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Abstract

To determine whether alkaline phosphatase (ALP) can cause
the mineralization of collagenous matrices in vivo, bovine intes-
tinal ALP was covalently bound to slices of guanidine-extracted
demineralized bovine dentin (DDS). The preparations were im-
planted subcutaneously over the right half of the rat skull. Con-
trol slices not treated with the enzyme were implanted over the
left half of the skull of the same animals. Specimens were har-
vested after periods varying from 1 to 4 wk. It was shown that
ALP-coupled DDS rapidly accumulated hydroxyapatite crys-
tals. 4 wk after implantation, the content of calcium and phos-
phate per microgram of hydroxyproline amounted up to 80 and
60%, respectively, of that found in normal bovine dentin. Qur
observations present direct evidence that ALP may play a cru-
cial role in the induction of hydroxyapatite deposition in collage-
nous matrices in vivo. (J. Clin. Invest. 1992. 89:1974-1980.)
Key words: biomaterials  dentin « implants ¢ organic phos-
phates « remineralization

Introduction

Alkaline phosphatases (orthophosphoric-monoester phospho-
hydrolase, alkaline optimum, EC 3.1.3.1.) are cell surface gly-
coproteins that hydrolyze a variety of monophosphate esters.
Usually three isoenzymes are distinguished: liver/bone/kidney
(L/B/K),! placental, and intestinal. Although the bone isoen-
zyme has long been thought to play a role in the mineralization
of bone and cartilage (1) and is widely used as a marker of
biomineralization, its physiological significance is still a matter
of debate. The fact that the enzyme is widely distributed in the
body, in calcifying as well as noncalcifying tissues, raises ques-
tions as to the specificity of the relationship between alkaline
phosphatase (ALP) and mineralization (2).

Evidence for its role has come up from studies on hypo-
phosphatasia, an inherited disorder of osteogenesis character-
ized by a deficient L/B/K ALP (3). Weiss and co-workers (4)
have demonstrated that a mutation in the L/B/K ALP gene
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that abolishes enzymatic activity causes profound skeletal hy-
pomineralization. Also, the presence of the enzyme in matrix
vesicles, the sites of early formation of mineral crystallites in
cartilage and bone, suggests a role of ALP in mineraliza-
tion (5-8).

Several possible actions of the enzyme in mineralization
processes have been proposed (2, 3): increasing the local con-
centration of inorganic phosphate, destructing locally mineral
crystal growth inhibitors, acting as P,-transporter or acting as
Ca-binding protein. Robison (1) was first in proposing that
ALP hydrolyzes organic phosphate esters, thus producing an
excess of free inorganic phosphate that would cause local su-
persaturation and initiate the biomineralization process.

Recently, Tenenbaum and Heersche (9) have shown in ex-
plant cultures of embryonic periosteum that in situ mineraliza-
tion of osteoid occurs upon the addition of external phos-
phates, such as 8-glycerophosphate. In line with this, we have
adduced evidence that ALP can cause the remineralization of
decalcified dentin slices when incubated in media containing
B-glycerophosphate (10, 11).

A criticism that applies to many in vitro mineralization
studies is that exogenous phosphate esters are added to the
culture systems in relatively high concentrations (up to 10
mM). Although it has been argued that about 10 mM organic
phosphate occurs in circulation in vivo (9), other authors doubt
whether these organic phosphates are hydrolyzable under physi-
ological conditions (12), and whether there is sufficient sub-
strate in extracellular fluids to exert a significant effect on the
concentration of inorganic phosphate (13, 14). In addition, ac-
cording to some investigators, the rate of hydrolysis of phos-
phate esters by ALP at physiological pH would be too low to be
relevant to the process of mineralization (15).

It was the aim of the present study to determine whether
ALP can cause the mineralization of collagenous substrates
under in vivo conditions. For this purpose ALP of intestinal
origin was covalently bound to sheets of collagen, and thus
created biomaterial implanted subcutaneously in the rat.

Methods

Preparation of dentinal collagen sheets. Bovine permanent incisors
were collected at the local slaughterhouse immediately after killing of
the animals (age 1-3 yr) and frozen at —80°C until use. After thawing,
the gingiva and periodontal ligament were removed and the roots cut
with a diamond disk parallel to their longitudinal axis from the apex to
the cervical area under constant irrigation with tap water and split with
a chisel. The roots were then cleaned and freed from pulp. They were
washed with ice-cold PBS in the presence of proteinase inhibitors (16),
and the outer dentin (containing the mantle dentin layer and the ce-
mentum) was removed with a diamond disk under cooling with tap
water.

Demineralized dentin slices (DDS) were prepared after demineral-
ization of the roots with 0.6 M HCIl or 0.5 M acetic acid at 4°C (10).



After demineralization, sections were cut on a cryotome set at 30 um.
The DDS were further extracted with 4 M guanidine. HCl and 0.4 M
EDTA (pH 7.5) for 3 d at 4°C. Before use, the DDS were washed in
double-distilled water for 1 h and placed in double-distilled water sup-
plemented with antibiotics (10) at 4°C overnight. They were then
transferred to IMDM. The DDS were free of calcium but still contained
some collagen-bound phosphate residues (0.039+£0.015 ug/ug hypro
after demineralization with HCI).

Preparation of dura mater sheets. Pieces of human dura mater were
used as supplied by the manufacturer (see last paragraph of Methods).
They contained 0.011+0.002 ug collagen-bound phosphate/ug hypro.

Binding of ALP. Bovine intestinal ALP was covalently bound to the
dentinal collagen sheets by using the coupling agents glutaraldehyde or
carbodiimide (17).

Glutaraldehyde coupling. The DDS were incubated in PBS contain-
ing 0.1% glutaraldehyde for 2 h at 20°C in the presence of ALP (700
U/ml). The material was then extensively washed with PBS and stored
at 4°C in 0.1 M glycine buffer (pH 10.5) containing | mM Mg?* and
0.1 mM Zn**,

Carbodiimide coupling. The DDS were incubated for 2 d at 4°C in
0.13 M 1-ethyl-3(3-dimethylaminopropyl)carbodiimide. HCI (pH 4.5)
in the presence of ALP (700 U/ml). They were then exhaustively and
successively washed in distilled water, | M NaCl in 0.1 M Na-acetate
(pH 4.0), distilled water, 0.1 M NaHCO, (pH 8.3), and finally distilled
water. The material was stored in glycine buffer at 4°C (see preceding
paragraph). The enzyme retained its activity under these storage condi-
tions for at least | yr. Lyophilized human dura mater was treated in a
similar fashion.

Control specimens were treated identically to the experimental
ones, except that incubations were carried out in the absence of ALP.

In vitro experiments. To study the deposition of mineral in the
collagen sheets, ALP-treated DDS and pieces of dura mater, as well as
their respective controls, were incubated in IMDM supplemented with
10% heat-inactivated NRS and antibiotics (10) for varying time periods
at 37°C. Each specimen was incubated in 0.3 ml medium containing
1.120.05 mM phosphate (of which 0.9 mM was inorganic) and 1.6+0.1
mM total calcium (10). Radiolabeled calcium (1 uCi [**Ca]Cl,/well)
was added and the collagen sheets monitored for uptake of the label. As
phosphate source S-glycerophosphate (8-GP) was added in a concen-
tration of 10 mM. Media were changed every 2 or 3 d. At the end of the
experiment, the specimens were decalcified in 0.5 ml 1 M HCl for | hat
37°C. Samples of 300 ul were added to Optifluor® scintillation cocktail
(Packard Instrument Co., Inc., Downers Grove, IL) and counted in a
Packard Tricarb 4530 scintillation counter.

In vivo experiments. ALP-treated DDS and dura mater were tested
for their ability to mineralize under in vivo conditions as follows: fe-
male Wistar rats (about 200 g each) were anesthetized with Hypnorm®
and an incision was made through the skin covering the skull following
the sagittal suture. Pockets were prepared by blunt dissection on both
sides of the incision. The samples consisting of DDS (measuring ~ 0.8
X 1.5 cm? each) or portions of dura mater (measuring about 0.3 X 1
cm? each) were implanted deep into the pockets: ALP-treated ones on
the right side of the skull and controls on the left side. The incision was
closed with nylon sutures and allowed to heal for time periods varying
from 1 to 4 wk. The animals were then anesthetized, the wounds re-
opened, and the implants excised. A small portion of each implant was
removed, together with its surrounding connective tissues, and pre-
pared for histological examination (see next paragraph). The remaining
part was freed from soft connective tissues and used for chemical analy-
ses.

Light and electron microscopy. Implants were fixed in a solution of
4% paraformaldehyde and 1% glutaraldehyde in 0.1 M Na-cacodylate
buffer, pH 7.4, for 24 h at room temperature. They were postfixed in
1% OsO, in cacodylate buffer pH 7.4 for 1 h at 4°C, dehydrated
through a graded series of ethanols and embedded in LX-112 epoxy
resin (Ladd Research Industries, Inc., Burlington, VT). Sections of 2-
pm thickness were made with glass knives and stained with methylene

blue, or according to the Von Kossa method. Ultrathin sections were
cut with a diamond knife, stained with urany! acetate and lead citrate,
and examined in an electron microscope (EM 10C; Carl Zeiss, Inc.,
Thornwood, NY).

Enzyme histochemistry. To study the distribution of ALP bound to
the DDS, cryostat sections were treated according to the indoxyl-tetra-
zolium salt method (18, 19). 5-Bromo-4-chloro-3-indolylphosphate
was used as a substrate. Control sections were incubated without sub-
strate.

Biochemical determinations. ALP activity was determined as fol-
lows: specimens were extracted in 0.2 ml glycine buffer (0.1 M glycine,
1 mM MgCl,, 0.1 mM ZnCl,, pH 10.5) containing 0.1% Triton X-100
for 1 h at 4°C. Then, samples were supplemented with 2 ml glycine
buffer (37°C). After 10 min, p-nitrophenylphosphate (pNPP) was
added as a substrate (final concentration 6 mM) and the optical density
monitored at 405 nm by using a Beckman 25 spectrophotometer
(model 25; Beckman Instruments, Inc., Fullerton, CA). Enzyme activ-
ity (U) was expressed as micromole pNP released per minute (at 37°C
and pH 10.5).

Hypro was determined colorimetrically (20, 21). Phosphate was
determined according to the method of Kirkpatrick and Bishop (22),
and calcium by atomic absorption spectrometry.

X-ray diffraction. DDS were harvested and powdered with a pestle
and mortar in liquid nitrogen. The powdered material was washed with
a small volume of ethanol, lyophilized, and examined by means of a
Philips PW 1327 powder camera with nickel-filtered Cu K, radiation
generated at 50 kV, and 30 mA anode current for 4 h. Pure hydroxyapa-
tite (specific surface area 8 m?/g) served as a control.

Chemicals and reagents. IMDM, NRS, Fungizone® (amphoteri-
cin), streptomycin, and penicillin were purchased from Gibco Labora-
tories (Grand Island, NY). Lyophilized human dura mater (Lyodura®)
was obtained from Braun (Melsungen, Germany). 8-GP disodium salt
was from Merck (Darmstadt, Germany), multiwell cutture dishes from
Costar, Data Packaging (Cambridge, MA), pNPP from Sigma Chem.
Co., St. Louis, MO. Bovine intestinal ALP (sp. act. 2,500 U/mg) was
purchased from Boehringer Mannheim GmbH, Mannheim, Germany,
1-ethyl-3(3-dimethylaminopropyl)carbodiimide. HCl from Pierce
(EDC) (Oud Beijerland, NL). [**Ca]Cl, (1.12 GBg/mg) was from New
England Nuclear, (NEN Chemicals, Germany).
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Figure 1. DDS sectioned perpéndicular to the dentinal tubules and
stained for alkaline phosphatase activity. The dark rings around the
tubules represent alkaline phosphatase activity bound to the dentin
with carbodiimide. X875.
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Table I. *Ca-uptake in ALP-treated DDS

+8-GP -8-GP
DDS-glutar 46058 (4) 1118 (4)
Controls 8+5 (4)

DDS-carbo 427+22 (4) 412 (4)
Controls 2+1 (4)

DDS were incubated for 3 d in IMDM supplemented with 10% NRS.
ALP was covalently bound to the dentin by means of glutaraldehyde
(DDS-glutar, sp enzyme act 0.92+0.03 mU/ug hypro) or carbodiim-
ide (DDS-carbo, sp enzyme act 1.30+0.29 mU/ug hypro). Controls
were treated with the crosslinking agent only. Measurements are given
as dpm X1073£SD (n).

Results

Dentinal collagen slices

In vitro experiments. Histochemistry revealed that in both car-
bodiimide-treated and glutaraldehyde-treated DDS, the en-
zyme was not distributed uniformly throughout the dentin. It
was particularly bound to the outer surfaces of the sheets and
the wall of the dentinal tubules (Fig. 1). Control sections were
negative.

As shown in Table I, DDS treated with ALP accumulated
radiolabeled calcium when incubated in the presence of 8-GP.
In the absence of the monophosphate ester very little [**Ca] was
found in the dentin. When incorporation of the label in carbo-
diimide-treated specimens was followed as a function of time, a
rapid influx of [**Ca] was observed during the first day. Thereaf-
ter, a more gradual increase was noted (Table II). Control
sheets treated with carbodiimide only remained almost free of
radioactivity (Tables I, II). ALP-containing slices hardened as
time progressed and stained intensely with Von Kossa stain. At
the electron microscope level aggregates of mineral were found
in close association with the collagen fibrils of the DDS (Fig. 2).

X-ray diffraction revealed spectra that corresponded with
those of hydroxyapatite. Next to a prominent peak correspond-
ing to d spacings of 2.18, 2.78, and 2.72 A (planes 211, 112, and
300), distinct peaks at d spacings of 3.17 and 3.44 A (planes 102

and 002), and minor peaks at d spacings 0f 2.26, 1.94, 1.84,and

Table 1. **Ca-uptake in ALP-treated DDS and Dura Mater as a
Function of Time

Time in days
1 2 3 4 6
DDS 278+105 472+166 419+70 5264216 537+50
Controls 8+5 1214 7+3 5+1 615
Dura mater 8+2 30x14 74425 108117 279+234
Controls 10£3 3+0.6 2+0.4 2+0.7 2+0.2

DDS and dura mater sheets were incubated in medium supplemented
with 10% NRS and 10 mM B-GP. ALP was bound to the collagen
by means of carbodiimide (sp enzyme act in dentin, 0.95+0.51 mU/
ug hypro; dura mater, 0.54+0.10 mU/xg hypro). Controls were
treated with carbodiimide only. Measurements are given as dpm
%1072 per ug hypro=SD (n = 4 per time).
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1.72 A (planes 310, 222, 213, and 004) were observed in the
diffractograms. Peak broadening (e.g., the planes 102, 002, and
310) indicated that the mineral was less crystalline than pure
hydroxyapatite.

In one experiment, whole rat serum (pH 7.4, 3.2+0.3 mM
total phosphate, 2.7+0.1 mM total calcium) was used as incu-
bation medium, without extra phosphate added. It was ob-
served that ALP-treated DDS (crosslinked with carbodiimide)
accumulated radiolabeled calcium, whereas control DDS (no
enzyme) remained free of mineral (Table III). The rate of **Ca-
uptake was less than in IMDM supplemented with 10% NRS
and 10 mM B-GP. X-ray diffraction showed spectra typical of
hydroxyapatite.

In vivo experiments. Healing of the skin wounds was un-
eventful. Inspection of the sites of implantation during reentry
revealed that, particularly with respect to the carbodiimide-
treated implants, the surrounding tissues were not inflamed.
Glutaraldehyde-treated implants, however, were often sur-
rounded by a somewhat oedematous connective tissue. In both

Figure 2. Electron micrograph of ALP-treated DDS (crosslinked with
carbodiimide) incubated for 3 wk in IMDM supplemented with 10%
NRS and 10 mM B-GP. Electron dense regions represent mineral.
Note that mineral aggregates are deposited in close spatial relation to
collagen. T, dentinal tubule. X9,500.



Table III. ¥Ca-uptake in ALP-treated DDS Incubated
in Whole Rat Serum

Table V. Phosphate and Calcium Content of ALP-treated DDS
Implanted in the Rat (Experiment II)

Time in days Time PO/hypro Ca/hypro
1 4 7 1 wk
Rat DDS-carbo 6.95+1.31(2) 6.07x1.50 (2)
serum
.11+£0.09 (2 0.28+0.10 (2
DDS 41 (5) 8139 (5) 114246 6) 5:““15 0 @ @
Controls 3£169) 5£20) 4£3(6) DDS-carbo 6.98:+0.01 (2) 5.8120.12 (2)
IMDM
Controls 0.04+0.01 (2) 0.05+0.02 (2)
DDS 142483 (6) 363+53 (6) 397+108 (6) DDS-glutar 8.05+0.86 (2) 6.62+1.81 (2)
Controls 512 (6) 5+1(6) 512 (6) Controls 0.89 (1) 1.36 (1)
3wk
For comparison with rat serum, DDS were incubated in IMDM sup- DDS-carbo 8.09+0.94 (4) 6.06+0.62 (4)
plemented with 10% NRS and 10 mM g-GP. ALP was bound to the Controls 0.04+0.02 (4) 0.04+0.03 (4)
slices with carbodiimide (sp enzyme act 0.91+0.38 mU/ug hypro). DDS-glutar 6.60+3.40 (2) 4.56+2.15 (2)
Control slices were treated with carbodiimide. Results are given as Controls 0.10+0.00 (2) 0.15+0.01 (2)
dpm X1072 per ug hypro+SD (n). 4wk I
DDS-carbo 8.73+1.39 (4) 7.79+1.31 (4)
Controls 0.03+0.01 (4) 0.04+0.01 (4)
implant types the enzyme-coupled DDS were hard and had DDS-glutar 3.87+3.56 (4) 2.95+2.38 (4)
acquired an opaque appearance. Control specimens were soft Controls 0.042:0.01 (4) 0.04£0.02 (4)
and translucent upon macroscopic inspection. Normal dentin 14.02+2.55 (5) 9.47+1.92 (5)

Chemical analyses of the implants of experiment I (coupled
with carbodiimide) demonstrated that mineral uptake by ALP-
treated DDS increased as time progressed (Table 1V). Both
phosphate/hypro and calcium/hypro showed a positive corre-
lation with time (PO,, r = 0.77, df = 27, P < 0.005; Ca, r
=0.73, df = 27, P < 0.005). In experiment II (Table V) the
influx of phosphate and calcium in the carbodiimide-coupled
specimens occurred at a more rapid rate. Also, the concentra-
tion of mineral ions per microgram hypro after 4 wk was higher
than in experiment I. The calcium content per microgram hy-
pro was about 80% of that found in normal bovine dentin,
while the phosphate content was about 60%. It must be empha-
sized, however, that the specific activity of the enzyme in ex-
periment II was higher than that in experiment I (1.30 vs. 0.92

mU/ug hypro).

Table IV. Phosphate and Calcium Content of ALP-treated DDS
Implanted in the Rat (Experiment I)

Time PO /hypro Ca/hypro

4d

DDS 1.0110.80 (6) 0.97+0.63 (6)

Controls 0.12+0.04 (8) 0.06+0.05 (8)
7d

DDS 2.18+2.00 (8) 1.92+1.81 (8)

Controls 0.12+0.02 (7) 0.06+0.02 (7)
2wk

DDS 4.33+1.56 (7) 3.65+£1.20 (7)

Controls 0.10+0.02 (9) 0.08+0.07 (9)
4 wk

DDS 6.30+1.96 (8) 4.97+1.63 (8)

Controls 0.08+0.05 (12) 0.13+0.07 (12)

Enzyme was bound to the DDS with carbodiimide (sp enzyme act
0.91+0.38 mU/ug hypro). Control slices were treated with carbodiim-
ide only. PO, and Ca are given as microgram per microgram hy-

proxSD (n).

Enzyme was bound to the DDS with carbodiimide (carbo, sp enzyme
act 1.30+0.29 mU/ug hypro) or glutaraldehyde (glutar, sp enzyme
act 0.92+0.03 mU/ug hypro). Control slices were treated with cross-
linking agents only. PO, and Ca are given as microgram per micro-
gram hypro+SD (n). For comparison, phosphate and calcium of nor-
mal bovine dentin (determined afier hydrolysis) are included.

As with the carbodiimide-coupled implants also the
glutaraldehyde-coupled specimens accumulated considerable
amounts of mineral (Table V). In the latter implant type, how-
ever, the amount of mineral seemed to decrease again at the
later time intervals.

When expressed in terms of molar concentrations, it ap-
peared that the Ca/P ratio (+SD) in the remineralized dentin
was 1.99+0.31 (n = 29) in experiment I, and 2.00+0.23 (n
= 12) in experiment II for the carbodiimide-treated specimens.
According to Student’s ¢ test, this ratio was significantly higher
(P < 0.005) than that in normal bovine dentin (1.60+0.12; n
= 5). For glutaraldehyde-treated specimens the Ca/P ratio
amounted to 1.80+0.20 (n = 8), which was not statistically
significant from that in normal dentin (P > 0.05).

Light and electron microscopy confirmed the chemical
analyses and proved that all experimental (but not control)
DDS contained mineral at the time intervals observed (Fig. 3).
In most specimens, however, the DDS were not remineralized
throughout their entire width. Where the DDS were in direct
contact with fibroblast-like cells, a rim of nonmineralized ma-
trix had often persisted (Fig. 4).

The connective tissue surrounding the implants was not
mineralized. It contained collagen and fibroblasts which were
aligned predominantly parallel to the outline of the remineral-
ized DDS, thus constituting a capsule-like configuration (Fig.
4). No evidence was obtained that the connective tissue was
firmly attached to the dentin. No bone, cartilage, or cementum
were formed in relation to the remineralized DDS. The con-
nective tissue surrounding the implants contained few inflam-
matory cells except in the glutaraldehyde-treated specimens
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Figure 3. ALP-treated (4) and control (B) DDS implanted subcutaneously in the rat for 4 wk. The enzyme was bound to the dentin with carbo-
diimide. Note that the DDS in A4 (sectioned perpendicular to its upper surface) stains faintly with methylene blue and shows many cracks (arrows)
caused by sectioning. The control implant in B was not remineralized; it stains intensely with the basic dye and exhibits no cracks. CT, connective

tissue. X875.

where polymorphonuclear leukocytes, but especially macro-
phages, were frequently found. In the vicinity of the implants,
multinuclear giant cells were occasionally observed, particu-
larly in the glutaraldehyde-treated DDS (Fig. 5).

In an additional experiment comprising five animals (ex-
periment III) ALP-treated DDS (carbodiimide coupled) were
harvested 3 wk after implantation and examined for hydroxy-
apatite deposition. X-ray diffraction analysis revealed a profile
typical of hydroxyapatite crystals (see above).

Dura mater sheets

In vitro experiments. As with the ALP-treated DDS, the en-
zyme-treated dura mater sheets accumulated radiolabeled cal-

cium during a 6-d incubation period in the presence of 10 mM
B8-GP (Table II). The rate at which this occurred, however, was
far less than with the dentin. The specific enzyme activity in
dura mater was almost half of that in DDS.

In vivo experiments. In contrast with the DDS, the dura
mater (which had a lower specific enzyme activity) did not
show any tendency to calcify. Chemical analyses revealed that
in none of the enzyme-treated implants calcium and phosphate
levels were higher than in the control specimens. This was the
case at all time intervals observed (1, 2, 3, and 4 wk after install-
ment). It must be noted that healing of the tissues after implan-
tation was uneventful and not accompanied by severe inflam-
matory reactions.

Figure 4. ALP-treated DDS (crosslinked with carbodiimide) implanted subcutaneously for 3 wk. During implantation, the specimen was folded.
This resulted in a narrow space which was not populated by fibroblasts. The dentin was remineralized except for its outer layer adjacent to the
connective tissue (CT) encapsulating the implant. Nonmineralized parts of the DDS (shown at a higher magnification in B) stain intensely with
methylene blue (arrows). M, macrophage-like cell. (4) X220; (B) X875.
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Figure 5. ALP-treated DDS (crosslinked with glutaraldehyde) im-
planted subcutaneously for 3 wk. Note the presence of a multinuclear
cell (MN) adjacent to the remineralized dentin. X875.

Discussion

The present study has shown that demineralized and extracted
dentin slices of 30 um thickness can be remineralized to a large
extent in a short period of time under in vitro as well as in vivo
conditions. The mineral exhibited an x-ray diffraction profile
typical of hydroxyapatite. Its deposition was induced by ALP
covalently bound to the dentin by the crosslinking agents glu-
taraldehyde and carbodiimide. Without the enzyme, mineral
was not laid down. As far as we are aware, this is the first direct
evidence that an ALP can induce the mineralization of a collag-
enous substrate in the animal body. Since the enzyme was of
intestinal origin, the mineral-inducing properties of ALP are
not strictly bound to the L/B/K isoenzyme (see Introduction).
According to Nimni and co-workers (17), glutaraldehyde-
treated collagen implanted in the animal body is, at the long
term, subject to calcification. Levy and co-workers (23)
reached a similar conclusion on the basis of their work on sub-
cutaneously implanted type I collagen sponges treated with the
crosslinking agents glutaraldehyde or formaldehyde. The de-
gree of calcification of these collagen implants, however, was
very low, as compared with ALP-treated dentinal collagen
slices. According to the work of the latter authors, glutaralde-
hyde-treated collagen, implanted for 21 d in weanling rats, con-
tains 0.29 ug calcium/ug hypro. Our results indicate that ALP-
treated collagen can accumulate over 20 times as much cal-
cium per microgram hypro within the same period of time.
As to the acceptance by the body of the implanted collagen
sheets, it was noted that at the time intervals observed little
signs of inflammation were present with respect to the carbo-
diimide-coupled sheets. The glutaraldehyde-treated speci-
mens, however, exhibited more signs of inflammation. Besides

fibroblasts encapsulating the implants, macrophages were pres-
ent and multinuclear giant cells. This suggests that a mild for-
eign body reaction had occurred (see also reference 17). Per-
haps, local cytotoxicity was due to unstable glutaraldehyde
polymers that persisted in the interstices of the crosslinked col-
lagenous substrate (24). Further, it was noted that in the speci-
mens treated with glutaraldehyde, a decrease occurred in the
mineral content at the later time intervals after implantation.
The reason for this is unclear.

From the present results it is evident that there is enough
organic phosphate esters present in healing skin for collagen-
bound ALP to produce phosphate ions in concentrations high
enough to cause precipitation of hydroxyapatite crystals in the
DDS. Taking into account that dentinal collagen can mineral-
ize in whole rat serum not supplemented with 8-GP, we believe
that phosphorylated serum components (leaking into the im-
plantation site) could represent a principal phosphate source in
the in vivo situation.

Since it was often observed that the dentinal matrix im-
plants did not fully mineralize in regions that were in direct
apposition to the fibrous capsule, we consider it unlikely that
the bulk of the phosphate esters hydrolyzed by the enzyme
originated from fibroblast-like cells. On the contrary, our ob-
servations might be interpreted as providing evidence that the
soft connective tissues around the implants exerted inhibitory
influences on dentin remineralization, thus preventing a rim of
dentin from being remineralized.

By using a collagenous tissue that is quite different from
dentin in terms of origin, architecture, and composition, we
were able to demonstrate that, under in vitro conditions, min-
eral deposition in collagen as induced by ALP is not unique to
dentin. Mineral did also accumulate in enzyme-treated human
dura mater (thoroughly extracted and freed from noncollagen-
ous components by the manufacturer) when incubated in me-
dia supplemented with 8-GP (10 mM). Under in vivo condi-
tions, however, ALP-treated dura mater did not mineralize
within an experimental period of 4 wk.

The reason for this difference with respect to dentin is not
yet understood. It is conceivable that the dura mater collagen
contained some inhibitory molecules. Alternatively, dentin re-
mineralization was perhaps promoted by traces of phospho-
proteins covalently bound to the extracted collagenous matrix
(25-30). Another explanation for the difference between DDS
and dura mater might be sought in the relatively low specific
enzyme activity of the latter. Considerably more ALP activity
was bound to the dentinal slices than to the dura mater pieces
(Table II). Consequently, the concentration of phosphate ions
released by the enzyme could have been too low to initiate
mineral deposition in vivo. Although several attempts were
undertaken to increase the specific enzyme activity of the dura,
we did not succeed.

In summary, we have presented direct evidence in support
of the view (1) that ALP can play a principal role in the mineral-
ization of collagenous matrices in the animal body. Our find-
ings also indicate that in skin wounds sufficient organic phos-
phate esters and calcium ions are present to fuel the mineraliza-
tion process.
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