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Abstract

Carbonate apatite (CAp) and hydroxyapatite (HAp) coatings were formed on Mg-
0.8mass% Ca (MgCa) alloy plates and screws as bioabsorbable and non-absorbable
corrosion suppression coatings, respectively, and implanted in rabbit femurs alongside
uncoated devices for 8 and 24 weeks. The degradation behavior of CAp-coated and
HAp-coated MgCa, as well as the surrounding bone formation were investigated using
scanning electron microscopy and histological observations. The CAp and HAp
coatings effectively suppressed the initial rapid corrosion of MgCa devices.
Subsequently, while the CAp-coated devices showed no apparent corrosion pits, the
HAp-coated devices showed millimeter-sized pits. The 24-week mean corrosion rate of
CAp-coated devices was about half that of HAp-coated devices and about one-fifth of
uncoated devices. Initially, both CAp and HAp coatings equivalently enhanced new
bone formation, promoting screw-bone bonding. However, over time, the screw-bone
bonding remained unchanged for CAp-coated screws, whereas it decreased for HAp-
coated screws due to substrate corrosion and dissolution of corrosion products. Notably,
the CAp coating began to dissolve between 8 and 24 weeks without harming the
surrounding tissue, particularly in areas where new bone had adhered. In contrast, the
HAp coating almost remained its original shape. It was demonstrated that the CAp
coating can effectively suppress MgCa device corrosion and gradually dissolve over

time.
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1. Introduction

Magnesium (Mg) and Mg alloys have been examined as next-generation
biodegradable materials with good biocompatibility and mechanical compatibility for
bone fixation plates and screws, pins, mesh plates and so on. Compared to
biodegradable polymers, Mg/Mg alloys show higher strength, while their Young’s
modulus (40-45 GPa) is lower than that of conventional metallic materials such as
titanium alloys and stainless steels [1-6]. However, clinical trials have revealed that
Mg/Mg alloys sometimes show too rapid corrosion in the early stages after implantation,
leading to early degradation of mechanical integrity, gas cavity formation due to
hydrogen (H2) gas, and pH increase caused by OH™ ions [7-14]. Although the gas
cavities eventually disappear as they are filled with the surrounding tissues [15],
concerns remain that they may interfere with tissue regeneration.

To overcome the issue of the initial rapid corrosion of Mg/Mg alloys, various
surface modifications such as calcium phosphate compounds, MgF., Mg(OH)2, and
micro-arc oxidation (MAO) coatings have been developed [4, 5, 16-28]. Among these,
calcium phosphate coatings, such as hydroxyapatite (HAp), B-tricalcium phosphate (p3-
TCP), octacalcium phosphate (OCP) and dicalcium phosphate dihydrate (DCPD), have
been extensively developed because these coatings promote bonding to surrounding
bone due to their excellent bone compatibility. For example, a B-TCP coating reduced
the corrosion amount of Mg-3mass% Al-1mass% Zn (AZ31) by about half at 12 weeks
post-implantation in rat femurs and promoted new bone formation by releasing Ca** and
PO4* ions from the coating [17]. Similarly, a HAp coating mitigated the degradation of
pure Mg for the first 6 weeks in rabbit tibial shafts and significantly enhanced bone

growth [18]. Cheng et al. reported that HAp-coated pure Mg, despite showing the best



in vivo corrosion resistance in rat femurs for 8 weeks, showed rather less bone
formation that MgF2-coated pure Mg [24].

Our research focuses on developing HAp and carbonate apatite (CAp) coatings as
non-absorbable and bioabsorbable coatings, respectively, using various Mg/Mg alloys
such as pure Mg, AZ31, Mg-4mass% Y-3mass% rare earth (WE43) [29-33]. HAp was
first employed because apatite is the main component of bone and shows high bone
conduction property [32] and because HAp is practically used as an artificial bone
substitute and a coating material for Ti alloy implants to promote bone formation [34-
36]. Therefore, the HAp coating is expected not only to suppress the corrosion rate of
Mg alloys, but also to promote bonding with the surrounding bone. It was found that the
developed HAp coatings effectively prevent gas cavity formation in mouse
subcutaneous tissue and in rat femurs by suppressing Mg/Mg alloy corrosion [31, 37],
while promoting bone formation [37]. It was also found that the HAp coatings remained
almost unchanged even after 24 weeks and were fragmented into pieces as substrate
Mg/Mg alloys thinned due to corrosion [37]. These results showed the need for
bioabsorbable coatings. Therefore, we focused on CAp coatings due to the following
characteristics of CAp. The composition of CAp (Cai0-a(PO4)s-(CO2)c(OH)2-q) is closer
to that of bone apatite than HAp. CAp is characterized by an increase in solubility with
decreasing pH, although its solubility is low at around the in vivo pH 7.5, and is
normally stable, but is dissolved by HCI secreted by osteoclasts. CAp is thus used as
absorbable artificial bone substitute [38, 39]. In the case of B-TCP, which is also used as
an absorbable artificial bone substitute, its high solubility around pH 7.5 suggests that it
begins dissolving immediately after in vivo implantation. Based on these dissolution
characteristics, CAp coatings are expected to remain stable to maintain the mechanical

integrity of the substrate Mg alloys until the surrounding bone heals, after which it will



dissolve and be absorbed by osteoclasts, when they are used for orthopedic and dental
devices. Additionally, the solubility of CAp can be controlled by its carbonate content
[38], and thus the corrosion of CAp-coated Mg/Mg alloy is expected to vary with the
carbonate content.

We previously developed CAp coatings with different carbonate contents [32, 33]. It
was revealed in cell culture tests that the CAp coatings were absorbed by osteoclasts,
whereas a HAp coating was not [32]. Interestingly, the CAp coatings showed equivalent
corrosion suppression ability to the HAp coating for WE43 in a culture medium with
and without osteoclasts although the CAp coatings were partly degraded with
osteoclasts [32, 40]. However, it remains unknown whether the CAp coatings can
exhibit equivalent in vivo corrosion suppression ability to the HAp coatings and
whether they can be absorbed in vivo. This is because it has been well known that in
vivo corrosion rates of Mg alloys are often different from in vitro corrosion rates [41]
and because the chemical and physicochemical environments, such as pH and
diffusivity, are different between culture environments and in vivo environments.

In this study, the CAp and HAp coatings were formed on Mg-0.8mass% Ca (MgCa)
devices of plate and screw and implanted in rabbit femurs with uncoated devices to
compare the influence of CAp and HAp coatings on the corrosion behavior of substrate
MgCa alloy and the difference in the degradation behavior of the coatings. Moreover,
histological studies of bone formed around the implanted devices was examined with
hematoxylin-eosin (HE) and toluidine blue (TB) staining. The implantation period was
8 weeks, when the bone was expected to have healed, and 24 weeks, when the MgCa

alloy was expected to have mostly corroded.



2. Experimental

2.1. CAp and HAp coating procedure

Mg-0.8mass% Ca (MgCa) alloy plate and screw with a size shown in Fig. 1 were
used as a substrate. The composition of the MgCa alloy used are shown in Table 1. The
MgCa alloy exhibits a proof stress of 144+4.9 MPa, a tensile strength of 224+0.9 MPa
and an elongation to failure of 21.0+2.5%. Plates and screws were fabricated by dry
machining from MgCa extrusion rod, degreased with acetone, and used as uncoated
samples.

CAp and HAp coatings were formed on the MgCa plates and screws by previously
reported method [32]. Coating solutions of 0.2 mol/L ethylenediaminetetraacetic acid

calcium disodium salt hydrate (CioHi2CaN2Na20s' xH20), 0.2 mol/L potassium

dihydrogen phosphate (KH2PO4) and 0 or 0.5 mol/L sodium hydrogen carbonate
(NaHCO3) were prepared with the pH adjusted to 8-9 with 1 mol/L sodium hydroxide
(NaOH) solution [32]. The chemicals used for coating were reagent grade. The coating
solutions were heated to 363 K and then MgCa plates and screws were immersed for 1 h.
Formation of CAp and HAp coatings were examined by X-ray diffraction measurement
(XRD, D2 Phaser, Bruker) using Cu Ka radiation and diffuse reflectance FTIR
(IRTracer-100, Shimadzu) measurement at 4 cm™ resolution. For XRD measurements,
several plates or screws were closely aligned on the sample table to obtain sufficient
signal. Morphology and composition of the coatings were analyzed using scanning
electron microscope (SEM: FEI, Quanta FEG 250) equipped with energy dispersion X-
ray spectroscopy (EDS: TEAM EDS, EDAX). To prevent contamination of the sample
surface, the samples were only placed on the sample stage, limiting the resolution of
SEM images and the accuracy of EDS analysis. The relative atomic ratios of Ca to P
and total Ca, Na and K to P (Ca/P ratio and (Ca+Na+K)/P ratio) were obtained. Due to

the limited number of samples, the cross section was observed only for the CAp-coated



screw that was screwed into a femur once and immediately removed because the screw
head was accidentally broken, using SEM (Miniscope TM3030, Hitachi). The cross

section of the other as-prepared coatings could not be observed.

2.2. Implantation test in rabbit femurs

Japanese white rabbits (KBT-JW) of female with 3.0-3.5 kg weight were used. The
animal experiments were approved with the approval number D20008 by the
Institutional Animal Experiment Committee of Kagoshima University in Japan. Screw
holes were drilled in femurs with an electric drill using a stainless-steel round bar with a
diameter of 0.8 mm, and then the holes were widened with drills with a diameter of 1.2
mm and 1.5 mm. Subsequently, a set of one plate and three screws was fixed to each
femur as shown in Fig. 2. The uncoated and CAp/HAp-coated device sets were
implanted into one and the other femur of the same rabbit, respectively. Three sets of
devices with each surface were implanted. The implantation procedure was performed
by the same surgeon to avoid any change in the technique. The implantation period was
8 and 24 weeks.

X-ray photographs were taken under sedation using dental radiography equipment
(portable X-ray IME-100A, TOSHIBA MEDICAL and FCR Pico system V, Fujifilm)
at 1, 4, 8, 12, 18 and 24 weeks. At 8 or 24 weeks, euthanasia was performed by
intravenous injection of pentobarbital (80-100 mg/kg). The femurs with devices were
harvested, dehydrated and fixed with a 10% buffered formalin, and then embedded in
epoxy resin. The plates with femurs in resin were cut between hip side screw and center
screw as illustrated in Fig. 2, and then X-ray 3D puCT images of the femurs with devices

were taken using a microcomputed tomography (SKYSCAN 1174, Bruker) with



resolution of 6.6 um/pixel. The total bone length in contact with each screw was
measured using pCT images as show in Fig. 2.

Then, the samples with two screws were cut in half along the longitudinal direction of
femurs as illustrated in Fig. 2, and the cross sections were mirror-finished. Low and
high magnification SEM observations of the cross sections were carried out using SEM
(Miniscope TM3030 or Quanta FEG 250) with EDS after depositing carbon on the cross
sections. The resolution of the SEM images was limited because the samples were
embedded in a resin block, which prevented the plates and screws from conducting with
the sample stage.

Cross-sectional area of remaining metal parts of each screw and that of plate
sandwiched between screws were obtained from the cross-sectional images using
ImageJ (NIH). Here, the cross-sectional area of screws that were cut at an angle and
were extremely short in length was not included in the mean cross-sectional area. The
ratio of remaining area to original area was calculated, using the original area of plate
and screw as about 9 mm? and 12 mm?, respectively. Additionally, the mean corrosion
thinning rate for 0-8 and 0-24 weeks was calculated, assuming that the screw was a 7
mm long and 2 mm diameter rod and the measurement part of the plate was a 7.5 mm
long and 1 mm thickness plate. It was also assumed that the plates and screws corroded
uniformly.

Differences between specimens in the bone contact length and in the ratio of
remaining metal area to original area were compared using a repeated measure analysis
of variance (ANOVA) using Statcel4 on Excel for Office 365. When significant
difference was indicated, Tukey—Kramer test was carried out as a post-hoc test.

The samples with two screws were stained with toluidine blue (TB)(CHROMA), and

those with one screw were stained with hematoxylin-eosin (HE) for the histological



observation of bone formed around the screws and for examining inflammatory cell
infiltration. Then, the stained samples were observed using optical microscope (BZ-

X710, KEYENCE).

3. Results

3.1. CAp and HAp coating of MgCa plates and screws
Figure 3(a)-(d) shows the optical images of the as-prepared CAp-coated and HAp-

coated plates and screws and Fig. 3(e)-(h) shows the low and high magnification surface
SEM images. Figure 3(i) shows the cross-sectional SEM image of the CAp coated
screw. Regardless of the uneven shape of devices, the CAp and HAp coatings uniformly
covered the surface, as all plates and screws are uniformly colored as shown in Fig.
3(a)-(d). The CAp coating consisted of a dense agglomerate of sub-micrometer to 1 um
particles (Fig. 3(e) and (f)), and the thickness was about 1 um (Fig. 3(i)), which is
comparable to the CAp coating of WE43 and pure Mg disks formed under the same
condition [32, 33]. The HAp coating consisted of a dense agglomerate of 1-3 um
particles (Fig. 3(g) and (h)). As is evident from the observation after implantation (Fig.
14(d)), the HAp coating consisted of two layers: a 1 um dense inner layer and a 1 pm
porous outer layer with needle-shape crystals. Before implantation, high magnification
SEM observation was not carried out to identify the needle-shape crystals, in order to
avoid the damage in the coating by electron beam irradiation since the samples observed
by SEM were used for the implantation tests. The surface morphology of the HAp
coating is similar to those formed on WE43 and pure Mg disks and on MgCa and pure
Mg rods coated under the same conditions [32, 37, 42]. To show the detailed coating

structures, the surface and cross-sectional SEM images of CAp and HAp coatings



formed on the pure Mg disks is shown in Fig. S1 in the supplementary materials. Figure
S1 shows that the CAp coating is a single layer of about 1 um thick consisting of
agglomerated particles, while the HAp coating is a two-layer structure with an inner
layer of about 1 um thick and an outer layer of about 1 um thick consisting of needle-
shape crystals.

Table 2 shows the composition and the Ca/P and (Ca+Na+K)/P ratios in CAp and
HAp coatings determined using EDS. The CAp-coated and HAp-coated surfaces
showed the presence of C, O, Mg, Ca, P and small amount of Na and K. In CAp, Ca
sites are easily substituted for Na to compensate for the difference in valence between
PO4+* and COs>. It was reported that small amount of Na, K and Mg was incorporated
in the crystal structure of the HAp coatings of pure Mg and MgCa disks [37,42].
Meanwhile, in this result, the majority of Mg detected by EDS was derived from
substrate alloy, so that the (Ca+Na+K)/P ratio was obtained. In Table 2, the composition
on the CAp or HAp coating appears to be different between the screw and the plate,
However, this is presumably because the severe unevenness of the screw surface and
insufficient conductivity of between the screw and the sample stage prevented the
accurate EDS analysis. Thus, the differences in values between plate and screw were
not regarded as significant differences. There was no significant difference in the Ca/P
ratio between CAp and HAp coatings, while the (Ca+Na+K)/P ratio of the CAp
coatings was higher than that of the HAp coatings. These results indicate that a part of
phosphate group in apatite was replaced with carbonate group in the CAp coatings.

Figure 4(a) and (b) shows the wide-range XRD patterns of the CAp-coated and
HAp-coated plates and screws. It should be noted that the obtained positions of the
diffraction peaks are not exactly accurate since the surface of plates and screws is not

flat. Especially for screws, XRD measurement could not be done properly on the low



and high angle side due to the severe unevenness. The wide-range XRD patterns show
diffraction peaks around 26, 28.5, 40.5, 46, 49.5, 52.5 and 53 degrees which are derived
from apatite structure (#00-009-0432), in addition to peaks around 31, 32, 34, 36.5 and
48 degrees which are derived from substrate MgCa alloy. This result shows that apatite
was formed on the CAp-coated and HAp-coated plates and screws.

Figure 4(c) and (d) shows the magnified diffraction peak from 002 plane of apatite.
The position of 002 plane peak of the CAp coatings was on the lower angle side than
that of the HAp coatings, and that of the CAp and HAp coatings of the plate was about
25.76 degrees and 25.93 degrees, respectively (Fig. 4(c)). This peak shift indicates the
formation of B-type CAp in which phosphate group is replaced by carbonate group [32].

Figure 5 shows the FTIR spectra of the CAp-coated and HAp-coated plates and
screws. The HAp-coated plates and screws exhibited absorption peaks at around 560,
600, 960, 1010, 1085 cm™! derived from PO4* and HPO4>, a broad peak around 3600
cm’! attributed to H2O and a tiny peak at 3570 cm' derived from OH- [43-46].
Additionally, a small peak around 1650 cm™ derived from CO3* was observed. The
CAp-coated plate and screw exhibited absorption peaks at 871, 1420, 1475 and 1650
cm! derived from CO3% [43-46], in addition to the peaks derived from PO4*, HPO4>",
H20 and OH’, similar to the HAp-coated device. The clear appearance of the CO3*
absorption peaks on the CAp-coated device confirms the replacement of phosphate

group by carbonate group in the apatite structure [39].

3.2. X-ray photographs of femurs with MgCa devices with and without CAp and
HAp coatings
Figure 6 shows the X-ray photographs of femurs with CAp-coated, HAp-coated and

uncoated MgCa devices implanted. At 1 week, the uncoated devices showed a relatively



large gas cavity over the plate indicated by an arrow. The size of gas cavities apparently
decreased by 4 weeks and became gradually covered by new bone to be almost
completely covered by 18 weeks. The initial gas cavity formation was clearly
suppressed with the CAp and HAp coatings, except small cavities around screw heads
probably due to the initial damage. The HAp-coated plates showed gas cavities over the
plate after 8 weeks. The new bone formation over plate was not clear for the CAp-

coated and HAp-coated devices in comparison to that for the uncoated devices.

3.3. Low magnification X-ray uCT, TB-stained and SEM images of femurs with
plates and screws with and without CAp and HAp coatings

Figures 7, 8 and 9 show the uCT, TB-stained and SEM longitudinal cross-sectional
images of femurs with the CAp-coated, HAp-coated and uncoated MgCa devices
implanted for 8 and 24 weeks. The pCT images of transverse cross-sectioned screws
and sliced plates at a depth of about 200 um from both side surfaces are also shown in
Fig. 7. The SEM images of all three samples are shown Figs. S2 and S3 in the
supplementary materials.

First, corrosion morphology of the MgCa plates and screws was observed. At 8
weeks, no obvious difference in corrosion morphology was observed either between
CAp-coated and HAp-coated devices or between surrounding tissue types (Figs. 7-9).
The apatite-coated devices showed corrosion pits of a few tens of micrometers deep in
places and screw threads were preferentially corroded, while the original shape of each
device was almost retained. The uncoated devices had thinned and corrosion pits deeper
than those of the apatite-coated devices were formed. Despite the apatite coatings,
cavities formed in the bone marrow, with the total volume of cavities apparently being

larger around uncoated screws compared to apatite-coated screws (Fig. 8).



Up to 24 weeks, the effect of the apatite coatings on the corrosion morphology
became clear. On the CAp-coated devices, the surface level was not clearly reduced on
most surfaces and the corrosion progress was relatively small in the areas where new
bone adhered, while corrosion pits of around 500 pm depth were formed in places on
the bone side of the plate and screw. Almost the entire surface of the HAp-coated
devices had thinned, and large corrosion pits of about 1 mm depth were formed on the
screws. The corrosion pits were formed on both sides of the HAp-coated plates. The
uncoated devices had clearly thinned by the corrosion progress and the dissolution of
Mg(OH)2, which decreased the fixation of the screws to the cortical bone. The volume
of cavities in the bone marrow increased around the CAp-coated and HAp-coated
screws in comparison to the 8th week. The large corrosion pits were formed
preferentially on the bone side of the uncoated plate. However, it should be noted that
the corrosion morphology showed large variation between the respective samples,
indicating numerous factors such as damage during surgery, distance to bone, and initial
fixation affected the corrosion morphology.

The effect of apatite coatings on the corrosion rate was then examined. The ratio of
the remaining uncorroded area to the original area is shown in Fig. 10(a) and (b). The
mean corrosion thinning rate for 0-8 and 0-24 weeks is shown in Fig. 10(c) and (d). In
the case of plates, at 8 weeks, the CAp-coated and HAp-coated plates showed about 5%
cross-sectional area reduction, as the rate of remaining cross-sectional area to original
area is about 0.95 (Fig. 10(a)). Similarly, the uncoated plates showed about 20% area
reduction (Fig. 10(a)). Afterwords, the CAp-coated plates did not show apparent further
area reduction. On the contrary, the area reduction of the HAp-coated plates continued
to show about 20% at 24 weeks. The area reduction of the uncoated plates continued

monotonously to show about 45% by the 24th weeks. In the case of screws, at 8 weeks,



the similar area reduction of about 20% was shown regardless of the apatite coating,
indicating that the damage during surgery was dominant. After 8 weeks, the CAp-
coated screws showed small area reduction, while the HAp-coated and uncoated screws
showed further reduction to about 50% at 24 weeks.

The mean corrosion rate for 0-24 weeks of the CAp-coated plates and screws was
about 1/5 and 1/2 of those of the uncoated ones, respectively. That of the HAp-coated
plates and screws was about 1/2 and 1 time that of the uncoated ones, respectively. The
mean corrosion rate for 0-24 weeks of the CAp-coated plates and screws was less than
half of that of the HAp-coated ones, indicating that the corrosion suppression ability of
the CAp coating was more than twice that of the HAp coating. The corrosion rate of the
screws was higher than that of the plates regardless of the apatite coatings, which is due
to the screws sustaining more surgical damage compared to the plates, such as chipping
of the screw heads and breaking of the coatings due to abrasion against bone and tools.

Then, the bone formation behavior was observed. The total bone contact length of
screws obtained from the pnCT images of transverse cross-sectioned screws is shown in
Fig. 11. By the 8th week, new bone grew from the cortical bone to the surface of both
CAp-coated and HAp-coated screws as if avoiding gas bubbles. However, such bone
growth was not apparently observed around the uncoated screw. In the bone marrow,
porous new bone formed around HAp-coated and uncoated screw, as well as along the
inner surface of the cortical bone with the uncoated screws. The transverse section pCT
images of apatite-coated screws show that new bone formation occurred not only from
the cut surface but also from the inner wall of the cortical bone. As shown in Fig. 11,
the bone contact length for CAp-coated and HAp-coated screws was relatively longer
than that for uncoated screws, although statistically significant difference was not

shown. By the 24th week, the bone contact length increased on CAp-coated and HAp-



coated screw surfaces as shown in Fig. 11. In contrast, only little new bone formation
was observed on uncoated surfaces. At 24th weeks, the cortical bone facing to the CAp-
coated plates was thickened but became porous, while the cortical bone facing to the
HAp-coated and uncoated plates became porous and thinned.

As shown in the following, bone formation was also observed away from the cortical
bone. Porous new bone formation is observed over the soft tissue side of the plates as if
avoiding gas bubbles especially for the uncoated plates from 8 weeks (Fig. 7-9). The
porous new bone formation over the CAp-coated and HAp-coated plates occurred later
than for the uncoated plate. The distance between the porous new bone and the plate
was about 0.5 mm for the CAp-coated plates, about 1.5 mm for the HAp-coated plates

and about 2 mm for the uncoated plates on the SEM images (Fig. 9).

3.4. High magnification SEM images near the surface of plates and screws with
and without CAp and HAp coatings

Figure 12 shows the magnified SEM images of the near surface areas of the CAp-
coated, HAp-coated and uncoated plates marked with *1 and *2 in Fig. 9. Figure 13
shows the magnified SEM images of the near surface areas of the screws marked with
#1 and #2 in Fig. 9. The CAp-coated plates showed a relatively uniform corrosion layer
of 5-50 um thickness consisting of Mg(OH)2 under the coating at 8 weeks (Fig. 9 and
12(a)), and no obvious corrosion progress was observed at 24 weeks (Fig. 12(b)). The
HAp-coated plates showed a uniform Mg(OH): layer similarly to the CAp-coated plates
at 8 weeks. Afterwards, the corrosion of MgCa substrate and the dissolution of
Mg(OH): layer progressed with breaking the HAp coating, and a calcium phosphate
layer was sometimes formed on the Mg(OH): layer as shown in Fig. 12(d)-(1). The

uncoated plates showed a uniform Mg(OH):2 layer of about 50 um thickness at 8 weeks



(Fig. 12(e)). Additionally, a calcium phosphate layer of about 1 pm and about 50 pm
thick were sometimes formed on the Mg(OH):2 layer of the soft-tissue and bone sides,
respectively (Fig. 12(e)), and new bone formation was observed preferentially on the
calcium phosphate layer (Fig. 12(f)). Dissolution of Mg(OH): could increase the

surrounding pH, leading to calcium phosphate deposition.

3.5. Degradation behavior of CAp and HAp coatings
Figure 14 shows the highly magnified SEM images of the CAp and HAp coatings at

the boundary between the cortical bone and the screw and in the bone marrow encircled
on Fig. 13. Composition of spots A-E on Fig. 14(b)-(1-2) of the CAp-coated screw is
shown in Table 3. At 8 weeks, most of the CAp coatings almost retained the original
morphology on the plate and screw surfaces (Figs. 12-14(a)); whereas, preferentially on
the soft tissue side of the plates, the CAp coatings were broken by a few to tens of
micrometers where Mg(OH)2 was slightly dissolved (Fig. 12(a)-(1)). At 24 weeks on
the plates, the low magnification SEM images (Fig. 9) show that the CAp coating was
not found in relatively deep localized corrosion areas. On the screws, the CAp coating
was swollen to about 5 um thickness between the cortical bone and the Mg(OH): layer
(Fig. 14(b)-(1)) and dissolved at the boundary between the adhered new bone and the
Mg(OH): layer (Fig. 14(b)-(2)). The concentration of Ca and P on the spots A-C on the
swollen CAp coating was lower than that on the spot E of bone. The Ca/P ratio of the
spots A-C was 1.29-1.65 that is higher than that of the as-prepared CAp coating (Table
2) and close to that of bone. These results indicate that the CAp coating began
dissolving and being replaced by bone.

The HAp coating almost retained the original morphology as needle-like HAp

crystals in the outer layer was observed at 24 weeks (Fig. 14(d)). On the other hand, the



magnified SEM images show that the HAp coating was not found in relatively large
corrosion pits (Fig. 12(c) and (d)). This indicates that the HAp coating in large
corrosion pits had been fragmented to disperse elsewhere or had been dissolved in the
high pH environment.

The uncoated plates and screws showed the formation of a calcium phosphate layer
on the Mg(OH): layer with the progress of corrosion, while a thin calcium phosphate

layer sometimes showed breakage where the Mg(OH): layer was significantly dissolved

(Fig. 12(e)-(1)).

3.6. Histological observation of the surrounding tissues

Figure 15 shows the magnified TB-stained longitudinal cross-sectional images of the
boundary between the cortical bone and the CAp-coated, HAp-coated and uncoated
screws implanted for 8 and 24 weeks. Black substance is MgCa metal and blue-stained
amorphous-like substance on the metal surface is corrosion product of Mg(OH)2
according to the results of SEM-EDS observation.

New bone formed on the apatite-coated surfaces contained cells in the vicinity of the
coating surface regardless of the corrosion progress under the coatings at 8 and 24
weeks. There was no significant difference in the number of cells in the vicinity of the
CAp and HAp coatings. However, cells were absent in the new and original bone that
was in direct contact with the corrosion products. The uncoated surface closely
contacted to the original bone, but new bone was not formed at the boundary at 8§ weeks.
At 24 weeks, new bone was formed on the corrosion product layer of the uncoated
surface, but there were much fewer number of cells being present in the vicinity of the

screw surface in comparison to the apatite-coated surfaces.



The higher magnification SEM image of the CAp-coated screw at 24 weeks (Fig.
15(b)-(2)) shows that there was an unstained substance layer with several micrometers
thickness between the new bone and the corrosion product, which is presumed to be the
swollen CAp coating.

Figure 16 shows the HE-stained transverse cross-sectional images of the femurs with
the CAp-coated, HAp-coated and uncoated screws and the magnified images of the
boundary between the bone and the screw implanted for 8 and 24 weeks. Around the
uncoated devices, abscess formation was observed as indicated by arrows at 8 weeks
(Fig. 16(e)), and it was hardly observed at 24 weeks. Such abscess formation was not
observed around the CAp-coated and HAp-coated devices for 24 weeks. The magnified
images of the boundary between the bone and the screw show that there was not

multinucleated cell like osteoclast in the vicinity of the CAp and HAp coatings.

4. Discussion

4.1. CAp and HAp coating of MgCa plates and screws

The optical and SEM observations demonstrated that uniform CAp and HAp coatings
can be formed on the highly uneven MgCa plate and screw surfaces with morphologies
and thicknesses similar to those conventionally formed on WE43 and pure Mg disks as
well as MgCa rods [30, 33, 37]. It was demonstrated that the developed coating method
is effective in forming uniform CAp and HAp coatings on Mg alloy devices with highly
uneven surfaces, such as mesh plates and porous materials, regardless of substrate
surface topography.

The approximate carbonate content in the CAp coating of plates was estimated to be

about 20wt% based on the 002 plane peak position of 25.76 degrees, using the



previously reported method [43, 47]. This carbonate content is comparable to 10-20wt%

of bone apatite in the human body [47].

4.2. Effect of CAp and HAp coatings on corrosion behavior of substrate MgCa
alloy

During the initial stage of implantation, the corrosion suppression effect of the HAp
and CAp coatings on MgCa corrosion was equivalent, and the corrosion morphology
did not depend on the presence of the apatite coatings or on the type of the surrounding
tissue (Fig. 9 and 10). The corrosion suppression effect of the CAp coating should have
increased from 8 to 24 weeks as shown by the decrease in the corrosion rate (Fig. 10).
This improvement may be attributed to the repair of initial coating defects and the
corrosion suppression ability of the Mg(OH)2 corrosion product layer. In contrast, the
corrosion suppression ability of the HAp coating decreased locally to show millimeter
size pits. As the result, the corrosion suppression ability of the CAp coating became
about 2 times higher than that of the HAp coating. Similar long-term superior corrosion
suppression ability of the CAp coating over the HAp coating was observed for WE43 in
a culture medium [40]. These results demonstrated that the mechanical integrity of
MgCa screws can be improved with CAp and HAp coatings. This improved mechanical
integrity continues for a long period of time for CAp-coated screws, which exhibit small,
uniform corrosion, whereas HAp-coated screws lose mechanical integrity due to the
formation of millimeter-sized corrosion pits.

Kim et al. reported that uncoated pure Mg screws showed a degradation volume of
about 35% in rabbit tibial shaft for 12 weeks, whereas 2 h-treated HAp coating reduced
the degradation volume to about 25% [18]. Cheng et al. reported that the 12 h-treated

HAp-coated pure Mg rod showed only a slight corrosion in rat femur at 8 weeks [24].



These HAp coating performance in corrosion is better than that of the 1 h-treated CAp-
coated MgCa screws in this study. Moreover, large corrosion pits were not observed on
2 h-treated HAp-coated pure Mg screws [18] or on 12 h-treated HAp-coated pure Mg
rod [24]. These facts indicate that the performance of the HAp-coated MgCa can be
improved with increasing coating treatment period.

The substrate MgCa alloy formed a Mg(OH): layer on the corroded surface, which
gradually dissolved with time (Figs. 7-9). Occasionally, a dense calcium phosphate
layer formed on the Mg(OH): layer, indicating that the dissolution of Mg(OH):2 raised
the surrounding pH and led to calcium phosphate deposition from body fluids.
Additionally, the localized dissolution of Mg(OH)2 at micrometer level occurred (Fig.
12(a), (c) and (e)), indicating that the niche environment created by cell adhesion and
other factors influences Mg alloy corrosion.

Between plates and screws, the screws showed a higher cross-sectional reduction rate
through 24 weeks (Fig. 10(c) and (d)), likely due to the plentiful blood flow in the bone
marrow. Meanwhile, the plate surface area in contact with body fluid might decrease as
it was covered by soft tissue, surrounded by Hz gas bubbles due to corrosion, or covered

by new bone, which presumably decrease the corrosion rate.

4.3. Degradation behavior of CAp and HAp coatings

By the 8th week, the CAp and HAp coatings almost retained their original
morphology on most of the surfaces. However, in a few regions, the apatite coatings
exhibited microscopic damage where the Mg(OH): layer had dissolved. This
phenomenon can be attributed the increased solubility of HAp at a pH above 9 [48] and
the fact that the pH of a saturated Mg(OH): solution is 10.5. Zhang et al. reported that

macrophage cells phagocytose corrosion products of Mg-Nd-Zn-Zr alloy, which



consisted of Mg(OH)2 and calcium and magnesium phosphate compounds [49]. This
phagocytosis by macrophage cells may also be responsible for localized dissolution of
the apatite coatings.

At 24 weeks, the CAp coating, on which new bone had formed during the early stage,
exhibited swelling (Fig. 14). Notably, the CAp coating of WE43 showed degradation
beneath osteoclast cell bodies in cell culture tests [32], suggesting that osteoclast cells
can dissolve the developed CAp coatings. However, the histological observation
revealed that osteoclast cells were scarce in the vicinity of the CAp coating (Figs. 15
and 16). The presence of multinucleated cells like osteoclasts were also not pronounced
around CAp blocks implanted in dog mandible bones for 4 and 12 weeks, the but CAp
was largely dissolved, while vigorous new bone formation was observed on the surface
of the CAp [39], indicating that the involvement of osteoclasts in CAp coating
dissolution cannot be denied just because no osteoclasts are observed. On the other hand,
as previously mentioned, both the CAp and HAp coatings dissolved in the areas where
the Mg(OH)2 layer had dissolved (Fig. 12). The early born formation seems to play a
role in the dissolution of the CAp coating (Fig. 14), suggesting that the pH increase
around the apatite coatings due to Mg(OH)2 dissolution is further enhanced by mass
transfer inhibition due to adhered bone. Generally, the solubility of CAp is higher than
that of HAp [50]. The CAp coating was possibly chemically dissolved. However,
further investigation is necessary to understand the in vivo dissolution of CAp coatings
of Mg alloy.

Neither TB-stained nor HE-stained images showed inflammatory cell infiltrates in the
vicinity of the CAp coatings (Figs. 15 and 16). Ishikawa et al. reported that CAp blocks

showed the weakest inflammatory cell infiltration in the surrounding bone tissue



compared to HAp and B-TCP blocks [39]. Therefore, no adverse effect of CAp coating

dissolution on bone tissue is expected.

4.4. Bone formation behavior on and distance from CAp-coated and HAp-
coated MgCa plate and screw

Around the devices with and without apatite coatings, the new bone grew from the
cortical bone toward the screw surface first and proliferated on the screw surface. This
behavior indicates that the bone formation on the device surface depends not only on
the surface properties of devices but also on the distance between the bone and the
device. This could explain why no statistically significant difference in the bone contact
length of the screws, with or without apatite coatings, was observed in Fig. 11.
Meanwhile, both the CAp and HAp coatings tended to enhance the bone formation on
their surfaces, consistent with previous findings [32, 37]. There was no apparent
difference in the bone contact length between the CAp-coated and HAp-coated screws
at 8 weeks, indicating their comparable bone formation ability. This result is consistent
with the previous result that the CAp and HAp coatings of WE43 enhanced the alkaline
phosphatase (ALP) expression level from MC3T3-E1 osteoblast cells to the comparable
extent at 3 weeks [32]. Additionally, the HAp coatings of Mg alloys were reported to
exhibit high osteoconductivity [24, 37], while bulk CAp demonstrated high bone
formation ability [39].

For the CAp-coated screws, the bone contact length increased with time, the
corrosion was uniform, and the degree of porosity in the cortical bone was relatively
low (Figs 7-9), maintaining the bone-screw bonding for 24 weeks. In contrast, the HAp-

coated screws showed the apparent increase in bone contact length (Fig. 11), but the



screws’ fixation deteriorated due to the large corrosion pits and the cortical bone
becoming porous (Fig. 7-9).

Besides the new bone formation on the device surface, there was another new bone
formation at a distance from the device surface, such as that over the plates. This bone
formation was presumably induced by pH increase and Mg?* ions resulting from MgCa
corrosion. This is because weak alkaline conditions stimulated the osteoblast
differentiation and suppressed the osteoclast formation [51], the proliferation and ALP
activity of osteoblasts were enhanced at pH>8 [52], and the osteoclastic activities were
suppressed in alkaline environments containing Mg?* ions [53]. On the other hand,
excess pH increase and too high Mg?" ion concentration do not enhance the bone
formation, because osteoblast and osteoclast activity depends on Mg?" ion concentration
and the osteoblast cells could die on the corrosion pits formed under the HAp coating of
Mg alloy [54, 55]. The distance between the plate surface and the porous bone was
greater for the uncoated plates with larger corrosion compared to the CAp-coated plates
with smaller corrosion (Figs. 7 and 9). These facts indicate that a suitable pH and Mg**
ion concentration environment for the bone formation was formed some distance from
the MgCa devices.

Around the uncoated MgCa devices, the new bone formation over the plates was
initially more pronounced than that at the boundary between the cortical bone and the
screw, due to the rapid corrosion which could disturb the cell adhesion. As the entire
surface became covered with the Mg(OH):2 layer (Figs. 7-9), the bone formation on the
uncoated MgCa surface remarkably increased, especially on the calcium phosphate
layer on the Mg(OH): layer.

The influence of the apatite coatings was also observed on the cortical bone facing to

the MgCa devices, which became porous with time (Figs. 7-9). The porosity of the



cortical bone facing the CAp-coated devices was lower than that facing the HAp-coated
devices and notably lower than that facing the uncoated MgCa devices. Micro-pore
formation in the cortical bone occurred later than the MgCa corrosion in rat femurs with
the HAp-coated MgCa rods [37], suggesting that the pH increase due to the MgCa
corrosion played a role in the micro-pore formation in the cortical bone. Particularly for
the uncoated devices, the gas cavities between the plates and cortical bone have
prevented body fluids from contacting the cortical bone for long period of time,
possibly causing the cortical bone to be thinned and porous. Further investigation is

needed to understand the effect of Mg alloy corrosion on the surrounding bone.

5. Conclusions

The degradation behavior of the CAp-coated and HAp-coated MgCa plates and
screws and the bone formation behavior around the devices were investigated in rabbit
femurs. Findings are summarized below:

1) The CAp and HAp coatings were uniformly applied to the uneven surfaces of the
MgCa plates and screws using the developed coating treatment.

2) The CAp coating reduced the mean corrosion rate of MgCa devices to about 1/5, and
the HAp coating to about 1/2, compared to the uncoated devices after 24 weeks. This
demonstrates that the CAp coating had twice the corrosion suppression effect of the
HAp coating.

3) The HAp-coated devices exhibited significant localized corrosion, while the CAp-
coated devices exhibited nearly uniform corrosion.

4) The CAp coating began dissolving by 24 weeks, while the HAp coating retained its

shape.



5) Both CAp and HAp coatings promoted bone formation approximately twice as much
as that of the uncoated devices.

6) The uncoated devices showed slight abscess formation, whereas the CAp and HAp
coatings suppressed abscess formation near the device surface.

Both CAp and HAp coatings demonstrated beneficial properties by suppressing
corrosion and promoting bone formation in MgCa devices, making them promising for
biodegradable Mg alloy devices. Additionally, the CAp coating showed superior
corrosion suppression and had the characteristic of dissolving over time. This study
demonstrated clinically viable options of bioabsorbable and non-absorbable coatings for
biodegradable Mg alloys. The choice of Mg alloy coating should depend on the
treatment purpose and application area, offering targeted and versatile solutions for

clinical applications.
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Table and Figure captions

Table 1. Composition of MgCa alloy.

Table 2. Composition of CAp and HAp coatings formed on MgCa plates and screws.

Table 3. Composition of spots marked on the SEM image of the CAp-coated screw
implanted for 24 weeks shown in Fig. 13(b)-(1-2).

Figure 1. Appearance and dimensions of MgCa plates and screws.

Figure 2. Experimental procedure.

Figure 3. Optical images of (a) CAp-coated plate, (b) CAp-coated screw, (c) HAp-
coated plate, and (d) HAp-coated screw. Surface SEM images of (¢) CAp-coated plate,
(f) CAp-coated screw, (g) HAp-coated plate, and (h) HAp-coated screw with (1) low
and (2) high magnifications. (i) Cross-sectional SEM image of CAp-coated screw.

Figure 4. (a) and (b) Wide range XRD patterns and (c) and (d) magnified apatite 002
plane diffraction peak of (a) and (c) plate and (b) and (d) screw with (i) CAp and (ii)
HAp coatings.

Figure 5. FTIR spectra of (a) plate and (b) screw with (i) CAp and (ii) HAp coatings.

Figure 6. X-ray photographs of femurs with (a) CAp-coated, (b) HAp-coated and (c)

uncoated devices implanted for 1, 4, 8, 12, 18 and 24 weeks.

Figure 7. X-ray pCT images of (a)-(f) longitudinally sectioned femurs with plates and
screws, (g)-(1) transversely sectioned femur with screw and (m)-(r) horizontally sliced
plates, implanted for 8 and 24 weeks. (a), (b), (g), (h), (m) and (n) CAp-coated, (c), (d),
(1), (j), (o) and (p) HAp-coated and (e), (f), (k), (1), (q) and (r) uncoated devices. Yellow
substance: metal, blue substance: original bone, yellow and green substance: new bone,

and dark area: gas cavity.



Figure 8. TB-stained longitudinal cross-sectional images of femurs with (a) and (b)
CAp-coated, (c) and (d) HAp-coated and (e) and (f) uncoated MgCa devices implanted
for (a), (c) and (e) 8 weeks and (b), (d) and (f) 24 weeks.

Figure 9. SEM images of longitudinal cross section of femurs with (a) and (b) CAp-
coated, (c) and (d) HAp-coated and (e) and (f) uncoated MgCa devices implanted for (a),
(c) and (e) 8 weeks and (b), (d) and (f) 24 weeks. Bright contrasting substance: metal,
dark grey contrasting substance on metal: corrosion product consisting mainly of
Mg(OH)2, light grey contrasting substance: bone, bright contrasting dense substance on
Mg(OH): layer: calcium phosphate, and darkest contrasting substance: embedded resin,

according to EDS analysis.

Figure 10. (a) and (b) Ratio of remaining cross-sectional area to original area and (c)
and (d) mean corrosion rate for 8 and 24 weeks of CAp-coated, HAp-coated and
uncoated (a) and (c) plate and (b) and (d) screw. n.s.: not significant, *: p<0.05, **:

p<0.01.

Figure 11. Total bone contact length of MgCa screws with and without CAp and HAp

coatings implanted for 8 and 24 weeks. n.s.: not significant.

Figure 12. Magnified SEM images of near surface areas on (a) and (b) CAp-coated, (c)
and (d) HAp-coated and (e) and (f) uncoated plates implanted for (a), (c) and (e) 8
weeks and (b), (d) and (f) 24 weeks. (1) soft-tissue side and (2) bone sides of plate

marked with *1 and *2 in Fig. 9, respectively.

Figure 13. Magnified SEM images of near surface areas on (a) and (b) CAp-coated, (c)
and (d) HAp-coated and (e) and (f) uncoated screws implanted for (a), (c) and (e) 8
weeks and (b), (d) and (f) 24 weeks. (1) area between cortical bone and screw and (2)

area in bone marrow of screw marked with #1 and #2 in Fig. 9, respectively.



Figure 14. Highly magnified SEM images of (a) and (b) CAp coating and (c¢) and (d)
HAp coating (1) at boundary between cortical bone and screw and (2) in bone marrow

encircled on Fig. 12, implanted for (a) and (c) 8 weeks and (b) and (d) 24 weeks.

Figure 15. Magnified TB-stained images of boundary between cortical bone and (a) and
(b) CAp-coated, (¢) and (d) HAp-coated and (e) and (f) uncoated screws implanted for
(a), (c) and (e) 8 weeks and (b), (d) and (f) 24 weeks.

Figure 16. HE-stained transverse cross sectional images of femurs with (a) and (b)
CAp-coated, (c¢) and (d) HAp-coated and (e) and (f) uncoated screws implanted for (a),
(c) and (e) 8 weeks and (b), (d) and (f) 24 weeks. (1) Low magnification image and (2)
high magnification image of the squared area on image (1). Star mark indicates where

screw and plate were located.



Table 1. Composition of MgCa alloy. (mass%o)

Mg

Ca

Al

Si

Mn

Fe

Bal.

0.8092

0.0039

0.0090

0.0014

0.0015

Table 2. Composition of CAp and HAp coatings formed on MgCa plates and screws.

CAp-coated MgCa

HAp-coated MgCa

atomic% Plate Screw Plate Screw
C 11.4+0.2 15.9+0.5 8.4+0.2 7.0+£0.4
O 33.1+1.6 31.7£2.7 45.2+1.6 50.1+1.3
Mg 42.542.3 40.3+£3.5 23.84¢2.3 15.7+1.8
Ca 5.540.5 4.8+0.6 10.6+0.6 13.5+0.9
P 4.7+0.3 4.240.4 9.6+£0.3 11.0+0.5
Na 2.9+0.1 3.0+£0.3 2.2+0.0 2.5+0.0
K 0.1+£0.0 0.2+0.0 0.2+0.0 0.2+0.0
Ca/P ratio 1.16+0.04 1.13+0.03 1.11+0.03 1.23+0.03
(CatNat+K)/P 1.80+0.02 1.86+0.05 1.36+0.02 1.48+0.02




Table 3. Composition of spots marked on the SEM image of the CAp-coated screw

implanted for 24 weeks shown in Fig. 13(b)-(1-2).

at% Spot A Spot B Spot C Spot D Spot E
C 27.14 22.41 22.30 31.87 31.32
o 48.28 56.36 55.72 49.21 45.64
Ca 14.05 9.05 9.23 2.19 13.74
P 8.50 6.89 7.14 5.53 8.22
Mg 2.04 5.29 5.62 10.41 1.08
Na - - - 0.79 -
Ca/P ratio 1.65 1.31 1.29 0.40 1.67
(CatNa)/P 1.65 1.31 1.29 0.54 1.67
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Figure 1. Appearance and dimensions of MgCa plate and screw.



Bone contact length

Figure 2. Experimental procedure.

HE staining




(ai CAp pate. (b) CAp screw (d)HAp screw

Figure 3. Optical images of (a) CAp-coated plate, (b) CAp-coated screw, (c) HAp-
coated plate, and (d) HAp-coated screw. Surface SEM images of (¢) CAp-coated plate,
(f) CAp-coated screw, (g) HAp-coated plate, and (h) HAp-coated screw with (1) low

and (2) high magnifications. (i) Cross-sectional SEM image of CAp-coated screw.
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Figure 4. (a) and (b) Wide range XRD patterns and (c) and (d) magnified apatite 002
plane diffraction peak of (a) and (c) plate and (b) and (d) screw with (i) CAp and (ii)

HAp coatings.
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Figure 5. FTIR spectra of (a) plate and (b) screw with (i) CAp and (ii) HAp coatings.
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Figure 6. X-ray photographs of femurs with (a) CAp-coated, (b) HAp-coated and (c)

uncoated devices implanted for 1, 4, 8, 12, 18 and 24 weeks.
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Figure 7. X-ray pCT images of (a)-(f) longitudinally sectioned femurs with plate and
screw, (g)-(1) transversely sectioned femur with screw and (m)-(r) horizontally sliced
plates, implanted for 8 and 24 weeks. (a), (b), (g), (h), (m) and (n) CAp-coated, (c), (d),
(1), (§), (o) and (p) HAp-coated and (e), (), (k), (1), (q) and (r) uncoated devices. Yellow
substance: metal, blue substance: original bone, yellow and green substance: new bone,

and dark area: gas cavity.
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Figure 8. TB-stained longitudinal cross-sectional images of femurs with (a) and (b)

CAp-coated, (c¢) and (d) HAp-coated and (e) and (f) uncoated MgCa devices implanted

for (a), (c) and (e) 8 weeks and (b), (d) and (f) 24 weeks.
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Figure 9. SEM images of longitudinal cross section of femurs with (a) and (b) CAp-
coated, (c) and (d) HAp-coated and (e) and (f) uncoated MgCa devices implanted for (a),
(c) and (e) 8 weeks and (b), (d) and (f) 24 weeks. Bright contrasting substance: metal,
dark grey contrasting substance on metal: corrosion product consisting mainly of
Mg(OH)2, light grey contrasting substance: bone, bright contrasting dense substance on
Mg(OH): layer: calcium phosphate, and darkest contrasting substance: embedded resin,

according to EDS analysis.
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Figure 10. (a) and (b) Ratio of remaining cross-sectional area to the original area and (c)
and (d) mean corrosion rate for 8 and 24 weeks of CAp-coated, HAp-coated and
uncoated (a) and (c) plate and (b) and (d) screw. n.s.: not significant, *: p<0.05, **:

p<0.01.
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Figure 11. Total bone contact length of MgCa screws with and without CAp and HAp

coatings implanted for 8 and 24 weeks. n.s.: not significant.



(1) Soft tissue side

(2) Bone side (1) Soft tissue side 24W (2) Bone side

-coated

CAp

o
(]
-
@©
Q
[&]
=
-]

Figure 12. Magnified SEM images of near surface areas on (a) and (b) CAp-coated, (c)
and (d) HAp-coated and (e) and (f) uncoated plates implanted for (a), (c) and (e) 8

weeks and (b), (d) and (f) 24 weeks. (1) soft-tissue side and (2) bone sides of plate

marked with *1 and *2 in Fig. 9, respectively.
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Figure 13. Magnified SEM images of near surface areas on (a) and (b) CAp-coated, (c)
and (d) HAp-coated and (e) and (f) uncoated screws implanted for (a), (c) and (e) 8
weeks and (b), (d) and (f) 24 weeks. (1) area between cortical bone and screw and (2)

area in bone marrow of screw marked with #1 and #2 in Fig. 9, respectively.
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Figure 14. Highly magnified SEM images of (a) and (b) CAp coating and (c) and (d)
HAp coating (1) at boundary between cortical bone and screw and (2) in bone marrow

encircled on Fig. 12, implanted for (a) and (c) 8 weeks and (b) and (d) 24 weeks.
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Figure 15. Magnified TB-stained images of boundary between cortical bone and (a) and

(b) CAp-coated, (c) and (d) HAp-coated and (e) and (f) uncoated screws implanted for

(a), (c) and (e) 8 weeks and (b), (d) and (f) 24 weeks.
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Figure 16. HE-stained transverse cross-sectional images of femurs with (a) and (b)

CAp-coated, (c) and (d) HAp-coated and (e) and (f) uncoated screws implanted for (a),
(c) and (e) 8 weeks and (b), (d) and (f) 24 weeks. (1) Low magnification image and (2)
high magnification image of the squared area on image (1). Star mark indicates where

screw and plate were located.





