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ABSTRACT 

The treatment of bone defects is facing the situation of lacking donations for 
autotransplantation. As a valid approach, scaffold-based tissue engineering 
combines the construction of well-defined porous scaffolds with advanced 
cell culturing technology to guide tissue regeneration. The role for the 
scaffold is to provide a suitable environment with a sufficient mechanical 
stiffness, supports for cell attachment, migration, nutrients and metabolite 
transport and space for cell remodeling and tissue regeneration. The 
random copolymers poly(L-lactide-co-ɛ-caprolactone) (poly(LLA-co-CL)) and 
poly(L-lactide-co-1,5-dioxepan-2-one) (poly(LLA-co-DXO)) have been 
successfully incorporated into 3D porous scaffolds to induce specific 
interactions with cells and direct osteogenic cell differentiation. In this thesis, 
these scaffolds have been modified in chemical and physical ways to map 
and understand requirements for bone regeneration. Scaffold functionalities 
and properties, such as hydrophilicity, stiffness, size/shape, and 
reproducibility, were studied.  

The hydrophilicity was varied by adding 3–20 % (w/w) Tween 80 to 
poly(LLA-co-CL) and poly(LLA-co-DXO) respectively, which resulted in 
contact angles from 35° to 15°. With 3 % Tween 80, the resultant 
mechanical and thermal properties were similar to pristine polymer 
materials. Tween 80 did not significantly influence cell attachment or 
proliferation but did stimulate the mRNA expression of osteogenetic 
markers.     

The surface functionality and mechanical properties were altered by 
introducing nanodiamond particles (n-DP) into poly(LLA-co-CL) scaffolds by 
means of surface physisorption or hybrid blending. Scaffold with n-DP 
physisorbed showed improved cell attachment, differentiation, and bone 
reformation. Hybrid n-DP/poly(LLA-co-CL) composites were obtained by 
direct blending of polylactide modified n-DP (n-DP-PLA) with poly(LLA-co-
CL). The n-DP-PLA was prepared by sodium hydride-mediated anionic 
polymerization using n-DP as the initiator. Prepared n-DP-PLA could be 
dispersed homogenously in organic solvents and blended with poly(LLA-co-
CL) solution. The n-DP-PLA particles were homogenously distributed in the 
composite material, which significantly improved mechanical properties. For 
comparison, the addition of benzoquinone-modified n-DP (n-DP-BQ) did not 
reinforce poly(LLA-co-CL). This indicated the importance of specific surface 
grafting, which determined different particle-polymer interactions.   



 
 

For the treatment of critical size defects, a large porous poly(LLA-co-CL) 
scaffold (12.5 mm diameter × 25 mm thickness) was developed and 
produced by molding and salt-leaching methods. The large porous scaffolds 
were evaluated in a scaffold-customized perfusion-based bioreactor system. 
It was obvious that the scaffold could support improved cell distribution and 
support the stimulation of human mesenchymal stem cell (hMSC) especially 
with dynamic flow in a bioreactor.  

To improve the scaffolding technique, a three-dimensional fiber deposition 
(3DF) technique was employed to build layer-based scaffolds. Poly(LLA-co-
CL) scaffolds produced by the 3DF method showed enhanced mechanical 
properties and a homogeneous distribution of human osteoblasts (hOBs) in 
the scaffolds. Although poly(LLA-co-CL) was thermally degraded, the 
degradation did not influence the scaffold mechanical properties. Based on 
the computerized design, a 3DF scaffold of amorphous copolymer poly(LLA-
co-CL) provides high-precision control and reproducibility.   

In summary, the design of porous scaffolds is one of the essential factors in 
tissue engineering as to mimicking the intrinsic extracellular environment. 
For bone tissue engineering, an optimized scaffold can maintain a contact 
angle greater than 35 degrees. Pristine or modified n-DP, introduced as an 
additive by surface physisorption or direct blending, can improve scaffold 
mechanical properties and cell response. Various sizes of scaffolds can be 
easily produced by a mold-mediated salt-leaching method. However, when 
100 % reproducibility is required, the 3DF method can be used to create 
customizable scaffolds.              

  



 
 

SAMMANFATTNING 

Vävnadsbildning bygger på att celler växer på ställningar och för att få ett 
lyckat resultat krävs att man kombinerar en väldefinierad porös ställning 
med avancerad cellodlingsteknologi. Ställningens roll är att skapa en så bra 
miljö som möjligt genom att t.ex. anpassa materialets mekaniska styvhet, 
skapa en yta som gör att cellerna fäster och migrerar bra, anpassa porerna 
för att få bra transport av näring och metaboliter och som dessutom ger 
utrymme för cellremodellering och vävnadsbildning. De slumpvisa 
sampolymererna poly(L-laktid-sam-ε-kaprolakton) (poly(LLA-sam-CL)) och 
poly(L-laktid-sam-1,5-dioxepan-2-on) (poly(LLA-sam-DXO)) har med 
framgång använts för att designa tredimensionella porösa ställningar och 
har inducerat specifika interaktioner med celler och styrt differentieringen av 
stamceller till benceller. Dessa ställningar har i denna avhandling 
modifierats på ett kemisk och fysisk sätt för att kartlägga och förstå kraven 
för benbildning. Ställningarnas ytegenskaper, funktionella grupper och 
hydrofilicitet liksom egenskaper såsom styvhet, storlek, form och 
reproducerbarhet har varit i fokus. 

Ställningens hydrofilicitet varierades genom att tillsätta 3-20 vikts% Tween 
80 till poly(LLA-sam-CL) och poly(LLA-sam-DXO), vilket resulterade i att 
ytans kontaktvinkel minskade och uppmättes till mellan 25° och 15°. Med 3 
vikts% Tween 80 var de mekaniska och termiska egenskaperna samma 
som hos de omodifierade materialen. Cellresponsen, celladhesionen och 
prolifereringen skiljde sig inte signifikant från de omodifierade ställningarna 
men en uppregulering av benmarkörer på mRNA nivå uppmättes. 

Ställningens funktionella grupper på ytan och de mekaniska egenskaperna 
varierades genom att introducera nanodiamantpartiklar (n-DP) till poly(LLA-
sam-CL) genom fysisorption eller genom att blanda. Ställningar där n-DP 
tillsatts med fysisorption uppvisade en förbättrad celladhesion, 
differentiering och benreformation. För att erhålla en blandning, en 
komposit, av n-DP och poly(LLA- sam-CL) krävdes polylaktidmodifierade n-
DP (n-DP-PLA). Vid modifieringen av n-DP användes natriumhydrid som 
saminitiator med efterföljande anjonisk polymerisation av laktid. Den bildade 
n-DP-PLA kunde sedan homogent dispergeras i organiskt lösningsmedel 
och blandas med upplöst poly(LLA-sam-CL). n-DP-PLA partiklarna var 
homogent distribuerade i kompositmaterialet och detta förbättrade de 
mekaniska egenskaperna signifikant. I jämförelse, då 
bensokinonmodifierade n-DP (n-DP-BQ) tillsattes förstärktes inte poly(LLA-



 
 

sam-CL). Detta indikerar hur viktigt det är med specifik ytmodifiering, det är 
en viktig komponent vid partikel-polymerinteraktionerna. 

För att behandla stora defekter som inte själva läker utvecklades en metod 
för att framställa stora porösa poly(LLA-sam-CL) ställningar (12.5 mm i 
diameter * 25 mm tjock). Metoden kombinerade formgjutning och 
saltlakning. Perfusionen i dessa stora porösa ställningar studerades i en 
skräddarsydd bioreaktor. Det var tydligt att celldistributionen i de stora 
ställningarna förbättrades och att humana mesenkymala stamceller 
stimulerades av bioreaktorn med dynamiskt flöde. 

För att förbättra tillverkningen och reproducerbarheten av ställningarna 
printades strängar ut med hjälp av en 3D-skrivare, lager av strängar 
byggdes upp på ett kontrollerat sätt. Ställningar av poly(LLA-sam-CL) 
producerade med 3D-skrivare visade förbättrade mekaniska egenskaper 
och homogen distribution av humana osteoblaster. Trots att poly(LLA-sam-
CL) är termiskt nedbrytbar och att polymeren värmts i två timmar, 
påverkade inte nedbrytningen materialens mekaniska egenskaper. En 3D-
skrivare använder sig av datoriserad design och de ställningar som 
utformades av den amorfa sampolymeren poly(LLA-sam-CL) hade hög 
precision och reproducerbarhet. 

Sammanfattningsvis visar resultaten att för att optimera benregenerering då 
poly(LLA-sam-CL) och poly(LLA-sam-DXO) ställningar används skall ytan 
ha en relativ hög hydrofilicitet. Naturliga och modifierade n-DP, 
introducerade som additiv genom fysisorption eller blandning, främjar 
ställningarnas mekaniska egenskaper och cellrespons. Olika storlekar på 
ställningarna kan lätt produceras genom en kombinerad formgjutning och 
saltlakningsmetod men eftersom 100 % reproducerbarhet krävs, kan 3D-
skrivare vara ett bättre alternativ för att skapa skräddarsydda ställningar. 
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1 PURPOSE OF THE STUDY 

An ideal cell porous scaffold needs to meet several requirements in order to 
achieve optimal cell-material interactions and be successful in tissue 
engineering. In addition to good biocompatibility and degradability, the 
scaffold should have high porosity, appropriate mechanical properties for 
the desired use and be able to direct cell responses in a well-defined way. 
For many years, three-dimensional porous scaffolds fabricated by poly(L-
lactide-co-caprolactone) and poly(L-lactide-co-1,5-dioxepan-2-one) have 
yielded promising results in bone tissue engineering. However, the design is 
not perfect; basic research is still needed to relate the design to mechanical 
properties and understand cell-material interactions in more detail. The aim 
of this thesis was to improve the scaffold design and properties by chemical 
and physical methods in various ways in order to map and understand the 
requirements for bone regeneration. The specific aims of this thesis were: 

I. To increase the hydrophilicity of poly(LLA-co-CL) and poly(LLA-co-
DXO) scaffolds and relate the hydrophilicity to cell response and 
mechanical properties.   

II. To improve cell-material responses by modifying the surface of the 
poly(LLA-co-CL) scaffold with functional nanocompounds.  

III. To mechanically improve poly(LLA-co-CL) scaffolds by evolving 
nanocomposite material. 

IV. To design large size porous scaffolds for the treatment of critical size 
bone defects.  

V. To employ a scaffolding method to produce architecture-controlled 
scaffolds with reproducibility.  
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2 INTRODUCTION 

2.1 BACKGROUND 

Medical science is one of the most important fields in human evolution. 
Along with the development of medical science, the expected lifetime of an 
individual is prolonged. People are not only pursuing longevity but also 
better life quality. The aim of modern life sciences is to creatively solve the 
problem of human health by means of improving the technology and 
expanding the knowledge of living creatures. Among all issues of health 
science, the damage of a whole or a part of a tissue or an organ is the most 
frequent, serious and costly problem. The recovery from an injury is also 
complicated and varies between individuals. For a long time, the 
understanding of injuries and diseases was very limited until the 
complexities of the micro-scale world was revealed and phenomena were 
explained at the molecular level. 

The term “tissue engineering” has been widely used since researchers 
accepted the concept that the “tissue is the fundamental level of the 
analysis of living organisms”, a concept developed by Yuan-Chen Fung in 
the 1980s. In 1987, tissue engineering (TE) was mentioned for the first time 
at a US National Science Foundation-sponsored meeting as “the application 
of principles and methods of engineering and life sciences toward 
fundamental understanding of structure/function relationships in normal and 
pathological mammalian tissues and development of biological substitutes 
to restore, maintain and improve (human) tissue functions”. Robert Langer 
and Joseph P. Vacanti in 1993 refer to TE as “an interdisciplinary field that 
applies the principles of engineering and the life sciences toward the 
development of biological substitutes that restore, maintain, or improve 
tissue function”.1 On this basis, Caplan and Goldberg refer to the 
approaches of TE research as “biomimetics” aimed toward the “restoration, 
repair, replacement, assembly, or regeneration of functional tissues”.2 TE 
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focuses on the results when cells and biological substitutes are combined 
with a scaffold to form a tissue. The scaffold can be based on natural 
polymers, such as collagen, or synthetic polymers. A typical paradigm of the 
TE application is to (1) isolate and expand specific cells from the host, (2) 
seed cells into a cell carrier or scaffold, (3) culture and express an 
extracellular matrix under specific mechanical and molecular signaling cues, 
and (4) transfer the constructed implant into a host. This strategy has been 
proven in some clinical applications for bone regeneration to show 
substantial improvement from animal in vivo tests3-7 and clinical 
applications.8-10 A wide range of inorganic and organic materials have been 
included for producing a cell carrier scaffold. However, different applications 
require the scaffold to evolve specific functionalities. The desire to improve 
material properties and the design of multifunctional scaffolds has been the 
main impetus that has enabled the development of improved scaffolds to 
support tissue regeneration.    

2.2 BONE TISSUE ENGINEERING AND POROUS SCAFFOLDS 

Human tissues are highly complex systems consisting of a number of 
specialized cells and matrix materials. All cells differentiate from stem cells 
in a controlled way and mature toward specific end organ functions. 
Appropriate treatments for tissue trauma or disease are therefore 
dependent on the involved tissue types. For this reason, TE research has 
branched along specialized pathways (e.g., skin, cartilage, of nervous 
system, cardiovascular, bladder, bone, etc.) dependent on different tissue 
functionalities. The focus in this thesis is bone tissue engineering; 
specifically, the development of scaffolds which improve bone regeneration. 

Bone is a complex system and acts either as a structural supporting system 
or to provide a compartment for hematopoiesis. 11 Bone has a vascularized 
structure and combines inorganic minerals, which provide mechanical 
stiffness, and organic bone cells (tissues) to support biological functionality. 
12 This combination ensures that bone can withstand high load stresses and 
still be light. The extracellular matrix (ECM) is a central component in bone. 
It is a three-dimensional (3D) composite consisting of an organic phase (90 % 
type 1 collagen) and an inorganic phase (calcium and phosphate-containing 
dense substrates). The microscopic anatomy of bone reveals two forms of 
ECM: non-mineralized (osteoid) and mineralized (mature ECM) matrices. A 
non-mineralized matrix is secreted by osteoblasts and can be found in an 
area of new bone formation. The osteoid consists primarily of type 1 
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collagen and other components, such as glycoproteins 
(glycosaminoglycans), proteoglycans (osteoadherin), minerals, adhesive 
binding proteins and water, to adjust bone cell homeostasis. Collagen type 1 
has a triple helix structure and has an important proline unit in the chain. 
This unique molecular structure guarantees that collagen type 1 folds in the 
form of large extensional, thin and rigid fibrillar protein structures.13 Over 
time, the non-mineralized matrix is calcified by osteoblasts, a process 
known as ossification, through the deposition of calcium and phosphate. 
The mineralization of the osteoid is initiated at the site of matrix vesicles and 
is deposited as a dense mineral substrate, i.e., a mature ECM. In this 
process, alkaline phosphatase (ALP) hydrolyzes organic substrates, such 
as calcium and phosphate, to enhance mineral deposition; bone sialoprotein 
(BSP) acts as the initiator for mineral attachment; fibronectin (FN) and 
vitronectin (VTN) are essential for cell adhesion; osteocalcin (OC) is 
considered the biomarker of a mature osteoblast and is important for 
regulating the mineral-deposited component to form a correct pattern.13  

Osteoblasts exist in a resting state as flat-bone-lining cells before turning 
into active osteoblasts. Only active osteoblasts are responsible for bone 
formation. Osteoblasts are incorporated into the osteoid as osteocytes.  
Osteocytes are the main bone cells located in bone ECM (lacunae). 
Osteoblasts and osteocytes are primarily derived from osteoprogenitor cells 
that reside in bone marrow; they can also transit to each other in special 
environments. Osteoclasts are derived from the hematopoietic macrophage 
lineage that is responsible for destroying mineralized tissue and resorbing 
bone. Osteoblasts, osteoclasts, osteocytes and bone lining cells regulate 
calcium and phosphate levels and are responsible for homeostasis between 
bone formation and deformation.11 

Clinically, bone grafting (i.e., autografts, allografts or xenografts) is the 
normal surgical treatment of bone defects caused by trauma or other 
pathological diseases. Autotransplantation has many advantages compared 
with other alternatives and is currently considered the gold standard. The 
bone used for autotransplant is typically sourced from the iliac crest or 
pelvis. In this way, the risk of immune rejection is avoided; however, its use 
is limited by the size of the bone required and is accompanied by increased 
post-surgical pain. In 1881, the first allotransplantation procedure using 
bone was reported by Macewen et al.14 Today, allotransplantation is used to 
repair complex bone fractures or in cases where an extensive bone piece 
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has been removed. Xenotransplantation is more challenging. The first 
description of xenotransplantation was in humans in 1667, by J.B. Denis, 
who transferred lamb blood into a 15-year old boy.15 Xenotransplantation is 
still under development and is only used in certain cases. Today, allografts 
and xenografts only partially solve the need for transplantable bone and are 
complicated by many other problems, such as immunosuppression, disease 
transmission and ethical considerations. Another method of bone repair is 
distraction osteogenesis. However, this method is still limited to treatments 
for craniosynostosis syndromes, some maxillofacial surgeries and 
elongations of long bone.16 

With many problems inherent in auto-, allo- and xenotransplantation, 
researchers have begun to use artificial scaffolds either alone or integrated 
with a bone graft. In either case, two scaffold properties need to be 
considered: osteoconductivity and osteoinducibility. Osteoconductivity refers 
to the ability for biomaterials to stimulate bone and ECM components to 
deposit and integrate.11 The term also emphasizes that functionalized 
biomaterial can be directly integrated with living bone tissue. This goal is 
dependent on various factors, including the appropriate design of the 
material surface, sample morphology, chemical composition, and 
sterilization methods. Osteoinducibility is defined by Wilson-Hench as the 
process by which osteogenesis is induced 17 with emphases on the 
survivability of osteogenic cells after transplantation and differentiation of 
osteogenic cells into bone forming cells. This process is dependent on 
factors such as osteogenic cell numbers, culture methods, and correct 
stimuli. Osteoconductivity and osteoinducibility are related to each other and 
are involved in the use of designed scaffolds to induce and assist bone 
healing.18 
 
The central goal of bone TE is to reproduce a physiological in vivo 
environment of osteogenic cells, ECM compounds and bioactive factors. 
Therefore, well-designed scaffolds which provide such environments are 
crucial. Although artificial scaffolds cannot yet completely clinically replace 
autografts, this method may be integrated with a bone graft and thus 
decrease the amount of autologous bone needed.  

In bone TE, the scaffold serves not only as a cell carrier but also to provide 
a space for vascular development and supply. An ideal scaffold needs to 
fulfil the following requirements.  



INTRODUCTION 

5 
 

I. The scaffold material and any other component used during 
fabrication (solvent, monomer, initiator, and catalyst) should be 
biocompatible or totally removable from the final product to avoid 
immune and toxic response.  

II. It should have a suitable porosity. It is important that the pores are 
interconnected to provide an extended space for cell attachment, 
growth and differentiation.  

III. It should have suitable mechanical properties feasible for the stress 
load of the placement site. 

IV. Degradable materials act as temporary materials to fill the defect 
space and are gradually replaced by new tissue; degradable 
scaffold material should have a suitable degradation profile.  

V. It should be osteoconductive to support bone cells to attach and 
grow on top of the scaffold.  

VI. It should be osteoinducible because intrinsic and extrinsic 
osteoinducibility is essential for cell differentiation and mineral 
deposition. This includes an inherent osteoinductivity of the 
material and the ability to introduce growth factors into the material.   

VII. It should be capable of withstanding sterilization.  

2.3 MATERIALS FOR BONE TISSUE ENGINEERING 

There are four basic types of materials used in bone TE: inorganic metals, 
bioceramics, natural materials and synthetic polymeric materials. Metals, 
like titanium, silicone, and magnesium, have long been used in TE. They 
are mechanically strong and biostable. However, in some clinical cases, 
metal implants may impede the stimulation of surrounding bone, loosen the 
implants, and cause bone resorption.19,20 Because of these potential 
complications, biodegradable materials are preferred. Bioceramic materials 
are widely used as bone substitutes for load-bearing. The composition of 
such materials is designed to mimic natural bone mineral. Bioceramics, like 
calcium phosphates, are biocompatible and osteoinductive.21 However, they 
usually have low mechanical strength, poor moldability, and poor 
processability.22 Therefore, the research field focuses on the combination of 
bioceramics and other materials, e.g., polymers. Natural polymers, such as 
polysaccharides (e.g., alginates, hyaluronic acid, starch and chitosan) and 
proteins (e.g., collagen, elastin, soybean, and silk fibroin), are derived from 
biological resources and in most cases have good biocompatibility. Natural 
polymers usually contain specific recognition domains favorable for cell 
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binding, which may also induce undesirable immune responses. Moreover, 
natural materials are usually mechanically soft and difficult to process. 
Based on these properties, natural polymers are often combined with 
synthetic polymers to produce a hybrid material possessing both 
advantages.23 Meanwhile, the mechanical reinforcement provided by 
calcium phosphates in the formation of composites is also feasible.24,25 Due 
to their different sources, natural polymers typically display batch variations, 
which is qualitatively hard to control. Today, the use of synthetic polymers 
allows for degradability control, chemical modifications, adjustable polymer 
compositions, easy processing and high biocompatibility. Common synthetic 
polymers used in TE are poly(α-hydroxy acids)26, polycarbonates,27  
polyanhydrides28 and polyfumarates29.         

2.3.1 Polyester materials for bone tissue engineering 

The most commonly used biodegradable synthetic polymer materials are 
aliphatic polyesters. L-lactide (LLA), ε-caprolactone (ε-CL) and glycolide are 
the most widely used monomers to synthesize homo- and copolymers for 
applications of producing medical devices, such as sutures, patches and 
degradable scaffolds in TE.30 Our group has successfully synthesized 
poly(L-lactide-co-ε-caprolactone) (poly(LLA-co-CL)) and poly(L-lactide-co-
1,5-dioxepan-2-one) (poly(LLA-co-DXO)) by random ring-opening 
polymerization (ROP).31,32 We used stannous 2-ethylhexanoate (Sn(Oct)2) 
as the catalyst and minimized the amount of catalyst; the ratio was reduced 
to a molar ratio of 1:10,000 (Sn(Oct)2:monomer) according to the toxicity of 
tin residuals in contact with biological environment.33-35 

 

Figure 1. Copolymer of A) poly(LLA-co-CL) and B) poly(LLA-co-DXO) synthesized 
by random ring-opening polymerization.  
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Poly(LLA-co-CL) (Figure 1A) was synthesized using ε-CL and L-lactide LLA 
monomers. The chemical and physical properties of this copolymer are 
easily changed by varying the composition of ε-CL and LLA because the 
glass transition temperature (Tg) increases with an increasing amount of 
LLA. The copolymer is amorphous when the LLA amount is above 50 mol%. 
Scaffolds with different monomer compositions have been carefully 
evaluated, and it has been shown that poly(LLA-co-CL) with 25 mol% ε-CL 
provides suitable physical properties when using a salt-leaching 
methodology.36 With this composition, the copolymer is amorphous,31 which 
offers a unique elasticity, and the formation of sharp edges are avoided 
during degradation. It has been shown that this elasticity can be improved 
by increasing the ε-CL content; however, this also reduces the resistance to 
mechanical stress. 

Poly(LLA-co-DXO) (Figure 1B) was synthesized using monomers 1,5-
dioxepan-2-one (DXO) and L-lactide (LLA). It has previously been shown31 
that the Tg and melting temperature (Tm) decreased when the DXO amount 
increased. In addition, as in the case with ε-CL, the copolymer with 25 mol% 
DXO provides properties that yield high porosity scaffolds by salt-leaching. 
When the DXO amount was 25 mol% and poly(LLA-co-DXO) was semi-
crystalline, the degree of crystallinity was about  20 %.31 

2.4 POLYESTER SCAFFOLD DESIGN 

2.4.1 Scaffold fabrication 

It is essential that the in vivo implant achieve a vascularized 3D structure for 
normal cell proliferation and differentiation due to the need for stimuli and 
nutrient transfer.12,37 Fabrication methods need to be developed to optimize 
the porosity in order to permit and optimize vascularization. Common 
fabrication methods include solvent-casting/salt-leaching,38,39 emulsion 
freeze drying,40 thermally induced phase separation,41 gas-foaming,42,43 
electrospinning,44 and rapid prototyping (RP)45. These methods meet most 
important requirements and are capable of generating porous 
interconnected scaffolds. However, none of these fabrication methods is 
universal for all types of materials. Depending on the properties of the 
material, specific fabrication methods need to be determined. Different 
fabrication methods also create scaffolds with different properties. For 
example, the gas-foaming method uses a high pressure gas (e.g., CO2, N2, 
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or water at 3-6 MPa) to saturate polymers (e.g., poly(lactic-co-glycolic acid)). 
A porous structure could be produced by releasing the gas pressure until 
conditions reach atmospheric levels and result in the nucleation and growth 
of gas cells in the polymer matrix. In this manner, the morphology of pores 
and the porosity can be tuned. However, pores produced by this method are 
often closed, so an improved gas-foaming method using salt particles (e.g., 
ammonium bicarbonate) was developed. This method formed gases in 
acidic solutions to improve the interconnectivity of pores. The 
electrospinning method is an efficient means to produce nanometer to 
micrometer scale polymer fibers. However, proper solvent and polymer 
concentrations are important because they determine the size homogeneity 
of the polymer fiber (this is especially a challenge for natural polymers, 
which have low viscoelasticity). The salt-leaching method is a very efficient 
and cheap way to produce high porosity scaffolds and is widely discussed in 
this thesis.  

The salt-leaching technique is a commonly used method to produce 3D 
porous scaffold. Sodium chloride (NaCl) is most often used as a porogen in 
the salt leaching method. NaCl crystals are carefully milled and screened to 
gain a controlled particle size between 90 to 500 μm. Within this range, 
large pores could be formed by large-sized particles. Smaller particles could 
fill between large particles and bridge gaps. High porosity (>85%) and 
interconnected inner structures (>98% v/v) are achieved and confirmed by 
micro–computed tomography (µCT) for both thin (1 mm thickness) and thick 
(25 mm thickness) scaffolds. Scaffolds produced by this method have been 
used in different applications as cell carriers.38,46-57  

The salt-leaching technique is a simple and reliable method for producing 
scaffolds to study basic cell-material interactions. However, scaffolds 
produced in this way have drawbacks given their use in clinical trials. The 
inner structure is highly irregular and thereby does not offer reproducibility in 
its production. The bottom is always non-porous; closed pores are 
sometimes detected in salt-leached scaffolds. Furthermore, organic solvents 
are commonly used during fabrication; this introduces a risk of solvent 
residues causing cytotoxicity. The salt-leached scaffold is also difficult to 
customize to complex shapes. Rapid prototyping (RP) is an attractive 
technique developed for layer-based scaffold fabrication. Depending on the 
printing strategy, RP technology may use laser-based stereolithography,58,59 
selective laser sintering,60 extrusion-based fused deposition modeling 
(FDM),61,62 and 3D printing (3DP)63,64. Three dimensional fiber deposition 
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(3DF) technology was developed from a rapid prototyping technique and is 
a melt-based layer-by-layer fiber plotting technique. Theoretically, the 
clinical shape of a bone defect can be captured by magnetic resonance 
imaging or µCT. A customized model of the implant can then be 
reconstructed by using computer-aided design and computer-aided 
manufacturing (CAD-CAM) technology to match the defect structure. This 
customized structure can subsequently be plotted by a 3DF plotting 
machine. Using this method, we can precisely control the structure of the 
scaffold and vary the design as desired.    

Figure 2 shows the plotting process using a 3DF machine. A thermoplastic 
polymer is loaded into a metal syringe packed into a heating jacket. The 
heating jacket is then heated to the melting temperature of the polymer. 
Under a suitable air pressure (4 bars), the melted viscous polymer is 
extruded from a size-controlled metal nozzle tip. A cooling pad is used to 
receive and cool the fibrous polymer strands. Finally, a customized scaffold 
is plotted layer-by-layer with desired pore sizes, shapes, and 100 % 
interconnectivity. 

 
Figure 2. Photos of the three-dimensional fiber deposition machine (left), sample 
(middle) and schema (right).  
 
Various thermoplastic polymers have been used to make scaffolds with the 
3DF technique, including poly(D,L-lactide-co-glycolide) (PLGA),65,66 poly(ε-
caprolactone) (PCL)-related materials,67 and copolymers of poly(ethylene 
oxide terephthalate)–poly(butylene terephthalate)  (PEOT/PBT)68,69. Hybrid 
structures that combine solid and hydrogel polymers have also been 
reported.70  

Poly(LLA-co-CL) is a random copolymer and has a fast degradation rate 
due to its amorphous structure. It has been used to produce salt-leaching 
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scaffolds but has not been compared against scaffolds produced by the 3DF 
method. In this thesis, we compared the mechanical properties and cell-
material responses between the scaffolds produced by the salt-leaching and 
3DF methods.  

2.5 BIOREACTOR SYSTEM OF CELL CULTURING IN SCAFFOLD 

Cell culturing strategies in tissue engineering are aimed at controlling cell 
proliferation and differentiation by mimicking the biological environment as 
much as possible. A number of studies have shown that cells grow better in 
a dynamic culture system due to the sufficient transfer of oxygen and well-
mixed diffusion of nutrients. The transfer of carbon dioxide, oxygen, wastes 
and nutrients in a static, in vivo environment is dependent on free diffusion 
which is limited to approximately 200 µm.71 This limitation hinders cell and 
tissue depths in a 3D porous scaffold, especially large-sized 3D scaffolds 
used for healing critical size defects. One solution is to use a bioreactor that 
circulates nutrient-rich media in a manner that simulates in vivo blood flow 
and mechanical shear force; it has been shown that proper fluid shear 
stress could stimulate cells to express specific proteins.72,73 Many types of 
bioreactors, e.g., pinner-flask bioreactor, rotating-wall vessels, hollow-fiber 
bioreactor, direct perfusion bioreactors, and dynamic compression 
bioreactor, have been designed for specific tissue engineering 
applications.74-78 The spinner flask (Figure 3) is a typical reactor that 
thoroughly mixes flow media by magnetic induced stirring forces.79,80 During 
culture, cells are transported into the scaffold by stirring. However, 
depending on the vessel geometry, stirring may produce turbulent eddies, 
which may damage regenerated tissues.80    
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Figure 3. A dynamic culture system consisting of two spinner flasks and a magnetic 
pad in an incubator. Cell-seeded scaffolds are cultured in the spinner flasks in the 
moving medium for a desired period of time.  

A direct perfusion bioreactor system allows pump-driven media to flow 
through a bioreactor (Figure 4). This system could localize cells onto a 
scaffold located in the bioreactor to reach a uniform cell distribution. This 
system provides mass transport inside and outside the scaffold and also 
applies direct mechanical stimulation by means of shear forces imparted by 
flowing media,81,82 which has been shown to significantly improve bone 
tissue regeneration.83,84 

 

Figure 4. A scheme of a flow perfusion culture system composed of a media 
reservoir, a bioreactor, and a pump to maintain media flow. 
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2.6 FUNCTIONALIZATION OF POLY(L-LACTIDE-CO-Ɛ-
CAPROLACTONE) SCAFFOLD FOR BONE TISSUE 
ENGINEERING  

In TE, polylactide-based materials suffer from several drawbacks, such as 
the absence of cell interactions, and a relatively high hydrophobicity, which 
limits media flow and nourishment. Moreover, the acidic degradation of PLA 
might cause an inflammatory response due to a decreased pH value. Due to 
a high Tg (approximately 55°C), PLA is brittle and degrades slowly. The 
degradation compound of lactic acid may also induce a pH change and 
chronic inflammation,85 which are non-ideal conditions for bone TE. We 
synthesized a random copolymer, poly(LLA-co-CL), composed of lactide 
and ɛ-caprolactone (at a mole ratio of 75:25) to circumvent this issue. We 
found that a poly(LLA-co-CL) scaffold produced by the salt-leaching method 
is a good alternative for bone regeneration. The scaffold is amorphous, 
elastic, and easy to handle. We have shown good results using this scaffold 
in cell proliferation and differentiation of human osteoblast-like (hOB) cells 53 
and human bone marrow stromal cells (BMSCs)46. Despite these attractive 
attributes, poly(LLA-co-CL) has drawbacks, including weak mechanical 
properties and low hydrophilicity. However, these shortcomings can be 
improved by proper chemical and physical modifications. 

2.6.1 Hydrophilic functionalized scaffold 

A high hydrophilicity is required in order to support water diffusion during 
scaffold cell culture. The free exchange of nutrients, oxygen, ions and 
proteins improves medium transfer and is essential for cell survival. In the 
application of scaffolds to heal critical size defects, a 3D porous scaffold is 
typically thicker than 3 cm, e.g., in tibia and long bone sheep models, which 
is too thick for nutrient diffusion; this limitation would otherwise require a 
dynamic bioreactor system.86,87 However, a hydrophilic scaffold could 
facilitate the diffusion of culture media and nutrient transfer. There are 
different methods to fabricating hydrophilic scaffolds, such as those that 
produce copolymer or polymer blended scaffold structures.11,88,89 The 
disadvantage of these methods is that they also affect the thermal and 
mechanical properties of the polymer. Another option is to synthesize 
hydrophilic polymers, monomers or particles for surface-functionalized 
grafts.13,15,17,90,91 As a surface modification method, grafting is also used to 
introduce functional groups for various purposes. To increase substrate 
hydrophilicity, hydrophilic functional groups can be coupled to the scaffold 
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polymer. In addition to imparting a hydrophilic property, other functional 
groups, such as hydroxyls, carboxyls, amines, and phosphates, could be 
used to decrease the pH and may even cause different inflammatory 
responses. There are other methods that can be used to impart 
hydrophilicity, including oxygen or ammonia gas plasma treatments,13,91 and 
alkane (e.g., sodium hydroxide) surface hydrolysis.14,16 In this thesis, a 
hydrophilic scaffold was prepared by the direct blending with a hydrophilic 
component. Because the scaffold base polymer we used was relatively 
hydrophobic, a surfactant was utilized as a suitable amphiphilic and 
intermediate compound to introduce hydrophilic functional groups.   

Tween 80 is a widely used, commercialized nonionic surfactant. It contains a 
long hydrophobic chain and a water soluble region comprising 3 hydrophilic 
polyethylene glycol chains with 20 total ethylene oxide units (Figure 5). This 
hydrophobic chain could be wound around the main chain of our 
hydrophobic copolymer to prevent excessive extraction during the salt 
leaching process. In addition, one double bond on the long hydrophobic 
chain of Tween 80 offers the opportunity for subsequent modifications. 

 
Figure 5. Chemical structure of Tween 80. 

In a study comparing the cytotoxicity levels on human fibroblasts of several 
common surfactants, including Tween 60, Tween 80, Triton X100 and 
Texapon K12, it was observed that Tween 80 showed the lowest cytotoxicity. 
92 This blending method of combining a surfactant with a hydrophobic 
scaffold polymer has previously been described in a study where hydrophilic 
poly(DL-lactide-co-glycolic acid) was produced.93 Use of this material in in 
vitro cell culture increased chondrocyte proliferation up to 3 weeks. In this 
thesis, the amount of Tween 80 was examined at 3, 10 and 20 % (w/w) to 
form various hydrophilic gradients. Both porous scaffolds and homogenous 
films were produced and the hydrophilicity, mechanical and thermal 
properties, and cell adhesion, proliferation and differentiation were evaluated.   
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2.6.2 Polymeric nanocomposite scaffold  

In addition to hydrophilicity, the scaffold surface and its mechanical 
properties are important factors to consider in optimizing cell proliferation 
and differentiation. To improve the scaffold material, a viable strategy 
involves the use of nanostructures in biodegradable polymer matrices to 
obtain nanocomposites. A nanocomposite material is a multiphase system 
which contains at least one type of nanoparticle (<100 nm) in the matrix. 
Nanoparticles contain a high specific surface area which makes it possible 
to express extensive chemical, physical or biological properties. The 
interaction of nanoparticles with the polymer matrix is fundamental for the 
mechanical enhancement of the nanocomposite. Simultaneously, 
nanocomposite interaction with cells influences the cell behavior by offering 
binding sites or by enhancing the delivery of active compounds. For these 
reasons, the surface property of nanoparticles is the dominant factor to 
consider when creating a modified nanocomposite material. In a polymeric 
nanocomposite material, the particles should be miscible in the matrix. This 
can be achieved with a process that includes chain entanglement, 
anchoring and chemisorption.94,95 Significant property improvements require 
good particle dispersibility; i.e., a reduction in the tendency for particle 
agglomeration increases interactions between particles and matrix material.    

Nanodiamond particle (n-DP) is a single-digit nano-sized diamond particle 
(approximately 4-5 nm diameter). Its properties were investigated after the 
1990s when it was successfully synthesized by detonation, and isolated in 
solution.96-98 A n-DP possesses high rigidity, photostability, thermal 
conductivity, biocompatibility and low chemical reactivity.99-101 Pristine n-DP 
surfaces contain various surface functional groups that can be formed by 
oxidation and reduction.102 Recent studies of n-DPs have focused on their 
fluorescence labeling for imaging,103-106 drug delivery and tumor therapy,107-

109 bioactive molecule delivery,110-113 forming nanocomposites,114 and the 
proliferation and differentiation of various cell types.115-117 Previous research 
has indicated that n-DPs could strongly absorb bone morphogenetic protein-
2 (BMP-2) and basic fibroblast growth factor (bFGF), by the way of 
physisorption.91,118  

2.6.2.1 Poly(LLA-co-CL) scaffold modified with hydroxylated n-DP (n-DP-
OH) by physisorption  

Physisorption is a process in which small particles are attached to a 
substrate by the interaction of van der Waals forces. According to the 
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previous study on the specific absorption of BMP-2 onto n-DPs, absorbed 
proteins could be easily released in slightly acidic environments.107 In this 
thesis, n-DPs were introduced into a polymeric scaffold for the purpose of 
attracting BMP-2 to improve bone regeneration.  

Because n-DPs are physisorbed on polymer surfaces, the degree of loading 
is dependent on the porosity of the scaffold. Instead of using a normal 
incubation method,113,118 which soaks n-DPs in solutions containing specific 
ratios of proteins, a vacuum-assisted technique was employed to force the 
n-DP water solution to burst in the porous scaffold to complete n-DP 
physisorption. A measurement of the porosity change was implemented 
based on the volume change of a β-TCP scaffold (Figure 6). N-DP 
physisorption did not cause any significant change to pore sizes. In this 
thesis, the aim was to produce a n-DP/poly(LLA-co-CL) composite scaffold 
for bone tissue engineering. 

      
Figure 6. The curves of the volume and pore size after n-DP loading by vacuum-
assisted technique. The β-TCP scaffold was loaded with 20, 40, and 80 mg/ml n-DP 
solutions by pump evacuation (n = 10 trials). Relative volumes and pore sizes were 
measured by mercury intrusion porosimetry. 
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2.6.2.2 Synthesis of Nanodiamond particles and surface modified 
nanodiamond particles  

The oxygen-terminated n-DP was used as a functional nano-filler material to 
improve mechanical properties of the polymer scaffold. Oxygen-terminated 
n-DPs were synthesized by acid-purification from detonated n-DPs. 119,120 
Oxygen-terminated n-DPs were very stable in water and did not aggregate. 
However, poly(LLA-co-CL) requires organic solvents (e.g., chloroform), 
which would not stabilize the oxygen-terminated n-DP, to be dissolved. A 
trial to directly blend an pristine n-DP/chloroform suspension into a 
poly(LLA-co-CL)/chloroform solution to prepare a solvent-casted composite 
film was performed. As shown in Figure 7, the resulting solution was 
immiscible and had a phase-separated morphology of composites when the 
amount of n-DP was greater than 5 % (w/w).  To overcome this immiscibility, 
a modification of the n-DP was needed.  

 
Figure 7. Surface morphology of solvent-casted n-DP/poly(LLA-co-CL) composites 
with particle ratios of 0 % (a), 1 % (b), 5 % (c), 10 % (w/w) (d). A cross section 
image of 5 % n-DP (e) showed the porous structure of the cross section of 5 % n-
DP.         
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Usually, proper n-DP surface modifications of hydrogenation, hydroxylation 
and carboxylation are first employed to control the surface condition and 
offer functional end-groups for further modifications.121-123 In recent 
publications, various types of surface modifications of n-DPs have been 
applied, such as amination,124,125 fluorination,126 and chlorination.127 These 
reactions are produced by high temperature-gas treatments or wet 
chemistry on carboxylic terminated n-DPs. However, carboxyl groups may 
form agglomerates by noncovalent bonding between particles.114,123 The 
oxygen-terminated n-DP could also initiate the reactions, e.g., through 
silanization, 128 bromination,129 or alkylation130 in organic solvents. However, 
due to the hydrophilicity of hydroxylated n-DPs, the issue of n-DP 
aggregation in organic solvent has not been fully addressed. 

In this thesis, n-DPs were modified by polymerizing LLA on the hydroxylated 
n-DP surface. It is well known that chemicals containing hydroxyl groups 
(e.g., ethylene glycol and benzoyl alcohol) could be used as initiators in 
ring-opening polymerization (ROP) catalyzed by tin(II) 2-ethylhexanoate 
(Sn(Oct)2). It is reported that a high amount of grafting modification of 
hydroxyapatite nanoparticles with PLA catalyzed by Sn(Oct)2 is difficult.131 
This is most likely due to nanoparticle aggregation or poor stability in the 
organic solvent. Polymer-based n-DP modifications have typically involved 
carboxylic acid functionalities, such as the grafting of polyimide,132 N,O-
carboxymethyl chitosan,133 polystyrene-block-poly(glycidyl methacrylate)-
block-poly(t-butyl methacrylate) (PS-b-PGMA-b-PtBMA),134 and 
polyglycerol135. Different reaction environments determined how the reaction 
processed. If reacted in an organic solvent, the n-DP suspension could not 
be stably maintained. Otherwise if reacted through bulk polymerization (like 
polyglycerol), the viscosity would increase rapidly; this would require n-DPs 
to be homogeneously reacted. Moreover, if a “grafting to” method (e.g., 
grafting copolymer PS-b-PGMA-b-PtBMA) is adopted, the steric hindrance 
and the length of reactive chains may limit the productivity. Therefore, a 
“grafting from” method is a better approach. Beyond this, there are very few 
examples of a one-step method that use the hydroxyl group to initiate a 
polymeric reaction on n-DP surfaces, and the carboxyl group cannot directly 
initiate the ring-opening polymerization of lactide. Therefore, there is no 
efficient method to polymerize lactide onto an oxygen-terminated n-DP 
without causing severe aggregation. To address these issues, in this thesis, 
the hydroxyl group was treated as the initiator, which could be activated and 
charged by sodium hydrate (NaH) in an anhydrous THF solution. The 
hypothesized that by charging the n-DP surface during the reaction, 
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repulsive forces could then separate aggregated particles and break the 
monomer ring to initiate an ROP. 

2.6.2.3 Nanocomposites of nanodiamond particles and polymer materials: 
fabrication and characterization 

Poly(LLA-co-CL) is an elastic copolymer and has good biocompatibility with 
bone-related cells but weak stiffness. This characteristic limits the 
applicability of poly(LLA-co-CL) in load-bearing applications. Based on the 
literature, to reinforce a poly(LLA-co-CL) scaffold,  poly(LLA-co-CL) could be 
blended with other polymers to produce hybrid polymers136,137 or mineral 
materials, such as β-tricalcium phosphate138 and hydroxyapatite139, could be 
introduced. In this thesis, n-DP was used as the filler material for the 
purpose of reinforcement by composing an n-DP/poly(LLA-co-CL) 
composite.   

Conventionally, direct blending114,140-142 and extrusion 143,144 are the most 
frequently used methods for forming pristine and modified n-DP/polymer 
composites. A reinforcement effect could be obtained when n-DPs are well 
dispersed and have strong interactions with the polymer matrix. In addition, 
the surface interactions between nanoparticles are mainly the non-covalent 
interactions of hydrogen bonds, ionic interactions, dipole-dipole interactions, 
and van der Waals interactions. These interactions could be influenced by 
temperature, pressure, pH value, solvent property, and nanoparticle 
formations. The combination of all complex interactions determines the 
stability and morphology of the particles. Particle agglomeration is the most 
commonly observed phenomenon in an unstable system of a nanoparticle 
suspension or a nanocomposite system. In a nanocomposite system, when 
particle-particle interactions are stronger than the interactions between 
particles and other system components, agglomeration could result. 
Agglomeration could further decrease particle-matrix interactions, cause 
poor particle dispersion, and weaken mechanical properties. An appropriate 
particle modification would be to construct a stable nanocomposite material. 
For n-DP composites, some effects of n-DP modification have been 
specifically designed, e.g., composites of carboxylated n-DPs blended with 
hydrophilic poly (vinyl alcohol),142 amino-functionalized n-DPs blended with 
polyurethanes145 and octadecylamine-functionalized n-DPs blended with 
polylactide (PLA)146. As mentioned earlier, pristine n-DP could not directly 
blend into poly(LLA-co-CL). A polylactide-modified n-DP (n-DP-PLA) was 
successfully synthesized (Paper III) for the preparation of an n-DP-
PLA/poly(LLA-co-CL) composite material by the means of direct blending. 
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For comparison, benzoquinone-modified n-DP (n-DP-BQ) scaffolds and a 
physisorbed n-DP (n-DP-Phys) scaffold were also prepared for comparison 
by mechanical properties and particle-polymer matrix interactions.  
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3 EXPERIMENTAL  

3.1 CHEMICAL MATERIALS 

Hexane (VWR, Sweden), methanol (VWR, Sweden), ethanol (VWR, 
Sweden), chloroform (VWR, Sweden), silver nitrate (Sigma-Aldrich, 
Germany), triethylamine (Sigma-Aldrich, Germany), dichlorodimethylsilane 
(Sigma-Aldrich, Germany), sodium chloride (Fluka Chemika, Germany), 
calcium hydride (Fisher Scientific), sodium hydrate powder (NaH, 95% pure, 
Sigma-Aldrich, Germany), ammonium chloride (NH4Cl, Sigma-Aldrich, 
Germany), benzoquinone (BQ, Sigma-Aldrich, US), tetrahydrofuran (THF, 
VWR, Sweden),  alpha-modified Eagle's medium (α-MEM; Gibco, Grand 
Island, USA), Dulbecco's modified Eagle’s medium (DMEM, Sigma-Aldrich, 
Germany), Tween 80 (Sigma-Aldrich, Germany), MesenCult complete 
medium (StemCell Technologies), 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium (WST-1, Roche Molecular Biochemicals, 
Germany), trypsin, phosphate buffered saline (PBS, PAA Laboratories, 
Austria), and fetal calf serum (FCS, PAA Laboratories GmbH, Austria) were 
used as received.  

ε-Caprolactone (CL, Sigma-Aldrich, Germany) and L-lactide (LLA, 
Boehringer Ingelheim, Germany) were purchased and prepared as 
described below. 1,5-dioxepan-2-one (DXO) was synthesized through 
Bayer-Villiger oxidation according to previously published methods.147,148 CL 
was dried overnight with calcium hydride (CaH2) and distilled at 80°C under 
reduced pressure.  L-lactide was recrystallized from dry toluene three times 
and dried under vacuum for 72 hours prior to use. Ethylene glycol (Sigma-
Aldrich, Germany) and Sn(Oct)2 (Sigma-Aldrich, Germany), were dried over 
molecular sieves. 
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3.2 POLYMER SYNTHESIS 

LLA, CL, and DXO were randomly copolymerized at 110°C for 72 hours in 
bulk, using Sn(Oct)2 and ethylene glycol as co-initiators following our 
previously published methods by ROP.52,149 The monomer-to-catalyst molar 
ratio was set to 10,000:1 to support a low tin residual in the final copolymer. 
The copolymer was precipitated in a cold hexane/methanol solution and 
dried under vacuum for more than three days. The molecular weight of 
poly(LLA-co-CL) was characterized by size exclusion chromatography (SEC; 
Polymer Laboratories, U.K.) using chloroform as a solvent and polystyrene 
as a standard for calibration. Chemical compositions and conversation rates 
for the polymerization were determined by proton nuclear magnetic 
resonance (1H NMR) (Bruker AC400, Bruker, Switzerland).   

3.3 NANODIAMOND PARTICLE PREPARATION  

3.3.1 Oxygen-terminated n-DP  

Detonation nanodiamond particle was purchased from Gansu Lingyn Corp, 
China, and acid-purified and dispersed according to previous protocols.119 
N-DP was attrition milled with 50 µm zirconia beads and centrifuged to 
remove contaminants. N-DP aqueous colloid was processed with ultrasonic 
re-dispersion to reduce agglomeration. The hydrophilicity was improved by 
mechanochemical reaction during the milling step.150 Significant amounts of 
hydroxyl groups, other carbon-oxygen groups (C-O, C=O, O-CO) and 
carbon-hydrogen (CHx) groups were detected by Fourier transform infrared 
spectroscopy (FTIR). The process of n-DP synthesis was performed in 
cooperation with the Univ. of Wurzburg. 

3.3.2 N-DP modification by polylactide (n-DP-PLA) 

N-DP aqueous colloid was dried to a powder, redispersed into anhydrous 
THF in a silanized flask and vastly de-agglomerated in a bath-type 
sonicator. The n-DP suspension with a concentration of 20 mg/mL n-DP 
was finally prepared. An LLA monomer solution of 0.1 g/mL was prepared 
by dissolving in anhydrous THF. NaH was pre-loaded into a silanized flask 
under N2, while the n-DP suspension was injected under stirring. After 1 
hour LLA monomer solution was injected by drop. The polymerization was 
terminated by adding an appropriate amount of NH4Cl. The information is 
summarized in Scheme 1. The synthesized product was precipitated in an 
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n-heptane/methanol solution and washed with deionized water. The n-DP-g-
PLA was then re-dispersed and collected by repeated centrifugation 
(Beckman Coulter Avanti® J-E, Beckman Coulter, US) at 15,000 g.  

 
Scheme 1. Sodium hydride-mediated anionic polymerization using n-DP as a co-
initiator. 

Sn(Oct)2-catalyzed n-DP grafting proceeded in bulk and solution 
polymerizations. The bulk ROP was reacted in a way similar to the protocol 
described in Chapter 3.2 using n-DP as the initiator. The solution 
polymerization was performed in anhydrous THF at 70 °C under N2 
protection for 24 h. Samples were vacuum-dried at least 24 hours before 
further characterization. 

3.3.3 N-DP modification by benzoquinone (n-DP-BQ) 

Benzoquinone-functionalized nanodiamond particles (n-DP-BQ) were 
prepared by suspending the proper amount of mechanically de-
agglomerated n-DP in deionized water at pH=8. BQ was added into the 
suspension at a ratio of n-DP/BQ=100/79 (w/w) under stirring at room 
temperature. After 24 hours, n-DP was centrifuged and washed with PBS 
(pH = 7.4) and water. After drying in vacuum, the n-DP-BQ powder was 
redispersed in THF.  



                                                                                  EXPERIMENTAL 

23 
 

3.4 SCAFFOLD FABRICATION 

3.4.1 Salt-leaching scaffold 

 
Figure 8. Scheme of salt leaching/ particular leaching method used to prepare thin 
and thick scaffolds. For the thick scaffold, the top (a) and bottom (c) part were 
removed. The side wall (c) was also polished to remove the solid membrane. 
Scaffolds with various size and shapes could be produced by following this method.    

NaCl was sieved to a 90-500 μm size range, similar to the porogen. The 
polymer-to-porogen ratio was set to 1:5 (paper V) and 1:10 (all papers) 
(w/w) to obtain specific porosities.39 After mixing well with a polymer solution 
(a 0.125 g/mL concentration), the blended solution was placed in the hood 
to slowly remove the solvent and subsequently punched to a desired shape 
of 12 mm diameter (Ø) x 1.2 mm thickness (δ) (papers I, II, IV, VI), and 6.5 
mm (Ø) x 1.2 mm (δ) (paper II) for in vitro cell culture tests in 48 or 96 well-
plates. 

For large-sized scaffolds, 6.5 mm (Ø) x 5.5 mm (δ) (paper VI) and 12.5 mm 
(Ø) x 10 mm (δ) (paper IV) sizes were prepared for compression tests, a 10 
mm (Ø) x 10 mm (δ) size was produced for in vivo tests (paper II), and a 
12.5 mm (Ø) x 25 mm (δ) size was made for bioreactor tests (paper V). The 
salt-polymer blend solutions were loaded into 15 mm (Ø) x 45 mm (δ) glass 
vials for molding. The concentration of the polymer solution for making large 
scaffolds was 0.35 g/mL. Molded samples were centrifuged at 1,200 g for 1 
min to remove bubbles and dried in the hood for more than 7 days. After 
removing the glass vials, salt particles were shaped to desired sizes and 
leached out by soaking the scaffolds in deionized water for at least 3 days, 
until no precipitate could be detected by silver nitrate solution. Salt-leached 
samples were dried under vacuum for 3 days before use. The whole 
process is summarized in Figure 8. Salt-leached scaffolds for tensile tests 
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(paper V) were prepared by cutting from a 2 mm-thick disk-shaped scaffold 
and shaped to the required size.   

3.4.1.1 Hydrophilic scaffold   
Synthesized poly(LLA-co-CL) and poly(LLA-co-DXO) were blended with 
Tween 80 at ratios of 3 %, 10 % and 20 % (w/w). The appropriate amount of 
Tween 80 was dissolved into chloroform, mixed with copolymer solutions 
and stirred overnight. For preparing homogenous films, 1 g 
copolymer/Tween 80 blends was poured into 9 cm (Ø) glass petri-dishes 
(Aldrich, Germany). For preparing porous scaffolds, a proper amount of 
Tween 80 was added to balance the amount of Tween 80 eluted during salt 
leaching. Polymer blends/NaCl (1:10 w/w) solutions were poured into petri-
dishes. After the solvent evaporated, scaffold samples were shaped to 10 
mm (Ø) × 1 mm (δ) cylinders and immersed in deionized water for 3 days to 
remove salt particles. All samples were dried under vacuum for more than 
24 hours before use. 

3.4.1.2 Nanocomposite scaffold 
N-DP physisorbed poly(LLA-co-CL) scaffolds (n-DP-Phys) were prepared in 
4 mg/ml n-DP solution by absorbing n-DP into the poly(LLA-co-CL) scaffold 
(papers III and IV). A prepared poly(LLA-co-CL) scaffold was loaded on an 
ultrasonic system equipped with a vacuum drying system. Physisorption 
was processed by n-DP solution burst under evacuating pump. This cycle 
was repeated 10 times; the resulting structure was briefly rinsed in 
deionized water to remove any residue. Prepared n-DP-Phys scaffolds were 
dried in vacuum for more than 24 hours.  

Polylactide-grafted nanodiamond particles (n-DP-PLA) were synthesized by 
anionic polymerization according to the method described above. The Mn of 
n-DP-PLA was approximately 12,000 g/mol as calculated by an 1H NMR 
end-group analysis. Poly(LLA-co-CL), of approximately 100,000 Da and a 
molar-mass dispersity (ĐM) of approximately 1.3, was synthesized and 
dissolved in n-DP-PLA and n-DP-BQ THF suspensions, respectively, and 
shaken for 24 hour before continuing with blending with poly(LLA-co-CL).  

Film samples were prepared by solvent casting the blends used for cell 
culture tests and mechanical property tests. Cylindrical scaffolds 12.5 mm 
(Ø) x 10 mm (δ) were prepared as described for compression tests.            
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3.4.2 Three‐dimensional fiber deposition (3DF) scaffold 

A Bioplotter (EnvisionTec GmbH, Germany) was used to fabricate 3DF 
using thermoplastic poly(LLA-co-CL). The copolymer was heated to 180  
for approximately 1.5 hour until it could be fluently dispensed through an 
extruder under 4 bar nitrogen pressure. A luer-lok stainless steel needle 
with a 1 mm external diameter, a 0.7 mm internal diameter and a 16 mm 
length was employed in this study.  
 
A 20 mm×20 mm block model was loaded into Bioplotter CAD/CAM 
software. In this study, the fiber spacing (FS) and offset distance between 
layers was set to 1.4 mm and 0.7 mm, respectively. Based on pre-tests, the 
layer thickness (LT) was set to 0.475 mm. Two rotation methods of 45° 
(0/45) and 90° (0/90) were applied between continuous layers (Figure 9a). 
The plotting speed was controlled between 180-210 mm/min, depending on 
the polymer viscosity and the homogeneity of strands. For characterizations, 
a printing speed of 160 mm/min was used and 40 blocks were plotted. A 
scheme of a 3DF scaffold under tensile stress is shown in Figure 9b.  
 

 
Figure 9. The cross-section schemes of (a) 0/90 and 0/45 3DF scaffolds.  The fiber 
diameter (FD), fiber spacing (FS) and layer thickness (LT) were set to 0.7 mm, 1.4 
mm, and 0.475 mm. The fiber offset was set to 0.7 mm to form a staggered 
structure. A top view scheme of 3DF scaffolds under tensile stress is shown (b). 
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3.5 CHARACTERIZATION METHODS 

3.5.1 Nuclear magnetic resonance (NMR) 
1H NMR was used to analyze the monomer conversion and copolymer 
composition. A Bruker Avance 400 NMR instrument (Bruker, Switzerland) 
was used. The analysis was carried out at room temperature and samples 
were dissolved in deuteron-chloroform (CDCl3). The monomer conversion 
and copolymer composition were calculated by comparing relative monomer 
peak intensities with the corresponding monomer and copolymer peak 
intensities from the spectra.  

3.5.2 Size exclusion chromatography (SEC) 

Molecular weights of all polymers were determined using one of two SEC 
systems. Molecular weight of polymers used for hydrophilicity analyses 
were measured using the Viscotek triple detector array (model 301) 
equipped with two GMHHR-M columns loaded with TSK-gel (mixed bed, 
weight averaged molecular weight resolving range: 300-100,000 g/mol) from 
Tosoh Biosep. THF (1.0 mL/min) was used as the mobile phase. Molecular 
weights of 3DF samples were measured using the Verotech PL-GPC 50 
(Polymer Laboratories, Varian Inc., MA, US) equipped with a refractive 
index detector and two Polar-Gel-M Organic GPC Columns (300 x 7.5 mm) 
from Varian Inc. Chloroform was used as mobile phase. Narrow linear 
polystyrene standards were used for universal calibrations for both systems. 

3.5.3 Mechanical properties 

Mechanical properties were tested on an Instron 5566 Universal Tester 
(Instron Corp., High Wycombe, UK) equipped with pneumatic grips and 
compression plates. All specimens were placed in the test room at 23°C, 50 % 
humidity for 24 hour before measurements. Yield points were marked to 
calculate strain-stress correlations and moduli. Data were recorded and 
evaluated with Bluehill 2 software (Instron Corp., High Wycombe, UK).  Five 
replicates were independently processed for each data point. Each value 
was given as the averaged value ± standard deviation. In the hydrophilic 
scaffold study, hydrophilic films were measured as representative of scaffold 
samples. In the 3DF scaffold study, salt-leached samples (with 75 % 
porosity) and 0/45 and 0/90 3DF scaffolds (with 69% porosity) were chosen 
due to comparable porosities and similar number averaged molecular 
weights (approximately 90,000 g/mol).  
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3.5.3.1 Tensile tests 
All tensile specimens had a rectangular shape and were prepared using an 
EP 04/80 × 5 mm2 specimen cutter (Elastocon AB, Boras, Sweden). The 
initial grip separation was set to 30 mm. The crosshead speed of hydrophilic 
materials and 3DF scaffolds were set to 50 mm/min for porous specimens 
and 100 mm/min for solid specimens, respectively. Elongation of the testing 
specimens was automatically measured from the grip separation by the 
software. A 50 N load cell was used and controlled by Bluehill 2 software. 
The offset yield method was used to define the yield point by adding a 
tangent to the linear portion of curve with an intercept of 0.2 % strain.   
 
3.5.3.2 Compression tests  
Compression testing was used to analyze compressive properties of 3DF 
and salt-leached samples with given thicknesses. Cylindrical samples were 
compressed at a rate of 10 % of the thickness/min. Samples were also 
compressed to achieve a 60 or 80 % deformation of the original dimension 
for stress value comparisons. E-moduli were also measured by the offset 
yield method. 

3.5.4 Water contact angle  

Water contact angles were determined using the CAM 200 contact angle 
system (KSV Instruments Ltd., Helsinki, Finland). A drop of 5 μL Milli-Q 
water was placed onto the surface of film samples, and contact angles were 
recorded by analyzing frames captured using an optical camera. Recorded 
frames were evaluated by CAM 2008 software (version 4.0, KSV) to 
calculate contact angles. Averaged values were calculated from 5 
independent measurements.  

3.5.5 Differential scanning calorimetry (DSC) 

A DSC system (Metter-Toledo DSC 820) was used to perform the thermal 
property study. Approximately 5 mg sample was sealed into standard 40 L 
aluminum cups. The instrument temperature was ramped at 10 /min from -
50 	  to 200 	 . Scans were performed under a nitrogen gas flow of 80 
ml/min. All results, i.e., glass transition temperature (Tg), crystallization 
temperature (Tc) and melting temperature (Tm), were measured during final 
thermal cycles. Degrees of crystallinity (χc) were calculated according to the 
equation:   
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χc = (∆Hf /∆Hf
*) × 100%  

where ∆Hf
* is the heat of fusion for a 100 % crystalline polymer. The ∆Hf of 

copolymer poly(LLA-co-DXO) was assumed to be wholly contributed by 
poly-L-lactide (PLLA) according to the literature.52 The ∆Hf

* of PLLA is 93 
J/g.151  

3.5.6 Thermogravimetric analysis (TGA) 

TGA system (Mettler-Toledo, Switzerland) was employed to determine the 
thermal decomposition temperature (Td) and the composition of the grafting 
heat up to 800  at a heating rate of 10 °C/min under 50 mL/min nitrogen or 
oxygen flow rate.  

3.5.7 Dynamic light scattering (DLS) 

DLS testing was performed on a Zetasizer ZEN3600 (Malvern Instruments 
Ltd., UK) system for measuring particle size distribution of pristine n-DPs 
and n-DPs after modification. All samples were prepared in chloroform 
solution at a concentration of 0.5 mg/mL. The average particle size 
distribution was calculated from 5 replicates of 10 scans each.     

3.5.8 Matrix-assisted laser desorption/ionization time of flight 
(MALDI-TOF) mass spectrometry  

A Bruker UltraFlex MALDI-TOF mass spectrometer system with a SCOUT-
MTP ion source (Bruker Daltonics) was employed with a nitrogen laser of 
337 nm. An acceleration voltage of 25 kV and a reflector voltage of 26.3 kV 
were used to obtain spectra. N-DP-PLA samples were dispersed in THF at 
a concentration of 2 mg/mL and mixed with a 2,5-dihydroxybenzoic acid 
(DHB, 10 mg/mL in THF) matrix at a 1:5 volume ratio. Approximately 0.5 µL 
mixture was dipped and dried on a stainless steel target plate before 
insertion into the instrument. 

3.5.9 Transmission electron microscope (TEM) 

A JEM-2100F (JEOL, Japan) TEM system was employed at an accelerating 
voltage of 100 kV for the morphological observation of pristine and modified 
n-DPs. 
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3.5.10 Scanning electron microscopy (SEM) and scanning 
transmission electron microscopy (STEM) 

Two SEM systems were employed. An Ultra-High Resolution FE-SEM 
(Hitachi S-4300) was used to visualize scaffolds and particle morphology.  
SEM samples were randomly chosen and coated with 5 nm platinum using 
an automatic sputter coater (Agar Scientific, Stansted, UK). Scanning 
transmission electron microscopy (STEM) was carried out on the same 
machine. Samples were prepared by dipping n-DP or n-DP-g-PLA solutions 
on a PELCO® 500 mesh copper grid (Ted Pella Inc., USA) and dried under 
vacuum. An acceleration voltage of 22 kV was used for the observation.  

To investigate the cellular morphology on 3DF scaffolds, 1x105 BMSCs 
were seeded per scaffold.  Samples were prepared for scanning electron 
microscopy after 3 hours static incubation and 3 days dynamic incubation.  
Samples were first incubated in alpha-minimum essential medium (α-MEM) 
containing 2.5% (w/w) glutaraldehyde without serum for 30 min. Then, they 
were incubated in 2.5% glutaraldehyde buffered with 0.1 M Na-cacodylate in 
0.1 M sucrose for 30 min. Samples were then stained with 1% osmium 
tetroxide for 1 hour and dehydrated through a graded series of ethanol from 
70% to 100%.  Critical point drying over liquid CO2 was employed.  After 
coating with 10 nm thick gold platinum, samples were mounted on 
aluminum holders.  SEM images were taken using a JSM 7400F Jeol, 
(JEOL, Japan) operating with a 10 kV accelerating voltage. 

3.5.11 Atomic force microscopy (AFM) 

A nanoscope IIIa multimode AFM system (Digital Instruments, Santa 
Barbara, CA) was employed to study the modification of n-DP-PLA in 
tapping mode. A high resolution cantilever Hi’Res-C (Mikromasch, Estonia) 
equipped with a 1 nm spike, worked under a 5 N/m spring constant and a 
110-220 kHz resonant frequency.  

3.5.12 Micro–computed tomography (µCT) 

Scaffold porosities were measured on a µCT device (SkyScan 1172 
Scanner, Belgium) at 40 keV and 2.4 μm voxel.  Samples were randomly 
chosen and characterized by CTan (CT analyser, ver. 1.5.0, SkyScan) and 
CTvol (CT Vol Realistic, ver. 1.9.4, SkyScan) software.  Three-dimensional 
models were reconstructed and analyzed by NRecon (ver.1.6.9, Skyscan) 
and CTAn (v.1.14.4, Skyscan) software.  
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3.6 CELL CULTURE 

3.6.1 Human osteoblast-like (hOB) cell isolation 

Human osteoblast-like (hOB) cells were derived from fresh human 
mandibular bone explants collected from different patients at the 
Department of Maxillofacial Surgery, Haukeland University Hospital in 
Bergen. Bone biopsies were taken from routine oral surgery and washed 
with PBS solution. Then, bone fragments were rinsed in a collagenase 
solution (1 mg/mL; Sigma, Germany) containing serum-free culture media. 
Cells were harvested after culturing tissue fragments for 3–4 weeks in 5 % 
CO2. Harvested cells were characterized using different assays to confirm 
ability to synthesize osteocalcin and high alkaline phosphatase (ALP) 
activity. This method has been described by Beresford152 and Mustafa et 
al153,154. Confluent cells (i.e., 80% coverage) from passage 4 were 
trypsinized and seeded into scaffolds. This study protocol was approved by 
the National Committee for Research Ethics, Western Norway (225.05, 
dated 07.11.05) 

 
3.6.1.1 Culturing hOBs  
For the study of 3DF scaffolds, hOBs were prepared in α-MEM 
supplemented with 1 % penicillin/streptomycin and 10 % FCS and incubated 
at 37°C, 5 % CO2, and 100 % humidity until 80 % confluence before 
seeding. Three types of scaffolds were tested in this study: 1) salt-leaching 
scaffolds with 75 % porosity; 2) 0/45 3DF scaffolds with 69 % porosity; and 
3) 0/90 3DF scaffolds with 69 % porosity.  Cells were seeded at 50,000 
cells/well on scaffolds in 96-well plates (NUNC A/S, Roskilde, Denmark).  
After one day of static culture, scaffolds were transferred to the dynamic 
culture system and culture was continued for another 24 hours and 7 days 
respectively, in the incubator at 37 °C, 5 % CO2, and 100 % humidity.  Cell 
morphology after 24 hours and 7 days in culture was examined by SEM.  

3.6.1.2 Cell viability test 
The WST-1 assay was used to determine cell numbers.  2-(4-Iodophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium) reagent (WST-1 
reagent) was added into each well and incubated at 37 °C for 4 hours.  After 
shaking for 1 min, the absorbance was measured on a fluorescence 
microplate reader (FLUOstar OPTIMA, BMG LABTECH) at 450 nm.  Fresh 
DMEM medium with 0.1% sodium dodecyl sulfate (SDS) served as negative 
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control. Fresh DMEM medium supplemented with 10 % FCS was used as 
positive control.  Averages of 5 replicates from each group were used for 
statistical analysis. 
 
3.6.1.3 Cell distribution  
For the analysis of cell distribution in scaffolds (papers V, VI), 4 samples 
from each group were prepared after 24 hours and 7 days incubation.  
Constructs were washed with PBS and fixed in 4 % paraformaldehyde for 1 
hour. Fixed constructs were then embedded in Tissue-Tek® O.C.T.™ 
compound (Sakura Finetechnical, Japan) at -80°C. Specimens of 8 μm 
thickness cross-sections were collected from the center of the scaffold 
sample using a cryosection machine (Leica® CM 3050S, Germany). The 
slides were stained with 1 μg/mL propidium iodide (PI) for 5 min and sealed 
with Eukitt® (Sigma, Germany). Slides were observed under a fluorescence 
microscope (Nikon Eclipse 80i, Japan) at ×40 magnification. Images were 
recorded and analyzed using NIS-Elements® 3.07 software (Nikon, Japan). 

3.6.2 Dynamic culture systems 

3.6.2.1 Spinner flask 
A long-term continuous cell culture performed in a bioreactor offers better 
nutrition relative to a static cell culture. In Chapter 4.4, a dynamic culture 
system was constructed using two modified spinner flasks (purchased from 
Belleco Glass; Figure 5) inside a 37 °C incubator with a humidified 5 % CO2 
atmosphere. This system was used to incubate hOBs for more than 3 days. 
The original driver paddle in the flask was replaced by a metal component 
with holders for scaffold fixation and equipped with a magnetic stir bar to 
control the rotation speed.  In this study, the speed of rotation was set to 50 
rpm. 

3.6.2.2 Dynamic perfusion system 
A medium reservoir filled with 30 mL growth medium (MSCGM Bullet Kit 
supplemented with 2 % FCS and 1% penicillin/streptomycin) was prepared. 
The fluid flow was maintained by a peristaltic pump (ISMATEC, Wertheim, 
Germany). In the experimental setup, a poly(LLA-co-CL)  cylinder scaffold 
was seeded and sealed in an 11 mm (Ø) silicone chamber in the bioreactor 
under flow conditions. Lids on both ends were prepared with tube 
connectors for fluidic bearings. Five million human mesenchymal stem cells 
(hMSCs) in 10 mL medium were injected through a bubble-free, sterilized 
sampling port (Fenwal, München, Germany) at a flow rate of 0.5 mL/min 
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maintained by a syringe pump (Landgraf Laborsysteme, Langenhagen, 
Germany). The inner pressure was monitored by a sensor and maintained 
at 10-20 mm Hg. Cell-loaded scaffolds were perfused 4 times/hour for 5 min, 
at a constant flow rate of 0.8 ml/min for 1 day and 7 days (at 37 °C with 5 % 
CO2). Media was changed on days 1 and 4. HMSCs viability and the multi-
potential differentiability of adipogenic, osteogenic and chondrogenic cells 
were evaluated in this system. In paper V, to evaluate the perfusion system, 
a static culture system was performed for comparison.   

3.7 STERILIZATION 

Homogenous films and 3D scaffolds used in the study were sterilized by 
irradiation with electron beam radiation (25 kGy dose) created by a pulsed 
electron accelerator (Mikrotron, Acceleratorteknik, Stockholm, Sweden) at 
6.5 MeV. 

3.8 STATISTICS 

Sigmastat 3.1 was used for statistical processing and analysis.  One-way 
ANOVA analyses were performed to determine significant differences 
between averages.  All values in bar diagrams are presented as averages ± 
standard deviations (SD).  Experiments were repeated with hOBs from 
different donors. Differences were considered significant for values of *p < 
0.05, ** p < 0.01, and *** p < 0.001. 
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4 RESULTS AND DISCUSSION 

4.1 OVERVIEW OF MATERIAL SYNTHESIS AND SCAFFOLD 
MORPHOLOGY 

4.1.1 Polymer synthesis  

In this thesis, two different copolymers, poly(LLA-co-CL) and poly(LLA-co-
DXO) were synthesized by bulk ring-opening polymerization (ROP). 
Materials used for preparing films, scaffolds, or composites have the 
average molecular weights (Mn) ranging from 80-100 kDa, and the molar-
mass dispersity (ĐM) was approximately 1.3. For the poly(LLA-co-CL) used 
in the 3DF plotting, a high Mn poly(LLA-co-CL) of 170 kDa was synthesized 
due to concerns for thermal degradation during the process. All copolymers 
contained approximately 75 mol% LLA and 25 mol% CL or DXO 
(determined by 1H NMR). Thermal properties are briefly summarized in 
Table.1.   

Table 1. Summary of typical thermal properties of pristine copolymers poly(LLA-co-
CL) and poly(LLA-co-DXO)  

Tg ( ) Tm ( ) χc (%) Td ( ) 

poly(LLA-co-CL) 3 to 5 -- -- 330 
poly(LLA-co-DXO) 10 143 18 312 

4.1.2 Morphology of salt-leached scaffold 

According to results from µCT and SEM (Figure 10), a typical salt-leached 
scaffold used in this thesis has a high porosity of approximately 85 to 90 %. 
The interconnectivity was higher than 98 %, which indicates a low amount of 
closed pores. The average pore size was approximately 300 µm, as 
measured by SEM.    
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Figure 10. The images of (a) salt-leached scaffold surface morphology, (b) cross-
section morphology from SEM, (c) scaffold cross-section and (d) scaffold top view 
from µCT (imaged at 0.33 mm of total 1.2 mm thickness). 

4.2 SURFACTANT-BASED HYDROPHILIC SCAFFOLD   

4.2.1 Tween 80-mediated hydrophilic poly(LLA-co-CL) blends  

To increase the hydrophilicity of poly(LLA-co-CL) scaffolds, various ratios of 
Tween 80 were blended into poly(LLA-co-CL) solutions. Samples were then 
prepared by solvent casting and evaluated for the effect of contact angle, 
mechanical properties and cell responses.   
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Table 2. Tween 80 composition of homogeneous films and porous scaffolds. 

Components Abbreviation 
Tween 80 

composition in film 
(wt.%) 

Tween 80 
composition in 
scaffold (wt.%) 

poly(LLA-co-CL) CL 0 0 

poly(LLA-co-CL) +3% 
Tween 80 

CL 3 % Tween  3 2.6 

poly(LLA-co-CL) +10% 
Tween 80 

CL 10 % Tween  10 8.4 

poly(LLA-co-CL) +20% 
Tween 80 

CL 20 % Tween  20 19.4 

poly(LLA-co-DXO) DXO 0 0 
poly(LLA-co-DXO)+3% 

Tween 80 
DXO 3 % Tween  3 2.9 

poly(LLA-co-
DXO)+10% Tween 80 

DXO 10 % Tween 10 10.7 

poly(LLA-co-
DXO)+20% Tween 80 

DXO 20 % Tween 20 18.6 

 
The amount of Tween 80 in different samples is listed in Table 2. 
Homogenous films (produced by solvent casting) with similar compositions 
to the porous scaffolds (produced by solvent-casting and salt-leaching) were 
produced and used for characterizations. Compared with films directly 
casted from solvent blends, the scaffolds were leached in deionized water. 
Unattached Tween 80 was washed away during leaching. This was likely the 
reason why a bumpy surface morphology of scaffolds was observed in 
Figure 11. As the amount of Tween 80 increased, scaffold surfaces 
increased in roughness. 
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Figure 11. Scaffold morphology of the cross-section (surface up) of poly(LLA-co-CL) 
and poly(LLA-co-DXO) with various amounts of Tween 80.  

As mentioned earlier, the interaction between the hydrophobic moieties of 
Tween 80 and poly(LLA-co-CL) maintains the miscibility of Tween 80 in 
solution. It was also observed in Figure 11, that with 10 % Tween 80, 
poly(LLA-co-DXO) scaffolds showed more pits than poly(LLA-co-CL) 
scaffolds. This may be related to the different wettability factors of the 
materials. The results of the contact angle test are listed in Figure 12. The 
hydrophilicity of poly(LLA-co-DXO) was slightly higher than that of poly(LLA-
co-CL). For an accurate contact angle measurement, the contact point at the 
interface between water and the sample surface should be uniformly flat. 
According to the Young-Laplace model for the determination of the curvature 
of a liquid droplet, the droplet should be axisymmetric. For a porous surface, 
however, water droplets form irregular shapes, and the contact surface is 
hardly uniformly flat; as such, the spreading and absorption dynamics of a 
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water droplet is complicated and hard to analyze (Figure 12b). Because of 
these conditions, the contact angle measurement is not the most appropriate 
assay for these porous surfaces. Unfortunately, other calculation methods 
require accurate measurements of the water drop thickness or the contact 
area, which are difficult to determine. Therefore, the contact angle was only 
assessed for homogenous (i.e., non-porous) film samples in this study. 

Figure 12. Histograms of water contact angles of copolymer films poly(LLA-co-DXO) 
and poly(LLA-co-CL) blended with 0, 3, 10 and 20 wt% Tween 80 (a) and images 
captured from corresponding scaffolds (b). Each average value and standard 
deviation was based on 5 measurements. The Tween 80 composition was 
calculated from integration of -CH2 protons (3.6-3.8 ppm) in poly(ethylene oxide) 
segments of Tween 80, in 1H NMR spectra. CL refers to poly(LLA-co-CL), DXO 
refers to poly(LLA-co-DXO). 

 
4.2.2 Characterization of thermal and mechanical properties  

The addition of Tween 80 weakened scaffolds, as was observed from 
tensile tests. Both the E-modulus and stress decreased with increasing 
Tween 80 concentration (Figure 13). This is likely due to interactions 
between polymer chains and Tween 80 that are weaker than the forces 
between polymer chains. It should be noted that at 3 % Tween 80, a high 
degree of hydrophilicity was obtained, while comparable thermal and 
mechanical properties of poly(LLA-co-CL) were maintained. 
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Figure 13. Tensile E-modulus, stress, and strain at the yield point of the specimens 
of poly(LLA-co-CL), poly(LLA-co-DXO), and their blends with different amounts of 
Tween 80.  

Thermal properties including Tg, Tc and Tm were measured from DSC 
thermograms. Degrees of crystallinity (χc) were calculated according to the 
equation presented in Chapter 3.5.5. Poly(LLA-co-CL) had a lower Tg value 
compared with poly(LLA-co-DXO). Thermal properties Tg, Tc, χc and Tm 
decreased when the amount of Tween 80 was increased (Table 3) for both 
poly(LLA-co-CL) and poly(LLA-co-DXO). Tween 80, with a Tm of 
approximately -20°C, softened the scaffold and increased polymer chain 
fluidity, which decreased the overall crystallinity, Tg, Tc and Tm of polymer 
blends. Similar reductions of thermal properties have been observed in other 
studies of Tween 80 blend systems.155,156 
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Table 3. Thermal properties of poly(LLA-co-CL), poly(LLA-co-DXO) and 
corresponding polymer/Tween 80 blends. CL refers to poly(LLA-co-CL), DXO refers 
to poly(LLA-co-DXO). 
Groups Tg (°C) Χc (%) Tc (°C) Tm (°C) 
CL 4.2±0.4 
CL+3% Tween -0.2±0.7 
CL+10% Tween -4.8±0.3 
CL+20% Tween -9.2±0.9 
DXO 9.7±1.2 18.4±0.2 98.1±4.7 143.2±0.2 
DXO+3% Tween 5.8±0.9 17.3±1.0 91.6±5.4 142.5±0.4 
DXO+10% Tween 0.5±0.7 16.2±0.6 86.3±5.6 141.5±0.6 
DXO+20% Tween -4.1±2.0 15.5±2.6 80.4±2.6 141.2±0.5 
 

4.2.3 Cell behavior on hydrophilic scaffolds  

Tween 80 is a stabilizer typically used to protect proteins from 
denaturalization during storage.157 To determine the extent of toxic effects of 
Tween 80, we performed a dose-dependent assay evaluating in vitro 
cellular response to Tween 80 (Figure 14a). A dose-dependent toxic effect 
was observed when the concentration of Tween 80 exceeded 10 %. This 
toxic effect may be due to changes in cell membrane morphology158-160 or 
the presence of peroxide compounds produced from Tween 80 
oxidation161,162. 

Tween 80 release from scaffolds was an initial concern at the beginning of 
the test. After washing away any residual salts leftover from scaffold 
fabrication, we soaked all scaffolds in deionized water for up to 4 days. No 
significant decrease in Tween 80 concentration was detected by 1H NMR. 
Additionally, cell adhesion results (Figure 14b) did not show significant 
differences between groups. The literature shows that the hydrophilicity of a 
material affects cell adhesion and proliferation, principally by altering protein 
adhesiveness.12,37,163 Surfactants, or very hydrophilic surfaces, might alter 
protein structure and thereby affect cell attachment.164-166 In this thesis, hOB 
cell adhesion was independent to Tween 80 concentrations.  
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Figure 14. Results of different experiments on hOB cells. The hOB cell direct 
response test (a), cell attachment (b), and proliferation test (c) were measured by 
WST-1 assay. RT-PCR results focused on scaffolds with 3% Tween 80. 
Expressions of PCNA, OC, and ALP were measured (d). CL refers to poly(LLA-co-
CL), and DXO refers to poly(LLA-co-DXO) after culturing 2 weeks.  

There was no significant change to the proliferation rate of hOB cells (Figure 
14c) when cultures were treated with Tween 80 for 1 day. However, 
proliferation rates down-regulated after 1 and 2 weeks culture. An improved 
hydrophilicity was achieved with 3 % Tween 80, this concentration was used 
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for the evaluation of gene expression in osteogenesis (Figure 14d). The 
general marker of proliferating cell nuclear antigen (PCNA) was slightly but 
not significantly decreased, which agreed with cell proliferation data. The 
expression of the late stage differentiation marker of osteocalcin (OC) was 
significantly decreased, while the expression of the early stage differentiation 
marker alkaline phosphatase (ALP) was significantly up-regulated. It could 
be concluded that the proper hydrophilic modification of poly(LLA-co-CL) 
and poly(LLA-co-DXO) scaffolds may not down-regulate cell proliferation but 
could postpone cell differentiation and maintain cell pluripotential.     

4.3 NANODIAMOND AND MODIFIED NANODIAMONDS AS 
FUNCTIONAL NANOFILLERS FOR COMPOSITE MATERIALS    

The introduction of nano-scale diamond particles (n-DPs) to scaffold 
compositions provides several potential improvements to polymer 
substrates in bone tissue engineering. The expected advantages are: 

1. Oxygen-terminated n-DPs showed specific absorbing properties for 
BMP-2 and FGF,118 and the capacity to improve osteoblast adhesion 
and proliferation in 2D in vitro environments116. These n-DPs are 
expected to improve cellular response in 3D scaffolds.  

2. As one of the hardest inorganic materials, n-DPs are expected to 
significantly reinforce the mechanical properties of composite 
materials.  

3. Due to concentrated amounts of functional groups on n-DP surfaces, 
n-DPs could be used as a potential carrier vehicle.         

Purified n-DPs were characterized by FTIR to identify surface functional 
groups.  

 
Figure 15. FTIR spectrum of oxygen-terminated nanodiamond particles. 
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Concentrated amounts of hydroxyl groups at the surface of pristine n-DPs 
were confirmed by FTIR, as shown in Figure 15. The hydroxyl groups were 
the main functional groups involved in the polymerization and modification 
processes described in following chapters. However, other remaining 
functional groups, including carboxyl groups, may also influence the 
reactions. The hydroxyl groups also impart a high degree of hydrophilicity, 
which is fundamental for maintaining the high stability of n-DP-water 
suspensions.   

4.3.1 Scaffold with physisorbed nanodiamond facilitating bone 
regeneration 

4.3.1.1 Improved bone regeneration induced by the implant of n-DP 
physisorbed scaffold  

There have been a number of studies on biomedical applications of n-DP. 
N-DP has been coated on silicon wafers and polystyrene plates for the 
evaluation of bone cell responses.167,168 The results indicated increased 
attachment and proliferation of hOBs in vitro. In this thesis, n-DP was 
physisorbed onto poly(LLA-co-CL) scaffolds, and evaluated in an in vivo 
study based on sheep calvarial defects. The scheme in Figure16 provides 
some details about the n-DP-Phys scaffold. The cell attachment test 
indicated more cells attached on the surface of n-DP-Phys scaffold. This 
improvement in cell attachment was most likely due to specific absorption 
properties of proteins and improved hydrophilicity from n-DP. From the 
histological images of the in vivo test, new bone formation was observed on 
the n-DP-Phys scaffold at the 12 and 24-week evaluations (Figures16c and 
d). Compared with the empty defects (Figures 16c1 and d1), which had 
gaps of dense fibrous tissue in their centers, the pristine scaffold implant 
offered a support for new bone formation especially in the 24-week group 
(Figure 16d2). However, in addition to dramatically improving bone 
formation, the n-DP-Phys scaffold attracted more cells attached and filled 
more areas of the defect (Figure 16a and b). Overall, the introduction of 
physisorbed n-DP to scaffolds resulted in improved bone regeneration in 
both in vitro and in vivo applications.        
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Figure 16. The scheme of nano-scale diamond physisorption; prepared poly(LLA-
co-CL) cylinder scaffolds were combined with dispersed n-DP (top). An in vitro cell 
attachment test (a) was performed by adding the total area of stained nuclei of 
attached BMSC cells for both pristine poly(LLA-co-CL) scaffolds and n-DP 
physisorbed scaffolds. The in vivo histological study was performed at 12 and 24 
weeks in sheep calvarial defects (c1-3, d1-3). Scaffold implants were stained with 
Toluidine Blue O to assess bone regeneration. (NB=new bone, HB=host bone, and 
FT=fibrous tissue). 

4.3.2 Oxygen-terminated nanodiamond modified with polylactide by 
anionic polymerization 

The improved bone regeneration was mostly due to surface functional 
groups which were provided on the oxygen-terminated n-DPs. These 
functional groups provided better hydrophilicity and specific protein binding 
sites. However, n-DPs were not covalently bonded to the scaffold but were 
physisorbed onto the structure (n-DP-Phys scaffold); this could lead to a 
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potential risk of burst release under specific environmental conditions. For 
this reason, we wanted to embed n-DPs into the scaffold, which would 
reinforce the overall structure given the inherent hardness of n-DPs. 
However, as mentioned earlier, direct blending methods failed due to the 
high immiscibility of oxygen-terminated n-DPs in organic solvents and their 
strong tendency for agglomeration. However, by weakening n-DP 
agglomeration, dispersibility could be improved. Therefore, the anionic 
polymerization of n-DP was considered to be a suitable method because 
this would simultaneously use charge repulsion and polymerization. For 
better miscibility in the poly(LLA-co-CL) matrix, polylactide grafting was 
chosen. In Figure 17, the hypothesis of a sodium hydride (NaH)-initiated 
polymerization of polylactide is showed. 

Figure 17. Scheme of sodium hydride-initiated anionic polymerization.   

Hydroxyl groups on n-DP surfaces are initiated by NaH in anhydrous THF, 
followed by repeated propagation steps of the ring-opening polymerization 
of lactide monomers. NH4Cl was used to terminate the polymerization by 
accepting active ions.  By precipitating in alternating solutions of 
heptane/methanol and water, unreacted NaH, NH4Cl and lactide monomers 
were removed. After drying in vacuum, synthesized n-DP-PLA was 
dissolved in chloroform or THF to form suspensions. However, the amount 
of hydroxyl groups on the surface of pristine n-DP is difficult to quantify. The 
ratio of NaH to n-DP was carefully controlled because any remaining 
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activated anionic groups could potentially cleave the acyl-oxygen bond of 
PLA chains. A proper feed ratio of n-DP, NaH and lactide was determined 
(Figure 18). First, we evaluated the reaction between hydroxyl groups of n-
DPs and lactides in the presence of Sn(Oct)2 (without NaH), which resulted 
no polymerization. We then compared the NaH-initiated polymerization (n-
DP-PLA-NaH) with bulk (n-DP-PLA-Sn(Oct)2 Bulk) and solution (n-DP-PLA-
Sn(Oct)2 solution) ROP catalyzed Sn(Oct)2 (Figure 18a). 1H NMR 
spectroscopy showed significant high monomer conversion of n-DP-PLA-
NaH. Based on this result, the optimum ratio of 1:0.25 for n-DP:NaH was 
determined (Figure 18b). Finally a 20:0.25 ratio of lactide:NaH was 
confirmed by the high molecular weight and monomer conversion achieved 
from the reaction (Figure18c). The n-DP-PLA-NaH-2-2 reaction gave the 
best results in all experiments. There was no toxic chemical left in the final 
product due to the anionic reaction.        

 

 
Figure 18. Evaluation of PLA grafting on n-DP with different n-DP/monomer/NaH 
weight ratios. Values of Mn were measured by SEC. The monomer conversion and 
Mn of each reaction were related to the reaction time (c). *The monomer conversion 
was measured by SEC/1H NMR.  

4.3.2.1 Characterization of n-DP modifications   

After synthesis, n-DP-PLA was characterized and compared with pristine n-
DP and n-DP-BQ (synthesized by the Univ. of Wurzburg). The results are 
shown in Figure 19.  
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Figure 19. N-DP-PLA was characterized and compared with pristine n-DP by FTIR 
(a), DLS (b), and high-resolution magnification TEM (g). The particle dispersion of 
n-DP before and after the modification is shown in optical photo (c). AFM images (d, 
e), and TGA result of the n-DP, n-DP-PLA, and n-DP-BQ particles (f) for evaluating 
the grafting morphology and composition.     
 
As seen in the photos of Figure 19c, n-DP-PLA has improved dispersibility 
in chloroform compared with that of pristine n-DP. This is achieved by the 
amphiphilic grafting of relatively hydrophobic PLA on the hydroxyl-terminal 
end of n-DPs. The FTIR spectrum (Figure 19a) of n-DP-PLA is very similar 
to that of pure PLA rather than that of n-DP. The change in particle size was 
measured by DLS in chloroform (Figure 19b). The agglomerating size of n-
DP-PLA decreased from approximately 800 nm, which is a typical value for 
n-DPs in less polar organic solvents,120 to approximately 230 nm after 
grafting. All results indicated that PLA grafting increased n-DP dispersibility 
and significantly reduced particle agglomeration. These phenomena are due 
to repulsive forces exerted between negative charges of n-DPs during 
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polymerization. From TEM images (Figure 19g), we can compare n-DP, n-
DP-PLA and n-DP-BQ surface morphologies. The effect of PLA grafting 
resulted in a shadow-shaped layer of approximately 5-7 nm thickness, 
which is significantly different from the surfaces of n-DP or n-DP-BQ. From 
the AFM images (Figures 19d and e), the n-DP-PLA surface appears much 
rougher with spike-like features. The particle size of n-DP-PLA was larger 
than that of pristine n-DPs. The thermograms (Figure 19f), a mass loss of 
about 67 % of n-DP-PLA, and about 11 % of n-DP-BQ were observed. 
These characterizations indicate that n-DP-PLA contains higher quantity of 
organic grafting compared to n-DP-BQ which is corroborated to the finding 
of different thickness of particle layers in TEM images.  

4.3.3 Characterization of modified n-DP/Poly(LLA-co-CL) composite 
scaffolds 

After the modification, the color of n-DP-PLA was grayish, while that of n-
DP-BQ was brownish. Both n-DP-PLA and n-DP-BQ were blended with 
poly(LLA-co-CL) by a solvent-casting process to prepare homogeneous 
films and 3D porous scaffolds at particle ratios of 1, 5, 10, 50% (w/w), 
respectively (Figure 20a).     

 
Figure 20. Homogenous films and scaffolds were prepared (a). The porosity of the 
pristine and composite scaffolds was determined by μCT and summarized in the 
table (a). The tensile E-moduli of n-DP-PLA/poly(LLA-co-CL) (b), n-DP-
BQ/poly(LLA-co-CL) (c) composites, and relative compressive E-moduli (d) 
were measured and summarized from tensile and compressive tests.  
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Both n-DP-PLA and n-DP-BQ were stable and dispersible in the organic 
solvents THF and chloroform. By dissolving poly(LLA-co-CL) and the 
corresponding n-DPs into THF, homogeneous composites were prepared. 
From μCT, high porosity was observed for all composite scaffolds. In the n-
DP-Phys scaffold, the porosity was slightly decreased due to surface 
physisorption of n-DP, which could potentially block small pores within the 
scaffold.    

SEM images of the detailed surface morphology are presented in Figures 
21a1, b1, and c1 of select particle compositions. Compared with the 
solvent-cast unmodified n-DP/poly(LLA-co-CL) composites (Figure 4), the 
modified n-DP-PLA and n-DP-BQ were well-distributed in the polymers. The 
tensile E-modulus (Figure 20b) of n-DP-PLA composites significantly 
increased by approximately 6 and 20 factors higher at higher particle ratios 
of 10 % and 50 %. However, E-moduli were nearly constant for n-DP-BQ 
composites and were similar to that of pure poly(LLA-co-CL). Slight 
improvements in compressive E-moduli were observed in n-DP-PLA 
composites but not in n-DP-BQ composites. It should be noted that the 50 % 
n-DP-PLA scaffold showed some signs of agglomeration and phase 
separation (showed in detail in paper IV). This indicates that in order to 
obtain good dispersity in the polymer matrix, the particle ratio should be 
lower than 50 %. SEM images of the cross section of 10 % n-DP-PLA and 
50% n-DP-BQ composites showed very different surface morphologies and 
particle performance (Figure 21b2, b3, c2, and c3). In the n-DP-PLA 
composite, particles were observed to bind with the polymer matrix and 
even create links between polymer fibers, which formed under tensile stress. 
The n-DP-BQ composite displayed a clear fracture edge, similar to a pristine 
polymer. N-DP-BQ particles located underneath the surface matrix showed 
no signs of strong entanglement with the matrix. This is likely the reason 
why n-DP-PLA composites had greater stiffness than pristine polymer, 
whereas n-DP-BQ composites did not display any improved mechanical 
properties. The PLA chains from the grafts of the n-DP–PLA strongly 
interacted with the polymer matrix through physical entanglements and non-
covalent interactions. N-DP-BQ particles had no functional groups capable 
of participating in such chemical interactions with the poly(LLA-co-CL) 
matrix. Based on these observations, n-DP-PLA is a good additive material 
for the reinforcement of the composite. N-DP-PLA could further be modified 
to couple with proteins for tissue regeneration by similar methods as those 
for polylactide.112,169,170 Activated benzoquinone is considered a typical linker 
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for the immobilization of functional macromolecules, especially for binding 
growth factors.171,172  

 

 
Figure 21. The surface morphology and cross section fracture morphology from the 
tensile test of pristine poly(LLA-co-CL) (a1, a2, a3), n-DP-PLA/poly(LLA-co-CL) (b1, 
b2, b3) and n-DP-BQ/poly(LLA-co-CL) (c1, c2, c3). 

4.4 PERFUSION BIOREACTOR FOR LARGE BONE 
CONSTRUCTS FOR USE IN CRITICAL SIZE DEFECTS  

Cell attachment and proliferation were restricted in surfaces of a salt-
leached scaffold due to the limited diffusion of nutrients in a static culture 
system and to the irregular architecture of the scaffold. An improved 
bioreactor design incorporating direct medium perfusion could improve 
nutrient penetration into the scaffold and thereby, enable cell proliferation 
throughout.  

A typical scaffold with dimensions of 12.5 mm (Ø) × 25 mm (δ) (Figure 22a) 
was loaded into a bioreactor for both dynamic and static cell culture. Cells 
were stained after 1 and 7 days culture. The cross section staining showed 
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cell distribution trends (Figure 22b). Flow velocity is an important factor that 
provides the sufficient exchange of nutrients; however, intense perfusion 
rates could negatively affect cell viability and result in high cell death.173 
Because of this, the dynamic culture flow perfusion was set to a moderate 1 
mL/min. In the dynamic culture, cells were distributed along the direction of 
media flow, whereas cells preferred to be restricted to the periphery of the 
scaffold in the static culture. After 7 days, the number of viable cells was 
significantly higher in the dynamic culture. By comparing the expression of 
pressure-related gene markers, scaffold attachment factor B (SAFB), and 
stress marker genes, SERPINH1 (heat shock protein 47), the dynamic 
culture conditions triggered high expressions of the general stress and 
shear stress-related genes (Figure 22c). The expression of cell 
differentiation-related markers of collagen1A1 (COL1A1), runx-related factor 
2 (RUNX2), SPARC (osteonectin), and BGLAP (osteocalcin) were up-
regulated after 7 days in the static and dynamic culture (Figure 22d). We 
selected these markers because their up-regulation has been correlated 
with fluid shear stress.174 The cell apoptosis marker, fas cell surface death 
receptor (FAS), also increased from day 1 but was kept relatively constant 
until day 7. This was correlated to the high expression of the up-regulated 
Serpinh1, which is related to general stress by the maturation of collagen 
molecules.175 The up-regulation of SAFB, which is related to stress 
regulation and cell differentiation, could also support the positive influence 
from the pressure and shear force from perfusion. It can be concluded that 
the dynamic perfusion culture could simulate sufficient mechanical 
stimulation to induce an improved stem cell differentiation process toward 
the osteogenic lineage. By this process, the large size scaffold pre-seeded 
with stimulated stem cells would be a good implant to treat critical size 
defects.   
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Figure 22. Evaluation of the seeding efficiency of large poly(LLA-co-CL) scaffolds in 
a dynamic perfusion bioreactor. (a) Poly(LLA-co-CL) scaffolds were cultured for 1 
and 7 days and (b) stained by MTT assay to study the cell distribution. (c) The 
regulation of pressure-related genes (SFAB, SERPINH1), cell apoptosis markers 
(FAS) and (d) osteogenic markers (ALP, BGLAP, COL1A1, RUNX2 and SPP1) 
after 7 days culture in static and dynamic settings were studied. The flow velocity 
was 1 mL/min.  
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4.5 AN IN VITRO STUDY OF 3DF AND SALT-LEACHED 
SCAFFOLDS 

4.5.1 The morphology of 3DF scaffolds 

The salt-leaching method has great potential for fabricating porous scaffolds 
with high porosities for cell loading. However, the structure of salt-leached 
scaffold is not reproducible. The salt-leaching method cannot be controlled 
to form complex shapes. However, the 3DF method is capable of such 
designs. By setting up the processing parameters, a 3DF scaffold is 
reproducible. In paper VI, two patterns with 0/45 and 0/90 plotting rotations 
were produced (Figure 23). A fiber offset (FO) of 0.7 mm and a fiber spacing 
of 1.4 mm utilizes parallel lines as a natural barrier. This staggered design 
was chosen because offset scaffolds have been shown to promote cell 
proliferation.176 In Figure 23c, an overview of the 0/45 scaffold is provided in 
reconstructed µCT images. A well-controlled layer structure with fully 
interconnected pores was successfully produced. The top view of SEM 
images of two designs (Figures 23a and b) shows a homogeneous fiber size. 
The fiber diameter (FD), fiber spacing (FS) and layer thickness (LT) were 
460 ± 20 μm, 750 ± 75 μm and 410 ± 13 μm, respectively. These values 
were similar to the theoretical values for the fiber diameter (475 μm) and 
spacing (700 μm). No obvious shrinkage and a low standard deviation of 
layer thickness indicate stable scaffold architecture. This may be attributed 
to the elastic property of the copolymer. The closed pores of the 3DF 
scaffold were 0.1 %, which was lower than those of salt-leached scaffolds. 
More importantly, the closed pores in salt-leached scaffolds have a high risk 
of containing potentially toxic chemical solvents. The degradation of the 
polymer during the melting process was evaluated by measuring the 
molecular weight of the scaffolds plotted against different timepoints in 
Figure 23d. The molecular weight decreased over time under a constant 
temperature of 180°C. In this study, there were no monomer peaks detected 
in the 1H NMR spectrum, which indicated limited specific chain scission. We 
did not observe any significant differences in mechanical properties 
between samples produced before 300 min. There is no doubt that a 
decreased molecular weight would influence the behavior of scaffolds in 
vivo; it would be wise to choose scaffolds with desired molecular weights.  
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Figure 23. SEM images of 3DF scaffolds made from poly(LLA-co-CL).  The fiber 
diameter, fiber spacing and layer thickness of the surface image of a 0/90 3DF 
sample (top left), the cross-section image of a 0/90 3DF sample (top right), the 
surface image of a 0/45 3DF sample (bottom left), and the cross-section image of a 
0/45 3DF sample (bottom right) were measured. 
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4.5.2 Mechanical property studies  

 
Figure 24. Tensile stresses and strains and E-moduli from the tensile testing of (a) 
poly(LLA-co-CL) 0/45 3DF scaffolds (0/45), 0/90 3DF scaffolds (0/90) and salt-
leached scaffolds were determined at the yield point. The compressive stress-strain 
curve is shown (b) during compression testing of 0/45 3DF scaffolds (solid line), 
0/90 3DF scaffolds (dash) and salt-leached scaffolds (long dash dot). The elastic 
moduli of 0/45 3DF scaffolds, 0/90 3DF scaffolds and salt-leached scaffolds are 
shown in the histograms.   

The results of tensile and compression test of the 3DF scaffolds were 
compared with the corresponding salt-leached scaffolds in Figure 24. The 
0/90 3DF scaffold had the highest tensile stress and E-modulus, while the 
0/45 3DF scaffold had the highest compressive stress and E-modulus. Salt-
leached scaffolds exhibited the lowest values in both tests (Figure 24a). In 
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3DF scaffolds, the regular structure could make the force homo-dispersed. 
However, the irregular salt-leached scaffold could deform the structure and 
easily make a crack at the weakest point. A typical stress-strain 
compression curve is shown in Figure 24b.  The maximum compressive 
force was set to 45 N.  With this limitation, compressive strains were 
recorded at 60 % in 3DF scaffolds and 80 % in salt-leached samples. The 
salt-leached scaffold was less stiff than other 3DF scaffolds and had an E-
modulus of approximately 9 times lower than that of the 0/45 scaffold. 
These results indicate that both tensile and compressive properties 
depended on the scaffold architecture. Salt-leached scaffolds have an 
inhomogeneous structure with a large distributed pore size, while the layer-
based 3DF scaffolds were precisely fabricated by a computational model. 
Mechanical measurements confirmed that the organized, symmetrical 3DF 
scaffold has an advantage over the disorganized salt-leached scaffold with 
respect to bearing vertical and horizontal strains.  Due to different behaviors 
of 0/45 3DF scaffolds and 0/90 3DF scaffolds in tensile and compressive 
testing, different 3D patterns should be designed specifically for different 
applications. Compared with salt-leached scaffolds, 3DF scaffolds have 
significant advantages being solvent-free, reproducible, having full 
interconnectivity and improved mechanical behavior.  

4.5.3 In vitro test of hOB proliferation and distribution  

To assess the influence of the poly(LLA-co-CL) 3DF scaffold on cell 
proliferation and distribution, hOB cells were cultured on 0/90 3DF and 0/45 
3DF scaffolds (using salt-leached scaffolds as a reference) for 1 and 7 days. 
Images of hOB cell spreading on 3DF and salt-leached scaffolds surfaces 
were obtained through SEM (Figure 25a1, a2, b1, b2, c1, and c2). After 1 
day, hOB cells had attached to the surfaces of all scaffolds, displayed 
normal morphologies and covered only parts of the surfaces. After 7 days, 
cells had grown well and covered all scaffold surfaces and achieved near 
confluence. When comparing the cross-section images of the distribution, 
cells on 3DF scaffolds (Figures 25a3, a4, b3, and b4) had spread along the 
fiber surface and fully covered the area after 7 days, but very few were 
observed to grow inside salt-leached scaffolds (Figures 25c3 and c4). Cell 
proliferation and distribution were influenced by many parameters, including 
surface roughness, pore size and interconnectivity. In this study, we 
optimized the scaffold architecture to achieve general cell attachment and 
facile nutrient exchange. Effective nutritional exchange is thought to be the 
vital pathway to provide sufficient sustenance to support cell activities; this 
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is why fully interconnected scaffolds could offer an abundant spatial 
environment to promote cell proliferation.177 Homogeneous cell distribution 
in 3DF scaffolds was achieved through effective media flow. This sufficient 
nutrition flow through 3DF scaffolds ensured the efficient spreading and 
proliferation of hOBs.  

 

Figure 25. Cell morphology and distribution images recorded from SEM and 
fluorescence microscopy. Poly(LLA-co-CL) 3DF scaffolds cultured with hOB cells 
for 1 and 7 days: (a1-a4) 0/45 3DF scaffold; (b1-b4) 0/90 3DF scaffold; (c1-c4) salt-
leached scaffold. In fluorescent images, the nuclei of hOB cells were stained by PI 
and appear red under fluorescence microscopy. Polymer scaffolds appear light blue 
on a dark blue background. 
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5 CONCLUSIONS  

  

Poly(L-lactide-co-ɛ-caprolactone) (poly(LLA-co-CL)) and poly(L-lactide-co-
1,5-dioxepan-2-one) (poly(LLA-co-DXO)) were synthesized and produced 
as scaffolds for bone tissue engineering applications. The focus was to 
improve various functionalities of the polymer scaffolds, and to determine 
their influence on mechanical properties and cell-material interactions.  

The hydrophilicity of the poly(LLA-co-CL) and poly(LLA-co-DXO) scaffolds 
was improved by adding 3 % (w/w) Tween 80. Although a significant 
improvement in hydrophilicity was observed, the thermal and mechanical 
properties did not change. The increased hydrophilicity did not improve hOB 
cell attachment but may have influenced cell differentiation and sustained 
their pluripotentiality.  

To improve cell-material responses at the poly(LLA-co-CL) scaffold surface, 
nanodiamond particles (n-DPs) were introduced by physisorption. The n-DP 
physisorbed (n-DP-Phys) scaffold improved hBMSC attachment and 
differentiation in vitro and promoted bone regeneration in vivo.  

The mechanical property of poly(LLA-co-CL) was improved by using PLA-
modified n-DP (n-DP-PLA) as an additive. N-DP-PLA was synthesized by 
sodium hydride-mediated anionic polymerization. This modification 
significantly improved particle suspensibility in chloroform. Benzoquinone-
modified nanodiamond (n-DP-BQ) was also prepared and blended with the 
copolymer. Both n-DP-PLA and n-DP-BQ achieved better dispersion in a 
poly(LLA-co-CL) matrix when compared with unmodified n-DP. The 
introduction of 10 % (w/w) n-DP-PLA greatly improved the stiffness of the 
composite by six times. In comparison, the addition of n-DP-BQ did not 
improve mechanical or thermal properties of the polymer matrix due to weak 
particle-polymer interactions. Although the interactions were weak, n-DP-BQ 
was well dispersed in the matrix and could be used as a carrier for 
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functional macromolecules. Good cell viability (UE7T13 cell line) for all 
composites was observed.  

A larger poly(LLA-co-CL) scaffold (12.5 mm × 25 mm) was developed by a 
molding and salt-leaching method. The scaffold was then evaluated in a 
dynamic perfusion bioreactor for hMSC loading and culturing. In this 
customized, dynamic perfusion system, the cell distributed homogeneously 
in the large scaffold. Meanwhile, the gene expression of pressure-related 
markers and osteogenic markers was up-regulated. This development is 
crucial for preparing pre-cultured scaffold for the treatment of critical size 
defects.  

To overcome difficulties of irregular architecture and the non-reproducibility 
of salt-leached scaffolds, a 3D fiber deposition (3DF) method was 
employed. Two designs of poly(LLA-co-CL) scaffolds were produced by the 
3DF method and compared with salt-leached scaffolds. 3DF scaffolds 
provided an accurate-controlled architecture with full interconnectivity and 
higher mechanical properties than salt-leached scaffolds. From in vitro tests, 
3DF scaffolds had homogeneous cell distributions for both designs, 
whereas the salt-leached scaffold had uneven cell distribution. This 
indicated that the 3DF method could be a good alternative for designing 
porous poly(LLA-co-CL) scaffolds with customized architecture and 
reproducibility.
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6 FUTURE WORK 

 As the “next generation” scaffolding technique, the 3DF method 
should be used to design complex scaffolds for critical size detects 
based on the standard pattern characterized in this thesis. 

 N-DP-PLA has been successfully synthesized. Relatively low 
molecular weight grafting was achieved. The production of high 
molecular weight n-DP-PLA particles by using low molecular weight 
particles as the initiator would introduce other properties to the 
material by bulk ring-opening polymerization.      

 The n-DP-based composite material was shown to improve 
properties as described in this thesis. This material should be 
considered for the 3DF method to produce tailor-made scaffolds with 
specific shape.     

 Future works should explore how n-DP-PLA particles degrade in 
vitro and in vivo, and how this would affect properties of the 
composite material.    
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