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Artificial bone fillers are essentially required for repairing bone defects, and developing the fillers with syner-
gistic biocompatibility and anti-bacterial activity persists as one of the critical challenges. In this work, a new
agarose/gadolinium-doped hydroxyapatite filler with three-dimensional porous structures was fabricated. For
the composite filler, agarose provides three-dimensional skeleton and endows porosity, workability, and high
specific surface area, hydroxyapatite (HA) offers the biocompatibility, and the rare earth element gadolinium
(Gd) acts as the antibacterial agent. X-ray photoelectron spectroscopy detection showed the doping of Gd in HA
lattice with the formation of Gd-HA interstitial solid solution. Attenuated total reflection Fourier transform
infrared spectroscopy imaging suggested chemical interactions between agarose and Gd-HA, and the physical
structure of agarose was tuned by the Gd-doped HA. Cytotoxicity testing and alizarin red staining experiments
using mouse pro-osteoblasts (MC3T3-E1) revealed remarkable bioactivity and osteogenic properties of the
composite fillers, and proliferation and growth rates of the cells increased in proportion to Gd content in the
composites. Antibacterial testing using the gram-positive bacteria S. aureus and the gram-negative bacteria E. coli
indicated promising antibacterial properties of the fillers. Meanwhile, the antibacterial properties of composite
filles were enhanced with the increase of Gd content. The antibacterial fillers with porous structure and excellent
physicomechanical properties show inspiring potential for bone defect repair.

1. Introduction research efforts have been devoted to developing or modifying bone

implant materials to meet these requirements or improve their

Orthopedic disease and bone defects, such as osteoporosis that oc-
curs with aging or bone loss caused by accidents, have been common for
decades [1,2], demanding the development of bone repair and bone
implantation techniques [3]. A variety of biomaterials have been pro-
posed, such as medical bioceramics [4], medical polymers [5], medical
composites [6], and nano-artificial bone [7]. For ideal bone implant
materials, appropriate bioactivity to promote bone and tissue regener-
ation, essential antibacterial ability to resist bacterial infections, and
adequate mechanical strength are all required [8]. Therefore, extensive

properties.

Among the biomaterials developed so far, due to their porous three-
dimensional structure and high specific surface area, hydrogel material
favors the storage of human body extracellular matrix that can stimulate
cell growth and is conducive to cell migration [9,10]. Various hydrogel
materials such as chitosan [11], agarose [12], and polylactic acid [13]
have been studied for biomedical applications. Agarose, a biocompatible
and biodegradable natural polysaccharide extracted from the purplish
red seaweed, is commonly applied in biology and pharmacy [14]. It has
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Fig. 1. Schematic depiction of the sample preparation procedures.
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Fig. 2. ATR-FTIR spectra of the samples, a: HA, b: Gdy 1-HA, c: agarose, d: agarose-HA, and e: agarose-Gdg 1-HA.

been widely studied in bone tissue engineering due to its excellent
biocompatibility, no immune rejection reaction and high workability. In
particular, agarose with three-dimensional structure can both facilitate
cell adhesion, migration and provide support for the creation of an
environment for extracellular matrix [15,16]. The irregularity of bone
defects demands changeable shape of the fillers and the good machin-
ability of agarose makes it a good candidate as the potential bone defect
filler [17,18]. However, previous studies have shown that pure agarose
did not perform well for cell adhesion and its mechanical properties are
poor [19], hence it is often used as one of the components for making

composite  structures, for instance chitosan-agarose [20],
mussel-agarose composite [21], hydroxyapatite (HA)-agarose [22].

As one of the natural components of human bone tissues [23,24], HA
possesses excellent biocompatibility and similar mechanical properties
with bone, which make it suitable as bone filling and bone supporting
material [25]. HA is usually used alone as bone fillers or as an additive to
improve the biocompatibility of materials in the bone engineering [26,
27]. Regardless of the capability of HA to provide stiff support to
damaged hard bone and facilitate new bone growth on its surface, HA
lacks the biological performance that is required to build a biological
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Fig. 4. SEM images showing the topographical and cross-sectional morphology of the agarose-HA sample, a: surface morphology, and b: cross-sectional morphology
(—1: low magnification view, —2: magnified view).
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function with bone tissue [28]. Besides, HA intrinsically has no anti-
bacterial activities, therefore, it is unable to cope with the bacterial
infection problem, which greatly reduces the surgical success rate and
the service life of the implant [29]. To improve the biological function of
HA, compound of HA/SiO; and synthesizing HA derivatives such as TCP,
CPS have been reported [30,31]. Studies on the antibacterial modifi-
cation of HA mainly involved lattice modification of HA like doping of
antibacterial silver ions, copper/cuprous ions, zinc ions, ferric ions, and
others [32,33], or incorporation of antibacterial phases like TiO,,

nano-Ag particles and other materials to make HA-based composites
[34].

Gadolinium (Gd) is one of the rare earth elements and a sort of trace
element in human bone, it possesses certain biological properties
including sterilization and anti-inflammatory function, and low toxicity
[35]. As a relatively new antibacterial agent, it has been studied by
many researchers [36]. As reported, Gd owns favorable antibacterial
effects against both gram-negative bacteria and gram-positive ones,
together with good biocompatibility. According to a previous study,
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Gd>* can be doped in HA by replacing Ca?* [37]. This work focused on
the preparation and characterization of biocompatible agarose/Gd-HA
composites with antibacterial performances for bio-fillers applications.
In the newly designed structure, agarose was used as the basic skeleton,
Gd-doped HA played as the bio-phase. Excellent antibacterial perfor-
mance, biological activity and mechanical properties were achieved
through the excellent biocompatibility of HA and the characteristics of
Gd that can sterilize and promote cell growth. For the agarose/Gd-HA
fillers, three-dimensional structure with large specific surface area was
constructed. The structural features make it easy to create suitable
environment for tissue ingrowth and cell contact. Moreover, excellent
workability of the structure offers the ease for the fillers to be used in
various environments.

2. Materials and methods
2.1. Preparation of Gd-HA powder and agarose/Gd-HA fillers

Gd-doped HA (Gd-HA) powder was synthesized through chemical
precipitation following the protocol reported previously [38]. The
atomic ratio (Gd®*/(Ca®>"+Gd®")) was 0.05, 0.075, and 0.1, respec-
tively. They were denoted as Gdy-HA (x = 0.05, 0.075, 0.1).
Agarose/Gd-HA fillers with 2% w/v agarose and 20% w/v Gd-HA were
prepared. To make the fillers, a colorless and transparent gel solution
was prepared by stirring 2 g of agarose (Aladdin, China) in 100 mL
deionized water at 95 °C. Then 20 g of Gd-HA powder was added to the
gel solution, and the suspension was stirred until it became uniform and
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Fig. 7. Cell proliferation assay examination after the culturing of 24 h, 48 h, 72 h *P <0.05, &p <0.005.

white. Subsequently, the suspension was transferred to 24-well plate
with 500 pL for each well, followed by air-cooling and pre-freezing in
refrigerator at —80 °C, and final drying by a freeze-dryer (ALPHA 1-4 LD
plus, Christ, Germany). The sample preparation is schematically shown
in Fig. 1.

2.2. Sample characterization

Chemistry of the prepared Gd-HA was examined by X-ray photo-
electron spectroscopy (XPS, AXIS SUPRA, Kratos, England). Attenuated
total reflection Fourier transform infrared spectroscopy imaging (ATR-
FITR, Nicolet iS50, Thermo Scientific, America) was employed to
analyze the functional groups of the agarose, HA, Gd-HA, agarose/Gd-
HA samples and characterize the interactions between different phases.
The surface and internal morphologies of agarose/Gd-HA fillers were
examined by scanning electron microscopy (SEM, Regulus 8230, Hita-
chi, Japan).

Swelling rate (SR) of the samples was examined. Weight of the
freeze-dried samples was recorded (Wp), and each of the samples was
soaked in PBS at 25 °C. The sample was taken out, wiped, and weighed
(W) for every interval (5 min for the first 30 min, 30 min for the next 90
min, and 1 h for the first 2 h), until the difference of the sample weight to
the last weighing was less than 0.01 g. The SRs at different time interval
were calculated according to the following formula:

SR=W/Wo @

Water retention experiment was also carried out. Firstly, the sample
reached adsorption equilibrium in PBS at 25 °C, and the weight was
recorded as Wy. Then these samples were transferred to 37 °C air-drying
oven, and the weight at each interval (the same as the swelling rate
testing) was recorded as W;. The water retention rate (WR) was defined
as per the following equation:

WR (%)=(W/Wy) x 100% 2

Mechanical properties of the filles (the samples with 19 mm diameter
and 5 mm height), namely compressive strength and compressive stress,
were tested by electronic universal testing machine (SUST IS09001,
SUST, China). The compressing testing was performed at the speed of 1

mm/min and the maximum load of 10 kN. The value was recorded when
the samples were compressed to 20% of their initial height. The Young’s
modulus was calculated according to the stress and strain. Five parallel
tests were carried out for each sample.

2.3. Cell culturing and cell proliferation assay

Extracts of the samples were prepared as per ISO 10993-12. The
samples were sterilized under UV for 30 min. Then the samples and the
culture solution were put into a centrifuge tube, and the ratio of the
surface area of the samples to the extracted liquid volume was 1.25 cm?/
mL. As the following step, the mixture was placed in an incubator for 72
h at 37 °C. Finally, the extracts were sealed and stored in 4 °C refrig-
erator for subsequent use.

Mouse pro-osteoblasts (MC3T3-E1, National Centre for Cell Science,
Shanghai, China) were cultured in «-MEM medium (Beyotime, China)
with 10% FBS (Gibco, America) and 2% double resistance (Trans-Gen
Biotech, Beijing) solution in an incubator at 37 °C and 5% CO; atmo-
sphere. The culture medium was changed every two days and passage of
cells was executed when the cells growth reached 80% confluence.

Toxicity of the extracts on the MC3T3-E1 was evaluated. MC3T3-E1
cells were cultured with four different extracts, and the cell counting kit
(CCK8, Beyotime, China) was used to assay the cell proliferative
viability. Cell solution (5 x 10* cell/mL, 100 pL for each well) was added
to 96-well plate and seeded for 12 h in the incubator. Subsequently the
culture solution was replaced by the extracts and the culturing process
was continued for 1 day, 2 days and 3 days (six parallel specimens for
each sample). After culturing, the extracts in the plate were discarded
and the plate was rinsed by PBS (HyClone, New Zealand). Then 100 pL of
culture medium with 10% CCKS8 solution was put into each well. After
incubation for 2 h, the result was detected by enzyme mark instrument
(Spectra Max 190, Molecular devices, America) operated at 450 nm
wavelength.

2.4. Morphology characterization of the MC3T3-E1 cells on the filler
surface

Morphology of the MC3T3-E1 cells attached on the fillers was
characterized by SEM. The fillers were placed in 24-well plate and
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Fig. 8. Morphologies of the MC3T3-E1 cells proliferated on the fillers for 1 day (a), 3 days (b), and 7 days (c) (—1: the agarose/HA sample, —2: the agarose/Gdg,os-
HA sample, —3: the agarose/Gdg o7s-HA sample, —4: the agarose/Gdo;-HA sample, the orange circles point to the cells). The scale bar is 20 pm, AG stands

for agarose.

sterilized under UV for 1 h. Then complete culture media for the cells
were used to soak the fillers in the incubator for 2 h to make them fill
with culture media. After incubated with culture media, the half-dried
fillers were put into each well, and then 1 mL cells (5 x 10* cell/mL)
were seeded to each well, and cultured in the incubator for 1 day, 3 days
and 7 days. Prior to the SEM observation, the samples were fixed by 4%
paraformaldehyde and dehydrated by 25%, 50%, 75%, and 90% ethanol
for 5 min for once, then by 100% ethanol for 10 min for twice, respec-
tively. Finally, the samples were vacuum dried at 37 °C and observed by
SEM. In addition, the changes in chemical composition of the fillers after
being soaked in culture medium for 1 day, 3 days, and 7 days were
examined by ATR-FTIR, providing the in vitro degradation data of the
fillers.

2.5. Osteogenic differentiation examination

Before Alizarin red staining, MC3T3-E1 cells were seeded at 5 x 10*
cell/well in 24-well plates for 12 h, and then the culture medium was
replaced by the four different extracts, which were refreshed every three

days. Then the extracts were discarded and the samples were washed
with PBS, and fixation fluid was used to fix cells for 20 min. Next, 100 pL
dye was put into each well and covered cell for 30 min. Finally, the
samples were washed with PBS and observed by inverted fluorescent
microscope (DFC450C, Lecia, Germany). The experiment was performed
at day 7 and day 14 to reveal the osteogenic differentiation of the
samples.

2.6. Antibacterial properties of the agarose/Gd-HA fillers

To evaluate the antibacterial performances of the agarose/Gd-HA
fillers, their sterilization against typical gram-positive bacteria (Staph-
ylococcus aureus, S. aureus, ATCC6538) and typical gram-negative bac-
teria (Escherichia coli, E. coli, ATCC25922) was tested. For the testing,
S. aureus and E. coli were cultured in TSB and LB medium in orbital
shaker for 24 h at 37 °C and the agarose/Gd-HA samples were UV-
sterilized for 1 h and placed in 24-well plate. Then 3 mL bacterial sus-
pension with the concentration of 10° CFU/mL was added to each well
containing UV-sterilized sample, and then incubated in orbital shaker at
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Fig. 9. Osteogenic activity testing of the samples (A), Alizarin red staining testing for (a) 7 days and (b) 14 days (—1: the agarose/HA sample, —2: the agarose/Gdg,os-
HA sample, —3: the agarose/Gdg o7s-HA sample, and —4: the agarose/Gdy 1-HAsample, the scale bar is 100 pm) and ATR-FTIR evaluation of the agarose/HA sample
(B) and the agarose/Gdg 1-HA samples (C), the samples were soaked in culture medium for a:0 day, b:1 day, c:3 days, and d:7 days. AG stands for agarose.

37 °C. After 4 h, 12 h, 24 h, and 36 h, 100 pL suspension was taken out
from each well, respectively, and the antibacterial rates were calculated
using the spread plate counting method. Furthermore, the bacteria
adhered on the sample surface at 24 h were observed by SEM to evaluate
the anti-adherence performances of the samples.

2.7. Statistical analysis

At 95% and 99.5% confidence interval, statistical analyses were
performed for all the experimental data (mean + S.D) using SPSS 24.0
(SPSS Inc, Chicago, Illinois, USA). One-way analysis of variance
(ANOVA) with last significant difference (LSD) test was conducted to
assess the difference between different groups. P value of less than 0.05
and P < 0.005 were considered statistically significant.

3. Results and discussion

The changes of functional groups in the HA, Gdg1-HA, agarose,
agarose/HA, and agarose/Gdy 1-HA samples were examined by ATR-
FTIR spectroscopy. The spectrum for HA shows the shoulders at 561
em ™! and 604 cm ™!, suggesting the presence of P04~ groups [39], the
wide shoulder at 1060 cm™! is assigned to P-O-P bonds, the weak
shoulder at 1419 cm™! is attributed to the combination of P—0 bonds
[41]. The peaks for OH™ group can be observed at 3459 cm~ ! and 1644
crn’l, and the wavenumber of 876 cm ™! refers to Cng’ groups [41].
Above results prove the successful synthesis of HA. For the Gdg1-HA
sample, similar IR curve was seen with the curve for HA (Fig. 2 b versus
Fig. 2 a), yet the shoulder at 1060 cm ™ is narrower and the intensity of
the shoulder at 1419 ecm™! is lower than that of HA, suggesting suc-
cessful doping of Gd into HA and reduced P-O chemical connection
within HA crystals.

The IR spectrum of the agarose sample is shown in Fig. 2 c, the bands
at898 cm ! and 931 em ! denote to the 3, 6-anydro-p-galactose and p-b-

glucopyranose skeletal in agarose, the shoulders at 1378 cm™!, 1644
cm ! and 2904 cm ™! are attributed to C-0-C, C=0 and C-H correlation
acting bonds. The peaks at 2362 cm™!, 1060 cm™! and 3554 cm™!
suggest the interaction between O and H [42].

For the agarose/HA and the agarose/Gdg;-HA samples, their IR
peaks at 604 cm ™! and 561 cm ™! refer to PO4>~ groups in HA, and the
intensity of the curve shoulders at 898 cm™! and 931 cm ™! are
remarkably weaker for the agarose/Gd-HA sample than that for the pure
agarose, indicating that the original structure of agarose was already
destroyed during its mixing processing with HA. The peak at 1060 cm
for agarose becomes widened, being likely due to the superimposed
effect from the P-O-P bonds of HA and the O-H bonds in agarose.
Moreover, it is noted that the peak at 3459 cm ™! for the curve of the
agarose/Gdg 1-HA disappeared, while the intensity of the peak at 3554
cm™! for agarose increased. These are possibly due to the fact that the
OH™ groups in the two components are similar. All the phenomena
suggest that there are some chemical interactions between agarose and
Gd-HA, and the addition of Gd-HA altered the physical structure of
agarose. These structural changes would affect the biological behaviors
of the samples.

To further detect the structural changes of the composite fillers, the
doping effect of Gd in HA was characterized by XPS (Fig. 3). The Gdg 1-
HA sample was typically investigated, for which Ca 2p, P 2p, P 2s, O 1s
and Gd 4d were detected. The binding energy of ~190 eV is assigned to
P 2s that is formed in metal-P bonds, and the 132 eV belongs to P 2p that
exists in P-O bonds in which P is tetrahedrally coordinated to O [37].
Peak separation spectra of Ca 2p and O 1s are shown in Fig. 3 b and Fig. 3
c. Ca 2p spectrum is divided into Ca 2p 3/2 and 1/2 peaks due to the spin
orbit splitting. The peak at 345.104 eV represents Ca 2p 3/2, which
forms a triangular net with Ca 2p 3/2 surrounding OH. Ca 2p 1/2 ap-
pears at 348.064 eV, which is parallel to c axis in a columnar structure
like CaCO3 [39]. For O 1s spectrum, the peak at 530.874 eV refers to
O—P bonds, the peak at 529.098 eV delegates O-P/O-metal
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(0-Ca/0-Gd) bonds which shows higher intensity than that in pure HA
samples [39], indicating the formation of O-Gd bonds by the doping of
Gd.

Gd 4d peaks are clearly seen (Fig. 3 d). Peaks at 151.004 eV, 146.651
eV and 141.364 eV all belong to the Gd-O bonds [40]. There is a high
intensity peak at 131.1007 eV for Gd-P bond interaction, suggesting the
predominant existing form of Gd after the doping into HA. Compared to

the pure HA, remarkable differences in chemistry are seen for the
Gd-HA. After the doping treatment, O 1s peak at 529.098 eV for
O-P/O-metal bonds becomes stronger due to the addition of O-Gd
bonds. In addition, O 1s region does not show OH bonds. P 2s appears in
the scan spectrum, suggesting the binding of P with metal (Gd in this
case). The clear appearance of Gd 4d indicates existence of Gd-O bonds
and Gd-P bonds. All these information evidences successful doping of
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Gd in HA structure, and the interaction and chemical bond between Gd
and P further suggests the Gd-HA interstitial solid solution [39].
Morphological characterization of the agarose/HA sample showed
an integrated and rugged surface (Fig. 4 a-1). Numerous nanoscale pores
on the surface and a membranous surface layer can be clearly observed
from the high magnification SEM image (Fig. 4 a-2). This integrated,
rugged, and porous surface structure could promote the adhesion and
growth of cells. Cross-sectional morphology of the freeze-dried sample
exhibits a dense, rough, and multi-hole internal structure (Fig. 4 b-1, b-
2), the size of the holes varies from nanoscale to microscale. This in turn
suggests that the freeze-dried agarose/HA sample has hybrid meso-
porous and micron-porous structure. This structure would benefit nu-
trients storing for cells and transfer of the metabolites produced by cells
to the outside and therefore promotes the cells growth [9,10,15,16,43,
44]. Moreover, this structure facilitates the occurrence of bone fusion
and the formation of bone conduction nerve in bone tissue [45].
Swelling and water retention abilities are important performances
for fillers, for excessive expansion ratio would cause stress on the tissues
around the implant material and induce displacement of filling materials

S. aureus

10
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Fig. 11. SEM images showing the antibac-
terial effect of the Gd-containing agarose-HA
composites, a-1: the agarose/HA sample
after 24 h incubation in E. coli media, a-2:
the agarose/HA sample after 24 h incubation
in S. aureus media, b-1: the agarose/Gdg -
HA sample after 24 h incubation in E. coli
media, b-2: the agarose/Gdg;-HA sample
after 24 h incubation in S. aureus media (the
red circles mark collapsed E. coli bacteria,
the yellow circles mark destructed S. aureus
bacteria), and c¢: schematic depiction
showing morphology changes of E. coli bac-
terium after incubation in the media con-
taining agarose/Gd-HA sample. The scale
bar is 5 pm. AG stands for agarose.

Schematic depiction showing the

morphological changes of E. coli

[46]. Low water-retention rate could decrease the ability of fillers to
store nutrients [47], consequently deteriorating the growth of cells. The
swelling ability testing showed that in PBS, the agarose sample has high
expansion ratio (Fig. 5 a), it can quickly absorb PBS that is about 20
times of its weight, then the ratio kept stable at 15.5. The addition of HA
in agarose sharply decreased the swelling ratio to ~3 and the time to
adsorption equilibrium was extended to 50 min. The agarose/Gdy 1-HA
showed similar swelling property as the agarose/HA with the ratio of
2.6. Water retention ability testing of the samples showed that they
underwent a typical dehydration process and reached equilibrium at
100 min (Fig. 5 b). The water retention of the agarose, the agarose/HA
and the agarose/Gdg 1-HA is 6.2%, 32.2% and 39%, respectively, indi-
cating that the agarose/HA and the agarose/Gdo;-HA have lower
de-swelling capacity than the pure agarose sample. These data further
suggest the good water retention ability of the agarose/Gd-HA sample.
HA enhanced the swelling and water retention properties of the
agarose-based fillers for appropriate use in clinical surgery. Interest-
ingly, it is noted that the incorporation of Gd in low dose did not
remarkably impact the properties.
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Mechanical properties of the samples were also examined. The value
of compressive strength is 6827.33 N, 6741.19 N, 6739.01 N and
6786.19 N for the agarose/HA, the agarose/Gdg ¢s-HA, the agarose/
Gdo.o75-HA and the agarose/Gdg 1-HA, respectively (Fig. 6 a). The value
of compressive stress is correspondingly 86.26 MPa, 76.94 MPa, 79.73
MPa and 82.22 MPa. Compared to human bone with the compressive
stress of 1-210 MPa [46], these fillers possess relatively sufficient me-
chanical strength for some applications in bone repair field. Addition-
ally, the Young’s modulus of the samples is 31.98 MPa, 28.82 MPa,
33.51 MPa, 33.16 MPa (Fig. 6 b), being comparable to the Young’s
modulus of cancellous human bone (0.8-1000 MPa [48]). It is realized
that the doping of Gd has little influence on the mechanical properties of
the samples, and the mechanical properties mainly depend on the
crosslinking reactions within agarose chains, the intrinsic properties of
HA, and the chemical interactions between agarose and Gd-HA.

Biocompatibility of the samples was evaluated by examining their
cytotoxicity on MC3T3-E1 cells. Fig. 7 shows the CCK-8 testing results,
the higher absorbance value suggests better cell proliferation and pref-
erable biocompatibility of the samples. Compared with the agarose/HA,
the doping dose of Gd from 5% to 10% showed nontoxicity to cells after
24 h culturing. With the extension of incubation time, the agarose/
Gd(0.05-0.1)-HA showed an effective activity of promoting cell prolifera-
tion, and the agarose/Gdy1-HA sample showed the best activity. Be-
sides, it is noted that elongated incubation further enhanced the gaps in
the absorbance values of the samples with/without the doping of Gd.
This phenomenon evidences the result that the composite fillers promote
cell proliferation. Strikingly, doping Gd into agarose/HA accelerated the
cell growth, in the doping range of 5%-10%, more doped Gd gives rise to
better promoting effect on cell growth. The agarose/Gdy 1-HA filler ex-
hibits the best promoting cell proliferation ability among the samples.

Fig. 8 shows the morphologies of the MC3T3-E1 cells adhered on the
filler surfaces after incubation for 1 day, 3 days and 7 days. The doping
of Gd did not affect the well spreading and adherence of the cells on the
surfaces of the samples, which is consistent with the proliferation assay
results (Fig. 7). Surprisingly, increased doping dose of Gd (from 5% to
10%), more adhered cells are seen on the sample surface and they show
further stretched morphology. This phenomenon is in line with the CCK8
data that the doping of Gd in the agarose-HA has no toxicity on cells and
can probably improve the biological properties.

The Alizarin red staining experiment was carried out to trace the
calcium nodular formation in gross, which usually appears in the early
stage of osteogenic differentiation. It seems clear that the redness ap-
pears based on the appearance of calcium nodules at day 7, indicating
the generation of osteogenic differentiation. Over the culturing time,
deepened and densified distribution of redness was formed in each
group at day 21, which reflects the growth of calcium nodules and
proves the development of osteogenic differentiation. Importantly, at
the same culture time the redness was deeper, larger, and more for the
composites with higher content of Gd (Fig. 9 A a-1, a-2, a-3, a-4). These
results suggest favorable osteogenic activity of the newly developed
agarose/Gd-HA filler, and the doping of Gd may promote the osteogenic
activity of the fillers. In fact, it was reported that Gd** can promote the
expression of Smad/5/8 and Runx-2 gene in osteoblasts, thereby acti-
vating Smad/Runx2 osteogenic signaling pathway and promoting oste-
ogenic differentiation [49]. It seems the ionic state of Gd in the
agarose/Gd-HA composites would influence their biological behaviors.

ATR-FITR spectroscopy detection further clarified the chemistry of
the agarose/HA and agarose/Gdg1-HA fillers after being soaked in
cultured medium (Fig. 9 B, C). For the agarose/HA sample (Fig. 9 B),
weakened peaks at 3554 em! (-OH/OH), 1644 em~! (C=0) and 561
cm ™! (PO437) are seen as the incubation time was prolonged, indicating
continuous degradation of the agarose/HA in culture medium. Similarly,
the spectrum of the agarose/Gdp1-HA sample shown in Fig. 9C illus-
trates the significantly weakened peaks at 3544 cm ™!, 2362 cm ™! (-OH/
OH™), 1419 cm ™! (P—0/Gd>*-P04*), 1060 cm ™! (OH™) and 561 cm ™!
(PO4>7), further indicating enhanced degradation of the samples in the

11

Ceramics International xxx (XXxX) XXX

cultured media. This phenomenon nevertheless suggests that the doping
of Gd likely increased the degradation of samples, and the degradation
of agarose/Gdg 1-HA would result in the increase in the concentration of
Ca?*, P0,%~, GA®* in culture medium, which in turn promotes the bio-
activity of the samples [32].

The utmost purpose of this study was to construct the biological
composites with antibacterial activities. Antibacterial examination
using S. aureus and E. coli showed the antibacterial functions of the Gd-
doped composites (Fig. 10). For the testing, the standard plate count
(SPC) method [38] was employed to estimate the sterilization rate of the
fillers to the surrounding suspended bacteria. It is noted that the agar-
ose/HA sample has no antibacterial activity. The rate of the sterilization
against S. aureus after incaution of the samples in bacteria suspension for
4 h is 54.8%, 54.3% and 60.9% for the agarose/Gdg os-HA, the agar-
ose/Gdg.g75-HA and the agarose/Gdg 1-HA samples, respectively (Fig. 10
a). No significant differences are seen among the samples. The anti-
bacterial rates increased t066.4%, 74.2% and 79.4% respectively after
12 hincubation. Further incubation to 24 h and 36 h resulted in different
antibacterial responses of the different samples, that is, the antibacterial
rate of the agarose/Gdg ¢s-HA and the agarose/Gdg o75-HA samples is
68.9% and 75.9%, respectively, which kept almost unchanged as
compared to the data obtained after 12 h incubation. It is surprisingly
noted that the antibacterial rate of the agarose/Gdg -HA after 24 h in-
cubation increased to 90.9%, and it keeps stable after 36 h incubation
(90.0%). Obviously, the dose of Gd in the composites plays important
role in regulating their antibacterial performances. For the E. coli bac-
teria, similar trend was revealed that increased dose of Gd and elongated
incubation brought about augmented antibacterial rate (Fig. 10 b). The
antibacterial rate keeps stable after incubation time over 24 h, and it
reached 83.2%, 86.9% and 98.4% for the agarose/Gdgos-HA, the
agarose/Gdg o75-HA and the agarose/Gdg 1-HA samples after 36 h in-
cubation. The agarose/Gdg 1-HA sample showed the best antibacterial
activity against both S. aureus and E. coli. The low dose addition of Gd
already offers significant antibacterial activity for the biocompatible
composites.

Anti-microbial activity of the rare earth element Gd has been
investigated [50-52]. Its antibacterial activity mainly involves Gd3*.
Gd3* can replace ca®t to participate in the physiological activities of
bacteria to decrease the biological activity and cause bacteria apoptosis
[50]. In addition, Gd®>' can destroy the wall structure of bacteria
through electric field adsorption, which makes the permeability of
bacterial cell membrane changed and finally results in bacterial death
[51]. Furthermore, Gd>* is able to combine with other functional groups
in bacteria, those groups are capable of destroying the normal metabolic
activity of bacteria [52]. In this case, adherence of the bacteria on the
surfaces of the agarose/HA and the agarose/Gd, 1-HA fillers are clearly
seen after the incubation for 24 h (Fig. 11). It was found that the 24 h
incubation already resulted in a stable antibacterial rate of the
Gd-containing fillers (Fig. 10). Numerous E. coli bacteria with healthy
bacterial morphology can be observed on the Gd-free agarose/HA sur-
face (Fig. 11 a-1), while sharply decreased number of the bacteria (as
marked by the red circles) is seen on the agarose/Gdg1-HA surface
(Fig. 11 a-2). Destructive morphology is clear for those bacteria adhered
on the Gd-containing sample surface, indicating the antibacterial func-
tion of the sample. Remarkable morphology changes of E. coil are real-
ized (Fig. 11 a-2), and these changes were schematically depicted
(Fig. 11 c). Similarly, S. aureus bacteria with normal morphology are
seen on the surface of the Gd-free agarose/HA filler (Fig. 11 b-1), while
the bacteria (as marked by the yellow circles) are rarely seen on the
agarose/Gdg.1-HA surface (Fig. 11 b-2), the morphology of S. aureus
shows minor differences on the different samples. These results are
consistent with the standard plate count testing data that the low-dose
doping of Gd offers the agarose-HA composites distinct antibacterial
properties for both S. aureus and E. coli. The biocompatible agar-
ose/Gdg.1-HA filler has the potential to prohibit or avoid post-surgery
bacterial infection.
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4. Conclusions

Gd-doped hydroxyapatite powder with antibacterial activities was
prepared using chemical precipitation method, and Gd was doped into
HA crystal and the main existing connection form was Gd-P. Agarose/
Gd-HA fillers with porous three-dimensional structures were fabri-
cated by physical mixing and freeze-drying. The fillers possess compe-
tent mechanical properties, and the swelling and de-swelling
experiments showed the potential of the agarose/Gd-HA fillers as bone
implantation material. The cell culturing testing further evidenced the
favorable biological and osteogenic activity of the newly developed
composites, and the doping of Gd with the content of 5%-10% promoted
the proliferation and osteogenesis of the cells. The antibacterial testing
of the Gd-containing composites showed clear evidence that the agarose-
HA was endowed by Gd with the antibacterial ability for both gram-
positive S. aureus and gram-negative E. coli. The agarose/Gdp1-HA
sample showed the best antibacterial effect. The design of and fabrica-
tion technical route for the Gd-doped agarose-HA composites with
synergistic biocompatibility and antibacterial activity would shed light
on developing new bone defects fillers for bone repair applications.
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