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GENERAL INTRODUCTION

Replacement of a defective or Jost tissue with the natural tissue is the ultimate goal of
reconstructive medicine. However, current clinical treatments can replace only physically the
defective or lost tissue with either man-made biomaterials or autogenic and allogenic tissues
in case the tissuc collection is possible. Although several attempts have been made to improve
biomaterials for their clinical use over the past two decades, they still have several
disadvantages'. One of them is not able o replace the biological function of tissues, For
autogenic and allogenic tissues, there are also several problems for their clinical treatments,
such as viral transfection and limited source of the tissue donor. Stimulated by these current
issues, a new technology has emerged as the next generation for the reconstructive medicine;
that is tissue engineering whose objective is to regenerate natural tissues for treatments of
defective and lost tissues™®,

If a tissue defect is tiny, the tissue regeneration will be spontaneously achieved
through the well-organized biological systemm which involves cells, growth factors, and
extracellular matrices (ECMs)**"*. However, if the tissue defect is seriously large, one cannot
expect the natural regeneration in spite of the excellent healing ability of human body. In such
a case, it will be at least essential to provide a favorable environment for tissue regeneration
using devices. Figure 1 illustrates the biomaterials and technologies required for tissue
regeneration engineering. What are very important among them are scaffolds (artificial
ECMs), carriers of growth factors, and cells.

Tissue regeneration may be achieved both in vitro and in vivo, if these biomaterials
and techniques are appropriately provided. If tissues can be regenerated in vitro on a large

scale promptly in response to the request from hospitals, it would be an ideal way. However,
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Artificial Extracellular Matrix
(Scaffold for cell proliferation and differentiation and growth faclor carrier)
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Figure 1. Tissue regeneration through combination of a bioabsorbable material with

cultured cells and growth factors



General Introduction

at present, this 1s practically impossible because knowledge necessary for in vitro tissue
regeneration is t0o scanty. Thus, almost all the attempts on tissue regeneration are being made
in vivo at present.

In vivo tissue regeneration needs artificiai ECMs (scaffolds), cells, and growth
factors. The type of cells and growth factors used in combination with scaffolds depends on
the type of tissue to be regenerated and the body site, where the tissue regeneration is
performed. A large-sized defect will be naturally filled with fibrous tissues in vivo unless any
proper medical treatment is applied. This is because the growth rate of fibrous tissues is
generally much higher than that of the tissue regeneration. If this fibrous tissue ingrowth takes
place, the lost tissue will never be substituted with the regenerated tissue. One possible way to
prevent this fibrous tissue ingrowth is to place a bioabsorbable material into the defect. The
material should be bioabsorbed in harmonization with tissue regeneration at the defect. In
addition, the material should function as an artificial ECM, that is, a scaffold for ingrowth of
blast cells from the surrounding host tissue. Such a scaffold has been prepared from naturally
occurring biodegradable polymers (e.g., collagen, gelatin, and fibrin), synthetic biodegradable
polymers (e.g., poly(lactic acid), poly(glycolic acid), and their copolymers), and inorganic
substances (e.g., hydroxyapatite, calcium triphosphate, and calcium carbonate)™ "™, It will
be preferable for the scaffold formulation to introduce porous structure into the scaffold in
order to facilitate the cell ingrowth as much as possible. This concept of tissue engineering is
in marked contrast with that of conventional artificial tissues and organs, since the
conventional reconstructive medicine with artificial tissues and organs generally relies on
man-made materials alone. In addition, tissue engineering is entirely different from organ

transplantation because of no use of immunosuppressant.

The recent advance of biomedical research has revealed how important growth
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factors are in ccll proliferation and differentiation both in vitro and in vivo™***', In addition,
genetic engineering has made it possible to produce various recombinant growth factors on a
large scale, so that they can promote clinical applications of tissue engineering. However,
growth factors generally have very short half-lifc in the body™", and arc rapidly excreted
from the injected site or deactivated by the attack of enzymes and antibodies, if injected in the
solution form. Therefore, drug delivery systems (DDS) have attracted much attention as a
very important technology also in tissue engineering, especially when growth factors should
be continuously released from carrier for a certain period of time. It is well recognized that
growth factors are stored in our body by their covalent or ionic binding to ECM components
such as growth factor binding proteins and acidic polysaccharides™, Moreover, such ECM
binding cnables the growth factors to maintain the biological activity in vivo. Indeed, it is
reported that basic fibroblast growth factor (bFGF) with an isoelectric point (IEP) of 9.6
forms a polyion complex with acidic heparin and heparan sulfate in vitro and in vivo,
resulting in stabilization of bFGF biological activities™**". Transforming growth factor-p1
(TGF-B1) is also stabilized in ECM by covalent binding to both the TGF-1 latency
associated protein and latent TGF-$1 binding protein®**. However, so far as TGF-f1 is in
the state of binding to these proteins, it does not exhibit any biological activities that appear
only when bioactive TGF-f1 molecules are released as a result of protease cleavage of the
bond. Therefore, it will be a promising way to mimic such biological release systems for
sustained releasc of growth factors.

In analogy to the polyion complexation which is very effective in the biological
bFGF-polysaccharide system, a bioabsorbable hydrogel is prepared from the gelatin for the
sustained release of growth factors in this thesis. Gelatin is a denatured collagen and

commercially available as a bioabsorbable polymer. Two types of gelatin with IEPs of 5.0 and
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9.0 have been prepared by two different processes from collagen as shown in Figure 2. The
alkali- and acid-processed gelatins are designated here acidic and basic gelatin based on their
ionic property, respectively. Table 1 gives the characteristics of growth factors used in this
study, Since these growth factors have IEPs higher than 7.0, they will form a polyion complex
with the acidic gelatin of IEP 5.0. The bioabsorbable hydrogel prepared from this acidic
gelatin will be able to immobilize the basic growth factor through the ionic interaction
between the two substances. If the hydrogel undergoes enzymatic biodegradation, the
immobilized growth factor will be released from the gel. The release kinetics of growth factor
[rom the hydrogel system will be regulated by controlling hydrogel biodegradation kinetics.
This proposed hydrogel formulation mimics the manner in which the growth factor is stored
in the biological ECM. Biosafety of gelatin has been alrecady proven through its long usage in
pharmaceutical, medical, and food applications™.

The objective of this thesis is to study the tissue regeneration through sustained
relcase of growth factors from the acidic gelatin hydrogel. In Part ], the activity of the gelatin
hydrogel incorporating growth factors to induce tissue regeneration is evaluated focusing on
the growth factor release, while Part II is concerned with the structure of the regenerated
tissues studied by both light and electron microscopies. Chapter 1 describes the sustained
rclease of bFGF, bone morphogenetic protein-2 (BMP-2), TGF-B1, and vascular endothelial
growth factor (VEGF) from the bioabsorbable gelatin hydrogel matrix incorporating these
growth factors. Their release profile from the hydrogel matrix is evaluated in vitro as well as
in vivo, and compared with the profile of matrix degradation to examine the effect of matrix
degradation on the in vivo release profile of these growth factors.

It is of prime importance to assess the biological activity of the growth factor

released from gelatin hydrogel matrices, even if in vivo retention of the growth factor is



Table 1. Characteristics of the growth factors used in this study

Growth factor

[soelectric point
(IEP)

Molecular
structure

Biological substances for
growth factor binding

Functions of growth factor

Basic fibroblast
growth factor (bFGF)

Transforming growth
factor-B1 (TGF-B1)

Bone morphogenetic
protein-2
(BMP-2)

Vascular endothelial
growth factor
(VEGF)

9.6

9.5

8.5

" 8.5

Single polypeptide of
16kDa

Homodimer of
disulfide-linked 12-
15kDa subunits

Homodimer of
disulfide-linked
16kDa subunits

Homodimer of
disulfide-linked 19kDa
subunits, consisting of
165 amino acids

Heparin or heparan sulfate

Heparin or heparan sulfate
Collagen type IV

Latency associated protein
Latent TGF-B1 binding
protein

Collagen type [V

Heparin or heparan sulfate

Stimulating the cells involved in the healing
process (bone, cartilage, nerve, etc).

Neovascularization

Enhancing the wound healing,

Stimulating the osteoblast proliferation to
enhance bone formation

Stimulating the mesenchymal stem cells to
osteoblast lineage and inducing the bone
formation both at bone and ectopic sites.

Stimulating the endothelial cell growth,
angiogenesis, and capillary permeability.
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General Introduction

expectedly prolonged by incorporation into the matrices. Chapters 2 through 4 investigate the
induction of biological activity by the acidic gelatin hydroge! incorporating growth factors on
the basis of the release profile of growth factors. Chapter 2 deals with BMP-2 which is most
widely uscd as a growth factor having a strong bone induction capability both at ectopic and

h()[‘lC S“CSE(»ZH,}U,M

. Since it is often difficult to distinguish the newly formed bone from the
intact one, cctopic bonc formation at the back subcutis of mice is examined to cvaluate the
bone inductive activity of the hydrogel incorporating BMP-2 by comparing with that of free
BMP-2.

Chapter 3 focuses on the controlled release of TGF-f1 which can induce bone
[ormation only at bone sites although this growth factor belongs to the same family as BMP-2.
The bone induction effect of TGF-f1 is known to be weaker than that of BMP-2, but it is
expected that incorporation of TGF-f1 into the acidic gelatin hydrogel promotes bone
regeneration at the bone defect, in contrast to TGF-f1 administered in the solution form. In
vivo rclease profile of TGF-B1 from hydrogels with different biodegradation kinetics is
comparcd with bone regeneration effects of the TGF-B1-incorporating hydrogels at the bone
defect. This result will clarify the function of the hydrogel matrix in tissue regeneration of the
defect both as a carrier of TGF-1 release and as a barrier for making space to prevent the
ingrowth of fibrous tissucs into the defect.

Onc of the crucial factors that should be taken into consideration in connection with
the blast cell and scaffold for tissue regeneration is to sufficiently supply nutrients and oxygen

for ccll survival in the scaffold®!> #3223

. It is very likely that simple diffusional supply of
oxygen and nutrients to cells in the scaffold is not sufficient enough for cell survival. One way

to provide cells with abundant nutrients is to induce formation of new blood vessels

(neovascularization) in the scaffold. The study summarized in Chapter 4 is undertaken to
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evaluate the effect of pore size of a scaffold on the ingrowth extent of new blood vessels into
the scaffold. The necovascularization is induced by gelatin hydrogel microspheres
incorporating an angiogenetic factor, bFGF. Poly (vinyl alcohol) (PVA) sponge with different
porc sizes is used as a model porous scaffold, because the porous sponge is casy to keep
hydrogel microspheres inside the scaffold and promote the ingrowth biood capillaries into the
sponge.

Part II of this thesis is directed to evaluation of structural integration of the bone
tissues regenerated by use of polymer matrices together with or without growth factor. The
study given in Chapter 5 is carried out in an attempt to accumulate basic information about
the ultrastructure of a construct generated by bone forming cells, osteoblastic cells, cultured
on a polymer with different surfaces. They are modified with major bone ECM components,
type 1 collagen and hydroxyapatite (HAp), based on a technique of surface graft
polymerization. The HAp-predeposited surface is expected to promote in vitro mineral
deposition in the ECM produced by osteoblastic cells and to differentiate the cells into cuboid,
osteocyte-like cells. If this occurs, the HAp-deposition may be concluded to enable
osteoblastic cells to work even in vitro in a manner similar to the natural bone tissue.

Chapter 6 compares the structure of the natural bone tissue with that of the bone-like
tissue ectopically regenerated with a non-woven poly(glycolic acid) (PGA) fabric and an
acidic gelatin hydrogel matrix incorporating BMP-2. Bone formation is attempted in the rat
muscle to evaluate light-microscopically the effect of the shape of matrices on BMP-2-
induced bone regeneration and subsequent integration of regenerated bone. This finding will
suggest that the structure of the tissue regenerated depends on the texture of growth factor

carriers.

In Chapter 7, transmission electron microscope (TEM) observation is performed to
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investigate the ultrastructure of the bone ectopically formed with the gelatin hydrogel
incorporating BMP-2. A crystallographic analysis with TEM is employed to reveal that the
deposition pattern of HAp along collagen fibers in the bone tissue formed is identical with
that in the natural bone tissue™*,

In summary, this thesis will describe the feasibility of growth factor release from the
acidic gelatin hydrogel matrix for tissue regeneration, and the macroscopic and microscopic

structures of the tissue regenerated. It will be concluded that this gelatin hydrogel is

promising as a release system of growth factors for tissue engineering.

10
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PART I

TISSUE REGENERATION THROUGH SUSTAINED RELEASE OF

GROWTH FACTORS



Chapter 1

Comparison in the release profile of various growth factors from

biodegradable hydrogel matrices

INTRODUCTION

Various growth factors have been recognized to act on different types of celis in the
body to regulate their proliferation and differentiation by which tissue regeneration is
promoted’. However, if a growth factor with a short half-life period is administered to the
body in the solution form, the biological efficacy in tissue regeneration will not be always
expected. Therefore, it 1S necessary to develop a matrix system which can achieve the
sustained release of biologically active growth factors over an extended time period.

Gelatin is biodegradable and has been extensively utilized for pharmaceutical and
medical purposes. Its biosafety has been proven through long clinical applications®. Another
advantage of gelatin is the commercial availability of materials with different charges. For
example, gelatin prepared with an alkaline process of collagen has an isoelectric point (IEP)
of 5.0 and is negatively charged at the physiological pH, while an acidic process gives
positively charged gelatin of an IEP of 9.0. Since growth factors are generally basic proteins,
the negatively charged “acidic” gelatin will ionically interact with them.

This chapter deals with the sustained release of growth factors on the basis of polyion

complexation with biodegradable hydrogels prepared through chemical crosslinking of the

19



Comparison of growth fuctors release

acidic gelatin. In vitro releasc profile was investigated for several growth factors from the
acidic gelatin hydrogel, while the in vivo release of growth factors was evaluated in terms of

hydrogel degradation.

EXPERIMENTAL

Materials

Human recombinant bFGF with an IEP of 9.6 and human recombinant BMP-2 with an
[EP of 8.5 were kindly supplied from Kaken Pharmaceutical Co. and Yamanouchi
Pharmaceutical Co., Tokyo, Japan, respectively. Gelatin samples with IEPs of 5.0 and 9.0
(Nitta Gelatin Co., Osaka, Japan), isolated from the bovine bone with an alkaline process and
from the porcine skin with an acidic process, are called here acidic and basic gelatin,
respectively, based on their electrical feature. Na'”I (740 MBg/ml in 0.1 N NaOH aqueous
solution), Bolton-Hunter ['#I]-labeled TGF-B1 (IEP=9.5, 185 kBq/ml in 0.05 M sodium
acetate buffer), and '“I-labeled VEGF (IEP=8.5, 370 kBg/mL in 0.05 M phosphate buffer),
were purchased from NEN Research Products, DuPont, Wilmington, DE. An anion-exchange
resin, Dowex 1-8X, was obtained from Dow Chemicals Co., Ltd.,, Midland, MI. Other

chemicals of analytical grade were used without further purification.

Preparation of gelatin hydrogels incorporating growth factors

Glutaraldehyde was added to 30 mL of 5 wt% aqueous solution of acidic or basic

gelatin to give the final concentration of 0.05 or 0.9 wt%, respectively. The mixed solution

20



Chapter 1

was cast into a polypropylene mold (138 x 138 mm®), followed by leaving at 4 °C for 12 hr to
allow crosslinking reaction of gelatin to proceed. The resulting hydrogel sheets were punched
out to obtain gelatin hydrogel discs (5 mm diameter and 2 mm thickness). They were placed
in 100 mM giycine aqueous solution at 37 °C for 1 hr to block residual aldehyde groups of
glutaraldehyde, and then washed 3 times with double distilled water (DDW) at 37 °C. Finally,
they were freeze-dried and sterilized by cthylene oxide gas. The weight percentage of water in
the hydrogel was determined from the hydrogel weight before and after drying at 70 °C under

vacuum for 6 hr. The water content of the acidic and basic gelatin hydrogels used in this

chapter was approximately 95 wi%”.

BMP-2 and bFGF were radioiodinated according to the method of Greenwood et al'.
To 1mpregnate growth factors into acidic and basic gelatin hydrogels, 20 ul of aqueous
solution containing one of '*I-labeled growth factors was dropped onto a freeze-dried
hydrogel, followed by leaving at 4 °C overnight to obtain a gelatin hydrogel incorporating the
'Z1.labeled growth factor. Since the volume of growth factor aqueous solution was much less
than that theoretically impregnated into each of the hydrogels, 100 % of the added growth
factor could be entirely incorporated into the hydrogel. The size of the hydrogel disc did not

change during freeze-drying and sterilization processes and the dry weight was 7 mg.

Evaluation of growth factor sorption to hydrogel matrices

Sorption of growth factors into acidic and basic gelatin hydrogels was performed in
aqueous solution containing '*I-labeled growth factors at pH 7.4. The solution ionic strength
was adjusted to 0, 0.2, 0.4, 0.8, and 1.5 by NaCl addition. Briefly, a freeze-dried hydrogel was

pre-swollen at 37 °C for 12 hr in the solution at the same ionic strength as the growth factor
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solution used for the sorption study. Then, the swollen hydrogel was placed in 1 mL of
growth factor solution at 4 °C. At different time intervals, supernatants were taken out to
mcasure their radioactivity on a gamma counter (ARC-301B, Aloka Co., Tokyo, Japan),
while the radioactivity of the gelatin hydrogel and the tube used was measured to estimate the

mass balance of growth factors.

Evaluation of in vitro release of growth factors

125]_labeled growth factor was placed in 1

An acidic gelatin hydrogel incorporating an
ml of phosphate-buffered saline solution (PBS, pH 7.4) followed by shaking at 37 °C. The
supcrnatant PBS was periodically taken out to measure the radioactivity on the gamma
counter. Fresh PBS of the same volume was added to continue the release test. Similarly,
releasc tests were performed in PBS at ionic strengths ranging from 0 to 1.5 to evaluate the

effect of solution ionic strength on the growth factor release. The amount of released growth

[actors was assessed 3 hr after the release test started.

Evaluation of in vivo release of growth factors

The acidic gelatin hydrogel incorporating an ' labeled growth factor was implanted
into the back subcutis of 6-week-old female ddY mice (Shimizu Laboratory Animal Supply
Co., Ltd., Kyoto, Japan). As a control, 100 ul of aqueous solution of '>I-labeled growth

factors at the same dose was subcutaneously injected into the mouse back at the central
position 15 mm away from the tail root. Each experimental group was composed of 4-8 mice.
At different time intervals, mice were sacrificed, and the back skin (3 x 5 cm?®) around the

hydrogel implanted or injected site of growth factors was cut out and the corresponding facia
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was thoroughly wiped off with filter paper to absorb the '“I-labeled growth factor. The

radioactivity of remaining gelatin hydrogels, the skin piece, and the filter paper was measured
on the gamma counter. The percentage of the remaining radioactivity was expressed as the
radioactivity ratio of the test samples to the original hydrogel or aqueous solution containing

the 'I-labeled growth factors.

Evaluation of in vivo degradation of hydrogel matrices
125]-labeled gelatin hydrogels were implanted in the back subcutis of mice. At
different time intervals, the radioactivity of explanted hydrogels and the surrounding tissues

was measured to evaluate the time profile of in vivo hydrogel degradation. The percentage of

the remaining radioactivity was expressed as the radioactivity ratio of the remaining

hydrogels to the original '*°I-labeled gelatin hydrogel.
ydarog g g ydrog

RESULTS

Growth factor sorption to hydrogel matrices

Figure 1 shows the time course for sorption of growth factors to the hydrogels
prepared from gelatin with IEPs of 5.0 and 9.0 in DDW at 4 °C. The amount of bFGF and
TGF-B1 sorbed to the acidic gelatin hydrogel increased with time, whereas no and less
sorption to the basic gelatin was observed for bFGF and TGF-B1, respectively. Both BMP-2

and VEGF were hardly sorbed to both the acidic and basic gelatin hydrogels.
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Figure 1. The time course of in vitro sorption of bFGF (O,®), TGF-B1 (A, 4A),
BMP-2 (LJ,W), and VEGF (V,¥) to hydrogels of gelatin with IEPs of 5.0 (a)
and 9.0 (b) in DDW at 4°C,
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Figure 2 shows the effect of ionic strength on the sorption of growth factors to the
acidic gelatin hydrogel in aqueous solution at 4 °C. Apparently, bFGF and TGF-f31 sorption
depended on the ionic strength of solution and their sorption reduced with an increase in ionic
strength. On the contrary, such a noticeable influence of growth factor sorption on the

solution ionic strength was not observed for BMP-2 and VEGF.
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Figure 2. Sorption of bFGF(O), TGF-$1(@), BMP-2 (), and VEGF (&) to

acidic gelatin hy drogels at 4°C in aqueous solutions of different ionic strengths.

In vitro release of growth factors

Figure 3 shows the in vitro release profile of bFGF, TGF-$1, BMP-2, and VEGF from
the acidic gelatin hydrogel incorporating one of the growth factors. Approximately 20 % of
the incorporated bFGF and TGF-f1 was released into PBS within the initial 1 hr of release
test, but, thereafter, no further release was observed. The amount of released bFGF initially
seemed to be lower than that of TGF-B1. On the other hand, more than 80 % of the

incorporated BMP-2 was rapidly released from the gelatin hydrogel for scores of minutes.
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Figurc 3. In vitro release profile of growth factors from the acidic gelatin hydrogel
incorporating the growth factors at 37 °C in PBS: bFGF (O), TGF-p1 (@), BMP-2
(A), and VEGF (A).
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Figure 4. Growth factor release from the acidic gelatin hydrogel incorporating the

growth factors at 37°C in PBS of different ionic strengths: bFGF (O), TGF-p1
(@), BMP-2 (A), and VEGF (A).
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The initial release amount of VEGF was between those of the two groups.
Figure 4 shows the effect of solution ionic strength on the in vitro growth factor
release at 37 °C. The amount of bFGF, TGF-B1, and VEGF released for the initial 3 hr tended

to increase with an increase in the solution ionic strength, in contrast to BMP-2.

In vivo release of growth factors

Figure 5 shows the in vivo decrement pattern of radioactivity for different growth
factors after subcutaneous implantation of the gelatin hydrogels incorporating '*“l-labeled
growth factors into the mouse back. Irrespective of the type of growth factors, more than
80 % of the growth factor injected in the solution form was cleared from the injected site
within one day. The radioactivity decrease for bFGF and TGF-f1 incorporated in the acidic
gelatin hydrogel was much slower than that injected in their solution form. Incorporation into
the gelatin hydrogel prolonged the in vivo retention of bFGF for a longer time period than
TGF-B1. However, such prolonged retention by hydrogel incorporation was not observed for
BMP-2. Although the radioactivity of VEGF incorporated in the acidic gelatin hydrogel
decreased much faster than that of bFGF and TGF-B1, its retention was slightly prolonged

compared with that injected in the solution form.

Relationship between the in vivo growth factor release and the gelatin hydrogel

degradation

Figure 6 shows the time course of the gelatin radioactivity remaining after
subcutaneous implantation of 125]-labeled gelatin hydrogels into the mouse back. The

radioactivity of the gelatin hydrogels decreased with implantation time. To evaluate the
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Figure 5. In vivo time profile of the radioactivity remaining in the back subcutis of
mice following the subcutaneous implantation of the acidic gelatin hydrogel
incorporating 125]-labeled growth factors (O) or the subcutaneous injection of 1231-

labeled growth factors in aqueous solution (®): bFGF (a), TGF-B1 (b), BMP-2 (c),
and VEGF (d).
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Figure 6. In vivo time profile of the radioactivity remaining in the back subcutis of mice

following the subcutaneous implantation of the 12°1-labeled acidic gelatin hy drogel.
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Figure 7. The radioactivity of the remaining 1251 labeled acidic gelatin hydrogel
plotted against the radioactivity of the remaining 1251 Jabeled growth factor: bFGF
(O), TGF-B1 (@), BMP-2 (»), and VEGF (A).
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relationship between the growth factor release and the hydrogel degradation, the remaining in
vivo radioactivity of acidic gelatin hydrogels incorporating 1251 labeled bFGF, TGF-31, BMP-
2, and VEGF was plotted against that of 125] labeled gelatin hydrogels at the corresponding

time. The result is shown in Figure 7. There was a distinct correlation between the two

remaining radioaclivities for each growth factor.

DISCUSSION

I is apparcnt from Figure 1 that basic bFGF and TGF-f31 molecules could be sorbed with
time (o the acidic gelatin hydrogel, in marked contrast to the basic gelatin hydrogel. This can
be explained in terms of the clectrostatic interaction between the basic growth factors and the
acidic gelatin. It is possible that the basic growth factors electrostatically interact with the
acidic gelatin constituting the hydrogel. The electrostatic repulsion between the basic growth
factors and the basic gelatin will result in no sorption. The reduced sorption of these two
growth factors by an increase in solution ionic strength (Figure 2) also indicates that the
clectrostatic force contributes to the sorption behavior. However, BMP-2 and VEGF were
sorbed to the acidic gelatin hydrogel to a much smaller extent than bFGF and TGF-B1, though
BMP-2 and VEGF have [EPs higher than 7.0. It has been reported that the zeta potential of
BMP-2 is reduced by binding of oligomannose groups to their surface®. It is conceivable that
surface covering of the BMP-2 molecule with the sugar residues weakened its electrostatic

interaction with gelatin. Taken together, these results indicate that sorption of growth factors

30



Chapter 1

to hydrogels is governed not only by the apparent charge of molecules but also by their three-

dimensional structure.

Gelatin does not undergo hydrolytic degradation in media without enzymes, but by
proteolysis. Therefore, gelatin hydrogels are not degraded under in vitro conditions unless
proteases are present. Basic bFGF was found to be ionically complexed with the acidic
gelatin®. It is likely that bFGF molecules, once complexed with the acidic gelatin hydrogel,

cannol be relcased {rom the hydrogel unless hydrogel undergoes degradation. However, the

impregnation condition of bFGF into the acidic gelatin hydrogel, e.g., at 4 °c overnight, is not
sufficient enough to achieve 100 % complexation’. This causes a small bFGF release at the
initial period of release test (Figure 3). A large initial burst noticed in BMP-2 release from the
acidic gelatin hydrogel may be due to too low capability of BMP-2 to interact with the acidic
gelatin. This burst pattern observed for TGF-B1 and VEGF release can be explained from the
view point of polyion complexation with the acidic gelatin. The sorption profile of growth
factors suggests the order of complexation susceptibility to be bFGF > TGF-1 >> VEGF >
BMP-2. It is possible that the lower the complexation susceptibility of growth factors, the
harder the polyion complexation with the acidic gelatin, resulting in larger burst effect of the
uncomplexed molecules in the initial release. Figure 4 shows the influence of solution ionic
strength on the growth factor release decrease to be in the order of bFGF, TGF-B1, and VEGF,
and finally no influence for BMP-2. This also suggests that the initial burst of growth factors
is influenced by their ionic interaction.

Since bFGF incorporation had no influence on the in vivo degradation of gelatin
hydrogels’, we can assume that the growth factor-incorporating gelatin hydrogel was

degraded in a profile similar to the growth factor-free hydrogel. When experimental data were
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approximated by a straight line for cach growth factor, the slope of bFGF and TGF-f31 lines
was larger than 1.0, whereas that of BMP-2 and VEGF was smaller than 1.0. The order of the
line slopc magnitude was cquivalent to that of the complexation susceptibility with the acidic
gelatin, This indicates that the difference in the slope is due to the different growth factor-
gelatin interactions. Since BMP-2 does not have sufficient capability to interact with the
acidic gelatin, the unintcracted molecules will be released from the hydrogel by simple
diffusion (Figure 3). Thus, it is possible that this BMP-2 property causes its rapid release from
the hydrogel even in vivo, leading to the smallest slope. The slope of the VEGF line was
larger than that of BMP-2, but smaller than that of bFGF and TGF-f31 slope. This may be due
to its complexation susceptibility to the acidic gelatin, which is stronger than that of BMP-2,
but weaker than that of bFGF and TGF-B1. Since the complexed growth factor does not
rcadily dissociate from the acidic gelatin molecules constituting hydrogels, it will be released
only when the gelatin hydrogel is degraded and gelatin molecules become water-soluble. As a
result, the radicactivity of remaining bFGF and TGF-B1 would always be high compared with
that of the gelatin hydrogel. It is no doubt that the larger slope of the bFGF line than TGF-B1
is ascribed to the stronger interaction of bFGF with the acidic gelatin.

Growth factors are stored in the body under complexation with various components in
the extracellular matrix®. It is well known that the extracellular matrix protects growth factors
from their enzymatic degradation and denaturation. The release system described in this
chapter is based on this polyion complexation which is ubiguitously seen in the body. Once a
basic growth factor is ionically immobilized in the acidic gelatin hydrogel, it will be released

only when the hydrogel is biodegraded. In other words, the growth factor release can be
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controlled by biodegradation of the hydrogel itself. This release concept seems to be

applicable to other bioactive proteins.
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Ectopic bone formation induced by biodegradable hydrogel matrices

incorporating BMP-2

INTRODUCTION

Bone regeneration has attracted much attention in the field of tissue engineering because
of its high clinical requirement. A promising way to induce regeneration of autogeneous
osseous tissues in bone defect is to make use of bone-related growth factors, such as BMP!2%+ 3
¥ TGF-p17%, and bFGF***?. Combination of these growth factors with various carriers has
been found to be effective in bone regeneration, similar to auto- and allo-bone grafts.

BMP was originally characterized by Urist et al. as a bone inductive material at an
ectopic site 7 Currently, at least seven distinct human BMPs are isolated, identified, and
cloned™’. In addition, some of them are found to stimulate mesenchymal cells and myoblasts to
differentiate into cells of osteoblast lineage3 +59 However, one cannot always expect expression
of its biological function if BMP is injected into the body without any release matrices, since
the BMP diffuses quickly from the implantation site. Therefore, various materials, including
fibrin glues'™ ', glycolide-lactide copolymers'”?, and calcium phosphates® ™ have been
employed as carrier matrices of BMP for its sustained release. All these studies demonstrated

high efficacy of the carrier matrices for bone induction. Although a significant relationship



Fctopic bone formation induced by BMP-2

between the release profile of BMP and bone induction has been discusscd in some reports, few
papers have studied this relationship in detail.

Bonc formation is normally evaluated by usc of an animal model with a bone defect, but
it is often difficult to distinguish the newly formed bone from the intact one, thereby making it
difficult to analyze the osteogenic effect of the growth factor-carrier composite. On the contrary,
the in vivo efficacy of bone-related growth factors will be readily apparent if bone is ectopically
formed in nonosseous tissucs. It is well recognized that BMP is the only growth factor that can
induce bone formation in the muscle and subcutaneous tissues™ * 1% 11131719, 21, 38,39,

Gelatin is biodegradable and used extensively for pharmaceutical and medical purpose.
Biosafcty of gelatin has been proven through its long clinical application33. Other advantages of
gelatin arc its high chemical reactivity and commercial availability of various charged gelatin
samples. Tabata et al. have prepared biodegradable hydrogels from acidic gelatin with an IEP of
50 and succeeded in sustained release of biologically active bFGF with significant
angiogenetic™ and osteogenctic effects™, which were not observed when free bFGF was
administered.

The objective of this chapter is to incorporate recombinant human BMP-2 in hydrogels
of gelatin with the 1EPs of 5.0 and 9.0 and compare the ectopic bone formation induced by this
BMP-2-incorporating gelatin hydrogel with that induced by simple BMP-2 aqueous solution. In
vitro and in vivo BMP-2 release from the BMP-2-incorporating gelatin hydroge! were examined
to assess the efficacy of this hydrogel as the release matrix of BMP-2. Following the
subcutaneous implantation of BMP-2-incorporating gelatin hydrogel in the back of mice, the

cllect of BMP-2 release on ectopic bone formation is described in this chapter.
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EXPERIMENTAL

Materials

BMP-2 with an IEP of 8.5 was supplied from Yamanouchi Pharmaceutical Co., Tokyo,
Japan. Gelatin samples with IEPs of 5.0 and 9.0 were isolated from the bovine bone with the
alkaline process and from the porcine skin with the acid process (Nitta Gelatin Co., Osaka,
Japan) and are here called acidic and basic gelatin, respectively, because of their electrical
feature. It is known that the alkaline process through hydrolysis of amide groups of collagen
yields gelatin having a higher amount of carboxyl groups, resulting in a reduced IEP of gelatin,
whereas the acid process dose not affect the collagen IEP*. Other chemicals were obtained
from Wako Pure Chemical Industries, Osaka, Japan and used without further purification.
Na'”l, 740 MBg/mL in 0.1 N NaOH aqueous solution, and an anion-exchange resin, Dowex 1-
8X, were purchased from NEN Rescarch Products, Du Pont, Wilmington, DE and Dow

Chemicals Co., Lid., Midland, MI, respectively.

Radioiodination of BMP-2

BMP-2 was radioiodinated according to the method of Greenwood et al.’. Briefly, 4 4L
of Na'*I and 100 uL of 0.5 M potassium phosphate-buffered solution (KPB, pH 7.5) were
added to the mixture of 40 ul of 0.5 mg/mL BMP-2 solution in 5 mM glutamic acid, 2.5 wt%
glycine, 0.5 wt% sucrose, and 0.01 wt% Tween 80 (pH 4.5). Then, 100 pL of chloramine-T in
0.05 M KPB solution (pH 7.2) at 0.2 mg/mL was added to the solution mixture. After agitation
at room temperature for 2 min, 100 #L of DDW containing 0.4 mg of sodium metabisulfate was

added to the mixed solution to stop the radiojodination. The reaction mixture was passed
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o 125
through a column of an anionic-exchange Dowex to remove the uncoupled, free "I molecules

from the '“*I-labeled BMP-2,

Preparation of hydrogel matrices incorporating BMP-2

Hydrogels were prepared through crosslinking of aqueous gelatin solutions with
glutaraldechyde according to the method described elsewhere™. Briefly, 5 wt% aqueous solution
of acidic or basic gelatin containing 0.05 or 0.9 wt% glutaraldehyde, respectively, was cast into
a teflon mold of 2 mm depth. Following the crosslinking reaction at 4 °C for 12 hr, crosslinked
hydrogels were punched out to produce discs of 5 mm diameter. The hydrogels were immersed
in 100 mM aqueous glycine solution at 37 °C for 1 hr to block residual aldehyde groups of
glutaraldchyde, followed by washing with DDW. Following immersion in 70 vol% ecthanol to
sterilize, they were thoroughly rinsed with autoclaved DDW and aseptically freeze-dried. The
weight percentage of water in the hydrogel was determined from the hydrogel weight before and
alter drying at 70 °C under vacuum for 6 hr. The water content of acidic and basic gelatin
hydrogels used in this chapter was both approximately 95 wt%>",

To impregnatc BMP-2 into the hydrogels, 20 uL of aqueous solution containing 0.01,
0.05, 0.1, 0.5, 1.0, and 5.0 ug of BMP-2 or 0.5 ug of '*I-labeled BMP-2 was dropped onto the
{reeze-dricd hydrogel, followed by leaving them in the culture dish of 60 mm diameter with
scaling with parafilm at 4°C overnight. BMP-2-incorporating gelatin hydrogel was used without
washing. Since the volume of BMP-2 aqueous solution is much less than that theoretically
impregnated into cach hydrogel, the BMP-2 dose incorporated into the hydrogel is equal to the

amount impregnated initially. Thus, in this chapter, the dose was indicated as the initial
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impregnation amount. The size of hydrogel disc was 5 mm in diameter and 2 mm in thickness

and its dry weight was 7 mg.

Evaluation of in vitro BMP-2 release

Gelatin hydrogels incorporating 0.5 ug of '*I-labeled BMP-2 were incubated in 1 mL of
PBS at 37 °C under shaking. At different time intervals, the supernatant PBS was taken out to
measure the radioactivity on a gamma counter (ARC-301B, Aloka Co., Ltd., Tokyo, Japan),

while fresh PBS was added and release test was continued.

Evaluation of in vivo BMP-2 release

' labeled BMP-2-incorporating hydrogels were implanted into the back subcutis of 6
week-old female ddY mice. As a control, 100 uL of agueous solution of '*I-labeled BMP-2
was subcutancously injected into the mouse back at the central position 15 mm away from their
tail root. The dose of '*I-labeled BMP-2 was 0.5 pg for both cases. At different time intervals,
mice were sacrificed according to the institutional guidelines of Kyoto University on animal
experimentation. The skin on the back of mice around the implanted or injected site of BMP-2
was cut into a stripof 3 x 5 cm” and the corresponding fascia was thoroughly wiped off with
filter paper to absorb '“I-labeled BMP-2. The radioactivity of gelatin hydrogel remaining,
excised skin, and filter paper was measured on the gamma counter to assess the time profile of
BMP-2 retention. Measurement of the radioactivity in the other parts of body, such as blood,
heart, lung, thymus, thyroid, liver, spleen, gastrointestine, kidney, and carcass, was made to
reveal no accumulation of BMP-2 in any specific organ. Gelatin hydrogels and 100 4L aqueous

solution containing 0.5 ug of '*I-labeled BMP-2 were kept at room temperature as a standard.
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Measurement of the radioactivity of the standard was made together with experimental samples
al cach sampling time. The in vivo release profile was assessed based on the radioactivity ratio

of samplcs to the standard.

Evaluation of ectopic bone formation

Acidic and basic gelatin hydrogels incorporating 0.01, 0.05, 0.1, 0.5, 1.0, and 5.0 ug of
BMP-2 were implanted into the back subcutis of ddY mice, while 100 uL of aqueous BMP-2
solution at concentrations of 1 x 107, 5 x 107, 1 x 103,5x 107, 1 x 107, and 5 x 107 pg/ul
was injected subcutancously into mice as described above. Experimental group was composed
of 4-8 mice. Acidic and basic gelatin hydrogels incorporating PBS and aqueous PBS solution
were implanted as a control.

Aflter 1, 2, and 3 weeks, the implanted site of BMP-2-incorporating gelatin hydrogels
and the injected site of aqueous BMP-2 solutions were radiographically examined by soft x-rays
(Hitex HX-100, Hitachi, Japan) at 54 KVP and 2.5 mA for 20 sec. When the radiopaque area on
the x-ray film was larger by 1 mm? than that of PBS-treated groups, ectopic bone formation was
defined as positive, The skin tissue was taken out together with the hydrogel implant or injected
site, fixed with 10 vol% neutral formalin solution, dehydrated with ethanol, and embedded in
paraifin. The fixed skin tissues were cross-sectioned to 10 g#m thickness with a microtome and
stained with Mayer’s hematoxylin-eosin (H-E) solution. In addition, von Kossa staining was
done to clarify calcium deposition in the specimens. The histological sections were viewed with

an optical microscope.
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RESULTS

In vitro BMP-2 release

Figurc | shows the in vitro release profiles of BMP-2 from BMP-2-incorporating
hydrogcls prepared from acidic and basic gelatins. The initial BMP-2 dose was 0.5 ug/hydrogel.
As can been seen, BMP-2 was gradually released with time from both the gelatin hydrogels,
after approximately 60 to 75 % of BMP-2, which amount to 300 to 375 ng of BMP-2 when
incorporated in the hydrogels, BMP-2 was released within 24 min. No significant difference
was observed in BMP-2 release profile between acidic and basic gelatin hydrogels, while a little
higher retention of BMP-2 was observed for the basic gelatin hydrogel than for the acidic one.

The BMP-2 dose had little influence on the release from acidic and basic gelatin hydrogels.

In vivo BMP-2 release

Figure 2 shows the in vivo decrement patterns of BMP-2 from the implanted site of
BMP-2-incorporating hydrogels or the injected site of aqueous BMP-2 solutions. The initial
BMP-2 dose was 0.5 ug and almost 100 % of radioactivity initially applied was recovered. It is
apparent that incorporation of BMP-2 into gelatin hydrogels prolonged in vivo BMP-2
retention, irrespective of the gelatin type. For example, 44 ng of BMP-2 was still retained in the
vicinity of acidic gelatin hydrogels after 1 day of implantation. The amount of BMP-2
remaining for acidic gelatin hydrogel decreased to about 15 and 3 ng after 1 week and 1 month
of implantation, respectively. In the case of basic gelatin hydrogels, 67 ng of BMP-2 was

retained in the vicinity of hydrogels after 1 day of implantation and the amount of BMP-2
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Figure 1. Release profile of BMP-2 in vitro from BM P-2-incorporating hydrogels
prepared from acidic (O) and basic gelatin (@). The initial BM P-2 dose is 0.5 ug.
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Figure 2. Radioactivity decrement patterns in the back subcutis of mice following
subcutaneous implantation of 125]-labeled BM P-2-incorporating hy drogels prepared
from acidic (O) and basic gelatin (@) and subcutaneous injection of 12°I-labeled
BM P-2 in aqueous solution (A). The initial BM P-2 dose is 0.5 ug
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remaining decreased to about 50 and 20 ng after 1 week and 1 month of implantation,
respectively. This finding indicates that gelatin hydrogels allow BMP-2 to release over a 1
month period, BMP-2 retention being longer for the basic gelatin hydrogel than the acidic one.
During the experiment period, no significant radioactivity accumulation was detected in any
organ (data not shown}.

On the contrary, approximately 99 % of BMP-2 injected, which amounts to 495 ng of
BMP-2, disappeared from the injected site within the first day, and no trace of BMP-2 remained
around the injection site 3 days after injection. Approximately 5.0 % and 3.5 % of BMP-2
injected were found in the gastrointestinal tract and other organs after 5 hr of BMP-2 injection.
No accumulation of BMP-2 in any specific organ was observed and most of BMP-2
radioactivity was excreted into the urine within first day, suggesting the urinary excretion of
BMP-2. A very low radioactivity was detected in the thyroid gland for every experimental
group over the time range studied, indicating no release of free radioactive iodine from 1B

labeled BMP-2.

Ectopic bone formation

Figure 3 shows soft x-ray photographs of the mice subcutis after 2 weeks of
administration of BMP-2 and PBS in different dosage forms. Apparently, the edge of implants
and the subcutaneous tissue became radiopaque strongly on the x-ray film when BMP-2 dose
was 5 u g,/r;louse, irrespective of the dosage form, whereas the weak radiopaque area was found
at the gelatin hydrogels and skin when implanted PBS in different dosage forms. It seems that

the radiopaque area was larger for BMP-2-incorporating hydrogels than for aqueous BMP-2
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Acidic  Basic
gelatin  gelatin

Solution

PBS

1 ng
BMP-2

S5 ug
BMP-2

Figure 3. Soft x-ray photographs of ectopically formed bone after 2 weeks of
implantation of BMP-2 and PBS in the different dosage forms. Arrows indicate the

newly formed bone.

Table 1. Soft X-ray evaluation of ectopic bone formation induced by Sugof BMP-2

in different dosage forms.

Implantation Dosage form
time .
Solution Hydrogel
(week) v
Acidic gelatin Basic gelatin
1 0/6 1/6 1/6
2/8 5/8 3/5
3 4/5 5/5 3/4




S

Table 2. Soft X-ray evaluation of ectopic bone formation induced by various amounts of

BMP-2 in different dosage forms after 2 weeks of implantation.

Amounts of BMP-2

Dosage forms

(mg) .
Solution Acidic gelatin hydrogel
0.01 0/4 0/4
0.05 0/4 0/4
0.1 0/4 0/4
0.5 0/4 0/4
1 1/6 1/5
5 2/8 5/8
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solutions. The BMP-2 dose cifect on the radiopaque arca and radiopacity was remarkable when
compared with BMP-2 dose of 1.0 ug/mouse. In addition, BMP-2- incorporating hydrogels
rendered the implanted site radiopaque, irrespective of the gelatin type, while injection of
aqucous BMP-2 solution was not so effective in enhancing the radiopacity.

Table 1 summarizes the implantation schedule and result of soft x-ray cvaluation of
cetopic bone formation induced by BMP-2-incorporating hydrogels and agueous BMP-2
solutions. The number of bonc induction was estimated by the use of the criterion described
above. The rate of bone formation at the implanted site of BMP-2-incorporating gelatin
hydrogels was larger thao that of at injected site of free BMP-2 solution 1 and 2 weeks after
implantation. However, the difference between BMP-2-incorporating gelatin hydrogels and
aqucous BMP-2 solutions in the rate of bone formation was not found after 3 weeks of
implantation. No significant influence of gelatin IEP was found on the rate of bone formation
and no bone induction was detected on the x-ray film after 1 week of BMP-2 solution injection.

The BMP-2 dose cffect on the ectopic bone induction by BMP-2-incorporating acidic
gelatin hydrogels and BMP-2 solutions is given in Table 2 after 2 weeks of BMP-2
administration. The extent of bone induction was expressed by the number of bone formation at
the implanted sitc of BMP-2-incorporating gelatin hydrogels and aqueous BMP-2 solution
injection against the number of treated mice. The number of bone inductions was counted on
the x-ray film by the usc of the criterion described above. The extent of bone induction
increased with the increasing BMP-2 dose in both the dosage forms. BMP-2-incorporating

hydrogels exhibited stronger induction than BMP-2 solutions.
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Figure 4. Histological cross-sections of ectopically formed bone after 2 weeks of implantation
of BMP-2-incorporating hydrogels prepared from acidic (a, b) and basic (c, d) gelatin and
injection of BMP-2 in solutions (e, f): (a, ¢, €) 1 ug BMP-2/ mouse and (b, d, f) 5 ug BMP-2/
mouse. Each specimen was subjected to von Kossa staining to identify calcium deposition to
the extracellular matrix. Arrows and arrowheads indicate the newly formed bone with calcium

deposition and the residual gelatin hydrogel, respectively. Bars correspond to 1 mm.
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Figure 4. (Continued).
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(f)

Figure 4. (Continued).
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Figure 5. Histological cross-sections of ectopically formed bone after 2 weeks of implantation
of BMP-2-incorporating hydrogels prepared from acidic (a, b) and basic (c, d) gelatin and
injection of BMP-2 in solutions (e, f): (a, ¢, €) 1 ug BMP-2/ mouse and (b, d, f) 5 ug BMP-2/
mouse. Each specimen was subjected to H-E staining. Arrows and arrowheads indicate the
newly formed bone and the residual gelatin hydrogel, respectively. Bars correspond to 100 xm.
At the higher magnification, active cuboidal osteoblasts (Solid arrows) were found at the newly
formed bone induced by 5 ng of BMP-2-incorporating hydrogels of acidic and basic gelatin (g,
h) and 5 ug of BMP-2 solution (i). Bars correspond to 50 xm.
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Figure 5. (Continued).
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Figure 5. (Continued).
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Figure 5. (Continued).
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Figure 5. (Continued).

Histological observation on the subcutaneous tissues after 2 weeks of administration is
shown in Figures 4, 5, and 6. As is apparent in Figure 4, von Kossa staining demonstrated that
both the hydrogels and solutions of BMP-2 induced bone formation in the subcutaneous tissue.
Ectopic bone formation was observed only at the injected site of BMP-2 solutions, and bone
was formed only along the implanted hydrogel contour, not in the inner portion of the hydrogel.
It is seen that calcium deposited area was larger at the BMP-2 concentration of 5 #g/mouse than
at 1 ug/mouse, indicating that ectopic bone induction was stronger with an increase in the
BMP-2 dose.

Figure 5 shows H-E stained cross-sections of the subcutaneous tissues after 2 weeks of
treatments. Newly formed bone was observed at 1 and 5 ug of BMP-2 treated site, irrespective

of the dosage form. Partially calcified woven bone was found at the acidic gelatin hydrogel
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Figure 6. Histological cross-sections of subcutaneous tissues after 2 weeks of implantation of
PBS-incorporating hydrogels prepared from acidic (a) and basic (b) gelatin and injection of PBS

in solutions (c). Arrows indicate the residual gelatin hydrogels. Bars correspond to 100 xm.
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Figure 6. (Continued).

containing 1 and 5 ug of BMP-2. At the higher magnification, active cuboidal osteoblasts were
found at the 5 ug of BMP-2 administrated site, irrespective of the dosage form.

On the contrary, no bone formation was observed at the PBS implanted site, irrespective
of the dosage form, as shown in Figure 6. The gelatin hydrogels still remained at the implanted
site and were encapsulated with fibrous tissues. A little inflammatory cell accumulation and a

little cell infiltration into gelatin hydrogels were observed.
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DISCUSSION

Various delivery systems have been explored for BMP by combining it with

- el s 1-6,10-24, 3 . o )
biodegradable polymers and ceramics’™™ '%2* % 3% Thege investigations have evaluated efficacy

of the delivery systems in enhancing bone formation in terms of histological examination,
calcium deposition, phenotype of bone cells, and gene expression of bone specific proteins.
However, the body fate of BMP-2 introduced into the body was not studied at all in these
reports although this is very important. Therefore, this chapter focused on the effect of in vivo
retention of BMP on its activity of bone induction.

Comparison of the in vivo profile of BMP-2 retention in the mouse subcutis with
ectopic bone induction by BMP-2 demonstrated that prolonged retention of BMP-2 in the body
in addition to the initial burst release enhanced BMP-2-induced ectopic bone formation. As is
apparent from Figure 2, about 10 % of BMP-2 initially incorporated in the acidic gelatin
hydrogel, that is, 500 ng, remained in the hydrogel, even if another 90 % was quickly released
within 1 day. The amount of BMP-2 remaining in the basic gelatin hydrogel seems to be higher
than that in the acidic one. However, the reason for different retention profiles of BMP-2
between the two types of gelatin hydrogels is unclear at present. On the contrary, 99 % of BMP-
2 injected in the solution form was cleared from the injected site within the first day. This
indicates that incorporation in hydrogels was effective in prolonging the in vivo retention of
BMP-2. However, injeclion of BMP-2 solution also ectopically induced bone formation
although the extent was lower than that induced by BMP-2-incorporating hydrogels. This
phenomenon may be explained in terms of high potentiality of BMP-2 for bone induction. In

other words, it is likely that an extremely low dose of BMP-2 is enough to enhance bone
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induction if BMP-2 is appropriately delivered to the site of action. Similar ectopic bone
formation was observed for mice treated with BMP-2-incorporating acidic and basic gelatin
hydrogcls, although the retention profile of BMP-2 was different between the two hydrogels.
This finding also suggests that the retention amount of BMP-2 must be high enough compared
with that to induce ectopic bone formation. The rate of bone induction by BMP-2 solution
injection was similar to that by BMP-2-incorporating hydrogels implantation after 3 weeks of
BMP-2 trcatment, although the radiopaque area was small at the BMP-2 solution injection site,
as is scen in Figures 4 and 5. Such stronger bone induction by BMP-2-incorporating hydrogels
than by BMP-2 solution can be ascribed to enhanced retention BMP-2 by gelatin hydrogels. It is
possible that retention of BMP-2 in the body continues stimulating differentiation and
proliferation of osteoprogenitor cells for a longer time, resuiting in enhanced bone formation. It
was reported that when BMP-2 was combined with the rat collagenous matrix, the initially
given dose required to consistently induce cartilage and bone formation was about 600 ng, but
100 to 200 ug of BMP-2 was required if no matrix was used for rat ectopic bone regeneration™.
It is safe 1o say that prolonged retention of BMP-2 in vivo is a promising way to efficiently
cnhance its ostcogenetic actions.

It is interesting to point out that the location of calcium deposition was affected by the
dosage form of BMP-2, as demonstrated in Figure 4. When BMP-2 was injected in the solution
form, bone formation was induced only at the injected site, while bone was ectopically induced
along the periphery of BMP-2-incorporating gelatin hydrogels remaining at the implanted site
even at 2 weeks after implantation. When the gelatin hydrogel with a water content of 95 wt%
is swollen, the hydrogel pore is occupied with water. It is likely that this water presence did not

allow cells to infiltrate into the interior of hydrogel unless it is remarkably degraded (Figures 4,
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5, and 6). As a resull, ectopic bone formation must be induced around the periphery of
hydrogels, because only the osteoprogenitor cells recruited around hydrogels will be most
strongly stimulated to differentiate into osteoblasts by BMP-2 released from the hydrogels.

It has been demonstrated that bFGF molecules with the IEP of 9.6 ionically interacted
with hydrogels of the acidic gelatin with an IEP of 5.0, resulting in sustained release of bEGF
accompanied with hydrogel biodegradation®®. Thus, we expected polyion complexation between
BMP-2 and the acidic gelatin, similar to the bFGF-acidic gelatin complex, because of high IEP
of BMP-2 (8.5). However, the expected polyionic complex between BMP-2 and acidic gelatin
was not practically formed and the in vitro release profile of BMP-2 from the acidic gelatin
hydrogel was similar to that from the basic gelatin hydrogei (Figure 1). This unexpected result
seems to be due to a difference in biochemical nature between BMP-2 and bFGF. Unlike bFGF,
BMP-2 is a g.lycoprotein3 7 and requires a surfactant to make it water-soluble at high
concentrations. Although lysozyme and avidin are both basic proteins with a similar IEP, the
glycoprotein avidin was sorbed to the acidic gelatin hydrogel to a less extent than the non-
glycoprotein lysozyme. In addition, a small amount of avidin was sorbed to the basic gelatin
hydrogel, whereas no lysozyme sorption to the basic gelatin hydrogel was observed (data not
shown), This finding suggests that the positively charged site on the avidin molecule may be
covered with sugar moieties, preventing avidin both from forming polyion complex with acidic
gelatin and from repelling basic gelatin. It is possible that the presence of sugar moicties and
surfactant also prevents BMP from ionically interacting with acidic gelatin, resulting in no
difference in the release profile of BMP-2 between acidic and basic gelatin hydrogels. Protein
was permeated through gelatin hydrogels, although the permeation rate was influenced by their

water content®’. In addition, a similar in vitro release profile of BMP-2 was observed for gelatin
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hydrogels with different water contents, irrespective of their IEP (data not shown). Probably,
BMP-2 molecules are small enough to permeate through acidic and basic gelatin hydrogels with
the waltcr content around 95 %, although the crosslinking extents are different among the two
hydrogels. This indicates that there is no structural difference between acidic and basic gelatin
hydrogels affecting the release profile of BMP-2. It is conceivable that difference in the BMP-2
retention in hydrogels may be caused by intermolecular interaction between BMP-2 and gelatin,
such as an electrostatic interaction and hydrophobic interactions. These interactions will result
in different profiles of BMP-2 retention between the two gelatin hydrogels.

Difference in the time profile of BMP-2 retention between in vitro and in vivo systems
may be explained in terms of biological substance presence in the body. This suggests that an
initial burst from BMP-2-incorporating gelatin hydrogels in vivo is similar to that in vitro.
When gelatin hydrogels are implanted in the subcutis, biological substances originally present
in the body, such as proteins, will interact both with gelatin and BMP-2 molecules. It is possible
that this interaction reinforced the affinity of BMP-2 for the hydrogels, resulting in prolonged
rctention of BMP-2 in vivo. Moreover, many cells infiltrating around the hydrogels will modify
the in vivo BMP-2 retention. These events will result in a delayed in vivo release of BMP-2
compared with that in vitro.

In conclusion, BMP-2 incorporation into gelatin hydrogels prolonged the in vivo
retention of BMP-2 and enhanced ectopic bone formation. Injection of free BMP-2 also formed
cctopically bone only at the injected site, although the extent and the induction area were less
prominent than that of BMP-2-incorporating hydrogels. Such stronger bone induction of the

hydrogels can be ascribed to their property to prolong in vivo BMP-2.
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Chapter 3

Bone regeneration induced by biodegradable hydrogel matrices

incorporating TGF-g1

INTRODUCTION

The sustained release of growth factors with short half-life periods is a key
technology for successful tissue cngineering because they play an important role in cell
proliferation and differentiation. Bone regeneration is an attractive research field of tissue
engineering since it is of highly clinical requirement. It is well known that the formation and
destruction of tissues are regulated by various types of growth factors'. Thus, if one can
accelerate bone formation using growth factors in a suitable manner, this technology will
provide a new clinical way to fill the bone defect, which is currently substituted with
autografts, allografts, and biomaterial implants. It has been demonstrated that various growth
factors, such as TGF-81, BMP, and bFGF, regulate the proliferation and differentiation of
osteogenic cells and enhance bone regeneration in vivo'™.

TGF-B1, a basic protein with high hydrophobicity, regulates proliferation and
differentiation of fibroblasts, keratinocytes, and osteoblasts, extracellular matrix metabolism
in the bone or the connective tissue, and immunological system. It is widely recognized that

TGF-B1 molecules bind to latency-associated peptide, and latent TGF-f1 binding protein
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through non-covalent and covalent bonds, respectively. These binding enables in vivo
unstable TGF-B1 molecules to be stored in the extracellular matrix and to regulate its cellular
functions. TGF-B1 molecules are released in an active form from the extracellular matrix by
the bond cleavage. In addition, other extracellular matrix components, such as heparin,
heparan sulfate, and type 1V collagen, also bind to active TGF-f1 to modulate its biologicai
activity'”. Thus, for the in vivo use of TGF-B1, this protein should be incorporated into a
carricr that can protect from its enzymatic digestion and denaturation. As carrier matrices of
TGF-$31, collagen®, hydroxyapatite’, demineralized bone matrix (DBM)'""*, DBM coated with

14" calcium sulfate™, and methylcellulose gel®, have been studied

poly(lactide-co-glycolide)
to demonstrate that they are feasible as the matrix carrier to induce bone regeneration.
However, few studies have been reported on bone regeneration by the controiled release of
TGF-f1.

Biodegradable gelatin has been extensively used for pharmaceutical, medical, and
food purposes because of its biosafety, which has been proven through its long clinical

', Other advantages of gelatin are its high chemical reactivity and commercial

application
availability of gelatin samples with different charges. A biodegradable hydrogel has been
prepared {rom acidic gelatin with an IEP of 5.0. This gelatin is negatively charged at the
physiological pH of 7.0. It was found that a positively charged bFGF was electrostatically
complexed with the negatively charged, acidic gelatin. The bFGF molecules complexed with
the acidic gelatin hydrogel were released in vivo as a result of hydrogel biodegradation'™'.
Tabata ct al. have succeeded in sustained release of biologically active bFGF from this

biodegradable hydrogel based on polyion complexation and achieved remarkable enhanced

angiogenetic'” and osteogenetic effects® in marked contrast to bFGF in the solution form.
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This chapter describes the sustained release system of this biodegradable gelatin
hydrogel to TGF-B1 and evaluates in vitro sorption of TGF-B1 to the acidic and basic gelatin
hydrogels and their release profiles. Following subcutaneous implantation of '*I-labeled
TGF-B1 into the back subcutis of mice, the time profile of TGF-B1 release is compared with
that of the hydrogel biodegradation. In addition, effects of TGF-B1-incorporating acidic

gelatin hydrogels on bone regeneration are evaluated by use of a rabbit model having a skull

bone defect.

EXPERIMENTAL

Materials

TGF-B1 with IEP of 9.5 was purchased from Sigma, Missouri, USA. Gelatin samples
with IEPs of 5.0 and 9.0 (Nitta Gelatin Co., Osaka, Japan), isolated from the bovine bone with
the alkaline process and from the porcine skin with the acidic process, are here named as
acidic and basic gelatin, respectively, based on their electrical feature. N-succinimidyl-3-(4-
hydroxy-3,5-di [ml] iodopheny!) propionate (lzjl-Bolton-Hunter Reagent, 147 MBqg/ml in
anhydrous benzene) and aqueous solution of Bolton-Hunter ['*I]-labeled TGF-B1 in 0.05 M
sodium acetate buffer containing 5 % sucrose and 0.25 % bovine serum albumin (185
kBg/mL, pH4.0, the specific activity of 6310 kBg/ug) were purchased from NEN Research
Products, Du Pont, Wilmington, USA. Other chemicals were obtained from Wako Pure

Chemical Industries, Osaka, Japan or Nacalai Tesque, Kyoto, Japan and used without further

purification.
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Preparation of hydrogel matrices

Hydrogels were prepared by crosslinking of aqueous gelatin solutions with
glutaraldchyde according to the method described clsewhere'. Aqueous solution of either
acidic or basic gelatin was cast into a polypropylene dish of 138 x 138 cm® and 2 mm depth at

various concentrations of glutaraldehyde, as summarized in Table 1.

Table 1. Preparation conditions of gelatin hydrogels with different water contents.

Gelatin ty pe CO.ncenlra.lion of Concentration of Water content
gelatin solution (wt%) glutaraldehyde (wt%) (Wt%)
Acidic 15 0.40 85
Acidic 10 0.25 90
Acidic 5 0.063 95
Acidic 3 0.050 08
Basic 5 0.89 95

Following crosslinking reaction at 4 °C for 12 hr, the crosslinked hydrogel sheet was punched
out 10 obtain discs of 6 mm in diameter. They were placed in 100 mM aqueous glycine
solution at 37 °C for 1 hr to block residual aldehyde groups of glutaraldehyde, followed by
washing with DDW. They were freeze-dried and then sterilized with ethylene oxide gas. Their
weight was measured before and after drying at 70 °C under vacuum to calculate their water
content, which was defined by the weight percentage of water in the wet hydrogel®. The size
of hydrogel discs used in this chapter was 6 mm in diameter and 2 mm in thickness and their

wet weight was 0.16 g.
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Radiolabeling of hydrogel matrices

Gelatin hydrogels with a water content of 95 wt% were radioiodinated by use of " I-

Bolton-Hunter reagent™. Briefly, 100 uL of '~ 1-Bolton-Hunter reagent solution in anhydrous
benzene was bubbled with dry nitrogen gas until benzene evaporation was completed. Then,
125 uL of DDW was added to the dried reagent, followed by agitating to prepare aqueous 1L

Bolton-Hunter solution. The aqueous solution was dropped on freeze-dricd discs of gelatin

hydrogels (30 uL per hydrogel disc), and then the resulting swollen hydrogel discs were left at
4 °C for 3 br for radioiodination of gelatin. The resulting gelatin hydrogel discs were rinsed

with DDW at 4 °C for 4 days to exclude non-coupled, free "I.labeled reagent from -
labeled gelatin hydrogels and then freeze-dried. When measured periodically, the DDW
radioactivity decreased 1o the background level after 4-day rinsing. No shape change of

swollen hydrogel discs was observed during radiolabeling and the subsequent rinsing process.

Evaluation of TGF-B1 sorption to hydrogel matrices

TGF-B1 sorption to gelatin hydrogels was performed in DDW at 4 °C in a
polypropylene test tube. The agueous solution containing 50 pg of '"I-labeled TGF-B1 (900
uL) was added to acidic and basic gelatin hydrogel discs with the water content of 95 wt%.
These discs were preswollen with 100 4L of DDW at 37 °C for 12 hr. The gelatin hydrogels
were soaked in the '“I-labeled TGF-B1 solution at 4 °C. At different time periods after
incubation at 4 °C, the supernatant was taken out to measure the radioactivity on a gamma
counter (ARC-301B, Aloka Co., Tokyo, Japan), while the radioactivity of gelatin hydrogels

and test tubes was measured to estimate the mass balance of TGF-B1.
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Preparation of hydrogel matrices incorporating TGF-$1

For TGF-f31 incorporation into acidic gelatin hydrogels, 20 uL of aqueous solution
containing 0.1 ug of TGF-B1 and 50 pg of '*I-labeled TGF-B1 was dropped onto freeze-dried
hydroged discs, followed by leaving them in culture dishes of 60 mm diameter under scaling
with parafilm at 4°C overnight. The prepared TGF-P1-incorporating acidic gelatin hydrogel
discs were used without washing for the following experiments. Since the volume of TGF-f1
aqueous solution was much less than that theoretically impregnated into each hydrogel, the
dose of TGF-B1 incorporated was defined as the amount initially added for TGF-#1

incorporation,

Evaluation of in vivo TGF-B1 release

Acidic gelatin hydrogel discs incorporating '“*I-labeled TGF-B1 with water contents
of 85, 90, 95, and 98 wt% were implanted into the back subcutis of 6 week-old female ddY
micc™. As a control, 100 uL of aqueous solution containing '“I-labeled TGF-B1 was
subcutaneously injected into the mouse back at the central position 15 mm away from their
tail root. The dose of '*I-labeled TGF-B1 was 50 pg for both the forms. At different time
intervals, mice were sacrificed according to the institutional guidelines of Kyoto University
on animal experimentation. The skin on the back of mice around the implanted or injected site
of TGF-1 was cut into a strip of 3 x 5 cm” and the corresponding facia was thoroughly wiped
off with filter paper to absorb '*I-labeled TGF-B1. The radioactivity of remaining hydrogels,
excised skin, and filter paper was measured on the gamma counter to assess the time profile

of in vivo TGF-B1 retention. Radioactivity measurements for other organs and tissues
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revealed that no accumulation of TGF-B1 was found in any specific organ. The radioactivity
of gelatin hydrogels and aqueous solution containing '*I-labeled TGF-B1 as a standard was
measured at each sampling time and the radioactivity ratio of the samples to the standard was

calculated to assess the profile of in vivo TGF-B1 retention.

Evaluation of in vivo degradation of hydrogel matrices
In vivo hydrogel degradation was evaluated in terms of radioactivity loss of the L
labeled gelatin hydrogels incorporating TGF-B1'®. After subcutaneous implantation of L

labeled acidic gelatin hydrogel discs incorporating TGF-B1 in the back of mice, the
radioactivity of hydrogels and the surrounding tissue was measured at different time intervals

according to the same method as described above.

Assessment of bone regeneration

The bone regeneration effect was evaluated by use of a rabbit model with a skull bone
defect *. Under anesthetization, the head skin of Japanese White rabbits weighing between 2
and 2.5 kg was cut to expose the skull bone and, after pericranium incision, bilateral skull
defects of 6 mm in diameter were carefully prepared by a microdrill with the aid of an
operating microscope not so as to injure the underlying dura mater. The acidic gelatin
hydrogel incorporating 0.1 ug of TGF-B1 was applied to the rabbit skull defect. As controls,
the TGE-B1-free empty gelatin hydrogel and 100 4L of PBS with or without 0.1 ug of TGF-
B1 were employed. After treatment, the pericranium and skin were carefully sutured with No.
4-0 nylon monofilament. Each experimental group was composed of 4 rabbits and 4 different

defects were treated with either the right or left defect being selected randomly. After 8 weeks
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postoperatively, the skull bone was removed together with the defect and fixed with 10 vol%
agqucous neutral formalin solution.

Bone regeneration at the skull defect was assessed by Dual-Energy X-ray
Absorptometry (DEXA) and histological examination of formalin-fixed specimen. The bone
mineral density (BMD) of each defect was measured by DEXA using a bone mineral analyzer
(model DCS600, Aloka Co., Tokyo, Japan) in the region of interest of 5 x 5 mm’. Bone
specimens were demineralized in 10 wt% ethylenediamine tetraacetic acid solution at 4 °C for
3 days, embedded in paraffin, and sectioned 1o 2 um thickness. The section preparation was
donc by cutting the specimen at the center of the skull defect or at the site as near as possible,
and stained with H-E. The histological scctions were viewed using a light microscope to

evaluate the bone regeneration.

RESULTS

TGY-B1 sorption to hydrogel matrices

Figure 1 shows the in vitro sorption profile of TGF-$1 to the hydrogels of acidic and
basic gelatin at 4 °C. As can be seen, TGF-1 was clearly sorbed with time to the acidic
gelatin hydrogel and approximately 40 % of TGF-$1 applied initially was found 1o be stored
in the hydrogel 27 hr after immersion. On the other hand, the amount of TGF-1 sorbed was

only 5 % of the total TGF-B1 for the basic gelatin hydrogel.

74



Chapter 3

100 T T T T T

Percent sorbed

0 5 10 15 20 25 30

Time after immersion (hr)

Figure 1. The time course of in vitro TGF-f1 sorption to hydrogels of gelatin with
IEPs of 5.0 (O) and 9.0 (@®).
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Figure 2. The in vivo decrement patterns of the radioactivity remaining in the back of
mice after subcutaneous implantation of 1251_labeled TGF-p1-incorporated into acidic
gelatin hydrogels with water contents of 85 (O), 90 (@), 95 (£), and 98 wt% (M) or

subcutaneous injection of 1251_jabeled TGF-B1 aqueous solution ([J).
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In vivo TGF-B1 release

Figure 2 shows the in vivo decrement patterns of radioactivity from the implanted
sitc of '“I-laheled TGF-f31-incorporating acidic gelatin hydrogels with water contents of 85,
90, 5, and 98 wt% or the injected site of aqucous '*I-labeled TGF-B1 solution. For TGF-p1-
incorporating gelatin hydrogels with water contents lower than 98 wt%, TGF-B1 was retained
in thc mousc subcutis for longer time periods than free TGF-$1 injection. More than 50 % of
TGF-f31 initially applicd was rctained in the vicinity of the hydrogels one day after
implantation of acidic gelatin hydrogels with water contents of 85, 90, and 95 wt%, whereas
almost 100 % of frce TGF-B1 disappeared from the injected site within one day. Incorporation
into the gelatin hydrogel with the water content of 98 wt% did not prolong the in vivo
retention of TGF-B1 and the time profile was similar to that of injected free TGF-$1. The
prolonged period of TGF-B1 retention depended on the water content of hydrogels. The lower
the water content of the hydrogels, the higher the amount of TGF-$1 remaining. No
significant radioactivity accumulation was detected in any organ during the experiment period,
irrespective of the dosage form (data not shown). Neglectively low radioactivity was detected
in the thyroid gland for each experimental group, indicating no release of free radioactive

iodine from '*I-labeled TGF-B1 (data not shown).

In vivo degradation of hydrogel matrices

Figure 3 shows the time course of remaining radioactivity after subcutaneous
implantation of '*I-labeled acidic gelatin hydrogels incorporating TGF-B1. The remaining
radioactivity decreased with time and the radioactivity was retained for more than 2 weeks.

No significant radioactivity accumulation was found in any specific organ although a low
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Figure 3. The in vivo time profile of the radioactivity remaining in the back of mice
after subcutaneous implantation of TGF-f1-incorporated into 12°I-labeled-acidic gelatin
hydrogel with a water content of 95 wt%.
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Figure 4. The in vivo remaining radioactivity of 1251 labeled TGF-B1-incorporated into
acidic gelatin hydrogels plotted against that of 125].]abeled acidic gelatin hydrogels
incorporating TGF-B1. The water content of hydrogels is 95 wt%.
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percentage of radioactivity was obscrved for the tissue around the hydrogels during the early

period after implantation (data not shown).

Relationship between the TGF-p1 release and the hydrogel matrices degradation in vivo

Figure 4 shows the remaining radioactivity of TGF-p1 plotted as a function of that of
acidic gelatin hydrogels. It is apparent that there was a good correlation between the two
rcmaining radioactivities. The remaining radioactivity of TGF-B1 increased in a proportional

manner to that of the gelatin hydrogel at a correlation coefficient of 0.949.

Bone regeneration

Table 2 summarizes the bone mineral density at the skull defect of rabbits 8 weeks
after treatment with TGF-B1-incorporating acidic gelatin hydrogels or other agents. The BMD
at the skull defect was measured by DEXA and the TGF-f1 dose was 0.1 pg for a skull defect.
[t is clear that both the TGF-B1-incorporating acidic gelatin hydrogels with water contents of
90} and 95 wt% cnhanced the BMD of the skull defect to a significantly higher extent than free
TGF-B1. The BMD value was similar to that of the intact bone. No significant enhancement
of the BMD at the skull defect was detected for TGF-Bl-incorporating acidic gelatin
hydrogels with water contents of 85 and 98 wt%. Free TGF-f1 did not enhance the BMD
valuc at the bone defect, although it tended to be somewhat higher than that of PBS-treated
control rabbits. Irrespective of the hydrogel water content, TGF-f1l-free empty gelatin

hydrogels did not contribute to any increase in BMD of the skull defect of rabbits.
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Table 2. Bone mineral density (BMD) at the skull defect of rabbits 8 weeks after different

treatments.
Treatment with Water content (wt%) BMD (mg/cm?) a)
TGF-B1-incorporated 85 60.5+ 8.0
into gelatin hydrogels 90 84.3+ 5.2 *HSSILILL
(0.1ug TGF-B1/rabbit) 95 84.3 £12.0 **5,9,1,#4#
98 65.0+ 6.1
Free TGF-B1 - 649+ 7.0
(0.1ng TGF-p1/rabbit)
Empty gelatin hydrogels 85 62.1+ 83
90 60.8% 2.1
95 58.0% 5.0
98 60.7%t 8.6
PBS — 60.2 +11.6

a)

**p<(.01 versus the PBS-treated group; §p<0.03, §§p<0.01 versus the feec TGF-§1-treated group; § p<0.035, {7 p<0.01

versus group treated with TGF-p1l-incorporated into gelatin hydrogel (85 wt%); + p<0.05, 11 p<0.01 versus group
treated with TGF-f1-incorporated into gelatin hydrogel (98 wi%); 11 p<0.01 versus the group treated with empty
gelatin hydrogel (90 wt%), ### p<0.001 versus the group treated with empty gelatin hydrogel (95 wi%).
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Bone regeneration induced by TGF-[31

Figure 5 shows histological sections of the skull defect 8 weeks after different
treatments. The dose of TGF-$1 was 0.1 pg per skull defect. When the skull defect of rabbits
was treated with PBS and empty gelatin hydrogels with water contents of 85, 90, 95, and 98
wt%, insignificant bone regeneration was observed and soft connective tissues were infiltrated
to the defect. On the contrary, bone regeneration was found in the skull defects of rabbits
treated with TGF-f1-incorporating acidic gelatin hydrogels with water contents of 90 and 95
wit% and the defect was completely occupied by the newly formed bone. TGF-f1-
incorporating gelatin hydrogels with water contents of 85 and 98 wt% did not exhibit bone
regeneration as strong as those with other water contents. All of the acidic gelatin hydrogels
cxcept for that with the water content of 85 wt% were completely degraded in the defect

within 8 weeks and little inflammatory response was found to the hydrogels.

Figure 5. Histological cross-sections at the skull defect of rabbits 8 weeks after treatment

with PBS (a), 0.1 ug of free TGF-B1 (b), TGF-B1-free, empty acidic gelatin hydrogels (c, ¢, g,

and 1), and TGF-f1 (0.1 pg)-incorporating acidic gelatin hydrogels (d, f, h, and j). The water
contents of hydrogels are 85 (c and d), 90 (e and f), 95 (g and h), and 98 wt% (i and j). B;
Bone, DM; Dura mater, C; Connective tissue, and NB; New bone. Asterisks indicate acidic
gelatin hydrogels with or without TGF-B1 remaining in the defect (H-E staining). Every bar

corresponds to 1 mm length.
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Figure 5. (Continued).
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DISCUSSION

This chapter attempted to develop hydrogel carrier system composed of gelatin for
the sustained release of TGF-31 based on polyion complexation. A recent study demonstrated
that bFGF with an IEP of 9.6 ionically interacted with acidic gelatin with an IEP of 5.0 and
succeeded in the sustained release of bFGF from the acidic gelatin hydrogel accompanied
with hydrogel biodegradation'™". It is likely that, similar to bFGF, TGF-B1 with an IEP of 9.5
is immobilized into the acidic gelatin hydrogel based on polyion complex. When TGF-p1 was
sorbed into the acidic gelatin hydrogel at 4 °C overnight, approximately 80 % of TGF-31
initially applied was rctained in the hydrogel even 1 day after incubation under the in vitro
non-biodegradable condition (data not shown). Taken together with the in vitro profile of
TGF-31 sorption (Figure 1), it is likely that positively charged TGF-B1 molecules are
clectrostatically complexed with negatively charged gelatin chains constituting the hydrogel
carrier.

Radioactivity localization around the implanted hydroge! and no radioactivity in any
organ demonstrate that both TGF-B1 and gelatin were slowly released in vivo at the
implantation site and gradually disappeared there. It is reported that gelatin was not degraded
by simple hydrolysis but by proteolysis and the degradation of gelatin hydrogels depended on
(heir water content' 2. The prolonged in vivo retention of TGF-$1 and the water content
dependence of the retention period (Figure 2) may be explained in terms of hydrogel
biodegradation. As is shown in Figure 4, the remaining radioactivity of TGF-f1 well
correlated with that of gelatin hydrogel. It seems that TGF-1 molecules, once complexed

with the acidic gelatin, cannot be released from the acidic gelatin hydrogels unless hydrogel
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degradation occurs. TGF-fi1-incorporating acidic gelatin hydrogels with lower water contents
will be degraded more slowly, leading to the TGF-B1 release for longer time periods than
those with higher water contents. In this system, the TGF-B1 release from the hydrogel can be
rcgulated by hydrogel biodegradation.

The bioactivity of TGF-B1 released from TGF-B1-incorporating acidic gelatin
hydrogels was evaluated in terms of bone regeneration by use of a rabbit model with a skull
defect. Free TGF-f1 treatment did not significantly enhance the BMD at the skull defect
(Table 2). A similar BMD at the defect of rabbits treated with TGF-B1-free, empty gelatin
hydrogels to that of control rabbits indicated that the hydrogel itself had no ability for bone
induction. The activity of TGF-fl-incorporating gelatin hydrogels to induce bone
regeneration greatly depended on their water content. It is likely that the fast-degraded
hydrogel neither contributed to prolonged retention of TGF-B1 nor to protect the defect from
the ingrowth of soft tissues. When the rate of hydrogel degradation is too slow compared with
that of bone regeneration at the skull defect, the hydrogel remaining in the defect will
physically impair bone regeneration, even though long-termed release of TGF-BI is
achievable. This finding indicates that a balance in the time profile between the TGF-B1
release and the bone formation is essential for the bone regeneration induced by TGF-f1-
incorporating gelatin hydrogels.

Based on the suggested release mechanism of TGF-§1 from the gelatin hydrogel,
TGFE-B1 molecules are released being complexed with degraded gelatin fragments. Further

study is required to confirm how the reieased TGF-B1 acts to target cells and exert its

biological function in vivo.
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Promoted ingrowth of fibrovascular tissue into porous sponges by bFGF

INTRODUCTION

A number of porous biomaterials have been prepared from poly (L-lactide) (PLLA),
L-lactide and glycolide copolymers (PLGA), collagen, and hydroxyapatite to demonstrate the
efficacy as scaffolds for cell seeding and tissue regeneration in tissue engineering'™'""*, The
scaffolds function as temporary substrates for proliferation and differentiation of cells seeded
or infiltrated from the surrounding host tissue, and finally are integrated inio or degraded in
the regenerated tissue. It has been widely accepted that cell-scaffold interaction is greatly
influenced by their porous structure, especially by their pore size. It is known that there is an
optimal pore size for cell infiltration and host tissue ingrowth; for instance, 5-15 um for

fibroblasts®, 20-125 um for adult mammalian skin tissues™'’, 100-350 um for bone tissues™",

and 40-100 um for osteoid tissues®.

However, seeded cells do not always survive for a long time period in a scaffold,
because oxygen and nutrients are not sufficiently supplied to transplanted cells due to their
poor diffusion through the scaffold. Vascularization in the interior of scaffold seems to be a
very good means to overcome this problem. For example, hepatocytes were seeded into a
porous biodegradable scaffold, followed by transplantation at the rat mesentery having

abundant blood vessels, since this tissue may provide the cells with oxygen and nutrients
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sufficient enough for survival'™"”. Angiogenic growth factors, including bFGF, plateiet-

derived growth factor, and vascular endothetial growth factor, have been used to induce
capillary formation in porous scaffolds'*"".

The objective of this chapter is 1o investigate the effect of bFGF addition and pore
size of a scaffold on the ingrowth of fibrovascular tissue. As the scaffold, poly (vinyl alcohot)
{PVA) sponges with different pore sizes were employed, while bFGF was selected to induce
the fibrovascularization. Two methods were applied for incorporation of bFGF into the
sponge: onc is by incorporating bFGF into gelatin microspheres and the other is by direct
deposition of bFGF from solution into the PVA sponges. The hydrogel microspheres were
prepared from “acidic” gelatin with an IEP of 5.0, as this polymer is able to form polyion
complex with “basic” bFGF'™. A recent study demonstrated that the polyion complex could
relcase bFGF in the biologically-active state as a result of gelatin biodegradation™ and
cnhanced the angiogenetic effect, in marked contrast to free bFGF'™*, The PVA sponges
rcceiving  bFGF-containing  gelatin - microspheres or free bFGF in solution were

subcutaneously implanted in the back of mice and ingrowth of fibrous tissues and formation

of new capillaries were histologically compared with those without bFGF.

EXPERIMENTAL

Materials
Aqueous solution of bFGF with an IEP of 9.6 was supplied by Kaken Pharmaceutical

Co., Ltd., Tokyo, Japan. A gelatin sample with an [EP of 5.0 (Nitta Gelatin Co., Osaka, Japan)
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was cxtracted from bovine bone with an alkaline process. PVA sponge sheets with
interconnected pores of various average pore sizes but a similar porosity were kindly supplied
by Kanebou Co., Lid., Osaka, Japan (Table 1). These sponges were synthesized by
formalization of PVA in the presence of starch, followed by starch extraction. The extent of
formalization was approximately 80 mol%. Glutaraldehyde (GA), glycine, and other
chemicals were purchased from Wako Pure Chemical Industries, Osaka, Japan and used

without further purification.

Table 1. The pore size and porosity of PVA sponges used in this study.

Average pore size (um) Porosity (%)
30 91
60 88
110 88
250 90
350 91
700 90

Preparation of biodegradable hydrogel microspheres incorporating bFGF

Gelatin microspheres were prepared through GA crosslinking of gelatin agueous
solution in w/o dispersion as described elsewhere®. Immediately after mixing 25 uL of GA
aqueous solution (25 wt%) with 10 mL of 10 wt% gelatin solution preheated at 40 °C, the
mixture was dropwise added to 375 mL of olive oil under stirring at 420 rpm and 40 °C.
Stirring was continued for 24 hr at room temperature to allow chemical crosslinking of gelatin

to proceed. After an addition of 100 mL of acetone to the mixture, the resulting crosslinked
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microspheres were collected by centrifugation (4 °C, 3000 rpm, 5 min) and washed 5 times
with acctone by centrifugation. The washed microspheres were placed in 100 mL of 100 mM
glycine aqueous solution containing Tween 80 (0.1 wt%), followed by agitation at 37 °C for 1
hr to block residual aldehyde groups of unreacted GA. Then, the resulting microspheres were
washed twice with DDW by centrifugation, freeze-dried, and sterilized with ethylene oxide
gas. The water content of gelatin microspheres was calculated from the microsphere volume
before and after swelling in PBS (pH 7.4) for 24 hr at 37 °C. The microsphere used in this
chapter had the water content of 95 vol%'. The microsphere diameter was measured for at
least 100 microspheres by viewing with a light microscope to calculate their volume. The
average diameter of microspheres was 100 ym.

bFGF was impregnated into gelatin microspheres by drop-wise addition of 10
mg/mL of bFGF solution (10 pL) onto 2 mg of freeze-dried gelatin microspheres. They were
left at room temperature for 1 hr. Empty gelatin microspheres without bFGF were prepared in
the same way as above except using DDW as the solution to add. The solutions (10 pL) were
completely sorbed into the microspheres during swelling, because the solution volume was

Iess than that theorctically required for the equilibrated swelling of microspheres.

bFGF incorporation into PVA sponges

PVA sponge sheets of 1 mm thick were punched out to obtain sponge discs of 6 mm
in diameter. Two pieces of PVA sponge discs were overlapped and peripherally sutured
together with a 7-0 polypropylene monofilament under a wet condition to make sponges soft
for casy sewing and tight suturing. The two-layered PVA sponges (2 mm in thickness, 6 mm

in diameter) were dried and sterilized with ethylene oxide gas.
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The gelatin microspheres (2 mg) with or without bFGF were suspended in 0.2 mL of
DDW and the microsphere suspension was asepticaily added into the central portion of two-
layered sponges. During this process, excess DDW was diffused out while the microspheres
were trapped in the center of sponges, irrespective of the pore size. In addition, 10 uL of PBS
containing 100 pg of bFGF was given to PVA sponges to incorporate free bFGF into the

sponges. As a control, 10 uL of PBS alone was added to PVA sponges.

Assessment of fibrous tissue ingrowth and capillary formation in PVA sponges

Sponges with or without bFGF were subcutaneously implanted into the back of
female ddY mice, 6 week-old (Shimizu laboratory supply, Kyoto, Japan). Each experimental
group was composed of 3 mice and the bFGF dose was fixed to 100 ug / mouse. At 1, 3, and
6 weeks post-implantation, mice were sacrificed and the implanted PVA sponges were
removed together with their surrounding fibrovascular tissue. The explanted sponges were
fixed with 10 % neutralized formalin solution, embedded in paraffin, and sectioned at the
center of PVA sponges or at the site as close as possible to the center (2 um thickness),
followed by staining with H-E.

Photomicrographs of histological sections were taken at a magnification of 40 to
evaluate the ingrowth of fibrous tissue and capillary formation in PVA sponges. Six areas
were randomly selected from each of microphotographs. The distance from the sponge edge
to the front line of the fibrous tissue ingrown into the sponges was measured and the number

of capillarics newly formed in the same area was counted and expressed as the mean *

standard error.
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RESULTS

Ingrowth of fibrous tissue into PVA sponges

Figure 1 shows the typical histological sections of PVA sponges with and without
bFGF 3 weeks after implantation. bFGF was incorporated in gelatin microspheres. The
sponge pore size had a great influence on the ingrowth of fibrous tissue accompanied with
new capillary formation into the sponges. Remarkable fibrous tissue ingrowth was observed
for the sponge having a pore size of 250 pm, whereas pores were not occupied with the
fibrous tissue but with a fibrin-like tissue for the sponge with a large pore size, such as 700

pm.

() 230 um. bFGF-containing gelatin microspheres

=

Figure 1. Histological sections of PVA sponges incorporating bFGF-containing gelatin
microspheres 3 weeks after implantation in the back subcutis of mice. The pore size of the
sponges was 250 (a) and 700 um (b). Arrows indicate capillaries newly formed in PVA
sponges. Histological sections were viewed at the magnification of 40 following H-E staining.

Bars correspond to 100 pm.

92




Chapter 4

spheres

atin micro

gel

=

-containi

um. bFGF

700um

(b)

um, PBS

250um

(c)

Figure 1 (Continued)
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Figure 2. The effect of pore size on the fibrous tissue ingrowth into PVA sponges
incorporating PBS (QO), free bFGF (@), empty gelatin microspheres (A), and bFGF-
containing gelatin microspheres (A). The sponge sections were viewed 1 (a), 3 (b),
and 6 weeks (c) after subcutaneous implantation in the back of mice. The bFGF dose

was 100 pg/ mouse.
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Figure 2. (Continued).

The time course of fibrous tissue ingrowth is shown in Figure 2 after subcutaneous
implantation of sponges with different pore sizes. It is apparent that tissue ingrowth depended
on both the pore size of PVA sponges and their bFGF incorporation. Tissue ingrowth seems to
become the highest around the medium pore size (250 pum) at least 1 and 3 weeks after
implantation. The bFGF entrapped in gelatin microspheres appears to have more markedly
promoted the ingrowth of fibrous tissue into sponges than the others at 3 weeks post-
implantation, irrespective of the pore size. Empty gelatin microspheres did not contribute to
any enhancement of tissue ingrowth. On 6 weeks postoperatively, the pores of PVA sponges
were almost completely filled with fibrous tissue, regardless of the presence of bFGFE
However, tissue ingrowth virtually did not occur for PVA sponges with the pore sizes of 30
and 60 um, while less ingrowth was observed for the sponge with the largest pore (700 pum).
In this case, bFGF-containing gelatin microspheres enhanced tissue ingrowth, even though the

pore size was very large.
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New capillary formation in PVA sponges

Figure 3 shows the number of capillaries newly formed in the PVA sponges as a
function of the distance from their periphery 3 and 6 weeks after subcutaneous implantation in
the back of mice. It is apparent that bFGF was effective in promoting neovascularization in
the sponges. When bFGF-containing gelatin microspheres had been given to PVA sponges
prior to implantation, ncw capillaries were formed in the sponge at a slightly higher rate and
more deeply into the interior region than free bFGF. Enhanced capillary formation was
noticed for the PVA sponges with medium pore sizes of 250 and 350 um than with the smaller
or larger sizes. Empty microsphercs and PBS did not induce any significant capillary
formation in the sponges, irrespective of the pore size. On 6 weeks after implantation, free
bFGF promoted capillary formation to a little less extent than the bFGF-containing gelatin

microspheres.

DISCUSSION

bFGF was used as an angiogenetic factor in this chapter, because this growth factor is
known to have an inherent ability to let both fibroblasts and capillary endothelial cells
proliferate in vitro. In addition, bFGF is effective also in vivo, as evidenced by enhanced
wound healing through vascularization®>. However, such a high bFGF efficacy is not always
achicved when administrated directly in the body without any carrier, probably because of its
very short half-life in the body. As one trial to effectively induce the biological activity of

bFGF, sustained release systems have been created and it was demonstrated that
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Figure 3. The number of newly formed capillaries as a function of the diameter from
the sponge edge to the front line of fibrovascular tissue ingrowth for PVA sponges
incorporating PBS, free bFGF, empty gelatin microspheres, and bFGF-containing
gelatin microspheres 3 () and 6 weeks (b) after subcutaneous implantation in the back
of mice. The pore size of PVA sponges was 30 (O), 60 (W), 110 (#), 250 (0), 350 @),
and 700 (E3) pm.
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vascularization, granulation, and osteogenesis were markedly promoted by sustained release
of bFGF, in marked contrast to direct administration of bEGF®23, However, the results
shown above revealed that the relecase system using gelatin microspheres had a
neovascularization effect, but only a little superior to free bFGF in solution. This unexpected
result seems to be ascribed to the physical adsorption of bFGF molecules onto the PVA
sponge wall.

PVA sponges have an interconnected pore structure with a relatively narrow pore
size distribution. As PVA is not biodegradable but bio-inert*, one can evaluate the
fibrovascular tissue ingrowth without taking into consideration the scaffold degradation. A
most interesting finding of this chapter is that there was an optimum pore size for
fibrovascular tissue ingrowth into sponges. Practically no tissue ingrowth was observed in the
sponges with small pore sizes of 30 and 60 pm even if they were much larger than the
fibroblast size. It seems necessary for sponges of tissue ingrowth to have preconditioning on
the pore surface by biological substances, such as protein adsorption and fibrin deposition for
cell adhesion. However, implantation of PVA sponge may not require such preconditioning,
because the pore wall of this sponge is wettable and is rapidly adsorbed by serum proteins
after implantation. Profound protein adsorption might reduce the pore size to a level
preventing cell infiltration especially for sponges with small pores, resulting in no ingrowth of
fibrous tissue. On the other hand, the decreased tissue ingrowth observed for the PVA sponge
with the largest pore size may be ascribed to too large surface area for cell to attach. It is
reasonable to assume that there is an optimal surface area required for cell attachment and the
subsequent tissue ingrowth in the sponge. The balance in these two factors, preconditioning

and surface area, must be a key factor for tissue ingrowth. As the surface area of sponges
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decreases with the increasing pore size, the most favorable fibrovascular tissue ingrowth must
have occurred into the PVA sponge with the medium pore size ranging from 110 to 350 pm.

This chapter has also demonstrated that bFGF incorporation is essential in inducing new
formation of capillaries in sponges. The enhanced vascularization by bFGF entrapped in
gelalin microspheres is obviously due to sustained release of bFGF?. However, the bFGF
injected in solution could also promote vascularization, to a little smaller extent than the
bFGF entrapped in microspheres, although free bFGF seems to be rapidly excreted from the
injection site. This is likely to be due to strong protein adsorption to the PVA sponge wall.
The adsorption scems to have helped the sustained release of bFGF, because of slow
desorption of bFGF molecules from the PVA sponge wall. The average number of capillaries
in the PVA sponges was larger as the pore size decreased. This suggests that a large space
must be required for capiltary formation because of canalization, contrary to fibrous tissue
ingrowth. This may be also the reason why no vascularization was seen in the PVA sponge
with the smallest pore size.

In conclusion, fibrous tissue ingrowth occurred into PVA sponges and the ingrowth rate
showed a maximum at pore sizes around 250 um, probably due to the balance in two factors,
preconditioning of the pore surface for cell infiltration and surface area of the sponges for cell
attachment. Incorporation of bFGF into the sponges promoted the growth of fibrous tissue
cspecially at 3 weeks post-implantation, and more greatly enhanced formation of new
capillaries, regardless of the pore size. There was no significant difference in capillary
formation between the bFGF entrapped in gelatin microspheres and free bFGF. [t was
concluded that incorporation of bFGF-containing gelatin microspheres was a potential way to

induce [ibrovascular tissue ingrowth in the pore of sponges.
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Chapter 5

Ultrastructure of construct generated by osteoblasts cultured on surface-

modified polymer substrates

INTRODUCTION

The ultrastructure of the interface between an implant surface and its adjacent bone
tissue is expected to greatly depend on the chemical nature of the implant surface. Since this
may play an important role in the establishment of firm fixation of the implant to the bone,
many research groups have studied on such material/bone interfaces to elucidate the course of
bone apposition which will enhance implant fixation'’. Most of these studies on the
ultrastructure of material/bone interface have been made utilizing in vitro bone-forming cell
culture. Such a system allows us to avoid the complexity associated with the in vivo
environment which involves many factors interfering the interface analysis. For in vitro studies,
several types of osteoblast-lineages have been isolated from periosteum and calvarium of
several species including chick, mouse, rat, and human®. In 1988, Maniatopoulos et al.
developed the in vitro bone cell culture system in which osteoblasts derived from rat bone
marrow (RBM) cells elaborate an extracellular matrix containing collagen and eventually form
calcified nodules, similar to the bone tissue’. Using this RBM cell culture technique, several

. . . . 10-13
research groups have attempted to investigate bone/implant interfaces ™.
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This chapter aims at analyzing the ultrastructure of the interface between cultured
ostcoblasts derived from RBM cells and four kinds of material surfaces by use of transmission
clectron microscopy (TEM). All of the modified surfaces used in this chapter are created
through a surface grafting technique onto a conventional hydrophobic polyester film. The
surfaccs used for cell culture include the untreated polyester surface and three modified
surfaccs with grafted phosphate polymer chains, immobilized collagen molecules, and a
deposited thin hydroxyapatite (HAp) layer. The use of the same starting substrate with
chemically different surfaces allows us to analyze their ultrastructure of interfaces with cells in

the same experimental procedure.

EXPERIMENTAL

Surface modification

A poly(ethylene terephthalate) (PET) film of 50 pm thickness donated by Teijin Co.
Lid., Tokyo, Japan, was used as the starting polymer substrate for surface modification. After
Soxhlet extraction with methanol for over 24 hr, the film was subjected to photo-induced graft
polymerization of acrylic acid (AAc, Wako Pure Chemical Industries Ltd., Osaka, Japan) and
methacryloyloxyethyl phosphate (MOEP, Unichemical Co. Ltd., Nara, Japan). The chemical
structure and polymerization conditions of the monomers are given in Table 1. The detailed
procedure of grafting was reported elsewhere'*.

The PET film with grafted AAc polymer chains was further subjected to covalent

immobilization of type I atelocollagen (Cellmatrix type I-P, Nitta Gelatin Co. Ltd., Japan) onto
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Table 1. Chemical structure of the monomers used in this study and their graft polymerization

Monomer Chemical structure Monomer concentration UV irradiation time Grafi density
(w1%) (hr) (ng/em?)
Acrylic acid CH;=CH-C-OH
10 3 42+03
( AAc)
CH
Methacryloyloxyethyl ] 3 c|)H
phosphate CH,=C~C~0 ~CHyCH;0 ~P-OH 10 4 1.1£0.2
( MOEP ) 0O 0 (in CH3COOH / H20,1:4,v/v)

¢ Ja1dpyH
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Figure 1. Preparation of polymer surfaces by immobilizing anionic polymer chains, collagen molecules, and
hydroxyapatite.
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its surface with the use of 1-cthyl-3-(3-dimethylaminopropyl)-carbodiimide'>. On the other
hand, the PET film with grafted MOEP polymer chains was used for cell culture, or a thin HAp
microcrystalline layer was deposited onto the polyMOEP (PMOEP)-grafted surface by
immersing the film into aqueous solution of calcium and phosphate ions of pH 7.4 according to
the method reported elsewhere'®. The density of immobilized collagen molecules and deposited
HAp onto the grafted PET film was 2.7 and 25.9 pg/cm”, respectively.

The surface structure of the modified substrates is schematically represented in Figure 1.

Cell isolation and culture

All the modified films were cut into disc with a diameter of 1.5 cm and then sterilized
with ethylene oxide gas. RBM cells were obtained from femora of 8-week-old male Wistar rats
according to the method reported by Maniatopoulos’. After 1 week primary culture of the bone
marrow cells on a commercial polystyrene culture dish, the cells were seeded onto the film
substrates placed on the bottom of polystyrene cell culture dishes at a cell density of 1.0x10*
cells/cm” and then maintained in Eagle's minimal essential medium (MEM) supplemented with
15 9% fetal bovine serum, 10 nM dexamethasone, 50 pg/mL ascorbic acid, and 10 mM B-

glycerophosphate for 1-3 weeks in a humidified atmosphere of 95 % air and 5 % CO,.

Ultrastructure examination of cell-induced construct

After 1-3 weeks of subculture on each of the substrates, cells were washed in 0.1 M
sodium cacodylate buffer (pH 7.2) together with the substrates and fixed for 1 hr at 4 °C in the
same buffer solution but containing 0.5 % glutaraldehyde, 2 % paraformaldchyde, 0.1 % tannic

acid, 10 pg/mL calcium chloride, and 10 pg/mL magnesium chloride. Postfixation was
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performed with 1 % osmium tetroxide in the cacodylate buffer for 1 hr at 4 °C. After washing
with (1.1 M sodium acetate, the specimens were subjected to en-block staining with 3 % uranyl
acclate in 30 % methanol for 1 hr. All the specimens were then dehydrated through graded
cthanol, rinsed with propylene oxide, and embedded in a Spurr resin (TAAB Laboratories
Equipment Ltd., Berkshire, UK). The ultrathin cross-sections with a thickness of 80 nm were
cut from the specimens with an ultramicrotome and stained with uranyl acetate and lead citrate.
Ultrastructural morphology of the material/cell interfaces was observed with TEM (JEM-1200
EX I, JEOL, Tokyo, Japan) operated at 80 kV.

Encrgy dispersive X-ray (EDX) microanalysis was carried out on the same cross-

sections using TEM (H-700X, Hitachi, Japan) operated at 75 kV.

RESULTS

Surface in cell-free medium

Figure 2 shows TEM photographs of the substrates immersed in the culture medium
without cells for 1 week. Apparently, no change is observed at the surface of the untreated PET
film, while a thin electron-dense layer is formed at the vicinity of the PMOEP-grafted surface,
probably due to deposition of calcium phosphate from the medium, as described elsewhere'®,
The two other surfaces having a layer of immobilized collagen (Figure 2c¢) and deposited HAp

(Figure 2d) do not show any remarkable changes upon soaking in the culture medium.
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Figure 2. TEM photographs of the cross-section of substrates immersed in the culture
medium without any cells for 1 week. (a) untreated PET, (b) PMOEP-grafted PET, (c)
collagen-immobilized PET, and (d) HAp-deposited PET.

(a) 1 week '2“ ,

S

Figure 3. TEM photographs of the cross-section of osteoblasts cultured on the untreated PET

surface for (a) 1 and (b) 2 weeks.
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Differentiation of rat bone marrow cell

In the optical microscopic obscrvation after 2 weeks of subculture, colonization of RBM
cells was noticed under formation of bone nodules on all the substrates used in this study (data
not shown). In situ staining specific for membrane alkaline-phosphatase showed expression of
the enzyme at a periphery of the nodules, strongly suggesting differentiation of the RBM cells

into osteoblasts (data not shown) ',

Untreated film surface/cell interface

Figure 3 shows TEM photographs of the osteoblasts cultured on the unmeodified
hydrophobic PET surface. Numerous endoplasmic reticula in spread cells are noticed in Figure
3a, suggesting a high synthetic activity of matrix proteins. This is in good agreement with the
photograph in Figure 3b, where type I collagen fibrils with bundles are clearly seen in the
cxtracellular space between layered cells, but no matrix protein is observed between the
cultured cells and the substrate. No intact cross-section of the interface could be prepared, as

scen in Figure 3b, although the ultrathin sectioning was carefully performed.

PMOEP-grafted surface/cell interface

Figures 4a—4c represent TEM photographs of the interface between cultured osteoblasts
and the PET film with grafted MOEP polymer chains. The material/cell interface was well
reserved after ultrathin sectioning. As is seen in Figure 4a, endoplasmic reticulum is rich in the
intracellular space of spread cells. This feature became more significant after 2 weeks of
culture, as seen in Figure 4b, where many spread cells containing numerous lipid inclusions and

actively elaborating matrix proteins to fill the extracellular space are observed. This matrix is
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(@) 1week L

Figure 4. TEM photographs of the cross-section of osteoblasts cultured on the PMOEP-grafted
PET surface for (a) 1 and (b, c) 2 weeks.
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mostly composed of collagen fibrils with a diameter of approximately 100 nm and clear
bundles, lining the surface of the grafted substrate in the parallel direction.

The most remarkable result seen in Figure 4a and 4b is that an electron-dense layer is
uniformly deposited dircctly onto the substrate surface with a thickness of 180 nm, prior to
collagen fiber production. The TEM photograph under a higher magnification is shown in
Figurc 4c. Obviously, an afibrillar, highly electron-positive layer is in direct contact with the
substrate surface with a thickness of approximately 180 nm, while a more light zone is noticed
at the outermost surface of the layer incorporating collagen fibrils.

EDX microanalysis after 3 weeks of culture revealed that this electron-dense layer was

composed of calcium phosphate, as shown in Figure 5.

Collagen-immobilized surface/cell interface

Figure 6 shows TEM photographs of the interface between cultured osteoblasts and the
collz;gcn-immobilized surface 1 and 2 weeks after cell seeding. It can be seen that the cells are
rich in endoplasmic reticulum and cell processes and, in addition, contain numerous lipid
inclusions. Active collagen production was noted 2 weeks after cell seeding, as shown in Figure
6b. No calcification is observed in the extracellular space at this stage. A dark but not electron-
dense layer with a thickness of 500 nm covering the substrate observed in Figure 6a may be
attributed to the afibrilar collagen covalently immobilized onto the PET surface. This collagen
laycr still remained uncalcified 1 week after cell seeding. After 2 weeks of culture, the bottom
layer adjacent to the substrate became highly electron-dense, which was associated with an
carly deposition of afibrillar substances to the outermost surface of the immobilized collagen

layer.
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500 nm

Figure 5. TEM photograph and EDX microanalysis of the cross-section of osteoblasts
cultured on the PMOEP-grafted PET surface for 3 weeks. The asterisk in the TEM

photograph indicates the position analyzed with EDX. Cracks near the interface are artifacts.

Figure 6. TEM photographs of the cross-section of osteoblasts cultured on the collagen-

immobilized PET surface for (a) 1 and (b) 2 weeks.
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() 1 week : ’3\” NP (b) 2 weeks

1 pm

Figure 7. TEM photographs of the cross-section of osteoblasts cultured on the HAp-deposited
PET surface for (a) 1 and (b, c) 2 weeks. Cracks and an electron-lucent zone near the interface

in the photographs (b, c) are artifacts generated during ultrathin cross-sectioning.

HAp-deposited surface/cell interface

Figure 7 shows the osteoblasts cultured on the HAp-deposited surface for 1 and 2
weeks. Osteoblasts observed after 1 week of culture are rich in endoplasmic reticulum and
contain numerous lipid inclusions, as seen in Figure 7a. It is also apparent that large pre-
deposited HAp crystals are present beneath osteoblasts. After 2 weeks of culture, multilayered

osteoblasts are observed, as seen in Figure 7b. These cells are very rich in endoplasmic
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reticulum and have numecrous intraceilular lipid inclusions, and, in addition, secrete many
collagen fibers and deposit many electron-dense substances, probably HAp, to the extracellular
matrix. It was occasionally observed that the cuboidal cells with less endoplasmic reticulum,

very similar to the phenotype of osteocyte, were surrounded by the deposited substances, as is

seen in Figure 7c.

DISCUSSION

To study the ultrastructural morphology of the interfaces between bone forming cells
and synthetic substrates, four kinds of surfaces were prepared through surface graft
polymerization onto the same PET substrate. The untreated and the PMOEP-grafted PET films
provide artificial surfaces, but have different chemical natures each other, especially in their
hydrophilicity, surface charge, and bone-bonding property. The surfaces with immobilized
collagen and deposited HAp mimic organic and inorganic components of the bone tissue,
respectively. On all the surfaces employed in this chapter, RBM cells could differentiate into
osteoblasts. This was confirmed by assessing the alkaline-phosphatase expression localized on
the cell membrane after 1 week of subculture in the presence of dexamethasone and ascorbic
acid. RBM cells proliferated and maintained their phenotype, occasionally forming bone
nodules. This result is in good accordance with the observation reported by other research
groupsg'”.

A remarkable finding related to surfaces having phosphate-containing polymer chains,

type I collagen, and HAp microcrystallites is firm attachment of osteoblasts to these surfaces, in
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contrast o the untreated PET surface. Cell adhesion to the untreated PET surface was so weak
that no intact cross-scection of the interface could be prepared, while the modified surfaces
exhibited high resistance to the mechanical stress applied during cross-sectioning.

An interesting morphology observed at the interface between the PMOEP-grafted PET
film and ostcoblasts is formation of a thin calcium phosphate layer without including fibrillar
collagen (Figure 4b). Davics ct al. reported a similar interfacial structure in an in vitro RBM
cell culture system ' Such a layer seems 10 be generated at material/osteoblast interfaces in a
cell-dependent manner through the same mechanism by which a cement line is formed at a
natural bonc remodeling site. On the other hand, the PMOEP-grafted surface induced in situ
HAp deposition under the physiologic condition in a cell-independent manner'®. This is in
agrecment with the result shown in Figure 2b, where a very thin deposited layer was noticed.
Formation of this calcium phosphate layer suggests that this surface has an ability to initiate
bone formation, similar to a remodeling site in the living bone.

As demonstrated in Figure 6, the collagen layer immobilized onto the PET substrate
rcmained unchanged after 2 weeks of subculture without appreciable degradation and
resorption, but underwent deposition of a dense calcium phosphate layer just on the substrate
surface. An early deposition of an afibrillar, extracellular matrix was also noticed on the
outermost surface of collagen layer at this stage (Figure 6b). A similar morphology has been
reported by many research groups as an indication of active bone formation' 710121920,

Such an early deposition of both calcium phosphate and an extracellular matrix was
hardly detected at the interface between osteoblasts and the HAp-deposited surface (Figure 7a).
This is probably due to overshadowing by the presence and growth of HAp microcrystals

predeposited onto the PET film. The rate of HAp deposition onto the HAp predeposited
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substrate was found to be approximately ten times as high as that onto the PMOEP-grafted
surface in the physiologic environment'®. It is likely that the predeposited HAp has accelerated
the differentiation of osteoblasts into osteocyte-like cells with a cuboidal shape and less
cndoplasmic reticulum, similar to the mature bone tissue. This interfacial development of bone-
like structure with cuboidal, osteocyte-like cells is different from the three other surfaces
studied here.

In conclusion, the surface modifications of a hydrophobic polymer substrate by grafting
of phosphate polymer chains, immobilization of collagen, and deposition of a thin HAp layer
all effectively improved cell adhesion. The RBM cells differentiated into osteoblasts
maintaining their phenotype on these modified surfaces, similar to those involved in natural
bone formation at the surface of a remodeling site. Osteoblasts cultured on the surface of HAp-

deposited substrate exhibited the highest activity of interfacial bone formation.
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Chapter 6

Structure of bone tissue ectopically regenerated by biodegradable

hydrogel matrices incorporating BMP-2

INTRODUCTION

Bone regeneration has attracted much attention in the field of tissue engineering
because of its high clinical needs. To regenerate patient’s own bone tissue in osseous defects
a number of methods have been proposed including space making with a membrane
especially in the maxillofacial surgery for guided bone regeneration (GBR) and scaffolding
for bone ingrowth in orthopedic, plastic, and skull-base surgeries. The scaffolds employed in
bone regeneration basically function as the substrate for bone cell attachment and are,
therefore, made of porous biodegradable materials such as glycolide-lactide copolymer non-
3.

woven fabrics'™, collagen-sponges' ™, and porous calcium phosphate blocks'**'°_ On the

other hand, biodegradable matrices incorporating cell growth factors such as BMP' 12,
TGF~[527'3 0, and FGF"*? have been placed in bone defects or implanted at an ectopic site. In

this case the matrices serve as the carrier or depot of the growth factors, and occasionally

125



Effect of the structure of BMP-2 carrier

function also as the substrate for bone cell attachment. Fibrin glue'>", PLGA™?, and

2% have been used as the matrix of bone-related growth factors.

calcium phosphates

The purpose of this chapter is to study the effect of the shape of carriers on bone
regencration. For this purposc BMP-2 is used as the bone growth factor and two different
biodcgradable materials as the carricr of BMP-2. One of the materials is a non-woven fabric
made from polyglycolide (PGA) fiber and the other a gelatin hydrogclnm. The PGA non-
woven fabric is a highly porous material, allowing diffusion of nutrients and infiltration of
cells into the device following implantation. On the other hand, the proposed hydrogel
mimics the mechanism in which BMP is stored in the extracellular matrix, resulting in
preventing BMP from the rapid denaturation in the body. The degradation period of

hydrogels can be controlled depending on their crosslinking extent. The carriers incorporating

BMP-2 arc implanted in the thigh muscle of rat to induce ectopic bone formation.

EXPERIMENTAL

Materials

BMP-2 with an IEP of 8.5 was supplied by Yamanouchi Pharmaceutical Co., Tokyo,
Japan. Gelatin was isolated from bovine bone by an alkaline process and had an IEP of 5.0
and an average molecular weight of 99,000 (Nitta Gelatin Co., Osaka, Japan). A PGA non-

woven fabric made from PGA fibers with 20 um diameter without use of any binders was
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supplied from Gunze Co., Kyoto, Japan. The non-woven fabric was made with the scratching
method using polyfilament yarns™. The volume percentage of PGA fibers in the fabric was
estimated to be approximately 25 vol% when the density of PGA was assumed to be 1 g/ cm’.
Figure 1 shows scanning electron microscopic photographs of the lyophilized gelatin hydrogel
and the PGA non-woven fabric. Other chemicals were obtained from Wako Pure Chemical

Industries, Osaka, Japan and used without further purification.

Figure 1. Scanning electron micrographs of the lyophilized gelatin hydrogel (a) and the

PGA non-woven fabric (b). Bars correspond to 20 pm (a) and 100 pm (b).

Preparation of hydrogel matrices

Gelatin hydrogel was prepared by crosslinking of gelatin in aqueous solution with
glutaraldehyde. Briefly, 10 wt% aqueous solution of gelatin containing 0.1 wt%
glutaraldehyde was poured into a mold having a disk shape of 1 mm thickness and 5 mm
diameter (¢). Following the crosslinking reaction at 4 °C for 12 hr, the resulting hydrogel was

immersed in 50 mM glycine at 37 °C for 1.5 hr, followed by washing with DDW. The water
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content of the gelatin hydrogel disk swollen with water at 37 °C was approximately 95 %.
The gelatin hydrogel and the PGA non-woven fabric of 1 mm x 5 ¢ were put in 70 % ethanol
for sterilization at room temperature for 1.5 hr, washed with DDW to remove cthanol, and
then lyophilized. 10 pL of 1 mg / mL BMP-2 was added to matrices to amount to 10 pg per
each carrier. According to Smith et al’!, the dose of BMP-2, 50 pg per 0.1 mL implant, is
enough to induce bone formation. The BMP-2-impregnated gelatin hydrogels were allowed to
stand at 4 °C for over 12 hr before implantation. The BMP-2-impregnated PGA non-woven

fabrics were lyophilized at room temperature before implantation.

Implantation of hydrogel matrices incorporating BMP-2

Each of the carriers with impregnated BMP-2 was implanted aseptically into the left
thigh muscle of three 7-week-old male Wistar rats. The matrix without BMP-2 was implanted
as a control in the right side of the same animal. After 1 and 2 weeks of implantation, the legs
were examined by soft x-rays generated from Hitex HX-100, Hitachi, Japan, at a generator
tension of 46 KVP and current of 2.5 mA for 15 sec. The tissue from the implant site was
cxplanted for histological observation. The explanted specimens were fixed with 10 % neutral
formalin, replaced with ethanol, and embedded in paraffin. The fixed specimens were
sectioned to 10 um thickness with a microtome and stained with H-E solution. In addition,
alizarin red S - light green staining was applied for identifying calcium deposition. The cross-

sections were photographed with an optical microscope. An ultrathin cross-section was cut
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from the formed bone tissue with an ultramicrotome, stained with lead citrate and uranyl

acetate, and then observed with a TEM (JEM-1200EX II, JEOL, Tokyo, Japan).

RESULTS

Soft x-ray observation
Both of the PGA non-woven fabric and the gelatin hydrogel containing BMP-2

showed no ectopic bone formation when observed by soft x-ray after 1 week of implantation.
: (b) R

Fl_gl_lre 2. Soft X-ray photgral.)hs ;f the ectoéic bone induced by the BMP-Zmpregnated
gelatin hydrogel (a) and the BMP-2-impregrated PGA non-woven fabric (b) after 2 weeks of
implantation. (a and b) Arrows indicate the ectopic bone. (c and d) Soft x-ray photographs
show the body sites, respectively, where the gelatin hydrogel and the PGA non-woven fabric

without BMP-2 were implanted.
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However, after 2 weeks of implantation, a radiopaque area (arrow) due to BMP-2-
induced bone formation could be seen in both the matrices, as is shown in Figure 2. No

ectopic bone formation was observed when the carriers did not contain BMP-2.

Histological observation

Figure 3 shows histological observation of the tissue including the BMP-impregnated

DU,

Figure 3. Optical photographs of the histologic cross-section of the surrounding tissue (a),
the gelatin hydrogel (b), and the surrounding tissue (c) after 1 week of implantation. Cross-
sections were stained with H-E (a and b) and alizarin red S. (a) Woven bone (asterisk) was
formed in the center of the tissue. Inflammatory response (arrows) was noticed around the

gelatin hydrogel. Bars correspond to 50 um (a and b) and 100 pm (c).
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Figure 3. (Continued).

gelatin hydrogel after 1 week of implantation. Woven bone is formed in the center of the
tissue in Figure 3a and the gelatin hydrogel still remains, as is shown in Figure 3b.
Inflammatory cells are seen at the periphery of the gelatin hydrogel, but infiltration of any
cells into the gelatin hydrogel cannot be noticed in Figure 3a and 3b. Figure 3¢ shows
histological observation of the cross-section stained with alizarin red S - light green. No
calcium deposition is observed. The cross-section of the tissue after 2 weeks of implantation
is shown in Figure 4. Ectopic bone formation is noticed in the tissue surrounding the gelatin
hydrogel. As shown in Figure 4b, alizarin red S - light green staining clearly reveals a newly
formed bone with calcium deposition. However, even after 2 weeks of implantation, the

gelatin hydrogel has not been completely degraded yet and no bone formation is observed
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Figure 4. Optical photographs of the histologic cross-section of the ectopic bone induced by
the BMP-2-impregnated gelatin hydrogel after 2 weeks of implantation. Cross-sections were
stained with H-E (a) and alizarin red S (b). (b) Newly formed bone with calcium deposition
(arrows) and the residual gelatin hydrogel (heavy arrow) were noticed. Bars correspond to 50

um (a) and 250 pum (b).
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inside the gelatin hydrogel. Figure 5 shows TEM observation of the ectopic bone. It is seen

that osteoblasts have actively produced an extracellular matrix containing collagen fibers

b

Figure 5. TEM photographs of the cross-section of the ectopic bone induced by the BMP-2-
impregnated gelatin hydrogel after 2 weeks of implantation. The ultrathin cross-section was
stained with lead citrate and uranyl acetate. (a) Osteoblasts (O) and unmineralized (star) and
mineralized (asterisk) matrices are evident. (b) At a higher magnification, heavily mineralized

collagen fibers (arrow) are evident. Bars correspond to 1 pm (a) and 200 nm (b).
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Figure 5. (Continued).

which have been partially calcified. This result well agrees with histological observation of
the cross-sections stained with alizarin red S. The cross-section of the control carriers
exhibited the same responses and gelatin hydrogel degradation without bone formation at the
same period as that with BMP (data not shown).

Histological observation of the tissue after 1 week of implantation of the PGA non-
woven fabric is shown in Figure 6. No bone formation is noticed, in good agreement with the

soft x-ray observation (Figure 6b). However, many cells involving inflammatory response
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have infiltered into the non-woven matrix, in contrast to the gelatin hydrogel (Figure 6a).
Figure 7 shows the tissue after 2 weeks of implantation. Obviously, bone is formed inside the
PGA non-woven fabric. This can be clearly identified by alizarin red S - light green staining
of the cross-section of the explant. It is also apparent in Figure 6 that some of PGA fibers are
still present, maintaining the round shape after 2 weeks of implantation. Similar responses
and cell infiltration into carrier, but no bone formation was observed for the control carriers

(data not shown).

o

Figure 6. Optical photographs of the histologic cross-section of the BMP-2-impregnated
PGA non-woven fabric after 1 week of implantation. Cross-sections were stained with H-E
(a) and alizarin red S (b). Many cells infiltered into the pores of PGA non-woven fabric. (b)

No calcium deposition was evident. Arrow indicates the PGA fibers still remaining. Bars

correspond to 100 pm (a) and 250 um (b).
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Figure 6. (Continued).

DISCUSSION

As carriers of BMP, two kinds of biodegradable polymeric materials of different forms
and chemical natures were employed in this chapter. Histological staining of the explanted
carriers with alizarin red S, which can bind to calcium in a tissue, has clearly demonstrated
that both the gelatin gel and the PGA non-woven fabric with impregnated BMP-2 have

stimulated cells to new bone formation in an intramuscular site at 2nd week postimplantation.
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Figure 7. Optical photographs of the histologic cross-section of the BMP-2-impregnated
PGA non-woven fabric after 2 week of implantation. Cross-sections were stained with H-E
(a) and alizarin red S (b). Arrow and asterisks indicate that the PGA non-woven fibers still

remaining and newly formed bone with calcium deposition, respectively. Bars correspond to

50 um (a) and 250 pm (b).
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It is well known that BMP alone may quickly diffuse out into the surrounding tissue with very
wecak bone formation when injected in a solution form at an ectopic site. Only the use of a
carricr may allow BMP to remain at a high concentration around the implanted site and come
into contact with ccells responsible for bone formation long enough 1o initiate bone induction.
The above results strongly suggest that both of the two carriers can retain BMP-2 without a
significant loss of activation and release it into the body, inducing ectopic bone formation.

BMP molecules may be trapped in the PGA non-woven fabric matrix simply by
physical adsorption on the biodegradable fiber surface, whereas the trapping mode of BMP in
the gelatin hydrogel is not as simple as that in the PGA non-woven fabric because BMP
molecules can diffuse into the hydrogel. It is very important to elucidate the mechanism of the
trapping mode and release profilc of BMP, but the extent of inactivation of BMP caused
during its incorporation into the carriers has not yet been studied. Both in vitro and in vivo
BMP-2 release has already been shown in Chapters 1 and 2.

An intercsting result found in this chapter is the morphological difference in formed
bones between the gelatin hydrogel and the PGA non-woven fabric. As demonstrated in
Figure 7, ectopic bone was induced in the inside of the PGA non-woven fabric, whereas bone
was formed at the periphery of the gelatin hydrogel, as seen in Figure 4. This difference may
be primarily due to the porosity of the carriers. As obvious from Figure 1, the PGA non-
woven fabric is highly porous with approximately 25 vol% of PGA fibers in the fabric.
Therefore, the osteoprogenitor cells surrounding the PGA non-woven fabric will be able to

infiltrate into the pores and receive stimulation from the released BMP-2 1o differentiate into
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osteoblasts. On the contrary, as seen in Figure 1, the homogencous gelatin hydrogel with the
water content of 95 % is not porous and hence does not allow the cclis to infiltrate into the
hydrogel unless remarkably degraded. As a result, formation of cctopic bone may be limited
only at the periphery of the gelatin hydrogel, since only the osteoprogenitor cells surmounding
the outside of the gelatin hydrogel will be stimulated to differentisie into osteoblasts by BMP-
2 molecules released from the hydrogel matrix into the cutside. The gelatin hydropel uscd in
this chapter was almost completely resorbed after 3 weceks of implantation.

These results indicate that some improvements are required on the hydrogel matrix if
it is used for tissue engineering in such a case as here. The biodegradable non-woven fabric
has also a problem that the release of growth factors from the fabric is not controilable.

It has been pointed out that a porous structure is nceded for the scaffold of tissue
regeneration to facilitate cell sceding and proiiferation as well as tissuc ingrowth™"” as shown
in Chapter 4. Since a non-woven fabric is useful as a scaffold of osteoblasts, as Crane ct al.
also repgmzds, combination of the PGA non-woven fabric and the gelatin hydrogel seems 1o
be a good means to compromise their disadvantage. A promising improvement 15 16 1se
microcapsules of gelatin hydrogel as a polypeptide drug carrier and {6 combine them with the
PGA non-woven fabric as a scaffold of both the drug carrier and cells. Such cOmposite

carriers have been alrcady reported for bone tissue regenerslich -
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Chapter 7

Ultrastructure of bone tissue ectopically regenerated by biodegradable

hydrogel matrices incorporating BMP-2

INTRODUCTION

Biological tissues have excellent mechanical properties compared with artificial
materials. A typical example is bone. However, currently available biomaterials for bone
substitute have poor mechanical property compared with that of the natural bone'. As the
alternative treatment of the bone reconstruction to solve such a mechanical incompatibility,
bone regeneration has attracted much attention in the field of tissue engineering. A promising
way to induce regeneration of autogeneous osseous tissues in bone defect is to make use of
bone-related growth factors, as described in Chapters 2 to 4.

High toughness of the bone is due to the exquisite composite structure of organic and
inorganic materials, that is, collagen and hydroxyapatite, respectively. Ultrastructure of
mineralized tissues, such as tendon, bone and dentin, has been studied by use of various
methods including small angle x-ray scattering”*, Fourier transform infrared spectroscopy and
microspectroscopy™®, conventional and high voltage electron microscopies’”, tomography
(3D) at the electron microscopic level™, immunocytochemistry””, and atomic force

microscopy’™*. Most of these studies use a mineralized turkey leg tendon for evaluation of
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the ultrastructure as a model of mineralized tissues, because of the tendon’s high degree of
collagen fibril alignment, thereby permitting the case of sequential analyses of the
mineralization process and constancy of fibril orientation.

In this chapter, the ultrastructure of the bone ectopically formed with the gelatin
hydrogel incorporating BMP-2 was investigated, referring to the collagen-mineral interaction
described in the mineralized turkey leg tendon. An anhydrous method with ethylene glycol
and unstained cross-sections were employed for transmission electron microscopic analyses
of formed bones in order to reduce the artifacts induced in hydroxyapatite crystals by aqueous
solutions®. The mineralized collagen will be noticed in the electron microscopic observation
duc to the electron dense feature of hydroxyapatite. A crystallographic analysis combined
with dark field electron imaging was performed to demonstrate the mineral-collagen structure

in the ectopic bone.

EXPERIMENTAL

Materials

BMP-2 was supplied by Yamanouchi Pharmaceutical Co., Tokyo, Japan. Gelatin was
isolated from bovine bone with an alkaline process with an IEP of 5.0 and an average
molecular weight of 99,000 (Nitta Gelatin Co., Osaka, Japan). Other chemicals were obtained

from Wako Pure Chemical Industries, Osaka, Japan and used without further purification.
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Preparation of hydrogel matrices

Glutaraldehyde was added to 30 mL of 5 wt% aqueous solution of gelatin to give the
final concentration of 0.05 wt%. The mixed solution was cast into a polypropylene mold (138
x 138 mm°), followed by leaving at 4 °C for 12 hr to allow crosslinking reaction of gelatin to
proceed. The crosslinked hydrogel sheets were punched out to obtain gelatin hydrogel discs (5
mm diameter and 2 mm thickness). Then, the hydrogel discs were placed in 100 mM glycine
aqueous solution at 37 °C for 1 hr to block residual aldehyde groups of glutaraldehyde and
washed 3 times at 37 °C with DDW. Finally, they were freeze-dried and sterilized with
ethylene oxide gas. The weight percentage of water in the wet hydrogel was determined from
the hydrogel weight measured before and after drying at 70 °C under vacuum for 6 hr. The
water content of the acidic and basic gelatin hydrogels used in this chapter was approximately

95 wt%.

Implantation of hydrogel matrices incorporating BMP-2

20 uL of 0.5 mg / mL BMP-2 was added to matrices to amount to 10 ug per ecach
matrix. The BMP-2-incorporating gelatin hydrogels were allowed to stand at 4 °C for 12 hr
before implantation. Each of the hydrogels incorporating BMP-2 was implanted aseptically
into the left thigh muscle of three 7-week-old male Wistar rats. After 2 weeks of implantation,
the legs were examined by soft x-rays generated from Hitex HX-100, Hitachi, Japan, at a

generator tension of 46 KVP and a current of 2.5 mA for 15 sec.

TEM observation

The tissue from the implant site was explanted for transmission electron microscopic
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cvaluation. The explanted specimens were divided into two groups for the following
trcatment: group 1 was fixed with 2.5 wi% glutaraldehyde in (.1 M phosphate buffer (pH 7.4)
at 4 °C for 1 hr and postfixed with T wt% osmium tetroxide in 0.1 M phosphate buffer (pH
7.4) containing (.1 M sucrose at 4 °C for 2 hr (aqucous preparation). Group 2 was treated
with 100 % cthylenc glycol at 4 °C for 24 hr under vacuum state (anhydrous preparation)™.
The fixed specimens in group 1 were dehydrated in an ascending series of ethanol and placed
in propylene oxide and subscquently in propylene oxide and an Epon resin mixture at room
temperature. Then, the specimens in group 1 were soaked in the Epon resin under vacuum and
embedded in the Epon resin. On the other hand, the treated specimens in group 2 were
immersed in 2-cthoxyethanol at 4 °C for 24 hr under vacuum and placed in propylene oxide
and the Epon resin mixture. Finally, the specimens in group 2 were embedded in the Epon
resin. An ultrathin cross-section of 70 nm thickness was cut with an ultramicrotome from the
formed bone tissue in both groups 1 and 2. The cross-sections were stained with both lead
citratc and uranyl acetate or unstained with any chemicals.

Bright ficld electron imaging was performed for both stained and unstained sections
with a TEM (JEM 1200EX 11, JEOL, Tokyo, Japan) operating at 80 kV. Furthermore, the
unstained specimen treated with the anhydrous preparation was investigated by selected area
diffraction (SAD) combined with sclected area dark field electron imaging under the same

TEM condition as the bright ficld electron imaging.

RESULTS
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Bright field electron imaging of stained and unstained cross-sections

Figure 1. Bright field electron imaging of the stained cross-section of the ectopic bone

prepared with the aqueous method.

Figure 2. Bright field electron imaging of the stained cross-section of the ectopic bone

prepared with the anhydrous method.
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From soft x-ray obscrvation, a radiopaque arca could be seen at the leg receiving BMP-2
incorporating gelatin hydrogels after 2 weeks of implantation as shown in Chapter 2. Figures
! and 2 show bright field clectron imaging of stained cross-sections for the ectopic bone
treated with both the aqueous and anhydrous preparations. As seen in Figure 1, ostcoblasts
have actively produced an extracellular matrix containing collagen fibers, which have becen
partially mincralized. Collagen fibers with a fine structural periodic banding of 64 nm and
partial mineralization arc seen in Figure 27,

Figurc 3 shows bright field electron imaging of the unstained cross-sections for the
cctopic bone treated with the anhydrous preparation. A 64 nm well-banded feature of
mineralized collagen fibril was observed even in the unstained cross-sections, due to the
clectron opacity of calcium phosphate. As seen in Figure 3, mineral deposits were identified
in two regions, the periphery of the collagen fibrils (extrafibrillar crystallites) and the gap
zone of collagen fibrils with a fine structural periodic width of 37 nm (intrafibrillar
crystallites)*™. Extrafibrillar crystallites appeared needle-shaped and were inclined at various
angles to the long axis of the collagen fibril. On the other hand, intrafibrillar crystallites were
rcadily apparent in the gap zones of the collagen fibrils without such a fine structural feature
as that seen in the extracellular crystallites although a less extent of the crystallites is seen in

the overlap zones of the collagen fibrils.
Selected area diffractograms and dark field electron imaging of unstained cross-sections

Figure 4 shows a bright field electron microphotograph of the unstained cross-

sections together with the SAD of extrafibrillar crystallites. Two distinct electron diffraction
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Figure 3.  Bright field electron imaging of the unstained cross-section of the ectopic bone

prepared with the anhydrous method.

Figure 4. Bright field electron imaging and SAD imaging of the unstained cross-section of
the ectopic bone prepared with the anhydrous method. Heavy arrow indicates the area of
extrafibrillar crystallites used for SAD imaging. The large and small arrows in SAD imaging

correspond to (002) and (211) lattice planes, respectively.
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patterns seen in Figure 4 corresponded to the (002) and (211) fattice planes of hydroxyapatite
(HAp) crystal and appeared ring-shaped. On the contrary, Figure 5 shows a different SAD
pattern observed for the intrafibriliar crystallites, especially in the gap zones of the
mincralized collagen fibril, when viewed at a higher magnification. The diffraction pattern
assigned to (002) lattice plane indicated the c-axis preferential orientation of HAp crystal to
the long axis of collagen fibril.

Figure 6 shows dark ficld electron imaging of the c-axis of HAp crystals
corresponding to the bright field electron imaging shown in Figure 5. The dark field electron
imaging cnabled direct visualization of the HAp crystals and determination of their c-axial
oricntation. The dark field electron imaging appeared in reverse contrast to the conventional
bright ficld electron imaging with the HAp crystals appearing as white highlights. The white
highlights corresponding 1o the c-axial diffraction of HAp crystals lay in the direction oriented

to the long axis of collagen fibril, as seen in Figure 6.

DISCUSSION

In this chapter, the ultrastructure of the bone induced by growth factor was
investigated at an electron microscopic level, similar to the mineralized turkey leg
tendon™ !SI The mineralized tendon has been widely studied as a model for
collagen-based mineralized tissues such as bone and dentin. In order to reduce the artifacts
induced in hydroxyapatite crystals by aqueous solutions, the anhydrous method* was used in

this chapter for specimen preparation of the formed bone and the cross-sections were not

154



Chapter 7

Figure 5. Bright field electron imaging and SAD imaging of the unstained cross-section of
the ectopic bone prepared with the anhydrous method. A black arrow indicates the area of

intrafibrillar crystallites used for SAD imaging. Large and small arrows in SAD imaging

Figure 6. Dark field electron imaging of the c-axis of HAp crystals corresponding to the

bright field electron imaging shown in Figure 5.
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stained with any chemicals. The electron microscopically observed mineralized collagen fibril
together with osteoblasts in the active form indicates that the radiopaque area of the soft x-ray
photographs and the calcium deposition histologically observed at the surrounding tissue of
the hydrogel was not simple calcification of the hydrogel but the bone induced by BMP-2-
incoporating gelatin hydrogel. The morphological change of the mineralized collagen due to
the anhydrous method was not identificd as shown in Figure 2. It is possible that the
morphological evidence of the mincralized collagen in the formed bone shown in this chapter
may imply its intact ultrastructure.

Various models have been proposed to explain the mineralized tissue structure. For
intrafibritlar crystallites, two issues, their orientation and their location in collagen fibrils,
have been discussed. Intrafibrillar crystallites are oriented to each other within the gap zones
along the whole length of the collagen fibril and to the longitudinal collagen fibril axis at an
aculc angle. Most of the intrafibrillar crystallites are found in the gap zones, but with
incrcas.cd mineralization, the crystallites in the gap zones extend into the overlap zones with
or without changing the structure of the collagen fibrils. Intrafibrillar crystallites observed for
the ectopic bone localized in the gap zone of the collagen fibrils, because their clear periodic
width of 37 nm was in accord with that observed in the non-mineralized collagen (Figure 3).
However, the origin of the crystallites in the overlap zones is still unclear. SAD imaging and
subsequent dark field clectron imaging suggest that intrafibrillar crystallites may be oriented
to cach other and to the longitudinal axis of the collagen fibrils (Figures 5 and 6).

On the other hand, extrafibrillar crystallites do not have such a spatial orientation as
intrafibrillar crystallites. Bright ficld electron imaging and subsequent SAD imaging clearly

indicate that extrafibrillar crystallites observed in the ectopic bone are not oriented to the

156



Chapter 7

collagen fibril axis as seen in the intrafibriliar crystallites (Figure 4). This feature is consistent
with that observed for the minecralized turkey leg tendon. However, detailed information of
needle-shaped, extrafibrillar crystallites of the ectopic bone could not be obtained from Figure
4. Extrafibrillar crystallites of mineralized tissue have been discussed in terms of their shape
and their exact location of crystal nucleation. With regard to the former issue, needle-like
appearing has been discussed elsewhere whether it may be their intact shape or the shape
viewing on the edge of the platelet crystallites, but the precise structural events are unknown.
Not only collagen-mineral interaction but also orientation of mineralized collagen
fibrils has been demonstrated to explain the mechanically efficient composite structure of
mineralized tissues™'**"*** In addition, a fracture-healing model has been studied on the
basis of external periosteal callus of repaired femoral fracture in both children and adults to
understand the mechanism of bone repair and regeneration'>"”. When compared with the
spatial orientation of collagen fibrils observed in fracture callus, well-ordered collagen fibrils,
approximately parallel to each other and to columns of the mineral hydroxyapatite, appeared
in the lamellar bone. From this viewpoint, collagen fibril orientation also seems to be
important with respect to the mechanical compatibility of the ectopic bone. However, as
shown in this chapter, preferred orientation of the collagen fibrils is still unclear. Combination
of the information obtained from x-ray diffraction and scanning electron microscopy with the
results shown in this chapter will be helpful for understanding the ultrastructure of the

regenerated bone.
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SUMMARY

Chapter 1. Onc of the key technologies for regeneration of damaged and lost
tissues is the sustained release of biologically active growth factors. This chapter was
undertaken to investigate sorption and desorption of various growth factors from the
hydrogels prepared through glutaraldehyde crosslinking of gelatin with IEPs of 5.0 and
9.0, which are named “acidic” and “basic” gelatins, respectively, because of their
electrical feature. Basic bFGF and TGF-B1 were well sorbed with time to the acidic
gelatin hydrogel, while less sorption was observed for the basic gelatin hydrogel. This
could be explained in terms of the electrostatic interaction between the basic growth
factors and the acidic gelatin. However, VEGF and BMP-2, though their IEPs are higher
than 7.0, were sorbed to the acidic gelatin hydrogel to a less extent than the other two
growth factors. An in vivo experiment revealed that the hydrogels were degraded with
time. The growth factors were retained in the body for a longer time period, as their in
vitro sorption to the acidic gelatin hydrogel increased. These findings indicate that the
growth factors polyionically complexed to the gelatin hydrogel were released in the

body as a result of hydrogel degradation.

Chapter 2. Biodegradable hydrogels were prepared from gelatin by
glutaraldehyde crosslinking for release matrix of -BMP-2. BMP-2 solution was
impregnated into the dried hydrogels to prepare BMP-2-incorporating gelatin hydrogels.
In the in vitro study, enhanced retention of BMP-2 was observed from the BMP-2-

incorporating gelatin hydrogels after an initial burst of BMP-2 incorporated initially in
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the hydrogel. Following subcutaneous implantation of '*I-labeled BMP-2-incorporating
gelatin hydrogels in the back of mice, the radioactivity remaining in the hydrogels was
measured to estimate the in vivo release profile of BMP-2. It was found that BMP-2
was retained in the hydrogels for longer than 30 days, whereas 99 % of BMP-2 injected
in the solution form was clcared from the injected site within one day, completely
disappearing within 3 days. Ectopic bone formation studies demonstrated that the BMP-
2-incorporating gelatin hydrogels exhibited a more potent ability for bone induction
than solution injection of BMP-2. This finding indicates that enhanced retention of

BMP-2 promotcs its ability to induce ectopic bone formation.

Chapter 3. This chapter described the sustained release of TGF-f1 from a
biodegradable hydrogel based on polyion complexation and the significant enhancement
ol its bone regeneration activity, Basic TGF-B1 could be sorbed into the biodegradable
hydrogel of acidic gelatin with an IEP of 5.0 because of their electrostatic interaction,
but not into that of basic gelatin. When acidic gelatin hydrogels incorporating '“I-
labeled TGF-B1 were implanted into the back subcutis of mice, the remaining
radioactivity decreased with time and the in vivo retention of TGF-B1 prolonged with a
decrease in the water content of hydrogels. The higher the water content of hydrogels,
the faster their biodegradation. The in vivo retention of TGF-f1 well correlated with
that of gelatin hydrogels, indicating that TGF-B1 was released from the gelatin hydrogel
as a result of hydrogel biodegradation. The ability of TGF-Bl-incorporating acidic
gelatin hydrogels to induce bone regeneration was evaluated by use of a rabbit model

with a skull defect. Eight weeks after treatment, the gelatin hydrogels with water

164



Summary

contents of 90 and 95 wt% induced significantly high bone regeneration at the skull
defect compared with those with lower and higher water contents and free TGF-B1. This
indicates that the sustained release of TGF-B1 from the hydroge! with suitable in vivo
degradability is necessary to effectively enhance its osteoinductive function. Rapid
hydrogel degradation will result in the in vivo short retention of TGF-B1 which is not
enough to induce bone regeneration. It is likely that the slow degradation let the
hydrogel physically block TGF-B1-induced bone regeneration at the skull defect. It was
concluded that the gelatin hydrogel functioned not only as a matrix of TGF-B1 release

but also as a space provider to prevent the ingrowth of soft tissues to the defect.

Chapter 4. Fibrovascular tissue ingrowth into PVA sponges of different pore sizes
was investigated by incorporating bFGF into the sponges. The average pore size of PVA
sponges used in this chapter was 30, 60, 110, 250, 350, and 700 um and gelatin
microspheres were employed as release carrier of bFGF. The sponges were
subcutaneously implanted into the back of mice after incorporating free bFGF or gelatin
microspheres containing bFGF into the sponges. Fibrovascular tissue infiltrated with
time into the sponge pores and the extent of fibrous tissue ingrowth showed a maximum
at a pore size around 250 um 1 and 6 weeks after implantation. Significant promotion of
fibrous tissue growth by bFGF was observed only at 3 weeks post-implantation. New
capillaries were formed in the tissue any time, as far as bFGF was given to the sponges.
The extent of vascularization was a litfle high when bFGF was entrapped in gelatin
microspheres in comparison with free bFGF. Both empty gelatin microspheres and

phosphate buffered solution neither promoted tissue ingrowth nor induced capillary
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formation in the sponges. It was concluded that bFGF was essential to induce the

fibrovascular tissue ingrowth into the pores of PVA sponge.

Chapter 5. Osteoblasts derived from RBM cells were cultured on surface-
modified PET films in the presence of ascorbic acid, P-glycerophosphate, and
dexamcthasone. The surfaces employed for cell culture included the untreated
hydrophobic surface and threec modified surfaces possessing immobilized phosphate
polymer chains, collagen molecules, and a thin HAp-deposited layer. They were all
produced by photo-induced graft polymerization and subsequent surface-modifications
of the graft chains. The ultrastructural morphology of the substrate/cell interfaces
formed in in vitro osteoblast culture on thesc substrates was studied by TEM. The
osteoblasts cultured for 1 week on the modified surfaces showed rough endoplasmic
reticula rich in the intracellular space and early matrix production in the extracellular
space, irrespective of the surface chemistry. After 2 weeks of culture, osteoblasts
exhibited active elaboration of extracellular matrix proteins, mostly composed of
collagen, on all the surfaces. A remarkable result observed at this stage was direct
deposition of an electron-dense, afibrillar layer of 180 nm thickness onto the surface
having phosphate polymer chains. This layer became much more electron-dense after 3
weeks of culture. EDX microanalysis revealed the presence of calcium phosphate in this
layer. It was further found that the pre-deposited HAp layer on the phosphate polymer
grafted surface promoted mineral deposition in the extracellular matrix which

surrounded cuboid, osteocyte-like cells.

Chapter 6. To study the effect of the shape of carriers on bone regeneration, two

166



Summary

biodegradable polymeric materials, a PGA non-woven fabric and a gelatin hydrogel,
were used as carriers of recombinant BMP-2. The PGA non-woven fabric was made
from PGA fibers of 20 um diameter without using any binders while the gelatin
hydrogel was prepared by crosslinking of gelatin in aqueous solution with
glutaraldehyde to a water content of 95 % when swollen with water. Following
impregnation of BMP-2, the carriers of disk type were implanted into the Wistar rat
thigh muscle. The induction of ectopic bone formation from the BMP-2-impregnated
carriers was evaluated by soft x-ray and histological observation after staining the
explanted tissue with alizarin red S to identify calcium deposition. Both the
biodegradable polymeric carriers containing 10 ug of BMP-2 induced ectopic bone
formation after 2 weeks of implantation but not at 1st week postimplantation. A
remarkable finding was a difference in the macroscopic morphology between the
ectopic bones induced by the PGA non-woven fabric and the gelatin hydrogel. The
PGA non-woven fabric containing BMP-2 induced ectopic bone formation inside of the

carrier, whereas the gelatin hydrogel formed bone at the periphery of the carrier.

Chapter 7. To study the ultrastructure of the ectopically formed bone induced by
a BMP-2-incorporating” gelatin hydrogel, TEM microanalyses including bright field
electron imaging, SAD imaging, and dark field electron imaging were employed. After
2 weeks of implantation, ectopic bone induction was apparent at Wistar rat thigh
muscles receiving BMP-2-incorporating gelatin  hydrogels through soft x-ray
observation. The specimens for TEM study were prepared with an anhydrous method
using ethylene glycol to maintain the structure of HAp crystals. TEM observation of the

unstained cross-sections of ectopic bone showed that electron dense substances were
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Summary

deposited on the gap zone of collagen fibers (intrafibrillar crystallites), while needle-like
electron dense substances were observed in the intermolecular space of collagen fiber
(cxtrafibrillar crystallites). SAD patterns suggested that these electron dense substances
were HAp crystals. Furthermore, from the SAD pattern and dark field electron image of
intrafibrillar crystallites, it was presumed that the crystallographic c-axis of apatite

crystals oriented to the direction of collagen fibril.
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