
56Inflammation and Regeneration    Vol.34  No.1    JANUARY  2014

Special Issue: Positioning of Tissue Engineering in Regenerative Medicine

Original Article

Ultrastructure of bone tissue ectopically regen-
erated by biodegradable hydrogels incorporat-
ing bone morphogenetic protein 2
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   To study the ultrastructure of regenerated bone, the ectopically formed bone induced by gela-
tin hydrogels incorporating bone morphogenetic protein 2 (BMP-2) was evaluated through trans-
mission electron microscopic (TEM) analyses including bright field electron imaging, selected
area diffraction (SAD) imaging, and dark field electron imaging. After 2 weeks of implantation,
ectopic bone induction was apparent at Wistar rat thigh muscles receiving the hydrogels incor-
porating BMP-2 through soft X-ray observation. The specimens for TEM study were prepared
with an anhydrous method using ethylene glycol to maintain the structure of hydroxyapatite
crystals. TEM observation of unstained ectopic bone cross-sections showed that electron dense
substances were 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 (extrafibrillar crystallites). SAD patterns suggested that these electron dense substances
were hydroxyapatite 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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Introduction
　Biological tissues have excellent mechanical properties

compared with artificial materials. A typical example is bone.

However, biomaterials currently available for bone substi-

tute have poor mechanical properties compared with those

of the natural bone1). As the alternative treatment of bone

reconstruction to tackle the mechanical incompatibility,

bone regeneration has attracted much attention in the field

of tissue engineering. A promising way to induce the re-

generation of autologous osseous tissues in a bone defect
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is to make use of bone-related growth factors, such as trans-

forming growth factor-β1, basic fibroblast growth factor,

and BMP2-6). We have reported that the controlled release

of BMP-2 from a biodegradable hydrogel of gelatin with an

isoelectric point (IEP) of 9.0 could enhance bone regen-

eration in vivo comparing with free BMP-27-9).

　High toughness of the bone is due to the exquisite com-

posite structure of collagen and hydroxyapatite (HAp). The

crystallographic texture of HAp has been analyzed through

X-ray diffraction10-13), small angle X-ray scattering14-16), neu-

tron diffraction17,18), synchrotron diffraction19), Fourier trans-

form infrared spectroscopy and microspectroscopy20, 21), and

Raman spectroscopy22, 23), while X-ray diffraction12), polar-

ized light microscopy24, 25), and Raman spectroscopy26) have

been utilized for analyzing collagen. We have developed a

method to investigate the correlation between the crystal-

lographic texture and the mechanical property of regener-

ated bone by combining microbeam X-ray diffraction

(μXRD)27-30) and nanoindentation mechanical testing31).

Based on these studies, it is becoming evident that not only

in normal bone but also in regenerated bone, the preferen-

tial orientation of HAp c-axis significantly contributes to the

mechanical property.

　On the contrary, the ultrastructural feature of mineral-

ized tissues, such as tendon, bone and dentin, has been

studied by use of various methods including conventional

and high voltage electron microscopies33-47) and tomogra-

phy at the electron microscopic level48-56), immunocytochem-

istry57, 58), and atomic force microscopy35, 56). Most of these

studies use a mineralized turkey leg tendon as a model of

mineralized tissues, because of its high degree of collagen

fibril alignment, thereby permitting the ease of sequential

analyses in the mineralization process. However, the ultra-

structural feature, which could affect the function of regen-

erated bone, has not been investigated.

　The objective of this study is to investigate the ultrastruc-

ture of regenerated bone induced by gelatin hydrogels in-

corporating BMP-2. The ultrastructure of bone ectopically

formed by the hydrogel incorporating BMP-2 was evalu-

ated in terms of the collagen-mineral structure described in

the mineralized turkey leg tendon. An anhydrous method

with ethylene glycol and unstained cross-sections were

employed for TEM analyses of regenerated bones in order

to minimize the artifacts in HAp crystals caused by aque-

ous buffer solutions46). The mineralized collagen could be

appeared on the electron microscopic image due to the

electron dense feature of HAp. A crystallographic analysis

combined with dark field electron imaging was performed

to demonstrate the collagen-mineral structure in the ec-

topic bone.

Materials and Methods
1)Materials

　BMP-2 was supplied by Yamanouchi Pharmaceutical

Co., Tokyo, Japan. Gelatin was isolated from porcine skin

through an acidic process with an IEP of 9.0 and an aver-

age molecular weight of 99,000 (Nitta Gelatin Co., Osaka,

Japan). Other chemicals were obtained from Wako Pure

Chemical Industries, Osaka, Japan and used without fur-

ther purification.

2)Preparation of gelatin hydrogels

　Gelatin hydrogels were prepared by chemical cross-link-

ing of gelatin with glutaraldehyde7-9). Briefly, 4.29 wt% aque-

ous solution of gelatin (35 ml) was mixed with 2.17 wt% of

glutaraldehyde (GA) aqueous solution (15 ml), and the re-

sulting solution was cast into a polypropylene dish of 138 x

138 cm2 and 5 mm depth, followed by leaving at 4℃ for 12

hr for gelatin crosslinking. The resulting hydrogel was

punched out to obtain gelatin hydrogel discs (5 mm diam-

eter and 2 mm thickness). Then, the hydrogel discs were

placed in 100 mM glycine aqueous solution at 37℃ for 1 hr

to block residual aldehyde groups of glutaraldehyde, fol-

lowed by washing 3 times at 37℃ with double-distilled

water. 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℃ under vacuum

for 6 hr. The water content of the hydrogel was approxi-

mately 97.8 wt%7-9).

3)Implantation of gelatin hydrogels incorporating BMP-2

　An aqueous solution of BMP-2 (0.5 mg / ml, 10 μl) was

added to freeze-dried gelatin hydrogels to amount to 5 μg

per each hydrogel. The gelatin hydrogel incorporating BMP-

2 was allowed to stand at 4℃  for 12 hr before implanta-

tion. The hydrogel 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.
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Fig.1  Bright field electron image of stained ectopic

bone cross-section prepared through the aque-

ous method.

Fig.2  Bright field electron image of stained ectopic

bone cross-section prepared through the an-

hydrous method.

Fig.3  Bright field electron image unstained ectopic

bone cross-section prepared through the an-

hydrous method.

4)TEM observation

　The tissue from the implant site was explanted for TEM

evaluation. The explanted specimens were divided into two

groups for the following treatment: group 1 was fixed with

2.5 wt% GA in 0.1 M phosphate buffer (PB, pH 7.4) at 4℃

for 1 hr and postfixed with 1 wt% osmium tetroxide in 0.1 M

PB containing 0.1 M sucrose at 4℃ for 2 hr (aqueous pre-

paration). Group 2 was treated with 100 % ethylene glycol

at 4℃ for 24 hr under vacuum state (anhydrous prepara-

tion)46). The fixed specimens in group 1 were dehydrated in

an ascending series of ethanol and placed in propylene

oxide and subsequently 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 speci-

mens in group 2 were immersed in 2-ethoxyethanol at 4℃

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-sec-

tion 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 citrate and ura-

nyl acetate, or unstained with any chemicals.

　Bright field electron imaging was performed for both

stained and unstained sections with TEM (JEM 1200EX II,

JEOL, Tokyo, Japan) operating at 80 kV. Furthermore, the

unstained specimen treated with the anhydrous prepara-

tion was investigated by selected area diffraction (SAD)

combined with selected area dark field electron imaging

under the same TEM condition as the bright field electron

imaging.

Results
1)Bright field electron imaging of stained and unstained

cross-sections

　Soft x-ray observation showed that a radiopaque area

could be seen at the leg receiving gelatin hydrogels incor-

porating BMP-2 after 2 weeks of implantation7) (data not

shown). Figures 1 and 2 show the bright field electron im-

age of stained cross-sections for the ectopic bone treated

with the aqueous and anhydrous preparations, respectively.

As seen in Figure 1, osteoblasts actively produced an ex-

tracellular matrix containing collagen fibers, which were

partially mineralized. Collagen fibers with a fine structural

periodic banding of 64 nm and partial mineralization are

seen in Figure 256-58).
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Fig.4 Bright field electron and SAD images of un-

stained ectopic bone cross-section prepared

through the anhydrous method
Heavy arrow indicates the area of extrafibrillar crystallites

used for the SAD image. The large and small arrows in the

SAD image correspond to (002) and (211) lattice planes,

respectively.

Fig.5 Bright field electron and SAD images of un-

stained ectopic bone cross-section prepared

through the anhydrous method
A black arrow indicates the area of intrafibrillar crystallites

used for the SAD image. Large and small arrows in the SAD

image correspond to (002) and (211) lattice planes, respec-

tively.

Fig.6  Dark field electron image of the c-axis of HAp

crystals corresponding to the bright field elec-

tron image shown in Figure 5.

　Figure 3 shows the bright field electron image of unstained

cross-sections for the ectopic bone treated with the anhy-

drous preparation. A 64 nm well-banded feature of miner-

alized collagen fibril was observed even in the unstained

cross-sections, due to the electron opacity of calcium phos-

phate. As seen in Figure 3, mineral deposits were identi-

fied 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)56-58). Extrafibrillar crystallites appeared needle-

shaped and were inclined at various angles to the long axis

of the collagen fibril. On the other hand, intrafibrillar crys-

tallites were readily apparent in the gap zones of the col-

lagen fibrils without such a fine structural feature as that

seen in the extracellular crystallites although a lesser ex-

tent of the crystallites were seen in the overlap zones of

the collagen fibrils.

2)Selected area diffractograms and dark field electron

imaging of unstained cross-sections

　Figure 4 shows a bright field electron image of unstained

cross-sections together with the SAD of extrafibrillar crys-

tallites. Two distinct electron diffraction patterns seen in

Figure 4 corresponded to the (002) and (211) lattice planes

of HAp crystal and appeared ring-shaped. On the contrary,

Figure 5 shows a different SAD pattern observed for the

intrafibrillar crystallites, especially in the gap zones of the

mineralized collagen fibril, when viewed at a higher mag-

nification. 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 the dark field electron image of c-axis of

HAp crystals corresponding to the bright field electron im-

age shown in Figure 5. The dark field electron imaging

enabled direct visualization of the HAp crystals and deter-

mination of their c-axial orientation. The dark field electron

imaging appeared in reverse contrast to the conventional
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bright field electron imaging with the HAp crystals appear-

ing as white highlights. The white highlights corresponding

to 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 the present study, the ultrastructure of bone tissue

induced by growth factor was investigated at an electron

microscopic level, in the way similar to the mineralized tur-

key leg tendon35, 36, 40, 42, 43, 48-50, 52, 53). The mineralized tendon

has been widely studied as a model for mineralized tis-

sues, such as bone and dentin. In order to minimize the

artifacts in HAp crystals caused by aqueous buffer solu-

tions, the anhydrous method46) was used for the specimen

preparation of regenerated bone and the cross-sections

were not stained with any chemicals. The electron micro-

scopically observed mineralized collagen fibril together with

osteoblasts in the active form indicates that the radiopaque

area of soft x-ray photographs and the calcium deposition

histologically observed at the surrounding tissue of

hydrogels implanted was not due to the simple calcification

of hydrogels, but bone formation induced by gelatin

hydrogels incorporating BMP-2. The morphological change

of mineralized collagen due to the anhydrous method was

not identified as shown in Figure 2. It is possible that the

morphological evidence of mineralized collagen in the

formed bone shown in this study may imply its intact ultra-

structure.

　Various models have been proposed to explain the min-

eralized tissue structure. For intrafibrillar crystallites, their

orientation and location in collagen fibrils have been dis-

cussed. Intrafibrillar crystallites are oriented to each other

within the gap zones along the whole length of the col-

lagen fibril and to the longitudinal collagen fibril axis at an

acute angle. Most of the intrafibrillar crystallites are found

in the gap zones, but with increased 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 lo-

calized in the gap zone of the collagen fibrils, because their

clear periodic width of 37 nm consists with that observed in

the non-mineralized collagen (Fig.3). However, the origin

of the crystallites in the overlap zones is still unclear. The

SAD and the subsequent dark field electron imagings sug-

gest that intrafibrillar crystallites could be oriented to each

other and to the longitudinal axis of the collagen fibrils (Fig.5

and 6).

　On the other hand, extrafibrillar crystallites do not have

such a spatial orientation. The bright field electron and the

subsequent SAD imagings clearly indicate that extrafibrillar

crystallites observed in the ectopic bone are not oriented

to the collagen fibril axis as seen in the intrafibrillar crystal-

lites (Fig.4). This feature consists with that observed for

the mineralized turkey leg tendon. However, detailed in-

formation on the needle-shaped extrafibrillar crystallites

of ectopic bone was not obtained from Figure 4. Extrafibrillar

crystallites of mineralized tissues have been investigated

in terms of their shape and their exact location of crystal

nucleation, although needle-like appearing has not been

demonstrated whether it may be their intact shape or the

shape viewing on the edge of the platelet crystallites.

　Not only collagen-mineral interaction, but also the orien-

tation of mineralized collagen fibrils has been demonstrated

to explain the mechanically efficient composite structure

of mineralized tissues15, 46, 45, 50, 53, 59). In addition, a fracture-

healing model has been studied on the basis of external

periosteal callus of repaired femoral fractures in both chil-

dren and adults to understand the mechanism of bone re-

pair and regeneration37, 38). When compared with the spa-

tial orientation of collagen fibrils observed in the fracture

callus, well-ordered collagen fibrils, approximately parallel

to each other and to columns of the mineral HAp, 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 study, the preferred orientation of collagen

fibrils is still unclear. Combination of the information ob-

tained from x-ray diffraction and scanning electron micros-

copy with the results shown in the present study will be

helpful to understand the ultrastructure of the regenerated

bone.
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