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Abstract Inflammatory effects are significant elements of
the immune response to biomaterials. Previously, we
reported inflammatory effects in response to dicalcium sili-
cate (Ca,SiOy4, C,S) particles. However, the immunological
effects of C,S coatings have not been studied. C,S often
used as coatings materials in orthopedic and dentistry
applications. It may have different effect from C,S particles.
Further, it remains unclear whether C,S coating is equally
biocompatible as 45S5 coating. The aim of this study was to
test the cytotoxicity and pro-inflammatory effects of C,S
coating on RAW 264.7 macrophages. C,S and 45S5 coat-
ings were characterized using scanning electron microscopy
(SEM), atomic force microscopy (AFM), energy dispersive
analysis (EDS) and X-ray diffraction (XRD). inductively
coupled plasma optical emission spectroscopy (ICP-OES)
was used to detect ionic concentrations after soaking coated
discs in medium. The cytotoxicity of C,S and 45S5 coatings
against RAW 264.7 macrophages was measured using the
LDH Cytotoxicity Assay Kit, Cell Counting Kit-8 (CCK-8)
assays and flow cytometry for apoptosis assays. The gene
and protein expression of TNF-o, IL-6 and IL-1B were
detected using RT-q PCR and ELISA, respectively. The
tested coating materials are not cytotoxic to macrophages.
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The C,S-coated surface stimulated macrophages to express
pro-inflammatory mediators, such as TNF-a, IL-6 and IL-
1B, and C,S coating caused less IL-6 but greater IL-1B
production than the 45S5 coating. C,S coating have no
cytotoxicity when directly cultured with macrophages. C,S
and 45S5 coatings both have the potential to induce pro-
inflammatory effects, and the biocompatibility of C,S is
similar to that of 45S5.

1 Introduction

Ca0-Si0,-based materials are often used as coating mate-
rials or bone substitute scaffolds [1]. Dicalcium silicate
(CaySi04, C,S) is a new bioactive inorganic material that
consists of silicon, calcium and oxygen, which composed of
Ca0O-Si0O, component [2]. Silicon ions released from C,S
coating play an important roles in skeletal development and
repair [3]. Plasma-sprayed C,S coating exhibits better
bioactivity and bonding strength to titanium substrates than
plasma-sprayed HA coatings [4]. When C,S, either alone or
in combination with titanium particles or poly (D, L-lactic
acid) (PDLLA), was immersed in simulated body fluid
(SBF) for several days, the formation of bone-like HA was
induced, which indicated good bioactivity and long-term
durability [5]. Favorable biological properties were demon-
strated by studying the adhesion and differentiation of
human osteogenic cells that were seeded directly on a
dicalcium silicate-coated surface [6]. In dentistry, C,S
cement can be used as a root-end filling and a pulp-capping
material [7] and is significantly less cytotoxic than the tra-
ditional root-end filler, mineral trioxide aggregate (MTA)
[8]. C5S cement is also a model for drug release [9], and C,S
possesses excellent bioactivity when used as a coating
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material for titanium alloy substrates [10]. These findings
support the future broad use of C,S in orthopedic and den-
tistry applications.

Ideal implant coating materials should induce good
osteogenic effects and limited pro-inflammatory effects to
produce biocompatible coated implants that exhibit a long
postoperative life span [1]. The pro-inflammatory effect is
a significant element of the host response to implanted
biomaterials, as such, this effect is one of the key indicators
to evaluate biocompatibility. This effect causes the risk of
aseptic inflammation, which may result in implant loos-
ening. Based on multiple retrieval studies, macrophages
can play significant roles in determining the duration and
intensity of the inflammatory response and in the mecha-
nism behind implant failure [11-13]. Many coating mate-
rials and bone substitute materials can activate
macrophages at the bone-implant interface, possibly lead-
ing to bone resorption and implant failure [14, 15]. Gen-
erally, hydroxyapatite (Ca;o(PO4)s(OH),, HA) is
considered a relatively safe coating material due to its
bioactivity and biocompatibility [16]. However, particle
release from the prosthesis can cause aseptic inflammation.
For example, the interaction between HA particles and
human monocytes causes the production of inflammatory
mediators, including tumor necrosis factor alpha (TNF-o)
and IL-6 [17-19]. In a previous study, we suggested that
C,S particles also cause pro-inflammatory effects [20].
However, C,S is often used as a coating material. The
immunological effects of C,S coating, which releases ions
when in contact with monocytes/macrophages, have not
been studied in detail. Therefore, it is necessary to evaluate
the potential pro-inflammatory effects of C,S coating
before widespread clinical use.

Bioglass 4555, a traditionally used bioactive glass that
contains 45 % silicon dioxide, has been shown to stimulate
osteogenesis in vitro and in vivo [21]. 4555 is an ideal
candidate material due to its osteostimulative properties.
However, this material has not been formulated in a manner
that exhibits stability to devitrification or thermal expansion
coefficients (TECs) that are suitable for stable coating onto
metal implants while retaining its bioactive properties [22].
Previous studies indicate that the topical application of 4555
bioactive glass in humans with experimental gingivitis
attenuated the clinical signs of inflammation; however,
bacterial accumulation was not inhibited [23]. 45S5 glass
significantly reduced the amount of TNF-a and IL-6 secre-
ted by LPS- stimulated macrophages and monocytes as
compared to cells that were stimulated in the absence of
bioactive glass [24]. Other studies have indicated that 45S5
bioglass powders increase the release of TNF-oo by peri-
toneal macrophages and monocytes [25]. Controversy sur-
rounds the pro-inflammatory effect of 45S5 powders, and
the potential pro-inflammatory effects of 45S5 coating have

@ Springer

not been studied. It remains to be determined whether C,S
coating is equally biocompatible as 45S5 coating.

Therefore, we aimed to investigate the cytotoxicity of
this biomaterial coating, to examine whether C,S and 45S5
coatings induce the release of pro-inflammatory mediators
in mouse macrophages, and to determine which material is
more biocompatible.

2 Materials and methods

2.1 Preparation of dicalcium silicate and 45S5
coatings

C,S powder with typical particle sizes of 5-30 um and 45S5
powder with typical particle sizes of 18—100 um were syn-
thesized in the laboratory of the Shanghai Institute of
Ceramics at the Chinese Academy of Sciences. An atmo-
sphere plasma spray (APS) system (Sulzer Metco, Switzer-
land) was applied to fabricate the coating on a Ti-6Al-4 V
substrate (Northwest Nonferrous Metal Academy, Xian,
China) with dimensions of 10 mm x 10 mm x 1 mm, as
previously reported [26]. All substrates were sandblasted.
The spray parameters were as follows: argon (40 slpm) and
hydrogen (12 slpm) were used as primary and auxiliary
plasma-forming gases, respectively. The powder feeding
rate was approximately 20 g/min using argon (3 slpm) as a
carrying gas. The plasma arc current and voltage were
600 A and 73 V, respectively. The spraying distance was
90 mm.

2.2 Characterization of C,S and 45S5 coatings

Surface morphologies were observed by scanning electron
microscopy (SEM; Nova Nano SEM 430, FEI, Finland)
and atomic force microscopy (AFM; Asylum Research,
USA) Elemental analysis were determined by energy-dis-
persive X-ray spectroscopy (EDS; DX-4 system, EDAX,
USA). Crystal structures were analyzed using X-ray
diffraction (XRD; Geigerflex, Rigaku Co, Japan); the
diffraction pattern was measured in the 26 range from 10°
to 80° using monochromatic Cu Ka radiation.

After ultrasonic washing in acetone and rinsing in
deionized water, five pieces of C,S and 45S5 coating plates
were soaked in 100 mL Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco, USA) at 37 °C for 72 h under
static conditions. The concentrations of released calcium
(Ca), silicon (Si), and phosphorus (P) ions in the medium
were measured using inductively coupled plasma optical
emission spectroscopy (ICP-OES). The ionic concentra-
tions of these ions in normal DMEM were measured as a
control.
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2.3 Estimation of endotoxin levels on dicalcium
silicate and 45S5 coatings

The coated samples were ultrasonically washed in acetone
and rinsed in deionized water and then disinfected using
autoclaving. The sterilized temperature is 121 °C and pres-
sure is 103.4 kPa for 15 min. Coating and packaging pro-
cedures were subject to continuous endotoxin control.
Particle endotoxin levels were measured using an E-Toxate
Kit (Sigma, St. Louis, USA) to exclude the possibility of
proinflammatory effects arising from bacterial contamina-
tion of the coated discs. The discs were dropped into
endotoxin-free water and incubated with Limulus polyphe-
mus in sterilized glass tubes at 37 °C, and gel formation was
evaluated after 1 h.

2.4 Cell culture

The mouse macrophage cell line RAW 264.7 (American
Type Culture Collection, TIB71, MD, USA) was used to
evaluate cytotoxicity and cytokine production induced by the
C,S and 45S5 discs. Cells were maintained in DMEM sup-
plemented with 10 % fetal calf serum (Life Technologies,
USA), glutamine (2 mM), penicillin (5000 U mL™") and
streptomycin (25 pg mL™") at 37 °C under a saturated 5 %
CO,, 95 % air atmosphere. Cells were exposed to coated or
uncoated Ti—-6Al—4 V discs. Negative controls without discs
were also examined. Culture medium containing 0.64 %
phenol solution was used as a positive control to evaluate cell
viability. Cells cultured in DMEM with 10 pg/mL
lipopolysaccharide (LPS, Sigma St. Louis, USA) were used
as positive controls to evaluate cytokine production.

2.5 Cell cytotoxicity and apoptosis profiles
in response to dicalcium silicate and 45S5-
coated disc exposure

C,S- and 45S5-coated discs (3 pieces) were placed on
24-well plates; RAW 264.7 macrophages were then seeded
into the wells at a total density of 2 x 10’ cells and incu-
bated for 24 h and 48 h. The control group and Ti—-6Al-4 V
substrate without coated discs were also incubated. In the
positive control group, macrophages were incubated in
plates without coated discs but with medium containing
0.64 % phenol solution. Cell cytotoxicity was observed
using the LDH Cytotoxicity Assay Kit, and cell proliferation
response was evaluated using the Cell Counting Kit-8 assay
(CCK-8, Dojindo, Japan). The results were confirmed by
flow cytometry using a FITC Annexin V Apoptosis Detec-
tion Kit (Dojindo, Japan) according to the manufacturer’s
instructions. Briefly, cells were stained with FITC-conju-
gated annexin V (FITC-V) and propidium iodide (PI).
Viable, early apoptotic and late apoptotic and/or necrotic

cells were identified as annexin V—PI—, annexin V+PI—
and annexin V+4-PI4, respectively. Data were acquired using
a FACSCalibur (BD Biosciences, San Jose, USA) flow
cytometer and Cell Quest software (BD Biosciences), and
the results were analyzed using Flow Jo software.

2.6 Real time quantitative reverse transcription
polymerase chain reaction (q RT-PCR) analyses
of steady-state mRNA levels of pro-
inflammatory mediators

RAW 264.7 cells were cultured in 6-well plates in the
presence of five pieces of coated or uncoated discs for 6 h
and 24 h. After 6 h and 24 h, RT-qPCR was used to detect
the expression of TNF-a, IL-6, and IL-1p. Total RNA was
extracted using RNAiso Plus (Takara, Japan). RNA (1 pg)
obtained from each sample was reverse-transcribed using
oligo-dT as the first-strand cDNA primer (Revert Aid First
Strand cDNA Synthesis Kit, Thermo Scientific, USA). Pri-
mer sequences and the length of fragments for TNF-o,, IL-6,
and IL-1B and GAPDH are described in Table 1. Reverse
transcribed cDNA was subjected to q-PCR (SYBY Premix
Ex Taq, Takara, Japan) using the following cycling condi-
tions: 95 °C for 10 min (initial denaturation), followed by
40 cycles of 95 °C for 15 s and 60 °C for 60 s, and then
60 °C for 5 min for terminal extension; from 75 to 95 °C,
the temperature was elevated one degree each 20 s to obtain
a melting curve. The AACt method of relative quantification
was used to determine the fold change in expression. Delta
Ct (ACT) represents the difference between the target Ct
value and the control Ct value for each sample: ACt =
Ctiarget — Cteonwol- The expression was further normalized
using the control (AACT = ACt — CTeonuo)- The fold
change in expression was then obtained as 2AACT, and a
graph was plotted of log 2AACT.

2.7 Cytokine production measured using ELISA

After 6 and 24 h of incubation, the supernatants were
collected and centrifuged at 1000 g for 15 min. TNF-g,

Table 1 Primers used for real-time PCR

Name Primer

TNF-a AACTCCAGGCGGTGCCTATG
TCCTCCACTTGGTGGTTTGTG

IL-6 GAAATGATGGATGCTACCAAACTG
GACTCTGGCTTTGTCTTTCTTGTT

IL-1B TCAAATCTCGCAGCAGCACATC
CGTCACACACCAGCAGGTTATC

GAPDH AGGAGCGAGACCCCACTAACA

AGGGGGGCTAAGCAGTTGGT
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IL-6, and IL-13 were measured using a commercial ELISA
kit (Biolegend, San Diego, USA). The sensitivities of the
ELISA kit were 4 pg/mL for TNF-a, 2.0 pg/mL for IL-6
and 16.0 pg/mL for IL-1p.

2.8 Statistical analysis

Bar graphs were used to show the mean and standard
deviation (SD) of triplicate experiments. The data were
normalized, and data that passed the normality test were
analyzed using one-way ANOVA with the least significant
difference (LSD) test and Dunnett’s test for abnormal
distribution. All analyses were conducted using SPSS 17.0
software (SPSS Inc., Chicago, IL, USA). P values <0.05
were considered significant.

3 Results

3.1 Characterization of dicalcium silicate and 45S5
coatings

The surface morphology of the coatings was evaluated using
SEM and AFM. After sandblasting, the substrate surface was
rough (Fig. 1a). The C,S- and 45S5 coatings exhibited

Fig. 1 SEM photographs and
EDS analysis of the sprayed
coating surfaces. SEM shows
the surface topography of the
sandblasted titanium plate and
the two coatings (1,000X),
whereas EDS analysis shows the
elemental composition of the
C,S and bioglass 45S5 coating
surfaces. SEM: a sandblasted
titanium plate; b C,S coating
surface; ¢ 45S5 coating surface.
EDS: d C,S; e 45S5
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different surface topographies according to SEM, (Fig. 1b, c).
Three-dimensional AFM images (Fig. 2) displayed the surface
topography of the sandblasting substrates, C,S- and 45S5-
coated discs. Roughly surfaces were observed on the surface of
the sandblasting disc (200.15 + 40.47 nm) (Fig. 2a). After
coating, the obviously roughness were appeared on the C,S
coating and 45S5 coating (C,S 633.16 + 43.14 nm, 45S5
461.23 £ 38.24 nm) (Fig. 2b, c). The roughness of the C,S
coating and 4555 coating were significantly greater than that of
the sandblasting disc (Fig. 2d). Because of the different
materials loaded onto the substrates, the roughness of C,S
coating was significantly greater than 45S5 coating (Fig. 2d).

EDS analysis showed that Ca, Si, and O were present on
the surface of the dicalcium silicate coating and that Ca, Si,
P, and O were present on the surface of the bioglass 4555
coating (Fig. le, f). In the XRD analysis, the phase pattern
seen in Fig. 3a corresponds to dicalcium silicate [10], and
the phase pattern seen in Fig. 3b corresponds to bioglass
4585 [27]. The peaks have been labeled in the figures.

The ionic concentrations of Si, Ca, and P in the C,S/45S5
coating medium and normal DMEM analyzed by ICP-OES
are illustrated in Table 2. The results showed a significant
increase in Si concentration in the DMEM media after
allowing C,S and 45S5 coatings to soak in these media for
72 h at 37 °C. The Si concentration of the C,S coating
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Fig. 2 Surface morphology analysis of different surfaces using AFM
and a comparison of roughness. a sandblasting substrate, b C,S
coating surface, ¢ 45S5 coating and d the surface roughness of the
specimens. The roughness of the C,S and 45S5 were significantly

Fig. 3 XRD pattern of the
sprayed coatings. a Dicalcium
silicate coating; b bioglass 45S5
coating The peaks have been
labled
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greater than that of the sandblasting substrate. The roughness of C,S
coating was significantly greater than 45S5 coating (*** P < 0.01
when compared to the sandblasting substrate. * P < 0.05 when
compared to the C,S coating group)
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Y CaCOs3 2 SiP207
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medium was nearly 29 times that in DMEM (P < 0.05) and
nearly 20 times of the 45S5 coating medium. The Si con-
centration was higher in the 45S5 coating medium than in
the C,S coating medium, and the difference between the

60 70 20 30 40 50 60 70
Cu Ka 26 degree

groups was significant (P < 0.05). The concentrations of P
and Ca in the C,S coating medium were slightly lower than
those in DMEM. However, the P and Ca concentrations in
the 45S5 coating medium were slightly higher.
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Table 2 Ion concentrations in coating media (Mm) (x & s n = 3)

DMEM C,S medium 45S5 medium
Si 0.003 + 0.00 0.087 + 0.017" 0.064 + 0.016™
Ca 1.730 £ 0.216 1.512 + 0.171 2.012 + 0.230
P 1.052 + 0.311 1.024 + 0.149 1.152 + 0.144

* P 0.05 when compared to the control group
# P 0.05 when compared to the C,S coating group

3.2 The cytotoxicity profiles of the dicalcium silicate
and 45S5 coatings

Cellular cytotoxicity was evaluated using an LDH Cyto-
toxicity Assay Kit (Biyuntian, China) according to the
manufacturer’s instructions. No obvious cytotoxicity was
detected after RAW 264.7 macrophages were cultured with
C,S- and 45S5-coated discs after 24 h and 48 h (Fig. 4a),
and more than 50 % cell death was observed in the positive
control group. Approximately 4-6 % cell mortality was
observed for the control group, and mortality rates of
approximately 5-7 and 7-8 % were found in the C,S and
4585 groups, respectively. Cell proliferation was evaluated
using CCK-8 assays. In the coated disc groups, more than
90 % of the cells were viable, and approximately 40 % of
cells remained viable in the positive control group (Fig. 4b).

Cells were stained with FITC-conjugated annexin V and
PI in apoptosis analysis. Viable, early apoptotic and late
apoptotic and/or necrotic cells were identified as annexin
V—PI—, annexin V+PI— and annexin V+PI+, respec-
tively. Figure 5 showed that no obvious difference of
apoptosis was detected after culturing RAW 264.7 mac-
rophages with the C,S/45S5-coated discs when compared
with control group. There was no difference between C,S
and 45S5 group. Approximately more than 50 % apoptosis
was observed in the positive control group (Fig. 5).

3.3 mRNA and protein expression of TNF-a, IL-6
and IL-1§

To determine the effects of the discs on proinflammatory
mediator expression in macrophages, steady-state mRNA
levels of TNF-a, IL-6 and IL-1p were determined using
RT-q PCR and ELISA. The cells were harvested after
cultivation for 6 or 24 h. LPS-treated cells were used as
positive controls. Constitutive low levels of TNF-oo mRNA
were observed for the uncoated, C,S-coated and 45S5-
coated plates after 6 h (P > 0.05). At this time, high levels
of TNF-oo mRNA were observed in the positive controls
(P < 0.05, Fig. 6a). After 24 h, TNF-a mRNA expression
was significantly increased in the 45S5 coating group
(P < 0.05, Fig. 6a); however, the C,S coating group had a
weaker effect on TNF-oo mRNA expression than the control
group (P > 0.05, Fig. 6a). No significant difference in
TNF-oo mRNA expression was observed between the C,S
and 4585 coatings (P > 0.05).

Next, we examined IL-6 mRNA levels. No significant
increase in IL-6 mRNA was detected after 6 h of cultiva-
tion with either the uncoated plates or the C,S-coated
plates (Fig. 6b). A significant increase of IL-6 mRNA was
observed for the 45S5 group. A significant difference was
also observed between the C,S and 45S5 groups. The
positive control group expressed high levels of IL-6 mRNA
after 6 and 24 h of cultivation (P < 0.05). After 24 h, the
expression of IL-6 mRNA was not significantly altered in
the uncoated, C,S and 45S5 groups (P < 0.05).

Subsequently, IL-1 mRNA expression was detected
(Fig. 6¢). LPS induced high levels of IL-1B expression
after 6 and 24 h. C,S caused a slight increase in IL-1
expression after 6 h. However, no differences were noted
in the C,S and 45S5 groups after 6 h and 24 h (P > 0.05)
(Fig. 6¢). After 24 h, C,S and 45S5 significantly promoted
IL-1B mRNA expression (P < 0.05).
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Fig. 4 Cell cytotoxicity (a) and proliferation (b) of RAW264.7 cells
exposed to C,S- and 45S5-coated surfaces for 24 and 48 h. a No
obvious cytotoxicity was detected after RAW 264.7 macrophages
were cultured with C,S- and 45S5-coated discs, and more than 50 %
cell death was observed in the positive control group. Approximately
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4-6 % cell mortality was observed for the control group, and
mortality rates of approximately 5-7 and 7-8 % were found in the
C,S and 45S5 groups, respectively. b More than 90 % of the cells
were viable, and approximately 40 % of cells remained viable in the
positive control group
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Fig. 5 No obvious signs of apoptosis were observed when cells were
stained with FITC-conjugated annexin V and PI. Viable, early
apoptotic and late apoptotic and/or necrotic cells were identified as
annexin V—PI—, annexin V4PI— and annexin V+4PI+, respectively.
Graphical representations of normally cultured RAW264.7 cells
(a) and RAW264.7 cells cultured with uncoated plates, C,S-coated Ti
plates, 45S5-coated Ti plates (b, ¢, and d, respectively) and 0.64 %

3.4 Pro-inflammatory cytokine production

Based on our RT-qPCR results, ELISAs were used to detect
the effects of C,S and 45S5 on the production of TNF-a, IL-6
and IL-1p after 24 h. TNF-a concentrations were increased
in the C,S and 45S5 groups compared to the control group
(P < 0.05). No significant differences in TNF-o concentra-
tion were observed between the C,S and 45S5 groups (con-
trol: 5.61 + 2.96 pg/mL, uncoated group: 33.33 £ 0.59 pg/
mL, C,S: 43.90 + 3.66 pg/mL, 45S5: 44.84 £ 2.25 pg/mL,
positive control group: 609.72 £ 208.48 pg/mL, Fig. 6d).
Nevertheless, C,S and 45S5 induced a larger increase in
TNF-a concentration than the uncoated Ti group (P < 0.05).

Next, we examined IL-6 levels (Fig. 6e). IL-6 concen-
tration was greatly altered in the uncoated and C,S and
4585 coating groups. 45S5 triggered a stronger increase in
IL-6 expression than C,S (P < 0.05) (control: 4.08 £
2.34 pg/mL, uncoated Ti: 13.54 + 2.84 pg/mL, C,S:16.15 +
4.69 pg/mL, 45S5: 22.82 £ 2.04 pg/mL, positive control:
98.16 £ 26.75 pg/mL Fig. 5e).

Finally, we measured the IL-1f concentration in all groups.
C,S induced a greater than two-fold increase in IL-1f pro-
duction when compared with 45S5, more than three-fold

FITC

phenol solution (e). Approximately 9 % of RAW264.7 cells under-
went apoptosis in the control group, and approximately 10 % of the
cells underwent apoptosis in the uncoated, C,S-coating and 45S5-
coating groups. No significant difference was found among these
groups (f). All values are represented as the mean + SD of triplicate
experiments

increase with non-coating group and more than four-fold
increase with contro group (control: 2.99 + 2.40 pg/mL,
uncoated Ti: 5.07 £ 1.68 pg/mL, C,S:18.37 £ 0.50 pg/mL,
45S55: 7.43 £ 5.19 pg/mL, positive control: 90.38 £
13.25 pg/mL Fig. 6f). LPS strongly induced IL-1 expression.

To our knowledge, this study is the first to examine the
effect of a C,S-coated surface on TNF-a, IL-6 and IL-1f
production. C,S coating caused less IL-6 production but
greater IL-1B production than 45S5 coating.

4 Discussion

Although many studies have indicated that C,S coatings
exhibit favorable bioactivity and bioconductivity [28, 29],
the biocompatibility of this coating, its interaction with
immune cells, and the potential pro-inflammatory effects of
C,S have not been previously explored. Due to their dif-
ferent material morphology and reaction with different
immune cell lines, C,S coating might exhibit different
cellular responses and pro-inflammatory effects than C,S
particles. When determining the potential risks of C,S as an
coating material, the study of coatings is more relevant than
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TNF-a mRNA relative expression
IL-6 mRNA relative expression

IL-6 concentration (pg/ml)

TNF-a concentration (pg/ml)

Fig. 6 mRNA and protein expression of pro-inflammatory mediators.
A, B and C represent TNF-a, IL-6 and IL-1B mRNA expression,
respectively. 45S5 coating increased the expression of TNF-o after
24 h and increased the expression of IL-6 after 6 h. 45S5 coating
increased the expression of IL-6 to a greater extent than C,S coating,
and both C,S and 45S5 coating increased the expression of IL-1f. D,
E, and F show the production of TNF-a, IL-6 and IL-1p after 24 h,

the study of particles. The aim of this study was to evaluate
cytotoxicity and pro-inflammatory mediator production in
macrophages in response to C,S- and 45S5-coated discs. Our
results demonstrated that C,S- and 45S5-coated discs are not
toxic to RAW 264.7 macrophages. However, they do exhibit
potential pro-inflammatory effects.

C,S and 45S5 are often considered potential coating
materials for prosthetic orthopedic and dental implants [6,
30]. Plasma spraying represents an effective way to prepare
C,S and 4585 coatings [31, 32]. In this study, we prepared
coated discs using the plasma spraying technique. EDS and
XRD analyses indicated that the biomaterials were suc-
cessfully coated onto the substrate. ICP-OES analysis
showed that ions were released from the coating substrate
after soaking in medium. Ions, such as Si, Ca and P, are
dissipated from C,S and 45S5. Therefore, the C,S and
4585 coatings were successfully prepared.

We used the murine cell line RAW 264.7 because of its
close resemblance to human macrophages, which are seen
in the proximity of prosthesis and cement [33]. To differ-
entiate TNF-a, IL-6 and IL-1P responses at early and late
stages, the mRNA expression levels of these cytokines
were analyzed at 6 and 24 h post-treatment (at the times
selected for the analysis of cell-powder interaction [34].
Based on the obtained mRNA expression data, protein
levels were measured after 24 h of treatment [35]; thus, the
macrophages interacted with the surfaces over a sufficient
period [36].
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respectively. 45S5 increased IL-6 to a greater extent than C,S, but
C,S increased the expression of IL-1[ to a greater extent than 45S5.
The data are expressed as the mean £+ SD. * P < 0.05, ** P < 0.01
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#p <0.01 and P <0.001 (C,S vs. 4585). & P <0.05,
&& p <0.01 and ¥** P < 0.001 (experimental group vs. uncoated
Ti group)

Previous studies have shown that cytokine production
and osteoclast differentiation are stimulated by adherent
endotoxins on wear particles [37]. Therefore, our discs
were disinfected using autoclave and tested for endotoxins
to ensure that the discs were free of contamination. Auto-
claving was often used in other dicalcium silicate coating
researches [38, 39]. This is a common disinfection method
for coating implant in vitro or in vivo studies [40, 41].

Most studies have focused only on the safety and
osteogenic effects of the ionic products of C,S and 45S5
[21, 42]. In our previous study [20], C,S particles were
shown to produce no obvious cytotoxicity in THP-1, PBMC
and MG-63 cells. The cytotoxicity of C,S- and 45S5-coated
surfaces has never been evaluated when directly cultured
with macrophages. In the present study, RAW 264.7 mac-
rophages were cultured directly with coated surfaces. The
results of the LDH cytotoxicity assay indicated that the cell
mortality rate was low in both the C,S and 45S5 groups.
CCK-8 assays showed that the C,S and 45S5 groups did not
significantly decrease cell proliferation. In addition, no
significant apoptosis was observed. These results confirmed
that C,S was not cytotoxic to macrophages when used as a
coating material in vitro.

The general mechanism for the bio-conductivity of
Ca0-SiO,-based coatings involves the dissolution of cal-
cium and silicon ions from the coating to increase the
calcium concentration between the bone and implant [43,
441]. Higher calcium and silicon concentrations promote the
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apatite precipitation on implant surfaces and rapid inte-
gration of the implant into existing bone, thereby improv-
ing healing time significantly. The ionic dissolution
products of C,S coatings promote human mesenchymal
stem cell (hMSC) proliferation and osteogenic differenti-
ation [38] and might up-regulate osteoblast differentiation
[39], enhance the expression of osteoblast-related genes,
and promote the differentiation of MG-63 cells during an
initial period [45]. Tonic dissolution products of Bioglass
4585 result in enhanced collagen type 1 and osteocalcin
expression in human periodontal ligament fibroblasts [46].
In the present study, Si concentrations were significantly
increased in DMEM after C,S- and 45S5-coated surfaces
were soaked in this medium. The concentrations of P and
Ca decreased in the medium when C,S-coated discs were
used but increased when 45S5-coated discs were used. This
result indicates that the ionic dissolution products of C,S
and 4555 coatings differ and might have different biolog-
ical effects and potential risks.

Previous studies have indicated that Toll-like receptor 4
(TLR4) plays a vital role in the pro-inflammatory interaction
between cells and biomaterials [47]. TLR4 is involved in the
uptake of particles, such as titanium dioxide nanoparticles
(TiO, NPs), to promote inflammatory responses [48]. Fur-
thermore, wear-debris particles from implants use TLR4
signaling to stimulate macrophages [49]. Toll-like receptor
activation, such as that caused by TNF-o and IL-6, is
involved in the response to implant debris or coating ions that
cause progressive pathological bone loss or “aseptic loos-
ening” [50]. Previous studies have demonstrated that surface
topography (in particular, that of surfaces that have been
subjected to sandblasting and acid etching) modulates the
expression of pro-inflammatory cytokines and chemokines
by macrophages in a time-dependent manner. These
cytokines and chemokines include IL-6 and TNF-o. IL-1
was undetectable in un-stimulated macrophage cultures on
all surfaces at all times tested [51]. Similar research also
indicates that other surface topographies also cause pro-in-
flammatory cytokine expression and pro-inflammatory sig-
naling [52, 53]. The data presented here show that
sandblasted and uncoated surfaces can induce cytokine
production when in direct contact with macrophages. The
sandblasting of uncoated surfaces promoted TNF-o and IL-6
production but had no effect on IL-1f production, consistent
with previous studies.

Calcium phosphate-coated surfaces stimulate polymor-
phonuclear neutrophils (PMNs) to significantly release
IL1p and TNFa [54]. In addition, HA coatings induce a pro-
inflammatory cytokine response in murine J774A.1 mac-
rophages [36]. These results indicate that coated substrate
surfaces might provoke aseptic inflammation. In the current
study, C,S-coated surfaces significantly increased the
expression and production of TNF-a. The effect of C,S-

coated surfaces on TNF-a is consistent with the results of
previous studies on C,S particles [20]. In addition, C,S-
coated surfaces significantly increased the production of IL-
6 and IL-1p, possibly due to the release of ions or particles
from the coated surfaces. In previous study, porous titanium
modified by silicate calcium can decreased the macrophage
adherence and up-regulated the release of several pro-in-
flammatory mediators, including TNF-a, IL-6, IL-12 [55].
In the present study, 45S5-coated surfaces which also
release Si ions induced cytokine production when directly
in contact with RAW264.7 cells. These studies indicated
that silicate-based materials may also provoke aseptic
inflammation. The different concentrations of P and Ca may
play an important role in the different pro-inflammatory
effect between C,S and 45S5. The different topography of
the coating surface might also make this difference [52, 53].
C,S caused greater IL-1p production but less IL-6 pro-
duction than 45S5, possibly due to the different ionic con-
centrations and surface topographies of the coated discs.

5 Conclusion

In this study, we demonstrated that C,S coating is not
cytotoxic against RAW?264.7 macrophages. C,S coated
surface increased the production of TNF-a, IL-6 and IL-13
when compared with non-coating surfaces. Furthermore,
C,S coating had less influence on IL-6 expression but more
influence on IL-1B expression than 45S5. These results
indicate that, similar to 45S5, C,S might be a safe bio-
material. Therefore, these findings provide evidence sup-
porting the choice and widespread use of C,S as a coating
for prostheses and dental implants as well as for use with
bone substitutes. This work will be extend to primary
human macrophages in our further study.
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