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METHOD FOR PRODUCING AN ALGINATE COATED TITANIUM DIOXIDE SCAFFOLD
TECHNICAL FIELD

The present document is directed to medical implants and methods for improving their
biocompatibility and function in the body. In particular, the present document discloses a
method for producing a titanium dioxide scaffold comprising an alginate coating, which

alginate coating optionally may comprise a biologically active substance.
BACKGROUND OF INVENTION

Conditions such as trauma, tumours, cancer, periodontitis and osteoporosis may lead to
bone loss, reduced bone growth and volume. For these and other reasons it is of great

importance to find methods to improve bone growth and to regain bone anatomy.

Natural bone tissue formation from osteogenic cells with the aid of a three-dimensional
scaffold offers an alternative to autografts and allografts to repair and regenerate lost
bone. A well-constructed scaffold provides a suitable surface for cells to aitach and
adhere with a porous and well interconnected network guiding the development of new
bone, supporting migration, proliferation and differentiation of bone-forming cells and
vascularization of the ingrowth tissue. Although several polymers and bicceramics have
been developed for their use in bone tissue engineering, their low mechanical properties

have limited their use for load-bearing applications.

Titanium dioxide (TiO;) is a biocompatible material, which has also been reported to have
bioactive properties and a certain degree of bacteriostatic effect. Therefore, ceramic TiO;
has been studied as a material for bone tissue engineering purposes. High porous and
well-interconnected TiO, scaffolds with high mechanical strength achieving values of 90%
of porosity and of 1.63-2.67MPa of compressive strength have been recently developed
(Tiainen et al. 2010) and their biocompatibility and osteoconductive properties have been

demonstrated in vitro and in vivo.

Attempts have been made to e.g. improve the scaffolds biocompatibility, to improve
osseointegration, inhibit infection and inflammation by coating the implant structure with
different kinds of biologically active molecules. However, in order to be able to perform
their intended function on the implant after implantation, the biclogically active molecules
need to be coated onto the implant in a manner that allows their release, that does not
detrimentally harm their biclogical activity, that does not cause negative body reactions

ete.



10

15

20

25

30

WO 2014/044697 PCT/EP2013/069343
2

Hydrogels have been used for different applications in tissue engineering such as space
filling agents, as delivery vehicles for bicactive molecules, and as three dimensional
structures that organize cells and present stimuli to direct the formation of a desired
tissue. Alginate is one example of a polymer chosen fo form hydrogels for tissue
engineering, having been used in a variety of medical applications including cell and/or
growth factor encapsulation and drug stability and delivery. Alginate is a hydrophilic and
linear polysaccharide copolymer of B-D-mannuronic acid (M) and a-L-glucuronic acid (G)
monomers. Alginate gel is formed when divalent cations such as Ca®, Ba®* or Sr**
cooperatively interact with blocks of G monomers creating ionic bridges between different
polymer chains. Due to favorable properties for a biomaterial, such as nontoxicity,
biodegradability, and ease of processing into desired shape under normal physiological
conditions, alginate has been studied extensively in tissue engineering, including the

regeneration of skin, cartilage, bone, liver and cardiac tissue.

However, there still is a need in the field of medical implants and tissue engineering for
implant structures providing e.g. a supporting structure, which are biocompatible and/or

which improve the integration of the implant in a body.
SUMMARY OF INVENTION

One object of the present document is to provide a titanium dioxide scaffold suitable as a
a supporting structure, such as a medical implant, which is biccompatible and/or which

has improved integration properties.

This object is obtained by the present disclosure which in one aspect is directed to a
method for producing a titanium dioxide scaffold comprising an alginate coating, said

method comprising the steps of:

a) providing a titanium dioxide scaffold,

b} providing an alginate solution comprising about 1-3 % w/v of at least one
alginate to at least part of said titanium dioxide scaffold and then
centrifuging the titanium dioxide scaffold,

c) providing the titanium dioxide scaffold obtained in step b) with a divalent
cation salt solution, wherein said divalent cation is selected from the group
consisting of Ca®, Mg®, Ba® or Sr*', and then optionally rinsing the
fitanium dioxide scaffold; and

d} drying the titanium dioxide scaffold,

wherein steps b) and ¢} optionally are repeated at least once.



10

15

20

25

30

WO 2014/044697 PCT/EP2013/069343
3

When step b) is performed before step ¢), the cenirifugation in step b) and/or the low
densities of alginate and/or divalent cation solutions in steps b} and c¢), respectively,
allows the formation of a thin layer of alginate solution on the titanium dioxide scaffold that
is present not just on the outer surface of the scaffold but also on the walls of the pores
inside the scaffold. When the divalent cation salt solution is added in step ¢}, a gelation of
the alginate is effected, thereby forming an alginate gel layer. By repeating method steps
b) and ¢), an alginate coating consisting of two or more alginate gel layers may be built
up. As the present method allows the formation of a thin coating of alginate, built up by
one or more layers of alginate gel, the titanium scaffold pores are not blocked by the
alginate coating but are readily accessible for cells and tissue to grow into the scaffold
structure. Another effect when the present method is used for preparing an alginate
coating on a titanium dioxide scaffold is that, as the alginate coating forms on the inside of
at least part of the pores, there will be a very large surface-to-volume ratic as compared to
if the alginate coating would only form on the other surface of the scaffold. This will affect
the release profile of any substance, such as a biologically active substance, included in
the alginate coating. Also, even if the alginate coating would flake off from the outer
surface of the titanium dioxide scaffold, the alginate coating would still be present on the

surface of the pores inside the scaffold.

The present document is also directed to a titanium dioxide scaffold obtainable by the

above method for producing a titanium dicxide scaffold comprising an alginate coating.

Further disclosed is a medical implant comprising a titanium dioxide scaffold provided with
an alginate coating produced by the method disclosed herein. Also disclosed is the

alginate coated titanium dioxide scaffold for use as a medical implant,

The present document is also directed to the alginate coated titanium dioxide scaffold or a
medical implant comprising it for the regeneration, repair, substitution and/or restoration of
tissue, such as bone and/or for use for the regeneration, repair, substitution and/or

restoration of tissue, such as bone.

Further disclosed is the use of the alginate coated titanium dioxide scaffold or a medical
implant comprising it for the preparation of a medical implant for the regeneration, repair,

substitution and/or restoration of tissue and/or bone.
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Also disclosed is a method for the regeneration, repair, substitution and/or resioration of
tissue comprising the implantation into a subject in need thereof of the alginate coated

titanium dioxide scaffold or a medical implant comprising it.

Other features and advantages of the invention will be apparent from the following

detailed description, drawings, examples, and from the claims.
DEFINITIONS

“Scaffold” in the present context relates to an open porous structure. Scaffold may in the
present context be abbreviated "SC”. By “titanium dioxide scaffold” is meant a scaffold
comprising predominantly titanium dioxide as the building material for the scaffold
structure, i.e. fitanium dioxide is the main substance responsible for forming the scaffold
structure. The titanium dioxide scaffold therefore has more than 50 wt% titanium dioxide,
such as about 51 wt%, 60 wt%, 70 wt%, 80 wit%, 90 wi%, 95 wi%, 96 wi%, 97 wt%, 98
wit%, 99 wt% or 100 wt% titanium dioxide, such as about 51-100 wt%, 60-100 wt%, 60-90
wt%, 70-100 wi%, 70-90 wi%, 80-90 wt%, or 80-85 wt% titanium dioxide. The titanium
dioxide scaffold may thus comprise or consist of titanium dioxide as the building material

for the scaffold.

By “pore diameter” is in the context of the present document intended the hydraulic
diameter of a pore without its surrounding walls. The hydraulic diameter is well known to
the person skilled in the art and is defined as 4.area of a pore divided by the

circumferential length of the pare.

‘Fractal dimension strut” is a statistical quantity that gives an indication of how completely
a fractal appears to fill space, as one zooms down to finer and finer scales. There are
many specific definitions of fractal dimension and none of them should be treated as the
universal one. A value of 1 pertains to a straight line. The higher the number the more
complex is the surface structure. Fractal dimension is in the present document calculated
using the Kolmogorov or “box counting” method (Liebovitch L.S. ef al. 1989). It is
calculated in both 2d and 3d in Skyscan CTAn, Kontich , Belgium. The surface or volume
is divided into an array of equal squares or cubes, and the number of squares containing
part of the object surface is counted. This is repeated over a range of box sizes such as 3-
100 pixels. The number of boxes containing surface is plotted against box length in a log-
log plot, and the fractal dimension is obtained from the slope of the log-log regression.
“Total porosity” is in the present context defined as all compartments within a body which
is not a material, e.g. the space not occupied by any material. Total porosity involves both

closed and open pores.
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By “inner strut volume” is meant the volume of the inner lumen of the strut.

By "sintering”, “sinter” and the like is meant a method for making objects from powder, by
heating the material (below its melting point} until its particles adhere to each other.
Sintering is traditionally used for manufacturing ceramic objects, and has also found uses

in such fields as powder metallurgy.

A "medical prosthetic device, “medical implant’, “implant” and the like in the present
context relates to a device intended to be implanted into the body of a vertebrate animal,
such as a mammal, e.g. a human mammal. Implants in the present context may be used
to replace anatomy and/or restore any function of the body. Examples of such devices
include, but are not limited to, dental implants and orthopaedic implants. In the present
context, orthopedic implants includes within its scope any device intended to be implanted
into the body of a vertebrate animal, in particular 2 mammal such as a human, for
preservation and restoration of the function of the musculoskeletal system, particularly
jeints and bones, including the alleviation of pain in these structures. In the present
context, dental implant includes within its scope any device intended to be implanted into
the oral cavity of a vertebrate animal, in particular a mammal such as a human, in tooth
restoration procedures. Generally, a dental implant is composed of one or several implant
parts. For instance, a dental implant usually comprises a dental fixture coupled to
secondary implant parts, such as an abutment and/or a dental restoration such as a
crown, bridge or denture. However, any device, such as a dental fixture, intended for
implantation may alone be referred to as an implant even if other parts are to be
connected thereto. Orthopedic and dental implants may also be denoted as orthopedic

and dental prosthetic devices as is clear from the above,

In the present context, “subject’ relate to any vertebrate animal, such as a bird, reptile,

mammal, primate and human.

By “ceramics” are in the present context meant objects of inorganic powder material

treated with heat to form a solidified structure.

By “biologically active substance” is meant a substance which may influence a biological
process, i.e. it has a biological activity. A biologically active substance may be a small
motecule, such as an inorganic ion or a larger molecule, such as a protein, and even a
complex structure, such as a cell. Examples of biologically active substances suitable for
use in the context of the present document are disclosed below. A biologically active

substance may in the present context also be denoted a “biomolecule”.
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By “soft tissue” is in the context of the present document intended tissues that connect,
support, or surround other structures and organs of the body, not being bone. Soft tissue
includes ligaments, tendons, fascia, skin, fibrous tissues, fat, synovial membranes,

epithelium, muscles, nerves and blood vessels.

By "hard tissue” is in the context of the present document intended mineralized tissues,
such as bone and teeth, and cartilage. Mineralized tissues are biclogical tissues that

incorporate minerals into soft matrices.
BRIEF DESCRIPTION OF DRAWINGS

Figure 1. Microstructure of 2% of alginate (A and B) and 2% of alginate containing
synthetic peptide (C and D) gelled by 300 mM of CaCl,. Observation by SEM at x25 (A
and C) and x100 of magnification (B and D). This gel is not present on a titanium dioxide
scaffold and not prepared by the method for producing a titanium dioxide scaffold
comprising an alginate coating disclosed herein. Therefore, this gel adopts a porous

structure.

Figure 2. Release profile of peptide 2 labeled with FITC after 21 days of incubation at 37
°C. Bar graph show the amount of peptide released after each time point. Line graph
represents cumulative amount of peptide released up to 21 days. Values represent mean
+SEM.

Figure 3. A. Top: number of adherent cells when seeding different amounts of cells (30 %
10%, 60 x 10°% 100 x 10° and 200 x 10° cellsAvell) after 1 and 5 days of culture. Values
represent the mean + SEM. Bottom: representative picture of osteoblast cells adhered on
2% alginate hydrogels when seeding 100 x 10° cellsAvell obtained by SEM at x200 of
magnification. B. Osteoblast aitachment on 2% alginate coating. Representative pictures
obtained by confocal microscopy of adherent cells when seeding 30 = 10° (A and B), 60 x
10° (C and D), 100 x 10° (E and F) and 200 x 10° (G and H) cellsiwell after 1 (A, C, E, G)
and 5 (B, D, F, H) days of culture. Cell nuclei are presented in white (DAPI staining) (Left
column) and actin filaments are presented in white (phalloidin-FITC) (right column). The

bar scale represents 150 pym.

Figure 4. LDH activity measured from culture media collected 24 h after seeding MC3T3-
E1 cells onto alginate gels without peptide (-) or alginate gels containing 50 pg/ml of either
Emdogain (EMD) or synthetic peptides (P2, P5 and P8). High control {100%) was cell
culture media from cells seeded on tissue cuiture plastic and incubated with 1% Triton X-

100. Low control (0%) was cell culture media from cells seeded on tissue cullure plastic
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and incubated with 0.1% acetic acid-PBS. The percentage of LDH activity was calculated
using the following equation: cytotoxicity (%) = (exp.value — low control){high control -
low control) + 100. Values represent the mean + SEM. Differences between groups were
assessed by Mann-Withney test xp < 0.05 versus control alginate gel (-), #p < 0.05

versus alginate gel containing EMD.

Figure 5A-D. Expression of cell adhesion related genes after culture of MC3T3-E1 cells
onto 2% of alginate gels without peptide (-, control group), containing synthetic peptides
or EMD (50 ug/mi) for 14 and 21 days. Data represent relative mRNA levels of target
genes normalized with reference genes, expressed as a percentage of control alginate gel
at 14 days of culture, which was set to 100%. Values represent the mean + SEM.
Differences between groups were assessed by Student t-test; (*) p £ 0.05 versus control
alginate gel (-), (#) p = 0.05 versus EMD.

Figure 6A-F. Expression of osteoblast differentiation related genes after culture of
MC3T3-E1 cells onto 2% of alginate gels without peptide (-, control group), containing
synthetic peptides or EMD (50 pg/ml) for 14 and 21 days. Data represent relative mRNA
levels of target genes normalized with reference genes, expressed as a percentage of
control alginate gel at 14 days of cuiture, which was set to 100%. Values represent the
mean *+ SEM. Differences between groups were assessed by Student t-test; (*) p < 0.06

versus control alginate gel (-), (#) p < 0.05 versus EMD.

Figure 7. Release profile of peptide 2 (SEQ ID NO 1) from P2-alginate-coated scaffolds
after 21 days of incubation at 37°C. Bar graph show the amount of peptide released after
each time point. Line graph represents cumulative amount of peptide released up to 21

days. Values represent mean £ SD.

Figure 8. LDH activity measured from culture media collected after 48 h of culture. Values
represent the mean % SEM. Mann-Whitney test (p< 0.05): {a) versus regular scaffold (SC)

and (b) versus control alginate scaffold {-).

Figure 9. SEM visualization of 2% alginate-coated TiO, scaffolds (control alginate
scaffold) at 10kV and 40Pa. Figures A and B show the microstructure of TiO; scaffolds
right after the coating process with one layer of 2% alginate gel at 50x (A) and 300x (B) of
magnification. Figures C and D show cells cultured on control alginate scaffolds after 7

days of culture at 50x (C) and 300x (D) of magnification.

Figure 10. SEM visualization of MC3T3-E1 cells growing on regular scaffolds (A and B),
control alginate scaffolds (C and D) and P2-alginate-coated scaffolds (E and F) after 7 (A,
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C and E) and 21 (B, D and F) days of culture. Scaffolds were observed by SEM at 10kV,

40Pa and x50 of magnification.

Figure 11. Number of cells growing on the scaffolds after 7 days of culture. DNA content
was analyzed by Hoechst fluorescence staining and correlated to a linear standard curve.
Values represent the mean + SEM. Values represent the mean + SEM. Mann-Whitney
test: (a) p< 0.05 versus regular scaffold (SC) and (b) versus control alginate scaffold (-).

Figure 12 A-D. Relative mRNA expression levels of ligh1(A), Iitgh3 (B), Fn1(C) and ltga8
(D) in MC3T3-E1 cells cultured on TiO, scaffolds for 7 () and 21 days (w). Regular
scaffolds (SC) were used as reference group. Data represent fold changes of target
genes normalized with reference genes (Gapdh and 18S), expressed as a percentage of
cells cultured on regular scaffolds (SC) at day 7, which were set to 100%. Values
represent the mean % SEM. Student t-test: (a) p< 0.05 versus regular scaffold (SC) and

(b) versus control alginate scaffold (-).

Figure 13A-H. Relative mRNA expression levels of A) osterix (Osx), B) bone
morphogenetic protein 2 (Bmp2), C)} collagen-l (Coll-f}, D) interleukin 6 (/-6), E)
osteopontin (Opn), F) bone sialoprotein (Bsp), G) alkaline phosphatase (Alp) and H)
osteocalcin (Oc) in MC3T3-E1 cells cultured on TiO, scaffolds for 7 (o) and 21 days (m).
Regular scaffolds (SC) were used as reference group. Data represent fold changes of
target genes normalized with reference genes (Gapdh and 78S5), expressed as a
percentage of cells cultured on regular scaffolds (SC) at day 7, which were set to 100%.
Values represent the mean + SEM. Student t- test: (a) ps 0.05 versus regular scaffold

(SC) and (b) versus control alginate scaffold (-).

Figure 14. Scanning electron microscope characterization of alginate-coated TiO;
scaffolds. Scanning electron microscope visualization of alginate layer (arrows) coating
the strut surface of TiO, scaffolds at 250x (A) and 1500x (B, C) of magnification.

Figure 15, Periodic acid-Schiff visualization of alginate-coated and uncoated TiO,
scaffolds. Periodic acid-Schiff staining of alginate-coated (A, B) and uncoated (C, D) TiO;
scaffolds, The alginate (red) is distributed throughout the scaffold as seen in the view from
the top (A} and in the middle {B).

Figure 16. Simvastatin release. Release profile of SIM from alginate-coated TiO,
scaffolds containing 2.4 mM and 0.6 mM SIM after 19-day incubation at 37°C. Bar graph
shows the amount of SIM released after each time point. Line graph represents

cumulative amount of SIM released up to 19 days. Values represent the mean * SD.
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Figure 17A-C. Lactate dehydrogenase activity assay. LDH activity in culture medium from
scaffolds with 10 nM and 10 uM SIM is shown compared to scaffolds without SIM for
donor 1 (A), donor 2 (B) and donor 3 (C) measured every other day up til 14 days. Neither
of the SIM concentrations caused a significant increase in LDH activity compared fo the

effect of alginate-coated scaffolds without SIM. Values represent the mean * SD.

Figure 18A-C. Alkaline phosphatase activity assay. ALP activity (y axis) in culture
medium from scaffolds with 10 nM and 10 uM SIM is shown in percentage of control,
scaffolds without SIM, for donor 1 (A), donor 2 (B) and donor 3 (C) at 2, 8, 14 and 21
days. ALP activity did not significantly change in the culture medium at any of the time
points measured either for scaffolds with 10 nM or 10 uM SIM when compared to
scaffolds without SIM. Values represent the mean + SD.

Figure 19A-C. Immunoassay: Quantification of secreted proteins. Secretion of
TNFRSF11B, VEGFA and BGLAP to cell culture medium from scaffolds with 10 nM and
10 uM SIM is shown in percentage of control, scaffolds without SIM, at 2, 8, 14 and 21

days. Values represent the mean + SD.

Figure 20. Real-time RT-PCR analysis. Relative mRNA expression levels for BGLAP are
shown in cells cultured on scaffolds with 10 nM and 10 pM SIM compared to scaffolds
without SIM and normalized to reference gene GAPDH at 7, 14 and 21 days. Values

represent the mean = SD.

Figure 21A-C. Confocal laser scanning microscopy visualization of type | collagen
deposition in alginate-coated TiO, scaffolds with or without simvastatin. Fluorescence
immunocytochemical analysis of type | collagen in primary human osteoblasts cultured on
alginate-coated TiO2 scaffolds. Type | collagen is detected in the majority of the cells
cultured on scaffolds with 10 nM SIM (A), 10 uM SIM (B} and without SIM (C).
Extracellular collagen fibrils are only seen in scaffold without SIM (C). Type | collagen ,
DNA, TiO, scaffold surface.

Figure 22. Periodic acid-Schiff/Pan-cadherin visualization of alginate-coated and
uncoated scaffold. Periodic acid-Schiff staining of alginate-coated (B) and uncoated (A)
scaffold. The alginate (red) is distributed throughout the scaffold as seen in the view from
the cross section (B). Periodic acid-Schiff/Pan-cadherin double staining of cell-seeded
alginate-coated (D) and uncoated (C) scaffold at 2 day. Alginate layer containing cells is

covering the scaffold (D).
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Figure 23. Acridine-orange/ethidium bromide visualization of cell-seeded alginate-coated
scaffold. Acridine-orange/ethidium bromide staining of human adipose-derived
mesenchymal stem cells seeded on alginate-coated scaffold at 2 day. Majority of the cells

have survived the alginate coating procedure. Live cells stain green, dead cells stain red.

Figure 24A-D. Lactate dehydrogenase activity and total protein content assays. Lactate
dehydrogenase activity and total protein content in culture medium from cell-seeded
alginate-coated scaffolds with (EMD alginate) or without emdogain (Alginate) is shown in
percentage of control, cell-seeded uncoated scaffolds, for human adipose-derived
mesenchymal stem cells (hAD-MSC) (A, C), and primary human osteoblasts (hOST) (B,
D) measured at every other day up to 14 days. Values represent the mean + SD.
Statistical analysis: (a) p £ 0.05 versus alginate-coated scaffold without emdogain and (b)

p = 0.05 versus cell-seeded uncoated scaffold.

Figure 25. Confocal laser scanning microscopy visualization of RUNX2 and SOX8.
Fluorescence immunocytochemical analysis of RUNX2 and SOX9 in human adipose-
derived mesenchymal stem cells cultured on alginate-coated scaffold with emdogain (A)
and uncoated scaffold (B). RUNX2 is detected in the majority of the cells cultured on
scaffolds with emdogain (A). However RUNX2 and SOX9 are detected equally in the cells
cultured on uncoated scaffold (B). RUNX2 (green), SOX9 (red), TiO, scaffold surface
(white).

Figure 26. Cross section of TiO, scaffold coated with an alginate layer produced by the
method of the present document showing an open porous structure. The diameter of the

section is 3 mm.

DETAILED DESCRIPTION OF THE INVENTION
Method for producing an alginate coated titanium dioxide scaffold

The present document is in one aspect directed to a method for producing a titanium
dioxide scaffold comprising an alginate coating. In a first aspect, the present document is
therefore directed to a method for producing a titanium dioxide scaffold comprising an

alginate coating, which method comprises the steps of:

a) providing a titanium dioxide scaffold,
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b) providing an alginate solution comprising about 1-3 % w/v of at least one
alginate to at least part of said titanium dioxide scaffold and then
centrifuging the titanium dioxide scaffold,

c} providing the titanium dicxide scaffold obtained in step b) with a divalent

5 cation salt solution, wherein said divalent cation is selected from the group
consisting of Ca®*, Mg*, Ba® or Sr**, and then optionally rinsing the
titanium dioxide scaffold; and

d) drying the titanium dioxide scaffold,

wherein steps b) and ¢) optionally are repeated at least once.

10
The method may also consist of the above steps a)-d), wherein steps b) and ¢) optionally
are repeated at least once. When steps b) and ¢) are repeated, an alginale coating
comprising two or more alginate gel layers is built up. The alginate coating may therefore
comprise or consist of one or more alginate gel layers. The alginate andfor the divalent

15 cation salt solution(s) may further comprise one or more biologically active substances as
disclosed elsewhere in this document. In step ¢), the titanium dioxide scaffold may
optionally be centrifuged after the divalent cation salt solution has been provided to the

scaffold but preferably before the optional rinsing.

20 The above method may also be denoted a method for coating at least part of a titanium
dioxide scaffold with an alginate coating. In the context of the present document, the
alginate coating may alsco be denoted a coating of alginate. It is to be understoed that in
the alginate coating, the alginate adopts a gel-like state when wet. However, it is to be
also to be understood that a certain amount of moisture is required for the alginate coating

25 to adopt this gel-like state. Therefore, when an alginate coated titanium dioxide scaffold is
dried, stored in a dry place and the like, the alginate coating will rather be in the form of a
thin, dehydrated, film layer (aka a “xerogel”). However, once the alginate coated titanium
dioxide scaffold is subjected to a moister environment, such as when implanted in a body
or when immersed in an aqueocus solution, the alginate coating will adopt a gel-like

30 appearance again. Unless expressly evident from the context, when an alginate coating is
referred to in the present document, this is to be understood to encompass both moist and

dry forms of the alginate coating.

The titanium dioxide scaffold produced by the present method may be denoted a” titanium
dioxide scaffold comprising an alginate coating”, an "alginate coated fitanium dioxide

35 scaffold” or the like.
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The titanium dioxide scaffold has an outer surface which will be at least partially covered
by the alginate coating. Alternatively, the whole of the outer surface of the titanium dioxide
scaffold may be covered by the alginate coating. However, as the titanium dioxide scaffold
adopts a porous structure, by the present method, the alginate solution and the divalent
cation solution will also be allowed to penetrate the pores of the scaffold and the alginate
coating consequently also form on the surface of at least part of the pores inside the
scaffold. How deep into the scaffold pores the alginate coating will form, will of course
depend on factors such as scaffold porosity (a larger porosity will ease the penetration of
alginate and allow the coating to form deeper inside the scaffold), concentration of
alginate andfor divalent cation solution, the centrifugation speed etc. However, the
present method allows at least part of the surface (the walls) of at least the outer pores of
the titanium dioxide scaffold to be coated with an alginate coating. Typically, the alginate
coating is present throughout the scaffold structure (i.e. line the walls of the majority or all
of the pores of the scaffold), when an alginate coated titanium dioxide scaffold is analysed
by scanning electron microscopy (SEM). By the present method, the alginate coating
therefore does not only form on the outer surface of the titanium dioxide scaffold, but also
in a varying degree on the surface of the pores inside the scaffold. Typically, the majority
of the pore surfaces onto which the alginate coating is provided will be coated with the

alginate coating.

Of course the whole of or only part of the titanium dioxide scaffold may be provided with
the alginate and/or divalent cation solutions, such as 10-100 %, 20-98 %, 30-98 %, 40-
98 %, 50-98 %, 60-98 %, 70-98 %, 80-98 % or 90-98 % of the inner and outer surfaces of
the scaffold. It is fo be understood that even when all of the inner and outer scaffold
surfaces (i.e. both the outer surface and the walls of the inner pores) are to be provided
with an alginate coating, minor parts of the surfaces may remain uncoated as not each
and every part of the walls of the pores may be reached by the alginate and divalent
cation solutions during the preparation of the alginate layer. However, the use of
centrifugation both enables the formation of a thin alginate coating and forces the alginate
and divalent cation solutions into the inner parts of the scaffolds, thereby enabling the
formation of the alginate coating also on the inner parts of the pores. Importantly, in order
for the alginate coating to form, the part of the scaffold on which such alginate coating
formation is desired must be subjected to both the alginate and the divalent cation

solutions as no gelation of the alginate will otherwise occur.

By the present method, it is possible to form a thin alginate coating on the titanium dioxide

scaffold as the centrifugation in step b) allows a very thin layer of alginate solution to be
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deposited on the outer surface and also inside the pores of the titanium dioxide scaffold.
Also, without wishing to be bound by theory, the thin alginate coating may be the result of
the low density of the alginate and divalent cation solutions used, which allow their
penetration into the pores of the scaffold. The present method allows each alginate gel
layer of the alginate coating to typically have a wet thickness of at least 1 ym, such as
about 3 um, on the surfaces it coats. However, by repeating method steps b) and ¢}, an
alginate coating consisting of two or more alginate layers may be built up. The present
method may therefore be used to control the thickness of the alginate coating by
repeating steps b) and ¢), such as for 2-100, 2-10, 2-6, 2-4, 3 or 4 times, until an alginate
coating of the desired thickness is obtained. The alginate coating may therefore comprise
one or more alginate gel layers. The alginate coating typically has a thickness of about 1-
20 um, such as 1-10 um or 3-8 um. Typically, the alginate coating consists of 1-10
alginate gel layers, such as 2-6, 2-4, 3 or 4 layers. When a biomolecule (biologically active
substance) is incorporated into the alginate coating (see elsewhere in this document) the
size of the biomolecule may affect the choice of the number of layers. A smaller
biomolecule {i.e. having a lower Mw, such as doxycycline) diffuses out of the alginate
coating faster than a larger biomolecule. Therefore, if a delayed release of a smaller
biomolecule is desirable, an alginate coating comprising a higher number of alginate gel
layers is required. On the other hand, for a larger biomolecule, the release rate from the
alginate coating is more dependent on degradation of the alginate gel, and the
biomolecule does not diffuse out of the alginate coating as fast as a smaller biomolecule.
Therefore, less alginate gel layers in the alginate coating may be used for a larger
biomolecule. By knowing the size of the biomolecule and the desirable release rate, the
number of alginate gel layers in the alginate coating may therefore be adjusted to achieve

the desirable release rate.

The thin thickness of the alginate coating is advantageous as such a thin alginate coating
will not substantially block the pore openings of the titanium dioxide scaffold, even if the
pore diameter of course is somewhat reduced due to the alginate coating. Rather, the
alginate coating lines the walls of the titanium dioxide scaffold pores. Some initial blocking
of the scaffold pores may occur even when a thin alginate coating is prepared, but in a
biological environment, a certain degradation of the blocking aiginate coating was seen in
those pores that remained blocked right after the coating process (see Example 2). The
substantial lack of pore blocking is advantageous as cell growth into the titanium dioxide
scaffold thereby may be improved as the pores, despite the alginate coating, are readily

accessible for penetration by cells and tissue. Also, the present method allows an alginate
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coating having a more even thickness to form. Further, the alginate coating formed by the
method of the present document is substantially non-porous, c.f. an alginate gel prepared
by simply mixing alginate and a divalent cation salt solution which has some porosity (see
e.g. the gel prepared in Example 1 and depictured in Fig. 1). The reason for the
substantial lack of porosity of the alginate coating when prepared on a titanium dioxide
scaffold by the method disclosed herein, is probably the thin coating of alginate solution
formed on the titanium dioxide scaffold after centrifugation in step b).

Another advantage with the present method is that, as the alginate coating forms on the
inside of at least part of the pores in a thin layer, there will be a very large surface-to-
volume ratio as compared to if the alginate coating would only form on the outer surface
of the scaffold. This will affect the release profile of any substance, such as a biologically
active substance (see elsewhere herein), included in the alginate coating. Also, even if the
alginate coating would flake off from the outer surface of the titanium dioxide scaffold, the

alginate coating would still be present on the surface of the pores inside the scaffold.

Also, the present method allows the formation of an alginate coating comprising one or
more alginate gel layers by repeating steps b) and c). If preferred, this also allows the
formation of different alginate gel layers with different biologically active substance and/or

types of alginate or divalent cation in the different layers.

It is also possible to perform step ¢) before step b). However, in that case, a thin coating
of alginate is not formed. Rather, the alginate coating fills up the majority of the pores
inside the titanium dioxide scaffold. This may be particularly advantageous when celis,
such as stem cells, are to be incorporated into the titanium dioxide scaffold, as this allows
a large number of cells to be deposited inside the scaffold pores. When step c¢) is
performed before step b) it may be superfluous to repeat steps ¢) and b) as most of the
pores of the titanium dioxide scaffold will be filled up with alginate coating already after
performing steps ¢) and b) once. The present document is therefore also directed to a
titanium dioxide scaffold comprising an alginate tayer produced by performing step ¢}

before step b).

The aiginate solution is an aqueous solution comprising alginate. 1t may be prepared by
dissolving alginate in distilled water or a suitable buffer, such as phosphate buffered
saline, by stirring until the alginate is dissolved, preferably at room temperature, ¢.g. for 1

hour to overnight (e.g. 1-24 hours).

The alginate may e.g. be chosen from the group consisting of sodium alginate, potassium

alginate, calcium alginate, and strontium alginate. A mixture of two or more kinds of
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alginates may be used. The alginate is typically a high molecular weight alginate having a
molecular weight (M,) of about 10 000-600 000 g/mol, such as about 10 000-100 000
g/mol, 100 000-300 000 g/mol, 250 000-600 000 g/mol, 50 000-150 000 g/mol, 50 000-
200 000 g/mol, or 50 000-100 000 g/mol. The alginate may also have a high molecular
weight of about 1000-200 000 g/mol. The concentration of alginate in the alginate solution
is typically about 1-3% w/v, such as 1.5-2.5% wi/v or about 2% wiv, such as at least 1%
and at the most 3,5%, such as at the most 3%. The alginate may comprise a minimum of
about 60% of guluronic (guluronate} monomers. Biomolecules (i.e. biologically active

substances, disclosed elsewhere herein) may be added to the alginate solution.

The concentration of the biologically active substance, when added to the alginate
solution, of course depends on the specific biologically active substance and/or its
intended function in the body. Typically, it's concentration in the alginate solution is in the
range of micrograms, although it may range from 1 ng-1 mg/ml, such as 500 ng/ml-500
ug/ml, 1-500 pg/mi, 1-100 pg/ml, 1-80 pg/ml, 20-70 ug/mi, 40-60 pg/ml or 50 ug/mi.

In order to provide the alginate solution to the titanium dioxide scaffold, the scaffold may
be immersed into an alginate solution. This may take place under agitation, e.g. via an
orbital shaker at about 100 rpm/min. The agitation helps in spreading the alginate solution
in the porous network of the scaffold. Typically, the titanium dioxide scaffold is immersed
for a time period of about 10 min to 2 hours, such as 1-2 hour, e.g. 1 hour. The immersion
typically takes place at room temperature. After immersion into an alginate solution,
excess solution is removed typically by careful centrifugation of the titanium dioxide
scaffold, such as at about 200-300 x g, for a short time period, such as 0.5-2 min, e.g. 1

min.

In step ¢), the titanium dioxide scaffold is provided with a divalent cation salt solution. The
divalent cation salt solution (also denoted “divalent cation solution” herein) is an agueous
solution comprising at least one sait of a divalent cation, such as Ca®’, Mg*', Ba®" or Sr**.
Example of suitable divalent cation salts include, but are not iimited to, CaCl,, SrCls,
SrCO,, SrPO,, CaCOs CaPQ,, MgCl,, MgCO,, and MgPO,. The concentration of the
divalent cation salt in this solution is typically about 15-500 mM, such as about 15-150,
20-500 mM, 20-100 mM, 20-400 mM, 200-400 mM, 250-350 mM, 30-80 mM, 40-60 mM,
45-55 mM or about 50 mM. Preferably, the concentration is about 20-100 mM. Preferably,
the divalent cation salt is CaCl,. To provide the titanium dioxide scaffoid with the divalent
cation solution, the titanium dioxide scaffold may be immersed in the divalent cation

solution for a period of time of e.g. 10 min to 2 hours, such as 1-2 hour, e.g. 1 hour. This
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may take place under agitation, e.g. via an orbital shaker at about 100 rpm/min. The
agitation helps in spreading the divalent cation solution in the porous network of the
scaffold. Alternatively, other means for providing the divalent cation solution may be used,
e.g. such as by spraying the titanium dioxide scaffold with the solution. After providing the
divalent cation solution to the titanium dioxide scaffold, the scaffold is optionally rinsed,
e.g. in distilled water to remove excess divalent cation solution. Excess divalent cation salt
solution may alternatively or in addition be removed by careful centrifugation of the
titanium dioxide scaffold, such as at about 200-300 x g, for a short time period, such as
0.5-2 min, e.g. 1 min. If a centrifugation step is applied, the optional rinsing preferably
takes place after the centrifugation. Further, biologically active substances may be added
to the divalent cation solution (e.g. in the same concentrations as when added to the
alginate solution), although these are preferably added to the alginate solution, when

biologically active substances are to be included in the alginate coating.

Step d) may be optional and may be performed for a time period of about 0.5 hours to
several days. It may e.g. be performed overnight, e.g. for 0.5-24 hours, 5-10 hours or just

1 hour. Typically this step is performed at room temperature.

The method for producing an alginate coated titanium dioxide scaffold disclosed herein
provides a titanium dioxide scaffold provided with an alginate coating, optionally also
comprising a biologically active substance(s). This document is therefore also directed to
a titanium dioxide scaffold comprising an alginate coating, optionally comprising a
biologically active substance(s), obtainable or obtained by the method disclosed herein.
Such a titanium dioxide scaffold may e.g. be denoted an alginate coated titanium dioxide

scaffold or a titanium dioxide scaffold comprising an alginate coating.

The titanium dioxide scaffold comprising an alginate coating is typically used as a medical
implant, either alone or comprised as a part of an implant. As is evident from other parts
of this document, the titanium dioxide scaffold structure used allows tailor-making of
implant structures, specifically adapted to the implantation site and intended function of
the implant. This document is therefore aiso directed to a titanium dioxide scaffold
comprising an alginate coating for use as a medical implant. The alginate coated titanium
dioxide scaffold comprises a porous structure which has a good biocompatibility and
which may stimulate the growth of celis and attachment of the scaffold or the implant
comprising the scaffold. The porous structure allows ingrowth of celis into the scaffold,
which thereby allows for the regeneration of tissue. The large surface area also facilitates

the growth of celis into the structure and thereby the attachment of the scaffold and
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regeneration of tissue. As the titanium dioxide scaffold in itself is made of a material which
has a good biocompatibility, adverse reactions to the scaffold when implanted into a

subject are reduced.
Uses of the alginate coated titanium dioxide scaffoid

Alginate gels have been used for different applications in tissue engineering such as
space filling agents, as delivery vehicles for bioactive molecules, and as three
dimensional structures that organize cells and present stimuli to direct the formation of a
desired tissue and the alginate coating disclosed in the present document may
advantageously be used for any such purpose. The titanium dioxide scaffolds of the
present document may also advantageously be used for cell seeding, before or after

being coated with an alginate layer by a method disclosed herein.

The titanium dioxide scaffold comprising an alginate coating may be implanted into a
subject wherein cells will grow into the scaffold structure. It is also possible to seed and
grow cells on the alginate coated titanium dioxide scaffold prior to implantation. The
interconnected macroporous structure of the titanium dioxide scaffold is especially
suitable for tissue engineering, and notably bone tissue engineering, an intriguing
alternative to currently available bone repair therapies. In this regard, bone marrow-
derived cell seeding of the titanium dioxide scaffold is performed using conventional
methods, which are well known to those of skill in the art (see e.g. Maniatopoulos ef al.
1988). Cells are seeded onto the alginate coated titanium dioxide scaffold and cultured
under suitable growth conditions. The cultures are fed with media appropriate to establish
the growth thereof. 1t is also possible to seed the titanium dioxide scaffold with cells, such
as stem celis, such as mesenchymal stem cells, prior to providing the alginate coating to
the scaffold (see Example 4 for an exemplary method to perform such cell seeding and

alginate coating).

Cells of various types can be grown throughout the alginate coated titanium dioxide
scaffold. More precisely, cell types include hematopoietic or mesenchymal stem cells, and
also inciude cells vielding cardiovascular, muscular, or any connective tissue. Cells may
be of human or other animal origin. However, the alginate coated titanium dioxide scaffold
is particularly suited for the growth of osteogenic cells, especially cells that elaborate bone
matrix. For tissue engineering, the cells may be of any origin. The cells are
advantageously of human origin. A method of growing cells in an alginate coated titanium
dioxide scaffold allows seeded osteogenic cells, for example, to penetrate the titanium

dioxide scaffold to elaborate bone matrix, during the in vilro stage, with pervasive
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distribution in the structure of the titanium dioxide scaffold. Ostecgenic cell penetration
and, as a result, bone matrix elaboration can be enhanced by mechanical, ultrasonic,

electric field or electronic means.

The alginate coated titanium dioxide scaffold is useful whenever one is in need of a
structure to act as a framework for growth of cells, such as for regeneration of a tissue.
The presence of the alginate layer of the titanium dioxide scaffold, allows the delivery of
biologically active substance which may improve the scaffolds integration, biocompatibility
etc. The alginate coated titanium dioxide scaffold is particularly useful for the
regeneration of bone and cartilage structures. Examples of situations where the
regeneration of such structures may be necessary include trauma, surgical removal of

bone or teeth or in connection to cancer therapy.

Examples of structures in a subject which wholly or partially may be replaced include, but
are not limited to, cranio-facial bones, including arcus zygomaticus, bones of the inner ear
(in particular the malleus, stapes and incus, maxiltar and mandibular dentoalveolar ridge,
walls and floor of eye sockets, walls and floor of sinuses, skull bones and defects in skull
bones, socket of hip joint (Fossa acetabuli), e.g. in the case of hip joint dysplasias,
complicated fractures of long bones including (but not restricted to) humerus, radius, ulna,
femur, tibia and fibula, vertebrae, bones of the hands and feet, finger and toe bones, filling
of extraction sockets (from tooth extractions), repair of periodontal defects and repair of
perimplant defects. In addition the alginate coated titanium dioxide scaffold is useful for
the filling of all types of bone defects resulting from (the removal of) tumors, cancer,
infections, trauma, surgery, congenital malformations, hereditary conditions, metabolic

diseases (e.g. osteoporosis and diabetes).

The alginate coated titanium dioxide scaffold prepared by the disclosed method or a
medical implant comprising such a scaffold may be used for the regeneration, repair,
substitution and/or restoration of tissue, such as bone. This document is therefore also
directed to the alginate coated titanium dioxide scaffold or a medical implant comprising it

for use for the regeneration, repair, substitution and/or restoration of tissue, such as bone.

The alginate coated titanium dioxide scaffold obtainable or obtained by the method of the
present document may also be used for the preparation of a medical implant for the
regeneration, repair, substitution and/or restoration of tissue. The alginate coated titanium
dioxide scaffold may also be used for the preparation of a medical implant for the

regeneration, repair, substitution and/or restoration of tissue, such as bone.
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The alginate coated titanium dioxide scaffold obtainable or obtained by the method of the
present document or a medical implant comprising it may also be used in a method for the
regeneration, repair, substitution and/or restoration of tissue, such as bone, comprising
the implantation into a subject in need thereof of the scaffold or medical implant

comprising such an alginate coated titanium dioxide scaffold.
Biologically active substances (biomolecules)

As mentioned above, the alginate solution and/or ihe divalent cation solution may
comprise one or more different kinds of biologically active substance(s). The biologically
active substance(s) may therefore be incorporated into the alginate coating. The alginate
coating may therefore act as a carrier for a biologically active substance and biologically
active substances consequently delivered by the alginate coated titanium dioxide scaffold
via the alginate coating. The alginate coating may comprise one kind of biologically active
substance or a mixture of two or more biologically active substances. As mentioned
above, when the alginate coating is prepared by repeating steps b) and c) of the method
as disclosed elsewhere herein, the different layers may comprise different biclogically

active substances.

The biclogically active substance may be any substance having a biological activity in the
body, such as a synthetic or natural bioactive molecule, a natural or synthetic drug, and/or
a living cell. Inorganic, biologically active ions may also be incorporated, such as calcium,
chromium, fluoride, gold, iodine, potassium, magnesium, manganese, selenium, sulphur,
stannum, sodium, zinc, strontium, nitrate, nitrite, phosphate, chloride, sulphate, carbonate,

carboxyl or oxide.

The biologically active substance may also be a cell. Examples of living cells for
incorporation in the alginate coating include, but are not limited to, mesenchymal stem
cells, bone cells, pluripotent cells, bone precursors cells, vascular cells, precursors

vascular cells, and/or stromal celis.

Exampies of biologically active substances also include, but are not limited to, natural or
recombinant bio-adhesives; natural or recombinant cell attachment factors; natural,
recombinant or synthetic biopolymers; natural or recombinant blood proteins; natural or
recombinant enzymes; natural or recombinant extracellular matrix proteins; natural or
synthetic extracellular matrix biomolecules; natural or recombinant signal molecules,
growth factors and hormones; natural, recombinant and synthetic peptides, synthetic
peptide hormones; natural, recombinant or synthetic deoxyribonucleic acids; natural,

recombinant or synthetic ribonucleotide acids; natural or recombinant receptors; enzyme
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inhibitors; drugs; biologically active anions and cations; vitamins, such as vitamin D;
adenosine monophosphate (AMP), adenosine diphosphate (ADP) or adenosine
triphosphate (ATP); marker biomolecules; amino acids; fatty acids; nucleotides (RNA and
DNA bases), sugars, antimicrobial substances such as tetracyclines, immune active
components, antibodies, anti-inflammatory molecules, matrix components, internally
disordered proteins, and small biological organic molecules such as statins and/or

bisphosphonates.

Peptides and proteins suitable for incorporation into the alginate coating in particular
include peptides and proteins known to affect cell growth and/or osseointegration of
implants. A number of natural peptides have been shown to induce mineral precipitation
and may therefore suitably be incorporated in the alginate coating. Examples include
collagen 1 and 2, amelogenin, ameloblastin, bone sialoprotein, enamelin, and ansocalcin,
Deposition and growth of apatites into endoskeletal mineralized tissues is a process
guided by polyproline-rich proteins. Polyproline repeats are a common characteristic of
hard tissue extracellular matrix proteins, playing a role on compaction of protein matrix,
conformational variability, the apatite crystal length and bond to protein domains
frequently involved in signaling events. For example, enamel matrix derivative (EMD) is
an extract of porcine fetal tooth material used to biomimetically stimulate the soft and hard
growth., EMD has also been proven to have a diversity of other biological activities, such
as inhibition of inflammation and infection. A commercial product comprising EMD is
Straumann®Emdogain  (Straumann AG, Peter Merian-Weg 12, CH 4052 Basel,
Switzerland). EMD contains a large amount of amelogenin, which is a protein which

suitably may be incorporated into the alginate matrix, as mentioned above.

Further examples of peptides suitable for incorporation in the alginate coating include
peptides based on the consensus peptides disclosed in WO 2008/078167, which induce

biomineralization.

Peptides P2 (SEQ ID NO 1), P5 (SEQ ID NO 2) and P86 (SEQ ID NO 3), used in the
experimental section, are examples of peptides based on the consensus sequences of
WO 2008/078167 which may suitably be incorporated in the alginate coating. Other
examples of such a sequence are P1 (SEQ ID NO 4: PLV PSY PLV PSY PLV PSY PYP
PLPP), P3 {SEQ ID NO 5: PLV PSQ PLV PSQ PLV PSQ PQP PLPP) and P4 (SEQ ID
NO 6: PLV PCC PLV PCC PLV PCC PCP PLPP).

The biologically active substance may typically be a substance which promotes the

integration of the titanium dioxide scaffold in a subject.
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The diffusion rate of biologically active substances optionally incorporated in the alginate
coating is affected by the molecular weight and size of the biologically active substances
{(defined by Stokes radii) compared to the pores of the alginate coating and depends on
the chemical nature of the biologically active substance (interactions molecule-alginate,
polarization, i.e. hydrophilic substances may diffuse very quickly while hydrophobic
substances diffuse slowly through the alginate gel). A burst release profile of the
biologically active substance during the first day or days after implantation of the alginate
coated titanium dioxide scaffold in a subject may be found for a smaller biclogically active
substance, such as the peptides used in the experimental section of this document. By
adjusting the pore size of the alginate coating (see above) and by taking properties of the
biologically active substance into account (such as molecular weight, shape, polarity etc.),

the release rate of an incorporated biclogically active substance may be adjusted.
The titanium dioxide scaffold

The titanium dioxide scaffold of the present document is a reticulated scaffold which may
function as a structural support which allows tissue formation by creating a three
dimensional space for cellular attachment and ingrowth. The titanium dioxide of the
scaffold provides a scaffold which is biocompatible and which can be processed into
different shapes to provide mechanical support and a framework for celiular growth. Thus,
the titanium dioxide scaffold provides a suitable structure to be used in tissue engineering,

such as for regeneration of bone.

The titanium dioxide scaffold suitable for use in the context of the present document is a
scaffold basically formed of titanium dioxide, i.e. fitanium dioxide is the main structural
component of the titanium dioxide scaffold. The titanium dioxide scaffold should adopt an

open porous structure.

The titanium dioxide scaffold typically is macroporous scaffold comprising macropores
and interconnections. Macropores of the titanium dioxide scaffold have a pore diameter in
the range between approximately 103000 pym, such as 20-2000 um, about 30-1500 pm
or about 30-700 pm. 1t is important that the titanium dioxide scaffold allows for the
ingrowth of larger structures such as blood vessels and trabecular bone, ie. aiso
comprises pores with a diameter of about 100 ym or more. It is important that at least

some of the pores are interconnected and/or partially interconnected.

The pore diameter may affect the rate and extent of growth of cells into the titanium
dioxide scaffold and therefore the constitution of the resulting tissue. The macroporous

system typically occupies at least 50% volume of the titanium dioxide scaffold. The
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volume of the macro- and micropores in the titanium dioxide scaffolds may vary
depending on the function of the titanium dioxide scaffold. If the aim with a treatment is to
replace much bone structure and the titanium dioxide scaffold can be kept unloaded
during the healing time, the titanium dioxide scaffold may be made with a macroporous

system occupying up to 90% of the total scaffold volume.

The titanium dioxide scaffold typically has a total porosity of about 40-99%, such as 70-
90%.

The fractal dimension strut of the titanium dioxide scaffold is typically about 2.0-3.0, such
as about 2.2-2.3. The strut thickness affects the strength of the titanium dioxide scaffolds,
the thicker the struts in the titanium dioxide scaffold are, the stronger the titanium dioxide

scaffold is.

The titanium dioxide scaffold typically has an inner strut volume of about 0.001-3.0 pm?®,
such as about 0.8-1.2 um®. A lower volume and a higher fractal number give a stronger

scaffold.

It will be understood by those of skiil in the art that the surface of the titanium dioxide
scaffold has a structure on the microlevel and the nanolevel. This micro and nano
structure may be modified due to the manufacturing conditions. The pore diameters on
the microlevel are typically in the range of 1-10 um. The pore diameters on the nanolevel

typically are less than 1 um.

A titanium dioxide scaffold structure in the present context typically has a combined micro
and macro pore diameter of approximately 10 — 3000 pm, such as 20-2000 pm, 30-1500
um or 30-700 um. The pore diameter may also be above 40 pym, with interconnective pore

of at least 20 pm.

The size and the shape of the titanium dioxide scaffold are decided depending on its
intended use. The titanium dioxide scaffold size and shape may be adjusted either af the
stage of production or by later modification of a ready scaffold. The titanium dioxide
scaffolds may therefore easily be tailored for their specific use in a specific subject.
Typically the size, shape etc. of the titanium dioxide scaffold is adjusted before being

coated with an alginate coating.

Typically, the titanium dioxide scaffold may be produced by a method of dipping a polymer
sponge sfructure in a titanium dioxide slurry (see e.g. the methods disclosed in
WO08078164), allowing the slurry o solidify on the sponge and performing one or more

sintering steps to remove the sponge and creating a strong scaffold structure. The
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titanium dioxide scaffold may therefore for example be a titanium dioxide scaffold
disclosed in WO08078164. Such a method may include the steps of:

a) preparing a slurry of titanium dioxide,

b} providing the slurry of step a) to a combustible porous structure, such as a

5 porous polymer structure, such as a sponge structure
c¢) allowing the slurry to solidify on the combustible porous structure

d) removing the combustible porous structure from the solidified titanium

dioxide slurry, wherein step d) may be performed by

i) slow sintering of the combustible porous structure with the solidified
10 metal oxide slurry to about 500°C and holding this temperature for at

least 30 minutes,

i) fast sintering to about minimum 1500°C or to about 1750°C at ca 3

K/min and holding this temperature for at least 10 hours, and
i) fast cooling to room temperature at least 3 Kimin.
15

The invention will be further described in the following exampies, which do not limit the

scope of the invention described in the claims.
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EXPERIMENTAL SECTION

Example 1: Preparation of alginate hydrogel with and without biologically active

substance

Table 1. Amino acid sequence of synthetic proline-rich peptides.

Peptide Sequence (N-terminus to C-terminus) Polar Hydrophobic AA
AA

P2 (SEQ IDNO 1) | PLVPSQPLVPSQPLVPSQPQPPLPP 7(8,Q) |18 (PLV)

P5 (SEQ ID NO 2) | PLVPSSPLVPCCPLVYPCCPSPPLPP 3(S) 22 (P,LV.C)

P6 (SEQ ID NO 3) | PHQPMQPQPPVHPMQPLPPQPPLPP | 7(H,Q) | 18 (P,M,V L)

Amino acid (AA); peptide 2 (P2); peptide 5 (P5); peptide 6 (P6); S = Ser; P = Pro; L. = Leu;
V = Val; Q = GIn; M = Met; H = His; C = Cys.

1. Material and methods
1.1.  Preparation of peptides and enamel matrix derivative

Enamel matrix derivative (EMD) was kindly supplied by Straumann GmbH (Basel,
Switzerland). EMD was dissolved to 10 mg/mt in 0.1% acetic acid in phosphate-buffered
saline (PBS) (PAA Laboratories GmbH, Pasching, Austria). Three synthetic peptides
(Table 1) were designed as described in detail in previous studies (Rubert M et al,, 2011)

Peptides were purchased from Eurogentec (Seraing, Belgium). The synthetic peptides
were dissolved to 5 or 10 mg/mi {in the case of peptide 2 FITC-labeled) in 0.1% acetic
acid in PBS. Aliquots to avoid repeated freeze-thaw cycles were prepared and stored at
-20°C until use.

1.2.  Preparation of alginate hydrogels

Sodium alginate (Pronova UP LVG ®)—a low viscosity alginate where minimum 60% of
monomers are guluronate— was purchased from NovaMatrix (FMC BioPolymer AS,
Norway). The sodium alginate was used without further purification. Two percent (wiv)
sodium alginate was prepared in PBS and stirred at 180 rpm at room temperature
overnight to get a homogenous alginate hydrogel. The alginate solution was mixed with
synthetic peptides or EMD at final concentration of 50 pg/ml. The solution of alginate
containing synthetic peptides/EMD was then distributed into 24-well cuiture plate and
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sprayed with 300 mM CaCl; by means of an aerograph paint atomizer (Precisso ®,
Madrid, Spain). After 1-2 h of incubation at room temperature, alginate hydrogel was

completely gelled.
1.3.  Characterization of alginate hydrogel morphology by scanning electron microscopy

Morphology of control 2% alginate hydrogels and 2% alginate hydrogels containing
synthetic peptide 2 (50 pg/ml) were observed using scanning electron microscope (SEM,
Hitachi S-3400N, Hitachi High-Technologies Europe GmbH, Krefeld, Germany).
Microstructure of alginate hydrogels (nonlyophilized and lyophilized) was observed. For
the alginate hydrogel lyophilization, samples were frozen at -80 °C followed by
lyophilization at —35 °C. Samples were then frozen in N, to allow an accurated cut into
cross sections using a sharp scalpel. Structure of alginate hydrogels were observed at
x25 and x100 of magnification using10 kV and 40 Pa. Environmental secondary electron
detector (ESED) was used for images at x25 magnification and backscattered electron
detector (BSED) was used for images at x100 magnification. The diameter of each pore
was measured using the software from the SEM, Hitachi 5-3400N.

1.4.  Peptide release profile

To study the peptide release profile, P2 was labeled with FITC. The release of peptide
contained into the 2% alginate hydrogel (50 wg/ml) was quantified by fluorescence
spectroscopy. First, alginate hydrogels were washed with culture media to remove the
excess of CaCl,. Then, 750 ul of cell culture media were added onto peptide loaded
alginate hydrogel. The samples were incubated at 37 °C and 5% CO; for 21 days and cell
culture media was changed twice a week. At prefixed time points (24 h, 4d, 7 d, 11 d, 14
d, 18 d and 21 d), supernatants were collected and analyzed by fluorescence
spectroscopy (A ex 490 nm and A em 525 nm) to determine the amount of peptide
released to the media. The amount of peptide released during the washing step was also
measured. The experiment was performed three times, and each sample analyzed in

triplicate.

Relative fluorescence units were correlated with the amount of peplide released using a

linear standard curve for each time point.
1.5.  Cell culture of MC3T3-E1

The mouse osteoblastic cell line MC3T3-E1 (DSMZ, Braunschweig, Germany) was
maintained as previously described (Tiainen H ef al, 2011). Before seeding, 24-well

culture plates containing crosslinked alginate hydrogels were washed with 750 pl of
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culture media to remove the excess of CaCl,. After evaluation of the efficiency of cell
adhesion on 2% alginate gel using different cell densities, for the final experiments, cells
were seeded at a density of 100 000 cells/well. Media was refreshed twice a week.
Culture media was collected 24 h after seeding to study cell viability. Cells were harvested
at days 14 and 21 to analyze gene expression of adhesion and osteogenic-related
markers using real-time RT-PCR. Cultures were routinely observed using light microscopy

(Leica DMIRB, Leica Microsystems Wetzlar GmbH, Germany).
1.6.  Cell adhesion to 2% alginate gel

Adhesion of cells onto the alginate hydrogel after one and five days post-seeding was
evaluated in order to determine the best seeding density for the experiments. Densities
from 30 x 10% to 200 x 10* cells/vell were tested. Cells that were adhered onto the
alginate hydroge! were lysed by a freeze-thaw method in deionized distilled water. Cell
lysates were used for determination of DNA quantity using Hoechst 33 258 fluorescence
assay. Samples were mixed with 20 ug/ml of Hoechst 33 258 fluorescence stain (Sigma,
St. Quentin Fallavier, France) in TNE buffer, and the intensity of fluorescence was
measured at excitation and emission wavelengths of 356/465 nm using a multifunction
microplate reader (Cary Eclipse fluorescence spectrophotometer, Agilent Technologies,
Santa Clara, USA). Relative fluorescence units were correlated with the cell number using

a linear standard curve.

MC3T3-E1 cells adhered onto the alginate hydrogels after one and five days of culture
were visualized by confocal microscopy (Leica TCS SPE Microsystems Wetzlar GmbH,
Wetlzar, Germany). Briefly, cells seeded onto the alginate hydrogels were fixed with 4%
formaldehyde in PBS at 4 °C for 10 min. For staining, cells were permeabilized in 0.2%
triton and material autofluorescence was blocked with 3% BSA in PBS. The cytoskeleton
of the cells was stained using 5 pg/mi FITC phalloidin (Sigma, St. Quentin Fallavier,
France) and the nuclei with DAPI (Sigma, Schnelldorf, Germany). Further, the cell
adhesion and attachment of 100 x 10° cells initially seeded on 2% alginate hydrogels was
observed after cell fixation with 4% formaldehyde in PBS at 4 °C for 10 min followed by
visualization using the SEM and ESED at 10 kV, x200 and 40 Pa.

1.7.  Cell viability

The LDH activity determined in the culture media after 24 h was taken as an indicator of
membrane leakage or cell lysis. The activity of the cylosolic enzyme was estimated as

previously described (Rupert M ef af., 2011).
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Table 2. Sequence of osteoblast markers related genes.

Gene Primer sequence

188 S 5- GTAACCCGTTGAACCCCATT -3 (SEQ IDNO 7)

A 5’- CCATCCAATCGGTAGTAGCG -3° (SEQ ID NO 8)

GAPDH S 5°- ACCCAGAAGACTGTG-GATGG -3 (SEQ ID NO 9)

A 5°- CACATTGGGGGTAGGAACAC -3 (SEQ ID NO 10}

ftga8 S 5- TCGCCTGGGAGGAGGCGAAA -3" (SEQ ID NO 11)

A 5°- TCTTAACCGCTGTGCTCCCCG -3" (SEQ ID NO 12)

ftgb1 S 5" AGCAGGCGTGGTTGCTGGAA -3" (SEQ ID NO 13)

A5 -TTTCACCCGTGTCCCACTTGGC -3" (SEQ ID NO 14)

Itgh3 S 5- AGGGGAGATGTGTTCCGGCCA -3 (SEQ ID NO 15)

A 5'- ACACACAGCTGCCGCACTCG -3" (SEQ ID NO 16)

Fn1 S 5'- GCTGCCAGGAGACAGCCGTG -3" (SEQ ID NO 17}

A 5- GTCTTGCCGCCCTTCGGTGG -3 (SEQ ID NO 18)

Bmp2 S 5'- GCTCCACAAACGAGAAAAG-C -3" (SEQ ID NO 19)

A 5°- AGCAAGGGGAAAAG-GACACT -3 (SEQ ID NO 20}

Coll-1 S 5'- AGAGC-ATGACCGATGGATTC -3" (SEQ ID NO 21)

A 5°- CCTTCTTGAGGTTGCCAGTC -3 (SEQ ID NG 22)

Bsp S 5'- GAAAATGGAGACGGCGATAG -3° (SEQ ID NO 23)

A 5'- ACCCGAGAGTGTGGAAAGTG-3" (SEQ ID NO 24)

Alp S 5- AACCCAGACACAAGCATT-CC -3" (SEQ ID NO 25)

A 5'- GAGAGCGAAGGGTCAGTCAG -3" (SEQ ID NO 26)

Oc¢ S 5« CCGGGAGCAGTGTGAGCTTA -3" (SEQ ID NO 27)
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A5 -TAGATGCGTTTGTAGGCGGTC -3 (SEQ ID NO 28)

Opn S 5- TCTGCGGCAGGCATTCTCGG -3 (SEQ 1D NO 29)
A 5'- GTCACTTTCACCGGGAGGGAGGA -3’ (SEQ ID NO 30)

1.8  Total RNA isolation and gene expression of osteoblast markers by real-time RT-
PCR

The effect of synthetic peptides and EMD loaded into the alginate hydrogels on gene
expression was studied after 14 and 21 days of treatment on pre-ostecblast MC3T3-E1

celis.

Total RNA was isolated using Tripure® (Roche Diagnostics, Mannheim, Germany),
according to the manufacturer's protocol. Total RNA was quantified at 260 nm using a

Nanodrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).

The same amount of RNA (350 ng) was reverse transcribed to cDNA using high capacity
RNA-to-cDNA kit (Applied Biosystems, Foster City, CA), according to the protocol of the
supplier. Aliquots of each cDNA were frozen (=20 °C) until the PCR reactions were carried

out,

Real-time PCR was performed in the Lightcycler 480® {Roche Diagnostics, Mannheim,
Germany) using SYBR green detection. Real-time PCR was done for two reference genes
(18SrRNA and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)) and ten target
genes (integrin alpha 8 {/tga8), integrin beta1 (/tgbT), integrin beta 3 (/tgh3), fibronectin 1
(Fn1), bone morphogenstic protein 2 (Bmp2), coliagen type | {Coll-f), bone sialoprotein
(Bsp), alkaline phosphatase (Afp), osteocalcin (Oc) and osteopontin (Opn)).

The primer sequences are detailed in Table 2. Reaction conditions and relative

quantification have been done as previously described {Tiainen H et al., 2011).
1.9.  Statistical analyses

All data are presented as mean values + SEM. Differences between groups were
assessed by Mann-Whitney test or by Student f-test depending on their normal
distribution. To measure the correlation among different variables, Pearson correlation
analysis was used. The SPSS® program for Windows (Chicago, IL) version 17.0 was

used. Results were considered statistically significant at the p-values <0.05.
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Results
Alginate microstructure

Figure 1 shows the microstructure of a cross section from a lyophilized 2% alginate
hydrogel {Figures 1 A) and B)) and 2% alginate hydrogel containing synthetic peptide
(Figures 1C) and D)). As seen in the SEM images, although alginate hydrogel containing
synthetic peptide showed a more irregular structure than 2% alginate hydrogel, a porous
and interconnected structure was observed in all the gels analyzed. Both cross-linked
hydrogels presented a porous and interconnected structure with a pore diameter of 42.9
+3.5 ym and 44.7 + 4.1 um, for 2% alginate hydrogel without or with synthetic peptide

respectively.
Peptide delivery from 2% alginate hydrogel

Peptide release profile from 2% alginate hydrogels is depicted in Figure 2. A burst release
of the peptide during the first 24 h of incubation was observed (54.67%). Further, as seen
in the cumulative release profile, a 25.8% of peptide was slowly released up to 11 days,
followed by a sustained release over time up to 21 days. At the end of the experiment
(after 21 days) a 5.6% of the total peptide theoretically contained into the alginate
hydrogel had not been released. It should be noted that a 12.7% of the loaded peptide
was released during the washing step of the alginate hydrogels with culture media to

remove the excess of CaCl..
Celf adhesion and proliferation

A low cell adhesion rate onto the alginate hydrogels was observed, since more than half
of the seeded cells did not adhere to the gel one day after plating. Nevertheless, cells
attached to the alginate hydrogel and proliferated over the cell culture (Figure 3). Further,
cells were visualized by confocal microscopy in order to verify the ability of osteoblasts to
attach and spread on alginate hydrogels surfaces. Confocal images show an increase in
the number of nuclei accompanied by an increase in actin staining as much number of
cells seeded and increasing from day 1 to day 5 (Figures 3A)-H)). Moreover, the cell

filopodia of osteoblasts cultured on the alginate hydrogel were appreciated by SEM.
Effect of alginate hydrogel foaded with synthetic peptides on cell viability

No toxic effects were found in cells cultured on alginate hydrogels containing synthetic
peptides, either after 24 h (Figure 4) or after long-term period (data not shown). P2
significantly increased cell viability after 24 h compared to EMD, while P5 showed

significantly lower toxic effects compared to EMD and to untreated alginate gel.
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Effect of alginate hydrogel loaded with synthetic peptides on gene expression of cell
adhesion markers

Expression of /tga8 was increased in cells treated with P5 when compared to control after
21 days of culture (Figure 5A)). /tgb1 mRNA levels significantly decreased after treatment
with P2 and P6 for 14 days compared to control. After 21 days, cells treated with P6
reduced significantly ftgh? mRNA levels compared to EMD (Figure 5B)). /fgh3 and Fn1
decreased significantly after 14 days of treatment with P2 and P6 compared to control
(Figures 5C) and D)), and no differences were observed after 21 days.

Effect of alginate hydrogel loaded with synthetic peptides on gene expression of
osteoblast markers

Bmp?2 relative mRNA levels increased significantly after 14 days of treatment with PG,
while decreased after 21 days of treatment with P2 compared to EMD. Though EMD
treatment induced a significant decrease on Bmp2 mRNA levels after 14 days of cell
culture compared to control, an increase on Bmp2 mRNA levels was found after 21 days,

although differences did not reach statistical significance (Figure 6A)).

Coll-I gene expression decreased significantly after 14 days of treatment with any of the
synthetic peptides compared to control (Figure 6B8)). No differences in Bsp mRNA levels
were found among the different treatments (Figure 6C). ALP mRNA levels significantly
decreased after treatment with P6 for 14 days and 21 days and with P2 after 21 days of
treatment compared to control (Figure 6D)). After 14 days of cell culture, increased Oc
mRNA levels were detected in cells cultured onto 2% alginate gel and containing synthetic
peptides compared to cells treated with EMD. After 21 days, cells treated with P5 or P6
increased Oc mRNA levels when compared to control (Figure 6(£)). Expression of Opn
decreased significantly after 14 days of culture with P2 and P6 compared to control. After
21 days, Opn mRNA levels increased significantly with any of the synthstic peptides and
EMD compared 1o control. EMD treatment markedly increased mRNA expression levels of

Opn compared to P2 and P6 treatment (Figure 6F)).
Discussion

Polypraline-rich synthetic peptides have previously been shown to induce bone formation
and mineralization in vitro and to decrease bone resorption i vivo. The aim of this study
was o develop a suitable formulation with a hydrogel for local treatment with these
synthetic peptides to promote bone formation and mineralization, either alone or as a

bicdegradable coating for skeletal implants.
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In the present study, cells were exposed to alginate gel containing different synthetic
peptides and cultured for a long-term period in order to evaluate the effect of those
peptides on the biological response of osteoblasts. The optimal formulation of the
hydrogel has to allow the formation of a compact structure for a controlled, local and
specific bicactive molecule delivery. Such features are governed by the physical property
(e.g. mechanics, degradation, gel formation), the mass transport property {(e.g. diffusion)
and the biological interaction requirements (e.g. cell adhesion and signaling) of each

specific application.

Previous studies carried out using alginate gel (Protanal LF200M, FMC polymers, Oslo,
Norway) at different polymer concentrations (1%, 2%, 3%, 6% and 10%) have shown a
decrease in pore size as the polymer concentration increases, resulting in the
concentration of 2% as the most promising formulation to act as a peptide vehicle. Taking
this in mind, 2% alginate hydroge! was ionically cross-linked with 300 mM of CaCl; and

selected as the material of choice.

SEM analysis of the microstructure of both alginate gels with and without synthetic
peplides after a process of lyophilization disclosed a porous and interconnected structure
with a pore diameter of 42—44 pm; nevertheless, a compact structure with a pore size of
approximately 1 ym diameter was observed after SEM analysis of non-lyophilized gels
(data not shown). Diffusion rate of proteins is affected by the molecular weight and size of
the diffusion species (defined by Stokes radii) compared to these pores and depends on
the chemical nature of the protein {interactions molecule-alginate, polarization, i.e.
hydrophilic drugs may diffuse very quickly while hydrophobic drugs diffuse slowly through
the gel pores). Due to the fact that synthetic peptides used in the present study are small
peptides with 25 amino acids length (molecular weight into the range of 2609.17-2782.34
Da), an easy diffusion rate through the gel should be expected. Accordingly, in the
present study, peptide loaded into 2% alginate hydrogels exhibited a burst release during
the first 24 h of incubation followed by progressive and sustained release during the 21

day period.

The efficiency of alginate gel for cell adhesion and proliferation was also examined since
alginate has been described as an inert substrate with insufficient protein interaction for
cell attachment, and it has been suggested that mammalian cells cannot interact with
unmodified alginate hydrogels. In fact, to get a highly specific adhesive surface, most of
the studies with alginate hydroget covalently couple to the polymer an entire ECM protein

or a peptide sequence capable of binding to cellular receptors. Indeed, some studies have
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reported that modification of alginate with an RGD-containing peptide promoted cell
adhesion and spreading, whereas minimal cell adhesion was observed on unmodified
alginate hydrogels. However, the present study shows that unmodified alginate hydrogel
(Pronova UP LVG®) allow cell attachment and spreading. The differences among the
reported studies seem to be due to the described relationship between the composition
and purity of the alginate gels used and the ability of cells to proliferate on their surfaces.
In the present study the alginate used contained a minimum of 60% G-fractions, therefore,
allowing cell attachment and spreading. The optimal seeding density for the in vitro
studies was evaluated by DNA quantification. The results showed that 100 x 10° cellsAvell
was the density with higher efficiency in both, cell adhesion and cell proliferation and,
therefore, was chosen for further studies. The alginate hydrogel showed to be non-toxic
for the MC3T3-E1 cells, displaying some kind of protective effect on cell viability
compared to cells cultured on tissue culture plastic. Moreover, it was validated that the
synthetic peptides administered as a hydrogel formulation are non-cytotoxic, in agreement

with the results obtained in previous studies after short- and long-time cell treatment.

Stable osteoblastic cell adhesion is largely mediated by integrins, heterodimeric receptors
composed of a and B subunits that dimerize in specific combinations and interact with
extracellular matrix proteins. It has been shown that osteoblasts express different integrin
receptors depending on the material where they are grown. In addition to their role in cell
adhesion, integrins regulate cytoskeleton organization and mediate signal transduction,
and therefore regulate the expression of genes controlling proliferation, differentiation and

matrix remodeling.

In order to investigate if the synthetic peptides may affect integrin expression and cell
adhesion on the alginate hydrogels, the mRNA expression levels of /tga8, figh7, ftgh3 and
the extracellular matrix protein Fn1 were studied. The expression of /igh1, ltgh3 and Fn1
was significantly decreased after 14 days of treatment with synthetic peptides, especially
for P2 and P6. The Blintegrin subunit is found in the bone receptors for collagen,
fibronectin and laminin mediating adhesion of ostecblasts to ECM whereas av3-integrin
would mediate the adhesion to Opn and vitronectin. Of interest is the finding that
expression of avB3-integrin stimulates cell proiiferation, and inhibits matrix mineralization
in osteoblast cells; and that FN—an abundant ECM protein that binds to a large number
of integrins, including B1- and B3-integrin subunits—is as well highly expressed in the
early stages of osteogenesis while during cell maturation its accumulation in the matrix is
reduced. Moreover, treatment with the synthetic peptides increased significantly ltga8

expression after 21 days of treatment, and markedly when cells were treated with P5.
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ltga8 has been shown to interact with osteopontin {(Opn), a protein secreted by
osteoblasts involved in cell adhesion and proliferation, whose expression is increased
after mineralization has been initiated. Here, bilateral correlation analysis of the ftga8 and
the Opn mRNA expression levels showed a Pearson correlation of 0.678 (p<0.01). These
results might indicate that cells treated with the synthetic peptides are in a later stage of
cell maturation compared to the control group, and are in line with the expression results
of the osteoblast markers analyzed. It has been described that the short sequence of
PPXPP in the C-terminal region of peptides participates in the transactivation activity of
transcription factors and/or co-activators. The mode of action of the synthetic peptides
might involve interaction with a receptor capable of influencing intracellular signaling
cascades, and that the exposition of their C termini containing conserved proline-rich
region (PPLPP) may be of importance in the signaling activity of the synthetic peptides.
The synthetic peptides show signature of compact, well-packed structures lacking
secondary structure elements, as expected due to the rich content of prolines and expose
their PPLPP stretch in a way suitable for interactions. While peptide 2 and peptide 6
present two distinct loops, peptide 5 has different topology of loops that makes possible a
contact between C and N terminus. Therefore, the fact these structural differences in the
accessibility of the C terminus and structural rigidity of this short consensus sequences
(PPXPP) between different peptides could affect in the interaction with a receptor may

explain the differential expression of adhesion genes.

On one hand it was found that osteocalcin, the most specific and the latest of expressed
osteoblast markers with a role in mineralization, was significantly induced after 14 and 21
days of treatment with the formulated synthetic peptides compared to untreated and EMD
alginate gel, i.e. in agreement with the results obtained when administered in the culture
media. Accordingly, Opn, a sialoprotein produced at various stages of differentiation with
higher levels expressed after mineralization has been initiated, was significantly up-
regulated after 21 days of treatment with both EMD and synthetic peptides compared to
control. On the other hand, at the time points studied, no differences were observed in the
expression of genes related to osteogenesis (Coll-/, Bmp-2, Bsp and Alp), as these genes
are reguiated at earlier stages than osteocalcin during osteoblast differentiation, mainly in
the proliferation and matrix maturation phase. It is interesting o note that all the studies
that have been performed so far with the synthetic peptides have repetitively shown an
increase in osteocalcin mMRNA levels, both in vitro and in vivo. The relevance of this
marker has been demonstrated in a recent in vivo study (Monjo M et al., 2012), where the

best predictive marker for csseointegration of Ti implants among all was osteocalcin. It is
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suggested that the synthetic peptides improve the alginate hydrogel properties for cell
attachment and that the cells cultured on the hydrogel formulated with synthetic peptides
were at a more mature stage of the differentiation process over the cells cultured on

control hydrogel and hydrogel formulated with EMD.

It may be hypothesized that the mode of action of the synthetic peptides might involve
interaction with a receptor capable of influencing intracellular signaling cascades at the
initial states of cell differentiation to finally stimulate osteoblast-differentiation and that the
accessibility and structural rigidity of this short consensus sequence (PPXPP) may be of
importance in the signaling activity of the synthetic peptides. Further, from the present
results it is hypothesized that the peptides could bind to the integrins expressed on cell
surface, which first could increase the osteoblast attachment on the alginate hydrogel
surface and secondly modulate the expression of genes related with mature osteoblast

phenotype.
Conclusion

In conclusion, the results demonstrate that 2% of alginate hydrogel is a suitable
formulation for the local delivery of synthetic polyproline-rich peptides, inducing integrin
alpha 8, osteopontin and osteocalcin expression in MC3T3-E1 cells. These peptide-
modified alginate hydrogels may represent a new generation of injectable carriers with
biologically active substance for bone tissue engineering applications and are promising

for use as biodegradable coatings for skeletal implants, such as titanium dioxide scaffolds.
Example 2: Preparation of an alginate coated titanium dioxide scaffold

MATERIAL AND METHODS

2.1.  Preparation of synthetic peptide 2 (P2).

Synthetic proline-rich peptide 2 (P2) (2HN- PLVPSQPLVPSQPLYPSQPQPPLPP-COQOH)
(SEQ ID NO 1} was purchased from Eurogentec (Seraing, Belgium). One vial containing
7.2 mg of the selected synthetic peptide was delivered in a freeze-dried pellet form and
dissolved to 10 mg/ml in 0.1% acetic acid in phosphate-buffered saline (PBS) (PAA

t aboratories GmbH, Pasching, Austria).

Aliguots to avoid repeated freeze-thaw cycles were prepared and stored at ~20 °C until

use,
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2.2, Preparation of 2% alginate containing peptide 2.

Scdium alginate {Pronova UP LVG®) -a low viscosity alginate where minimum 60% of
monomers are guluronate- was purchased from NovaMatrix (FMC BioPolymer AS,

Norway).

The sodium alginate was used without further purification. Quantity (2%, w/v) of sodium
alginate was dissolved in distilied water by stirring for 3 h at room temperature to get a
homogenous alginate solution. A fixed concentration (50 pg/ml) of P2 was added to the

solution and stirred for 1 h.
2.3.  Fabrication of TiO, scaffolds coated with 2% alginate containing P2,

The porous TiQ, scaffolds were produced by polymer sponge replication as previously
described by (Tiainen H et al., 2010), with a size of 9 mm of diameter and 8 mm high.
Then, TiO; scaffolds were coated with one layer of 2% alginate gel with or without P2.
Briefly, TiO, scaffolds were submerged into 2% alginate solution with or without P2 under
agitation at 100 rpm on an orbital shaker (IKA Vibrax VXR basic, Staufen, Germany}) for 1
h at room temperature. Scaffolds were then centrifuged at 252xg for 1 min. Samples were
immersed into 50 mM CaCl, for 1h to allow gelation. Scaffolds were then rinsed with dH,0
to remove the excess of CaCl, Finally, samples were let to dry overnight at room
temperature. Scaffolds coated with one layer of 2% alginate gel (control alginate scaffold),
were used as control group, whereas uncoated TiO, scaffolds (without alginate, SC) were

also used as control group.
2.4.  Peptide 2 release profile from TiO, scaffolds coated with 2% alginate gel.

TiO, scaffolds coated with 2% alginate containing peptide 2 (P2-alginate-coated scaffold)
were placed into 48-well plates (Nunc GmBh & Co. Kg, Langenselbold, Germany)
containing 1 mi distilled water (pH 7.4). In order to mimic cell culture conditions, the
samples were agitated on an orbital shaker at 200 rpm (IKA® Schittler MTS 2, Germany)
for 6 h at 37°C and in humidity conditions (using a distilled water container). Then,
samples were maintained at 37 °C in a humidified atmosphere for up to 21 days. At
prefixed time points {2d, 5d, 7d, 9d, 12d, 14d, 16d, 19d and 21d), distiled water was
collected and fresh distilled water was added into each well. Sample absorbances were
analyzed by UV-Vis spectrophotometer (PerkinElmer® Lambda 25 UV/Vis Systems, USA)
at a wavelength of 206 nm to determine the amount of peptide released. In parallel, TiO,
scaffolds coated with one layer of 2% alginate gel were used as control to subtract

absorbance values obtained from degradation products from alginate.
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Relative absorbance units were correlated with the amount of peptide released using a
linear standard curve for each time point and the cumulative P2 released was then

calculated. The experiment was performed in triplicate.
2.5 Cell culture of MC3T3-E1 on coated and uncoated TiO2 scaffolds.

TiO; scaffolds (SC) uncoated and coated with 2% alginate with or without peptide (P2 and
control (-)} were placed into 48-well plates (Nunc GmbH & CO. KG, Langenselbold,
Germany) in sterile conditions. Cells were seeded at a density of 200,000 cells/scaffold
and maintained in a-MEM (PAA Laboratories, Pasching, Austria) supplemented with 10%
FBS (PAA Laboratories, Pasching, Austria) and 100 U penicillin/ml and 100 ug
streptomycin/ml antibiotics (PAA Laboratories, Pasching, Austria). In order {o guarantee a
homogenous cell distribution inside the scaffold, an agitated seeding method was used
(Takahashi Y et af., 2003). Briefly, after adding 1 mi of cell suspension to the scaffolds,
plates were agitated on an orbital shaker (Unitron, Infors HT, Basel, Switzerland) for 6 h at
180 rpm at 37°C and in humidity conditions. Then, cells were maintained at 37 °C in a
humidified atmosphere of 5% CO, for up to 21 days. Culture media (1 ml} was refreshed

every other day.
Culture media was collected after 48 h of treatment to test cytotoxicity (LDH activity).

To assess the ability of cell proliferation info this 3D system, the number of cells after 7
days was also studied by DNA quantification using Hoechst staining. In parallel, the cell
attachment of MC3T3-E1 into the scaffold was also visualized by SEM after 7 and 21

days of cuiture.

Expression of markers related to osteoblast cell maturation and differentiation after 7 and

21 days of cell culture was assessed by real-time RT-PCR.
2.6.  SEM visualization of 2% alginate-coated TiO2 scaffolds.

Morphology of alginate-coated TiO, scaffolds was observed using a scanning electron
microscope (SEM, Hitachi S-3400N, Hitachi High-Technologies Europe GmbH, Krefeld,
Germany). SEM was further used to visualize the cell adhesion into the TiO, scaffold
structure after 7 and 21 days of culture. Briefly, cells were washed twice with PBS and
fixed with glutaraldehyde 4% in PBS for 2 h. Then the fixative sclution was removed and
the cells were washed with distilled water twice. At 30 minute intervals, the cells were
dehydrated by the addition of 50%, 70%, 90% and 100% ethanol solutions. kthanol was

removed and the cells were left at room temperature o evaporate the remaining ethanol.
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Scaffolds were observed at 10kV and 40Pa using back scattered and secondary electrons

detector. Images presented are from a representative area.
2.7.  Celf viability.

The lactate dehydrogenase {(LDH) activity determined in the culture media after 48 h was
taken as an indicator of cell survival. The activity of the cytosolic enzyme was determined
according to the manufacturer's kit instructions (Roche Diagnostics, Mannheim,

Germany).

Results were presented relative to the LDH activity in the medium of cells cultured in

uncoated scaffolds, which were set to 100%.
2.8 Cell number determination.

Cells growing on the 3D scaffolds were lysed by a freeze-thaw method in deionised
destilled water. Cell lysates were used for determination of DNA quantity using Hoechst
33258 fluorescence assay. Samples were mixed with 20 pg/m!l of Hoechst 33258
fluorescence stain (Sigma, St. Quentin Fallavier, France) in TNE buffer, and the intensity
of fluorescence was measured at excitation and emission wavelengths of 356/465nm
using a multifunction microplate reader {Cary Eclipse fluorescence spectrophotometer,
Agilent Technologies, Santa Clara, United States). Relative fluorescence units were

correlated with the cell number using a linear standard curve.
2.8. RNA isolation and real-time RT-PCR analysis.

Total RNA was isolated using Tripure® (Reche Diagnostics, Mannheim, Germany),
according to the manufacturer’s protocol. Total RNA was quantified at 260 nm using a
Nanodrop spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The same
amount of total RNA (850 ng) was reverse transcribed to cDNA at 42 °C for 60 min using
High Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA), according to the
protocol of the supplier. Aliquots of each ¢cDNA were frozen (-20 °C) until the PCR

reactions were carried out,

Real-time PCR was performed in the Lightcycler 480® (Roche Diagnostics, Mannheim,
Germany) using SYBR green detection. Real-time PCR was done for two reference genes
(18SrRNA and glyceraidehyde-3-phosphate denydrogenase (Gapdh}) and 12 larget
genes {integrin alpha8 (/fga8), integrin beta1 {/tgb7), integrin beta3 (/tgb3), fibronectin 1
(Fn1), osterix (Osx}, bone marphogenetic protein 2 (Bmp2), collagen-i {Coll-l), interleukin-
6 (/-6), bone sialoprotein (Bsp), alkaline phosphatase {Alp), osteocalcin (Oc¢) and
osteopontin (Opmn}).
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The primer sequences are detailed in table 3.

Table 3. Primer sequences of osteoblast markers related genes used in the real-time
PCR.

Gene Primer sequence

188 S 5-GTAACCCGTTGAACCCCATT-3' (SEQ ID NO 7)

A 8- CCATCCAATCGGTAGTAGCG-3 (SEQ ID NO 8}

Gapdh $ 5-ACCCAGAAGACTGTGGATGG-3 (SEQ ID NO 9)

A 5-CACATTGGGGGTAGGAACAC-3' (SEQ ID NO 10)

Itgb1 S 8- AGCAGGCGTGGTTGCTGGAA -3' (SEQ ID NO 13)
AB-TTTCACCCGTGTCCCACTTGGC -3' (SEQ ID NO 14)

Itgh3 S 5~ AGGGGAGATGTGTTCCGGCCA -3 (SEQ ID NO 15)

A 5'- ACACACAGCTGCCGCACTCG -3’ (SEQ ID NO 16)

Fn1 S 5'- GCTGCCAGGAGACAGCCGTG -3' (SEQ ID NO 17)

A 5- GTCTTGCCGCCCTTCGGTGG -3’ (SEQ ID NO 18)

ltgas8 S 5- TCGCCTGGGAGGAGGCGAAA -3' (SEQ ID NO 11)

A 5- TCTTAACCGCTGTGCTCCCCG -3’ (SEQ ID NO 12)

Osx S5 - ACTGGCTAGGTGGTGGTCAG- 3' (SEQ ID NO 31)

A5 - GGTAGGGAGCTGGGTTAAGG- 3’ (SEQ 1D NO 32)

Bmp2 S 5'- GCTCCACAAACGAGAAAAG-C-3' (SEQ ID NO 33)

A 5'- AGCAAGGGGAAAAGGACACT-3' (SEQ ID NO 34)

Colt-f 8 5'- AGAGC-ATGACCGATGGATTC -3' (SEQ ID NO 21)

A 5'- CCTTCTTGAGGTTGCCAGTC -3 (SEQ ID NO 22)

-6 S 5'- ACTTCCATCCAGTTGCCTTC- 3' (SEQ ID NO 35)

A5 -TTTCCACGATTTCCCAGAGA- 3’ (SEQ ID NO 36)
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Bsp S 5'-GAAAATGGAGACGGCGATAG-3' (SEQ ID NO 23)

A 5'-ACCCGAGAGTGTGGAAAGTG-3' (SEQ ID NO 24)

Alp S 5'-AACCCAGACACAAGCATTCC-3 (SEQ ID NO 25)

A 5'- GAGAGCGAAGGGTCAGTCAG-3 (SEQ ID NO 26)

Oc¢ S 5'- CCGGGAGCAGTGTGAGCTTA-3' (SEQ ID NO 27)

A 5-TAGATGC-GTTTGTAGGCGGTC -3' (SEQ 1D NO 28)

Opn S 5-TCTGCGGCAGGCATTCTCGG-3 (SEQ ID NO 29)
A 5-GTCACTTTCACCGGGAGGGAGGA-3 (SEQ ID NO 30)

Fach reaction contained 7 ul Lightcycler-FastStart DNA MasterPLUS SYBR Green |
{containing Fast Start Taq polymerase, reaction buffer, INTPs mix, SYBRGreen | dye and
MgCl2), 0.5 uM of each, the sense and the aniisense specific primers and 3ul of the
cDNA dilution in a final volume of 10 yl. The amplification program consisted of a
preincubation step for denaturation of the template cDNA (10 min 95 °C), followed by 45
cycles consisting of a denaturation step (10 s 95 °C), an annealing step (8-10 s 60 °C,
except for Osx that was 5 s 68°C and Alp that was 8s 65 °C) and an extension step {10 s
72 °C).

After each cycle, fluorescence was measured at 72 °C (hex 470 nm, Aem 530 nm). A

negative control without cDNA template was run in each assay.

Real-time efficiencies were calculated from the given slopes in the LightCycler 4380
software using serial dilutions, showing all the investigated transcripts high real-time PCR
efficiency rates, and high linearity when different concentrations are used. PCR products
were subjected to a melting curve analysis on the LighiCycler and subsequently 2%
agarose/TAE gel electrophoresis to confirm amplification specificity, Tm and amplicon

size, respectively.

Relative quantification after PCR was calcutated by dividing the concentration of the target
gene in each sample by the mean of the concentration of the two reference genes in the
same sample using the Advanced relative quantification method provided by the

LightCycler 480 analysis software version 1.5 (Roche Diagnostics, Mannheim, Germany).
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2.10.  Statistics

All data are presented as mean values * SEM. A Kolmogorov-Smirnov test was done to
assume parametric or non-parametric distributions for the normality tests, differences
between groups were assessed by Mann-Whitney-test or by Student t-test depending on
their normal distribution. SPSS® program for Windows (Chicago, IL, US), version 17.0

was used. Results were considered statistically significant at p-values < 0.05.
RESULTS
Peptide release.

Peptide release profile from P2-alginate-coated scaffolds is depicted in Figure 7. A burst
release of the peptide during the first 2 days of incubation was observed (42.8% of the
cumulative amount of P2 released after 21 days). After 5 days, the amount of peptide
released decreased to a 9.4% (of the cumulative amount released up to 21 days) followed
by a slower but sustained peptide release over time up to 21 days of incubation. Further,
the cumulative release suggests that, after 21 days of incubation, there were still P2

entrapped into the 2% alginate gel.
LDH activity.

As shown in Figure 8, no toxic effects were observed for any of the experimental groups
studied. Similar percentage of cell viability was determined in all the groups tested,
indicating that either control alginate scaffolds (-} and P2-alginate-coated scaffolds (P2)

did not show any toxic effects on cells after 48h of cell culture.
SEM visualization of TiO, scaffolds coated with 2% alginate gel.

Alginate-coated TiO, scaffolds were observed by SEM. As shown in Figures 9A and 9B,
some pores of the TiO, scaffolds were biocked after the coating process with alginate,
though, after cell seeding and 7 days of incubation in standard cell culture conditions
(37°C and in a humidified atmosphere), almost all pores were unblocked (Figure 9C and
9D). Thus, certain degradation of the blocking alginate gel was seen in those pores that

remained blocked right after the coating process.

Although the amount of cells growing on uncoated TiO; scaffolds (SC) was higher (Figure
10A and 10B) than on alginate-coated TiO, scaffoids (Figure 10C-10F), cells were able to
penetrate and to adhere into the coated scaffoids with 2% alginate gel either with or
without P2.
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An increase from day 7 to day 21 in the number of cells growing on the scaffolds was

seen for all the experimental groups.
Celf number,

DNA quantification was used to determine the number of cells growing on the TiO,
scaffolds after 7 days of culture (Figure 11). In accordance to SEM images, after 7 days of
culture, the number of cells was significantly lower in any of the alginate-coated TiO-
scaffolds compared to TiO, scaffolds (SC). Thus, compared to SC, a 61% and a 49%
reduction in cell number was found on alginate-coated scaffolds without and with P2,
respectively. Although data did not reach statistical significance, scaffolds coated with P2
showed 32% more cells than the alginate control scaffolds (-).

Gene expression of cell adhesion-refated markers.

As shown in Figure 12, relative mRNA levels of /tb1 were significantly decreased in cells
growing onto alginate-coated scaffolds (either with or without P2) compared to TiO;
scaffolds (SC) after 7 days of culture. Nevertheless, after 21 days of cell culture no
differences were observed among groups. After 21 days, /ftgh3 mRNA levels were
increased in cells growing on alginate-coated scaffolds (either with or without P2)
compared to TiO; scaffolds (SC). Higher mRNA levels of Fn1 were found in celis growing
on 2% alginate-coated scaffolds after 21 days, and in cells growing on P2-alginate-coated
scaffolds compared to uncoated scaffolds, although for the last group data did not reach
statistical significance. /tga8 mRNA was significantly increased in cells growing on P2-

alginate-coated scaffolds compared to control alginate scaffolds after 21 days of culture.
Gene expression of several osteoblast differentiation markers.

Figure 13 shows relative mRNA levels for several osteoblast differentiation marker genes.
After 21 days of culture, osterix mRNA levels were increased in cells growing on alginate-
coated scaffoids (either with or without P2) compared to uncoated scaffolds. Bmp-2 and /-
6 mRNA levels were significantly increased in cells cultured on P2-alginate-coated
scaffolds compared to both uncoated scaffolds and alginate-coated scaffolds after 21
days of cell culture. Coll-I mRNA levels, a marker related with cell proliferation, were
significantly increased in cells cultured on P2-alginate-coated scaffolds compared to
alginate-coated scaffolds after 7 days of cell culture. After 21 days of culture Cofl-/ was
significantly increased in both alginate-coated scaffolds and P2-alginate-coated scaffolds

compared to uncoated scaffolds. No significant differences were observed in Opn, Bsp,
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Alp and Oc mRNA expression levels among experimental groups at any of the time points
studied.

DISCUSSION

In the present experiment, the suitability of a titanium dioxide scaffold coated with an
alginate coating, with and without a biologically active substance for the use in load-
bearing bone tissue applications to promote bone formation and mineralization was
demonstrated. TiO, scaffolds have been reported to have strength up to 2.6 MPa in
compressive strength (Tiainen M et al. 2010) and showed excellent mechanical resistance

in a pig in vivo study.

In bone tissue engineering, the structure of the scaffold must provide an optimal
microenvironment for osteogenesis. The scaffold porosity, pore network interconnectivity,
the surface-area-to-volume ratio and the physico-chemical properties of the surface
determines cell migration and differentiation, bone ingrowth, vascularization, and mass
transfer between the cells and the environment. The use of highly porous TiQO, scaffolds
using an agitated cell seeding method has proved to achieve a good attachment and
distribution of mouse preosteoblastic cells. In the present study, TiO, scaffolds coated
with one layer of 2% alginate displayed a microstructure suitable for their use as scaffold

for three-dimensional cell growth.

Although a few pores remained blocked right after the coating process, almost all pores
were unblocked after 7 days of incubation at 37°C due to biodegradability properties of
alginate, thus providing opening windows for cells to penetrate and migrate into the
structure. No differences on cell viability were observed between coated and uncoated
TiO, scaffolds. A burst release of P2 during the first hours of incubation was found,
followed by progressive and sustained release during the 21-days period, following the

same pattern as in alginate hydrogels alone.

TiO, scaffolds provided an appropriate surface for osteoblasts to adhere, migrate and
proliferate. Although the amount of cells into alginate-coated TiO, scaffolds was lower
than in uncoated TiO, scaffolds, scaffolds coated with alginate supported cell progression
and differentiation. These resuits are in accordance with previous studies reporting that
the alginate is an inert substrate for cell attachment and that synthetic peptides rich in
proline sequences increase properties for cell attachment of the alginate hydrogel. Thus,
although not significantly, TiO, scaffolds coated with 2% alginate containing synthetic
peptide 2 showed a trend to improve cell attachment (+32 %) after 7 days compared to

alginate-coated TiC; scaffolds.
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It has been reported that biomaterial composition regulates cell attachment and
cytoskeletal organization with long-term effects on osteoblast cell maturation and
mineralization. In accordance to the efficiency in cell attachment observed by SEM and
DNA quantification onto the different groups, figh? mRNA levels were decreased in cells
growing on alginate-coated TiO, scaffolds compared to those growing on uncoated
scaffolds. Further, /tgh3 and Fn1 mRNA levels (which are highly expressed at early
stages of osteogenesis and reduced through the cellular maturation process) were
significantly increased in cells growing into alginate-coated TiO, scaffolds compared to
the uncoated scaffolds after 21 days of culture. Moreover, expression of /tga8, an integrin
that plays a role during the mineralization stage through the binding to osteopontin, was
induced by P2-alginate-coated scaffolds compared to alginate-coated scaffolds,
suggesting that P2 might influence mineralization processes. Integrins are not only
involved in the attachment of cells to the material surface but also mediate signal
transduction pathways inducing bone formation and mineralization. Interestingly,
expression of genes like ltgh3, Fn1, Coil-l and Osx that are related to early stages of
osteoblast differentiation, and which are normally upregulated at short term and
downregulated thereafter, were increased in the later time point studied (21 days) in cells
grown into alginate-coated TiO, scaffolds compared to cells growing on uncoated
scaffolds. It is possible that the temporal sequence of early markers related to osteoblast
differentiation varies when MC3T3-E1 cells are growing on uncoated scaffolds or on
alginate-coated scaffolds, so that cells growing onto alginate-coated surfaces showed an
improved cell differentiation over proliferation compared to uncoated TiO; scaffoids,
probably due to the initial difficulties of cell adhesion onto the alginate. Although alginate
coating seems to impair cell adhesion and proliferation on the scaffolds, the acquisition of
a mature and organized matrix (ECM) competent for mineralization was confirmed by a
marked increase in Alp and Bsp mRNA levels from day 7 to 21 days for any of the groups.
Once the synthesis, organization and maturation of the ECM has finalized, Oc expression
is upregulated leading to mineralization. The results showed a slight increase in Oc
mRNA levels after 21 days of culture, therefore, it can be concluded that cells were just at
the beginning of the mineralization process. Moreover, in accordance to our results with
gene expression levels of Opn and Bsp, the increased relation Bsp/Opn mRNA in
osteoblastic cells could be indicative for the stimulation of ECM mineralization, as

previously reported with MC3T3-E1 cells seeded on uncoated TiO, scaffolds.

The addition of P2 to alginate improved the properties for cell proliferation and

differentiation compared fo alginate-coated scaffolds, as it can be appreciated by the
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amount of cells measured by DNA content and the higher expression levels of Bmp2,
Coli-l and /I-6. So far the synthetic peptides rich in polyproline sequences have repetitively
shown an increase in osteocalcin mRNA levels, both in vifro and in in vivo studies where
titanium implants were coated with the peptide, and further when loaded into an alginate
hydrogel for their use as a carrier for local delivery. Thus, taken together, this allows us to
suggest that P2-alginate-coated scaffolds would promote higher cell differentiation and

mineralization in an in vivo environment.
CONCLUSION

In conclusion, the results demonstrate that alginate-coated TiO, scaffolds can act as a
matrix for delivery of biologically active substances, such as a synthetic peptide rich in
proline sequences inducing osteoblast cell differentiation. The combination of the physical
and osteoconductive properties of TiO, scaffolds with osteogenic effects of a biologically
active substance, such as a synthetic proline-rich peptides, on bone formation and
mineralization may represent a new strategy for bone tissue regeneration in load-bearing

applications.

Example 3: Preparation of an alginate coated titanium dioxide scaffold for local

delivery of simvastatin
1. Summary

Highly porous titanium dioxide (TiO,) scaffolds were submerged into simvastatin (SIM)
(i.e. a biologically active substance) containing alginate solution. Microstructure of
scaffolds, visualized by scanning electron microscopy and Periodic acid-Schiff staining,
revealed an evenly distributed alginate layer covering the surface of TiO; scaffold struts.
Progressive and sustained SIM release was observed for up to 19 days. No cytotoxic
effects on osteoblasts were observed by scaffolds with SIM when compared to scaffolds
without SIM. Expression of osteoblast markers (collagen type | alpha 1, alkaline
phosphatase, osteoprotegerin, osteocalcin and vascular endothelial growth factor A) was
quantified using real-time RT-PCR. Secretion of osteoprotegerin, vascular endothelial
growth factor A and osteocalcin was analysed by multiplex immunoassay (Luminex). The
relative expression and secretion of osteocalcin was significantly increased by cells
cultured on scaffolds with 10 M SIM when compared to scaffolds without SIM after 21
days. In addition, secretion of vascular endothelial growth factor A was significantly
enhanced from cells cultured on scaffolds with both 10 nM and 10 pM SIM when
compared to scaffolds without SIM at day 21. In conclusion, the results indicate that SIM-

coated TiQ, scaffolds can support a sustained release SIM and induce osteoblast
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differentiation. The combination of the physical properties of TiO; scaffolds with the
osteogenic effect of SIM may represent a new strategy for bone regeneration in defects
where immediate load is wanted or unavailable. This example is therefore an exemplary
embodiment demonstrating that the alginate coated titanium dioxide scaffolds of the
present document can be used to deliver a biologically active substance, such as for

providing a positive effect on osteoblast cell growth.

2. Materials and methods

2.1. Fabrication of TiO, scaffolds coated with alginate hydrogel containing SIM

Porous TiO, scaffolds, with a size of 9 mm in diameter and 8 mm in height, were
produced by polymer sponge replication as previously described (Tiainen H et al. 2010).
In short, polymer foams were impregnated with TiO, slurry, dried and subsequently
sintered at 1500 "C for 40 hours. A second layer of TiO, slurry was added tfo the scaffolds
and re-sintered at the same temperature as previously mentioned. Total surface area of
the scaffolds, determined by micro-computed tomography (1172 micro-CT imaging
system, Skyscan, Kontich, Belgium), was 20.295 om?. Produced scaffolds were sterilized
by autoclaving at 121 °C for 20 minutes. ~ SIM (Krebs Biochemicals & Industries, Andhra
Pradesh, India) was dissolved in 100% ethanol before being added to 2% (w/v} Pronova
UP LVG sodium alginate (FMC BioPolymer, Sandvika, Norway) in milliQ water at desired
concentrations to create SIM containing alginate-coated TiO, scaffolds. Alginate solution
with or without SIM was sterilized before use with a 0.22 um pore size syringe filter (TPP
Techno Plastic Products AG, Trasadingen, Switzerland).

The TiO, scaffolds were submerged into alginate solution with or without SIM under
agitation at 100 rpm on an orbital shaker for 1 hour at room temperature followed by
centrifugation at 300xg for 1 minute to remove the excess alginate solution. Subsequently,
scaffolds were immersed into 50 mM CaCly, with or without SIM under agitation at 100 rpm
on an orbital shaker for 1 hour. Alginate-coated scaffolds were finally rinsed with milliQ
water to remove the excess CaCl, and air-dried overnight. Scaffolds coated with 2%

alginate hydrogel without SIM, were used as a control group.

2.2. Characterization of TiO, scaffolds coated with alginate hydrogel containing SIM
The alginate-coated scaffolds were gold-sputtered (Cressington sputter coater 108 auto,
Cressington Scientific Instruments, Watford, England) and their microstructure was
visualized by scanning electron microscopy (SEM) (TM-1000, Hitachi High-Technologies,
Tokyo, Japan) with backscattered secondary ions at 15 kV accelerating voltage. Alginate
coating was further assessed by Periodic acid-Schiff (PAS) staining. In brief, scaffolds

were washed with milliQ water and oxidized in 1 % periodic acid solution (Sigma-Aldrich,
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St. Louis, MO, USA) for 5 minutes. Then, the scaffolds were rinsed with milliQ water and
placed into Schiff reagent (Sigma-Aldrich, St. Louis, MO, USA) for 15 minutes. Finally, the
scaffolds were soaked in lukewarm tap water for 5 minutes and subsequently

photographed (Nikon digital camera D700, Sendai Nikon Corporation, Miyagi, Japan).

2.3. Quantification of SIM release from alginate-coated TiO, scaffolds

Alginate-coated scaffolds and SIM (2.4 mM, 0.6 mM) containing alginate-coated scaffolds
were kept at 37°C in 1 ml milliQ water in a humidified atmosphere for up to 19 days to
determine the release profile of SIM. At prefixed time points (0.25 days, 2 days, 4 days, 6
days, 8 days, 10 days, 13 days, 15 days, 17 days, 19 days) the milliQ water was replaced,
and the amount of SIM released was quantified using UV-Vis spectrophotometer
{(PerkinElmer Lambda 25 UV/Vis System, PerkinElmer, Waltham, MA, USA). The sample
absorbance at a wavelength of 238 nm was analyzed and the relative absorbance units
were correlated with the amount of SIM released for each time point using a linear
standard curve. Absorbance values from scaffolds coated with alginate without SIM were
used as control to subtract background values obtained from alginate degradation

proeducts. The experiment was performed in triplicate.

2.4. Cell culture and seeding of primary hurman osteoblasts

Primary human osteoblasts (Cambrex Bio Science, Walkersville, MD, USA) from three
donors, two from femur (16-and 10-year-old males) and one from tibia (41-year-old male)
were cultured in osteoblast culture medium supplemented with 10% fetal bovine serum,
0.1% gentamicin sulfate and amphotericin-B antibiotics and 0.1% ascorbic acid (Lonza
Walkersville, MD, USA) in 75 cm2 culture flasks at 37 ‘C in a humidified almosphere of
5% CO2. Cells from passages 7-9 were seeded on scaffolds at a density of 400.000
cells/ml. In order to ensure a homogenous cell distribution throughout the scaffold, an
agitated seeding method was used {Takahshi et al 2003}, Scaffolds soaked with cuiture
medium were placed in 48-well culture plates. After adding 1 mi of cell suspension to the
scaffolds, plates were agitated on an orbital shaker at 200 rpm for 6 hours at 37 "C. Cell-
seeded scaffolds were transferred to new culture plates in 1 ml cuiture medium and
maintained at 37 °C in a humidified atmosphere of 5% CO; for up to 21 days. The culture
medium was replaced every other day. Collected medium was saved for use in
cytotoxicity, alkaline phosphatase (ALP) activity and protein expression assays. Scaffolds
were harvested after 7, 14 and 21 days of culture for use in real-time RT-PCR and

immunocytochemistry.
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2.5. Cytotoxicity assay

The cytotoxicity of the SIM containing scaffolds was estimated based on the activity of the
cytostolic enzyme lactate dehydrogenase (L.DH) in the culture medium. The LDH activity
was determined in medium collected every other day up til 14 days, according to the
manufacturer's cytotoxicity detection kit instructions (Roche Diagnostics, Mannheim,
Germany). 50 pl of sample was incubated with the kit reaction mixture for 30 minutes in
the dark at room temperature. The absorbance of the samples was measured at 492 nm
in a plate reader (Biochrom Asys Expert 96 Microplate Reader, Biochrom, Holliston, MA,
USA).

2.6. ALF activity assay

The ability of ALP to hydrolyze P-nitrophenyl phosphate (pNPP) substrates (Sigma-
Aldrich, St. Louis, MO, USA) into the yellow end-product, p-nitrophenol, was used to
quantify the ALP activity in the culture medium after 2, 8, 14 and 21 days of culture. 25 i
of medium was taken from each sample and incubated with 100 ul pNPP solution in a 96-
wel] plate for 30 minutes in the dark at room temperature, subsequently 50 pi of 3M NaOH
was added to each well to stop the reaction. The absorbance was measured at 405 nm in
a plate reader (Biochrom Asys Expert 96 Microplate Reader, Biochrom, Holliston, MA,
USA) and the ALP activity was quantified using a standard curve based on calf intestinal
alkaline phosphatase (Promega, Madison, W1, USA).

2.7. Immunoassay: Quantification of secreted proteins

Aliquots of the collected culture medium were up-concentrated 8-fold using a modified
PES 3K centrifugal filter (VWR, Radnor, PA, USA} according to the manufacturer's
instructions. Multianalyte profiling of protein levels in the concentrated cell culture medium
was performed on the Luminex 100/200 system {Luminex, Austin, TX, USA) using xMAP
technology. Acquired fluorescence data was analyzed by the xPONENT 3.1 software
(Luminex, Austin, TX, USA). The amount of osteoprotegerin (TNFRSF118), osteocaicin
(BGLAP) and vascutar endothelial growth factor A (VEGFA) in the culture medium was
measured using the human bone panel and human cytokine/chemokine kits (Millipore,
Billerica, MA, USA) after 2, 8, 14 and 21 days of culture. All analyses were performed

according to the manufacturer’s protocols.
2.8. RNA isolation and real-time RT-PCR analysis

Total RNA was isolated from cell-seeded scaffolds using the Qiagen RNA mini-kit
(Qiagen, Hilden, Germany) with slight modifications to the manufacturer's protocol.

Briefly, scaffolds were immersed into lysis buffer for 1 hour at 4°C followed by agitation on
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an orbital shaker at 300 rpm for 10 minutes at room temperature. Subsequently, the
scaffolds were discarded and the lysate buffer was sonicated (Sonics Vibracell VC130PB,
CT, USA) at 2 W for 30 seconds. The remaining procedures followed the protocol

provided by the manufacturer,

cDNA was synthesized with RevertAid First Strand cDNA Synthesis Kit (Fermentas, St.
Leon- Rot, Germany) using oligo dT primers. Real-time PCR was performed in the CFX
38411 Real-Time System (Bio-Rad, Hercules, California, USA) using SsoAdvanced(]
SYBR® Green Supermix. Three-step amplification (40 cycles: 5 seconds 95 °C, 60
seconds 60°C, 30 seconds 72°C) was implemented. No amplification control and no
template control were used. Real-time RT-PCR was done for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), collagen type | alpha 1 (COL1A1), alkaline phosphatase
(ALPL), osteoprotegerin (TNFRSF11B), osteocalcin (BGLAP) and vascular endothelial
growth factor A (VEGFA). The primer sequences are listed in Table 4. Real-time RT-PCR
data was analyzed using the efficiency corrected AACT method (Pfaffi et al. 2001).

Table 4. Primer sequences used for real-time RT-PCR assays

Gene Primer sequence

GAPDH Left: CTCTGCTCCTCCTGTTCGAC (SEQ ID NO: 37)
Right: ACGACCAAATCCGTTGACTC (SEQ ID NO: 38)

COL1A1 Left: CATCTCCCCTTCGTTTTTGA (SEQ ID NO: 39)
Right: CCAAATCCGATGTTTCTGCT (SEQ ID NO: 40)

ALPL Left: GACAAGAAGCCCTTCACTGC (SEQ 1D NO: 41)
Right: AGACTGCGCCTGGTAGTTGT (SEQ ID NO: 42)

TNFRSF11B Left: TGGGAGCAGAAGACATTGAA (SEQ ID NO: 43)
Right: GTGTCTTGGTCGCCATTTTT (SEQ ID NO: 44)

VEGFA Left: TCTTCAAGCCATCCTGTGTG (SEQ 1D NO: 45)
Right: ATCTGCATGGTGATGTTGGA (SEQ ID NO: 46)

BGLAP Left: GCAAGTAGCGCCAATCTAGG (SEQ ID NO: 47)
Right: GCTTCACCCTCGAAATGGTA (SEQ ID NO: 48)

2.9. Immunocytochemistry and confocal laser scanning microscopy

After 21 days of culture, scaffolds were cut in half by use of a scalpel and fixed in 4%
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paraformaldehyde (PFA)Y4.6% D-Mannitol for 15 minutes and subsequently stored in 1%
PFA/4.6% D-Mannitol until further processing. Fixed scaffolds were submitted to heat
induced epitope retrieval by heating to 95°C in 0.05% citraconic anhydride in milliQ water
(pH 7.4) for 15 minutes, incubated with monoclonal mouse anti-human collagen type |
antibody (1-8H5, MP Biomedicals, Santa Ana, CA, USA) diluted to 1 pg/ml in 1.25%
bovine serum albumin (BSA) in phosphate buffered saline (PBS) with 0.2% Triton X for 1
hour at room temperature, followed by incubation for 30 minutes at room temperature in
Cy3-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch, West Grove, PA,
USA) diluted in 2.5% BSA/0.05% Tween-20/PBS at a concentration of 2 mg/mi. Celi-
seeded whole mount stained scaffolds were counterstained using DAPI, placed on a
coverslip and covered with Dako fluorescent mounting medium (Dako, Glostrup,
Denmark). Confocal laser scanning microscopy was performed on a FluoView 1000
confocal laser scanning microscope (CLSM) (Olympus, Center Valley, PA, USA). The
scaffold surfaces were visualized using the CLSM in reflection mode. Images were
analyzed using ImageJ (NIH, Bethesda, MD, USA).

2.10. Statistics

The data obtained by cytotoxicity, ALP activity, gene expression and protein secretion
analyses passed normality test (Shapiro-Wilk) and was compared between groups using
Holm-Sidak test following a parametric one way ANOVA (SigmaPlot 12.3, Systat
Software, San Jose, CA, USA). A probability of < 0.05 was considered significant.

3. Results

3.1. Characterization of TiO, scaffolds coated with 2% alginate hydrogel

SEM analysis of the alginate-coated scaffolds revealed that the immersion-centrifugation
technique resulted in an even distribution of the alginate, coating the surface of the TiO,
scaffold struts (Fig. 14; A-C). Only minor variations were seen in the distribution of the
alginate, as visualized by PAS staining on the top of (Fig. 15A) and in the middle of (Fig.
15 B) the TiO; scaffold.

3.2. Simvastatin release

The release of SIM was investigated for scaffolds with 2.4 mM and 0.6 mM SIM. A slow
sustained release of SIM was detected for both concentrations. However, scaffolds with
2.4 mM SIM resulted, in a longer, 17-day release period compared to the 15-day release
seen for scaffolds with 0.6 mM SIM (Fig. 18). The cumulative release suggested that SIM
remained entrapped in the alginate even after 19 days of incubation. Continued release

could not be detected as the concentration after this point was below the detection limit.
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3.3. LDH activity

The cytotoxic effect of SIM from alginate-coated scaffolds was tested for a wide range of
concentrations (2.4 mM, 0.6 mM, 24 uM, 10 uM, 1 pM, 0.1 uM, and 10 nM). SIM was
found to be highly cytotoxic for osteoblasts at higher concentrations (above 10 yM), when
cells were seeded on the scaffolds (data not shown). A 14-day cytotoxicity study was
performed for lower concentrations of SIM (10 pM and 10 nM) to investigate the effect on
osteoblast viability when exposed to SIM for a sustained time period. A higher |.DH
activity was generally detected in the medium from scaffolds with 10 uM SIM compared to
scaffolds with 10 nM SIM throughout the 14-day period. Neither of the SIM concentrations
caused a significant increase in LDH activity compared to the effect of alginate-coated
scaffolds without SIM. Some variation was seen in the LDH activity profiles, indicating

donor dependent differences in the cellular response to SIM (Fig. 17; A-C).

3.4. Effect of SIM containing alginate-coated TiO, scaffolds on osteoblast differentiation
Culturing osteoblasts on SIM containing scaffolds did not significantly change the ALP
activity in the culture medium at any of the time points measured either for scaffolds with
10 nM or 10 uM SIM when compared to scaffolds without SIM (Fig. 18; A-C).

No significant differences were seen in the TNFRSF11B content of the culture medium at
any time points either from scaffolds with 10 nM or 10 uM SIM when compared to
scaffolds without SIM (Fig. 19A). However, the content of VEGFA in the culture medium
was significantly increased from cells cultured on scaffolds with both 10 nM and 10 uM
SIM when compared to scaffolds without SIM at day 21 (Fig. 19B). The secretion of
BGLAP was significantly enhanced from cells on scaffolds with 10 uM SIM when
compared to scaffolds without SIM, whereas no significant difference was seen for cells
cultured on scaffolds with 10 nM SIM compared to scaffolds without SIM after 21 days of
culture (Fig. 12C).

After 21 days of culture, the relative expression of BGLAP was significantly increased in
cells cultured on scaffolds with 10 uM SIM when compared to scaffolds without SIM and
normalized to GAPDH. No significant differences were observed in the expression of
ALPL, COL1A1, TNFRSF11B or VEGFA mRNA levels among experimental groups at any
of the time points studied (Fig. 20). To evaluate the effect of SIM on the deposition of type
| coliagen, CLSM visualization was performed on stained scaffolds. Type | collagen was
detected intracellular in the majority of cells in all scaffolds. However, exiracefluiar
collagen fibrils were almost absent in scaffolds with SIM regardless of the concentration
(Fig. 21; A-B), while rich networks of type | collagen fibrils were seen in the scaffolds
without SIM {Fig. 21; C).
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5. Conclusion

In conclusion, the study shows that alginate-coated TiO; scaffolds can act as a matrix for
SIM delivery inducing osteoblast cell differentiation. Scaffolds coated with alginate
containing 10 um SIM had low cytotoxicity and significantly increased the secretion of
VEGFA and BGLAP from osteoblasts cultured on the scaffolds. The combination of the
focal osteogenic effect of SIM and the physical properties of the TiO, scaffolds may

represent a new strategy for bone tissue regeneration in load-bearing bone.

Example 4: Preparation of an alginate coated titanium dioxide scaffold for locai
delivery of Emdogain (EMD) and for support of human adipose-derived

mesenchymal stem cells

1. Materials and methods

1.1. Fabhrication of titanium dioxide scaffolds

Porous TiQ, scaffolds, with a size of 9 mm in diameter and 4 mm in height, were
produced by polymer sponge replication as previously described (Tiainen et af 2010). in
short, polymer foams were impregnated with TiO, slurry, dried and subsequently sintered
at 1500 °C for 40 hours. Produced scaffolds were sterilized by autoclaving at 121 "C for

20 minutes,

1.2. Isolation, characterization and cell cufture of human adipose-derived mesenchymal
stem cells

hAD-MSC were isolated from subcutanous fat tissues. To confirm their mesenchymal
character, the cells were characterized with respect to their expression of surface
antigens and the ability to selectively differentiate into osteogenic, chondrogenic and
adipogenic lineages in response to environmental stimuli. The following marker proteins
were assessed:

CD14(-), CD18(-), CD34(+), CD45(-), CD44(+), CD73(+), CD0(+), CD105(+), HLA-DR(-)
and lgG(-). The osteogenic differentiation phenotype of the cells was assessed by runt-
related transcription factor 2 (RUNX2), collagen type | alpha 1 {COLTAT), alkaline
phosphatase (ALPL) activity/mRNA expression, and histological evaluation with alizarin
red staining. Chondrogenic differentiation was analyzed by evaluating SRY (sex
determining region Y)-box 9 (SOX9), coliagen type Il alpha 1 (COL2AT) and aggrecan
(ACAN) mRNA expression. Adipogenic differentiation was determined by peroxisome
proliferator-activated receptor gamma (PPARG) mRNA expression, and histological

visualization with oil red staining.
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1.3. Celf culture of primary human osteoblasts

hOSTs (Cambrex Bio Science, Walkersville, MD, USA) from three male donors, one from
fibia and two from femur, respectively, were cultured in osteoblast culture medium
supplemented with 10% foetal bovine serum, 0.1% gentamicin sulfate and amphotericin-B
antibiotics and 0.1% ascorbic acid (Lonza Walkersville, MD, USA} in 75 cm? culture flasks
at 37 "C in a humidified atmosphere of 5% CO,. At the time of cell seeding, the hOSTs
from tibia had reached passage 9 and the hOSTs from the two femur donors had reached

passage 6 and 8, respectively.

1.4. Seeding of human adipose-derived mesenchymal stem cells and primary human
osteoblasts

Scaffolds pre-soaked with culture medium were placed in 24-well culture plates, and the
cell suspension was added drop-wise on the top of the scaffolds at a density of 2 x 10°
cells/scaffold in 1 ml of culture medium. In order to ensure a homogenous celi distribution
throughout the scaffold, an agitated seeding method was used (Takahashi ef af 2003).
After seeding, the plates were agitated on an orbital shaker at 200 rpm for 6 hours at 37
“C in humidity conditions. Cell-seeded scaffolds were transferred to new culture plates in
1 ml culture medium and maintained at 37 "C in a humidified atmosphere of 5% CQO, The
next day, all cell-seeded scaffolds were soaked twice in 4.6% D-Mannitol solution followed
by centrifugation at 300xg for 1 minute. Then, the cell-embedded scaffolds were treated
differently according to the respective groups. The uncoated scaffolds in the control group
were immediately transferred to new culture plates in 1 ml culture medium and maintained
at 37 "C in a humidified atmosphere of 5% CO; up to 21 days, The scaffolds in the alginate
group without EMD were coated with alginate hydrogel by soaking for 10 minutes in a
freshly made solution consisting of 300 ul 2% (w/v) Pronova UP LVG sodium alginate
(FMC BioPolymer, Sandvika, Norway), 600 ul 2% (w/v) Pronova UP LVG calcium alginate
(FMC BioPolymer, Sandvika, Norway}, 600 ul 0.003% (w/v) citric acid/4.6% D-Mannitol
and 300 ut 4.6% D-Mannitol followed by centrifugation at 300xg for 1 minute to remave
the excess alginate solution. The alginate-coated scaffolds were siabilized in a 50 mM
CalCl; solution and transferred to new cuiture plates in 1 ml culture medium and
maintained at 37 "C in a humidified atmosphere of 5% CO, up to 21 days, The scaffolds in
the alginate group with EMD were treated in the same way as scaffolds in the alginate
group without EMD, except that 600 pl 0.003% (w/v) citric acid/4.6% D-Mannitol contained
an additional 150 pg/ml of EMD (Lot number: EMD 9121, Institut Straumann, Basel,
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Switzerland), resulting in final EMD concentration of 50 pg/ml for the entire alginate
solution. Triplicates of each donor, each treatment, and for two harvest timepoints were
included, in total 54 scaffolds. The medium was changed every other day and saved for
use in cytotoxicity, alkaline phosphatase (ALP) activity, total protein content and
expression assays. Scaffolds were harvested after 14 and 21 days of cuiture for use in

real-time RT-PCR and immunocytochemistry.

1.5. Visualization of cell-seeded scaffolds coated with alginate hydrogel

The alginate coating was visualized by Periodic acid-Schiff (PAS) staining. In brief,
scaffolds were washed with milliQ water and oxidized in 1 % periodic acid solution
(Sigma-Aldrich, St. Louis, MO, USA) for 5 minutes. Then, the scaffolds were rinsed with
milliQ water and placed into Schiff reagent (Sigma-Aldrich, St. Louis, MO, USA} for 15
minutes. Finally, the scaffolds were soaked in lukewarm tap water for 5 minutes and
subsequently photographed. Further, the adherence of hAD-MSC in the alginate coating
was assessed by PAS/Pan-Cadherin double staining after 2 days of culture. Scaffolds
were cut in half by a scalpel and fixed in 4% paraformaldehyde (PFA)4.6% D-Mannitol for
15 minutes and subsequently stored in 1% PFA/4.6% D-Mannitol untii further processing.
Fixed scaffolds were first stained according to PAS method and followed by Pan-Cadherin
staining. In short, PAS stained scaffolds were incubated with monoclonal mouse anti-
human Pan cadherin antibody (I-8H5, MP Biomedicals, Santa Ana, CA, USA) diluted to 4
ug/ml in 1.25% bovine serum albumin (BSA) in phosphate buffered saline (PBS) with
0.2% Triton X for 1 hour at room temperature, followed by incubation for 30 minutes at
room temperature in Cy3-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch,
West Grove, PA, USA) diluted in 2.5% BSA/G.05% Tween-20/PBS at a concentration of 2
ug/ml. Cell-seeded whole mount stained scaffolds were counterstained using DAPI,
placed on a coverslip and covered with Dako fluorescent mounting medium (Dako,
Glostrup, Denmark). Confocal laser scanning microscopy was performed on a FluoView
1000 confocal laser scanning microscope (CLSM) (Olympus, Center Valley, PA, USA).
The scaffold surfaces were visualized using the CLSM in reflection mode. Images were
analyzed using ImageJ (NIH, Bethesda, MD, USA).

1.6. Cytotoxicity assay
The cytotoxicity of the cell-seeded scaffolds was estimated based on the activity of the
cytosolic enzyme lactate dehydrogenase (LDH) in the cuiture medium. The LDH activity

was determined in medium collected every other day until 14 days of culture, according to
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the manufacturer’'s cytotoxicity detection kit instructions (Roche Diagnostics, Mannheim,
Germany). 50 yl of sample was incubated with 50 pi of the kit reaction mixture for 30
minutes in the dark at room temperature. The absorbance of the samples was measured
at 492 nm in a plate reader (Biochrom Asys Expert 96 Microplate Reader, Biochrom,
Holliston, MA, USA).

In addition, hAD-MSC viability was visualized by acridine orange/ethidium bromide
staining at 2 day of culture. Scaffolds were cut in half by a scalpel and fixed in 4%
paraformaldehyde (PFAY4.6% D-Mannitol for 15 minutes and subsequently stored in 1%
PFA/4.6% D-Mannitol until further processing. Confocal laser scanning microscopy was
performed on a FluoView 1000 CLSM (Olympus, Center Valley, PA, USA). The scaffold
surfaces were visualized using the CLSM in reflection mode. Images were analyzed by
ImageJ (NiH, Bethesda, MD, USA).

1.7. Total protein content assay

The total protein content of the cell-seeded scaffolds was determined in the culture
medium after 2, 8, 14 and 21 days of culiure with a bicinchoninic acid (BCA) protein assay
kit (Thermo Scientific Pierce Biotechnology, Rockford, IL, USA) according to the
manufacturer’s instructions. 25 pl of sample was incubated with 200 ! of the kit working
reagent for 30 minutes in the dark at 37 'C. The absorbance of the samples was
measured at 562 nm in a plate reader (Biochrom Asys Expert 96 Microplate Reader,
Biochrom, Holliston, MA, USA) and total protein amount was calculated by a standard
curve based on BSA (Thermo Scientific Pierce Biotechnology, Rockford, IL, USA ).

1.8. Alkaline phosphatase activity assay

The ability of ALP to hydrolyze P-nitrophenyl phosphate (pNPP) substrates (Sigma-
Aldrich, St. Louis, MO, USA) inte the yeilow end-product, p-nitrophenol, was used to
quantify the ALP activity in the cuiture medium after 2, 4, 6, 10, 16 and 20 days of culture
for hAD-MSCs and 4, 8, 12, 16 and 21 days of cuiture for hOSTs. 25 ul of sample was
incubated with 100 uyl pNPP for 30 minutes in the dark at room temperature, and
subsequently 50 ui of 3M NaOH was added to stop the reaction. The absorbance was
measured at 405 nm in a plate reader (Biochrom Asys Expert 96 Microplate Reader,
Biochrom, Holliston, MA, USA)} and the ALP activity was quantified by a standard curve
based on calf intestinal alkaline phosphatase (Promega, Madison, WI, USA).
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1.9. RNA isolation and real-time RT-PCR analysis

Total RNA was isolated from cell-seeded scaffolds by the Qiagen RNA mini-kit (Qiagen,
Hilden, Germany) according to the protocol provided by the manufacturer. cDNA was
synthesized with RevertAid First Strand cDNA Synthesis Kit (Fermentas, St. Leon- Rot,
Germany) using random primers. Real-time PCR was performed in the Applied
Biosystems 7300 Real-Time System (Life Technologies, Paisley, UK) with TagMan®
Universal Master Mix. The amplification program consisted of a preincubation step for
template ¢cDNA denaturation (10 min, 95°C), followed by 40 cycles comprising of a
denaturation step (15 s, 95°C) and an annealing step (60 s, 60 "C). A negative control
without cDNA template was run in each assay. Real-time RT-PCR for hAD-MSCs was
done for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), RUNX2, SOX9, PPARG,
COL1A1, osteoprotegerin (TNFRSF11B), secreted phosphoprotein 1 (SPP1), ALPL and
osteocalcin (BGLAP). Realtime RT-PCR for hOSTs was done for GAPDH, COLTAT,
TNFRSF11B, SPP1, ALPL and BGLAP. Real-time RT-PCR data was analyzed using the
AACT method (Pfaffl ef al. 2001).

1.10. Immunoassay: Quantification of secreted proteins
Multianalyte profiling of protein levels in the culture medium was performed on the

Luminex 100/200 system (Luminex, Austin, TX, USA} employing xMAP_technology.

Acquired fluorescence data was analyzed by the xPONENT 3.1 software (Luminex,
Austin, TX, USA). The amount of osteoprotegerin (TNFRSF11B), secreted
phosphoprotein 1 {(SPP1) and osteocalcin (BGLAP) in the culture medium was measured
by the human bone panel kit (Millipore, Billerica, MA, USA) after 2, 8, 14 and 21 days of

culture. All analyses were performed according to the manufacturer’'s protocaols.

1.11. Immunocytochemistry and confocal laser scanning microscopy

After 14 and 21 days of cuiture, scaffolds were cut in half by a scalpel and fixed in 4%
paraformaldehyde (PFA)4.6% D-Mannitol for 15 minutes and subsequently stored in 1%
PFA/4.6% D-Mannitol until further processing. Fixed scaffolds were submitled to heat
induced epitope retrieval by heating to 95"C in 0.05% citraconic anhydride in milliQ water
(pH 7.4} for 15 minutes, incubated with monoclonal mouse anti-human antibodies (I-8HS,
MP Biomedicals, Santa Ana, CA, USA) diluted to 1 pg/miin 1.25% bovine serum albumin
(BSA)} in phosphate buffered saline {(PBS) with 0.2% Triton X for 1 hour at room
temperature, followed by incubation for 30 minutes at room temperature in Cy3-

conjugated donkey anti-mouse IgG (Jackson ImmunoResearch, West Grove, PA, USA)
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diluted in 2.5% BSA/0.05% Tween-20/PBS at a concentration of 2 mg/ml. Cell-seeded
whole mount stained scaffolds were counterstained using DAPI and mounted on a
coverslip with Dako fluorescent mounting medium (Dako, Glostrup, Denmark). Confocal
laser scanning microscopy was performed on a FluoView 1000 CLSM (Olympus, Center
Valley, PA, USA). The scaffold surfaces were visualized using the CLSM in reflection
mode. Images were analyzed by ImagedJ (NIH, Bethesda, MD, USA).

1.12, Statistics

The data obtained by cytotoxicity, ALP activity, gene expression, total protein content and
secretion analyses was compared between the groups using Holm-Sidak test following a
parametric one way ANOVA. Where the equal variance and/or the normality test failed, a
Kruskal-Wallis one way ANOVA on ranks was performed (SigmaPlot 12.3, Systat
Software, San Jose, CA, USA). A probability of < 0.05 was considered significant.

2. Results

2.1. Characterization of alginate-coated cell-seeded scaffolds

PAS staining of the alginate-coated scaffolds revealed an even distribution of alginate
hydrogel, coating the entire surface of the TiO, scaffold struts (Fig. 23A).

Further, hAD-MSC adherence to alginate-coated TiO, scaffolds was demonstrated by
PAS/Pan-cadherin double staining (Fig. 22D). Moreover, the majority of the seeded hAD-
MSCs were viable according to the acridine-orange/ethidium bromide staining at 2 day of
culture (Fig. 23).

2.2. Human adipose-derived stem cell characteristics

Cellular surface antigen expression patterns CD14(-), CD19(-), CD34(+), CD45(-),
CD44(+), CD73(+), CDY0(+), CD105(+), HLA-DR(-) and 1gG(-} suggested the absence of
hematopoietic or endothelial origin cells. Osteo- and adipogenic differentiation was
demonstrated by histological visualization with alizarin red and oil red, respectively. In
addition, the cells differentiated selectively into bone-, cartilage- and adipose-depositing
cells in a culture.Because of their antigen surface expression pattern, histological
evaluation and their potential to differentiate along the osteogenic, chondrogenic and

adipogenic lineages the cells were referred to as hAD-MSCs.
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2.3. Cytocompatibifity/Lactate dehydrogenase activity

A 14-day cytotoxicity study was performed for alginate-coated scaffolds with or without
EMD to investigate the effect of alginate and EMD on hAD-MSC and hOST viability. A
higher LDH activity was generally detected in the medium from alginate-coated scaffolds
with EMD compared to alginate-coated scaffolds without EMD throughout the 14-day
period. Neither of the scaffolds caused a significant increase in LDH activity compared to
the effect of uncoated scaffolds, except hAD-MSCs from alginate-coated scaffolds with
EMD revealed a significant increase in LDH activity when compared to alginate-coated
scaffolds without EMD and uncoated scaffolds at day 12 (Fig. 24A). Moreover, a
significant decrease in LDH activity was observed in hOSTs medium from alginate-coated
scaffolds with and without EMD when compared fo uncoated scaffolds at 2, 4 and 14 days
(Fig. 24B). Some variation was seen in the LDH activity profiles of hAD-MSCs and
hO&Ts, indicating cell type dependent differences in the cellular response to alginate and
EMD (Fig. 24; A-B).

2.4. Total protein content

No significant differences were generally seen in the total protein content of hAD-MSC
culture medium at any time points either for scaffolds with or without EMD when
compared to uncoated scaffolds, except a significant increase in the total protein amount
was detected in medium from alginate-coated scaffolds with and without EMD when
compared to uncoated scaffolds at 8 day and a significant increase in the total protein
amount was seen in medium from alginate-coated scaffolds with EMD when compared to
alginate-coated scaffolds without EMD and uncoated scaffolds at 12 day (Fig. 24C). No
significant differences were generally seen in the total protein content of hOST culture
medium at any time points either for scaffolds with or without EMD when compared to
uncoated scaffolds, except a significant decrease in the total protein amount was detected
in medium from alginale-coated scaffolds with and without EMD when compared to
uncoated scaffolds at 2 and 4 days (Fig. 24D).

2.5. Alkaline phosphatase activity

Culturing hAD-MSCs on alginate-coated scaffolds with or without EMD did not
significantly change the ALP activity in the culiure medium at any of the time points
measured either for scaffolds with or without EMD when compared to uncoated scaffoids,
except for donor 1 the ALF activity in the medium was significantly increased from cells

cultured on alginate-coated scaffolds with EMD when compared to alginate-coated
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scaffolds without EMD and uncoated scaffolds at day 20, and for donor 3 the ALP activity
in the medium was significantly decreased from cells cultured on scaffolds with EMD
when compared to alginate-coated scaffolds without EMD and uncoated scaffolds at day
10.

Culturing hOSTs on alginate-coated scaffolds with or without EMD did not significantly
change the ALP activity in the culture medium at any of the time points measured either
for scaffolds with or without EMD when compared to uncoated scaffolds, except for donor
1 the ALP activity in the medium was significantly decreased from cells cultured on
alginate-coated scaffolds without EMD when compared to uncoated scaffolds at day 4, for
donor 2 the ALP activity in the medium was significantly decreased from cells cultured on
alginate-coated scaffolds without EMD when compared to uncoated scaffolds at day 12,
and for donor 3 the ALP activity in the medium was significantly decreased from cells
cultured on alginate-coated scaffolds with and without EMD when compared to uncoated
scaffolds at 4 and 16 days. Some variation was seen in the ALP activity profiles, indicating
donor dependent differences in the cellular response to alginate-coated scaffolds with or
without EMD.

2.6. Real-time RT-PCR analysis

No significant differences were observed in the expression of COLTAT, TNFRSF11B,
SPP1, ALPL and BGLAP mRNA [evels in hAD-MSCs among experimental groups at any
of the time points studied. In addition, no significant differences were observed in the
expression of RUNX2, SOX9 and PPARG mRNA levels among experimental groups at
any of the time points studied .

No significant differences were observed in the expression of SPPT1, ALPL and BGLAP
mRNA levels in hOSTs among experimental groups at any of the time points studied.
Nevertheless, after 14 days of culture, the relative expression of COL7AT was significantly
increased in hOSTs cultured on scaffolds with EMD when compared to scaffolds without
EMD, uncoated scaffolds and normalized to GAPDH. The relative expression of
TNFRSF118 was after 14 days of culture significantly increased in cells cultured on

scaffolds with EMD when compared to uncoated scaffolds and normalized to GAFPDH .

2.7. Visualizationn of RUNXZ2 and SOX9 by confocal laser scanning microscopy
To evaluate the effect of EMD on the deposition of RUNX2 and SCX9, CLSM visualization

was performed on stained scaffolds (Fig. 25).
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2.8. Immunoassay: Quantification of secreted proteins

No significant differences were seen in the TNFRSF11B, SPP1 and BGLAP content of
either hAD-MSC or hOST culture medium at any time points either from scaffolds with or
without EMD when compared to uncoated scaffolds. No substantial differences were seen
in the second donor's TNFRSF11B content of the culture medium at any time points
either from scaffolds with or without EMD, and for the first donor no substantial differences
were detected in TNFRSF11B content of the culture medium at 8, 14 and 21 days either
from scaffolds with or without EMD. However, the content of third donor’'s TNFRSF11B in
the culture medium was more increased from cells cultured on scaffolds without EMD
when compared to scaffolds with EMD at all-time points. No substantial differences were
observed in the first and third donor’'s SPP1 content of the culture medium at any time
points either from scaffolds with or without EMD, except the content of third donor's SPP1
in the culture medium was more expressed from cells cultured on scaffolds with EMD
when compared to scaffolds without EMD at 21 day. Furthermore, the second donor’s
SPP1 content in the cuiture medium was more enhanced from cells cultured on scaffolds
with EMD when compared to scaffolds without EMD at 8 and 21 days. No substantial
differences were observed in the first and third donor's BGLAP content of the culture
medium at any time points either from scaffolds with or without. However, the second
donor’s BGLAP content in the culture medium was more enhanced from cells cultured on
scaffolds with EMD when compared to scaffolds without EMD at 2 and 8 days.

The content of first and second donor's TNFRSF11B in the culture medium was more
expressed from cells cultured on scaffolds with EMD when compared to scaffolds without
EMD at all-time points, the content of third donor's TNFRSF11B in the culture medium
was more expressed from cells culfured on scaffolds without EMD when compared to
scaffolds with EMD at 2 and 8 days. However, no substantial differences were observed
in the third donor's TNFRSF11B content of the culture medium at 14 and 21 days either
from scaffolds with or without EMD. The content of first donor's SPP1 in the culture
medium was more increased from cells cultured on scaffolds with EMD when compared to
scaffolds without EMD at all-time points. The content of second donor's SPP1 in the
culture medium was more increased from cells cultured on scaffolds with EMD when
compared to scaffolds without EMD at 2, 8 and 14 days. No substantial differences were
observed in the third donor's SPP1 content of the culture medium at 2 and 8 days either

from scaffolds with or without EMD. The content of first donor's BGLAP in the culture
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medium was more increased from cells cultured on scaffolds without EMD when
compared to scaffolds with EMD at 2 day. However, the content of first donor's BGLAP in
the culture medium was more increased from cells cultured on scaffolds with EMD when
compared to scaffolds without EMD at 8 day. The content of second donor's BGLAP in
the culture medium was more increased from cells cultured on scaffolds without EMD
when compared to scaffolds with EMD at 2 and 21 days. However, the content of second
donor's BGLAP in the culture medium was more increased from cells cultured on
scaffolds with EMD when compared to scaffolds without EMD at 14 day. The content of
third donor's BGLAP in the culture medium was more increased from cells cultured on
scaffolds with EMD when compared to scaffolds without EMD at 8, 14 and 21 days.
However, the content of third donor's BGLAP in the culture medium was more increased
from cells cultured on scaffolds without EMD when compared to scaffolds with EMD at 2

day.

5. Conclusion

In summary, from the results, we can conclude that hAD-MSCs and hOSTs have the
ability to survive the coating procedure for EMC derivative delivery. Moreover, hOSTs
could differentiate into osteogenic lineage within alginate-coated scaffolds with EMD,

which is important before evaluating the efficacy in vivo.

Example 5: Fabrication of TiO; scaffolds coated with radiopaque alginate layer

proving open porous structure

The porous TiO, scaffolds were produced by polymer sponge replication as previoustly
described by (Tiainen H et al., 2010), with a size of 9 mm of diameter and 8 mm high.
Then, TiO, scaffolds were coated with one layer of 2% alginate gel with a radiopague
contrast liquid (Omnipaque (iohexol), GE Healicare). Briefly, TiO, scaffolds were
submerged into 2% alginate solution with or without P2 (SEQ ID NG 1) under agitation at
100 rpm on an orbital shaker (IKA Vibrax VXR basic, Staufen, Germany) for 1 h at room
temperature. Scaffolds were then centrifuged at 252xg for 1 min. Samples were immersed
into 50 mM CaCl; for 1h to allow gelation. Scaffolds were then rinsed with dH,0 to
remove the excess of CaCl,. Finally, samples were let to dry overnight at roem
temperature. Scaffolds coated with one layer of 2% alginate gel (control alginate scaffold),
were used as control group, whereas uncoated TiO; scaffolds (without alginate, SC) were

also used as control group. The scaffolds were scanned in a microCT scanner (Skyscan
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1172, Kontich, Belgium), visualized in CTvox and analysed in CTan. The pore diameter of
the scaffold was only reduced with 5% and the porosity change was less than 3%. The
interconnectivity did not change upon applying the alginate layer proving that the scaffold
still has an open porous structure and only very few pores were blocked (dark colour)
(Fig. 26). It was also visible that all the struts were covered with a thin layer (<10 um) of

alginate.

It is to be understood that while the invention has been described in conjunction with the
detailed description thereof, the foregoing description is intended to illustrate and not limit
the scope of the invention, which is defined by the scope of the appended claims. Other

aspects, advantages, and modifications are within the scope of the following claims.

Unless expressly described to the contrary, each of the preferred features described
herein can be used in combination with any and all of the other herein described preferred

features.
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CLAIMS

1. A method for producing a titanium dioxide scaffold comprising an alginate coating,

said method comprising the sieps of:

a) providing a titanium dioxide scaffold,

b} providing an alginate solution comprising about 1-3 % wi/v of at least one
alginate to at least part of said titanium dioxide scaffold and then
centrifuging the titanium dioxide scaffold,

c) providing the titanium dioxide scaffold obtained in step b) with a divalent
cation salt solution, wherein said divalent cation is selected from the group
consisting of Ca®', Mg¥, Ba® or St*", and then optionally rinsing the
titanium dioxide scaffold; and

d} drying the titanium dioxide scaffold,

wherein steps b) and c) optionally are repeated at least once.

2. A method according to claim 1, wherein the conceniration of alginate in the
alginate solution in step b) is about 2% wi/v.

3. A method according to any one of the preceding claims, wherein the concentration
of the divalent cation salt solution in step ¢) is about 15-150 mM, such as about 50
mM.

4. A method according to any cone of the preceding claims, wherein steps b) and ¢)
are repeated 2-100 times, such as 2-10 times.

5. A method according to any one of the preceding claims, wherein the alginate
solution of step b} further comprises at least one biologically active substance.

6. A method according to according to claim 5, wherein said biologically active
substance is selected from the group consisting of: a synthetic or natural bioactive
molecule, a natural or synthetic drug, and/or a living celi.

7. A methed according to any cne of the preceding claims, wherein the alginate has a
matecular weight (M,,) of 10 000-100 000 g/mol.

8. A method according to any one of the preceding claims, wherein said alginate
coating has a wet thickness of at least 1 um, such as 1-20 um.

9. A method according to any one of the preceding claims, wherein said af least one
alginate is selected from the group consisting ofl sodium alginate, potassium
alginate, calcium alginate, and strontium alginate.

10. A titanium dioxide scaffold obtainable by the method of any one of claims 1-9.

11. A titanium dioxide scaffold obtained by the method of any one of claims 1-9.
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12. A medical implant comprising a titanium dioxide scaffold according to claim 10 or
11.

13. A titanium dioxide scaffold according to claim 10 or 11 for use as a medical implant.

14. A titanium dioxide scaffold according o claim 10 or 11 or a medical implant
according to claim 11 or 12 for use for the regeneration, repair, substitution and/or

restoration of tissue, such as bone.
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