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Abstract
The use of resorbable devices for osteosynthesis has become a subject of interest.
Nacre has been proposed as a resorbable and osteoconductive material favoring
bone apposition without triggering an inflammatory reaction. We compared the
in vivo osseointegration and erosion of nacre screws in an animal model with titanium screws. Implantation of similar nacre and titanium screws was performed in
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the femoral condyles of adult rats. Animals (n = 41) were randomized in four
groups sacrificed at day one, 1, 6, and 12 months. Microcomputed tomography
(microCT) allowed 3D morphometry of erosion of nacre. Osseointegration was
measured as the volume of trabecular bone bone volume/tissue volume (BV/TV)
in a standardized volume of interest around each screw. Undecalcified bone histology was also done. Gross examination revealed a similar clinical osseointegration
for titanium and nacre screws. A progressive erosion of nacre screws, but no erosion of titanium screws, was observed in microCT. The volume of nacre screws
progressively decreased over time whereas no modification occurred for titanium.
For titanium screws, BV/TV remained stable throughout the study. For nacre
screws, the BV/TV decrease was not statistically different. A significant difference
was found between nacre and titanium screws at 6 months but not at 12 months.
The screw heads, outside the bone shaft, were not eroded even after 12 months.
Erosion of nacre occurred during the entire study period, only within the bone
shaft in direct contact with bone marrow. Bone apposition was observed on nacre
surfaces without signs of erosion. Nacre is a promising biomaterial in maxillofacial
surgery.
KEYWORDS

erosion, maxillofacial surgery, mother of pearl, nacre, osseointegration, resorbable device,
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osseointegration.3,4 Surgical removal of these devices is often neces-

I N T RO DU CT I O N

sary after bone consolidation.
Titanium implantable devices are nowadays the gold standard in max-

The use of resorbable devices (e.g., plates and screws) has conse-

illofacial surgery for osteosynthesis. They have excellent corrosion

quently become a subject of interest. Furthermore, they allow a pro-

resistance, mechanical, and osseointegrative properties.1,2 Titanium is

gressive transfer of loads to the healing bone in contrast to metallic

thus

implants.5 Several types of resorbable devices have been evaluated

considered

as

the

gold

standard

biomaterial

for

2

TABLE 1

Characteristics of the two types of screws
Nacre

Titanium

Thread length (mm)

3.36

3.90

Diameter of the screw (mm)

1.63

2.09

Number of threads

8

8

Diameter of the screw head (mm)

4.36

4.36

and some are marketed for the current surgical practice. Polylactide,
polyglycolide or copolymers are used to prepare screws and plates for
maxillofacial surgery.6-8 However, these biodegradable polymers do
not have the same mechanical properties than titanium and a number
of reports have reported local inflammation due to the release of acids
during resorption.9,10
A number of studies have shown that nacre (also known as
mother of pearl), is biocompatible and has good osteoconductive
and resorbable properties without triggering a local inflammatory
reaction.11-13 The use of nacre was recently proposed as a mechanically suitable material with osteoconductive and resorbable properties.13-15 Nacre from the giant oyster Pinctada maxima is a natural
biomaterial made of calcium carbonate embedded in an organic matter. In scanning electron microscopy, nacre appears composed of flat
polygonal tablets of aragonite. This results in a 1000-folds mechanical strength compared with inorganic crystals.16 The oyster shell can
be machined to prepare maxillofacial devices with suitable biomechanical properties. Nacre bioerodability can be improved by specific
treatments and it precedes bone apposition by osteoblasts.17-19 The
in vivo resorption is done by macrophage-derived giant cells
followed by bone apposition without triggering a local inflammatory
reaction.

11,12

F I G U R E 1 Scanning electron microscopy of the two types of
screws used in this study. (a) Nacre screw with a rough surface
obtained after machining and (b) TA6V titanium screw

The aim of the present study was to compare the in vivo
osseointegration and erosion of nacre versus titanium screws in a rat
model at different times using microcomputed tomography (microCT).

rougher surface after machining (Figure 1). All devices were sterilized

In the present work, microCT was used to image the changes due to

by γ radiation at 25 Gy and stored until use.

bioerosion and bone formation; the technique allows a 3D quantitative examination of the volume of bone apposed and biomaterial
eroded.20

2.2
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Animals and experimental procedure

All procedures performed in the present study were in accordance

2

MATERIAL AND METHODS

|

with the ethical standards of the institutional and national research
committee and with the 1964 Helsinki declaration and its later

2.1

|

The nacre biomaterial

amendments. This experimental protocol was approved by the local
ethical committee of Angers University Hospital (France) and was

Nacre screws were prepared from the inner shell of P. maxima coming

done in accordance with the institutional guidelines of the French

from an oyster park in Indonesia (Mega BioPharma, Crosne,

Ethical Committee (protocol number APAFIS#2851), the European

11,15

France).

Oysters were

approximately

20 cm

in

diameter

corresponding to a mean age of 7–12 year. Devices were obtained

Community Council Directive of November 24, 1986 (86/609/EEC)
and under the supervision of authorized investigators.

through a process combining physicochemical treatments, machining,

Male Sprague–Dawley rats (n = 41), aged 19 ± 0.5 weeks-old,

and coating operations providing an hybrid semisynthetic material.

weighing 518.3 ± 11.5 g, were used for the study (Janvier-Labs, Le

Titanium screws (TA6V alloy) were provided by the same manufac-

Genest-Saint-Isle, France). They were acclimated for 2 weeks to the

turer. All devices presented approximately the same size and shape

local vivarium conditions (24 C and 12/12 hr light dark cycle). They

(Table 1). Due to their biological origin, nacre screws presented a

were given a standard laboratory food (UAR, Villemoison-sur-Orge,

3

France) and water ad libitum. Rats were randomized into four groups

sections was obtained for each specimen that were exported in the .

T0 (n = 8), T1 (n = 11), T6 (n = 11), and T12 (n = 11).

jpg format to allow analysis with the same software than above.

Screw implantation was performed in all rats under general anesthesia using the same surgical procedure by a trained surgeon. General anesthesia was induced by intraperitoneal injection of 100 mg/kg

2.4
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Erosion analysis in 3D

ketamine (Renaudin, Aïnhoa, France) and 10 mg/kg xylazine (Rompun
2%, Bayer, Leverkusen, Germany). Analgesia was obtained using sub-

For each sample, the degree of erosion of the screw was quantified

cutaneous injections of buprenorphine (Vetergesic, Sogeval, Laval,

using the CTan software on the stacks of images provided by the two

France) at a dose of 0.03 mg/kg, half an hour before surgical proce-

microCT systems. The screw volume (SV, in mm3) was determined

dure and during postoperative monitoring if needed. The femoral con-

after thresholding allowing a clear separation of the biomaterial from

dyles were exposed with a lateral approach on right and left sides.

bone due to the increase calcium content of nacre. The measures

Holes adapted to the size of the screws were made using a surgical

were determined on the threads and the screw head (outside the

drill under constant irrigation (sterile saline solution). Screws were

bone shaft) was not considered.

then implanted in the drilled holes with a specific screwdriver provided by the manufacturer. For each animal, the nacre screw was
placed in the right condyle and the control titanium screw in the left

2.5
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Osseointegration analysis

condyle. Each incision was then closed using skin staples. No additional drug and no antibiotic was given. Rats were closely monitored

For each sample, the parameters were determined with the CTan soft-

until awakening. A close and regular monitoring was performed twice

ware on the same stacks of images and only on the threads, as defined

a day for every rats during the first postoperative week in order to

above. The volume of interest was defined as the fraction of the tis-

check for clinical signs of pain. Rats were then monitored and

sue volume occupied by trabecular bone in a standardized volume of

weighted monthly and sacrificed by CO2 inhalation at day one (group

interest automatically generated around each screw with 30 dilatations

T0), 1 (group T1), 6 (group T6) and 12 months (group T12). Gross

of the screw image. Briefly, on transverse sections, a ring was com-

examination was performed to assess clinical osseointegration and to

puted around the screw according to the manufacturer recommenda-

seek for local complications. Femoral condyles were then dissected,

tion (Bruker Academy, 2015 #3 https://www.bruker.com/products/

defleshed, and fixed in formalin until use.

microtomography/academy/academy.html). The trabecular bone volume (BV/TV, in %) was measured in the volume of interest; the standardized nomenclature for bone histomorphometry of the ASBMR

2.3
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Microcomputed tomography

was used.21

MicroCT of the right femoral condyles (containing nacre screws) was
performed using a Skyscan 1,172 X-ray computerized micro-

2.6
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Histological analysis

tomograph (Bruker microCT, Kontich, Belgium) equipped with an Xray tube working at 70 kV/142 μA. Bones were placed in an

The bone samples were then embedded in poly(methylmethacrylate)

Eppendorf's tube filled with water to prevent desiccation. The tube

(pMMA) for histological analysis and fluorescence microscopy as pre-

was fixed on a brass stub with plasticine. Analysis was done with a

viously described.22 Blocks embedded in pMMA were then sectioned

pixel size corresponding to 10.3 μm; the rotation step was fixed at

with a diamond saw (Accutom, Struers, France) in 500 μm thick slices.

0.2 and exposure was done with a 0.5 mm aluminum filter. For each

Slices passing through the central zone of the screws were selected

sample, a stack of 2D-sections (.jpg format) was obtained,

and polished on an automatic polishing machine (Struers) to a 1 μm

reconstructed using NRecon software (Bruker) and the morphometric

finish with diamond particles. Then, surface staining was done after

analysis was done with the CTAn software (Bruker, release 1.13.11.0).

acid etching with 0.1% formic acid in distilled water for 4 min followed

Three-dimensional reconstructions were obtained using CTVox soft-

by staining with borax-toluidine blue during 45 min. Slices were dried

ware (Bruker, release 2.5).

and analyzed on an Olympus BX 51 microscope and microphoto-

The fixed left condyles with the titanium screws could not be

graphs were acquired on a DP71 color digital CCD camera.

imaged with the Skyscan microCT due to the reconstruction artifacts
with the metal implants. A microCT with polychromatic X-rays was
used to limit these artifacts (Nanotom, Phoenix, GE). Bones were posi-

2.7
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Statistical analysis

tioned and immobilized in gelatin before acquisition. Analysis was
done at 160 kV/50 μA with a copper filter. Five projection images

Statistical analysis was performed using the Systat statistical software

were averaged every 500 ms, the rotation angle was set at 1.95 /min

release 13.0 (Systat Software Inc., San José, CA). All data were

with a pixel size of 0.7 μm. Image reconstruction was done on the pro-

expressed as mean ± SEM. Differences among groups were analyzed

jection images with the DATOS software (Phoenix), and a stack of 2D

by a nonparametric ANOVA (Kruskall-Wallis) followed by a DwassSteel-Chritchlow-Fligner test. Differences between groups at each

4

F I G U R E 3 Microcomputed tomography 2D images showing
titanium screws implanted in femoral condyles at sacrifice at (a) T0
and (b) T12. No erosion is seen over time

TABLE 2

F I G U R E 2 Microcomputed tomography 2D images showing
nacre screws implanted in the femoral condyle of the rat sacrificed at
(a) T0, (b) T1 month, (c) T6 months and (d) T12 months. Note the
progressive erosion of nacre screws over time: the height of the
threads is progressively reduced. No sign of erosion is observed on
screw heads. Also, note the progressive apposition of bone on the
biomaterial

Erosion and osseointegration results

Biomaterial
Nacre

Titanium

time interval were analyzed by a nonparametric Mann and Whitney
test. Differences were considered significant when p < .05.

Groups

Erosion

Osseointegration

Screw volume
(SV, mm3)

Bone volume/tissue
volume
around screws
(BV/TV, %)

T0

7.07 ± 0.30

41.26 ± 23.10

T1

7.22 ± 0.43

40.21 ± 9.42

T6

6.19 ± 0.60

27.85 ± 11.98

T12

3.85 ± 0.95

26.67 ± 3.89

T0

6.91 ± 0.91

38.97 ± 9.78

T1

7.07 ± 0.42

41.87 ± 22.09

T6

7.04 ± 0.39

46.63 ± 14.87

T12

7.04 ± 0.55

36.03 ± 13.33

Note: Gray boxes indicate a significant difference nacre versus titanium.

3

RESULTS

|

3.3
3.1

|

|

Erosion of the screws

Animals and body weight
3D models obtained by microCT showed a progressive erosion of

One rat was excluded during the study and sacrificed because of

nacre screws along time with a progressive erosion of threads (but no

unexplained weight loss (group T1). Two animals presented minor

erosion of screw heads) (Figure 2). As expected, no erosion was found

transient complications (limping and postoperative hematoma) and

for titanium screws along time (Figure 3).

were not excluded from the study. All rats regularly gained weight

Quantitative analysis of erosion and osseointegration parameters

during the study period. No statistical difference was found between

is summarized in Table 2. SV of nacre screws progressively decreased

groups for weight at any time.

over time whereas no modification occurred for titanium screws for
these parameters and SV remained unchanged (Figure 4a).

3.2

|

Gross examination
3.4

|

Osseointegration analysis

Only one rat (group T6) presented a mobile nacre screw that was clinically not osseointegrated. In four rats out of 41 (9.75%) (One rat in

The 3D models of the inserted screws appear on Figures 5 and 6. The

group T1 and three in group T6) the head of the nacre screw pres-

amount of bone formed around the threads (in the volume of interest) is

ented an extra osseous foreign-body reaction made of fibrotic tissue.

figured with pseudo-colors. No difference was found for BV/TV at T0

One rat (group T12) presented a degenerative aspect of the articular

between both types of screw. It indicates that the amount of bone

cartilage above the titanium screw (abrasion of the articular surface).

around nacre and titanium screws was the same after screw implantation.

Every other titanium and nacre screws were clinically osseointegrated
without macroscopic signs of any complication.

For the titanium screws, BV/TV remained stable all along the study
(Figure 4b). For the nacre screws, BV/TV seemed to decrease

5

(a)
Screw Volume (SV in mm3)

*
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F I G U R E 4 Graphs showing evolution of (a) screw volumes and
(b) BV/TV for titanium (□) and nacre screws (■). BV/TV, bone
volume/tissue volume

F I G U R E 6 Images obtained by microcomputed tomography
showing a titanium screw implanted in a rat femoral condyle. (a) 3D
external view; (b) 3D internal view showing a screw inside trabecular
bone; (c) 3D internal view showing a screw and its surrounding
trabecular bone formed inside a hollow cylinder around (figured in red
pseudo-color); (d) 2D section showing a screw and the surrounding
newly formed trabecular bone (figured in red pseudo-color)

progressively, however, the ANOVA did not found any statistical difference. A significant difference was found only between nacre and titanium
screws at T6 (p = .02), however, the difference at T12 did not reach
significance.

3.5 | Histological analysis of erosion and
osseointegration
On histological sections, the nacre screws showed a progressive
reduction of the thread height in the intraosseous zone, in direct contact with the bone marrow (Figure 7a,b). Numerous images of resorption of the biomaterial by giant cells were clearly evidenced
(Figure 7c). At 6 months, resorption of the screw threads within the
medullary cavity was clearly evidenced. However, no zone of resorption was visible on the screw head, located in the extra-osseous area
(Figure 7d). At 12 months, the aspects were identical and resorption
by giant cells was still present with resorption of nacre threads in the
F I G U R E 5 Images obtained by microcomputed tomography of a
nacre screw implanted in a rat femoral condyle. (a) 3D external view;
(b) 3D internal view showing a screw inside trabecular bone; (c) 3D
internal view showing a screw and its surrounding trabecular bone
formed bone formed inside a hollow cylinder around (figured in red
pseudo-color); (d) 2D section showing a screw and the surrounding
newly formed trabecular bone (figured in red pseudo-color)

intraosseous location appearing more marked. On sections of the condyles containing titanium screws, as expected, no modification of the
shape of the threads was noted (Figure 8a,b).
On histological sections, bone was stained in varieties of blue by
toluidine blue and nacre had a grayish tint. The most recently apposed
bone structure units were more heavily stained, as classically

6

F I G U R E 7 Histologic sections of nacre screws implanted in the rat. (a) At 6 months, note the beginning of erosion occurring at the threads
but not on the screw head that still has sharply defined contours. Note the simultaneous apposition of bone onto the biomaterial. (b) At
12 months, erosion of the threads inside the marrow cavity is more pronounced and osseointegration is evidenced. Here again, note the absence
of signs of resorption at the screw heads. (c) Simultaneous areas of nacre erosion by giant cells (arrow) and direct apposition on the biomaterial
(arrowhead). (d) Enlargement of a screw head 12 months after implantation. There is no sign of erosion outside the bone shaft; note the
anchoring of the screw in the cortical bone by direct apposition. Surface staining by toluidine blue of polished slabs, the brown areas correspond
to blood vessels, located deeper, and superimposed on the image obtained with bright field microscopy

reported. Bone was directly anchored on the surface of the nacre

4

|

DI SCU SSION

screws in areas that were not undergoing resorption by giant cells
(Figure 7). These aspects of conjoined bone apposition and resorption

In the present work, microCT was used to image the changes due to

were also well visualized in the trans-cortical passage of the screw.

bioerosion and bone formation; the technique allows a 3D quantita-

On sections of the condyles containing titanium screws, the apposi-

tive examination of the volume of bone apposed and biomaterial

tion of bone to the metal surface was also clearly visible without

eroded; this method is more accurate than 2D histomorphometric

fibrous interposition between the metal and bone (Figure 8c,d).

analysis.20 A progressive erosion of nacre screws was evidenced in

7

F I G U R E 8 Histologic sections of
titanium screws implanted in the rat.
(a) At 6 months, note the apposition
of bone onto the biomaterial. (b) At
12 months, the aspect is similar.
(c and d) Enlargement of a screw
threads covered with bone at resp. 6
and 12 months after implantation.
Surface staining by toluidine blue of
polished slabs, the brown areas
correspond to blood vessels, located
deeper, and superimposed on the
image obtained with bright field
microscopy

their intraosseous portion (screw threads) but not at their extra-

involved in regulating bone homeostasis and seem to have an impor-

osseous portion (screw head). The volume of nacre screws progres-

tant phagocytic role.27 In a previous study, we showed that nacre,

sively decreased with time showing an in vivo incomplete resorbability

implanted in bone, was only resorbed by giant cells that differed from

in this short-term study. This gradual progressive erosion of nacre

osteoclasts by cytological and nuclear criteria.12 Therefore, the intra-

screws is in line with previous studies performed with orthopedic

osseous resorption of nacre could be performed only by giant cells

screws in the sheep.11

deriving from “osteal macrophages.”

The titanium alloy TA6V is widely used nowadays because of its

In the present study, BV/TV was used to measure osseointegration

excellent osseointegrative properties and is thus considered as the

by using a hollow cylindrical volume, automatically drawn around the

gold standard biomaterial for osseointegration.1-4 A number of studies

screws. This permitted a direct 3D measurement of the newly formed

have

good

bone in direct contact with the screws. This 3D method is known to be

osteoconductive and resorbable properties without triggering a local

more precise than measuring this bone/biomaterial interface on 2D his-

inflammatory reaction.11-13

tological sections. A decrease in BV/TV between 6 and 12 months was

shown

that

nacre

is

biocompatible

and

has

A key finding of the present study was that erosion of nacre

observed in the titanium group. It could be due to an age-related bone

screws occurred only during their intraosseous course, in contact with

loss and not to an altered osseointegration or increased resorption. It is

the bone marrow; on the contrary, no erosion was observed at the

well known that bone remodeling decreases with age leading to a pro-

screw heads. This corresponded clinically with a significant rate of

gressive bone loss. Histomorphometrists have shown that it can be

foreign-body reaction surrounding nacre screws heads (9.75%) in the

evidenced on bone specimens by a decrease of BV/TV associated with

present work. On the contrary, no foreign-body reaction was

a reduction of bone-forming parameters measured after double tetracy-

observed around the heads of titanium screws. Foreign-body reaction

cline labeling.29,30 Such a bone loss and altered remodeling has already

around nacre implants had not been previously described in in vivo

been evidenced in aged rats31 and can influence bone healing after the

studies as these papers mainly focused on the bone-nacre inter-

graft of a biomaterial.32

11,13,23

However, when implanted in muscular pouches in the

Clinical interest in maxillofacial surgery of nacre as a biomaterial

back muscles of the rat, nacre from the freshwater pearl mussel Mar-

needs further investigations. Nacre has excellent structural and

garitifera induced a foreign-body reaction with giant cells but not

mechanical properties.33-36 However, we found that these nacre

face.

24

A peculiar myeloid popula-

devices were fragile and easily breakable during handling making them

tion of intraosseous macrophages has been recently described and

unsuitable for osteosynthesis in form of small plates or screws. Usu-

called “osteal macrophages” or “osteomacs.”25-28 These cells are

ally, the management of facial fractures requires rigid and firm fixation

when they were implanted inside bone.

8

to avoid the risks of secondary displacement and plate breaking. In a

Camprasse helped to design the study. Daniel Chappard conceptual-

recent meta-analysis, no statistical differences in the outcome was

ized the study, performed microCT and histological analyses and

noted for patients with mandible fractures osteo-synthesized with

wrote parts of the manuscript.

resorbable or metallic implants.8 However, in their article, there was
no study comparing the mechanical properties of titanium vs nacre.
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clearly visible in Figure 1a, which shows that certain areas of the

Daniel Chappard

https://orcid.org/0000-0002-0818-7856

https://orcid.org/0000-0002-5886-9513

screws (e.g., the tops of the threads) are torn off during machining
depending on the orientation of the aragonite plates. In future studies,
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