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Abstract

The use of bone substitutes in orthopedic surgery has increased tremendously
over the last few years. Allograft bone is used to replace bone lost due to tumor
removal or injury and for reconstruction of large skeletal defects, whereas autograft
bone is only suitable for small defects. There are inherent problems with allograft
tissues, however, such as the risk of disease transmission and immunologic
incompatibility. Strategies to reduce these risks include improving allograft
sterilization methods and developing bone tissue substitutes were evaluated in the
presented studies.

Tissue engineering offers a potential avenue to overcome the limitations related
to auto- and allograft tissues. To enhance the body’s own repair system, i.e., tissue
regeneration, biomaterial research focuses primarily on developing scaffolds for
tissue engineering applications. Bioactive glass and composites of bioactive
ceramics and biodegradable polymers, such as polylactides (PLA), are promising
delivery vehicles for osteoprogenitor cells because they induce new bone formation
in vivo. Among adult stem cells, multipotent adipose stem cells (ASCs) can
differentiate into osteoblastic cells and other mesenchymal lineages in vitro when
treated with appropriate factors, and are therefore a promising cell source for bone
tissue engineering applications.

This work comprises two parts. First, peracetic acid-ethanol sterilization (PES)
with a preceding chemical cleansing step and subsequent freeze-drying step was
studied as a potential allograft processing method. Second, in vitro proliferation and
osteogenic differentiation studies of different types of bioactive glass and
PLA/bioceramic scaffolds seeded with ASCs were evaluated as enhanced constructs
for bone tissue engineering applications.

The different processing methods combined with PES had only minor effects on
the biomechanical properties of cortical allograft bone, suggesting that this
processing method is suitable for allograft bone sterilization. Evaluation of bioactive
glass scaffolds indicated that additional surface treatment with calcium phosphate or
zinc inhibited the dissolution kinetics of the bioactive glass scaffolds. Surface
treatment with calcium phosphate delayed early osteogenic differentiation of ASCs,
whereas treatment with zinc stimulated proliferation and osteogenic differentiation
of ASCs when used with a faster degrading composition of bioactive glass. PLA/j-
tricalcium phosphate (B-TCP) composite scaffolds significantly enhanced ASC
proliferation and osteogenic differentiation compared to PLA alone or composite
forms of PLA/bioactive glass scaffolds.

In conclusion, ASCs combined with a controlled composition of bioactive glass
scaffolds or PLA/B-TCP composite scaffolds are potentially useful for clinical
applications regarding scaffolds with both osteoconductive and osteostimulative



properties. Further studies utilizing in vivo models are needed, as well as in vivo
confirmation of the suitability of the allograft bone processing and sterilization
method.



Tiivistelma

Allograftiluun ja muiden luunkorvikkeiden kéytto ortopedisessd kirurgiassa on
kasvanut huomattavasti viimeisten vuosien aikana. Autologista luuta voidaan
kdyttdd vain pienten luuvaurioiden hoitoon ja sen vuoksi allograftiluuta kiytetdén
korvaamaan suuria luupuutoksia, jotka ovat aiheutuneet esimerkiksi kasvaimen
poiston tai vamman seurauksena. Allograftiluun kéytt6d kuitenkin hankaloittaa riski
tarttuvien tautien siirtymisestd kudoksen luovuttajasta siirteen vastaanottajaan ja
liséksi riski vastaanottajan immunologisesta vasteesta luusiirteelle. Né&itd riskeja
voidaan vdhentdd parantamalla allograftiluiden sterilointimenetelmid tai
kehittdmalld uudenlaisia luunkorvikkeita autologisen ja allogeenisten luusiirteiden
tilalle.

Kudosteknologiset keinot tarjoavat mahdollisuuden kehittdd tiysin uudenlaisia
luunkorvikkeita. Biomateriaalialan tutkimus on keskittymédssd kudosteknologisiin
sovelluksiin sopiviin tukirakenteisiin, joiden tarkoituksena on edesauttaa elimiston
omaa kykyi korjata kudoksia. Bioaktiiviset lasit yhdessd bioaktiivisesta keraamista
ja biohajoavasta polymeeristd, kuten polylaktidista, koostuvien komposiittien kanssa
ovat lupaavia materiaaleja toimimaan esiluusolujen kuljettimina elimistdon, silld
niiden on osoitettu lisddvdn uuden luun muodostumista in vivo. Aikuisten
kantasoluihin kuuluvat monikykyiset rasvakudoksen kantasolut voivat erilaistua
luusolujen suuntaan, kun niitd késitellddn sopivilla kasvutekijoilli. Namé solut
ovatkin lupaava soluldhde luun kudosteknologisiin sovelluksiin.

Tama tyd koostuu kahdesta erillisestd osasta. Ensimmaéisessd osiossa tutkittiin
soveltuuko peretikkahappoetanolisterilointi yhdistettynd kemialliseen puhdistukseen
ja kylmékuivaukseen allograftiluun prosessointimenetelméksi. Toisessa osiossa
tutkittiin erilaisten bioaktiivinen lasi- ja polylaktidi/biokeraamitukirakenteiden in
vitro vaikutuksia rasvakudoksen kantasolujen lisddntymiseen ja erilaistumiseen
luusolujen suuntaan. Tarkoituksena oli 10ytd4 uusia tehokkaita materiaaliyhdistelmia
luun muodostumiselle kudosteknologisissa sovelluksissa.

Erilaiset prosessointimenetelmit yhdistettynd peretikkahappoetanolisterilointiin
eivit vaikuttaneet heikentévisti kortikaaliluun mekaanisiin ominaisuuksiin. Ndiden
tulosten perusteella tutkittua prosessointimenetelméd voidaan pitdd potentiaalisena
sterilointimenetelmédnd allograftiluulle. Bioaktiivisen lasin kalsiumfosfaattipinnoite
tai sinkin lisdys sen koostumukseen niytti vaikuttavan sen hajoamisominaisuuksiin
hidastavasti. Kalsiumfosfaattikésittely viivdstytti rasvakudoksen kantasolujen
luuerilaistusta.  Tulosten  perusteella voidaan olettaa, ettd valitsemalla
koostumukseltaan nopeammin hajoava bioaktiivinen lasi sinkin stimuloiva vaikutus
rasvakudoksen kantasolujen erilaistumiseen luusolujen suuntaan olisi voitu havaita.
Polylaktidi/trikalsiumfosfaatti komposiitti-tukirakenteet tehostivat merkittavisti
rasvakudoksen kantasolujen lisddntymisnopeutta ja lisdsivét niiden luuerilaistusta



verrattuna pelkkddn polylaktidi- tai polylaktidi/bioaktiivinen lasi komposiitti-
tukirakenteisiin.

Johtopditoksend voidaan todeta, ettd rasvakudoksen kantasoluilla yhdistettyna
muokkaamattomaan  bioaktiiviseen lasi-tukirakenteeseen tai  polylaktidi/-
trikalsiumfosfaatti komposiitti-tukirakenteeseen, voitaisiin soveltaa kliiniseen
kdyttoon, kun  materiaalilta  vaaditaan sekd  osteokonduktiivisia  ettd
osteostimulatiivisia ominaisuuksia. Rasvakudoksen kantasolujen ja biomateriaalien
yhdistelmdn kykyd muodostaa luuta pitdisi tutkia myds eldinmalleissa.
Lisdtutkimuksia tarvitaan my0ds kdytetystd prosessointi- ja sterilointimenetelmasta,
jonka soveltuvuus allograftiluulle tulisi vield varmistaa eldinkokein.
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1. Introduction

Bone defects have several different causes; tumor surgery, trauma, infections, and
congenital abnormalities. Skeletal reconstruction by bone grafting is commonly
used in orthopedic surgery (Aro and Aho 1993, Virolainen et al. 2003). For small
bone defects, autologous bone remains the most suitable bone grafting material
because the transfer of osteoprogenitor cells provides the graft with excellent
osteoconductive and osteoinductive characteristics. For the reconstruction of large
cortical and cancellous bone defects, allograft bone is established effective and
reliable for the reconstructing of large cortical and cancellous bone defects, despite
the risk of an immunologic response in the host and the risk of viral and bacterial
contamination (Aro and Aho 1993, Eppley et al. 2005). Although donor screening
and tissue testing remain the gold standard in allograft bone preparation, these
methods sometimes fail. To maximize safety when using allograft bone, the bone
must be cleansed and sterilized. All of the currently used methods, however, such as
gamma sterilization, compromise either the safety or the biologic and biomechanical
properties of the allogratft.

Biomaterials used for implants have a limited lifespan, whereas tissue
regeneration affords more desirable long-term repair. Tissue engineering is a new
approach for regenerating bone tissue, offering the potential to overcome the many
limitations of existing therapies. The optimal strategy for bone formation is to
combine bioactive scaffolds with stem cells and signaling molecules.

Bioactive glass is a synthetic, silica-based surface-active bone substitute material
that strongly bonds to bone (Heikkild et al. 1995). Certain compositions of bioactive
glass induce the proliferation and osteogenic differentiation of human osteoblasts
and mesenchymal stem cells (MSCs) in vitro (Xynos et al. 2000b, Bosetti and
Cannas 2005). The mechanical properties of bioactive glass and other bioceramics,
however, are not optimal for clinical use. Composite materials in which the
bioceramic phase is incorporated into a polymer matrix have emerged as a possible
strategy to overcome this insufficiency.

Adipose stem cells (ASCs), which are abundant and can be efficiently harvested,
hold great promise for reconstructive therapy applications because they can be
incorporated as-is or after being manipulated in vifro manipulations.

The present studies were initiated to evaluate the potential of peracetic acid-
ethanol sterilization (PES) preceded by a chemical cleansing and subsequent freeze-
drying step as an allograft processing method. This was followed by in vitro studies
on different bioactive materials that were used as scaffolding for ASCs to enhance
the constructs for bone tissue engineering applications.

15
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2. Review of the literature

2.1 Bone

2.1.1 Components of bone and mineralization

Bone is a highly heterogeneous tissue and its composition varies with the skeletal
site, physiologic function, age, sex, and presence of bone diseases. Calcified bone is
composed of a mineral phase, an organic matrix, and cells. The mineral phase, or
the inorganic matrix, of bone is composed of calcium phosphate (Ca-P) or
hydroxyapatite (HA), which is responsible for the stiffness and strength of bone.
Over 90% of the organic matrix is composed of collagenous extracellular matrix,
predominantly type I collagen, along with small amounts of types V and XII
collagen. Type I collagen has a unique amino-acid content compared with other
collagens and consists of relatively thick fibrils (mean diameter 78 nm), thus giving
the bone its tensile properties. The remaining 10% of the organic matrix corresponds
to noncollagenous proteins, including osteopontin, osteocalcin, osteonectin, bone
sialoprotein, bone phosphoproteins, and small proteoglycans and phospholipids. In
addition, the calcified matrix contains growth factors, such as bone morphogenetic
proteins (BMPs), and enzymes, such as alkaline phosphatase (ALP) (Buckwalter et
al. 1996, Bonucci 2000).

ALP is a glycosylated membrane-bound enzyme produced by osteoblasts that
provides adequate local concentrations of inorganic phosphate or inorganic
pyrophosphate for bone mineralization. ALP expression is present in early
osteoblasts, peaks in mature osteoblasts, and possibly fades in late osteoblast cells
and osteocytes, which makes it an important indicator of osteoblast function (Beck
et al. 1998, Park et al. 2007). Osteopontin is proposed to be involved in processes
related to cell adhesion and cell matrix attachment. It is maximally expressed at the
initiation phase of mineralization and is associated with the mineralization front.
Maturation of the collagenous matrix, a prerequisite for bone mineralization, may
involve an association with noncollagenous proteins such as osteopontin (Robey
1996). Osteopontin induction may be linked with the generation of ALP hydrolysis
products (Beck et al. 1998).

Seven cell types, all originating from two cell lines, are found in bone.
Undifferentiated osteoblasts or preosteoblasts, osteoblasts, bone-lining cells, and
osteocytes are derived from the primitive mesenchymal cells, osteoprogenitor cells.
Monocytes, preosteoclasts, and osteoclasts are derived from hematopoetic stem
cells. The main function of osteoblasts is to synthesize osteoid, i.e., organic bone
matrix, and influence its mineralization through the generation of organic matrix
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components and the synthesis of matrix vesicles. Osteocytes are mature osteoblasts
trapped within formed bone, whereas osteoclasts are phagocytic cells that are
capable of bone resorption. Bone-lining cells lie directly against the bone matrix
and, similar to osteocytes, they have less cytoplasm and fewer organelles than active
osteoblasts. Osteoblasts and osteoclasts together are responsible for constant bone
turnover and remodeling (Buckwalter et al. 1996, Heath and Young 2000).

In the bone mineralization stage, the essential phase transformation reaction is the
formation of solid Ca-P from soluble Ca-P. When mineralization proceeds, the
amount of water and probably also the amount of non-collagenous protein decrease
simultaneously with the increase in the mineral concentration, but the collagen
concentration and organization remain relatively unchanged (Buckwalter et al.
1996).

2.1.2 Structure of bone

Bone exists in two main histologic forms, woven bone and lamellar bone. Woven
bone is synthesized when osteoblasts produce osteoids rapidly, as in skeletal
embryogenesis, and in pathologic conditions, such as callus formation, bone tumors,
and ectopic ossification. The collagen fibers in the osteoid of woven bone are
randomly arranged. Lamellar bone is stronger and more resilient than woven bone
and is characterized by regular parallel bands of collagen arranged in sheets.
Immature woven bone is eventually remodeled to form lamellar bone. Lamellar
bone in the mature skeleton can be further classified into two distinct macroscopic
structures: cortical, i.e., compact bone; and cancellous, i.e., trabecular bone
(Bonucci 2000, Heath and Young 2000).

Cortical bone forms the outer bone layer and the thick dense walls of the
diaphysis. The basic structure of cortical bone is composed of concentric bony
layers or lamellae. These lamellae form cylindrical structures, called osteons. The
major axis of an osteon comprises neurovascular canal or Haversian canal. The
osteons are arranged parallel to the axis of bone. Between the lamellae are spaces
called lacunae where osteoblasts are trapped as osteocytes. The osteons are thus
oriented in concentric rings within the lamellae. Cancellous bone is found in the
medulla of flat, short bones, and in the epiphysis and metaphysis of long bones.

Cancellous bone consists of trabecular networks separated by interconnecting
spaces containing bone marrow. Cancellous bone does not usually contain osteons
but if the trabeculae are thick enough, osteons can be found. The porosity of
cancellous bone varies from 30% to more than 90%, whereas the porosity of cortical
bone ranges from 5% to 30%. Although cancellous and cortical bone can be easily
distinguished by their porosity or density, the actual differences arise from the
microstructure of bone tissue observed histologically (Rho et al. 1998, Bonucci
2000, Heath and Young 2000).

The external bone surface is covered by a dense fibrous layer known as the
periosteum, which contains undifferentiated osteogenic cells capable of continuous
remodeling and repair of bone fractures. The inner bone surface is covered with
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endosteum, which has properties and function similar to periosteum (Bonucci 2000,
Heath and Young 2000).

2.1.3 Bone fracture healing

In bone fracture healing, the properties of pre-existing tissue are largely restored and
eventually new bone is regenerated. Thus, bone is unique because it can completely
reconstitute itself without the formation of scar tissue, by a process that normally
occurs during embryogenesis (Rosenberg 2005). Histologically, bone fracture
healing can be divided into primary fracture healing, or primary cortical healing,
and secondary fracture healing. In primary healing, the bone cortex heals directly
without forming a callus. This healing pattern occurs only when there is possible
anatomic restoration of the fracture fragments and stability of the fracture reduction
is ensured. Secondary healing involves activation of the periosteum, followed by
callus formation. The initial response to a fracture is similar to the response of any
tissue to a traumatic force sufficient to cause tissue damage and hemorrhage
(Einhorn 1998).

In the initiation phase of bone fracture healing, blood vessel rupture results in a
hematoma. The blood clot that forms provides a fibrin mesh, which is replaced later
by highly vascular granulation tissue. The granulation tissue gradually becomes
more fibrous. At the same time, degranulated platelets and migrating inflammatory
cells release platelet-derived growth factor (PDGF), transforming growth factor-8
(TGF-p), fibroblast growth factor (FGF), and other cytokines, which activate the
MSCs and enhance of osteoclastic and osteoblastic activity. In this phase, MSCs
differentiate into chondroblasts and a provisional callus is formed. The callus forms
via intramembranous ossification whether or not the fractured parts of the bone are
in close proximity. The function of the callus is to stabilize and bind the fractured
bone together. Even while the callus is forming, osteoprogenitor cells in the
periosteum and endosteum are activated and progressively transform the provisional
callus into a bony callus. The cartilage in the provisional callus calcifies and is
replaced by lamellar bone by a process that resembles endochondral ossification,
such as normally occurs at the growth plate. At this stage a network of bone that
connects to the reactive trabeculae deposits in the medullary cavity and beneath the
periosteum. Finally the bony callus is remodeled gradually by osteoclasts, and
increased mechanical loading restores the bone near to its original shape and
mechanical properties (Heath and Young 2000, Ross et al. 2003, Rosenberg 2005).

2.1.4 Mechanical properties of bone

Because bone is an anisotropic material its mechanical properties depend on the
loading direction of the testing method. Furthermore, biologic variables, such as
race, sex, age, function, and level of activity, together with pathologic diseases
affect the mechanical properties of the bone (Natali and Meroi 1989, Zioupos et al.
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2000). In addition, the dense nature of cortical bone makes it strong and stiff thus
differing significantly from cancellous bone. For example, the average values of
Young’s modulus of cancellous bone are measured in megapascals (MPa) whereas
1000-fold higher gigapascals (GPa) are used to measure the same average values of
cortical bone. Also, the mechanical properties of cancellous bone vary more than
those in cortical bone. This may be explained by the fact that the density of
cancellous bone varies more than that of cortical bones depending on the anatomic
location and donor. The lower heterogeneity of cortical bone may be due to its lower
turnover rate (Rho et al. 1998, An 2000). The mechanical properties of cancellous
bone are not discussed in more detail because only cortical bone was assessed in
study 1.

2.1.4.1  Mechanical properties of cortical bone

As cortical bone is anisotropic, it is also heterogenic, thus its mechanical properties
vary along the longitudinal axis of bone and transversely in different anatomic
quadrants. Evans et al. showed in the early 1950s that the lateral quadrant of the
femur has the highest ultimate tensile strength and the anterior quadrant has the
lowest. The middle third of the femoral shaft has the highest ultimate strength and
Young’s modulus whereas the lower third has the lowest average strength and
elastic modulus (Evans and Lebow 1951). The mechanical properties of bone are
thought to be more heterogeneous transversally in the anatomic quadrants than
along the length. The variations in the properties around the circumference of
cortical bone are minor, however, less than 10% (An 2000).

The mechanical properties of cortical bone are positively correlated with its
apparent density, which is determined by the porosity and bone mineralization. The
average apparent density of cortical bone is approximately 1.9 g/cm’® (An 2000).
Minor changes in the mineral density of cortical bone have a more pronounced
effect on its elastic properties than similar changes in cancellous bone (Currey
1969a, Currey 1969b). The porosity and degree of mineralization together account
for 84% of the stiffness variation of cortical bone (Currey 1988).

Three-point bending is a common method for mechanically testing cortical bone.
One reason for this is that it produces information regarding three different
mechanical properties in a single test; bending strength, Young’s modulus and
energy absorbed by the sample (Currey et al. 1997, An 2000). Previous studies
demonstrated that the strength and elastic modulus of human cortical bone samples
determined by bending tests range from 103 to 283 MPa and from 9.1 to 15.7 GPa,
respectively (An 2000).

2.2 Allograft bone

Allograft bone is currently the graft of choice in the treatment of large bone defects,
regardless of the fact that bone tissue engineering has developed enormously during
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the past decade. Cortical bone allografts are used clinically to repair fractures and
defects caused by illness, trauma, or radical tumor surgery (Virolainen et al. 2003,
Akkus and Belaney 2005). Cortical allografts are required for the induction of
osteogenesis and to provide sufficient structural support to the defect area until the
formed new bone can restore adequate strength (Currey et al. 1997, Virolainen et al.
2003). Finite-element modeling study has demonstrated that stresses are transferred
to allograft bone (Mihalko et al. 1992), therefore the main characteristic of structural
cortical allograft is its ability to support mechanical loads and to resist breakage
(Boyce et al. 1999). Failure of the cortical allograft before healing and initial
integration to the host tissue can be clinically crucial and easily lead to reoperation.

Allograft bone has several advantages over autograft bone. Allograft bone can be
manufactured in several configurations (powder, cortical chips and struts, cancellous
cubes etc.) and harvested in an unlimited manner. In addition, the use of autograft
bone results in donor site morbidity (Boyce et al. 1999, Barbour and King 2003,
Eppley et al. 2005). Allograft bone has greater incorporation times than autograft
bone, however, and does not can not elicit the same osteogenic response as autograft
bone due to the lack of cells in processed allograft bone (Eppley et al. 2005).
Processing of allograft bone is necessary to minimize the risk of an immunologic
response of the recipient (Galea and Kearney 2005). The major concern in the use of
allograft bone is the risk of viral transmission and bacterial contamination (Barbour
and King 2003, Eppley et al. 2005, Eastlund 2006).

Allograft bone can transmit a variety of pathogens such as human
immunodeficiency virus (HIV), Myobacterium tuberculosis, hepatitis, human T-cell
lymphotropic virus, rabies, Herpes simplex virus, cytomegalovirus, fungus, and
transmissible spongiform encephalopathies (Tomford 1995, Aspenberg 1998,
Eastlund 2006). At present, the risk of viral transmission through allograft tissue is
extremely low because serologic donor screening and tissue sterilization methods
are effective (Boyce et al. 1999, Lomas et al. 2000, Barbour and King 2003).

The success rate after the implantation of massive osseous allografts varies from
60% to 90% when assessed through clinical, radiographic, and biologic methods.
This illustrates the advantage of using allograft bone, although there is also

justification for the development of new technologies that are emerging from bone
tissue engineering studies (Boyce et al. 1999, Eppley et al. 2005).

2.2.1 Methods for cleansing allograft bone

After donor screening and tissue testing, the safety level of allograft bone can be
further improved by cleansing the bone to minimize the risk of infection, which is
directly related to the amount of blood and cellular tissue remaining in the bone
graft (Tomford 1995). In addition, the incorporation of chloroform methanol
defatted bone is enhanced compared to that of a graft that has not been lipid-
extracted (Thoren et al. 1995, van der Donk et al. 2003). Fat removal from the bone
also facilitates the penetration of sterilization solution into the tissue (Pruss et al.
1999).
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A number of procedures have been proposed to remove necrotic and cellular
tissue such as adipose tissue from allograft bone, including pulse lavage washing,
chemical cleansing, and centrifugation (Lomas et al. 2000, DePaula et al. 2005,
Haimi et al. 2008). The chemical and physical cleansing of allograft bone reduces
the bioburden and cellular antigens in the graft. Commonly used chemical cleansing
methods include aqueous solutions of detergents, hydrogen peroxide, organic
solvents, acids, and alcohol. Chemical methods can also be used in combination
with mechanical methods, such as ultrasonic baths, vacuum, centrifugation, and
agitation, which may intensify the chemical cleansing (DePaula et al. 2005, Galea
and Kearney 2005). Although the cleansing step preceding sterilization is necessary,
it is likely that this affects the mechanical and biologic properties of the bone.

2.2.2 Methods for sterilizing allograft bone

Bone sterilization methods are either used alone or in combination with cleansing
methods. Currently, commonly used sterilization methods of allograft bone are
irradiation procedures, mainly gamma irradiation (Currey et al. 1997), and chemical
sterilizations, such as PES (Pruss et al. 2003). An effective allograft bone
sterilization method should penetrate through the bone structure into the cavities, to
the blood and adipose tissue. There it should inactivate existing viruses and bacteria.
At the same time, the sterilization method should not have adverse effects on the
mechanical and biologic properties of the allograft bone.

Gamma sterilization is one of the most widely employed methods for
musculoskeletal allograft tissue sterilization because it is an effective sterilization
procedure with high tissue penetration properties. Pathogens are inactivated via
disruption of their genetic material by direct and indirect damage. A dose of 25 to
35 kiloGrays (kGy) is reported to be sufficient to inactivate bacteria (Currey et al.
1997, Akkus and Rimnac 2001, Butler et al. 2005, Grieb et al. 2005). This is the
standard radiation dose used in tissue banks for allograft bone. Regardless of the
irradiation dose needed to achieve bacterial safety, the level required to assure viral
inactivation is 90 kGy (Currey et al. 1997, Boyce et al. 1999). Doses over 25 kQGy,
however, significantly reduce the mechanical integrity of the bone (Cornu et al.
2000). The high doses of gamma irradiation especially affect the absorbed energy of
cortical bone making the bone more brittle (Currey et al. 1997, Boyce et al. 1999).
Gamma irradiation promotes the formation of toxic radicals, which are responsible
for the majority of the damage that occurs to tissues during the irradiation procedure
(Grieb et al. 2005).

Radioprotectants may minimize the changes in mechanical properties after high
dose of irradiation. The purpose of radioprotectants is to minimize the formation of
free radicals and reactive oxygen species generated during the irradiation procedure.
Tissue grafts pre-treated with radioprotectants can be sterilized even with 50 kGy

without reducing of the mechanical integrity of bone (Grieb et al. 2005). The effects
of radioprotectants on osteoconductive properties of bone, however, have not yet
been determined.
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2221 Peracetic acid-ethanol sterilization

Peracetic acid [CH3C(O)OOH] is colorless and water soluble liquid, which is not
carcinogenic and has low acute toxicity. The dose at which 50% of animals die (LD
50) is 1410 mg/kg when applied to the skin of a rabbit and 1540 mg/kg when orally
dosed in the rat (Pruss et al. 2003). Peracetic acid is used as a disinfectant for heat-
sensitive medical equipment and in the food industry because of its ability to rapidly
inactivate broad-spectrum bacteria, fungi, spores, and viruses (Kline and Hull 1960,
Werner and Wewalka 1973, Pruss et al. 2003). It is a strong oxidizing agent,
produced by the reaction of acetic acid and hydrogen peroxide. The sterilization
efficiency of peracetic acid relates to its rapid penetration into micro-organisms and
the production of free radicals, which is crucial for the oxidation and destruction of
microbial enzymes. Furthermore, treatment with peracetic acid does not destroy the
bone morphology or bone structure (Pruss et al. 2002, Pruss et al. 2003).

The addition of ethanol to peracetic acid solution reduces the surface tension and
enhances the tissue penetration of the sterilization medium. Furthermore, application
of a vacuum system removes gas vesicles that prevent complete tissue penetration of
the sterilization medium. The tissue penetration ability of the sterilization medium
can be further enhanced by constant agitation of the sterilized tissues (Pruss et al.
2003). The PES treatment for allogenic bone is considered reliable and its use has
been growing since the 1980s. Pruss et al. showed that 1% PES solution efficiently
sterilizes contaminated bone tissue transplants, if the thickness of bone tissue does
not exceed 15 mm (Pruss et al. 2003). PES does not cause any significant reductions
in the osteoinductive properties of allograft bone (Pruss et al. 2002) and several
growth factors necessary for bone formation in vivo remain after PES sterilization of
the bone allografts (Wildemann et al. 2007). The effects of PES on cortical bone
mechanical properties, however, have not yet been studied.

2.2.3 Freeze-drying of allograft bone

Allograft bone can be stored by deep freezing the bone at a temperature —70 °C to —
80 °C or freeze-drying. The purpose of deep freezing is to reduce the free water
amount to critical levels, where no degradation reactions can occur. The freeze-
drying process consists of separating liquid water from a wet product of a given
concentration in the form of ice followed by its removal by negative pressure
sublimation, leaving the product almost totally anhydrous. Freeze-drying of bone
enhances its chemical stability and prevents degradative changes such as protein
denaturation (Franks 1998, Galea and Kearney 2005). Freeze-dried tissue that has a
residual moisture content of less than 6% can be stored at room temperature for 5
years after processing (Conrad et al. 1993, Boyce et al. 1999).

The negative effects of freeze-drying on the biomechanical integrity of bone are
well recognized (Conrad et al. 1993, Cornu et al. 2000, Nather et al. 2004). Cornu et
al. demonstrated that freeze-drying cancellous bone with a less than 1% residual
moisture content significantly reduces ultimate stress and stiffness, or Young’s
modulus (Cornu et al. 2000). In addition, Nather et a/. demonstrated that cortical
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allografts freeze-dried to 5% to 8% residual moisture content and sterilized with 25
kGy radiation are significantly weaker mechanically than deep-frozen allografts
(Nather et al. 2004). Weakening of the mechanical properties is thought to be
associated with micro-cracks along the collagen fibers in the bone matrix (Boyce et
al. 1999). Freeze-drying of allograft bone makes it more brittle, but the original
mechanical properties can be at least partially regained by rehydration (Conrad et al.
1993).

2.3 Stem cells

Stem cells are desirable candidates for tissue engineering applications due to their
ability to commit to multiple cell lineages. By definition, a stem cell can replicate
itself and provide additional undifferentiated stem cells or differentiate into more
specialized directions (Fuchs and Segre 2000). Stem cells can be classified
according to their origin, i.e., embryonic, germinal, fetal, or adult, and their capacity
to differentiate into other cell types is classified as totipotent, pluripotent,
multipotent, and unipotent. Totipotent cells such as embryonic stem cells (ESC)
derived from 1 to 3-d old embryos can differentiate into and renew any cell type that
comprises the organism, whereas pluripotent cells such as the inner cell mass-
derived ESCs and multipotent cells such as adult stem cells have a limited
differentiation capacity. Unipotent cells give rise to only one type of differentiated
cell. One of the unique characteristics of ESCs derived from the inner cell mass of a
blastocyst is their ability to proliferate in long-term cultures while maintaining their
pluripotent nature. Another important feature of ESCs is their capacity to
differentiate into the three primary germ layers: ectoderm, mesoderm, and
endoderm. Multipotent stem cells can be derived from a myriad of fetal and adult
sources. These cells have limited self-renewal and differentiation capability,
restricted to cell types of their germ layer of origin (Shamblott et al. 2000, Rao and
Mattson 2001, Choumerianou et al. 2008).

The main potential of the possible use of ESCs is their ability to differentiate into
any cell type, which will make available a ready-to-use source of cells for
application to regenerative medicine. Furthermore, ESCs can be provided in
adequate quantities and it is possible to reprogram these cells, which would allow
for the treatment of different genetic diseases. Human ESCs may also be
advantageous for disease modeling. The limitations of ESCs for regenerative
medicine, however, include the possibility of immune rejection leading to the need
for lifelong immunosuppression. There are also major political and ethical
considerations regarding the use of human embryos, which present great challenges
for the use of ESCs in patients (Lensch et al. 2006, Choumerianou et al. 2008).
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2.3.1 Mesenchymal stem cells

Among adult stem cells, MSCs have been the subject of considerable research over
the past few decades. In contrast to ESCs, there are no ethical issues related to the
use of MSCs and they can also be used autologously and are therefore
immunocompatible. Friedenstein was the first to isolate multipotent cells from bone
marrow and showed that these stromal cells are able to differentiate towards a
number of specific mesenchymal tissues under suitable conditions in vivo and in
vitro (Friedenstein et al. 1966, Friedenstein et al. 1968, Friedenstein et al. 1987).
MSCs can also be isolated from many other tissues than from bone marrow, such as
adipose tissue, synovium, cartilage, periosteum, placenta, and cord blood (Barry and
Murphy 2004). These multipotent stem cells can give rise to bone, cartilage, muscle,
marrow stroma, tendon, ligament, adipose tissue, and a variety of other connective
tissues (Caplan 1994, Pittenger et al. 1999). The International Society for Cellular
Therapy recently suggested that MSC be defined by three criteria: 1) properties of
adherence to culture dishes, 2) surface antigen expression or absence of expression:
cluster of differentiation (CD)73", CD90", CD105", CD14 or CD11b, CD19 or
CD79a, CD34", CD45", human leukocyte antigen class I (HLA-DR), and 3)
ability to differentiate into chondrogenic, osteogenic, and adipogenic lineages
(Dominici et al. 2006). Although MSCs can be identified by the presence or absence
of many surface markers, no specific single marker of MSCs has yet been identified.
Because MSCs were originally demonstrated in bone marrow, bone marrow-
derived MSCs are the most extensively studied. Their multipotency in vitro and in
vivo is well known and therefore the use of bone marrow-derived MSCs in treating a
variety of disorders has considerable potential. These stem cells have been
successfully used to reconstruct skeletal defects in a number of animal models
(Bruder et al. 1998, Schantz et al. 2003), which has led to their clinical use in a pilot
study of their use in the treatment of osteogenesis imperfecta with encouraging
results (Horwitz et al. 2002). Although bone marrow-derived MSCs are attractive
candidates for tissue engineering applications, there are many disadvantages to their
use. In particular, a low number of MSCs can be harvested in bone marrow aspirate,
generally 1 in 25 000 to 1 in 100 000, and considerable pain is related to the bone
marrow harvesting procedure. The MSC yield from the bone marrow is also
critically dependent on donor age and sex (D'Ippolito et al. 1999, Banfi et al. 2000,
Muschler et al. 2001). Furthermore, it has been proposed that MSCs express a
limited capacity for self-renewal and their ability to differentiate diminishes with
increasing age (D'Ippolito et al. 1999, Banfi et al. 2000). The low cell numbers of
bone marrow-derived MSCs require an additional in vitro expansion step to obtain
enough cells for clinical use. This process is both time-consuming and expensive.

2.3.2 Adipose stem cells

Recently, adipose tissue, a mesodermally derived organ, has emerged as a promising
source of MSCs. Adipose tissue has been reported to consist of a stromal population

25



containing low levels of endothelial cells, smooth muscle cells, pericytes and stem
cells (Zuk et al. 2001). The pioneering work of Zuk et al. showed that multipotent
cells isolated from the stromal vascular compartment of adipose tissue have the
ability to differentiate toward osteogenic, adipogenic, myogenic, and chondrogenic
lineages in vitro when cultured with suitable inducing factors (Figure 1) (Zuk et al.
2001).
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Figure 1. The stepwise cellular transition from ASCs to highly differentiated phenotypes is depicted
schematically. Modified from the original image (Caplan and Bruder 2001).

The cell surface marker phenotype of human ASCs is similar to that of bone
marrow-derived MSCs. For example, both cell populations express CD29, CD44,
CD71, CD90, CD105, and CD73 (Zuk et al. 2002). In addition, CD105, stromal
precursor cell marker STRO-1, and CD166 are commonly used to identify
multipotent cells and are consistently expressed on ASCs and bone marrow-derived
MSCs (Strem et al. 2005).

The first isolation method for mature adipocytes and progenitors from rat adipose
tissue was introduced by Rodbell, in which the tissue was first digested with
collagenase type I at 37 °C and then the cellular components were sorted out by
differential centrifugation. After centrifugation, supernatant containing the mature
adipocytes was separated from the pellet that consisted of the adipocyte progenitor
cells and hematopoietic cells (Rodbell 1964). The isolation method remains the
same, but with minor modifications to more efficiently isolate the ASCs. A typical
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harvest of adipose tissue is 200 ml or more, yielding approximately one million
stem cells per 100 ml of liposuction aspirate (Muschler et al. 2001, Aust et al. 2004),
whereas the volume of bone marrow aspirate is generally no more than 40 ml
(Bacigalupo et al. 1992), containing approximately 2.4 x 10* MSCs (D'Ippolito et al.
1999, Muschler et al. 2001). Adipose tissue is easy to obtain and cell number yields
are sufficient to obviate extensive expansion in culture; therefore this tissue may be
an ideal candidate for tissue engineering applications.

2.3.3 The use of adipose stem cells in treating bone defects

The osteogenic capacity of ASCs is well established (Halvorsen et al. 2001, Lee et
al. 2003, Hattori et al. 2004, Hicok et al. 2004, Hattori et al. 2006, Elabd et al.
2007). ASCs give rise to osteoblasts in the presence of ascorbate-2-phosphate, 8-
glycerophosphate, dexamethasone, and 1,25 vitamin D3 (Halvorsen et al. 2001, Zuk
et al. 2002, Bunnell et al. 2008). Under these osteogenic conditions, in vitro ASCs
deposit Ca-P in their extracellular matrix; and express genes and proteins associated
with an osteoblastic phenotype, including ALP, BMPs and their receptors,
osteocalcin, osteonectin, and osteopontin (Halvorsen et al. 2000, Halvorsen et al.
2001, Zuk et al. 2001, Zuk et al. 2002). In addition, human ASCs show spontaneous
osteogenic differentiation ability when seeded on osteoconductive scaffolds such as
HA (De Girolamo et al. 2008). During osteogenesis of ASCs, the organization of
cytoskeletal elements leads to changes in morphology. These changes in the
assembly and disassembly kinetics of actin microfilaments may be crucial for
supporting the osteogenic commitment of ASCs (Rodriguez et al. 2004).

In vivo, ASCs combined with various types of biomaterial scaffolds form bone in
rodent ectopic bone models (Lee et al. 2003, Hattori et al. 2004, Hicok et al. 2004,
Elabd et al. 2007). Lee et al. subcutaneously transplanted in vitro osteogenicly-
induced ASCs seeded onto polyglycolide (PGA) scaffolds into rats (Lee et al. 2003).
Histologic and immunohistochemical analysis of these implants revealed bone
formation. Hicock et al. showed new osteoid, derived from human ASCs seeded on
HA/tricalcium phosphate (TCP) cubes in immunodeficient mice 6 wk after
implantation (Hicok et al. 2004). In a murine critical-size calvarian defect model,
Cowan et al. demonstrated that ASCs seeded onto apatite-coated scaffolds
regenerate cranial bone in a critical-size bone defect. The cranial bone formed
through intramembraneous ossification, which is the normal development
mechanism of calvarium. That study was the first to demonstrate the healing
capability of ASCs for critical-size bone defects without genetic manipulation or the
addition of exogenous growth factors (Cowan et al. 2004). Furthermore, the bone
formation ability of ASCs is comparable to that of bone marrow-derived MSCs
(Cowan et al. 2004, Hattori et al. 2006).

Adult stem cell-based applications are also increasing in the clinical practice. In
the early 1990s bone marrow-derived MSCs have been successfully used to treat
skeletal defects in clinical cases (Wakitani et al. 1994, Kitoh et al. 2004). ASCs
have also been used clinically to treat a large, bilateral calvarial defect in a 7-year-
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old girl; ASCs were seeded in fibrin glue to the calvarial defect and almost complete
healing was detected 3 months after implantation (Lendeckel et al. 2004).

2.4 Biomaterials in bone tissue engineering

A biomaterial can be defined as a nonviable material used in a medical device
intended to interact with biologic systems to evaluate, treat, augment, or replace any
tissue, organ, or function of the body (Williams 1986). Biomaterials can be divided
into four major classes of materials according to their chemical composition:
polymers, metals, ceramics, and composites. A composite material is defined by a
combination of two different classes of materials such as TCP particle-reinforced
polylactide (PLA) (Hoffman 2004). Biocompatible ceramic biomaterials can be
further classified as bioinert, resorbable, and bioactive. Resorption or
biodegradation can be defined by the chemical breakdown of materials by action of
living organisms that leads to changes in physical properties (Coury 2004).
Encapsulation of the implant by fibrous tissue consistently occurs as a response to
the implantation of bioinert materials. Therefore, no material can be classified or
assumed to be completely inert after implantation. Resorbable materials gradually
dissolve when they come in contact with body fluids and are replaced by the host
tissue, and then the dissolution products are secreted in the urine. Bioactive
materials are those that elicit a biologic response from the body such as bonding
osteogenesis. This means that the biomaterial allows the formation of new bone onto
its surface. There are two distinct types of bioactive materials according to their
biologic behavior: osteoconductive and osteoproductive. Osteoconductive materials
such as TCP allow for bone growth along their surface and therefore bond to bone
tissue tightly. Osteoproductive materials, such as bioactive glass, react at a cellular
level in the body to stimulate new bone growth on the material away from the
bone/implant interface. The bone bonding mechanism behind the bioactive materials
is suggested to relate to the formation of HA on the surface of the materials, which
provides the bonding interface with tissues. The HA layer is similar to the apatite
layer in bone and therefore a strong bond can be formed (Hench and Best 2004,
Jones 2005). This review will concentrate on synthetic resorbable bioactive
ceramics and resorbable bioactive composites of PLA and bioceramic.

Tissue engineering is a broad term that can best be defined by its aim: to create a
medical device comprising functional and living components that is used to
regenerate damaged or malfunctional tissue. Tissue engineering is a
multidisciplinary field involving biology, medicine, and engineering and involves
three basic components: cells, three dimensional (3D) scaffold and signals such as
growth factors. The design of tissue-engineered bone constructs, as depicted in
Figure 2, typically involves cell seeding on a highly porous biodegradable matrix, in
the shape of the desired bone, then culturing the cell-construct with signaling
molecules in vitro and transplanting the cell-biomaterial construct into the defect to
induce and direct bone formation. The signaling molecules can be added during the
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culture period or incorporated directly into the scaffold material (Schoen 2004,
Buttery and Bishop 2005).
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Figure 2. Schematic illustration of tissue engineering of bone.

The first challenge for bone tissue engineering is to optimize the isolation,
proliferation, and differentiation of cells using specific signaling cues. The second
challenge for bone tissue engineering is to solve the problems involved in all
present-day orthopedic implants, the lack of three critical features of bone tissue: 1)
the ability to self-repair, 2) the ability to maintain blood supply, and 3) the ability to
modify their structure and properties in response mechanical load. To achieve the
goal of tissue engineering, ideal scaffolds that fulfill several criteria are needed
(Peter et al. 1998, Mathineu et al. 2006). The primary function of a scaffold is to
provide a temporary substrate to which transplanted cells can adhere (Jones 2005).
The scaffolds should be biocompatible and act as a 3D template for in vivo bone
growth. To allow for cell migration and bone tissue growth in 3D, the template
should ideally consist of interconnected macroporous networks. Some studies have
concluded that the interconnecting pore diameter should be at least 100 um to allow
for cell migration and regeneration of mineralized bone (Hulbert et al. 1970,
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Freyman et al. 2001, Hench and Polak 2002). The average size of human osteon is
approximately 223 pum, thus the optimal range of a bone-filling scaffold should be
near this value (Holmes 1979). Itdld et al., however, reported that with an
interconnected pore diameter ranging from 50 to 125 pum, the bone ingrowth ability
into the implant remains at the same level despite the change in the pore diameter
(Itéla et al. 2001b). Although the macropore morphology is important, the surface
topography also needs to be optimized. For example, osteogenic cells must attach to
a substrate before they can lay down their extracellular matrix. Importantly, the
tissue-engineered construct should also have a degradation rate tailored to match the
rate of tissue growth once it has been implanted (Freyman et al. 2001, Okii et al.
2001, Mikos et al. 2004, Jones 2005). Furthermore, the mechanical properties of the
scaffold should match that of the host tissue. An ideal scaffold material should
promote cell adhesion and stimulate osteogenesis. The scaffold should also act as a
delivery system for the controlled release of signaling molecules that activate the
cell self-regeneration ability (Hench and Polak 2002). The scaffolds should be
efficiently produced with a processing technique that can be scaled-up for mass
production, so that surgeons can apply them clinically. Finally, the scaffold material
should pass international safety standards, such as those of Food and Drug
Administration, to be able to be utilized clinically. The development of such
biomaterial scaffolds and the understanding of biomaterial-cell interactions continue
to present a great scientific challenge (Jones 2005).

2.4.1 Bioactive glass

24.1.1 Chemistry of bioactive glass and manufacturing processes

The concept of bioactivity via good bone bonding has been well documented for
bioactive glass and glass ceramics since the 1970s (Hench et al. 1971). Bioactive
glass bonds well to both hard and soft tissues. The bone bonding was first
demonstrated for synthetic bioactive glass that contained SiO,, Na,O, CaO, and
P,0Os in specific proportions. For example, Andersson ef al. developed the famous
bioactive glass S53P4 based on these four components (Andersson et al. 1990). The
problem with the first generation bioactive glass was that the material had a
tendency to crystallize during repeated hot processing. Brink et al. overcame this
problem by developing novel bioactive glass comprising Si0,-Na,O-CaO-P,0s-
B,03;-MgO-K,O (Brink et al. 1997). This bioactive glass exhibits a wide melt-
processing range with a diminished risk of crystallization. Thus, it can be
manufactured in the form of microspheres, fibers, and sintered porous structures
(Brink 1997, Yldnen et al. 1999, Yldnen et al. 2000, Arstila et al. 2005). Further
studies on bioactive glasses based on the Si0,-Na,O-CaO-P,0s-B,03;-MgO-K,0
system have demonstrated that glasses showing wollastonite type crystallization
should be used instead of glasses showing sodium-calcium-silicate crystallization
for demanding glass-forming processes, such as sintering or fiber drawing (Arstila
et al. 2007, Arstila et al. 2008). Recently, sol-gel based bioactive glasses have been
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successfully electrospun to nanofibers with diameters that can be tailored from tens
to hundreds of nanometers (Kim et al. 2006a, Kim et al. 2008). The rate of
bioactivity is dependant on the chemical composition of the bioactive glass. The
critical characteristic of bioactivity is the SiO, content. When the SiO; content is
less than 60 mol%, bioactive glass can be distinguished from traditional soda-lime-
silica glasses. The most rapid bone bonding to bone is achieved with bioactive glass
that contains 45% to 52% SiO,, a high Na,O and CaO content, and a high CaO/P,05
ratio (Hench and West 1996, Hench and Best 2004).

Bioactive glass can be manufactured by two methods: melt-processing
(Kaufmann et al. 2000) and the sol-gel process (Balamurugan et al. 2007).
Dissolution is more rapid in sol-gel-derived bioactive glasses than in melt-derived
bioactive glasses of a similar composition. The surface of sol-gel-derived bioactive
glass consists of many silanol groups that act as a nucleation sites for Ca-P
formation, therefore making sol-gel-derived glass more bioactive (Jones 2005).

24.12 The mechanism of bioactive bone bonding

The bone-bonding ability of bioactive glass arises from the high rate of Ca-P layer
formation at the surface of the material when exposed to body fluids. This reaction
can also be produced in vitro by immersing the bioactive glass in simulated body
fluid (SBF) or other acellular solutions containing all of the essential inorganic
components of human body fluid (Kokubo et al. 1990b).

The chemical mechanism of bone bonding is initiated on the surface of the
bioactive glass after contact with body fluids. At stage 1, rapid ion exchange of Na"
and K from the bioactive glass occurs with H" and H;O" from the extracellular
fluids, which causes subsequent leaching of Na’, Ca2+, Mg2+, P>, and Si*" and the
formation of silanols (SiOH). At the next stages, the formation of a Si-rich layer
through polycondensation of the hydrated silica groups starts after the loss of
soluble silica. At stage 4, the formation of an amorphous Ca-P layer follows the
adsorption of Ca*", PO*", and COs. Finally, crystallization of the hydroxycarbonate
apatite layer occurs (Kokubo et al. 1990a, Hench and West 1996, Hench and Best
2004).

Formation of the Ca-P layer, which directs new bone formation together with
absorbing proteins, is the first stage of cellular mechanism that underlies bonding of
bone to bioactive glass. In the next stages, the extracellular proteins attract
macrophages, and enhance MSC and osteoprogenitor cell attachment (Ducheyne
and Qiu 1999, Hench and Best 2004). At the final stages, MSCs and osteoprogenitor
cells proliferate and differentiate into osteoblasts. Particle size and material porosity
are also important factors along with protein absorption that affect the osteoblasts
function for bone ingrowth to bioactive glass (Itdld et al. 2001b, Hench and Best
2004).
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2.4.1.3  Surface and compositional modifications of bioactive glass

The mechanism of the Ca-P layer formation on top of different surfaces and the
stimulatory effect of Ca-P on cell activity has attracted the attention of several
research groups (Radin et al. 1997, Bigi et al. 2005, Vaahtio et al. 2006). The
composition and structure of the Ca-P layer on bioactive ceramics and the
dissolution kinetics of the ceramic can be easily modified by controlling the
immersion time and by changing the SBF solution (Vaahtio et al. 2006). Surface
reaction studies performed with bioactive glass 45S5 indicated that compared to Tris
buffer, Ca®" and P> ions in SBF solutions accelerate the repolymerization of the Si-
rich layer and formation of an amorphous Ca-P layer and eventually crystallization
of the Ca-P layer (Filgueiras et al. 1993). Radin ef al. documented that solution-
mediated reactions of bioactive glass leading to the formation of silica gel in
solutions with plasma and/or serum occur in parallel with serum protein adsorption.
Reaction surfaces of bioactive glass formed in these solutions consisted of two
layers: one composed of silica-gel and the other consisting of silica mixed with
amorphous Ca-P phases (Radin et al. 1997).

The Ca-P rich layer on the surface of modified bioactive glass stimulates the
adsorption of fibronectin and fibronectin-mediated cell attachment (Garcia et al.
1998, El-Ghannam et al. 1999). Also, the nanotopography of the Ca-P layer and
dissolution rate of calcium and silica affects osteoblast growth and osteoclast
survival (Vaahtio et al. 2006). Surface modifications involving the formation of fine
precipitates of poorly crystallized carbonated apatite are also favorable for the
adsorption of BMPs and other growth factors. The enhanced BMP-2 adsorption has
a stimulatory effect on rat bone marrow-derived MSC osteogenic differentiation
(Santos et al. 1998).

As stated in section 2.4.1.1, the composition of bioactive glass affects its bone
bonding ability. Several ions such as zinc have been added to bioactive glass
compositions to further enhance bone formation (Yamaguchi et al. 1987, Ito et al.
2000, Ikeuchi et al. 2003). The addition of zinc also improves the mechanical
properties of bioactive glass, and extends its chemical durability by slowing down
its dissolution and reaction in aqueous solutions (Lusvardi et al. 2002). The
increased chemical durability of zinc containing bioactive glass has shown to be
associated with a decreased formation rate of Ca-P layer (Kamitakahara et al. 2006,
Jaroch and Clupper 2007). Zinc is an essential trace element that acts as a cofactor
for many enzymes, stimulates protein synthesis, and is necessary for
deoxyribonucleic acid (DNA) synthesis (Tang et al. 2001). Zinc is tightly involved
in bone metabolism and its addition to bioceramic materials stimulates osteoblastic
differentiation of osteoprogenitor cells in vitro (Ikeuchi et al. 2003, Storrie and
Stupp 2005). The stimulatory effect of zinc on bone metabolism may be mediated
by growth hormone or insulin-like growth factor (IGF) (Ovesen et al. 2001). The
importance of the dosage and the possible cytotoxic effect of the zinc ions, however,
have also been reported for certain bioactive glass and glass-ceramic compositions
(Ito et al. 2000, Aina et al. 2007).

32



2.4.1.4  Applications of bioactive glass in bone tissue engineering and clinical
use

The cellular basis by which bioactive glass influences ostoblastic cells has been
widely investigated. Numerous studies of the molecular mechanisms of bioactive
glass have mainly focused on osteoblasts and their gene expression in vitro (Xynos
et al. 2000a, Xynos et al. 2000b, Gao et al. 2001, Xynos et al. 2001, Bosetti et al.
2003, Radin et al. 2005). These studies have uniformly demonstrated that bioactive
glass stimulates the growth and maturation of osteoblasts, and promotes the
expression and maintenance of the osteoblastic phenotype. Jones ef al. showed that
70S30C bioactive glass composition without phosphate stimulated the formation of
mineralized bone nodules of human osteoblasts, without the addition of ascorbic
acid, B-glycerophosphate and dexamethasone (Jones et al. 2007b). In addition, ionic
products of 45S5 bioactive glass dissolution alone can increase osteoblast
proliferation. The increased proliferation may be due to increased availability of
unbound IGF-II in osteoblasts (Xynos et al. 2000a). Alternatively, Christodoulou et
al. demonstrated that ionic products of 58S bioactive gel-glass did not have a
significant effect on the osteoblast phenotypic marker expression of human fetal
osteoblastic cells (Christodoulou et al. 2005). Besides these studies, bioactive glass
enhances rat bone marrow-derived MSC osteogenic differentiation, both surface-
mediated and solution-mediated mechanism (Bosetti and Cannas 2005, Radin et al.
2005).

Various in vivo studies have demonstrated an osteopromotive effect of bioactive
glass (Itdld et al. 2001b, Itdld et al. 2003, Vilimdki et al. 2005a, Viliméki et al.
2005b). Furthermore, bioactive glass induces a high but balanced local bone
turnover in rat models (Valiméki et al. 2005b, Viliméki et al. 2006).

The first clinical use of bioactive glass in patients was as a middle ear prosthesis
in the early 1980s (Reck 1981), however, the first clinical case in which glass/tissue
bonding was detected was reported in 1986 (Merwin 1986). Since then, bioactive
glass has been successfully used clinically in dental, craniomaxillofacial, and spine
surgery applications in a variety of different forms, such as plates, granules, and
powder (Lovelace et al. 1998, Anderegg et al. 1999, Aho et al. 2003, Elshahat et al.
2004, Turunen et al. 2004, Peltola et al. 2008).

2.4.2 Calcium phosphate ceramics

Sixty percent of bone consists of a mineral phase, which is primarily calcium and
phosphate. Therefore Ca-P ceramics have been studied intensively. Ca-P ceramics
are crystalline materials that include various ceramic analogs of bone mineral phase,
but only certain compounds are useful for implantation in the body, due to the fact
that both the solubility and speed of hydrolysis increase with a decreasing Ca/P
ratio. Compounds with a Ca/P ratio of less than 1/1 are not suitable for biologic
implantation (Hench and Best 2004). Among these ceramics, HA 1is highly
osteoconductive, allowing for significant bone ingrowth into cavities and pores of a
biomaterial coated with HA compared to non-coated biomaterials (Hing et al. 1998).
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HA (Ca;o(PO4)s(OH);) and other family members of Ca-P ceramics, a-TCP (a-Cas-
(POy4)2) and B-TCP (B-Caz(PO4),), have been used successfully in clinical
applications (de Groot et al. 1998, Block and Thorn 2000, Bohner 2001, Dorozhkin
and Epple 2002, Daculsi et al. 2003, LeGeros et al. 2003). The solubility and
biodegradation rate of a-TCP are higher than those of B-TCP (Dorozhkin and Epple
2002). In addition, bioresorbable B-TCPs dissolve in the presence of acids released
by osteoclasts and macrophages whereas HA is barely degradable (Bohner 2000). -
TCP is highly biocompatible, osteoconductive, and stimulates proliferation and
osteogenic differentiation of MSCs in a number of in vivo and in vitro studies
(Giirpinar and Onur 2005, Takahashi et al. 2005, von Doernberg et al. 2006, Kasten
et al. 2008). The bone tissue engineering applications of Ca-P ceramics and other
bioceramics such as bioactive glass, however, are limited, due to their brittleness
and low mechanical strength (Wang 2003, Hench 2006).

2.4.3 Polylactide based polymers

Recently, PLA-based polymers have been studied as 3D biomaterial scaffolds for
different tissue engineering applications due to their desirable characteristics such as
biocompatibility and controllable degradation (Jagur-Grodzinski 1999, Seal et al.
2001, Navarro et al. 2004, Wang et al. 2005, Ren et al. 2007). The chemical
properties of PLA-based polymers allow hydrolytic degradation via de-
esterification. The degradation products, such as carbon dioxide and water, are non-
toxic and can be metabolized by natural pathways. Furthermore, these polymers are
transparent, thermally stable, and easily processed. They have good mechanical
properties, which can be modified according to the required implant properties
(Mano et al. 2004). PLA can be produced using stereoisomer lactides of L and D,
and DL-lactides via polycondensation or ring-opening polymerization (S6dergérd et
al. 1996). The in vivo and in vitro degradation rate of poly(a-hydroxy acids) is
associated with the microstructural factors such as chemical composition and
structure, macrostructural factors such as size and geometry of the implant, and
environmental factors such as pH and ion exchange (Sodergard et al. 1996, Hiltunen
et al. 1997, Karjomaa et al. 1998). The mechanical properties and the degradation
rates of these polymers can be tailored by copolymerization of L-lactide with
varying amounts of D-lactide. If the amount of D-lactides is increased, the disorder
in polymer chains increases and the polymer becomes more amorphous and fragile
(Mainil-Varlet et al. 1997, Tormila et al. 1998). A self-reinforcing technique to
increase the initial strength and strength retention time of semicrystalline and
amorphous PLA was introduced in 1992 by Tormaélad ef al. (Torméléd 1992).

PLA have been used clinically for two decades as internal orthopedic fixation
devices such as pins, screws, tacks, and plates (Suuronen et al. 2000, Peltoniemi et
al. 2002, Ashammakhi et al. 2004, Suuronen et al. 2004, Waris et al. 2004, Eppley et
al. 2005, Matsumoto et al. 2005). Furthermore, these polymers have been
extensively studied as potential scaffold materials for skeletal tissue engineering
(Mikos et al. 1994, Lo et al. 1995, Giordano et al. 1996, Puelacher et al. 1996, Park
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et al. 1998). Moreover, bone marrow-derived osteoblasts attach, grow, and express
an osteoblastic phenotype in vitro and in vivo in 3D poly(lactide-co-glycolide)
(PLGA) scaffolds (Ishaug-Riley et al. 1997, Ishaug et al. 1997, Ishaug-Riley et al.
1998). However, there are many disadvantages involved in the use of these
materials, such as premature failure of the implant caused by a bulk erosion process
and strong inflammatory response due to the acidic degradation products, which can
lead to delayed bone healing or osteolytic reactions (Bergsma et al. 1993, Martin et
al. 1996, Takizawa et al. 1998). PLA polymers also have a limited osteoconductivity
(Cornell 1999), and therefore are often used in conjunction with bioactive materials.

2.4.4 Polylactide/bioceramic composites

A composite material can be defined as a material consisting of two or more
chemically distinct phases such as metallic, ceramic, or polymeric which are
separated by interfaces. The definition covers the fiber and particulate composite
materials that consist of one or more discontinuous phases embedded within a
continuous phase. The discontinuous phase is often harder and stronger than the
continuous phase and is therefore referred to as a reinforcing material, whereas the
continuous phase is called the matrix. The engineered composite materials can be
classified into matrix materials or re-inforcement dimensions/shapes. The matrix
materials include metals, ceramics, and polymers, whereas the re-inforcement
dimensions/shapes consist of particulates, short fibers, and continuous fibers
(Migliaresi and Alexander 2004). A composite is designed to provide a combination
of properties that cannot be achieved with a single phase material (Thompson 2005).
The fiber-reinforced composites with continuous fibers have been studied as
synthetic biomaterials in dentistry (Vallittu 1997, Lassila et al. 2002). Furthermore,
in a rabbit model, the surface porous fiber-reinforced polymethyl methacrylate
composites have been shown to allow bone ingrowth to the implant while having
biomechanic properties similar to native bone (Hautamiki et al. 2008). There are
several factors affecting the properties of biomedical composites. These include the
shape, bioactivity and the micro- and macrostructure of the reinforcement, as well as
the micro- and macrostructural properties of the matrix, distribution of the
reinforcement in the matrix, and the reinforcement-matrix interfacial state (Wang
2003). Niemeli et al. demonstrated that the addition of bioactive glass modifies the
degradation kinetics and material morphology of the matrix PLA (Niemela et al.
2008). Moreover, bioactive glass affects the initial mechanical properties and
bioactivity of the PLA/bioactive glass composites. Currently, the
polymer/bioceramic composites most often used clinically are interference screws
such as Calaxo by Smith&Nephew (www.smith-nephew.com).

Various bioactive composites have been studied for tissue replacement and tissue
regeneration purposes. In particular, for bone tissue engineering, the development of
composite materials comprising a biodegradable polymeric phase such as PLA and
an osteoconductive or osteopromotive inorganic phase, such as TCP or bioactive
glass, has emerged as a promising approach for 3D scaffold production (Niemeyer
et al. 2004, Verrier et al. 2004, Takahashi et al. 2005, Kim et al. 2006b, Meretoja et
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al. 2006, Yang et al. 2006). The addition of bioactive glass or TCP particles to a
biodegradable polymer leads to the rapid exchange of protons in water for the alkali
in the inorganic phase, which should buffer the acidic degradation products of PLA.
This same reaction can be used to alter the polymer degradation behavior (Maquet et
al. 2004). Moreover, the mechanical properties of the brittle bioceramics may be
improved by using the traditional composite approach, such as inclusion of a
particulate ceramic phase in the polymer matrix and also the osteoconductivity of
the original polymer is expected to be enhanced by addition of the bioactive phase
(Stamboulis et al. 2002, Boccaccini and Maquet 2003). Each of the composite
materials studied have their distinctive features and may be used in specific clinical
situations. Polymer/bioceramic composite scaffolds, however, are not yet used in
clinical practice.

The addition of a bioactive bioceramic to a polymer matrix has a stimulatory
effect on bone formation in vitro and in vivo (Kim et al. 2006b, Yang et al. 20006).
The addition of increasing percentages of the bioactive phase also leads to
stimulated cell adhesion and growth in a dose-dependent manner (Verrier et al.
2004, Takahashi et al. 2005, Aunoble et al. 2006). Yao et al. suggested that the
mechanism by which polymer/bioactive glass composites promote the osteogenic
differentiation of multipotent MSCs is through solution-mediated factors (Yao et al.
2005). Although there are a number of studies on different bioactive glass and -
TCP/ biodegradable polymer composites, mainly the effect of the concentration of
bioactive glass or B-TCP in the composite on cell activity has been evaluated. There
has been no systematic comparison between PLA/B-TCP and PLA/bioactive glass
composite scaffolds.
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3. Aims of the study

The aim of this study was to evaluate whether sterilized allograft bone and ASCs
used in combination with different biomaterials show potential in vitro for the
treatment of bone defects. In the first section, we aimed to determine the potential of
chemical cleansing combined with PES as a sterilization method for cortical
allograft bone. This was followed by the evaluation of different bioactive glass and
PLA/B-TCP and PLA/bioactive glass scaffolds in combination with ASCs for bone
tissue engineering applications. After observing the positive effects of bioactive
glass on ASC proliferation and differentiation, we hypothesized that the application
of bioactive glass or B-TCP to a PLA matrix would result in an osteostimulative
composite scaffold for ASCs.

Specific aims of the study were as follows:

L. To determine whether different chemical cleansing methods combined
with PES affect the residual fat content and the biomechanical properties
of cortical bone and to evaluate the effect of different residual moisture
contents on the biomechanical properties of cortical bone.

II. To study the effect of two different Ca-P treatments of 3D bioactive
glass constructs on ASC viability, proliferation, and osteogenic
differentiation.

II1. To investigate the effect of zinc addition to 3D bioactive glass scaffolds
on degradation and on ASC viability, proliferation, and differentiation
into osteogenic lineages.

IV.  To compare the effects of 3D composite scaffolds comprising different

concentrations of bioactive glass or B-TCP incorporated within a PLA
matrix on ASC viability, morphology, proliferation, and ALP activity.
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4. Materials and methods

4.1 Allograft bone material (1)

Bone grafts were obtained from the Tampere University Hospital bone bank. Four
pairs of proximal tibias, four pairs of distal tibias, and one pair of proximal femurs
were harvested from 6 male donors (mean age=51+16 years) and from 2 female
donors of 31 and 45 years of age. The donors had no medical history of diseases or
traumas that could affect the biomechanical properties of the studied allografts. All
of the donors were screened to be bacteria- and virus-negative according to the
standards of the European Association of Tissue Banks (EAMST/EATB 1997). The
bones were obtained in the operation theatre with full aseptic precautions and stored
at -75°C. The study was implemented in accordance with the Ethics Committee of
the Pirkanmaa Hospital District (R05048), Tampere, Finland.

4.2 Bone sample preparation and processing (I)

Because the biomechanical properties of bone from different donors may vary, pairs
of bones from the same donor were investigated. The unprocessed controls and the
processed samples were taken in equal amounts from the contralateral sides of bone
from the same donor to ensure that possible differences due to anatomical
heterogeneity in the bones did not influence the results. The paired specimens were
analyzed.

The cortical bone samples were cut from the diaphysial part of the bones, using a
grinding machine (model 40BKS; Scantool 40, Brovst, Denmark), shaped with a
band saw (model DW738; Dewalt, Monza, Italy), and trimmed to dimensions of 40
mm X 4 mm x 2 mm using a milling machine. A sliding gauge was used to measure
the dimensions of the samples. Paired cortical samples (5-12; mean = 6) were
obtained from each bone pair. The specimens were continuously irrigated with
distilled water during sample preparation and mechanical testing. All the bone
samples were stored at -75°C until processing and/or mechanical testing. The 96
cortical samples obtained were evenly divided to serve as processed samples or as
unprocessed controls.
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4.2.1 Bone sample cleansing

Cleansing procedure A was based on the cleansing procedure used by the National
Blood Service, Tissue Service, UK. For all cleansing steps, the cortical samples
were placed in a 1-L glass container and covered with 800 ml treatment solution.
After sonicating the samples with distilled water in a temperature-controlled
ultrasonic bath (model DU-14; Nickel Electro Ltd, North Somerset, UK) for 15 min
at 54°C, the bone samples were washed in distilled water four times (60 min, 10
min, 10 min, 10 min) under agitation (200 rpm) on a temperature-controlled shaker
(model SM 30 A/B/C; Edmund Biihler GmbH, Hechingen, Germany) at 60°C. The
samples were soaked for 10 min in 3% hydrogen peroxide, followed by a 10 min
soak in 70% ethanol in an ultrasonic bath at room temperature. After the sonicating
phase, the bone samples were washed five times in distilled water (10 min, 10 min,
20 h, 10 min, 10 min) under constant agitation (200 rpm) on the shaker at 60°C.

Cleansing procedures B and C were modifications of procedure A. In cleansing
procedure B, the incubation times in hydrogen peroxide and 70% ethanol were two
times longer than in procedure A, and the overnight (20 h) as well as the following
two 10-min water washes were omitted. In cleansing procedure C, the 20 h and the
following two 10-min water washes were omitted. Twenty-four samples (3 separate
batches, each with 8 samples) were processed with cleansing procedure A, 16 (2
separate batches, each with 8 samples) were processed with cleansing procedure B,
and 8 samples in a single batch were processed with cleansing procedure C.

4.2.2 Sterilization of bone samples and freeze-drying

All the processed samples were sterilized with 1% PES solution according to the
method previously described (Pruss et al. 2003). Briefly, the PES procedure was
performed under constant agitation (on a shaker at low pressure, 200 mbar) at room
temperature in a desiccator for 4 h. This was followed by the removal of the PES
solution by washing the bone samples four times for 10 min in distilled water under
agitation (on a shaker at low pressure 200 mbar) at room temperature in a
desiccator. Finally, the absence of peracetic acid was verified using a Merckoquant®
test (Merck KGaA, Darmstadt, Germany) with a sensitivity of 5 ppm.

After sterilization, all the processed cortical samples were freeze-dried (Heto
Drywinner with a CT 110 Cooling Trap, Jouan Nordic, Copenhagen, Denmark). The
eight samples processed using cleansing method A were freeze-dried for 27 h
(condenser temperature -110°C, and working vacuum approximately 1 mbar) to 0%
residual moisture content. The residual moisture was removed with hygroscopic
P,0s treatment in a desiccator for 9 d at low pressure (200 mbar). The removal of
residual moisture was confirmed when the mass of the bone samples was stabilized.
All the other cortical samples were freeze-dried for 5 h to a residual moisture
content of 4.5%.
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4.3 Mechanical testing of bone samples and residual
lipid content determination (1)

Three-point bending tests were performed with a mechanical testing machine
(model 4411; Instron, Bucks, UK). The data were analyzed using Instron series IX
software version 8.31. The machine sensors measured travel and load throughout the
procedure. All the freeze-dried cortical samples were rehydrated for 30 min in
physiologic saline solution at room temperature. The frozen controls were thawed
and tested wet at room temperature.

The samples were oriented so that the periosteal surface was in tension and the
endosteal surface in compression. The three-point bending test was performed as
described by Currey et al., except that the crosshead speed was 1 mm/min (Currey
et al. 1997). Young’s modulus of elasticity was calculated from the linear part of the
stress-strain curve. The bending strength was calculated using the following
formula, 6 = 3FL/2bd2, where F is the external force influencing the sample, L is the
gauge length (32 mm), b is the sample width, and d is the sample thickness. The
energy absorbed by the sample at the breakpoint was calculated by measuring the
area under the load deformation curve.

Following mechanical testing, the residual fat content was analyzed using an
ultrasonic hexane elution assay. All processed cortical samples were ground with a
grinder (model Polymix A10; Kinematica AG, Lucerne, Switzerland). All the
cortical samples from each processing group were pooled to yield one sample. After
the lipids from the bone powder samples were extracted in hexane, the hexane was
evaporated and the resultant residual weight was expressed as a percentage of the
(extracted original) dried cortical bone powder weight.

4.4 Scaffold manufacturing

4.4.1 Preparation of bioactive glass scaffolds (lI, lll)

Three-dimensional porous bioactive glass scaffolds (Inion BioRestore™, Inion Oy,
Tampere, Finland), with a nominal composition of 11-12 wt% Na,O, 16-17 wt%
K,0, 3-4 wt% MgO, 12-14 wt% CaO, 3-4 wt% P,0s, 1-2 wt% B,03, 0-1 wt% TiO,,
50-51 wt% SiO;, were used in studies II and III. In study III, CaO was substituted
with ZnO to produce bioactive glass with six different amounts of zinc (0, 0.25, 0.5,
1.0, 1.5, 2.0, and 5.0 mol%). In the cell culture experiments, only 0, 0.25, and 1.0
mol% zinc-containing bioactive glass scaffolds were studied. The bioactive glass
scaffolds were manufactured via melt processing. After manufacturing 3-mm long
and 75-um thick bioactive glass fibers by melt spinning, the matrices were
manufactured by sintering the bioactive glass fibers and characterized with respect
to their total porosity by direct measurement of their volume and weight, according
to the equation
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where p, is the density of the bulk glass and ps is the density of the scaffold. The
porosity was also calculated in a few samples by image analysis processing of two
dimensional scaffold sections obtained by molding the scaffolds in epoxy and
polishing the surfaces, according to the following equation

A A
=7 %100% & = L x100%
A A

where A; represents the total area of the scaffold section, and Ay is the area occupied
by the fibers in the section. Scaffolds with a total porosity of 70% were chosen for
these studies because scaffolds with the same porosity were previously studied with
respect to degradation (Moimas et al. 2006b), permeability (Moimas et al. 2004),
and in vivo behavior (Moimas et al. 2006a). Scaffolds with dimensions of 14 mm x
14 mm x 5 mm were obtained by cutting commercially available products with a
rotating saw and surgical knife.

In study II, the samples were neither treated nor immersed in SBF to achieve the
formation of a Ca-P surface layer. One group of samples was immersed in SBF
following the procedure described by Kokubo et al. (Kokubo et al. 1990b). The
samples were stored at 37°C for 4 d, a surface area-to-volume ratio (SA/V) of 1 cm™
was selected and no agitation was applied to obtain a thin homogenous Ca-P layer.
Another group of samples was covered with media comprising 2-fold concentrated
Kokubo's SBF, at 37°C for 7 d, SA/V 1 ¢cm™, and without agitation in order to
produce a thick and irregular Ca-P layer. For scanning electron microscopy (SEM)
analysis, the scaffold samples were sputter-coated with a gold-platinum mixture and
viewed using a Leica Stereoscan 4301 SEM (Leica, Solms Germany).

In study III, the effect of zinc on the degradation profile of the bioactive glass
was studied in both deionized water and SBF. Chopped fibers (110 mg) of the
different compositions were immersed in 110 ml deionized water and incubated at
37°C for 0.5, 4, 12, 24, and 72 h. At each time-point, the fluid was filtered and the
amounts of Zn*", Ca**, K*, and Mg®" ions were determined by atomic absorption
spectroscopy (AAS) (Perkin Elmer, Waltham, MA). The scaffolds were immersed
and incubated in SBF (Kokubo et al. 1990b) at 37 °C for different time periods (1 h,
8h,1d,3d, 1wk, 2wk, 3 wk) with a SA/V of 0.2 cm’. Following immersion, the
scaffolds were gently washed with deionized water, flushed with ethanol, and dried
under laminar flow. The degradation was evaluated by Leica Stereoscan 4301 SEM.
Fibers with diameters of 0.25 and 1 mm were also immersed in SBF and incubated
at 37°C for different times (1, 3, 7, and 14 d) and treated as just described. The
fibers were weighed before and after the immersion. In studies II and III, the
scaffolds were sterilized with ethanol before the in vitro cell culture.
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4.4.2 Preparation of PLA, PLA/bioactive glass, and PLA/B-TCP
scaffolds (IV)

Poly(L/D, L-lactide (PLA) 70/30 (PURAC Biochem b.v., Gronichem, Netherlands)
with an inherent viscosity of ~ 3.1 dl/g was used as a matrix polymer. B-TCP (“Beta
Whitlockite”, Plasma Biotal Limited, Tideswell, UK) and bioactive glass with a
composition of 5% Na,O, 7.5% K,0, 3% MgO, 25% CaO, and 59.5% SiO,
(BaG0127, Abo Akademi, Turku, Finland) were used as the filler materials. After
being ground to a powder, the particle size distribution of the porous B-TCP
granules and the bioactive glass granules was 75 to 106 um and 75 to 125 pm,
respectively.

PLA solution (2.0 wt%) was produced by dissolving PLA in 1,4-dioxane (Sigma-
Aldrich, Helsinki, Finland). One of the above-mentioned fillers was added to the
PLA solution. The PLA-filler ratios used are shown in Table 1. The solutions were
frozen at -30°C prior to freeze-drying in the Heto Drywinner freeze-drier. The
solution was placed into custom-made Teflon moulds (@15 mm and height 3 mm)
and frozen at -30°C for 24 h prior to 24 h of freeze-drying. As a reference material,
plain PLA scaffolds were prepared with the same procedure as composite scaffolds.
After freeze-drying, all of the samples were at room temperature under vacuum for
at least 48 h before sterilization with 25 kGy gamma irradiation.

Table 1. A. PLA/B-TCP composite scaffolds, B. PLA/Bioactive glass composite scaffolds (study IV
copyright by Tissue Engineering reproduced with permission).

Bioactive
PLA B-TCP PLA glass
A. [wt%] [wt%] B. [wt%]  [wt%l]
PLA 100 0 PLA 100 0
PLA/10 g-TCP 90 10 PLA/10 Bioactive glass 90 10
PLA/20 g-TCP 80 20 PLA/20 Bioactive glass 80 20

4.5 Cell culture methods

4.5.1 Adipose stem cell isolation and cell culture (Il, lll, 1V)

ASCs were isolated from adipose tissue samples acquired from surgical procedures
(study II, 10 donors, mean age = 48+8 years; study III, 9 donors, mean age=48+9
years; and study IV, 6 donors, mean age = 44+7 years). The adipose tissue samples
were obtained from the Department of Plastic Surgery and from the Department of
Gastroenterology and Alimentary Tract Surgery, Tampere University Hospital.
Studies II, III, and IV were implemented in accordance with the Ethics Committee
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of the Pirkanmaa Hospital District (R03058), Tampere, Finland. The adipose tissue
was digested with collagenase type I (1.5 mg/mL; Invitrogen, Paisley, UK). Isolated
ASCs were maintained and expanded in T-75 cm® polystyrene flasks (Nunc,
Roskilde, Denmark) in maintenance medium comprising Dulbecco's modified
Eagle's medium: nutrient mixture F-12 (DMEM/F-12 1:1) (Invitrogen), 10% fetal
bovine serum (FBS) (Invitrogen), 1% L-glutamine (GlutaMAX [; Invitrogen), and
1% antibiotic/antimycotic (100 U/mL penicillin, 0.1 mg/mL streptomycin, and 0.25
png/mL amphotericin B; Invitrogen). Half of the medium was exchanged 3 times per
wk. Cells from passages 3-6 were used for study II and III experiments, and cells
from passages 4-7 were used for study IV experiments.

ASCs were harvested from T75 cm’ flasks and analyzed by a fluorescence
activated cell sorter (FACS) (FACSAria; BD Biosciences, Erembodegem, Belgium).
For studies II, III, and IV, monoclonal antibodies against CD9-phycoerythrin (PE),
CD10-PE-Cyanine7Cy7, CDI13-PE, CD29-allophycocyanin (APC), CDA49d-PE,
CD90-APC, CD106-PE-Cyanine5Cy5, and CD166-PE (BD Biosciences); CD45-
fluorescein iso thiocyanate isomer 1 (FITC;Miltenyi Biotech, Bergisch Gladbach,
Germany); CD31-FITC, CD34-APC, CD44-FITC, and CD105-PE (R&D Systems
Inc, MN) were used. Monoclonal antibodies against STRO-1 (R&D Systems Inc)
and Human Fibroblast Surface Protein (hFSP; Sigma-Aldrich, St. Louis, MO) were
conjugated with immuno globulin IgM-PE (CalTag Laboratories, Burlingame, CA).
In addition, surface marker against CD59-FITC (Immunotools GmbH Friesoythe,
Germany) was determined in studies II and III. Analysis was performed on 10 000
cells per sample and positive expression was defined as a level of fluorescence
greater than 99% of the corresponding unstained cell sample.

Based on FACS analysis, ASCs used in studies II, III, and IV expressed the
adhesion molecules CD9, CD29, CD34, CD49d, CD105, and CD166; receptor
molecule CD44; surface enzymes CD10 and CD13; and extracellular matrix protein
CD90. Furthermore, ASCs showed moderately positive expression of the putative
stem cell marker STRO-1, major histocompatibility class I antigen human leukocyte
antigen class I (HLA-ABC), and fibroblast marker hFSP. ASCs used in studies II,
III, and IV did not express the hematopoietic surface markers CD31, CD45, and
CD106. Complement regulatory protein CD59 was expressed in the cell lines used
in studies IT and III.

For all the ASC experiments in studies II, III, and IV, samples from 2 to 4
patients were pooled to yield enough cells for one experiment. The scaffolds were
pretreated with maintenance medium for 48 h at 37°C, following cell seeding with
500 000 cells in a 0.25 ml medium volume (II, III), or 350 000 cells in a 0.175 ml
medium volume (IV). The pretreatment with maintenance medium was done to
allow serum proteins to adsorb to the biomaterials, a process which was
demonstrated to stimulate osteoblast-like cell attachment and osteogenic
differentiation (El-Ghannam et al. 1999). To optimize ASC attachment, the cell-
seeded constructs were incubated for 3 h at 37°C in 5% CO, before additional media
was added. The cell-seeded scaffolds were cultured in maintenance medium until
analyses.
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4.5.2 Adipose stem cell viability and proliferation (ll, Ill, V)

ASC viability and attachment was examined using live/dead staining. ASC-
biomaterial constructs were incubated for 45 min at room temperature with a
mixture of 5 puM CellTracker™ green (5-chloromethylfluorescein diacetate
[CMFDA]; Molecular Probes, Invitrogen) and 2.5 uM ethidium homodimer-1 (EH-
I; Molecular Probes). The probe solution was replaced with pre-warmed
maintenance medium and incubated for 30 min at 37°C. The viable cells (green
fluorescence) and dead cells (red fluorescence) were investigated using a
fluorescence microscope. In the ASC studies II, III, and IV cell viability was
assessed at 3 h and 2 wk.

The DNA content of the ASCs seeded on biomaterials was determined using a
CyQUANT® Cell proliferation assay kit (Molecular Probes, Invitrogen). Prior to
sample collection, the cell-seeded scaffolds were rinsed once with phosphate
buffered saline (PBS), transferred to clean plates, and lysed with 0.1% Triton X-100
buffer (Sigma-Aldrich), and then stored at -70°C until analyzed. Constructs were
freeze-thawed three times before measurement to complete the cell lysis. The
CyQUANT® GR dye was mixed with 10 pl of the Triton X-100 sample in cell-lysis
buffer, and fluorescence was measured in a microplate reader (Victor 1420
Multilabel Counter; Wallac, Turku, Finland) at 480/520 nm. DNA content was
analyzed in all the studies (II, III, and IV), at 1 and 2 wk on cell-scaffold
constructs.

4.5.3 Evaluation of cell morphology using scanning electron
microscopy (I, lll, IV) and environmental scanning electron
microscopy (IV)

Two weeks post-seeding, the scaffolds were fixed in 5% glutaraldehyde (Sigma-
Aldrich) in 0.1 M phosphate buffer, pH 7.4, for 48 h. After rinsing in PBS, the
samples were dehydrated through increasing concentrations of ethanol and then the
samples were transferred to liquid carbon dioxide and dried in a critical point dryer.
Samples were sputter-coated with gold—palladium for SEM observations. Four
parallel scaffolds (II, IIT) or two parallel (IV) scaffolds from each group were
observed by SEM (Jeol JSM-5500, Sundbyberg, Sweden).

Additionally, a Philips XL30 E-SEM-TMP environmental scanning electron
microscope (E-SEM) (BioMater Centre, University of Kuopio, Kuopio, Finland)
was used to evaluate the microstructure and morphology of the ASC-biomaterial
constructs (IV). The E-SEM images were taken with a beam intensity of 8.0 to 12.0
kV and the gaseous secondary electron detectors at 1.0 to 4.0 Torr.
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4.5.4 Osteogenic differentiation evaluation methods (I, 1ll, 1V)

ALP activity, ALP staining, and osteopontin concentration were determined to
detect early osteogenic differentiation of ASCs. After 1 and 2 wk in culture,
scaffolds were transferred to clean wells and 0.1% Triton X-100 was added to each
scaffold. The cell-seeded scaffolds were freeze-thawed twice, and then p-
nitrophenol phosphate and 2-amino-2-methyl-1-propanol (Sigma-Aldrich) were
added to the Triton solution and incubated at 37°C for 15 min. The amount of p-
nitrophenol was measured at 405 nm in a microplate enzyme-linked immunosorbent
assay reader (Multiscan MS, Labsystems, Helsinki, Finland). The ALP activity was
determined from a standard curve produced with NaOH and a p-nitrophenol
standard solution (Sigma-Aldrich) (II, III, IV). Additionally, at 2 wk, the ASC-
biomaterial constructs were stained with a leukocyte ALP kit (Sigma-Aldrich)
according to the manufacturer’s protocol (11, I1I).

Osteopontin was measured using the Quantikine® Human Osteopontin
Immunoassay (RD Systems Europe Ltd, Abingdon, UK) according to the
manufacturer’s protocol (II, IIT). Fluorescence was measured with a microplate
reader (Victor 1420).

4.6 Statistics

Statistical analysis of the results in all studies (I-IV) was performed with SPSS
version 13 (SPSS Inc, Chicago, IL). Data was reported in all studies as the mean +
standard deviation and an alpha value (p) of less than 0.05 was considered
significant. In study I, the mechanical results of processed samples and unprocessed
controls were compared using a paired Student’s z-test. The effects of different
cleansing processes combined with PES on the biomechanical properties of cortical
samples were compared using one-way analysis of variance (ANOVA). According
to the test of homogeneity of variances, ANOVA was not an appropriate test for
comparison of the Young’s modulus values of cortical samples, therefore the Mann-
Whitney U test was used instead for these measured values. Power calculations were
performed using PS-Power and Sample Size Calculations version 2.1.30.

In studies II, III, and IV, the effect of culture duration (1 wk vs 2 wk) was
analyzed using a paired Student’s t-test. The effects of different scaffold materials
on the DNA content (II, III, IV), ALP activity (II, III, IV), and osteopontin
concentration (II, III) were compared using a one-way ANOVA, after verifying a
normal distribution and homogeneity of variance. Post hoc tests were performed to
detect significant differences between groups. The experiments were repeated three
to four times in studies II and I1I, and three times in study IV.
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5. Results

5.5 Mechanical testing of bone samples and lipid
content determination (1)

The results of the mechanical testing are presented in Table 2. The different
processing methods had no significantly different effects on the biomechanical
properties of the cortical samples. Each of the processing methods significantly
reduced the Young’s modulus of the cortical samples (freeze-dried to <5% residual
moisture content) compared to the unprocessed samples. The processing improved
the bending strength and the absorbed energy of the cortical samples compared to
unprocessed controls.

Table 2. Mechanical testing of cortical bone. The mean values of the cortical controls and processed
specimens (methods A, B, and C) are given. n = number of pairs of specimens, % = mean value of
the processed samples expressed as a percentage of the mean value of the controls, p = probability
resulting from a paired t-test on the differences between the paired specimens (not significant values

p > 0.05 in bold face) (study I copyright by Biologicals, reproduced with permission).

Residual  Controls Controls Sample Sample

n Method moisture % Mean SD Mean SD % p
Young’s 8 A1 0 15.3 1.5 141 1.1 92.7 0.026
modulus (GPa) 16 A2 <5 16.9 1.1 14.3 1.2 84.3 <0.001
16 B <5 15.4 14 13.4 1.2 86.7 <0.001
C <5 16.5 0.8 14.0 0.8 84.9 0.001
Bending 8 A1 0 229.8 16.9 173.6 175 75.8 <0.001
strength (MPa) 16 A2 <5 227.8 27.7 248.6 36.8 109.1 0.014
16 B <5 201.3 29.3 2149 29.3 106.8 0.017
C <5 211.6 9.9 2114 33.6 100.0 0.988
Energy to 8 A1 0 0.10 0.03 0.04 0.01 38.5 <0.001
break point (J) 16 A2 <5 0.12 0.05 0.16 0.06 132.2 0.001
16 B <5 0.08 0.03 0.11 0.04 130.2 0.037
8 C <5 0.07 0.01 0.09 0.04 127.0 0.123

As expected, freeze-drying the cortical samples to a 0% residual moisture content
induced a significant decrease in the bending strength, absorbed energy, and
Young’s modulus (Figure 3A). The strength of the totally dry cortical samples was
reduced to approximately 76% of that of the unprocessed controls.
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The residual fat percentages of the cortical samples are presented in Figure 3B.
The efficiency of the three different cleansing methods did not differ with regard to
cleansing adipose tissue from the bone. The residual fat content of processed
cortical samples varied from 0.2% to 0.5%
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Figure 3. A) Mean results of the strength of cleansing method A-processed cortical samples with
different residual moisture contents (Al = residual moisture content 0%, A2 = residual moisture
content <5%) compared with unprocessed controls. B) Residual fat percentages of processed
cortical samples. Method A was the longest processing method (including a 20-h water incubation),
Method B had double the incubation time in hydrogen peroxide and ethanol compared to A and C,
Method C was the shortest method (study I copyright by Biologicals, reproduced with permission).

5.6 Scaffold characterization

5.6.1 Immersion studies in stimulated body fluid (ll, 1ll)

For studies II and III, non-treated control composition (CC) bioactive glass
scaffolds were used as a reference material (Figure 4A).

Figure 4. A) SEM image of CC scaffold. Scale 200um. B) SEM image of thin Ca-P treated scaffold.
Scale 600 nm C) SEM image of thick Ca-P treatment scaffold. Scale 25 um.
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In study II, after immersion in Kokubo’s SBF a thin homogenous Ca-P layer was
observed (Figure 4B). Samples treated with a solution comprising 2-fold
concentrated Kokubo's SBF produced a thick and irregular Ca-P layer (Figure 4C).
In study III, the inhibitory effect of zinc ions on the degradation rate and on HA
formation was observed when bioactive glass scaffolds were immersed in SBF. The
samples containing 5 mol% of zinc presented a homogeneous, thin, amorphous Ca-P
layer only after 2 wk of immersion (Figure 5A). The samples characterized
concurrently, containing 0.25 and 0.5 mol% zinc, exhibited a thick HA layer with
significant degradation of the core of each fiber (Figure 5B).

Figure 5. A) Thin Ca-P layer over fiber containing 5 mol% ZnO after immersion in SBF for 14 d.
Scale 6 um B) Thick Ca-P outer layer on a significantly degraded fiber containing 0.5 mol% ZnO
after immersion in SBF for 14 d. Scale 20 um (study III copyright by Acta Biomaterialia, reproduced

with permission).

5.6.2 lon release atomic absorption spectroscopy analysis (lll)

The release of alkaline earth ions, i.e., Ca*" and Mg2+, depended on the amount of
zinc in the glass and on the immersion time in SBF. That is, the amount of ions
released increased with the immersion time and was inversely proportional to the
amount of substituted zinc. The amount of zinc released in the solution was
proportional to the amount of zinc in the material (Figure 6A). When the amount
was normalized with respect to the percentage of zinc substituted, however, the
ability of the material to release zinc ions was inversely proportional to the amount
of zinc in the glass (Figure 6B).
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Figure 6. A) Effect of total amount of zinc released in the solution (above) and B) ZnO on zinc
release (below)(study III copyright by Acta Biomaterialia, reproduced with permission).

5.6.3 Scaffold characterization of PLA and PLA/bioceramic
composite scaffolds (IV)

The characteristics of the typical porous structure of the scaffolds can be seen in the
SEM micrographs in Figure 7. Two different functional surfaces were formed
during the freeze-drying of the scaffolds. The denser top surface of the scaffolds
(Figure 7A), also referred to as the skin layer, was formed on all scaffold types
when the frozen solvent sublimated from the top surface during the freeze-drying
process. The B-TCP and bioactive glass granules were mainly dispersed into the

50



porous bottom surface during manufacturing, although some granules were
observed in the middle of the scaffold (Figure 7B). The granule distribution on the
porous surface and the difference between 10wt% and 20wt% filler material is
shown in Figures 7C, E (10%) and 7D, F (20%). The interconnectivity of the pores
is shown in Figure 8.

-

Figure 7. SEM images of A) dense top surface of PLA scaffold B) cross-section of PLA/20 -TCP
scaffold, C) porous bottom surface of PLA/10 -TCP scaffold, D) porous bottom surface of PLA/20
P-TCP scaffold. E) porous bottom surface of PLA/I0 bioactive glass scaffold, F) porous bottom
surface of PLA/20 bioactive glass scaffold. Scale 500 um.
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Figure 8. E-SEM image of porous bottom surface of PLA scaffold. Scale 100 um (study IV copyright

by Tissue Engineering, reproduced with permission).

5.7 Adipose stem cell viability, attachment, and
morphology on biomaterials (ll, 1ll, IV)

In studies II, III and IV, live/dead staining was performed to study the attachment
and viability of ASCs. Live/dead staining of ASCs seeded on bioactive glass
scaffolds in studies II and III revealed only a few dead cells (thick Ca-P and 1
mol% zinc scaffold) or no dead cells at the 3-h time-point (Figure 9). The number of
cells was higher on each scaffold type at 2 wk compared to 3 h. There was a notable
increase in the proportion of viable cells and there were only a few dead cells on
each scaffold type after 2 wk in culture. ASCs were more evenly spread out on Ca-P
treated and CC scaffolds than on zinc-releasing scaffolds. The ASCs formed
clustered structures, especially at the junctions of glass fibers on the zinc-releasing
scaffolds. Qualitative analysis of the number of cells attached and spread out on
each scaffold indicated that there was a higher cell number on CC scaffolds
compared to zinc scaffolds, but revealed no differences between CC and Ca-P
treated scaffolds.

As observed in studies IT and III and also in study IV, the number of viable cells
was increased at 2 wk in comparison to that at the 3-h time-point (Figure 10). In
study IV, the proportion of dead cells at the 3-h time-point was higher than that in
studies II and III on the cell seeding surfaces of all tested scaffold types, although at
both time-points (3 h and 2 wk), the number of viable cells was greater than the
number of dead cells. In addition, at 3 h the cells were attached only in the region
close to the porous bottom surface (i.e., cell seeding area in study IV), whereas in
studies II and III, the cells were spread throughout the bioactive glass scaffolds by 3
h. Visual inspection of the different scaffold types revealed no differences in the
number of cells or cell viability at the 3-h or 2-wk time-points, similar to the
findings of study II. In study IV, during the 2-wk culture period, the cells migrated
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from the porous bottom surface towards the inner parts of the scaffolds, which
confirmed the interconnectivity of the pores. Only a few cells were observed,
however, on the dense top surface in each scaffold type. The cell density at the
region close to the porous surface was higher than that in the core of each scaffold
type. At the region close to the surface, cells had formed cluster structures on all
scaffold types and especially huge clusters were formed on PLA/10B-TCP, and on
both PLA/bioactive glass scaffolds. The ASCs had the most uniform spatial
distribution on PLA/20B-TCP scaffolds.

LIVE/DEAD 3h LIVE/DEAD 2wk SEM 2wk

Thin Ca-P Thick Ca-P

Figure 9. Fluorescence images of viable (green fluorescence) and dead (red fluorescence) ASCs
attached to bioactive glass scaffolds at 3 h and 2 wk as can be seen on with SEM images of ASCs
grown on the surface of the bioactive glass scaffolds at 2 wk. Scale 200 um.
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LIVE/DEAD 3h LIVE/DEAD 2wk

PLA

TCP 20% TCP 10%

BG 10%

BG 20%

Figure 10. Fluorescence images of viable (green fluorescence) and dead (ved fluorescence) ASCs
attached to porous bottom surface of PLA, PLA/B-TCP (TCP) and PLA/bioactive glass (BG)
composite scaffolds at 3 h and 2 wk. Scale 500 um.
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Figure 11. SEM and E-SEM images of ASCs grown on the surface of PLA, PLA/B-TCP (TCP), PLA/
the bioactive glass (BG) scaffolds after 2 wk in culture. Scalel0 um in SEM images and 50 um in E-
SEM images.
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SEM imaging was performed to examine the morphology of the cells in studies 11,
III, and IV at 2 wk. In studies IIL, III, and I'V, the ASC morphology was not affected
by Ca-P treatment, or by the addition of zinc addition to bioactive glass scaffolds, -
TCP, or bioactive glass components in the PLA scaffolds (Figures 9 and 11). ASCs
were attached and also spread to the middle regions of the scaffold in all the scaffold
types studied. SEM images show ASCs stretching along the glass fibers and forming
bridges from one glass fiber to another on the surface of each of the studied
bioactive glass scaffolds (Figure 9, studies II, III). The cells were especially well
distributed across the Ca-P treated and CC scaffolds. The lower cell number in the
zinc-releasing scaffolds compared to other bioactive glass scaffolds, detected with
live/dead staining, was verified also by SEM.

Images with high magnification (SEM images, Figure 11) show ASCs with an
elongated phenotype and forming projections on the porous surface of the scaffolds
(study IV). The B-TCP and bioactive glass granules were clearly distinguished on
the porous surface of the scaffolds and the ASCs formed bridges between the
granules on the PLA/B-TCP and PLA/bioactive glass composite scaffolds (E-SEM
images, Figure 11). In each of the scaffold types in study IV, the majority of ASCs
were spread on the region close to the porous bottom surface, which supports the
live/dead staining findings.

5.8 Proliferation and osteogenic differentiation of
adipose stem cells (I, Hl, IV)

The effect of different scaffold materials on ASC proliferation was assessed by
measuring the total DNA content (studies I, III, IV). There were no significant
differences in cell proliferation between the studied scaffold types at 1 or 2 wk in
studies IT and III (Figure 12). Both the thin and thick Ca-P treated scaffolds had a
higher number of cells at 2 wk (thin p=0.004 and thick p=0.02) than at 1 wk (Figure
12A). The cell number in CC scaffolds also increased with time, but not
significantly in study II. In study III, however, the DNA content was significantly
higher (»p=0.013) in CC scaffolds at 2 wk compared to 1 wk (Figure 12B). Also, in
the zinc-releasing scaffolds, the cell number tended to increase with time, but not
significantly. Similarly, in study IV, the culture duration (1 wk vs 2 wk) did not
significantly affect ASC proliferation, although the DNA content of the ASCs
increased on PLA/B-TCP composites and PLA scaffolds over time. In contrast, the
relative DNA content did not increase when the cells were cultured on bioactive
glass composites for 2 wk compared to 1 wk.
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Figure 12. Relative DNA content, ALP activity, and osteopontin concentration of ASCs cultured on
different bioactive glass scaffolds. Results are expressed as mean +SD (n=3, except in figures B and
D n=4). A) **p<0.01 with respect to the 2-wk DNA sample of thin Ca-P treated scaffolds; *p<0.05
with respect to the 2-wk DNA sample of thick Ca-P treated scaffolds B) and D) *p<0.05 with respect
to the 2-wk DNA/ALP sample CC scaffolds C) * p<0.05 with respect to the 1 wk ALP sample of thin
Ca-P and thick Ca-P treatment E) *p<0.05 with respect to thick Ca-P treatment F) No significant
differences were found (studies II, Il copyright by Acta Biomaterialia, reproduced with permission).
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At the 2-wk time-point, ASC proliferation was significantly higher in both of the
PLA/B-TCP scaffolds than in the other three scaffold types (IV, Figure 13A).
Conversely, proliferation of ASCs cultured on PLA/bioactive glass scaffolds was
significantly lower than that on the other scaffold types. No significant differences
were detected between the two concentrations of both B-TCP and bioactive glass
(i.e., 10 wt% vs 20 wt%).
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Figure 13. Relative DNA content and ALP activity of ASCs cultured for 2 wk on PLA, PLA/B-TCP
(TCP), and PLA/Bioactive glass (BG) scaffolds. Results are expressed as mean +SD (n=4). A)
*p<0.05 with respect to PLA, bioactive glass 10 and 20 wt%, **p<0.05 with respect to PLA, p-TCP
10, and 20 wt%, 1p<0.05 with respect to -TCP 10 and 20 wt%, and bioactive glass 10 and 20 wt%.
B) *p<0.05 with respect to PLA, bioactive glass 10 and 20wt% (study IV copyright by Tissue

Engineering, reproduced with permission).

Concurrent measurement of ALP activity (studies II, III, IV) and osteopontin
concentration (studies II, III) indicated early osteogenic differentiation of ASCs in
all studies. There was significant stimulation of ALP activity at 1 wk on CC
scaffolds compared to both the thin (p=0.044) and the thick (p=0.003) treated Ca-P
scaffolds (Figure 12C). ALP activity increased with time, but no significant
stimulation was observed in any scaffold type in study II. In study III, however, the
ALP activity as well as the ASC proliferation significantly increased (p=0.023) on
CC scaffolds at 2 wk compared to 1 wk (Figure 12D). The addition of zinc to the
bioactive glass scaffolds did not increase the ASC ALP activity. In contrast, ALP
activity on CC scaffolds was over 30% higher than that on 1 mol% zinc scaffolds.
Furthermore, adding zinc to bioactive glass scaffolds did not enhance ASC
osteopontin secretion (Figure 12F). In study I, there was a significant difference in
the osteopontin concentration (p=0.036) between the thin and thick Ca-P scaffolds
at 2 wk (Figure. 12E). No significant differences in the staining were observed
between the bioactive glass scaffolds at 2 wk in studies IT and II1.
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In study IV, the ALP activity of ASCs cultured on PLA and bioactive glass
composite scaffolds was two times higher at 2 wk than at 1 wk. A statistically
significant increase at the 2-wk time-point when ASCs were cultured on PLA/20 (-
TCP scaffolds (p=0.034), although ALP activity of ASCs cultured on PLA/10 B-
TCP scaffolds was also three times higher at 2 wk than at 1 wk.

At 2 wk, relative ALP activity of ASCs cultured on PLA/10 B-TCP scaffolds was
the same magnitude as that of ASCs cultured on PLA/20 B-TCP scaffolds, but it was
significantly higher compared to that on the other scaffold types (PLA, p=0.017,
bioactive glass 10 wt%, p=0.023 and bioactive glass 20 wt%, p=0.022; IV, Figure
13B). After the 2-wk culturing period, due to the lower number of cells in
PLA/bioactive glass scaffolds than in PLA scaffolds, the relative ALP activity of
ASCs cultured on PLA/bioactive glass and PLA scaffolds was at the same level.
These findings indicate the relative ALP/DNA ratio was greater on PLA/bioactive
glass scaffolds than on PLA and PLA/B-TCP scaffolds.
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6. Discussion

6.1 Sterilized allograft bone as a bone reconstruction
material

Treatments to improve the quality and safety of repairing bone defects must be
aimed at stimulating bone regeneration. Restoration of skeletal function with
autologous bone remains the most commonly used procedure; however, allografts
are often required in the reconstruction of major bone defects as the quantity of bone
harvested from autologous skeletal donor sites is limited and may result in major
morbidity. The reason for the superiority of autologous bone is the osteoblasts in the
graft, which make it osteogenic. Thus, the aim of bone tissue engineering is to
produce cell-biomaterial constructs that are osteogenic in vivo.

The results of study I indicated that chemical cleansing combined with PES did
not adversely affect the biomechanical properties of cortical bone samples. Only
Young’s modulus of the cortical samples decreased slightly, although significantly,
in all processing groups. Consistent with this finding, Scheffler et al. also reported
that the mechanical properties of bone-patellar tendon-bone grafts (BTB) were not
significantly altered after sterilization with PES (Scheffler et al. 2005). The results
of several other in vitro studies indicate that PES is a reliable sterilization method
that is feasible to utilize, and there are no adverse effects on the structural and
biologic incorporation properties of allograft bone treated with PES (Pruss et al.
2001, Pruss et al. 2002, Pruss et al. 2003).

The defatting step prior to PES sterilization is a prerequisite for the effective
penetration of sterilization medium into the bone tissue. The delipidation process is
often performed using a chloroform—methanol combination (Thoren et al. 1995,
Pruss et al. 1999), and hydrogen peroxide in combination with nonionic detergents
and alcohol, which is an effective cleansing method for cortical allografts (DePaula
et al. 2005). In addition, Lomas ef al. demonstrated that the majority of blood and
marrow components can be removed from whole femoral head allografts by a
combination of sonication, centrifugation, and warm water washing (Lomas et al.
2000). Pulse lavage alone is also an effective method for defatting morselized
allograft bone (Haimi et al. 2008). Our results indicated that the processing method
used in efficiently reduced adipose tissue from cortical bone and no additional
delipidation steps were necessary.

Although processing and cleansing allograft bone is often recommended, in
many countries, including Finland, most allograft bone is used as unprocessed fresh-
frozen bone (Hirn 2001, Yates et al. 2005). The most commonly used form of fresh-
frozen bone is morselized femoral head, obtained from living donors, who can be
double-tested for viruses. Therefore, the use of fresh-frozen bone is virologically
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and bacteriologically safe (Aspenberg 1998, Hirn 2001). Laboratory screening for
viruses and bacteria may sometimes fail and without proper cleansing of the graft of
cellular antigens, the risk of a host immunologic response is significantly increased.

Besides traditional gamma irradiation, chemical sterilization methods have
become popular and widely used. One example of a chemical sterilization method is
Biocleanse (Regeneration Technologies, Alachua, FL), an automated low-
temperature chemical sterilization procedure that utilizes hydrogen peroxide gas and
plasma, which has been used successfully to sterilize bone and BTB grafts without
any significant effects on the mechanical properties (Jones et al. 2007a, Mikhael et
al. 2008). Although these chemical sterilization methods have become popular and
widely used, gamma irradiation is still often used as a terminal sterilization method
for allograft bone. The concern in using gamma irradiation is the fact that the
recommended standard dose (25-35 kGy) significantly impairs the fracture
resistance of bone and significantly reduces the ultimate stress-strain properties of
the bone (Currey et al. 1997, Cornu et al. 2000, Akkus and Rimnac 2001). Low and
moderate dose (10-30 kGy) gamma sterilized massive bone allografts which are
used for replacement of bone defects fail at higher rate than nonsterilized matching
grafts (Lietman et al. 2000). In addition, even low dose (15 kGy) gamma
irradiation significantly reduces the osteoinduction of human morselized bone grafts
when implanted in nude rats and mice. The mechanism underlying the reduced
osteoinduction was thought to be the decreased expression of BMP-7 and core
binding factor al, which are crucial to the in vivo bone formation process (Chen et
al. 2007).

The results of the mechanical testing of cortical bone in study I suggest that
chemical sterilization may be a better choice than gamma sterilization for cortical
bone allografts. This study was limited, however, as the effects of the chemical
cleansing procedures combined with PES on cortical bone were only evaluated in
vitro. There are many applications in orthopedic surgery where cancellous bone is
used as bone gap filling material. Despite this, cortical grafts are also used for large
defects where weight-bearing properties are needed (Galea and Kearney 2005). The
mechanical properties were studied only after sterilization, but prior to implantation.
The long-term mechanical integrity of PES-sterilized cortical bone can only be
verified in vivo studies. Further, the effect of PES on bone remodeling in vivo
should also be studied. This is especially important because a recent study on
anterior cruciate ligament sterilization with PES showed that PES slowed the
remodeling activity compared to non-sterilized allografts (Scheffler et al. 2008).

6.2 Adipose stem cell culture related methodologic
considerations

A specific model to characterize and culture human ASCs for bone tissue
engineering applications was established in these studies. The surface marker
expression data were consistent with previous results for ASCs (Gronthos et al.
2001, Gimble and Guilak 2003, Strem et al. 2005), indicating positive expression
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for markers substantiating the mesenchymal origin of cells and negative expression
of markers of a hematopoietic or angiogenic origin of the cells.

ASC proliferation and osteogenic differentiation on the bioactive materials in
this study were confirmed, without the need for dexamethasone, B-
glycerophosphate, and ascorbate-2-phosphate, which are basic osteogenic agents
considered necessary for ASC differentiation towards bone (Halvorsen et al. 2001,
Zuk et al. 2002, de Girolamo et al. 2007, Bunnell et al. 2008). The osteogenic
process was followed by the assessment of ALP activity and osteopontin
concentration. These assays demonstrated that the ALP activity of ASCs was higher
at 2 wk than at 1 wk and osteopontin was secreted at 2 wk, indicating that these
stem cells differentiate osteogenically, similarly to those previously described (Zuk
etal. 2001, Zuk et al. 2002).

ALP is considered to be a reliable marker of osteoblast function (Beck et al.
1998, Park et al. 2007) and is widely used as such. Many studies report a correlation
between in vitro ALP expression and in vivo bone formation (James et al. 1996,
Zhang et al. 1997, Chen et al. 2005, Siddappa et al. 2007). ALP activity is not an
optimal biochemical marker for in vivo osteogenesis, however, because there are
also studies, reporting no correlation between the level of ALP expression and in
vivo bone formation (Yamamoto et al. 1991, Mendes et al. 2004). Instead, both ALP
activity and cell proliferation ability together may be a more reliable way of
predicting in vivo bone formation. The correlation between proliferation and in vivo
bone formation is not well studied; only one study reported that high proliferative
activity of osteoblast-like cells correlated with the in vivo osteoinductive capacity of
demineralized bone matrix (Adkisson et al. 2000). In addition, the fact that seeding
ASCs on different biomaterial scaffolds significantly enhances bone formation
compared to empty scaffolds is widely reported in the literature (Hicok et al. 2004,
Cui et al. 2007, Yoon et al. 2007, Jeon et al. 2008).

Our hypothesis is that cell proliferation ability is crucial when implanting cell-
seeded constructs into bone defects. If only a few of the applied cells proliferate
inside the scaffold, regardless of their level of differentiation, bone formation is not
likely to occur if the number of cells is not sufficient. Further in vivo studies are
needed to test this hypothesis. The main limitation of the present studies is the fact
that only in vitro experiments were performed. Reliable conclusions on the
suitability of the biomaterials for the treatment of bone defects can be drawn after in
vivo studies are performed. Late bone-specific markers, such as osteocalcin and
bone sialoprotein, should also be examined in vitro (Aubin et al. 1995).

6.3 Adipose stem cell seeded on scaffolds in bone
tissue engineering applications

Many previous studies on bioactive glass have uniformly shown the stimulatory
effect on osteoblast function in vitro (Xynos et al. 2000a, Xynos et al. 2000b, Gao et
al. 2001, Xynos et al. 2001, Bosetti et al. 2003, Radin et al. 2005). The findings are
contradictory, however, as one study demonstrated that the positive effects of
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bioactive glass on bone growth in human patients are not mediated by the
accelerated differentiation of MSCs in vitro (Reilly et al. 2007). In studies II and
III, the bioactive glass had a stimulatory effect on human ASC proliferation and
differentiation into osteogenic lineages.

A number of studies demonstrated that the biomaterial must have the ability to
form an apatite layer for bone bonding to occur (Holand et al. 1985, Nakamura et al.
1985). Ca-P coating of various biomaterials such as biodegradable polymers,
ceramics, and titanium enhance osteoblast proliferation, activation, and
differentiation into mature osteoblasts (ter Brugge et al. 2002, Bigi et al. 2005,
Vaahtio et al. 2006). One hypothesis to explain this stimulatory effect of Ca-P is the
dissolution of calcium and phosphate, leading to the supersaturation of calcium ions.
This subsequently leads to re-precipitation of Ca-P, resulting in a transformed
surface that stimulates osteogenic differentiation of the osteoprogenitor cells (Zeng
et al. 1999). Furthermore, surface reactive glass composites, which contain Ca-P
particles, bond chemically to bone, leading to direct lamellar bone repair
(Kangasniemi et al. 1994, Suominen et al. 1996).

In contrast, there are a few in vivo studies showing that the Ca-P layer does not
induce bone formation (Ekholm et al. 2005, Holmbom et al. 2005). In fact, these
studies demonstrate that apatite coating caused a strong inflammatory reaction and
less osteoid tissue (Ekholm et al. 2005). In addition, HA-coated cellulose sponges
implanted subcutaneously in rats have shown to attract macrophages and fibroblasts
and favor angiogenesis (Tommila et al. 2008). The differences between the findings
of these in vivo studies may be due to the fact that different animal models were
used. The crystallinity of the Ca-P coatings also varied in these studies. Many
studies indicate that the crystallinity of a biomaterial surface affects cell function
(Ball et al. 2001, Oliveira et al. 2002, ter Brugge et al. 2002). Proliferation and
osteogenic differentiation of human osteoblast-like cells and rat MSCs is inhibited
on more amorphous Ca-P coatings. Our results in study II, however, showed that
scaffolds treated with a thick, more crystalline Ca-P layer inhibited ALP activity,
osteopontin release, and proliferation of ASCs compared to thin Ca-P treated
scaffolds with a more amorphous Ca-P layer. Direct comparison of our results to
these previous studies is impossible because different cell types such as osteoblast-
like cells, bone marrow cells, and osteoblasts were used and the Ca-P coatings were
produced on either titanium or starch, whereas we studied the effect of a Ca-P layer
on bioactive glass scaffolds on human ASCs. One explanation for the inhibitory
effect on osteogenic differentiation of thick Ca-P treated scaffolds may be the higher
release of calcium ions from these scaffolds. It has also been previously reported
that ALP activity of human osteoblasts decreases in response to high calcium
concentrations (Xynos et al 2000b), which is consistent with normal physiology.
Our conclusion from the results of study II was that Ca-P treatment of bioactive
glass delays early osteogenic differentiation of ASCs. This is a novel observation for
human ASCs, but it is consistent with the results of previous in vivo animal studies
(Ekholm et al. 2005, Holmbom et al. 2005). Inhibition of the degradation product
release i.e., ion release, from Ca-P treated scaffolds, may account for our
observation. These degradation products of bioactive glass are involved in the
osteostimulative properties of the material (Ducheyne and Qiu 1999, Kaufmann et
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al. 2000, Xynos et al. 2000b, Viliméki et al. 2005b). Slower dissolution kinetics of
zinc-releasing bioactive glass scaffolds was also the key finding in study IIl, which
may explain why zinc-releasing scaffolds inhibited osteogenic differentiation and
proliferation of ASCs compared to CC scaffolds. Also, we showed that the addition
of zinc slows down the degradation of bioactive glass, hindering the ion release
from the material, which is consistent with previously reported results (Lusvardi et
al. 2002).

Incorporation of other polyvalent metals such as aluminum into bioactive glass
has also shown to increase the durability of bioactive glass with respect to leaching
(Greenspan and Hench 1976). However, in vivo the bone bonding of aluminum
containing bioactive glass is inhibited, because aluminum interferes with the Ca-P
formation (Andersson et al. 1990, Andersson et al. 1992). Aluminum may inhibit
the Ca-P formation either by reducing the surface available for Ca-P formation or by
formation of aluminum-containing crystals (Andersson et al. 1993). Similarly, zinc-
ions have been demonstrated to incorporate in the Ca-P layer forming on the
bioactive glass, inhibiting its further formation (Jaroch and Clupper 2007).
Classically, the bioactivity of a biomaterial has been defined as the ability to form a
Ca-P layer. However, we feel that the definition is too narrow: It does not take into
account the material’s dissolution kinetics, which has a major impact on the ASC
proliferation and differentiation. This impact was shown in our studies II and III.
Furthermore, contradictory findings on the effect of Ca-P on bone formation exist as
discussed above. In conclusion, the Ca-P formation ability of bioactive glass should
not be considered the only indicator of bioactivity.

Aluminum has shown to play a role in bone fragility, neurotoxicity, and onset of
Alzheimer's disease (Mjoberg et al. 1997, Ferreira et al. 2008). Although aluminum
may be used to delay the degradation profile of bioactive glass, the disadvantages
related to this polyvalent metal severely limit its use. These disadvantages related to
aluminum have also restricted the use of commercially available glass ionomer
cements, which contain aluminum ions as essential elements for the setting process
of the cement (Blades et al. 1998). However, in a recent glass ionomer cement
study, zinc was successfully used instead of aluminum as a network modifying
oxide (Boyd and Towler 2005).

Adding zinc to bioceramic materials has shown to stimulate the proliferation and
osteoblastic differentiation of osteoprogenitor cells (Ishikawa et al. 2002, Ikeuchi et
al. 2003, Storrie and Stupp 2005, Du et al. 2006). Even low concentrations of zinc
(0.075 mg/L, Ishikawa et al. and 0.235 mg/L, Du et al.) released from biomaterials
have been shown to stimulate osteoblast proliferation, compared to control materials
without zinc releasing ability (Ishikawa et al. 2002, Du et al. 2006). Contrary to
previous studies, a recent study by Popp et al. showed that supplementation of the
culture medium with soluble zinc (concentration between 0.20 mg/L and 2.62 mg/L)
did not affect proliferation or osteogenic differentiation of osteoprogenitor cells
(Popp et al. 2007). A limitation of the Popp et al. study, however, was that they did
not use control medium with a zinc concentration of 0, therefore the stimulatory
effect of the additional zinc could not be analyzed. The maximum concentration
used in their study was higher than the maximum zinc release from the 1 mol% zinc
scaffolds that we used (1.0 mg/L).
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In study III, CaO was substituted with ZnO, allowing the molar percentage of all
other components to be kept constant. Contrary to our study, Aina et al. modified
4555 bioactive glass by adding ZnO in such a way that the amount of all
components was adjusted and SiO,, in particular, varied from 45 wt% to 37 wt%
(Aina et al. 2007). Thus, the authors significantly modified the degradation rate of
the original glass and at least partially compensated for the effect of ZnO as a
degradation inhibitor. We suggest that the stimulatory effect of zinc ions with the
chosen zinc-release concentrations may have been observed on ASCs if 3D
scaffolds with a tailored, faster degrading composition were used in study III.

Live/dead staining and SEM imaging in study I'V showed that cell density in the
region close to the surface was higher compared to that in the core of each scaffold
type; a feature attributed to the heterogeneous structure of the composite scaffolds.
The bioactive glass and B-TCP particles were clustered on the porous side of the
composite scaffold, which made this region more hydrophilic. This feature of the
composite scaffolds may be advantageous because a previous study revealed that
bone formation is enhanced in vivo when osteoblasts have higher exposure to
bioactive HA nanoparticles at the polymer/bioceramic composite scaffold surface
(Kim et al. 2006b).

Increasing percentages of B-TCP added to a PLA matrix stimulates the
proliferation and differentiation of human MSCs and osteogenic cells . Our results
in study IV were similar in the sense that both proliferation and total ALP activity of
ASCs were significantly increased on PLA/B-TCP scaffolds compared to PLA
scaffolds.

The results from study IV suggest that bioactive glass particles do not stimulate
total ALP activity of ASCs more than PLA alone, although the relative ALP activity
of a single cell, i.e., the ALP/DNA ratio on PLA/bioactive glass scaffolds, was
higher than that in PLA and PLA/B-TCP scaffolds. Similar results were obtained by
Leach et al. who showed that PLGA scaffolds coated with bioactive glass had no
effect on ALP activity or osteocalcin production of human MSCs, compared with
uncoated scaffolds (Leach et al. 2006). This result is contradictory to a previous
study, however, where osteoblast-like cells grown on a-TCP had a significantly
higher ALP/DNA ratio compared to bioactive glass (Mayr-Wohlfart et al. 2001).
This finding is also in contrast to the findings from studies II and III, where there
was a uniform stimulatory effect of bioactive glass. The results of the studies cannot
be directly compared, however, because different glass compositions were used in
studies II and III and in study IV (Table 3). The main difference was that B,Os,
Ti0,, and P,Os were not included in the bioactive glass composition used in study
IV and therefore the bioactive glass properties may not be the same as the CC
bioactive glass used in studies II and IIl. Bioactive glass used in study IV has
decreased reaction kinetics compared to CC bioactive glass, because bioactive
glasses with higher silica content (55-60 wt%) react more slowly (Viélimdki and
Aro 20006).
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Table 3. Bioactive glass compositions (wt%) used in studies II, III and IV and six other well known
bioactive glasses and their compositions (Wt%): 4585 Bioglass® (Hench 2006) also known as
Biogran® by BIOMET 3i™ (http://biomet3i.com/English/products/Regenerative/Biogran-Is-The-
Ideal-Graft-Material.cfm), S53P4 (Andersson et al. 1990) known also as BonAlive™ by Vivoxid Oy
(http.//www.vivoxid.com/?n=9097&PRODUCTS), 13-93 (Brink 1997), 1-98 (Itild et al. 2001a), 58S
and 778 (Ogino et al. 1980).

Bioactive glass Na,O K;,O MgO CaO SiO, P,0s B,0; TiO,
CC bioactive glass (I and III) 11.0- 16.0-  3.0- 12.0- 50.0- 3.0- 1.0- O0-
12.0 17.0 4.0 14.0 51.0 4.0 20 1.0
bioactive glass used in study IV 5.0 7.5 3.0 25.0 59.5 0 0 0
4585, Bioglass®, Biogran® 24.5 0 0 24.5 45.0 6.0 0 0
S53P4, BonAlive™ 23.0 0 0 200 530 40 0 0
13-93 6.0 12 5 20.0 53.0 4.0 0 0
1-98 6.0 11.0 5.0 22.0 53.0 2.0 1.0 0
58S 0 0 0 33.0 58.0 9.0 0 0
778 0 0 0 14.0 77.0 9.0 0 0

High Na,O content improves bioactivity of bioactive glass but makes it more
difficult to process (Hench et al. 1971, Brink 1997). However, both of the bioactive
glasses used in studies II, IIT and IV were at the large working range (Brink 1997).
Another difference between these studies was that different cell concentrations were
used; in studies II and III, the cell concentration was approximately 510 cells per
mm’, and in study IV, the cell concentration was approximately 660 cells per mm’.
Furthermore, different cell lines were used in the experiments. Despite these
limitations, evaluation of the cell spreading and attachment from the live/dead
images could be performed between these studies. ASCs appeared to be more
evenly distributed in the middle parts of bioactive glass scaffolds used in studies I1
and III than in the middle parts of scaffolds used in study IV. The viable cell
density on bioactive glass scaffolds (especially on CC scaffolds) was also higher
than on scaffolds used in study IV. On this basis, and according to the results from
studies I and III, the CC scaffolds appear to provide the best conditions for ASCs
to grow and differentiate into osteogenic lineages.

6.4 Future perspectives

In the future, allograft bone may be replaced by tissue-engineered constructs
because they offer new solutions to the disadvantages related to allografts, such as
the risk of bacterial contamination and virus transmission. In addition, tissue
engineered bones can be tailored to grow into the desired shapes and sizes. The need
for graft substitutes will continue to increase due to the aging population. The
regeneration of large, especially weight-bearing skeletal defects with tissue
engineering solutions, however, will most likely require several more years of
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research. Further expertise in the field of bioreactors is also needed to produce tissue
-engineered bone products in a more cost-effective and standardized manner. The
present studies focused on developing new potential tissue engineering solutions for
treatment of small bone defects by using ASCs in combination with bioactive
biomaterials. The in vitro experiments performed here were the first phase of the
development process and the next phase would be in vivo studies, eventually aiming
toward clinical treatments. Based on the in vitro results of this study, bioactive glass
scaffolds and PLA/B-TCP scaffolds have the highest potential for future hard tissue
engineering applications. With a chemically active surface, bioactive glasses possess
a high potential in orthopedic surgery, but their applications are limited due to their
weak mechanical properties. Thus, the use of composite biomaterials will be needed
to develop scaffolds with the desired properties, e.g., for load bearing bone
applications.

The first tissue-engineered applications have been used successfully applied in
clinical practice. Our group at Regea has performed a few novel clinical treatments
in which ASCs were used in combination with biomaterials to treat complicated
bone defects with encouraging results. For example, a new hemimaxilla was
successfully reconstructed via ectopic bone formation (Mesimiki et al. submitted).
The number of clinical trials based on these adult stem cells in combination with
biomaterials and signaling molecules is expected to grow rapidly in the near future.

The risk of cancer has to be considered when stem cells are used in clinical
practice. Human bone marrow-derived MSCs cultured in autologous serum or FBS
to late passage may display localized genetic alterations (Dahl et al. 2008),
indicating that the in vitro expansion period should be as short as possible. In
addition, Houghton ef al. showed that epithelial cancers can originate from bone
marrow-derived cells (Houghton et al. 2004). It has been suggested that bone-
marrow derived endothelial precursors are essential during tumor angiogenesis
(Lyden et al. 2001, Ciarrocchi et al. 2007, Nolan et al. 2007). However, a recent
study of Purhonen et al., contradicted this demonstrating that no bone marrow-
derived endothelial cell progenitors were involved in angiogenesis during tumor
growth i.e. cancer growth does not require these cells. It was also shown that
endothelial differentiation is not a typical in vivo function of normal bone marrow-
derived stem cells (Purhonen et al. 2008). More studies are required before making
final conclusions on the cancer risk of stem cells.

The main challenge in clinical treatments using autologous stem cells will be the
patient variation. The capacity of MSCs to differentiate appears to decrease with
increasing age (Quarto et al. 1995, D'Ippolito et al. 1999). In addition, Tokalov’s
findings of age-related changes in the number of MSCs must be taken into account
in considering these cells for clinical use (Tokalov et al. 2007). Although there are
no reports on patient variation of human ASCs in the literature, the variation
between patients was evident in all ASC experiments of the present work. In each
repeated experiment we used a different patient pool consisting of 2 to 4 patient
samples. The biologic variation may have been reduced using more parallel samples
in the same experiment. This experimental model, however, more closely represents
an actual life situation of donor variations in clinics. To achieve clinical success
with ASCs, a quantitative bioassay must be developed to screen and verify the
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adequate differentiation and proliferation capability of ASCs. Numerous issues
related to ASC-biomaterial constructs must be resolved before the full potential of
ASC-biomaterial constructs can be realized.
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/. Conclusions

On the basis of these studies, the following conclusions can be drawn:

L. Chemical cleansing methods combined with PES were efficient for use
with allograft bone. Decreasing the incubation time did not affect the fat
cleansing efficiency of the chemical cleansing processes studied. The
different processing methods combined with PES and freeze-drying to
<5% residual moisture content did not have adverse effects on the
biomechanical properties of cortical allograft bone. With a residual
moisture content of 0%, the biomechanical properties were significantly
reduced in comparison to unprocessed controls.

II. Ca-P surface treatment of bioactive glass did not significantly affect cell
viability and proliferation. Our results indicated, however, that Ca-P
surface treatment of bioactive glass scaffolds inhibits ion release, causing
a delay in early osteogenic differentiation of ASCs. The osteogenic
differentiation of ASCs was further delayed in thick Ca-P treated
scaffolds compared to thin Ca-P treated scaffolds.

III.  Zinc inhibited the degradation profile of the bioactive glass scaffolds.
ASC viability was not affected by the addition of zinc to the bioactive
glass scaffolds. The proliferation and osteogenic differentiation of the
ASCs, however, were inhibited because the dissolution kinetics of
bioactive glass was affected by the addition of zinc.

IV.  There were no differences between different scaffold types on cell
viability or morphology. The PLA/bioactive glass scaffolds provided the
weakest support for ASC proliferation, although ASCs exhibited the
highest ALP/DNA ratio when cultured on PLA/bioactive glass scaffolds.
Our results indicated that PLA/B-TCP composite scaffolds significantly
enhanced ASC proliferation and total ALP activity, compared to PLA
alone or composite forms of PLA/bioactive glass scaffolds.

The results of studies II and III confirmed the osteostimulative effect of bioactive
glass on human ASCs. This stimulating effect, however, was crucially related to the
composition of the bioactive glass as indicated by comparing the results of studies IT
and III to those of study IV. Control composition bioactive glass and PLA/B-TCP
composite scaffolds demonstrated the best potential for clinical bone tissue
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engineering applications, but these scaffolds must be further studied in in vivo
models. For allograft processing, the potential of the methods examined in the
present studies combined with PES also require further in vivo research.
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Abstract

Peracetic acid—ethanol sterilization (PES) with a preceding delipidation step is an effective sterilization method for allograft bone, but its
influence on biomechanical properties of bone has not been studied. The aim of this study was to evaluate the effects of different incubation
times of water, hydrogen peroxide and alcohol cleansing procedures combined with PES on biomechanical properties of freeze-dried cortical
bone. These effects were studied by performing three-point bending tests on cortical samples. The lyophilized cortical samples were rehydrated
prior to mechanical testing. The bending strength and the absorbed energy of the processed cortical samples were increased slightly but the
Young’s modulus was decreased compared to unprocessed samples. However, when the residual moisture content of the processed cortical sam-
ples was reduced from <5% to 0% all the biomechanical properties studied were significantly decreased. Hexane elution was used to determine
the residual fat content of the processed cortical bone. Reducing the incubation time in cleansing had no effect on the residual fat content of the
bone samples. Our in vitro study indicates that the cleansing procedure proposed combined with PES affects the biomechanical properties of

cortical bone only on a limited scale.

© 2007 The International Association for Biologicals. Published by Elsevier Ltd. All rights reserved.

Keywords: Allograft bone; Peracetic acid; Chemical processing; Mechanical testing

1. Introduction

Allograft bone has been widely used in orthopaedic sur-
gery. Bone transplants are particularly useful for different re-
construction procedures such as joint reconstruction and they
are vital for many deficiencies due to trauma or extensive tu-
mour surgery [1—3]. Allografts have many advantages over
autograft bone, e.g. lack of donor site morbidity and almost
unlimited availability [1,4,5]. However, the potential of the
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sity of Tampere, Biokatu 12, 33520 Tampere, Finland. Tel.: 4358 44 029
1203; fax: +358 3 3551 8498.

E-mail address: suvi.haimi@regea.fi (S. Haimi).

viral transmission by allograft bone remains a great concern.
The need to ensure maximum safety has led to a search for dif-
ferent sterilization methods. At the moment the most com-
monly used methods are various chemical sterilizations and
irradiation procedures such as beta and gamma [5,6]. So far
no optimal sterilization method has been found. All methods
currently in use compromise either the safety of the allograft
bone or the biological and biomechanical properties of the
allograft [7,8].

Before chemical sterilization allograft bone must be
defatted to improve the effectiveness of the sterilization [9].
Removal of lipids has been also shown to increase the
incorporation of bone allografts [10]. Peracetic acid—ethanol
sterilization (PES) is a potential sterilization method for

1045-1056/07/$34.00 © 2007 The International Association for Biologicals. Published by Elsevier Ltd. All rights reserved.
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allograft bone and it has been proven to effectively inactivate
viruses, fungi and bacteria [9,11]. In addition it has been
reported that PES does not cause any significant reductions
in the osteoconductivity of demineralized bone matrix or
affect its osteointegration properties [12]. In the present
work the effects of different incubation times of water,
hydrogen peroxide and alcohol cleansing procedures com-
bined with PES on the biomechanical properties of freeze-
dried cortical bone were investigated. The processed bone
samples were compared to unprocessed frozen bone samples.
Our hypothesis was that chemical cleansing combined with
PES does not adversely affect the biomechanical properties
of cortical bone.

The final tissue product is freeze-dried to improve the
chemical stability [7,13,14]. It has been claimed that freeze-
dried tissue should contain no more than 6% moisture, permitting
storage at RT for 5 years after processing [7]. The negative
effect of freeze-drying on the biomechanical properties of
allograft bone is well known, but so far the effects of different
residual moisture contents of cortical bone have not been
taken into account in any study [15—17]. Our second objective
was to study the effect of different residual moisture contents
(<5% and 0%) on the biomechanical properties of cortical
bone.

In order to optimize the cleansing procedures we tested
three variations of cleansing method used in the National
Blood Service, Tissue Service, UK. The efficiency of these
three cleansing methods combined with PES in removing fat
from allograft bone was therefore compared.

2. Materials and methods
2.1. Bone material and preparation of the bone samples

Four pairs of proximal tibias, four pairs of distal tibias and
one pair of proximal femurs were received from 6 male donors
of 19—62 years of age and from 2 female donors of 31 and 45
years of age from Tampere University Hospital bone bank.
The donors had no medical history of diseases or traumas,
which could affect the biomechanical properties of the exam-
ined bones. The donors were brain dead heart-beating donors
who had been tested to be negative in bacteriological and viral
screening according to the standards of the European Associ-
ation of Tissue Banks (EATB and EAMST 1997). The allo-
grafts were harvested in the operation theatre with full
aseptic precautions and were stored at —75 °C. The study
was approved by the ethical commission of Pirkanmaa Hospi-
tal District.

Pairs of bones from the same donor were examined because
the biomechanical properties of bone from different donors
may vary. The unprocessed controls and the samples for pro-
cessing were taken equally from the contralateral sides of
bone from the same donor to ensure that possible differences
due to anatomical heterogeneity in the bones would not affect
the results. This procedure enabled comparable analysis of the
paired specimens.

Longitudinal cortical specimens were cut from the diaphys-
ial part of the bones, using a grinding machine (model 40BKS;
Scantool 40, Brovst, Denmark) and then they were further
shaped with a band saw (model DW738; Dewalt, Italy) and
finally ground down to final dimensions of 40.0 x 4.0 x
2.0 mm, using a milling machine. The dimensions of the spec-
imens were measured with a sliding gauge. Five to twelve
pairs (mean 6) of cortical samples were obtained from each
bone pair. The bone samples were continuously irrigated
with distilled water throughout machining. When not being
handled, all the samples were kept frozen at —75 °C. The 96
cortical samples obtained were evenly divided to serve as
a processing sample or as an unprocessed control according
to Fig. 1.

2.2. Cleansing procedures

The cleansing procedure A was based on a cleansing proce-
dure used in the National Blood Service, Tissue Service, UK.
The cortical samples were placed in a 11 glass container with
800 ml of a treatment solution. The first step of the cleansing
procedure was sonicating the samples with distilled water in
a temperature-controlled ultrasonic bath (model DU-14;
Nickel Electro Ltd., UK) for 15 min at 54 °C. This was

| 96 cortical bone samples |

v
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controls and samples

L N

| 48 corlical controls | | 48 corlical samples |

| Frozen at-75°C |
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procedure A procedure B procedure C
n=24 n=16 n=8
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\ L
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Fig. 1. Experimental design for mechanical testing. One processing group
consists of 8 cortical samples.
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followed by four washes in distilled water (60 min, 10 min,
10 min, 10 min) under agitation (200 rpm) on a temperature-
controlled shaker (model SM 30 A/B/C; Edmund Biihler
GmbH, Germany) at 60 °C. The following two steps were
also performed in ultrasonic bath. The samples were soaked
for 10 min in 3% hydrogen peroxide followed by a 10 min
soak in 70% ethanol at room temperature (RT). The chemical
treatments were followed by five washes in distilled water
(10 min, 10 min, overnight 20 h, 10 min, 10 min) under con-
stant agitation (200 rpm) on the shaker at 60 °C.

Cleansing procedures B and C were modifications of the
procedure A. In cleansing procedure B the incubation times
with hydrogen peroxide and 70% ethanol incubations were
doubled, but the overnight (20 h) and the following two
10 min water washes were omitted. In cleansing procedure
C only the overnight (20 h) and the following two 10 min wa-
ter washes were omitted. Twenty four samples (three separate
procedures were performed, in which 8 samples were pro-
cessed) were processed with cleansing procedure A, 16 sam-
ples (two separate procedures were performed, in which 8
samples were processed) were processed with cleansing proce-
dure B, and 8 samples were processed with cleansing proce-
dure C. The samples and controls were individually packed
in permeable specimen bags (Thermo, UK) to avoid sample
mix-up.

2.3. Sterilization with PES

All the processed samples were sterilized with 1% PES so-
Iution according to the method previously described [11].
Briefly, PES procedure was performed under constant agita-
tion (on the shaker at low pressure, 200 mbar) at RT in a des-
iccator for 4 h. PES solution was removed by washing the
bone samples four times for 10 min in distilled water under ag-
itation (on the shaker at low pressure 200 mbar) at RT in a des-
iccator. At the end of the procedure, the absence of peracetic
acid was confirmed by a Merkoquant® test (Merck KGaA)
with a sensitivity of 5 ppm.

2.4. Freeze-drying

All the processed cortical samples were freeze-dried in the
freeze-dryer (model Heto drywinner with CT 110 Cooling
Trap, Jouan Nordic, Denmark). Eight samples processed using
cleansing method A were dried to 0% residual moisture con-
tent. These 8 samples (Al) were freeze-dried for 27 h (the
temperature of the condenser was —110 °C and working vac-
uum was approximately 1 mbar). The residual moisture was
removed with hygroscopic P,Os treatment in a desiccator for
9 days at low pressure (200 mbar). The removal of residual
moisture was completed when the weight of the cortical sam-
ples was stabilized. Based on this analysis, all the other sam-
ples were freeze-dried for 5 h to reach a final residual moisture
content of 4.5% for cortical samples.

2.5. Mechanical testing

The mechanical tests were carried out at RT. The cortical
samples were loaded into a mechanical testing machine
(model 4411; Instron, United Kingdom). The data were ana-
lysed by Instron series IX software version 8.31. The machine
sensors allowed measurement of the travel and load through-
out the procedure. All the freeze-dried cortical samples were
rehydrated for 30 min in physiological saline solution. The
frozen controls were thawed at RT and tested wet.

In the three-point bending test the cortical samples were
subjected to a combination of tension and compression when
being loaded. The samples were oriented so that the periosteal
surface was in tension and the endosteal surface in compres-
sion (Fig. 2). The three-point bending test was carried out as
described earlier by Currey et al. except that the crosshead
speed was 1 mm/min [8]. The dimensions of each sample
were entered into the software program before testing.
Young’s modulus of elasticity was calculated from the linear
part of the stress—strain curve. The bending strength was cal-
culated from the following formula, o = 3FL/2bd2, where F is
the external force affecting the sample, L is the gauge length
(32 mm), b is the sample width and d is the sample thickness.
The energy absorbed by the sample at the break point was
measured by the area that was under the load—deformation
curve.

2.6. Residual lipid content determination

After mechanical testing, the efficiency of the whole pro-
cessing method for cleansing fat cells from the bone was de-
termined by measuring the residual fat content with
ultrasonic hexane elution. Then all processed and freeze-dried
cortical samples were ground with a grinder (model Polymix
A10; Kinematica, Switzerland). From each processing group

Fig. 2. Three-point bending test of cortical bone.
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separately, all the cortical samples were pooled to yield one
sample. Lipids from the bone powder samples were extracted
in hexane. Thereafter the hexane was evaporated and the resul-
tant residual weight was expressed as the percentage of the ex-
tracted original dried cortical bone powder weight.

2.7. Statistical analysis

The statistical analysis of the results was carried with SPSS
version 13. The mechanical results of samples and controls
were compared using paired r-test. The effects of different
cleansing processes combined with PES on the biomechanical
properties of cortical samples were compared using one-way
ANOVA. According to the test of homogeneity of variances,
ANOVA was not an appropriate test for comparison of the
Young’s modulus values of cortical samples, therefore
Mann—Whitney U test was used instead for these measured
values. The power calculations were carried out with PS-
Power and Sample Size Calculations version 2.1.30.

3. Results
3.1. Mechanical testing

The mechanical results are summarized in Table 1. No sta-
tistical difference (all p values were >0.05) was found be-
tween the effects of the different processing methods on the
biomechanical properties of the cortical samples. All the three
different processing methods significantly reduced the
Young’s modulus of the cortical samples (freeze-dried to
<5% residual moisture content) compared to the unprocessed
samples. The bending strength and the absorbed energy of the
cortical samples were slightly but still significantly improved
by the processing methods compared to the unprocessed
controls.

There was a significant decrease in the bending strength,
absorbed energy and the Young’s modulus of the cortical sam-
ples freeze-dried to 0% residual moisture content (Fig. 3). The

strength of the totally dry cortical samples was reduced to
about 76% of that of the controls.

3.2. Lipid content determination

The residual fat percentages of the cortical samples are
presented in Fig. 4. There were no differences between the
efficiency of cleansing methods A, B and C in cleansing
adipose tissue from the bone. The residual fat content of
processed cortical samples varied between 0.2% and 0.5%.

4. Discussion

We studied the effects of different incubation times of wa-
ter, hydrogen peroxide and alcohol combined with PES and
freeze-drying on the biomechanical properties of cortical
bone. The bactericidal, fungicidal, virucidal and sporicidal
effects of peracetic acid have long been well known. The
preceding delipidation step is a prerequisite for effective
penetration of a sterilization medium into the bone tissue
[9]. The addition of ethanol to the peracetic acid sterilizing
medium reduces the surface tension. Negative pressure re-
moves the gas vesicles, which prevent complete tissue penetra-
tion of the sterilizing medium [11]. A reliable comparison of
the biomechanical properties between processed samples and
unprocessed controls requires that the sample and control
are taken from the same individual and from the adjacent an-
atomical locations, which have as identical biomechanical
properties as possible. The mean bending strength and
Young’s modulus obtained from the unprocessed cortical con-
trols were of the same magnitude as those previously reviewed
in the literature [8,18]. Therefore the conclusions drawn from
the mechanical results obtained from processed cortical sam-
ples can be considered reliable.

In our study the Young’s modulus of the processed cortical
samples decreased significantly in all processing groups. We
assume that the deterioration of rigidity of the cortical samples
was due to a weak demineralization effect of PES. When bone

Table 1
Mechanical results of cortical bone
n Method  Residual moisture (%)  Controls mean  Controls SD  Specimen mean  Specimen SD % p
Young’s modulus (GPa) 8 Al 0 15.3 1.5 14.1 1.1 92.7 0.026
16 A2 <5 16.9 1.1 14.3 1.2 84.3  <0.001
16 B <5 154 1.4 13.4 1.2 86.7 <0.001
8§ C <5 16.5 0.8 14.0 0.8 84.9 0.001
Bending strength (MPa) 8 Al 0 229.8 16.9 173.6 17.5 75.8  <0.001
16 A2 <5 227.8 27.7 248.6 36.8 109.1 0.014
16 B <5 201.3 29.3 214.9 29.3 106.8 0.017
8 C <5 211.6 9.9 2114 33.6 100.0 0.988
Energy to break point (J) 8 Al 0 0.10 0.03 0.04 0.01 385 <0.001
16 A2 <5 0.12 0.05 0.16 0.06 132.2 0.001
16 B <5 0.08 0.03 0.11 0.04 130.2 0.037
8§ C <5 0.07 0.01 0.09 0.04 127.0 0.123

The mean values of the cortical controls and processed specimens (methods A, B and C) are given. n = number of pairs of specimens, % = mean value of the
processed samples expressed as a percentage of the mean value of the controls, p = probability resulting from a paired 7-test on the differences between the paired

specimens (not significant values in bold face).
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Fig. 3. Mean results of the strengths of cleansing method A processed cortical
samples with different residual moisture contents (A1 = residual moisture con-
tent 0%, A2 =residual moisture content <5%) compared with unprocessed
controls.

is demineralized, its stiffness decreases and it therefore be-
comes softer and tougher [19]. The demineralization effect
could also be the reason why the absorbed energy of the pro-
cessed cortical samples (freeze-dried to <5% of residual mois-
ture) was significantly higher than the absorbed energy of
unprocessed controls. The ability of the material to absorb en-
ergy improves when material becomes tougher [20]. There
was a slight increase in bending strength which cannot be ex-
plained based on literature. PES may cause a slight deminer-
alization effect but in that case the bending strength should
have decreased as seen in some other studies [19,21]. The
pH value of the PES solution we used was 2.3, which is
much higher than the pH value of demineralization solution
Lewandrowski et al. used (0.5 N HCI pH 0.3) [19]. Therefore
the demineralization effect of PES can only be considered
weak and our results cannot be entirely compared to other de-
mineralization studies.

Gamma radiation has been widely used in cortical bone
allograft sterilization, but the standard radiation dose, which
is recommended for bone allograft has been reported to
alter the biomechanical properties of the allograft. The stud-
ies suggest that bone becomes more brittle, the ultimate

1.0
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Reisdual fat %

0.2 1

0.0 -

A (n=3)

B (n=2)
Processing method

C (n=1)

Fig. 4. Residual fat percentages of the processed cortical samples. Method A
was the longest processing method (including 20 h water incubation), method
B had double hydrogen peroxide and ethanol incubation compared to A and C,
and method C was the shortest method.

stress—strain and toughness are significantly reduced as a re-
sult of radiation sterilization [8,22]. The alteration of the
biomechanical properties as a result of chemical cleansing
combined with PES appears minor compared to gamma ra-
diation. This was supported by Scheffler et al. who have
showed that PES does not impair the biomechanical proper-
ties of human bone—patellar tendon bone grafts, even
though they used different defatting method than we did
[23]. Therefore the chemical sterilization we used can be
considered as a better alternative than gamma sterilization
at least for strut grafts.

This was the first study in which the effect of different re-
sidual moisture contents on the biomechanical properties of
cortical bone was shown to be crucial. In several studies
freeze-drying has been reported to impair the biomechanical
properties of bone [7,15—17,24,25]. Our results corroborate
with this finding. We found that processing and freeze-drying
of cortical samples to 0% residual moisture content signifi-
cantly reduced the strength and decreased the absorbed energy
and the Young’s modulus of the samples compared to those of
unprocessed controls.

There were no differences in the delipidation efficiency of
different chemical processing methods combined with PES.
The shortest processing method (C) was sensed to be as effi-
cient as the two other tested methods (A, B) in cleansing
adipose tissue from cortical bone. The residual fat content
variation between all the processed cortical samples was
0.2—0.5%. Pietrzak and Woodell-May studied the fat content
of processed cortical bone using the same lipid content deter-
mination method as that used in this study. The residual fat
content of these processed samples varied between 0% and
6.7% [26]. It can be concluded that our processing substan-
tially reduces fat from cortical bone, although the fat content
of cortical bone is initially very low.

Our results suggest that it is advisable not to freeze-dry
processed bone grafts too dry, under 1% residual moisture.
The biomechanical weakening of allograft bone may lead
to unsuccessful healing in situations such as fracture repair,
where mechanical strength is needed. Reducing the incuba-
tion times of chemical processes did not have an effect on
the efficiency of the cleansing process to clean adipose tis-
sue from the cortical bone. Our results showed that the dif-
ferent processing methods combined with PES had only
slight effects on the biomechanical properties of cortical
bone samples freeze-dried to <5% of residual moisture.
However, in vivo studies have to be performed in order to
investigate the effect of PES on the bone remodelling and
allograft incorporation processes.
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Abstract

While the addition of Zinc ions to bioactive ceramics has been shown to enhance the
proliferation and osteogenic differentiation of osteoblasts-like cells, contradictory
results also exist. Therefore, the effect of zinc-releasing ceramics on cell proliferation
and differentiation into osteogenic lineages requires further clarification. The aim of this
study was to evaluate the effects of zinc addition on degradation profile of three
dimensional bioactive glass scaffold, and on osteogenesis and proliferation of human
adipose stem cells (hASC)s in these scaffolds. Bioactive glass scaffolds with the general
composition of Na,0, K,0, MgO, CaO, B,03, TiO,, P,Os and SiO, were prepared. The
degradation was evaluated by scanning electron microscopy and elemental analysis.
hASC viability, attachment, and proliferation were assessed with Live/dead staining,
SEM imaging and DNA content measurement. The osteogenic differentiation of hASCs
was analyzed by determination of alkaline phosphatase activity and osteopontin
concentration. Degradation profile of bioactive glass was shown to slow down with the
addition of zinc. The in vitro tests demonstrated that zinc addition to bioactive glass
inhibited, although not significantly, the proliferation, ALP activity, and osteopontin
production of hASCs at 2 weeks compared to control composition scaffolds. Our results
suggest that the addition of zinc on bioactive glass inhibits osteostimulative properties
of bioactive glass by slowing down its degradation rate.
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1. Introduction

Zinc is known to play an important role in bone metabolism; its stimulatory effect on
bone formation and its ability to promote the expression and maintenance of
osteoblastic phenotypes has been shown in vitro [1-3]. Alimentary zinc diet depletion or
supplementation has been shown to be responsible for variations in body weight, bone
length and bone biomechanical properties in growing rats. The positive effect of zinc on
bone metabolism has been associated with growth hormone (GH) or insulin-like growth
factor 1 (IGF-1) [4].

Despite the numerous works reporting stimulating effects of zinc, there are also studies
that show contradictory data on the effects of zinc ions on bone cells. Popp et al. studied
the effect of Zn*" supplemented osteogenic medium on osteoblastic proliferation and
differentiation. They used concentrations of 0.20 mg/l, 0.65 mg/l and 2.62 mg/l and
found no significant effects of such zinc amounts on rat bone marrow stromal cells [5].
Wang et al. have shown that the effect of zinc on the osteogenic and adipogenic
differentiation of mouse primary bone marrow stromal cells (MSCs) and on the
adipogenic trans-differentiation of mouse primary osteoblasts depends on ion
concentration and incubation time, with zinc even having an inhibitory effect [6].

The use of synthetic bone substitutes for delivery of zinc ions has recently gained
attention in research communities. There are numerous studies regarding the
development and evaluation of zinc containing calcium phosphate ceramics both in
vitro and in vivo [1,2,7-9]. There are also reports concerning the use of different
bioactive glass compositions as short or long term zinc delivery vehicles [10-13].
Bioactive glass, due to its osteostimulative and bone bonding properties, has in fact
been successfully used clinically in dental, craniomaxillofacial, and spine applications
during the last few decades [14-19]. Its bone-bonding ability arises from the high rate of
formation of hydroxyl-carbonate apatite (HCA) at the surface of the material after
reaction with the surrounding biological fluids [20,21]. The bone-like, low crystalline
HCA, together with the ionic products resulting from the degradation process of the
material, are also correlated to the intrinsic and characteristic bioactive glass bone
regeneration potential. They have been shown to be responsible for enhancing the
proliferation and differentiation of osteoprogenitor cells [22].

There are number of bioactive glass compositions that have been investigated as
possible zinc ion delivery vehicles. It has been proposed that due to the incorporation of
zinc ions in the forming HCA layer, bioactive glass allows a tailored modulation of zinc
release in the biological system, hence, avoiding the cytotoxicity related problems
observed with the zinc containing calcium phosphate materials described above
[23,24]. Despite the incorporation mechanism of zinc ions in HCA, the importance of
the dosage as well as the possible cytotoxic effect of the zinc ion have also been
reported for certain bioactive glass and glass-ceramic compositions [2,10].

There are many in vitro studies of the analysis of the zinc effect on cells, from rat to
human, and from primary bone marrow stromal cells to osteoblasts. However, no prior
study has involved the use of human adipose stem cells (hASCs), which have emerged
as an attractive source of multipotent cells. They have shown ability to differentiate into
osteogenic lineages in vitro [25,26] and have also been used to treat bone defects in
clinical cases [27,28]. Additionally, the procurement of hACS is easy; their expansion
in vitro is rapid and their harvest yield is approximately 40-fold higher compared to
bone marrow mesenchymal stem cells[29].
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Since there is much debate on the effects of zinc on cell proliferation and osteogenic
differentiation, there is a clear need for more research to be carried out. Additionally,
because zinc has been shown to favour crystallization of bioactive glass at lower
temperatures with respect to zinc free glass [23,30], the effect of the ion on the
manufacturing of zinc containing bioactive glass three dimensional (3-D) scaffolds also
needs to be analyzed. This report represents the first attempt to verify the possibility of
manufacturing zinc containing porous bioactive glass scaffolds suitable for bone tissue
engineering applications and study the effect of zinc addition on construct degradation,
osteogenic differentiation and proliferation of hASCs.

2. Materials and methods

2.1. Scaffold manufacturing

Bioactive glass with a composition of 10-12 mol% Na,O, 10-12 mol% K,0, 4-6 mol%
MgO, 10-18 mol% CaO, 1-4 mol% P,0s, 1-2 mol% B,03, 0-1 mol% TiO,, 50-56 mol%
Si0,, and ZnO 0-5 mol% was manufactured. The family used in this study included
glasses with 0, 0.25, 0.5, 1.0, 1.5, 2.0 and 5.0 mol% of ZnO, substituting CaO. In the
cell culture experiments only 0, 0.25, and 1.0 mol% zinc containing bioactive glass
scaffolds were studied. The glass manufacturing process consisted of melting of the
reagents in a covered platinum crucible above 1360°C, cooling down to room
temperature, crushing, and remelting in order to get better material homogenization. The
glass was then used for the manufacturing of 3 mm long and 75 um thick bioactive
glass fibres by melt spinning. The collected fibres were further packed into metallic
moulds and sintered to obtain three-dimensional scaffolds with the desired structural
and mechanical characteristics. Scaffolds with dimensions of 14 mm x 14 mm x 5 mm
were used in the cell culture experiments.

Scaffolds characterized by a total porosity of 70% were chosen for the study based on
the previous study of our group, where this porosity was shown to be suitable for hASC
proliferation and osteogenic differentiation [31]. In addition, the same porosity was
previously studied with respect to degradation [32], and in vivo behaviour [33].

2.2 Material and 3-D scaffold characterization

The compositional variation effect on the structure of the material was evaluated by
Raman spectroscopy (S1000, Renishaw, New Mills, UK) and by Fourier Transform
Infrared Attenuated Total Reflectance Spectroscopy (Perkin Elmer, Waltham, USA)
with respect to eventually forming crystallites.

The effect of zinc addition on the degradation behaviour of the material was evaluated
both in deionized water and in simulated body fluid (SBF). 110 mg of chopped fibres of
the different compositions were immersed in 110 ml of deionized water and incubated
at 37°C for 0.5, 4, 12, 24 and 72 hours. At the time point, the fluid was filtered and the
amounts of Zn>", Ca>", K", Mg*" ions were identified by atomic absorption spectroscopy
(AAS) (Perkin Elmer). The scaffolds were immersed and incubated in SBF [34] at 37°C
for different follow-up times (t=1h, 8h, 1d, 3d, 1w, 2w, 3w) with a surface area to
volume ratio corresponding to 0.2 cm™. After the immersion, the scaffolds were gently
washed by deionized water, flushed with ethanol and dried under laminar flow. The
degradation was evaluated by scanning electron microscopy (SEM) (Stereoscan 430,
Leica, Solms Germany). Elemental analysis (EDX Oxford Link, coupled to microscope)
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was also performed to confirm the presence of the surface calcium phosphate layer.
Fibres with diameters between min 0.25 and max 1 mm were immersed in SBF and
incubated at 37°C for different times (1, 3, 7 and 14 days). At each time point the fibres
were washed with deionized water, flushed with ethanol and dried out. The fibres were
weighed both before and after the immersion and the weight was recorded.

2.3. hASC isolation and culture

hASCs were isolated from adipose tissue samples obtained in surgical procedures from
9 patients (9 donors, mean age=48+9 years). The adipose tissue samples were received
from the Department of Plastic Surgery and from the Department of Gastroenterology
and Alimentary Tract Surgery, Tampere University Hospital. hASCs were isolated,
cultured, and characterized by flow cytometric surface marker expression analysis as
described previously [31].

2.4. Cell attachment, viability and morphology evaluation

Live/dead staining was used to assess hASC attachment and viability at 3 hours and 2
weeks as described previously [31]. Briefly, the viable cells (green fluorescence) and
dead cells (red fluorescence) were studied using a fluorescence microscope after 45 min
incubation in a mixture of 5 pM CellTracker™ green (5-chloromethylfluorescein
diacetate [CMFDA]; Molecular Probes, Eugene, OR, USA) and 2.5 puM Ethidium
Homodimer-1 (EH-1; Molecular Probes). The cell morphology was assessed at 2 weeks
from a gold—palladium coated specimens by using SEM (Jeol JSM-5500, Sundbyberg,
Sweden) as previously described [31].

2.5. Cell proliferation, quantitative analysis of alkaline phosphatase (ALP) activity and
ALP staining

Cell proliferation was quantified using a CyQUANT® Cell proliferation assay kit
(Molecular Probes, Invitrogen, Paisley, UK) as described earlier [35]. After 1 and 2
weeks in culture, ALP activity was determined as reported earlier [31]. At 2 weeks the
hASC-biomaterial constructs were stained with a leukocyte ALP kit (Sigma-Aldrich, St.
Louis, MO, USA) according to the manufacturer’s protocols.

2.6. Human osteopontin immunoassay

Osteopontin was measured using the Quantikine® Human Osteopontin Immunoassay
(RD Systems Europe Ltd, Abingdon, UK) according to the manufacturer’s protocols.
The fluorescence was measured in a microplate reader (Victor 1420).

2.7. Statistical analysis

All data was provided as mean + standard deviation and p < 0.05 was considered
significant. Statistical analysis of the results was performed with SPSS, version 13. The
effect of culturing time was analyzed using a paired Student’s z-test. The effect of zinc
addition on the proliferation of hASCs, ALP activity and osteopontin concentration
were compared using a one-way ANOVA, after checking for normal distribution and
homogeneity of variance. Post hoc tests were performed to detect significant differences
between groups. The experiments were repeated three to four times.
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3. Results

3.1. Glass structure analysis

Both FTIR-ATR and Raman spectroscopy analysis showed that despite the introduction
of ZnO up to 5%, no crystalline formation was seen in any spectra (Fig 1A). The glass
structure even at the highest zinc substitution percentage was characterized by the
characteristic bioactive glass vibrational bands.

3.2. Ion release AAS analysis

The release of alkaline earth ions, i.e. Ca and Mg was dependent on the amount of zinc
in the glass and on the immersion time. In particular, the amount of released ions
increased with the immersion time and it was in inverse relation with the amount of
substituted zinc (Figs. 1B and 1C). The release of potassium was, on the contrary,
independent from the amount of zinc and less dependent on immersion time than the
alkaline earth ions (Fig. 1D). The amount of released zinc in the solution was
proportional to the amount of zinc in the material (Fig. 1F). However, when the amount
was rationalized with respect to the substituted zinc percentage, the ability of the
material to release zinc ions was in an inverse relationship with the amount of zinc in
the glass (Fig. 1E).

3.2. Immersion in simulated body fluid

The weight variation of the fibres immersed in SBF was inversely related to the amount
of zinc in the material (Fig. 2A); in particular, only one 0.25% zinc containing fibre and
none 0.5% zinc concentration fibres were left at the 14 day time point because all the
others had degraded almost completely.

Scaffolds immersed in SBF showed an inhibitory effect of zinc ions on the degradation
process and on the HCA formation. The samples containing 5 mol% of zinc presented
only after 2 weeks immersion time a homogeneous, thin, amorphous calcium phosphate
layer (Fig. 2B). At the same time point the samples characterized by 0.25 and 0.5 mol%
zinc presented a thick HCA layer with significant degradation of the core of each fibre.
(Fig. 2C) This resulted in a considerably alkaline and alkaline earth ions depleted glass,
as evidenced by the elemental analyses (Figs. 2D, 2E). Figure 2D shows weak peaks
corresponding to zinc, however, it is not possible to know if the zinc signal is due to
Zn*" ions included in the developing HCA layer or to the Zn>* ions present in the
underlying core glass.

3.3. Surface marker analysis

Based on the flow cytometric analysis of hASCs, positive surface marker expression
was seen for the adhesion molecules CD9, CD29, CD34, CD49d, CD105, and CD166;
receptor molecule CD44; surface enzymes CD10 and CD13; extracellular matrix protein
CD90; complement regulatory protein CD59. hASCs showed moderately positive
expression of putative stem cell marker STRO-1; major histocompatibility class I
antigen HLA-ABC and fibroblast marker hFSP. Furthermore, hASCs were negative for
the haematopoietic markers CD31 and CD45 and the vascular cell adhesion molecule
CD106. These results were consistent with the literature [29,36].
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3.4. Cell attachment and growth

Live/Dead staining was used to evaluate the viability of the cells. Live/Dead staining
showed no dead cells at 3 hours on any studied scaffold type (Figs. 3A, C, E). The
hASCs were more evenly spread on control composition scaffolds than on zinc
scaffolds (Figs. 3B, D, F). The hASCs were clustered to the pointing parts of glass
fibres especially on 0.25 and 1 mol% zinc scaffolds at 2 weeks. The majority of the
hASCs were viable and there were only a few dead cells on each scaffold type after 2
weeks in culture. When qualitatively analysed, the cell density was higher in control
composition scaffolds compared to zinc scaffolds at 2 weeks. The number of cells was
increased at 2 weeks on each scaffold type compared to 3 hours.

3.5. Cell morphology

SEM imaging was used to examine the morphology of the cells. Figures 4A-F present
SEM micrographs of hASCs on the 0.25 mol% zinc (4A, B), 1.0 mol% zinc (4C, D) and
control composition bioactive glass scaffolds (4E, F). The cell morphology appeared
unaffected by zinc addition. hASCs were well spread across all the 3-D scaffolds and
showed elongated phenotype. Figures 4A, C and E demonstrate hASCs elongating
along the fibres and forming bridges from one glass fibre to another on the surface of
the scaffolds.

3.6. hASC proliferation and differentiation

To test the effects of zinc concentration on cell proliferation the total DNA content was
measured. There were no significant differences between the three types of scaffolds
(Fig. 5A). Control composition scaffold had significantly greater number of cells at 2
weeks (p=0.013) compared to 1 week.

Concurrent measurement of ALP activity and osteopontin concentration indicated early
osteogenic differentiation, but did not reveal any stimulatory effect of zinc addition
(Figs. 5B, C). In contrast, the ALP activity on control composition scaffolds was over
30% higher than on 1 mol% zinc scaffolds. The ALP activity as well as the DNA
content of hASCs was significantly increased at 2 weeks compared to that at the 1 week
in control composition scaffolds (p=0.023). No differences were observed in ALP
staining (data not shown).

4. Discussion
The aim of this study was to investigate the effect of zinc addition on bioactive glass
scaffold manufacturing, on their degradation, and on hASC attachment, proliferation,
and osteogenic differentiation. The main concern was related to the substitution of CaO
with ZnO to the bioactive glass, which was presumed to be related to the the change in
the working range of the material. The main limitation of many bioactive glass
compositions is their very limited working range with consequent crystallization of the
material if thermally treated leading to significant modification of their bioactive
properties. In the present study, no crystallization was observed even with the addition
of 5% of ZnO, and glass fibres and production of completely amorphous 3-D scaffolds
was successful. The Raman spectra in Fig. 1A, showed, in fact, the characteristics
bioactive glass broad bands [37].

e 560-650 (cm™): Bond rocking vibration

Oxygen atoms move perpendicularly at the Si-O-Si plane;
e 750-800 (cm™') weak: Bond bending vibration
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Oxygens move perpendicularly to the Si-Si lines and Si-O-Si planes;
e 900-980 (cm™): Non bridging Si-O bonds (NBO)

This bond is not in glass with a high content of silica and Hench demonstrated

that it has an important role in the bioactivity [34]. These oxygen atoms do not

do a bridge between network silica atoms breaking the continuity of the lattice.

e 1000-1200 (cm™): Asymmetric stretching mode O-Si-O bonds (BO)

The oxygen that bridge two silica atoms moves parallel to the Si-Si line in the

opposite direction of the near Si.
The effect of ZnO on the structure was followed when the areas below the BO and NBO
vibrational bands were measured and the ratio between the BO and NBO values
calculated for each composition. Despite the absence of statistical significance, the
resultant ratio was inversely proportional to the amount of ZnO in the material. This
means that zinc tends to act as network modifier in a stronger fashion than the Ca ions.
However, this technique does not allow determination of what proportion of the Zn*"
ions act as network former, making the glass more durable, and in what proportion they
act as network modifier.
Such information was collected by the analysis of the weight variation of fibres after
immersion in SBF. Despite the differences in dimensions of the fibres used, as the
weight variation was normalized to the surface area of the fibres, Fig. 2A gives us clear
information on the stabilizing effect of zinc on the glass structure. Higher glass
durability was also confirmed by the SEM analysis of the scaffolds after immersion in
SBF. In fact, as expected, not only the degradation of the material is strongly retarded
and the fibres appear to be only surface degraded after 14 days of immersion, but also
HCA formation results delayed with time.
The information collected on the degradation behaviour of the zinc containing fibres
and scaffolds was completed by the AAS analysis on the solution containing the
degradation products. Interestingly, the substitution of CaO with ZnO did not seem to
affect the release of alkali from the glass (see Fig. 1D), while being inversely
proportional to the release of larger alkaline earth ions (Fig. 1B and 1C) and directly
proportional to the release of zinc (Fig. 1E). This could be explained by ZnO acting
both as network former and network modifier, which concurs with the Raman
spectroscopy analysis and with the qualitative SEM analysis results.
The AAS data gave us valuable background information also for evaluation of the effect
of the scaffolds on the hASCs. From the literature it is known that certain zinc
concentrations can be cytotoxic to different cell types. Yamamoto et al. found that zinc
concentration of 5.89 mg/l inhibits normal osteoblast function [38]. Ito et al. studied
zinc doped PB-tricalcium phosphate (ZnTCP) and showed that zinc released from the
ZnTCP/AP ceramics significantly increased the proliferation of osteoblastic MC3T3-E1
cells with zinc release up-limit already at 3.53 mg/l when compared to those free from
zinc [2]. Based on these results, 3-D scaffolds containing 0.25 and 1.0 mol% of ZnO
were chosen for the in vitro culture with hASCs, to ensure that the cytotoxic limit of
3.53 mg/l was avoided.
As can be seen in Fig 1E, for zinc concentration below 1 mol%, the maximum amount
of ions released in deionized water after 72 hours is approximately 0.01 mg/l. The
immersion fluid did affect the degradation behaviour of the material but it was
estimated that deionized water acts as worst situation environment if compared to SBF
as it does not have any pH buffering ability. In addition, the AAS results relate to the
immersion of 1 mg of material in 1 ml of medium while in the cell culture study
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approximately 100 mg of material was immersed in 1 ml of medium. Based on the
assumption that the surface area of the samples immersed in deionized water was
comparable or higher than the one of the sintered sample, it was estimated that the
maximum amount of Zn>" ions in the solution in contact with the cells was below 1.0
mg/1, therefore far below the cytotoxic limit mentioned above [2].

Du et al. reported a stimulatory effect of ZnO in glass-ceramic on the proliferation of rat
osteoblasts and they used similar concentrations of zinc (Zn®" concentration released
from zinc-containing glass-ceramic 0.235 mg/l and 0.915 mg/1) as we did [11]. Ishikawa
et al. demonstrated that apatite cement that contained 5 wt% ZnTCP (zinc release 0.075
mg/l) had a significantly higher proliferation profile when compared to apatite cement
with 0 wt% ZnTCP [7]. Limitation of both of these studies was that only the
proliferation was evaluated with a short observation period of only 1 week. In contrast
to these studies, Popp et al. did not find any effect of supplementing culture medium
with soluble zinc on proliferation and osteogenic differentiation of osteoprogenitor
cells. They concluded that sufficient amount of zinc for cell proliferation and
differentiation is provided in normal serum [5]. In our study zinc addition to bioactive
glass (maximum zinc release below 1.0 mg/l) decreased the cell number at 2 weeks
compared to control composition as shown in Fig. 5A. However, there was only a minor
difference in DNA content when compared to the control composition scaffolds.
Furthermore zinc containing scaffolds inhibited, although not significantly, the ALP
activity of hASCs at 2 weeks compared to control composition scaffolds. The
osteopontin concentration was also higher in control composition scaffolds than in zinc
scaffolds.

Possible explanations of the hASCs results obtained in this study can be derived from
the material and degradation studies described previously. Bioactive glass degradation
products are known to be responsible for the osteostimulative properties of the material
[22,39,40]. Zinc-free 3-D bioactive glass fibre scaffolds with the same structural
characteristics as the ones used in the present study have been shown to increase hASC
proliferation and osteogenic differentiation in our previous study [31]. Zinc was verified
to slow down the degradation of the material, and in particular it was shown that the
amount of degradation products was inversely proportional to the amount of zinc in the
material (Figs. 1B-D). It can therefore be deduced that the presence of zinc slows down
the construct degradation in such a way that the intrinsic osteostimulative effect of the
material is inhibited. This conclusion is not in contrast with the stimulatory effect of
zinc ions. On the contrary, it gives additional information on the dependence of the
results on the material used for the in situ release of the stimulant. In particular, in the
present study CaO was substituted with ZnO, allowing the molar percentage of all other
components to be constant. In the work of Aina et al. [10] 45S5 bioactive glass was
modified with the addition of ZnO in such a way that the amount of all components was
adjusted and in particular SiO, varied from 45 wt% to 37 wt%. This way the authors
significantly modified the durability of the original glass and at least partially
compensated the effect of ZnO as a degradation inhibitor. It can be expected that the
stimulatory effect of zinc ions could be seen on hASCs if 3-D scaffolds with a tailored
faster degrading composition would have been chosen.

5. Conclusions
The study showed that it is possible to manufacture 3-D amorphous porous zinc-
containing bioactive glass scaffolds and that zinc has a clear inhibitory effect on the
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degradation properties of the implants. With regards to the in vitro cell study, the ALP
activity in control composition scaffolds was over one third higher than in 1 mol% zinc
scaffolds at 2 weeks. The proliferation also decreased at 2 weeks in zinc-releasing
scaffolds compared to control composition scaffolds. Furthermore, in Live/Dead
staining confirmed that the cell number was qualitatively analyzed higher in control
composition scaffolds. We can therefore conclude that the effect of zinc addition on the
bioactive glass inhibited the osteostimulative properties of the material by slowing
down its degradation profile. Additional studies are required to verify the possibility of
3-D scaffolds as local delivery systems of zinc and other materials with tailored
composition.

Acknowledgements

I would like to thank Ms. Miia Juntunen and Ms. Minna Saloméki for their excellent
technical assistance. Special thanks to Professor Lauri Pelliniemi, MD, PhD from
Laboratory of Electron Microscopy, University of Turku for the assistance with SEM
imaging. This research was supported by the competitive research grants from the
Pirkanmaa Hospital District, the Finnish Funding Agency for Technology and
Innovation (TEKES), the Finnish Cultural Foundation and the City of Tampere.

10



This is a preprint of an article submitted to Acta Biomaterialia

References

[1]

2]

[10]

[11]

[12]

[13]

[14]

[15]

Ikeuchi M, Ito A, Dohi Y, Ohgushi H, Shimaoka H, Yonemasu K, Tateishi T.
Osteogenic differentiation of cultured rat and human bone marrow cells on the
surface of zinc-releasing calcium phosphate ceramics. J Biomed Mater Res A
2003; 67: 1115-22.

Ito A, Ojima K, Naito H, Ichinose N, Tateishi T. Preparation, solubility, and
cytocompatibility of zinc-releasing calcium phosphate ceramics. J Biomed
Mater Res 2000; 50: 178-83.

Yamaguchi M, Oishi H, Suketa Y. Stimulatory effect of zinc on bone formation
in tissue culture. Biochem Pharmacol 1987; 36: 4007-12.

Ovesen J, Moller-Madsen B, Thomsen JS, Danscher G, Mosekilde L. The
positive effects of zinc on skeletal strength in growing rats. Bone 2001; 29: 565-
70.

Popp JR, Love BJ, Goldstein AS. Effect of soluble zinc on differentiation of
osteoprogenitor cells. J Biomed Mater Res A 2007; 81: 766-9.

Wang T, Zhang JC, Chen Y, Xiao PG, Yang MS. Effect of zinc ion on the
osteogenic and adipogenic differentiation of mouse primary bone marrow
stromal cells and the adipocytic trans-differentiation of mouse primary
osteoblasts. J Trace Elem Med Biol 2007; 21: 84-91.

Ishikawa K, Miyamoto Y, Yuasa T, Ito A, Nagayama M, Suzuki K. Fabrication
of Zn containing apatite cement and its initial evaluation using human
osteoblastic cells. Biomaterials 2002; 23: 423-8.

Kawamura H, Ito A, Miyakawa S, Layrolle P, Ojima K, Ichinose N, Tateishi T.
Stimulatory effect of zinc-releasing calcium phosphate implant on bone
formation in rabbit femora. J Biomed Mater Res 2000; 50: 184-90.

Kawamura H, Ito A, Muramatsu T, Miyakawa S, Ochiai N, Tateishi T. Long-
term implantation of zinc-releasing calcium phosphate ceramics in rabbit
femora. J Biomed Mater Res A 2003; 65: 468-74.

Aina V, Perardi A, Bergandi L, Malavasi G, Menabue L, Morterra C, Ghigo D.
Cytotoxicity of zinc-containing bioactive glasses in contact with human
osteoblasts. Chem Biol Interact 2007; 167: 207-18.

Du RL, Chang J, Ni SY, Zhai WY, Wang JY. Characterization and in vitro
bioactivity of zinc-containing bioactive glass and glass-ceramics. J Biomater
Appl 2006; 20: 341-60.

Kamitakahara M, Ohtsuki C, Inada H, Tanihara M, Miyazaki T. Effect of ZnO
addition on bioactive CaO-Si02-P205-CaF2 glass-ceramics containing apatite
and wollastonite. Acta Biomater 2006; 2: 467-71.

Lusvardi G, Malavasi G, Menabue L, Menziani MC, Pedone A, Segre U, Aina
V, Perardi A, Morterra C, Boccafoschi F, Gatti S, Bosetti M, Cannas M.
Properties of zinc releasing surfaces for clinical applications. J Biomater Appl
2008; 22: 505-26.

Aho AJ, Suominen E, Alanen A, Yli-Urpo A, Knuuti J, Aho HJ. Remodeling of
the tibia after grafting of a large cavity with particulate bioactive glass-
hydroxylapatite--case report on treatment of fibrous dysplasia with 13 years'
follow-up. Acta Orthop Scand 2003; 74: 766-70.

Anderegg CR, Alexander DC, Freidman M. A bioactive glass particulate in the
treatment of molar furcation invasions. J Periodontol 1999; 70: 384-7.

11



This is a preprint of an article submitted to Acta Biomaterialia

[16]

[17]

[18]
[19]
[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Elshahat A, Shermak MA, Inoue N, Chao EY, Manson P. The use of Novabone
and Norian in cranioplasty: a comparative study. J Craniofac Surg 2004; 15:
483-9.

Lovelace TB, Mellonig JT, Meffert RM, Jones AA, Nummikoski PV, Cochran
DL. Clinical evaluation of bioactive glass in the treatment of periodontal
ossecous defects in humans. J Periodontol 1998; 69: 1027-35.

Merwin GE. Bioglass middle ear prosthesis: preliminary report. Ann Otol
Rhinol Laryngol 1986; 95: 78-82.

Peltola M, Kinnunen I, Aitasalo K. Reconstruction of orbital wall defects with
bioactive glass plates. J Oral Maxillofac Surg 2008; 66: 639-46.

Hench LL, Splinter RJ, Allen WC. Bonding Mechanism at the interface of
ceramic prosthetic materials. J Biomed Mater Res Symposium 1971; 2: 117-41.

Kokubo T, Ito S, Huang ZT, Hayashi T, Sakka S, Kitsugi T, Yamamuro T.
Ca,P-rich layer formed on high-strength bioactive glass-ceramic A-W. J
Biomed Mater Res 1990; 24: 331-43.

Ducheyne P, Qiu Q. Bioactive ceramics: the effect of surface reactivity on bone
formation and bone cell function. Biomaterials 1999; 20: 2287-303.

Du RL, Chang J. The influence of Zn on the deposition of HA on sol-gel derived
bioactive glass. Biomed Mater Eng 2006; 16: 229-36.

Jaroch DB, Clupper DC. Modulation of zinc release from bioactive sol-gel
derived SiO(2)-CaO-ZnO glasses and ceramics. J Biomed Mater Res A 2007;
82: 575-88.

Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H, Alfonso ZC,
Fraser JK, Benhaim P, Hedrick MH. Human adipose tissue is a source of
multipotent stem cells. Mol Biol Cell 2002; 13: 4279-95.

Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, Benhaim P, Lorenz
HP, Hedrick MH. Multilineage cells from human adipose tissue: implications
for cell-based therapies. Tissue Eng 2001; 7: 211-28.

Lendeckel S, Jodicke A, Christophis P, Heidinger K, Wolff J, Fraser JK,
Hedrick MH, Berthold L, Howaldt HP. Autologous stem cells (adipose) and
fibrin glue used to treat widespread traumatic calvarial defects: case report. J
Craniomaxillofac Surg 2004; 32: 370-3.

Mesimdki K, Lindroos B, Tornwall J, Lindqvist C, Kontio R, Miettinen S,
Suuronen R. Novel Maxillary Reconstruction with Ectopic Bone Formation by
GMP Adipose Stem Cells. Tissue Engineering part A Submitted.

Strem BM, Hicok KC, Zhu M, Wulur I, Alfonso Z, Schreiber RE, Fraser JK,
Hedrick MH. Multipotential differentiation of adipose tissue-derived stem cells.
Keio J Med 2005; 54: 132-41.

Malavasi G, Lusvardi G, Pedone A, Menziani MC, Dappiaggi M, Gualtieri A,
Menabue L. Crystallization kinetics of bioactive glasses in the ZnO-Na20-CaO-
Si02 system. J Phys Chem A 2007; 111: 8401-8.

Haimi S, Moimas L, Pirhonen E, Lindroos B, Huhtala H, Réty S, Kuokkanen H,
Sandor GK. Calcium phosphate surface treatment of bioactive glass causes a
delay in early osteogenic differentiation of adipose stem cells J Biomed Mater
Res Part A In press.

Moimas L, Markkula K, Schmid C, Pirhonen E, 2004. Three-dimensional
Porous Bioactive Glass Fibre Scaffolds, FluidDynamic and Geometrical
Characterization. In 9th Ceramics, Cells and Tissues - Materials for Tissue

12



This is a preprint of an article submitted to Acta Biomaterialia

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Engineering, Chemistry and Microstructure: The Role for Ceramics. Consiglio
Nazionale Delle Ricerche, Faenza, Italy.

Moimas L, Biasotto M, Di Lenarda R, Schmid C, 2006. In situ Tissue
Engineering, effect of a porous bioactive glass scaffold on bone healing: in vivo
rabbit study. In 10th Ceramics, Cells and Tissues - Materials for Tissue
Engineering, Chemistry and Microstructure: The Role for Ceramics. Consiglio
Nazionale Delle Ricerche, Faenza, Italy.

Kokubo T, Kushitani H, Sakka S, Kitsugi T, Yamamuro T. Solutions able to
reproduce in vivo surface-structure changes in bioactive glass-ceramic A-W. J
Biomed Mater Res 1990; 24: 721-34.

Lindroos B, Maenpaa K, Ylikomi T, Oja H, Suuronen R, Miettinen S.
Characterisation of human dental stem cells and buccal mucosa fibroblasts.
Biochem Biophys Res Commun 2008; 368: 329-35.

Gimble J, Guilak F. Adipose-derived adult stem cells: isolation, characterization,
and differentiation potential. Cytotherapy 2003; 5: 362-9.

Gonzalez P, Serra J, Liste S, Chiussi S, Leon B, Perez-Amor M. Raman
spectroscopic study of bioactive silica based glasses. Journal of Non-Crystalline
Solids 2003 320: 92-9

Yamamoto A, Honma R, Sumita M. Cytotoxicity evaluation of 43 metal salts
using murine fibroblasts and osteoblastic cells. J Biomed Mater Res 1998; 39:
331-40.

Vilimdki VV, Yrjans JJ, Vuorio EI, Aro HT. Molecular biological evaluation of
bioactive glass microspheres and adjunct bone morphogenetic protein 2 gene
transfer in the enhancement of new bone formation. Tissue Eng 2005; 11: 387-
94.

Xynos ID, Hukkanen MV, Batten JJ, Buttery LD, Hench LL, Polak JM.
Bioglass 45S5 stimulates osteoblast turnover and enhances bone formation In
vitro: implications and applications for bone tissue engineering. Calcif Tissue
Int 2000; 67: 321-9.

13



This is a preprint of an article submitted to Acta Biomaterialia

>
=

10
' 9] —*—025mol% —&—0.50 mol%
=)
= w 5 mol% = 8| —4—1.00mol% —a—2.00 mol%
< . & 71 —=—s500mol%
: 2 mol% e 6
2 E s
‘2 ._‘M’«\\‘«W 1 mol% S
5 g
E 0.5 mol% = 3
I 2 2
0.25 mol% 5 1
‘ ‘ ‘ ‘ : 0
400 600 800 1000 1200 1400 0.5h 4h 12h 24h 72h
Raman shift [cm-1] Time [h]

@!
=)

— 10 10

o\° ——0.25 mol% —4— 0.50 mol% § —— 0.25 mol% —— 0.50 mol%

2 8 s 1.00 mol% 2.00 mol% = 8] —A— 1.00 mol% —4A— 2.00 mol%

< 14 —8—5.00 mol%

= 6 —&— 5.00 mol% = 6

= L0

S 4 =

= £ 4

2 E

S 2 o 2

) w

= 2

0.5 4h 12h 24h 72h 0.5h 4h 12h 24h 72h

Time [h] Time [h]

]
=

\'?' 3.0 - - % 40
[ 25 ——0.25mol% —&—0.50 mol% 3 35 o—0.25 mol% o 0.50 mol%
ﬁ 1 —4—1.00mol% —4—2.00 mol% £ 30 a— 1.00 mol% 2.00 mol%
o 20 —=—5.00 mol% S 25| —=—5.00mol%
R
S 15 .E 20
£ 10 g®
= € 10
[}
o
2 0.5 o 5
N 0.0 o N
0.5 4h 12h 24h 72h 0.5 4 12 24 72
Time [h] Time [h]

Fig. 1. (A) Effect of ZnO addition on bioactive glass structure: Raman spectra. (B)
Effect of ZnO on calcium release. (C) Effect of ZnO on magnesium release. (D) Effect
of ZnO on potassium release. (E) Effect of ZnO on zinc release. (F) Total amount of
zinc released in the solution.
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Fig. 2. (A) The weight variation of the fibres immersed in SBF.

Fig. 2. (B) Thin calcium phosphate layer over fibre containing 5 mol% ZnO after
immersion in SBF for 14 days. (C) Thick calcium phosphate outer layer on a
significantly degraded fibre containing 0.5 mol% ZnO after immersion in SBF for 14
days.
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Fig. 2. (D) Elemental analysis of the calcium phosphate layer on a degraded fibre after
14 days of immersion in SBF.
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strongly alkaline and alkaline earths ions depleted silica rich material.
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Fig. 3. Viable (green fluorescence) and dead (red fluorescence) hASCs attached to
bioactive glass scaffolds. 0.25 mol% zinc scaffold (A, B); 1.0 mol% zinc scaffold (C,
D); and 0 mol% zinc scaffold (E, F). Three hour time point (A, C, E); two week time
point (B, D, F). Scale 500 pm.
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Fig. 4. Scanning electron micrographs of confluent cultures of hASCs grown on
bioactive glass scaffolds at 2 weeks. 0.25 mol% zinc scaffold (A, B); 1.0 mol% zinc
scaffold (C, D); and 0 mol% zinc scaffold (E, F). hASCs attached to the surface of the
scaffold (A, C, E); hASCs attached in the middle of the scaffold (B, D, F). Scale 100
pm.
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Fig. 5. Relative DNA content (A), ALP activity (B), and osteopontin concentration (C)
of hASCs cultured for 1 and 2 weeks on bioactive glass scaffolds with or without zinc
addition. Results are expressed as mean + SD. (A) *p<0.05 with respect to the 2-week
DNA sample control composition scaffolds (n=4). (B) *p<0.05 with respect to the 2-
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Abstract

The aim of this study was to compare the effects of novel 3-dimensional composite scaffolds
consisting of a bioactive phase (bioactive glass or B-tricalcium phosphate B-TCP 10 and
20wt%) incorporated within a polylactic acid (PLA) matrix on human adipose stem cells
(ASC) viability, distribution, proliferation, and osteogenic differentiation. The viability and
distribution of ASCs on the bioactive composite scaffolds was evaluated using Live/Dead
fluorescence staining, environmental scanning electron microscopy (E-SEM), and SEM.
There were no differences between the two concentrations of bioactive glass and B-TCP in
PLA scaffolds on proliferation and osteogenic differentiation of ASCs. After 2 weeks in
culture, DNA content and alkaline phosphatase (ALP) activity of ASCs cultured on PLA/B-
TCP composite scaffolds were higher relative to other scaffold types. Interestingly, the cell
number was significantly lower but the relative ALP/DNA ratio of ASCs was significantly
higher in PLA/bioactive glass scaffolds than in other three scaffold types. In summary,
these results indicate that the PLA/B-TCP composite scaffolds significantly enhance ASC
proliferation and total ALP activity compared to other scaffold types. This supports the
potential future use of PLA/B-TCP composites as effective scaffolds for tissue engineering
and as bone replacement materials.
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Introduction

One approach for bone tissue engineering involves harvesting of autologous stem cells
from the patient, which are at first cultured on a scaffold in vitro, and then implanted with
the scaffold in the defect of the patient, where optimally the bone should regenerate at the
rate at which the scaffold resorbs.'”

Mesenchymal stem cells (MSCs) have recently received widespread attention in the field
of tissue engineering. MSCs can be derived from different types of tissues but generally
bone marrow-derived MSCs or adipose stem cells (ASCs) are used in bone tissue
applications. ASCs can differentiate into osteoblastic cells, among other mesenchymal
lineages in vitro, when treated with appropriate inducing factors.*> ASCs are an ideal cell
source for bone tissue engineering applications, because they are abundant, their
procurement causes minimal morbidity, and their expansion is rapid in vitro.®®

Poly lactic acid (PLA) polymers have been widely investigated as tissue engineering
scaffolds due to their excellent mechanical properties and degradation profile even
though they are not generally considered osteoconductive.”"" Composite scaffolds which
include bioceramic or bioactive glass phases is one solution to improve the bioactivity.
Bioactive glass is a well known bone substitute material in clinical use as it is remarkably
biocompatible, biodegradable, osteoconductive, and provokes no significant
inflammatory response.'”'> On the surfaces of the bioactive glasses a layer of calcium
phosphate is formed in the presence of body fluids. /n vivo and in vitro studies have
demonstrated that the development of this bioactive layer stimulates the adjacent tissues
to form new bone (i.e. osteoinduction) in the absence of any osteogenic supplements.'*'®"
'8 Another well known bone substitute material is B-tricalcium phosphate (B-TCP) which
has been studied extensively and used clinically as bone substitute material because of its
similar molecular composition to human bone."”?' Among the bioceramics, p-TCP has
excellent osteoconductivity, bioactivity and an ability to form a strong bone—calcium
phosphate interface.”> However, clinical applications of p-TCP and bioactive glass are
limited due to their brittleness and low mechanical strength.>*** Our hypothesis was that
the incorporation of bioactive glass or B-TCP into a biodegradable PLA will result in an
osteoconductive composite scaffold that supports both cell proliferation as well as
differentiation into osteoblasts in a mechanically stable construct.

Even though there are many studies on different bioactive glass and B-TCP/
biodegradable polymer composites,” > only the effect of the concentration of bioactive
glass or B-TCP in the composite on cell activity has been evaluated. However, no
systematic comparison between PLA/B-TCP and PLA/bioactive glass composite
scaffolds has been done. In the present study, we investigated and compared the effects of
two novel biomaterial composite scaffolds; PLA/B-TCP and PLA/bioactive glass, upon
human ASC morphology, proliferation and osteogenic differentiation.

Materials and methods

Material fabrication

Poly(L/D, L-lactide) (PLA) 70/30 (PURAC biochem bv, Gronichem, Netherlands) with
inherent viscosity of ~ 3.1 dl/g was used as a matrix polymer. B-TCP (“Beta
Whitlockite”, Plasma Biotal Limited, Tideswell, UK) and bioactive glass, (BaG0127; 5%
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Na,O0, 7.5% K,0, 3% MgO, 25% CaO and 59.5% SiO,, Abo Akademi, Turku, Finland)
were used as the filler materials. The particle size distribution of porous B-TCP granules
was 75-106 pm and the bioactive glass was ground down to 75-125 um.

The PLA solution of concentration of 2.0 wt% was prepared by dissolution of PLA in
1,4-Dioxane (Sigma-Aldrich, Helsinki, Finland). Either filler was added into the PLA
solution. The PLA-filler ratios used are shown in Table 1. The solutions were frozen at -
30 °C prior to freeze-drying. The solution was placed into custom-made Teflon moulds
(915 mm and height 3 mm) and frozen at -30 °C for 24 h prior to 24 h freeze-drying. As
a control, plain PLA scaffolds were prepared with the same technique as composite
scaffolds. After freeze-drying all of the samples were held in room temperature under
vacuum for minimum of 48 hours before sterilization with gamma irradiation at 25 kGy.

Scaffold characterisation

The typical porous structure of the scaffolds is shown in the SEM micrographs in Figure
1. Two different functional surfaces were formed during the freeze-drying of the
scaffolds. The denser top surface of the scaffolds (Fig. 1A), also referred as the skin
layer, was formed on all scaffold types when the frozen solvent sublimated from the top
surface during the freeze-drying process. The structures of the bioactive glass and B-TCP
composite scaffolds were similar, therefore only the B-TCP SEM images are shown here.
The B-TCP and bioactive glass granules were dispersed into the porous bottom surface,
during manufacturing (Fig. 1B-D). However, some granules can be seen in the middle of
the scaffold (Fig. 1B). The granule distribution on the porous surface and the difference
between 10 and 20wt% of filler material is shown in Figures 1C and D. The
interconnectivity of the pores is shown in Figure 2.

ASC isolation and culture

The study was conducted in accordance with the Ethics Committee of the Pirkanmaa
Hospital District, Tampere, Finland. The ASCs were isolated from adipose tissue samples
collected at operations and from liposuctions obtained from 6 donors (mean age=44+7).
The adipose tissue samples were received from the Department of Plastic Surgery and
from the Department of Gastroenterology and Alimentary Tract Surgery, Tampere
University Hospital. The adipose tissue was digested with collagenase type I (1.5 mg/mL;
Invitrogen, Paisley, UK). ASCs were expanded in T-75 polystyrene flasks (Nunc,
Roskilde, Denmark) in maintenance medium consisting of DMEM/F-12 1:1 (Invitrogen),
10% FBS (Invitrogen), 1% L-glutamine (GlutaMAX 1; Invitrogen) and 1%
antibiotics/antimycotic (100 U/mL penicillin, 0.1 mg/mL streptomycin, and 0.25 pg/mL
amphotericin B; Invitrogen). Cells from passages 4-7 were used for all experiments.

Flow cytometric surface marker expression analysis

After primary culture in T-75 flasks, the ASCs were harvested and analyzed by a
fluorescence activated cell sorter (FACSAria; BD Biosciences, Erembodegem, Belgium).
Monoclonal antibodies (MAb) against CD9-PE, CD10-PE-Cy7, CD13-PE, CD29-APC,
CD49d-PE, CD90-APC, CD106-PE-Cy5, and CD166-PE (BD Biosciences); CD45-FITC
(Miltenyi Biotech, Bergisch Gladbach, Germany); CD31-FITC, CD34-APC and CD44-
FITC (Immunotools GmbH, Friesoythe, Germany); and CD105-PE (R&D Systems Inc,
Minneapolis, MN, USA) were used. MAb against STRO-1 (R&D Systems Inc) and
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Human Fibroblast Surface Protein (hFSP; Sigma-Aldrich, St. Louis, MO, USA) were
conjugated with [gM-PE (CalTag Laboratories, Burlingame, CA, USA). A total of 10,000
cells per sample were used, and positive expression was defined as a level of
fluorescence which was 99 % of the corresponding unstained cell sample.

Cell seeding and culture of ASC-seeded composite scaffolds

In each experiment, 3 to 4 patient samples were pooled together to yield enough cells for
one experiment. Each scaffold was pre-treated with maintenance medium for 48 h at 37
°C. The porous surfaces of the scaffolds were seeded with 350 000 cells in a 0.175 ml
drop. The cells were allowed to attach to the scaffolds for 3 h at 37 °C in 5% CO, before
additional media was added. The cell-seeded scaffolds were cultured in maintenance
medium until analyses.

Cell attachment and growth

Cell attachment and viability were studied using Live/Dead staining. Briefly, ASC-
biomaterial constructs were incubated for 45 min at room temperature with a mixture of 5
uM CellTracker™ green (5-chloromethylfluorescein diacetate [CMFDA]; Molecular
Probes, Eugene, OR, USA) and 2.5 puM Ethidium Homodimer-1 (EH-1; Molecular
Probes). The viable cells (green fluorescence) and necrotic cells (red fluorescence) were
examined using a fluorescence microscope.

Cell morphology evaluation

After the cells were cultured for 2 weeks, the scaffolds were fixed in 5% glutaraldehyde
(Sigma-Aldrich) in 0.1 M phosphate buffer, pH 7.4, for 48 h. After PBS rinsing, the
samples were dehydrated through a series of increasing concentrations of ethanol (70%,
96% and 100%). After the final dehydration step in absolute ethanol the samples were
transferred to liquid carbon dioxide and dried in a critical point dryer. A gold—palladium
coating was sputtered on the specimens for SEM observations. Two parallel scaffolds of
each type were observed by SEM (Jeol JISM-5500, Sundbyberg, Sweden).

Additionally, Philips XL30 E-SEM-TMP environmental scanning electron microscope
(E-SEM) (BioMater Centre, University of Kuopio, Finland) was used to evaluate the
microstructure and morphology of the biomaterial scaffolds seeded with ASCs. The E-
SEM images were taken using beam intensity at 8.0-12.0 kV and the gaseous secondary
electron detectors at 1.0-4.0 Torr.

Cell proliferation and quantitative analysis of ALP activity

The DNA content of ASC-biomaterial constructs was measured using a CyQUANT® Cell
proliferation assay kit (Molecular Probes, Invitrogen) as described earlier. *° The
quantitative ALP measurement was performed according to the Sigma ALP procedure as
described earlier. *°

Statistical analysis

Statistical analysis of the results was performed with SPSS, version 13. The effect of
scaffold material and time of culture (1 week vs. 2 weeks) were studied using a paired
Student’s #-test. The effects between B-TCP and bioactive glass composite material on the
DNA content and ALP activity were compared using a one-way ANOVA, after checking
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for normal distribution and homogeneity of variance. Post hoc tests were performed to
detect significant differences between groups. Data was reported as mean + standard
deviation and p < 0.05 was considered significant. The experiments were repeated three
times.

Results

Flow cytometric surface marker expression analysis of ASCs

The FACS analysis demonstrated that the ASCs express the surface markers CD9, CD29,
CD34, CD49d, CD105, CD166, CD44, CD10, CD13, CD90, STRO-1 and hFSP. The
ASCs were negative for the haematopoietic markers CD31 and CD45 and for the
vascular cell adhesion molecule CD106.

Cell attachment and growth on scaffolds

By 2 weeks, the number of viable cells had increased compared to the 3 hour time point
(data not shown) observed by Live/Dead staining. At the 3 hour time point the cells were
attached only on the region close to surface i.e. cell seeding area. No difference was
observed in different scaffold types at 3 hours. The spreading of the cells inside the
scaffolds had changed during 2 week culturing period. Generally, in each scaffold type
the cells had migrated from the porous bottom surface towards the inner parts of the
scaffolds, which confirmed the interconnectivity of the pores, but only a few cells were
found on the dense top surface. The cell density at the region close to the porous surface
was higher compared to the core of each scaffold type. At the region close to the surface,
cells had formed cluster structures between the pores in all other scaffold types but not in
PLA/20B-TCP, where the cells had spread more evenly (Fig. 3). There was no difference
between different scaffold types on cell number or the cell viability in visual inspection.

Cell morphology

After 2-week cell culture period, SEM and E-SEM imaging were used to examine the cell
morphology and spreading on the cell-biomaterial interface (Fig. 4). The cell morphology
was unaffected by B-TCP or bioactive glass component in the scaffolds. During the 2-
week culture period, ASCs started to colonise the scaffolds without forming a
homogenous monolayer. Images with higher magnification (Fig. 4C) show ASCs
stretching and forming projections on the porous surface of the scaffolds. The B-TCP and
bioactive glass granules were clearly distinguished on the porous surface of the scaffolds
and the ASCs were forming bridges between the granules on the PLA/B-TCP and
PLA/bioactive glass composite scaffolds (Fig. 4A). ASCs were also detected inside the
pores in different scaffolds. In each scaffold type the majority of ASCs were spread at the
region close to the porous surface, which supports the observations made in Live/Dead
staining.

Cell proliferation

The number of cells present on the scaffolds was assessed by measuring the total DNA
content (Fig. 5). After 2 weeks in culture, the cell number was significantly higher in both
PLA/B-TCP scaffolds than in other three scaffold types. Conversely, DNA content of
ASC cultured on PLA/bioactive glass scaffolds was significantly lower compared to the
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other scaffold types. There was no significant difference detected between the two
concentrations of both B-TCP and bioactive glass (i.e. 10 wt% versus 20 wt%).

ASC differentiation

The effects of the 5 different scaffold types on the early differentiation of ASCs into
osteogenic pathway were evaluated by quantitative measurement of ALP activity. At 2
weeks the relative ALP activity of ASCs cultured on PLA/10 B-TCP scaffolds was the
same magnitude as ASCs cultured on PLA/20 B-TCP scaffolds but it was significantly
higher compared to the other scaffold types (PLA, p=0.017, bioactive glass 10 wt%,
p=0.023 and bioactive glass 20 wt%, p=0.022 Fig. 6). At 2 weeks the relative ALP
activity of ASCs cultured on PLA/bioactive glass and PLA scaffold was comparable, but
it is due to the lower cell number in PLA/bioactive glass scaffolds than in PLA scaffolds.
These results indicate that relative ALP/DNA ratio was higher on PLA/bioactive glass
scaffolds than in PLA and PLA/B-TCP scaffolds.

The effect of culturing period on ASCs proliferation and differentiation

We studied the effect of culturing period on ASCs proliferation and we found no increase
of relative DNA content when the cells were cultured on bioactive glass composites for 2
weeks compared to 1 week (data not shown). In contrast, the DNA content of ASCs
cultured on PLA/B-TCP composites and PLA scaffolds was increased at 2 weeks;
however, no significant difference between 1 and 2 weeks was detected.

ASCs cultured on PLA and bioactive glass composite scaffolds produced two times
higher levels of ALP activity at 2 weeks than at 1 week (data not shown). A significant
increase at 2-week time point was only seen when ASCs were cultured on PLA/20 B-TCP
scaffolds, although ALP activity of ASCs cultured on PLA/10 B-TCP scaffolds was also
three times higher at 2 weeks than at 1 week.

Discussion

To our knowledge, this is the first reported study which compares the in vitro effects of
PLA/B-TCP and PLA/bioactive glass composite scaffolds on ASC attachment,
proliferation, and osteogenic differentiation. We also studied the effect of culturing
period on proliferation and ALP activity of ASC cultured on different scaffold types in
two time points.

The identity of ASCs was confirmed using FACS analysis. The FACS analysis results
were consistent with previous results for MSCs.”! A culture system using ASCs was
chosen because these cells have the ability to differentiate into osteoblasts, similar to
bone marrow-derived MSCs. A second advantage of using ASCs is that, unlike bone
marrow MSCs, their use is not limited by a low harvest number of cells.**

Live/Dead staining and SEM imaging showed that the cell density at the region close to
the surface was higher compared to the core of each scaffold type, which is attributed to
the heterogenic structure of the composite scaffolds. The bioactive glass and B-TCP
particles were clustered on the porous side of the composite scaffold, which made this
region of the scaffold more hydrophilic. It is not surprising that the hydrophilic nature of
this region enhanced the cell attachment and growth compared to other more hydrophobic
parts of the scaffold. These results are also in agreement with previously published in
vitro experiments, which have confirmed the positive effect of increasing concentration
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of bioactive glass particles on poly(DL-lactide) (PDLLA) scaffolds to promote osteoblast
and osteoblast-like cell adhesion and growth.”** In PLA scaffolds the cells spread also to
the region close to the porous surface, which may be explained by the overall
hydrophobicity of the scaffold.

Our SEM results show that the cell morphology was unaffected by B-TCP or bioactive
glass component in the scaffold material. This result differs from the findings of Tsigkou
et al."” where the authors found that human fetal osteoblasts were less spread and
elongated on PDLLA and PDLLA-bioactive glass 5 wt% composite films, whereas cells
on PDLLA-bioactive glass 40 wt% composite films were elongated but with multiple
protrusions spreading over the bioactive glass particles.

Bioactive glass has been studied intensively for over three decades in the bone
regeneration applications. Specific bioactive glass compositions have been shown to
promote proliferation and differentiation of human osteoblasts and rat MSCs into
osteogenic lineages.”*?°® These publications have shown that bioactive glasses are
superior scaffold materials in inducing osteogenic differentiation, although contradictory
results also exist. Reilly et al. has recently shown that the positive effects of bioactive
glass on bone growth in human patients are not mediated by accelerated differentiation of
MSCs.”’ In addition, a poly(lactide-co-glycolide) (PLGA) scaffold coated with bioactive
glass had no effect on ALP activity or osteocalcin production of human MSCs compared
with uncoated scaffolds.® Our findings suggest that bioactive glass particles do not
induce total ALP activity of ASCs more than PLA alone, although the relative ALP
activity of a single cell i.e. ALP/DNA ratio on PLA/bioactive glass scaffolds was higher
than in other scaffolds. This result is in contrast to Mayr-Wohlfart et al., who
demonstrated that osteoblast-like cells grown on o-TCP have significantly higher
ALP/DNA ratio compared to bioactive glass.”

It has been shown that adding increasing percentages of B-TCP to a lactic acid polymer
matrix stimulates the proliferation and differentiation of human MSCs and osteogenous
cells.””* While it is difficult to compare our results with those of others who have used
different composites, our results are similar to previous work which showed that
proliferation and total ALP activity of ASCs was significantly higher in PLA/B-TCP
scaffolds compared to PLA scaffolds.

In the present study, no significant differences between the effects of the two
concentrations of bioactive glass and B-TCP were found on ASC attachment,
proliferation and differentiation. This may be explained by the heterogeneous structure of
the composite scaffold. If the filler particles would have been homogeneously arranged
on the scaffold, the difference between the filler concentration may have been more
evident.

Interestingly, the results of the effect of the culturing period on ASC proliferation showed
that the cell number was at the same level on PLA/bioactive composite scaffolds, while
the cell number was increased in three other scaffold types (in PLA/10 B-TCP
significantly) at 2 weeks compared to 1 week. The relative ALP activity of ASCs,
however, increased with time in all scaffold types.

This study demonstrated that of the studied scaffolds, PLA/bioactive glass scaffolds
supported proliferation of ASCs the weakest, albeit ASCs exhibited the strongest
differentiation capacity when cultured on PLA/bioactive glass scaffolds. An ideal scaffold
for bone tissue engineering should, however, promote both cell proliferation and osteogenic
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differentiation. Our results show that PLA/B-TCP composite scaffolds significantly enhance
ASC proliferation and total ALP activity compared to PLA alone or composite forms of
PLA/bioactive glass scaffolds. We conclude that PLA/B-TCP composite scaffolds
demonstrate significant potential in future hard tissue engineering.
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Table 1. A. PLA/B-TCP composite scaffolds, B. PLA/Bioactive glass composite

scaffolds.
Bioactive
PLA p-TCP PLA glass
A. [wt%]  [wt%] |B. [wt%] [wt%]
PLA 100 0 PLA 100 0
PLA/10 g-TCP 90 10 |PLA/10 Bioactive glass 90 10
PLA/20 p-TCP 80 20 [PLA/20 Bioactive glass 80 20
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Figure 1. SEM images of A) dense top surface of PLA scaffold B) cross section of
PLA/20 B-TCP scaffold, C) porous bottom surface of PLA/10 B-TCP scaffold, D) porous
bottom surface of PLA/20 B-TCP scaffold. Scale 500 pm.
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Figure 2. E-SEM image of porous bottom surface of PLA scaffold. Scale 100 pm.
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Figure 3. Representative images of viable (green fluorescence) and dead (red
fluorescence) ASCs attached to A) PLA/ 10bioactive glass scaffold, B) PLA/20bioactive
glass scaffold, C) PLA/10 B-TCP scaffold, D) PLA/20 B-TCP scaffold, and E) PLA
scaffold after 2 weeks in culture. Scale 200 pum.
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TCP10% TCP20%

Figure 4. E-SEM images of A) ASCs on the PLA, PLA/20 B-TCP (TCP) and PLA/20
bioactive glass (BG) (scale 50 um). B) SEM micrographs of ASCs on the PLA,
PLA/10B-TCP and PLA/10bioactive glass (scale 50 pm). C) SEM micrographs of ASCs
on the PLA, PLA/20B-TCP and PLA/20bioactive glass (scale 10 um).
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Figure 5. Relative DNA content of ASCs cultured for 2 weeks on PLA, PLA/B-TCP
(TCP) and PLA/Bioactive glass (BG) scaffolds. Results are expressed as mean +S.D.
relative DNA content in 3 experiments (n=4). *p<0.05 with respect to PLA, bioactive
glass 10 and 20 wt%, **p<0.05 with respect to PLA, B-TCP 10 and 20 wt%, 1p<0.05
with respect to B-TCP 10 and 20wt%, and bioactive glass 10 and 20 wt%.
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Figure 6. Relative ALP activity of ASCs cultured for 2 weeks on PLA, PLA/B-TCP
(TCP) and PLA/Bioactive glass (BG) scaffolds. Results are expressed as mean +S.D.
relative ALP activity in 3 experiments (n=4). *p<0.05 with respect to PLA, bioactive
glass 10 and 20 wt%.
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