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Abstract: Iron-bioceramic composites have been developed
as biodegradable implant materials with tailored degradation
behavior and bioactive features. In the current work, in vivo
bioactivity of the composites was comprehensively studied
by using sheep animal model. Five groups of specimens (Fe-
HA, Fe-TCP, Fe-BCP composites, and pure-Fe and SS316L as
controls) were surgically implanted into medio proximal
region of the radial bones. Real-time ultrasound analysis
showed a decreased echo pattern at the peri-implant biode-
gradation site of the composites indicating minimal tissue
response during the wound healing process. Peripheral
whole blood biomarkers monitoring showed a normal
dynamic change of blood cellular responses and no stress

effect was observed. Meanwhile, the released Fe ion concen-
tration was increasing along the implantation period. Histo-
logical analysis showed that the composites corresponded
with a lower inflammatory giant cell count than that
of S5316L. Analysis of the retrieved implants showed a
thicker degradation layer on the composites compared with
pure-Fe. It can be concluded that the iron-bioceramic compo-
sites are bioactive and induce a preferable wound healing
process. © 2014 Wiley Periodicals, Inc. J Biomed Mater Res Part B:
Appl Biomater, 103B: 1354-1365, 2015.
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INTRODUCTION

Research on biodegradable metals has become one of the
most interested fields in biomaterials since its first intro-
duction in early 2000s with iron (Fe) and magnesium (Mg)
as the two most studied metals. Improving bioactivity of
this new generation of biomaterials is one of the main
necessities in developing suitable temporary medical
implants. Bioactive materials such as calcium/phosphate
(CaP)-based bioceramics were already clinically used owing
to their supportive properties toward bone regeneration.l'3
The excellent bioactivity of hydroxyapatite (HA) and tri-
calcium phosphate (TCP) bioceramics® was reported to be
beneficial for cell proliferation, bone ingrowth and osseoin-
tegration.s'6 In their development, these bioceramics were
also doped with Fe to form magnetic Fe-HA composites to
enhance its regenerative properties for bone surgery and

for future anticancer therapiesf or to form Fe-modified oo-
TCP having firm bone bonding for spinal surgery applica-
tions.® However, bioceramics have higher elastic modulus
and lower fracture toughness when compared with human
cortical bone.”'”

Bioceramics have been added to biodegradable polymers
to improve biodegradation such as reduce excessive inflam-
matory reaction and osteolysis zone.'' ™ Two in vivo studies
of PLGA-TCP composites have shown preferable biological
activities (iLe, bone remodeling and implant degradation) in
goat™ and in rabbit.'? Incorporating bioceramics into biode-
gradable metals has recently been viewed as a promising
approach to both adding bioactivity of the metals and improv-
ing fracture toughness of bioceramics. Coating of bioceramics
to biodegradable metals or developing composites of both
materials are two envisioned directions. A CaP/chitosan
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composite was coated on porous Fe via electrophoretic deposi-
tion as a promising new way to control degradation and bioac-
tivity but further process optimization was needed."* Other
work has coated pure-Fe with CaZn,(P04)» 2H,0 via chemical
reaction method and was found to improve antihemolysis prop-
erty and cell compatibility.'® Some biodegradable metal-
bioceramic composites have been studied including Mg-H,A,16
Mg-Zn-CaP"”  Mg-CaP'® Fe-Fe,0,,'" and Fe-bioceramics
(HA/TCP/BCP).?® Obviously, they have shown notable
enhanced in vitro and in vivo bioactivity features.'**' A compo-
sition of 5 wt % (HA/TCP/BCP) in the Fe-bioceramic compo-
sites was selected as it resulted into a slight increase of
degradation rate compared with pure-Fe while maintaining
similar ductility to pure-Fe.*” However, there is a lack of under-
standing on their comprehensive bioactive behavior within the
body responses. An in-depth assessment on how the entire
body responds to these new implants is therefore worth
investigating.

Our previous study on the Fe-bioceramic composite
implants has shown a good result in their in vitro cellular
activity and early evidences of a gradual in vivo degradation of
the implants in the femoral bone of sheep based on radioden-
sity image analysis.””** The current study aims to further
evaluate bioactivity of the Fe-bioceramic composite implants
directly in a sheep animal model. Real-time monitoring of
their biodegradation was assisted by ultrasound imaging on
the peri-implant tissue region combined with peripheral
blood biomarkers and histological analysis for biodegradation
and tissue compatibility analysis. The retrieved implants were
also analyzed to obtain supporting evidence of bioactivity and
biodegradation process.

MATERIALS AND METHODS

Preparation of the iron-bioceramic composites implant
The Fe-bioceramic composites were prepared through pow-
der metallurgy from powders of pure-Fe, hydroxyapatite (HA)
and tricalcium '10sphate (TCP) as reported elsewhere®” In
brief, samples were prepared by firstly mixing the starting
powders with the following composition of (1) 100 wt % Fe
(pure-Fe); (2) Fe-5 wt % HA (Fe-HA); (3) Fe-5 wt % TCP
(Fe-TCP); and (4) Fe-5 % wt (60% ‘:40% TCP) (Fe-BCP).
Each mixture was uniaxially pressed into pellets (12.67 mm
in diameter) under 13.8 MPa compression pressuf. The pel-
lets were then sintered under vacuum at 1100°C for 1 h and
cooled to room temperature. The sintered pellets were then
cut to produce implant specimens (5 x 2 X 0.5 mm?®). Stain-
less steel 316L was used as a control. The specimen surface
was successively ground using SiC abrasive paper up to grit
#2000 and ultrasonically washed in 75% alcohol and distilled
water. Further sterilization was performed before implanta-
tion using oven sterilization at 160°C for 60 min that was
found to be effective in damaging microorganism on the
implants or surgical tools.**

Animal surgical implantation and wound healing
.onitoring

Five Indonesian thin tailed sheep (age 10-12 month,
weight 14-16 kg) were used in this study with ethical
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clearance from Bogor Agricultural University Animal Care and
Use Ethics Committee (ACUC No: 03-2012 IPB). The sheep
model was chosen because of its similarity to humans in

rms of bone turnover and remodelling activity.** The sheep
received premedication (Atropine®, 0.06 mg/kg iv, Indofarma,
Indonesia) after 24 h of fastin@@and induced with general
anaesthesia (Ili@h Xylazine-20®, 0.1 mg/kg iv, Troy Laborato-
ries, Australia) 10 min later and continuously maintained in
this co!ition. The surgery was started with drilling and flat-
tening bone defects below the radius periosteum membrane
of radial forelegs on medio proximal refion. The implants
were inserted into the defects where one sheep received one
implant on each leg. The surgical wound was closed with
suture (Vicryl®, E@licon, USA) and bandage (Hypafix®, BSN
Medical, Sweden). General antibiotic (Novamox-G®, 1 mL/10
kg, Nova Laboratories, Malaysia) and topical spray antibiotic
(Limoxin-2 ray® Interchemie Werken, Holland) were given
for the first 6 days to avoid postoperative infection. The surgi-
cal wound healing at the implantation sites was monitored
and photographed at day 9, 14, and 35 postimplantation.
Thickness of the tissue swelling at the implantation sites was
quantified by using a computer-aided image analysis software
(Image], National Institutes of Health, USA) from the photo-
graphs (n=15). None of the sheep was sacrificed until the end
of the study.

Peri-implant biodegradation monitoring

The peri-implant implant biodegradation was monitored
non-invasively by using real-time 2D ultrasound method.
Longitudinal view of Brightness-mode (B-mode) ultrasound
was performed on each sheep by using a SonoDop ultra-
sound console (Karindo Alkesteron, Indonesia) with linear
multi-frequency transducer (7.5-15 MHz). The B-mode scan
probe was gently placed on the skin surface perpendicular
to the implantation site by using ultrasonic transmission
gel. Reflected ultrasonic waves (echo) were captured and
optimal transectional implant images of the on-screen real-
time movie were captured. The ultrasound evaluation was
performed at day 3, 9, 35, and 60 postimplantation. The
images were further analyzed by using plot profile module
in Image] software at the mid of echo-pattern side-to-side
(along the implant length) (n =5]).

Blood biomarker monitoring

Systemic response to the implantation was monitored by
evaluating biomarkers in the peripheral blood samples at
day 3, 9, 14, 35, 50, and 60 postimplantation. Five mililiter
of venous blood was collected at jugular vein of each sheep
into vacutainer with ethylene diamine tetraacetic acid
(EDTA) anticoagulant. For routine hematology, 0.5 mL whole
blood samples were examined for the numbers of red blood
cells (RBC), hemoglobin (Hb), hematocrit (PCV), white blood
cells (WBC), and WBC differentiation cells. Stress response
postimplantation was analysed by measuring the ratio of
Neutrophil (N) to Leukocyte (L) cell count. The remaining
whole blood samples were centrifuged at 1000 rpm for 10
min to separate the blood plasma. Concentration of Fe and
Ca in the blood plasma was measured by using an AA-7000
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atomic absorption spectrophotometer (Shimadzu, Japan)
and concentration of P was quantified by using molybdova-
nadate method and a 200RS UV spectrometer (LW Scientific,
USA) at 660 nm.

Histological evaluation

Astandardized balanced anaestheticand surgicalapproach protocol
was used as explained in the previous section. After incising the
implantation site, the bone around the implant was drilled down till
bonemarrow torecoverbiopsytissue samplesforhistological exami-
nation. The remnant implants were explanted from biopsy tissue,
dried and stored in desiccated tubes for further visual and chemical
analysis. The biopsy tissue samples were fixed in buffered neutral
10% formaldehyde, decalcified in 5% nitric acid for 7 days, dehy-
drated stepwise through ascending series of alcohol solutions and
finally degreased inxylene. The tissues were then embedded in paraf-
finblock,sliced at 5 um by microtome, and stained using hematoxylin
and eosin (HE) stains. Cell response at the peri-implant tissues was
observed under a CH30 optical microscope (Olympus, Japan) and
histologicalimages were captured and analyzed.

Retrieved implant evaluation

The explanted remnant implants were analyzed for surface
morphology, chemical composition and thickness of degra-
dation layer by using a TM3000 SEM/EDS (Hitachi, Japan).

Surface roughness of the remnant implants was also deter-
mined by LEXT OLS4000 laser scanning confocal microscope
(Olympus, USA). Arithmetical mean deviation of the profile
(Ra) was obtained in terms of the surface roughness measure-
ment with an evaluation length of 4 mm and five samples.

Statistical analysis .

Statistical analysis was performed | using a one-way ANOVA
with a pns"mc Duncan test using SPSS v16.0 software (SPSS
Inc, USA) at the 95% confidence level. A p-value of <0.05
was considered as statistically significant.

RESULTS
Implantation and visual wound healing observation
Figure 1 shows the implant insertion, example of wound
healing process for Fe-HA implants and peri-implant extrac-
tion. After implantation, all animals remained active and
were not disturbed with the presence of the implant in their
sub-periosteum leg bones [Figure 1(a)]. Black colored deg-
radation product was observed within the incised biopsy
[Figure 1(b)]. Wound healing observation showed swelling
(inflammation) process which was no longer observed 35
days postimplantation [Figure 1(c-e)].

Table I shows tissue swelling thickness at the implanta-
tion sites measured from the images as shown in Figure

FIGURE 1. Implant insertion, extraction and wound healing observation showing: (a) implantation in sub-periosteum leg bones showing implant
{arrow), bone (¥), periosteum (#), (b) extraction of biopsy showing biodegradation product (arow head), (¢, d, &) wound healing observation of
Fe-HA implants at day 9, 14, and 35, respectively, showing implantation sites (arrow). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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TABLE I. Tissue Swelling Thickness (mm) at Implantation
Sites

Day ’ure-Fe

Implant Group

Fe-HA  Fe-TCP  Fe-BCP  SS316L
Day 0 0.0+0.0° 0.0+0.0° 0.0+0.0° 0.0+0.0° 0.0+0.0°
Day9 21+0.19 22019 3.4+0.19 1.7+0.1° 5.2+0.1"
Day 14 1.8+0.1° 3.4+0.19 27+0.1° 1.7+0.0° 3.1+0.1f
0.0+ 0.0° 0.9+0.1° 1.0+0.0° 0.0+0.0°

Dai 35 0.0 =0.0°
ata shown as mean with standard deviation (x *SD). The same
letter in a different row and column shows the differences were not
significant (p = 0.05).

Fe-TCP

Day 0

Day 3

S00

Day 9

Day 14

Day 35

Day 60

S0 un

FIGURE 2. Sonogram of the implants at different days postimplantation. Note: "arrow” =

fact at the bottom of implant in the bone marrow.
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1(c-e) as a quantitative visual measure of tissue response. It
can be n that the degree of tissue response follows the
trend of Fe-BCP < Fe-HA = pure-Fe < Fe-TCP < 55316L.

B-mode ultrasound observation

Figure 2 shows the B-mode sonograms of each implant at dif-
ferent implantation period. Hypoechoic pattern is observed at
the top side of pure-Fe implant (muscle-implant side) indicat-
ing an inflammation response in the area. Anechoic pattern is
produced when the ultrasound passed through fluid of soft
tissue (i.e, inflammation fluid) and because there is no
(anechoic) or minimal (hypoechoic) reflection it forms a black
to gray color in the sonograms. The anechoic pattern was

Fe-BCP SS316L

00

S0y

e Sy

S0 ym

SiH) ym

S0 g
—

S0 um
—_—

i) ¢

implant, “arrow head” = bone, "star” = comet-tail arte-
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FIGURE 3. Sonogram analysis: (a-e) plots of echogenicity peaks against length of Fe-HA implants at day 3, 9, 14, 35, and 60, respectively, (f)

average peak height (gra

ale) of the implants at different days postimplantation, (g) mean value of peak height of day 14, 35, and 60. Note:

“na” = not applicable, the same letter in a different bar shows the differences were not significant (p = 0.05). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

more pronounce until day 60 for the S5316L compared with
that of pure-Fe and Fe-bioceramics. The Fe-bioceramic com-
posite implants also showed hyperechoic pattern (white col-
ored because of highly reflected sound by hard materials such
as bone, metals or gas) from day 3 to 14 but decreased at
day 60. Meanwhile, the SS316L implant showed increasing
hyperechoic pattern at all times of observation. The pattern
for the bottom side of implants (bone-implant side) cannot be
evaluated because of insufficient echo to make a good image
which correlates with the highly reflected surface of metallic
material. This condition leads to the formation of comet-tail
artefact hyperechoic patterns which produced white color in
the sonograms. Thus, these comet-tail artefact hyperechoic
patterns cannot be used to distinguish implant degradation
and tissue interactions at the bottom side of the implants.
Figure 3 shows an example of further sonogram analysis
for Fe-HA implant by using Image] software plotting the
peaks of echogenicity against the length of implants [Figure
3(a-e)]. The average peak height (gray scale) was then com-
pared for each implant at different days postimplantation
[Figure 3(f, g)]. This analysis suggests a semi-quantitative
measure of biodegradation progress at the implant surface.
During the first 14 days postimplantation, the echo pat-
terns of pure-Fe and Fe-bioceramics show a distinct peak
variation in contrast to SS316L [Figure 3(f)]. This fact sug-
gests a more active tissue response toward Fe-bioceramics
(bioactive) compared with SS316L (inert). In addition,
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degradation product formed on the former and should not
be the case for the latter. At day 35, peak wvariation
decreased with the Fe-BCP showing the lowest. The peak
variation increased again at day 60 with almost similar for
all group. Figure 3(g) shows the mean value of peak height
of combined day 14, 35, and 60 indicating Fe-BCP implant
has more active biodegradation behavior compared with
other bioactive implants.

Blood cell count

Table 11 details the number of red blood cell (RBC), hemo-
globin (Hb), hematocrit (PCV), white blood cells (WBC), and
white blood differentiation cells. It can be seen that the
RBC, Hb and PCV counts are in the normal range for any
time of implantation. In detail, the average RBC count of Fe-
TCP and SS316L at day 60 is higher than those of Fe-BCP,
pure-Fe and Fe-HA groups. The Hb and PCV for Fe-TCP is
the lowest among all groups.

The number of WBC at averaged day 14 decreases fol-
lowing the trend: Fe-BCP>=Fe-HA>pure-Fe>S55316L>Fe-TCP.
Interestingly, the Fe-BCP implant showed the biggest
decrease of WBC number from averaged day 14 to averaged
day 60. Further analysis on white blood differentiation cells
of the Fe-BCP revealed that agranulocyte cells (i.e., lympho-
cyte and monocyte) have higher number at averaged day 14
but again decreased at averaged day 60. The N/L ratio of
pure-Fe and Fe-bioceramic groups is below 1.5, which is a
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tration followed

ion concen
by Fe-BCP and others. In all groups, Fe and P concentra-

Table IIl details ion concentration in the blood plasma
lant released the highest Fe

the N/L ratio for SS316L at the averaged day 60 is 2.6,
released during the implant degradation. The pure-Fe

normal ratio for both averaged days 14 and 60. Meanwhile,
which is higher than normal.

Ion concentration in the blood plasma

imp!

Ca increased. Meanwhile, the Ca/P ratio shows a consistent
slight increase from averaged days 14 to 60 for all groups
without a significant difference. Ca/P ratio is one of the

tions decreased from averaged days 14 to 60, whereas the
inflammation

the

assessments  indicating

biomarker

a4-aind

VH-24

d049-94

19LESS

flbrous tissue, "diamond” = granular tis-

bone, “circle”
sue, “star” = void after implant removal, “arrow” = giant cells. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

pure-Fe, (c, d) Fe-HA, (e, f) Fe-TCP, (g, h) Fe-BCP, (i, j); SS316L. Note:

FIGURE 4. Histological images around the implants at day 70: (a, b)
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inflammation responses by the host, which is normally
around 2.5.

Histological observation

Figure 4 shows histological images of Fe-bioceramics
implants at day 70 postimplantation. The inflammatory
giant c's (macrophages) are obsggved on the tissue
around pure-Fe, Fe-HA, Fe-TCP and 55316L implants, but
less pronounced around the Fe-BCP. Granular tissue
appeared clearly around the SS316L but less pronounced
around the pure-Fe and Fe-bioceramic. Interestingly, no
granular tissue is observed around the Fe-TCP and Fe-BCP
implants. Fibrous tissue appearance consistently increased
over time of implantation with the greatest formation
found around the Fe-BCP implant.

Retrieved implants observation

Figure 5 depicts surface morphology of the retrieved
implants showing the degradation product formation on
the implant surfaces. Table IV details the thickness of deg-
radation layer measured from the SEM images of implant's
cross section. The thickness increased with prolonged
implantation time. The EDS analysis (Figure 5 inset) indi-
cated an increasing content of Fe and O and a decreasing
content of Ca and P on the degradation layer of Fe-
bioceramic implants as the implantation time prolonged,
indicating the progress of degradation. Meanwhile, surface
roughness measurement on the retrieved implants at day
70 (Figure 6) revealed that the Fe-BCP has the highest
roughness among other implants.

DISCUSSION

Local tissue response to the implantation of Fe-
bioceramic composites

Right after the surgical implantation, the implants were
continuously exposed to the tissue/body fluid and cells
that are activated by the acute wound healing |'_111:ﬁcess.25
Bioactive implants, that is bioceramics and biodegradable
polymers, induce more cellular activity at the material-
tissue interface.”” It begins with the entering of WBC to
the tissue from the circulatory blood cells. The first WBC
(Le., neutrophil cells) enters the wound site and begins to
phagocyte the damaged tissue, bacteria and foreign materi-
als within days. Then inflammatory reaction occurs by
recruiting monocytes (macrophages) to prolong the phago-
cytosis until the material has been completely degraded
which may require months to several years.”” Consecu-
tively, proliferative process begins with the migration of
fibroblasts to the wound site to deposit new extracellular
matrix. Finally, the wound healing process ends by the
encapsulation of the residual materials by new collagen
matrix.

Previous studies on metal-bioceramic composites (ie.,
Mg-HA and Fe-HA) have showed signs of enhanced cellular
activity (ie, phagocytosis) toward active degradation pro-
cess of the composite implants.'®*° However, the under-
standing of in vive biodegradation process of these
composites is still limited. Our results showed that the
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24, 4bcd
191.1 + 37.9°
@

2.8°
0.7

Avday 60
5.2
3.3

S5316L

Avday 14

6.7 = 1.0°"
193.0 = 66.4"

26+ 1.9°

3.3°
38.1°
0.4°

Avday 60

4.6 =
1749 =

3.7 =

Fe-BCP

73.1°
2.0°

6.2°°
27.9b°¢ 506.1+ 144.6°™ 638.0 = 13.8°¢ 494.0 + 123.3%" 635.4

49.8°
3.1+0.6°

Avday 14
24=

10.4
215.4

0.6°

Avday 60
3.7=

618.7
198.3

Implant Group
Fe-TCP

87.9

Avday 14
9.2 + 1.5%°
452.3 + 122.5°
2.2 +1.4°

209.4

2.9°
45.4°
9.4°b
4.9°

Avday 60
4.4+
658.9 =

150.5

TABLE Ill. lon Concentration in the Blood Plasma
4.4

Fe-HA

Avday 14
9.3+ 4.6%°
500.2 + 146.2°"°
164.9 + 34.4°°
3.0+4.3

4.3°
0.4°

Avday 60

4.6

159.1 + 44.6°°
4.2

Pure-Fe

33.9°
4.3°

8.7°
518.9 + 146.2°> £64.9 + 15.4¢

Avday 14
26 =

12.8
197.2

Data_shown as mean with standard deviation (x + SD). The same letter in_a different row shows the difference was not significant (p > 0.05). Avday 14 = value compiled and averaged from data

of day 3, 9, and 14; Avday 60 = value compiled and averaged from data of day 35, 50, and 60.

lons (ppm)

Fe
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P
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Day 70

20110028 TISIAL D

FIGURE 5. SEM images and EDS spectra (inset) showing surface morphology of the retrieved implants at different days postimplantation. Note:
“star” indicates the location of EDS analysis. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Fe-bioceramic composite implants exhibited higher bioactiv-
ity compared with pure-Fe and SS316L. The wound healing
observation showed that the composites produced an
extended swelling (Table 1) indicating a prolonged cellular
activity around the composite implants. This will be
explained in more detail in relation to the blood biomarkers

count in the next section. From the ultrasound assessment
(Figure 2), the tissue swelling correlated with the decreas-
ing echogenicity in the sonograms of the composite
implants with the bioactive TCP (Fe-TCP and Fe-BCP) pro-
ducing the greatest decrease. The anechoic pattern (black
colored images) on the upper peri-implant site indicated an

JOURMAL OF BIOMEDICAL MATERIALS RESEARCH B: APPLIED BIOMATERIALS | OCT 2015 VOL 103B, ISSUE 7 1361




TABLE IV. Thickness of the Degradation Layer

Implant Group

’ure-Fe

Thickness (pm) Fe-HA Fe-TCP Fe-BCP S55316L

Day 0 0.0 + 0.0° 0.0 = 0.0° 0.0 +0.0° 0.0+ 0.0° 0.0+ 0.0°
Day 14 23.5+0.79 44,5 +2.8" 44.6 = 2.58" 25.8+0.8° 11.2 + 1.5°
Day 35 41.4+0.89 30.1 = 0.8 23.9 = 0.9% 43.0 = 1.29" 12.0 = 0.6°

28.5+ 1.6 41.1 = 1.49

30.1+ 1.5 735+ 3.9 20.4 + 0.8°

Dai 70
ata shown as mean with standard deviation (x = SD). The same letter in a different row and column shows the differences were not signifi-

cant {p=0.05).

accumulation of extra cellular body fluid resulted from
more pronounced inflammation reaction around the com-
posite implants.”® The lower peri-implant side showed a
hyperechoic pattern (bright image) with a comet-tail arte-
fact® Along with the prolonged implantation time, espe-
cially for the composite implants, the artefact became less
visible. Further quantitative analysis (Figure 3) plots the
echogenicity peaks against the length of the implants which
shows that Fe-BCP degraded more. This finding is in agree-
ment with the similar finding of higher activity of BCP com-
pared with TCP*® Moreover, the Fe-BCP implants produced
lower peaks compared with other implants which can be
related to the tissue reaction toward surface condition (ie.,
degradation layer) as shown on the retrieved implants (Fig-
ure 5).

The histological analysis (Figure 4) shows similar cellu-
lar activity around the composite implants but with less
granular tissue formation around Fe-TCP and Fe-BCP (the
least) implants compared with that of Fe-HA and SS316L.
Normally, the occurrence of inflammatory reaction and
fibrous tissue formation during the first 14 days are the
normal responses toward implantation to heal the damaged
tissue.*'** The number of macrophages cells recruited from
the circulatory blood monocyte cells were found higher for
the Fe-HA implant than others (Table II). This can be related
to the fact that HA has the ability to induce more inflamma-
tion than TCP?**

0.12 — —
= ()% ) ()i - |
R 1o G e I
ool B e b o
2 2 ¢
c
S b
2 0.04
0—. v .—

Pure-Fe Fe-HA Fe-TCP  Fe-BCP  SS316L

FIGURE 6. Average surface roug s of the retrieved implants and
(insets a-e) surface appearance of pure-FEFe-HA, Fe-TCP, Fe-BCP and
S5316L implants, respectively. Note: the same letter in a different bar
shows the differences were not significant (p = 0.05).[Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Circulatory system response

Once an implant is placed in vivo, blood is the first to come
into direct contact. A monolayer of protein is then formed
on the implant surface within a few seconds which then
interacts with platelets and mesenchymal cells.*® This con-
tact results into a series of biological processes such as pro-
tein deposition, coagulation, inflammation, and tissue
formation.** Therefore, evaluating blood biomarkers is a
way to understand body response to implantation of bioma-
terials, that is, toxicity (RBC number), rejection (WBC num-
ber) and cellular stress response (N/L ratio).*

Table Il shows that the RBC numbers are within the nor-
mal range indicating no toxicity tendency occurred in the
sheep for all groups of implants. Meanwhile, WBC test
shows different counts for all implant groups. The Fe-HA
implant correlates with higher number of WBC than those
of Fe-TCP and Fe-BCP. Again, this can be related to the fact
that bioactive HA has more pronounced pro-inflammatory
properties than TCP** The granulocytes cells (i.e., neutro-
phils and eosinophil) are found to be dominant in the circu-
latory WBC for the Fe-HA implant, whereas agranulocytes
cells (ie., lymphocytes and monocytes) are more dominant
for the Fe-TCP and Fe-BCP. Fewer circulatory monocytes
were found for Fe-HA implant compared with those of Fe-
TCP and Fe-BCP. Monocyte cells are the precursor for mac-
rophage and will be recruited into the surrounding implant
during inflammation reaction.***” High number of monocyte
in the circulatory blood indicates less monocyte is recruited
to infiltrate the tissue. This is related to the histological
analysis which found more macrophage cells at the peri-
implant tissue (granular tissue) of Fe-HA. Moreover, this
blood biomarker count also supports that Fe-bioceramic
implants induced more cellular activities compared with the
pure-Fe and SS316L and also supports the observation of
the extended swelling for Fe-bioceramic implants during the
wound healing process.

Another analysis is by comparing the neutrophil cell
count to lymphocyte (N/L ratio) which indicates cellular
stress resr_mnses.33 In our study, the N/L ratio (Table II) is
in the range of normal value as suggested by other work™
indicating no cellular (body) stress occurred after implanta-
tion of the Fe-bioceramic and pure-Fe implants. In more
detail the N/L ratio of Fe-HA is higher than those of Fe-TCP
and Fe-BCP implants.

Biodegradation process of the implants releases ions
into the adjacent tissue passively then subsequently changes
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ion concentration in the blood plasma.®***" Table 111 shows
that pure-Fe implant released more Fe ion than the other
implants in the first 2 weeks postimplantation. However, the
Fe ion concentration in the sheep blood plasma for all
groups is still in the normal value.*" The content of 5 wt %
bioceramic in the Fe-bioceramic composites is found to have
no influence on the Ca and P concentration in blood plasma.
The Ca/P ratio is around the normal level indicating a mild
degree of inflammation for all Fe-bioceramic implants.
Inflammation will normally cause a decrease of Ca/P ratio
because of imbalance of body Ca and P mineral.**** The
released Ca and P from the Fe-bioceramic implants may
help to bring back the Ca/P ratio to the normal level by the
body homeostasis system.**

Implant retrieval analysis

Metal that is implanted in vivo undergoes both passive and
active degradation because of the electrochemical reaction
of the material with body fluid** and to cellular activity by
the macrophage that involves phagocyting the biodegrada-
tion product at the implant surface. Our previous study
showed that the addition of bioceramics to pure-Fe has
shifted its potential toward more active region,*” which was
also observed on Mg alloy.*® The degradation layer of Fe-
bioceramics is thicker than that of pure-Fe (Table IV) indi-
cating more degradation and cellular activity occurred on
the former. This is correlated with the ultrasound image of
the Fe-bioceramic implants, especially Fe-TCF and Fe-BCP,
which produced a decreasing echogenicity on the comet-tail
artefact pattern (Figures 2 and 3). The thicker degradation
layer of Fe-BCP implant is related to the higher degradation
rate of BCP and TCP compared with HA in body environ-
ment.*”* The thicker degradation layer may contribute to
tissue swelling during wound healing where swelling thick-
ness was thicker for Fe-bioceramics than pure-Fe implant
(Table I). However, the swelling was found to be thinner on
the Fe-bioceramics after 35 days postimplantation.

The more active behavior of Fe-bioceramic implants was
also marked by the increasing content of Fe and O on the
degradation layer (Figure 5), especially on the Fe-BCF. The
bioceramic-Fe interface on the Fe grain boundaries may
have facilitated fluid imbibition into the bulk because bio-
ceramics are h],n:lror_)hilic.49 Therefore the Fe-bioceramic
implants degraded from both external and internal attack.
The increasing degradation layer thickness of the Fe-
bioceramics (Table IV) correlates with the decreasing echo-
genicity pattern plotted along the implant length (Figure 3).
The Fe-bioceramic implants were also characterized by a
rougher surface than pure-Fe and SS316L implants (Figure
6). This could be related to higher cellular activity on the
Fe-bioceramic implants that formed biofilms mainly consist-
ing of Ca/P precir_)il:ate.su‘51 A rougher surface was found to
be beneficial in enhancing bone-to-implant contact®™® and in
determining the balance between bone formation and
resorption at the interface of the bone implant.®*

Interestingly, from this study, we can see the synergistic
influence of HA and TCP combination on the bioactivity as
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shown by the Fe-BCP composite. HA has been reported to
have a low bioresorbability*® and is suspected to have a
role in blocking new bone formation and remodeling“ in
contrast to TCP*” A combination of 80% HA and 20% TCP
has been found to have no difference toward bone regenera-
tion.”® However, based on our results, the 60% HA and
40% TCF combination resulted in a more active behavior of
the Fe-BCP implant compared with Fe-HA and Fe-TCP.

Apart of degradation and bioactivity, another important
concern that has not been addressed in this work is MRI
compatibility of the Fe-bioceramic composites. In fact, this
concern has never been rigorously addressed in the study
of Fe-based biodegradable metals except for few studies.
Magnetic susceptibility of biodegradable Fe-(20-35 wt %)
Mn alloys were tested as an indirect measure to MRI com-
patibility and the alloys were reported to have lower mag-
netic susceptibility than that of SS316L as a result of the
Mn alloying that produced antiferromagnetic austenitic
phase.*® However, some preclinical studies of iron stents
seem not much concerned with MRI compatibility issue
probably because of the consideration that these biodegrad-
able implants present only temporary in the body’” >
Indeed, Fe has been doped into HA to form Fe-HA compo-
sites endowed with superparamagnetic ability for utilization
as active scaffold for bone regeneration or as nontoxic bio-
degradable magnetic nanocarriers for hyperthermia-based
anticancer treatments.”*" %%

CONCLUSION

In vivo bioactivity ' iron-biocei@mic composites (!e-HA, Fe-
TCP, and Fe-BCP) was studied and compared with pure-Fe
and SS316L. The local tissue response (ultrasound and his-
tology), circulatory biomarkers and implant retrieval analy-
sis results showed that the composite implants had an
enhanced bioactivity and biodegradation behavior compared
with the pure-Fe implant. The composite implants main-
tained a normal dynamic blood biomarker change and did
not induce stress effect. The ultrasound analysis showed
evidence of more active biodegradation of Fe-BCP compared
with other implants. Granular tissue formation was less pro-
nounced around the Fe-BCP than around the other implants
with the number of macrophage cell higher for the Fe-HA
implant. The content of 5 wt % bioceramic in the compo-
sites showed no influence on the Ca and P concentration in
the blood plasma indicating a mild degree of inflammation
for all composite implants. The thicker degradation layer
and rougher surface of the retrieved composite implants
supported the finding of enhanced bioactivity of the compo-
sites with the Fe-BCP found to be the most active. The com-
bination of 60% HA and 40% TCP is viewed as the reason
for the higher bioactivity of the Fe-BCP compared with
other Fe-bioceramic composite implants.
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