foam 

structures tell that the temperature is so high that the polymer cannot maintain its highly 

porous structure. 
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2.76 MPa 4.14 MPa 5.86 MPa 

PLGA 50/50-1 

PLGA 50/50-2 

PLGA 50/50-3 

Figure 8.2.1 Morphologies of PLGA 50/50 with different molecular weight soaked at 2.76 MPa, 4.14 

MPa, and 5.86 MPa and room temperature and foamed by a pressure quench method 
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Figure 8.2.2 Morphologies of PLGA 50/50 films with different molecular weight foamed at 

5.86 MPa by a pressure quench method at room temperature. 
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Figure 8.2.3 Foam density and pore size distribution of PLGA 50/50 films with different 

molecular weight foamed at 5.86 MPa by a pressure quench method 
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Figure 8.2.4 Morphologies of PLGA 50/50 with different molecular weight soaked at 5.86 

MPa and room temperature and foamed by a temperature quench method at 35°C and 60°C. 
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Appendices 

Al: C0 2 phase diagram (P vs. T)[152] 
(According to www.chemicaloqic.com/download/phase diagram, html) 

Pressure, b»r 
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A2: Distilled water density under different temperatures [153] 

Density table for distilled water: 
(Cited from http://www.hbcpnetbase.com/) 

Temperature(°C) 
15.0 
15.5 
16.0 
16.5 
17.0 
17.5 
18.0 
18.5 
19.0 
19.5 
20.0 
20.5 
21.0 
21.5 
22.0 
22.5 
23.0 
23,5 
24.0 
24.5 
25.0 
25.5 
26.0 
26.5 
27.0 
27.5 
28.0 
28.5 
29.0 
29.5 
30.0 
30.5 
31.0 
31.5 
32.0 

Density(g/ml) 
0.9991 
0.9990 
0.9990 
0.9989 
0.9988 
0.9987 
0.9986 
0.9985 
0.9984 
0.9983 
0.9982 
0.9981 
0.9980 
0.9979 
0.9978 
0.9977 
0.9975 
0.9974 
.0.9973 
0.9972 
0.9970 
0.9969 
0.9968 
0.9966 
0.9965 
0.9964 
0.9962 
0.9961 
0.9959 
0.9958 
0.9956 
0.9955 
0.9953 
0.9952 
0.9950 

http://www.hbcpnetbase.com/


A3: Mophologies of polymer films 

PLGA 50/50 film (PLGA 50/50)/PEG 95/05 wt% film 

(PLGA 50/50)/PEG 90/10 wt% film (PLGA 50/50)/PEG 75/25 wt% film 

IRC 1.2kV4 4mmx300S 

(PLGA 50/50)/PEG 50/50 wt% film (PLGA 50/50)/PEG 33/67 wt% film 
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A4: Fick's laws of diffusion [154,155] 

Fick's laws of diffusion describe diffusion and can be used to solve for the diffusion 

coefficient D. They were derived by Adolf Fick in the year 1855. 

Fick's first law is used in steady-state diffusion, i.e., when the concentration within 

the diffusion volume does not change with respect to time (Jin - Joul ).This theory is based 

on the hypothesis that the rate transfer of a diffusing substance through unit area of a section 

is proportional to the concentration gradient measured normal to the section. In one (spatial) 

dimension, this is J = -D—, 

dx 

where D is the diffusion coefficient, C the concentration of the diffusion substance, x the 

coordinate perpendicular to the section and J is the flux per unit of area. 

Fick's second law is used in non-steady or continually changing state diffusion, i.e., 

when the concentration within the diffusion volume changes with respect to time. The 

differential equation of diffusion, known as Fick's second law derives from the first one and, 

if the diffusion is one dimensional, i.e., if there is a gradient concentration in only one 

direction (along the x-axis), the amount of diffusing substance in the element is given by the 
. dC „d2C 

expression — = D ——. 

dt dx2 

A particular solution of the differential equation (Fick's second law of diffusion) 

describing the time dependence of the diffusing material out of the sample can be derived, 

considering that there is a uniform initial distribution and that the surface concentrations are 

equal, the boundary conditions are: C= 0 for x = 0 and for x=l, at t = 0, where 1 is the 

thickness of the film and C=Co, 

for 0 < x < 1, at t=0, 
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M(t) = 
8Mn °° 1 X(-{2„+\)ll)nfDt) 

n n=0 {In +1) 

where M(t) is the mass of diffusing substance at time t and Mo is the equilibrium sorption 

attained theoretically after infinite time. The analytical solution of Fick's second law of 

diffusion, that describes the sorption process, results from the application of the Laplace 

transform: 

--M^ n „=0(2n + \y 
-exp 

-D{2n + ifn2t 

The solution for Fick's law short times then reduces to the following equation: 

M(t) 8 , 
— - = 1 rexp( 

f Dx2t^ 

For the initial stage of diffusion: 

Mif) = 2 
D*t 

7V*l2 

1/2 For a constant diffusion coefficient, the desorption vs. t curve is a straight line 
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