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Abstract Co ions released due to corrosion of Co nanoparti-
cles (CoNPs) in the lysosomes of macrophages may be a fac-
tor in the particle-induced cytotoxicity and aseptic inflamma-
tion accompanying metal-on-metal (MOM) hip prosthesis
failure. Here, we show that CoNPs are easily dissolved under
a low pH, simulating the acidic lysosomal environment. We
then used bafilomycin A1 to change the pH inside the lyso-
some to inhibit intracellular corrosion of CoNPs and then
investigated its protective effects against CoNP-induced cyto-
toxicity and aseptic inflammation on murine macrophage
RAW264.7 cells. XTT {2,3-bis (2-methoxy-4-nitro-5-
sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hy-
droxide} assays revealed that bafilomycin A1 can significant-
ly decrease CoNP-induced cytotoxicity in RAW264.7 cells.
Enzyme-linked immunosorbent assays showed that
bafilomycin A1 can significantly decrease the subtoxic con-
centration of CoNP-induced levels of pro-inflammatory cyto-
kines (tumor necrosis factor-α, interleukin-1β, and interleu-
kin-6), but has no effect on anti-inflammatory cytokines
(transforming growth factor-β and interleukin-10) in
RAW264.7 cells. We studied the protective mechanism of

bafilomycin A1 against CoNP-induced effects in RAW264.7
cells by measuring glutathione/oxidized glutathione (GSH/
GSSG), superoxide dismutase, catalase, and glutathione per-
oxidase levels and employed scanning electron microscopy,
transmission electronmicroscopy, and energy dispersive spec-
trometer assays to observe the ultrastructural cellular changes.
The changes associated with apoptosis were assessed by ex-
amining the pAKT and cleaved caspase-3 levels using West-
ern blotting. These data strongly suggested that bafilomycin
A1 can potentially suppress CoNP-induced cytotoxicity and
aseptic inflammation by inhibiting intracellular corrosion of
CoNPs and that the reduction in Co ions released from CoNPs
may play an important role in downregulating oxidative stress
in RAW264.7 cells.
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Introduction

Metal-on-metal (MOM) hip replacements were reintroduced
in the 1990s as an attractive alternative bearing surface in total
hip arthroplasty (THA), due to their minimal wear debris as
compared to conventional metal-on-polyethylene (MOP)
bearings [1, 2]. Wear is an inevitable consequence of total
joint arthroplasty [3]. MOM bearings made of a cobalt
−chromium (CoCr) alloy generate a large amount of metal
particles and ions in vivo [2]. Metal particles obtained from
revisioned periprosthetic tissues were smaller than 50 nm, and
the number of wear particles was 13–500 times higher than
that seen in MOP bearings [4, 5].

To date, more than 1,000,000 patients worldwide have un-
dergone MOM hip replacement. However, this approach has
led to the development of unacceptable side effects, such as
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pseudotumors, extensive necrosis, early osteolysis, and failure
due to aseptic loosening [6, 7]. These unexplained adverse
biological reactions were mainly attributed to cytotoxicity
and tissue inflammatory reactions following the release of
Co and Cr ions from the MOM implant [8, 9]. Dalal et al.
[10] reported that cobalt–alloy particles result in greater tox-
icity and production of more inflammatory cytokines than do
titanium–alloy and zirconium–alloy-based particles in vitro.

Wear metal nanoparticles are exclusively phagocytized by
macrophages and are stored in the lysosome; the low pH in-
side the lysosome solubilizes metal nanoparticles easily
[11–13]. Recent studies revealed that cytotoxicity was ob-
served only with Co [8, 9]; it is possible that Co more easily
undergoes intracellular corrosion than does Cr, and that the
release of high levels of these ions increases intracellular ROS
levels [12, 14].This suggests that it is the soluble products
released from wear-particle corrosion, rather than the particles
themselves, that lead to cytotoxicity and inflammatory reac-
tions. We hypothesized that the cytotoxicity and inflammation
that follows the intracellular corrosion of Co is the reason for
the unexplained adverse biological reactions to MOM
implants.

Pro-inflammatory cytokines, such as tumor necrosis
factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6
(IL-6), have been found in the tissue surrounding failed im-
plants, and are considered as factors in bone resorption [15,
16]. Both soluble Co and Co-Cr-Mo alloy particles can stim-
ulate macrophages to release inflammatory cytokines in vitro,
but Cr did not induce significant secretion of TNF-α, IL-1β,
and IL-6 [17]. Consequently, we conjectured that the Co ions
contribute to the extensive osteolysis and elevated levels of
inflammatory cytokines surrounding failed implants.

Bafilomycin A1 is a strong inhibitor of the vacuolar type
H+-ATPase and can prevent a decrease in pH within lyso-
somes; thereby significantly reducing the intracellular corro-
sion of Co [13, 18]. Therefore, we hypothesized that
bafilomycin A1 may hold potential for suppressing CoNP-
induced cytotoxicity and aseptic inflammation in murine mac-
rophage RAW264.7 cells. Herein, we investigated the protec-
tive effects of bafilomycin A1 against CoNP-induced cytotox-
icity and aseptic inflammation in murine macrophage
RAW264.7 cells, in order to elucidate the possible mecha-
nisms underlying the adverse biological reactions that follow
MOM hip replacement.

Materials and Methods

Materials

CoNPs (median size 50 nm), bafilomycin A1, XTT, and phen-
azine methosulfate (PMS) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). CoNPs samples were heat-

sterilized by baking at 250 °C for 3 h [19]. All the particles
were free of endotoxins, as measured using a Limulus amebo-
cyte lysate (LAL) assay kit (Charles River Laboratories, Wil-
mington, MA, USA) at a detection level of 0.25 % EU/mL.
Stock solutions of CoNPs were prepared at a concentration of
100 mM in ultrapure water. The stock solutions were sonicat-
ed intermittently six times for 30 min [20]. After
ultrasonification, the CoNP solutions were analyzed by trans-
mission electron microscopy (TEM; JEM-2010, JEOL, To-
kyo, Japan; Fig. 1). The stock solutions were freshly diluted
with culture medium to the test concentrations. Cobalt chlo-
ride (Co2+) and HCl were purchased from Sinopharm Chem-
ical Reagent (Shanghai, China). Cobalt chloride (Co2+) was
prepared at a concentration of 100 mM using ultrapure water
and sterilized using a 0.2-μm syringe filter (Corning, New
York, USA). Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), penicillin/streptomycin, and trypsin
were purchased from Invitrogen (Paisley, UK). All murine-
specific ELISA kits were purchased from R&D System (Min-
neapolis, MN, USA). A total glutathione/oxidized glutathione
(T-GSH/GSSG, A061-2), total-, copper/zinc-, and manganese
superoxide dismutase (T-SOD, CuZnSOD, MnSOD, A001-
3), catalase (CAT, A007-2), and co-substrate glutathione per-
oxidase (GPx, A005) assay kits were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). Goat
anti-rabbit IgG conjugated with horseradish peroxidase
(GAR-HRP), polyclonal antibodies against Akt, phospho-
Akt (Ser473), cleaved caspase-3, and β-actin were all pur-
chased from Cell Signaling Technology Inc. (Danvers, MA,
USA). Tissue culture dishes were obtained from Corning

Fig. 1. Transmission electron microscopy images of cobalt nanoparticles
(CoNPs) after ultrasonification
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(New York, NY, USA). Other materials were purchased from
Sigma-Aldrich.

Cell Culture

The murine macrophage RAW264.7 cell line was obtained
from the China Center for Type Culture Collection (Shanghai,
China). RAW264.7 cells were cultured in DMEM medium
containing 10 % FBS and 1 % penicillin/streptomycin. The
cells were kept at 37 °C in a humidified atmosphere of 5 %
CO2. RAW264.7 cells were randomly divided into four
groups: blank control group, CoNPs group, CoNPs +8 nM
bafilomycin A1group, and CoNPs +16 nM bafilomycin A1
group.

Cell Viability Assays

Effects of CoNPs, Co2+, and bafilomycin A1 on the viability
of RAW264.7 cells were evaluated using the XTTassay. Cells
(1.5 × 104 cells/well) were plated into 96-well tissue culture
plates and exposed to CoNPs, Co2+ (0–800 μM), and
bafilomycin A1 (8 nM and 16 nM) for 4, 24, and 48 h. Culture
medium served as the control in each experiment. In order to
examine the protective effects of bafilomycin A1 on the via-
bility of RAW264.7 cells co-cultured with CoNPs, the cells
were pre-incubated for 4 h in the presence of different con-
centrations of bafilomycin A1, and subsequently, the cells
were exposed to 50 μM CoNPs for 24 h. XTT was prepared
at 1 mg/mL in prewarmed (37 °C) medium without serum.
PMS was prepared at 5 mM (1.53 mg/mL) in phosphate-
buffered saline (PBS). Fresh XTT and PMS were mixed to-
gether at the appropriate concentrations. Thereafter, 50 μL of
this mixture (final concentration, 50 μg of XTT and 0.38 μg
PMS per well) were added to each well and the cells were
incubated for 4 h at 37 °C. Optical density of this solution
was measured at 450 nm using a microplate reader (Wellscans
MK3, Thermo Lab Systems, Vantaa, Finland). Cell viability
rates were expressed as percent of the control; from this, the
50% inhibitory concentration (IC50 value) [2] was calculated.

Ion Release Under Different pH Values

To evaluate the level of Co ions released from CoNPs in
medium under different pH values, CoNPs (50 μM, corre-
sponding to the IC50) were incubated in cell-free and serum-
free DMEMmedium at a pH of 7.2, 6.0, 5.0, or 4.0. The pH of
7.2 is the same as the pH level in serum-free DMEMmedium
and the pH of 4.0 is the same as that found within lysosomes
in macrophages [12]. The pH was adjusted to the appropriate
value by the addition of 0.5 M HCl. After 4, 24, or 48 h at
37 °C, the particles were then removed from the medium by
centrifugation (4000×g for 20 min). The particle-free super-
natants were tested for levels of Co2+ by inductively coupled

plasma-mass spectrometry (ICP-MS; 7500A Series; Agilent,
Santa Clara, CA, USA), and these levels were expressed as
nanogram per milliliter (ppb).

Inhibition of Intracellular Solubilization of CoNPs
by Bafilomycin A1

In order to examine the effects of inhibiting intracellular sol-
ubilization of CoNPs by bafilomycin A1, RAW264.7 cells
were randomly divided into three groups: 50 μM CoNPs
group, 50μMCoNPs + 8nMbafilomycin A1 group, and
50μMCoNPs + 16 nM bafilomycin A1 group. In the 50 μM
CoNPs group, 2 × 105 RAW264.7 cells/well were plated into
24-well tissue culture plates. After attached, serum-free
DMEM medium (pH = 7.2) containing 50 μM CoNPs was
added into the plates and then incubated at 37 °C for 4, 24, and
48 h, in a 95 % humidified atmosphere with 5 % CO2. In the
other two groups, 2 × 105 RAW264.7 cells/well were plated
into 24-well tissue culture plates, which were pre-incubated
with different concentrations of bafilomycin A1 (8 nM or
16 nM) for 4 h. After attached, serum-free DMEM medium
(pH 7.2) containing 50 μMCoNPs were added into the plates
and then incubated under the same conditions. Finally,
RAW264.7 cells were washed thrice with PBS to eliminate
CoNPs attached to the outside of the cells. After lysis,
trypsinization, and centrifugation, we harvested the superna-
tant (cell extracts), tested the levels of Co2+ by ICP-MS
(expressed as nanogram per milliliter [ppb]), and used the
pellets for energy dispersive spectrometer (EDX) assays.

Analysis of Morphological Cell Changes

All four groups of RAW264.7 cells were incubated as above
for 24 h. The viability, morphology, spreading, and ultrastruc-
tural changes of the cells were analyzed by scanning electron
microscopy (SEM) and TEM. For SEM analysis, RAW264.7
cells were seeded on a glass cover slip in 24-well plates at
1 × 105 cells/well, then washed with PBS to eliminate CoNPs
attached to the outside of the cells. Cells were fixed for 60 min
with 2.5 % glutaraldehyde and dehydrated in graded ethanol
solutions. After sputter-coating with gold, the samples were
observed using a Hitachi S-4700 scanning electron micro-
scope (Tokyo, Japan), under an accelerating voltage of 1 kV.
For TEM analysis, 5 × 106 RAW264.7 cells/well were plated
into 6-well tissue culture plates. Cells were washed with PBS
and fixed with 2.5 % glutaraldehyde and 1 % osmium tetrox-
ide for 3 h, and then dehydrated using graded concentrations
of ethanol. After infiltration and embedment in epoxy resin at
60 °C for 48 h, the ultra-thin sections were stained with lead
citrate and examined by TEM (H-600, Hitachi, Tokyo, Japan;
accelerating voltage of 100 kV).
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Detection of Cytokines

Subtoxic concentrations of CoNPs (20 μM, below the IC50)
were selected to evaluate the release of pro-inflammatory cy-
tokines. For all four groups, RAW264.7 cells (5 × 105 cells/
well) were plated into 24-well plates and incubated with
20 μMCoNPs using the samemethods as above. At 24 h after
the treatment, the supernatants of each well were removed and
added to 96-well ELISA plates to assess cytokine levels; the
cells themselves were washed with PBS and lysed ultrasoni-
cally on ice for 30 s and centrifuged at 15,000×g for 15 min.
These cell extracts were used to assess antioxidant enzymes as
described below. TNF-α, IL-1β, IL-6, transforming growth
factor-β (TGF-β), and interleukin-10 (IL-10) levels were
measured using ELISA test kits. The ELISA kits for murine
TNF-α, IL-1β, IL-6, TGF-β, and IL-10 were purchased from
R&D Systems (Minneapolis, MN, USA). The optical density
of samples was determined at 450 nmwith a reference filter of
630 nm using a microplate reader. The concentration (pg/mL)
of TNF-α, IL-1β, IL-6, TGF-β, and IL-10 were calculated
according to the standard curve provided in the ELISA kits.
The cytokines levels were expressed as pictogram (pg) per
milliliter.

Measurement of Non-Enzymatic and Enzymatic
Antioxidant Defense Systems

The cell extracts acquired above were used for spectropho-
tometric measurements of non-enzymatic and enzymatic
antioxidant defense systems. The T-GSH/GSSG levels
and enzymatic activities of T-SOD, CAT, and GPx were
detected according to the manufacturer’s protocol using
the corresponding diagnostic kits. Total GSH/GSSG levels
were determined enzymatically by the 5, 5′-dithiobis (2-
nitrobenzoic acid)–glutathione reductase method as de-
scribed by Mak et al. [21, 22]. T-SOD activity was assayed
using the xanthine/xanthine oxidase method based on the
production of O2− anions [23]. The CAT activity was mea-
sured based on the hydrolysis reaction of hydrogen perox-
ide (H2O2) with CAT, which could be terminated by mo-
lybdenum acid (MA) to produce yellow MA H2O2 complex
[24]. The GPx activity was assayed by method of Rotruck
et al. [25] and measured based on the principle that oxida-
tion of GSH and hydrogen peroxide (H2O2) could be cata-
lyzed by GPx to produce GSSG and H2O. The T-GSH/
GSSG levels were expressed as micromole (μM) per milli-
gram of protein, and enzyme activities were expressed as
unit (U) per milligram of protein.

Western Blot Analysis

Cells were pre-incubated for 4 h in the presence of differ-
ent concentrations of bafilomycin A1 (0, 8, and 16 nM),

and subsequently, the cells were exposed to 50 μM CoNPs
or vehicle for 24 h. The treated cells were washed twice
with ice-cold PBS and harvested in a lysis buffer (20 mM
HEPES, 10 mM EDTA, 100 mM NaF, 10 mM sodium
pyrophosphate, 1 mM Na3VO4, 1 % (v/v) Nonidet P-40,
1 mM phenylmethylsulfonyl fluoride, and 0.1 mg/mL
aprotinin at pH 7.5), and then subjected to SDS-PAGE
and Western blot analysis with anti-pAKT, anti-AKT, and
anti-caspase-3, respectively. Anti-β-actin antibody was
used as a loading control to ensure that protein inputs in
each group were similar.

Statistical Analysis

Statistical analyses were performed using SPSS software. Ex-
periments were performed in triplicates, and the data present-
ed are reported as mean ± standard deviation (SD). Statistical
analysis of the data was performed using one-way analysis of
variance (ANOVA), followed by Dunnet’s test to evaluate the
significance relative to control. Differences were considered
statistically significant at p < 0.05.

Results

In this study, CoNPs and Co2+ inhibited the viability of
RAW264.7 cells in a concentration- and time-dependent man-
ner. The IC50 values at 24 h were approximately 50 and
400 μM for CoNPs and Co2+, respectively. Treatment of cells
with bafilomycin A1 at 8 and 16 nM had no cytotoxic effects
on RAW264.7 cells (Fig. 2). Bafilomycin A1 showed clear
protective effects on the viability of RAW264.7 cells co-
cultured with CoNPs (50 μΜ; p < 0.05). The protective effects
of bafilomycin A1 were significantly dose dependent
(p < 0.05; Fig. 3).

The release of Co2+ from CoNPs (50 μM) in cell-free and
serum-free DMEM medium under different pH values were
analyzed by ICP-MS after 4, 24, and 48 h of incubation. A
time- and pH-dependent increase in the release of Co2+ from
CoNPs was found in the 50 μΜ CoNP group (Fig. 4). The
intracellular solubilization of CoNPs after 4, 24, and 48 h of
incubation with RAW264.7 cells in serum-free DMEMmedi-
um showed a time-dependent increase, and was dose depen-
dently inhibited by bafilomycin A1; the difference between
the two bafilomycin A1-treatment groups was statistically sig-
nificant (p < 0.05; Fig. 5). Furthermore, we quantified the
intracellular insoluble particulate fractions of Co using EDX.
No characteristic Co peaks were seen in the control group, and
these Co peaks were low in CoNPs group after 24 h of incu-
bation with RAW264.7 cells in serum-free DMEM medium;
however, the characteristic Co peaks increased in a dose-
dependent manner in the two bafilomycin A1-treatment
groups (p < 0.05; Fig. 6).
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Using SEM, we observed that RAW264.7 cells had
pseudopods when cultured in DMEM medium, but the
cells became smaller and rounder and did not spread when
co-cultured with CoNPs. In the two bafilomycin A1-
treatment groups, RAW264.7 cells gradually redeveloped
pseudopods, their morphology recovered, and they
regained the ability to spread (Fig. 7a–d). From the TEM
images (Fig. 7e–h), we observed that the number of lyso-
somes and vacuoles in RAW264.7 cells increased marked-
ly after 24 h of incubation with CoNPs and that some

cytoplasmic organelles had disappeared, as compared to
the blank control group. The TEM images showed that
CoNPs were enclosed in lysosomes and vacuoles in
RAW264.7 cells. In the two bafilomycin A1-treatment
groups, the TEM images showed a decrease in lysosomes
and vacuoles and reappearance of cytoplasmic organelles
in a bafilomycin A1 dose-dependent manner.

The levels of the TNF-α, IL-1β, IL-6, TGF-β, and IL-10 as
detected by ELISA, are shown in Fig. 8. A subtoxic concen-
tration (20 μM) of CoNPs provoked increased protein

Fig. 2 Viability of RAW264.7
cells exposed to cobalt
nanoparticles (CoNPs), cobalt
chloride (Co2+), and bafilomycin
A1, as determined by XTT assay.
Cells were treated with CoNPs (0
−800 μM), Co2+ (0−800 μM),
and bafilomycin A1 (8 and
16 nM) for 4, 24, and 48 h. All
data were expressed as
mean ± SD of three independent
experiments performed in
triplicate. *p < 0.05 compared to
control; ◊p < 0.05 compared to
Co2+; #p < 0.05 compared to 4 h;
∇p < 0.05, compared to 24 h

Fig. 3 Protective effects of bafilomycin A1 on the viability of
RAW264.7 cells treated with cobalt nanoparticles (CoNPs), as
determined by XTT assay. Cells were exposed to 50 μM CoNPs for
24 h. All data were expressed as mean ± SD of three independent
experiments performed in triplicate. *p < 0.05 compared to control
group; ◊p < 0.05 compared to CoNPs group; #p < 0.05compared to the
8 nM bafilomycin A1 group

Fig. 4. Evaluate the level of Co ions released from cobalt nanoparticles
(CoNPs) under different pH values after 4, 24, and 48 h of incubation.
CoNPs (50 μM) were incubated in cell-free and serum-free DMEM me-
dium at a pH of 7.2, 6.0, 5.0, or 4.0 for 4, 24, and 48 h. The levels of Co2+

in the medium supernatants were determined by inductively coupled
plasma-mass spectrometry (ICP-MS). Values were showed as
means ± SD of three independent experiments performed in triplicate.
*p < 0.05 compared to pH 7.2; ◊p < 0.05 compared to 4 h; #p < 0.05
compared to 24 h
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expression of TNF-α, IL-1β, and IL-6 of RAW264.7 cells as
compared with the levels in the blank control group at the 24-h
time point (p < 0.05), while in the two bafilomycin A1-
treatment groups, the expression of these three proteins were
significantly suppressed in a dose-dependent manner
(p < 0.05). The levels of TGF-β and IL-10 showed no obvious
changes either when co-culturedwith a subtoxic concentration
of CoNPs or when treated with bafilomycin A1.

The T-GSH/GSSG level and the antioxidant enzymes T-
SOD, CAT, and GPx were determined after a 24-h incubation
with 20 μM CoNPs. As shown in Table 1, this subtoxic con-
centration of CoNPs significantly decreased the T-GSH level
and the activities of antioxidant enzymes in RAW264.7 cells
as compared to those in the blank control group (p < 0.05),
while in the two bafilomycin A1-treatment groups, the T-GSH
level and the activities of the antioxidant enzymes were recov-
ered (p < 0.05).

Western blot analysis was used to estimate the changes
associates with apoptosis by examining caspase-3 and pAKT
protein levels in all groups, given that Akt activation protects
murine RAW264.7 cells from CoNP-induced cell apoptosis
and death. The effects of bafilomycin A1 on regulation of
protein expression in murine RAW264.7 cells after exposure
to CoNP were assessed by Western blotting. As shown in
Fig. 9, compared with the control, the band intensity of pAKT
on immunoblots was downregulated significantly, and
cleaved caspase-3 (17kD) was upregulated after incubation
with CoNP. However, treatment with bafilomycin A1 could
reverse these changes in a dose-dependent manner.

Discussion

Given the concern about the possible adverse health effects of
wear particles, the use of MOM for joint arthroplasty surgery
has decreased markedly [26]. However, simply abandoning
the use of MOM-THA does not solve the problem, as more
than a million people have received these implants [9]. The
mechanisms by which MOM wear debris interacts with the
human body are not completely understood [26], although
recent studies reported that adverse biological reactions were
strongly correlated with Co [8, 9]. In this study, we evaluated
the protective effect of bafilomycin A1 against CoNP-induced
cytotoxicity and aseptic inflammation in RAW264.7 cells.

The classical MTT assay is widely used for evaluating cell
viability, but it may lead to false interpretations due to inter-
ferences of the nanoparticles with assay components [27].
Here, the XTT cell viability assay was used to evaluate
RAW264.7 cell viability. Our study showed that exposure to
CoNPs and Co2+ decreased the viability of RAW264.7 cells,
but the cytotoxic effects of CoNPs were stronger than those of
Co2+. This confirmed the findings of our previous study,
which showed that the levels of extracellular Co2+ released
from CoNPs in the culture medium were not sufficiently high
to induce cell damage [2]. Comparing the solubilization level
of CoNPs in the extracellular medium, as well as in the intra-
cellular medium, is essential for elucidating the mechanisms
of toxicity [13]. Our data showed that CoNPs were easily
dissolved under a simulated lysosomal (pH 4.0) environment,
but did not easily dissolve in medium mimicking the extracel-
lular environment (pH 7.2).We hypothesized that intracellular
corrosion of CoNPs occurred easily when these particles were
phagocytized by cells and accumulated inside the acidic envi-
ronment of the lysosome. Bafilomycin A1 is a strong inhibitor
of the vacuolar type H+-ATPase, which can change the acidic
environment inside the lysosome [18]. To confirm this hy-
pothesis, we used ICP-MS and EDX analyses to establish
whether bafilomycin A1 can inhibit intracellular corrosion of
CoNPs, by measuring the intracellular soluble Co ion concen-
trations [13], and the insoluble particulate fractions of Co in
RAW264.7 cells, respectively, approximating the total CoNPs
phagocytized in the cells. Our data verified that bafilomycin
A1 could markedly inhibit intracellular corrosion of CoNPs
and had a significant protective effect against CoNP-induced
cytotoxicity. We conjectured that it was the soluble products
released from intracellular corrosion of CoNPs, rather than the
particles themselves, that led to cytotoxicity.

Furthermore, in order to evaluate the protective mechanism
of bafilomycin A1 against CoNP-induced adverse biological
reactions in RAW264.7 cells, we analyzed the ultrastructure of
RAW264.7 cells by TEM and SEM. The SEM investigation
indicated that RAW264.7 cells formed pseudopods when cul-
tured in DMEM medium, but became rounded and did not
spread when co-cultured with CoNPs. These observations

Fig. 5 Effects of bafilomycin A1 on the inhibition of intracellular
solubilization of cobalt nanoparticles (CoNPs) analyzed by ICP-MS.
CoNPs (50 μM) were phagocytized by RAW264.7 cells. After 4, 24,
and 48 h of incubation in serum-free DMEM medium (pH 7.2), cell
extracts were tested for levels of Co2+ by inductively coupled plasma-
mass spectrometry (ICP-MS). All data were expressed as mean ± SD of
three independent experiments performed in triplicate. A linear trend
between the Co2+ release levels and the exposure time was observed.
*p < 0.05 compared to CoNPs group; ◊p < 0.05 compared to 4 h;
#p < 0.05 compared to 24 h; ∇p < 0.05 compared to 8 nM bafilomycin
A1 group
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were in line with those of Jin et al. [28], who reported that
L929 cells became round and shrank when co-cultured with
TiO2 nanoparticles. When pre-incubated with different con-
centrations of bafilomycin A1, the RAW264.7 cells dose de-
pendently redeveloped pseudopods, their morphology recov-
ered, and they again became able to spread. Taken together,
these results indicated that CoNPs prevented cell proliferation
and adhesion.

A recent study showed a 50- to 100-fold increased up-
take of CoNPs compared with Co2+ [29]. CoNPs enter sev-
eral types of cells quickly and easily via the clathrin-
dependent pathway [13, 30]. Nanoparticles could easily
be phagocytized and accumulate in the lysosomes and un-
dergo intracellular dissolution by the BTrojan-horse^-type
of mechanism, thereby inducing higher toxicity [31–33].
Su et al. [34] reported that ions released from intracellular

nanoparticles created a Bconcentration effect,^ while Xia
et al. [12] proposed that they created an Bion-wave^ and
exhibited much higher cytotoxicity. Our TEM images
showed that, upon internalization, CoNPs were enclosed
in lysosomes and vacuoles in RAW264.7 cells and that
the number of lysosomes and vacuoles markedly increased,
while some cytoplasmic organelles disappeared, upon ex-
posure of the cells to the nanoparticles. Bafilomycin A1 can
prevent a drop in pH within lysosomes, which significantly
reduced the cobalt intracellular corrosion of CoNPs [13,
18], and reduce the BTrojan-horse^-type of release of large
amounts of ions from CoNPs. TEM images showed that,
when pre-incubated with bafilomycin A1, the TEM images
showed the number of lysosomes and vacuoles decreased
in a dose-dependent effect of bafilomycin A1, and cyto-
plasmic organelles reappeared.

Fig. 6. Effects of bafilomycin A1 on the inhibition of intracellular
solubilization of cobalt nanoparticles (CoNPs) analyzed by EDX.
CoNPs (50 μM) were phagocytized by RAW264.7 cells. After 24 h of
incubation in serum-free DMEM medium and isolation of cell extracts,

the obtained pellets were analyzed by an energy dispersive spectrometer
(EDX) assay. a Normal control group; b CoNPs-treated group; c
CoNPs + 8 nM bafilomycin A1 group; d CoNPs + 16 nM bafilomycin
A1 group
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Recent studies suggested that periprosthetic Co–Cr wear
particles stimulated macrophage infiltration and phagocytosis,
and the release of pro-inflammatory cytokines (TNF-α, IL-
1β, IL-6, etc.) [35–40]. TNF-α, IL-1β, and IL-6 are known
to promote the differentiation of precursor cells into mature

osteoclasts, and are related to osteolysis [15, 41–45]. Consid-
ering that inhibition of intracellular corrosion of CoNPs by
bafilomycin A1 could decrease the CoNP-induced cytotoxic-
ity in RAW264.7 cells, we propose that bafilomycin A1 may
have had protective effects against CoNP-induced aseptic

Fig. 7 Effects of bafilomycin A1
on the cell morphology of
RAW264.7 cells. Cells were
treated with cobalt nanoparticles
(CoNPs; 50 μM). a–d scanning
electron microscopy (SEM)
micrograph; e–h transmission
electron microscopy (TEM)
micrograph; a, e Normal control
group; b, f CoNPs-treated group;
c, g CoNPs + 8 nM bafilomycin
A1 group; d, h CoNPs + 16 nM
bafilomycin A1 group; f, g, h the
blue arrows indicate the CoNPs
inside lysosomes and red arrows
indicate the CoNPs inside
vacuoles
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Fig. 8 Effects of bafilomycin A1 on pro-inflammatory cytokines and
anti-inflammatory cytokines expression in cells in response to exposure
to cobalt nanoparticles (CoNPs). TNF-α (a), IL-1β (b), IL-6 (c), TGF-β
(d), and IL-10 (e) levels in the supernatants of tissue cultured cells after
24 h of incubation, as evaluated by ELISA. The results are shown as the

mean ± SD of three independent experiments performed in triplicate.
*p < 0.05 compared to control group; ◊p < 0.05 compared to CoNPs
(20 μM)-treated group; #p < 0.05 compared to 8 nM bafilomycin A1
group
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inflammation in RAW264.7 cells and could inhibit osteolysis.
Up to 10 % of people with metal prostheses were found to
have bone loss and implant loosening before 10 years of use
[17, 46–49]; an innate macrophage inflammatory response to
implant wear and corrosion products may be the primary
cause of this phenomenon [17]. Given the toxicity of 50 μM
CoNPs (IC50) and the reduced numbers of RAW264.7 cells
available to secrete these cytokines[10], we chose to use a
subtoxic concentration of CoNPs (20 μM)when wemeasured
the release of pro-inflammatory cytokines in these cells. To
our knowledge, this is the first report verifying that
bafilomycin A1 could markedly inhibit the CoNP-induced
inflammatory response and reduce the levels of the pro-
inflammatory cytokines TNF-α, IL-1β, and IL-6 in a dose-

dependent manner. Just as Shin [50] reported that wild panax
ginseng and red-mold rice extracts induced IL-1α, IL-1β, IL-
6, and TNF-α mRNA expression, but had no effect on IL-10
and TGF-β; in our study, the levels of TGF-β and IL-10
showed no obvious changes either co-cultured with subtoxic
concentration of CoNPs or treated with bafilomycin A1; and
further research work should be done in the future.

The exact mechanisms by which cytotoxicity and aseptic
inflammation are induced by CoNPs in vitro and in vivo re-
main unclear. Recent studies have found that nanoparticles
induced toxicity through oxidative stress and inflammation
by generating ROS in cells [3, 31]. Nanoparticles could in-
duce intracellular oxidative stress by disturbing the balance
between the oxidant and antioxidant processes [51, 52], but
Liu et al. [53] proved that different nanoscale particles of
similar sizes showed differences in toxicity, which could be
attributed to their chemical compositions and shape. Further
recent studies [54–56] proved that nanoscale ceramic mate-
rials were bioactive in cells and were less toxic than alloy
nanoparticles. Park et al. [31] confirmed that adverse reactions
were related to the physicochemical properties of nanoparti-
cles. The characteristic of CoNPs that they could be easily
dissolved in the low pH inside the lysosome most likely
played a key role in inducing oxidative stress and inflamma-
tion. To verify that it was the Co2+ released from CoNPs
during intracellular corrosion that induced oxidative stress,
the effects on non-enzymatic and enzymatic antioxidant de-
fense systems were monitored. In our study, T-GSH, T-SOD,
CAT, and GPx levels of RAW264.7 cells were found to be
significantly decreased after 24 h incubation with 20 μM
CoNPs. These results were in line with those of Niska et al.
[57], who reported that CuO nanoparticles can impair the an-
tioxidant defense and decreased the levels of GSH, SOD,
GST, or GPx in the mouse hippocampal HT22 cell line. When
pre-incubated with different concentrations of bafilomycin
A1, the activities of T-GSH, T-SOD, CAT, and GPx were
restored in a dose-dependent manner. The inhibition of intra-
cellular solubilization of CoNPs and the consequent reduction
in Co2+ released inside cells by bafilomycin A1 may play an

Table 1 Effects of bafilomycin A1 on the intracellular concentration of T-GSH/GSSG levels and antioxidant enzyme activities in RAW264.7 cells
treated with cobalt nanoparticles (CoNPs; 20 μM)

T-GSH GSSG GSH/GSSG T-SOD GPx CAT
(μM/mg protein) (U/mg protein)

Control 20.16 ± 2.02 6.56 ± 0.98 3.27 ± 1.01 113.46 ± 11.02 79.56 ± 3.98 96.57 ± 10.01

CoNPs 9.42 ± 1.27* 14.27 ± 1.51* 0.66 ± 0.52* 45.42 ± 5.17* 37.27 ± 6.21* 27.98 ± 4.52*

Plus 8 nM bafilomycin 13.18 ± 1.4◊ 13.29 ± 1.21◊ 0.99 ± 0.07◊ 78.13 ± 9.45◊ 42.59 ± 3.20◊ 56.07 ± 5.39◊

Plus 16 nM bafilomycin 18.83 ± 2.14# 8.02 ± 0.89# 2.35 ± 0.86# 109.03 ± 10.25# 76.12 ± 4.76# 89.73 ± 9.82#

All data were expressed as mean ± SD of three independent experiments performed in triplicate

GSHglutathione, GSSG oxidized glutathione, SOD superoxide dismutase, CAT catalase, GPx glutathione peroxidase
* p < 0.05 compared to control group; ◊ p < 0.05 compared to CoNPs (20 μM)-treated group; # p < 0.05 compared to 8 nM bafilomycin A1 group

Fig. 9 Effects of bafilomycin A1 on pAKT, and cleaved caspase-3 ex-
pression in cells in response to cobalt nanoparticle (CoNP) exposure.
Cells were pre-incubated for 4 h in the presence of different concentra-
tions of bafilomycin A1 (0, 8, and 16 nM), and subsequently, the cells
were exposed to 50 μMCoNPs or vehicle for 24 h. The treated cells were
subjected to Western blot analysis with anti-pAKT, anti-AKT, and anti-
caspase-3 antibody. β-actin levels demonstrate similar loading
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important role in downregulating oxidative stress in
RAW264.7 cells. Hence, it is likely that the Co2+ released
from the intracellular corrosion of CoNPs, rather than the par-
ticles themselves, that lead to intracellular oxidative stress.
Previous studies [58] showed that Co may downregulate Akt
phosphorylation, and we hypothesized that the PI3K/Akt
pathway may play a crucial role in the anti-apoptotic effect
of bafilomycin A1 on CoNP-induced apoptosis. The levels of
phosphorylated AKT and cleaved caspase-3 were examined
by Western blot and showed that bafilomycin A1 triggered a
rapid activation of Akt, which then initiated downstream sig-
naling events including inhibiting apoptosis induced by
CoNP.

There are several limitations of this study and several areas
of further research could be identified. Although we mini-
mized air contact time of cobalt nanoparticles to prevent oxi-
dation reaction, but the formation of cobalt oxide nanoparti-
cles may be inevitable [59]. Further research to evaluate if the
heat-treatment would affect the outcome of such studies will
be required in the future.

In conclusion, this study indicated that bafilomycin A1
could attenuate CoNP-induced toxicity and inflammation in
RAW264.7 cells. The mechanisms are likely attributable to
the inhibition of intracellular solubilization of CoNPs by
bafilomycin A1, and the decreased Co2+ released inside cells
plays a critical role in downregulation of oxidative stress
inRAW264.7 cells.
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