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Background: Release of metallic wear particles from hip replacement implants is closely 
associated with aseptic loosening that affects the functionality and survivorship of the 
prostheses. Chromium oxide nanoparticles (CrNPs) are the dominant form of the wear 
particles found in the periprosthetic tissues. Whether CrNPs play a role in the clinically 
observed particle-induced osteolysis, tissue inflammatory reactions and functional activities 
of human mesenchymal stem cells (MSCs) remain unknown.
Methods: A tibia-defect rat model, cytotoxicity assays and flow cytometry were applied to 
study the effect of CrNPs on MSCs survival and macrophage inflammatory response. Also, 
oscillatory fluid flow stimulation was used to analyse the osteogenic differentiation of MSCs 
while treated by CrNPs. In addition, the influence of CrNPs on MSC biomechanical proper-
ties was determined via atomic force microscope (AFM) and fluorescence microscopy.
Results: It was found that implantation of CrNPs significantly decreased bone formation 
in vivo. CrNPs had no obvious effects on inflammatory cytokines release of U937 macro-
phages. Additionally, CrNPs did not interfere with MSCs osteogenic differentiation under 
static culture. However, the upregulated osteogenic differentiation of MSCs due to fluid flow 
stimulation was reduced by CrNPs in a dose-dependent manner. Moreover, osteogenic gene 
expression of OPN, Cox2 and Rnux2 after mechanical stimulation was also decreased by 
CrNPs treatments. Furthermore, cell elasticity and adhesion force of MSCs were affected by 
CrNPs over 3 days of exposure. We further verified that these effects of CrNPs could be 
associated with its interruption on cell mechanical properties.
Conclusion: The results demonstrated that CrNPs impaired cellular response to mechanical 
stimulus and osteogenesis without noticeable effects on the survival of the human MSCs.
Keywords: chromium nanoparticle, human mesenchymal stem cells, osteogenesis, 
mechanical stimulation, cytoskeleton

Introduction
Total hip replacement is the most effective treatment for patients with end-stage hip 
diseases, which has acquired incremental popularity and the cases of procedures have 
continued to grow.1 However, with the increasing number of primary THA (total hip 
arthroplasty) operations performed, there is, on the other hand, a concomitant rise in the 
cases of hip revision required.2 Revision surgery is mainly scheduled for the patients 
with progressive pain or implant loosening. Release of the CoCr (cobalt and chromium) 
metallic wear particles and ions both from the bearing surfaces and the modular taper 
junction of the hip replacement implant are recognized to play a critical role in initiating 
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periprosthetic tissue reactions that affect the functionality 
and survivorship of the prostheses.3–6

MoM (Metal-on-Metal) hips have been reported to pro-
duce a huge quantity of nanoparticles. Metallic wear parti-
culates from CoCr implants have been analysed directly in 
the surrounding periprosthetic tissues with the chemical 
analysis have shown that chromium oxide particles were 
the predominant constituent.7 For example, Campbell has 
reported that nearly 50% of the particles in the peripros-
thetic tissues were CoCr alloy particulates and the other half 
were mainly Cr oxide particles.8 Xia et al analysed tissue 
biopsies harvested from patients undergoing MoM revision 
and reported that Cr particles were the main elements found 
in the tissues.9 In addition, wear and corrosion debris gen-
erated from the non-articulating surface, like taper junctions 
of MoM and MoP (Metal-on-Polyethylene) implants are 
also primarily Cr phosphate or oxide products,5,10 which 
is suggested to be caused by the rapid dissolution of Co 
content, thereby resulting in oxidized Cr particles of low 
solubility present in the tissue environment.

The effects of Co2+ or Cr3+ ions on immune cell apop-
tosis and cytokine/chemokine release have been profoundly 
documented.11–15 On the other hand, numerous in vitro and 
in vivo studies have investigated the biological effects of 
CoCr particles on macrophage and osteoblast, whereas 
there is limited knowledge about the effects of nanometre- 
size chromium oxide particles. In a study by VanOs et al, the 
results show that Cr2O3 nanoparticles overall have rather 
minimal toxic effects on human macrophages in terms of 
cytokine release and they are cytotoxic only at rather high 
concentrations.16 Therefore, it seems that CrNPs were not 
the key player for the adverse tissue reaction and bone 
lesions around MoM prostheses. However, it remains 
unknown whether CrNPs had any detrimental effect on 
bone formation in vivo and bone-forming cells.

Osteogenesis by mesenchymal stromal cells (MSCs) is 
vital for normal bone healing and successful osseointegra-
tion of implants. It is now clear that MSCs play an indis-
pensable role in wear particles-related aseptic implant 
loosening.17 MSCs play a crucial role in bone regeneration 
by regulating osteoblast formation via many micro- 
environmental signals.18 The MSC-to-osteoblast differen-
tiation dependents on bio-chemical cues19 such as soluble 
mediators including Wnt, bone morphogenetic protein 
(BMP) and fibroblast growth factors (FGFs) that actively 
support osteogenesis.20 On the other hand, MSCs are also 
found to experience mechanical stimuli that includes shear 
stress or oscillatory fluid flow to encourage cell 

proliferation and differentiation.21 Therefore, it is of great 
interest and implication to understand whether wear parti-
cles, especially CrNPs, had a direct bio-mechanical effect 
on the MSCs. Hence, the effect of CrNPs on bone formation 
in vivo was investigated in this study. Also, its influence on 
cell survival, bio-mechanical cues-induced osteogenesis of 
MSCs and underlying mechanism was examined.

Materials and Methods
Human U937 Macrophage and MSCs 
Culture and Preparation
U937 cell line (donation from Dr. Akihisa Mitani, Imperial 
College London, UK; cells were authenticated by STR pro-
file and approved by institutional research ethics committee 
of Xinhua Hospital, School of Medicine, Shanghai Jiao 
Tong University) were cultured in RPMI 1640 medium 
(Sigma Aldrich) with 10% FBS, 1.9 mM L-glutamine, 96 
U/mL penicillin and 96 μg/mL streptomycin in a humid 
incubator with 5% CO2 at 37°C. To induce its differentiation 
into macrophage-like cells, U937 cells were treated with 
PMA (50 ng/mL, Sigma Aldrich) for 2 days and rest for 
another 24h in RPMI 1640 medium prior to experiments.

Human MSCs were isolated from bone marrow aspi-
rate (ALLCELLS, Lot No: BM2893). The cells were 
grown in α-MEM (Gibco, Thermo Fisher Scientific, UK) 
supplemented with 10% foetal calf serum (FCS, Sigma), 
amphotericin B (0.625 μg/mL, Sigma), 100 IU/mL peni-
cillin, 100 μg/mL streptomycin (Sigma) and L-ascorbic 
acid 2-phosphate solution (50 mg/mL, Sigma, UK). The 
cells were maintained at 37°C in a humidified atmosphere 
containing 5% CO2. Cells between passages 2 and 4 were 
used for experiments. For osteogenic differentiation, cell 
culture medium was also supplemented with dexametha-
sone (0.3 nM) and β-Glycerolphosphate (10 mM), which 
support osteogenesis while allowing greater scope to study 
the effect of fluid flow stimulation on MSC osteogenic 
differentiation when treated by CrNPs.

Preparation of Chromium Nanoparticles
CrNPs from American Elements (Los Angeles, CA, USA) 
were in the form of chromium oxide (Cr2O3) nanoparti-
cles. The diameter of the particles ranges from 10 to 30 nm 
according to the manufacturer data. The CrNPs were 
cleaned in 100% ethanol for sterilisation followed by 
resuspension in sterile DI water at a concentration of 
1 mg/mL prior to experiment.
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Transmission Electron Microscopy (TEM)
CrNPs were prepared by dispersing in sodium acetate buffer 
at a concentration of 1 g/L followed by sonication. The 
suspensions were then pipetted onto 400-square mesh car-
bon-coated TEM grids. The solvent was allowed to evapo-
rate at ambient laboratory conditions for 20 min before 
imaging. TEM images were recorded in bright field mode. 
The specimens were imaged with an electron microscope 
(H7600; Hitachi, Tokyo, Japan) operating at 100 kV.

Particle Characterization
Hydrodynamic diameter of the CrNPs (10 μg/mL) was 
measured via dynamic light scattering (DLS) in ɑ-MEM 
cell culture medium using a Malvern Zetasizer (Malvern, 
UK) at a temperature of 25°C.

In vivo Osteogenesis Animal Model
All animal procedures were performed in accordance with 
the guidelines for the care and use of laboratory animals 
approved by Xinhua Hospital, School of Medicine, 
Shanghai Jiao Tong University (XHEC-NSFC-2019-194) 
and the ethical review board of Xinhua Hospital, School of 
Medicine. The chromium nanoparticles were sterilized 
before grafting into 6-weeks-old female SD rats at the tibia 
defects site. Six animals were used for each group. A liner 
skin incision in the proximal tibia was made to expose the 
proximal tibia shaft. A 2.5 mm-diameter anterior cortical 
defect perpendicular to the shaft axis was then made using 
surgical drill. 50 μL of PBS with or without CrNPs (0.1 mg) 
was placed into the defect sites according to group alloca-
tion. The rats were sacrificed at 4 weeks after operation.

μCT Analysis
Embedded specimens were scanned by μCT (SkyScan 1172; 
Bruker-micro-CT, Kontich, Belgium). The scanned images 
were reconstructed by image analysis software (CT- 
analyzer; Skyscan). The Bone mineral density (BMD) and 

total bone volume (BV)/total tissue volume (TV) were mea-
sured to analyse the bone regeneration in the defect sites.

Histological Staining
The harvested samples were first decalcified in 10% ethy-
lene diaminetetraacetic acid (EDTA) and dehydrated in 
a graded ethanol prior to embedding in paraffin. Then, 
longitudinal serial sections of 5 mm were cut and mounted 
on microscope slides. Each sample was stained with hae-
matoxylin and eosin staining (H&E).

Cytokine Profiling
Cytokines released in the cell culture media were measured 
with Proteome Profiler Human Cytokine Array Kit (R&D 
system, USA). This assay is capable of detecting a panel of 
36 chemokines as shown in Table 1. The array membranes 
were first immersed with conditioned media followed by 3 
washes. After incubation with first and secondary conju-
gated antibodies, the sample was then exposed to HRP 
substrate for half an hour. The intensity of the reaction was 
quantified and analysed as previously reported.22

Cell Viability Test
Proliferation of MSCs was examined by CellTiter 96® Cell 
Proliferation Assay (MTS assay, Promega). MSCs at 
5×104 cells/well were seeded and treated for 3 days with 
5–50 µg/mL of CrNPs. Following exposures, cell culture 
supernatants were harvested and analysed as previously 
depicted.22 Five replicates of each exposure were tested 
with the assay repeated in three separate experiments.

Fluorescence-Activated Cell Sorting 
(FACS) Analysis
Apoptosis of MSCs was determined via FACS utilising 
a FITC Annexin V Apoptosis Detection Kit with PI 
(Biolegend, UK) as mentioned in our previous study.22

Table 1 Cytokines Detected with the Proteome Profiler Human Cytokine Array

C5a IL-4 CCL4 ICAM-1 IL-32 alpha IL-13

G-CSF IL-6 CXCL12 IL-1 alpha CXCL11 IL-17

CXCL1 IL-10 TNF-alpha IL-1ra MIF IL-23

CCL1 IL-12 p70 TREM-1 IL-2 CCL3 IL-27

CD40 ligand IL-5 CCL5 IFN-gamma CXCL10 IL-16

GM-CSF IL-8 Serpin E1 IL-1 beta MCP-1 IL-17E
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Atomic Force Microscopy (AFM)
The mechanical properties of MSCs treated by CrNPs was 
measured with Atomic force microscopy (AFM). JPK 
NanoWizard 4 system with an inverted microscope (Axio 
Observer Z1, Zeiss) was utilized for the experiment.23

Oscillatory Fluid Flow Mechanical 
Stimulation
Oscillatory fluid flow was achieved by using the Flexcell 
Streamer parallel plate flow chamber system Flexcell 
Streamer System (FX4000, Flexcell International, USA) as 
illustrated.24 The apparatus was placed in an incubator for the 
duration of the experimental maintained at 37°C under 5% 
CO2. The cells were seeded on the type I collagen-coated glass 
slides (Flexcell, USA) for 24 h prior to experiment. To deter-
mine the influence of CrNPs on osteogenic responses and 
osteogenic lineage commitment of MSCs, the flow regimes 
applied in this research comprise no flow control samples, 
short- and long-term stimulation with or without CrNPs treat-
ment. The MSCs were exposed to a 4 h of short-term stimula-
tion or a long-term fluid shear on Days 3, 4, 6, 7 for 4 h a day 
followed by an additional 7 days of static culture. The flow 
regime consisted of a fluid shear of magnitude at 1 Pa and with 
a frequency of oscillation of 1 Hz as depicted in the results 
section. No flow control slides were also loaded into flow 
chambers, while fluid flow was not applied.

Quantitative Real-Time PCR
After oscillatory fluid flow mechanical stimulation, RNA 
sample from lysed MSCs was transcribed into cDNA using 
High Capacity cDNA kit (Life Technologies) according to 
manufacture protocol. Quantitative polymerase chain reaction 
was conducted using SYBR Select Master mix (Thermo 
Fisher, UK). The expression of 18S (18S ribosomal RNA), 
Cox2 (Cyclooxygenase-2), OPN (osteopontin) and Runx2 
(Runt-related transcription factor 2) was quantified using pri-
mers detailed in Table 2 (Sigma, UK). ABI7500 Fast Real 
Time PCR machine was used for the amplification. Sample 
was normalized to reference gene 18S.

Osteogenic Assays
For ALP staining, the samples were first fixed for 30 min with 
95% cold ethanol followed by three washes in PBS. 
A leukocyte alkaline phosphatase kit (Sigma-Aldrich, UK) 
was used and ALP-positive cells were stained blue. ALP 
activity measurement. ALP activity was also determined 
using an ALP assay kit (Abcam, US) according to the 

manufacturer’s instructions. Briefly, cells were washed with 
ice-cold PBS, lysed with 0.5% Triton X-100, and centrifuged. 
ALP assay was performed in alkaline buffer solution (1.5 M, 
pH 10.3) containing 10mM p-nitrophenyl phosphate as 
a substrate. Following the addition of the stop solution, the 
optical density was measured in a microplate reader at 405nm. 
ALP activity was normalized with the value of DNA content.

Immunofluorescence Staining and 
Microscopy
The cells were fixed and permeabilized as previously 
depicted.25 Vinculin, the adhesion protein, was labelled with 
mouse monoclonal anti-vinculin primary antibody (1:200, 
Sigma, USA) and conjugated anti-Mouse IgG Secondary 
Antibody (1:1000, Invitrogen, USA). To label the F-actin 
structure, the samples were stained with phalloidin 
(Molecular Probes, USA) with cell nuclei visualized by incu-
bation with l DAPI (5 μg/m, Dojindo, USA). Slides were then 
imaged with a fluorescence microscope (SP5, Leica, 
Germany) with x63 objective.

Data Analysis and Statistics
All data were expressed as the mean + SEM of at least 
three independent experiments. The statistical differences 
between groups were analysed with Student’s t-test (SPSS 
Inc., Chicago, IL, USA). A value of p < 0.05 was con-
sidered statistically significant.

Results
Particle Characterizations
The morphology of the CrNPs used in this study was 
observed using TEM. Most of the nanoparticles were 
polygonal with some of them were spherical and fused 
into large agglomerates (Figure 1A). The CrNPs have 
a pristine size of 10–30 nm in diameter according to 
manufacturer data. Representative data of CrNPs size dis-
tribution measured by Zetasizer in intensity is shown in 
Figure 1B. The hydrodynamic size of CrNPs was affected 
by exposure to serum-contained culture medium, which 
agglomerated in the medium with main peak around 320 
nm (average: 267.7 nm). The commercially available 
CrNPs used in this study are clinically relevant. The char-
acteristics of CrNPs are consistent with the size, morphol-
ogy, and chemical composition of metal particles collected 
from the tissues around MoM hips in vivo26,27 and the 
particles generated by hip simulators in vitro by previous 
studies.28,29
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Effect of CrNPs on Osteogenesis in vivo
To investigate the role of CrNPs in aseptic osteolysis, 
the effect of CrNPs on osteogenesis in vivo was ana-
lysed via a tibia-defect animal model (Figure 2A). The 
concentration of the CrNPs used in this study was based 
on previous in vivo researches,30 which ranges from less 
than 1mg/animal to as high as 30 mg/animal and we 
applied a relatively moderate dose of CrNPs. 
Histological evaluation was performed by H&E staining 
on the bone defect sites of proximal tibia 4 weeks after 
implantation of CrNPs. The morphology and bone tra-
becular tended to be distinct between control group and 
CrNPs-treated group. Cross-section staining of the 
defect site (Arrows, Figure 2B and C) revealed higher 
amounts of newly formed bone and more mature trabe-
cular bone in the control rat (Figure 2B) compared with 
the CrNPs-treated counterpart (Figure 2C). The defect of 
the tibia from the control mice was almost filled with 
newly formed cortical bone (Figure 2B), which repre-
sented a normal bone healing process. μCT images of 
different views and 3D reconstruction (Figure 2D and E) 
were used to further image and quantify new bone 
formation at week 4 after tibia defect surgery with 
(Figure 2E) or without particle implantation 
(Figure 2D). Trabecular numbers, bone mineral density 
(BMD) and total bone volume (BV)/total tissue volume 
(TV) were used as parameters for quantitative analysis. 
Four weeks after surgery, both indicators of bone for-
mation in the CrNPs group were significantly lower than 
in the control group as shown (Figure 2F–H), which 
suggested the detrimental effects of CrNPs on bone 
regeneration in vivo.

Effect of CrNPs on Inflammatory 
Response of Macrophages
The cellular response to metal wear particles involves var-
ious cell types including immune cells and bone-forming 
cells. It has been well established that CoCrMo wear particles 
initiate an immune response inducing osteolysis and aseptic 
loosening of the implant.3,11 To investigate whether the 
adverse effects of CrNPs on bone regeneration in vivo was 
resulted from local tissue inflammation, its effect on the 
inflammatory response of macrophages was analysed via 
a cytokine array. The representative images of the cytokine 
profile of U937 macrophages cultured with or without CrNPs 
for 72h are shown in Figure 3A and B. 5–50 μg/mL of CrNPs 
used in the tests had no cytotoxic effect on U937 macro-
phages according to our previous results.25 According to the 
results (Figure 3C), no statistically significant difference of 
the cytokines detectable in the cell culture medium between 
control and treated cells could be found. Additionally, CrNPs 
did not stimulate the release of IL1-β (interleukin 1 beta), 
IFN-γ (interferon-gamma) and IL-6 (interleukin 6), which 
were found to be important mediators of aseptic implant 
loosening and osteolysis.31 Therefore, it seems that the 
decreased bone regeneration in vivo after CrNPs implanta-
tion was not due to the local inflammatory response of 
macrophages exposed to the particles.

Effect of CrNPs on Human MSCs 
Apoptosis and Proliferation
MSCs are the critical for maintaining osseous tissue integ-
rity. Accumulating evidence revealed that wear particles 
significantly impair MSC-to-osteoblast differentiation and 

Figure 1 Characterization of the NPs and intracellular distribution. (A) TEM images of CrNPs. Scale bar indicate 100 nm. (B) Intensity–density size distribution of CrNPs in 
complete cell culture medium measured by Zetasizer.
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reduce new bone formation. To determine whether the 
decreased bone regeneration in vivo (Figure 2) was related 
to the reduction of MSCs viability or osteogenic events 
due to the cytotoxic effects of CrNPs, the apoptosis rate of 
MSCs was analysed via Annexin V-FITC/PI assay with 
FACS after 24h of exposure. 50 μM of CCCP (Carbonyl 
cyanide 3-chlorophenylhydrazone) was used an apoptosis 
inducer. As shown in Figure 4A–F, after 24 h of treatment, 
the amount of the percentages of apoptotic cells between 
untreated and treated cells with 5–50 μg of CrNPs was not 
statistically different, which indicated that CrNPs had 
minimal impact on MSCs viability. Further, the prolifera-
tion of MSCs in the presence of CrNPs was assessed 
during 3 days of culture, which was investigated using 
a CellTiter MTS cell proliferation assay. According to 
the results, CrNPs at concentrations ranging from 5 to 50 
µg had no statistically significant effects on human MSC 
proliferation over 72h of treatment (Figure 4G–I), which is 
consistent with previous reported results by other 
researchers.16 In the following experiments, we continued 
to investigate the effects of CrNPs on cell activities by 
using these concentrations of particles.

Effect of CrNPs on Human MSCs 
Osteogenic Lineage Commitment
Dysfunctions of MSC lineage commitment have been 
related to osteoporosis and many other metabolic bone 
diseases.18 To further unravel the mechanism of the detri-
mental effects of CrNPs on osteogenesis, human MSCs 
were exposed to CrNPs under 2 weeks of static culture or 
with oscillatory fluid flow stimulation as shown in 
Figure 5A, which mimic the physical stimuli loaded on 

MSCs in the bone marrow cavity in vivo. MSCs were 
stained for alkaline phosphatase (ALP) and ALP activity 
was measured to assess osteogenic differentiation after 2 
weeks of treatment. As indicated in Figure 5B and C, the 
results showed that CrNPs ranging from 5–50 μg has 
minimal effects on MSCs osteogenesis under static cul-
ture. It could also be noted that fluid flow stimulation 
markedly enhanced ALP expression and activity for 
untreated MSCs after 2 weeks of culture upon mechanical 
stimulation (Figure 5D and E). However, this stimulating 
effect was reduced by CrNPs in a dose-dependent manner 
(Figure 5E). ALP quantitation analysis showed that the 
osteogenic differentiation of MSCs exposed to fluid flow 
was decreased by approximately 40% with 5 μg of CrNPs 
treatment and the enhanced osteogenic differentiation was 
not found when the cells were exposed to 20 μg and 50 μg 
of CrNPs (Figure 5E). We further investigated whether 
CrNPs affect early osteogenic gene expression under 
fluid shear by measuring OPN, Cox2 and Runx2 mRNA 
expression after treatment. It was evident that osteogenic 
gene expression in MSCs was significantly increased in 
response to fluid flow when compared to the control (static 
culture condition). After 2h of shear stress at a magnitude 
of 2Pa, the mRNA expression of OPN, Cox2 and Runx2 
was notably upregulated (Figure 5F–H). While the upre-
gulation of osteogenic gene expression could be inhibited 
with the addition of CrNPs. The reduction was most nota-
ble for the cell exposed to the highest amount of CrNPs. 
Therefore, although CrNPs have no apparent effect on 
human MSCs osteogenic differentiation under static con-
dition, osteogenesis was greatly affected by CrNPs when 
the cells were cultured under fluid flow stimulation, which 
indicated that CrNPs had a negative influence on MSCs 
response to mechanical stimulus thereby inhibiting its 
osteogenic differentiation under fluid flow.

Effect of CrNPs on Human MSCs 
Mechanical Properties and Cytoskeleton
It has been shown that osteogenic differentiation of human 
MSCs under mechanical stimulus is mediated by cytoskeletal 
arrangement.32,33 Therefore, we hypothesized that mechan-
ical properties and cytoskeleton integrity of the MSCs could 
be influenced by CrNPs. Mechanical property alteration of 
MSCs subjected to CrNPs was monitored using AFM over 3 
days of treatments. Cells were exposed to CrNPs over 3 days 
at different concentrations ranging from 5 to 50 μg/mL. For 
cells exposed to 20 or 50 μg/mL of CrNPs (Figure 6A), 

Table 2 Sequence for the Primers

Gene Sequence

18S 5ʹ-GTAACCCGTTGAACCCCATT-3’

3ʹ-CCATCCAATCGGTAGTAGVG-5’

Cox2 5ʹ-ACTCATAGGAGAGACTATCAAG-3’

3ʹ-GAGTGTGTTGAATTCAGAGG-5’

OPN 5ʹ-GGATGAATCTGACGAATCTC-3’

3ʹ-GCATCAGGATACTGTTATC-5’

Rnux2 5ʹ-AACCCACGAATGCACTATCCA-3

3ʹ-CGGACATACCGAGGGACATG-5’
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Figure 2 (A) Illustration of the in vivo osteogenesis animal model. Representative haematoxylin and eosin-stained histological morphology of the harvested tibia and cortical 
bone defects for control (B) and treated rat (C). Arrows indicate defected sites. Scale bar indicate 1 mm. Different planes of μCT and 3D reconstruction images of the tibia 
for control (D) and treated rat (E). Dotted circles indicate defected sites. (F–H) Trabecular numbers, Bone mineral density (BMD) and bone volume (BV)/ tissue volume 
(TV) of new bone formation in the defect areas after 4 weeks (Bars represent mean + SEM; unpaired t-test, n = 6 per group; *p < 0.05).
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a reduction in cell elasticity was identified after one day of 
exposure compared to MSCs that were not treated by any 
particles. The elasticity of MSCs not exposed to nanoparti-
cles was about 3.4 kPa and decreased to about 2.0 kPa after 2 
days and approximately 1.5 kPa after 3 days of treatment 
with 50 μg/mL of CrNPs (Figure 6B and C). In addition, 
another important mechanical property of the cells investi-
gated was the adhesion force of the MSCs pre- and post- 
exposure to CrNPs. After 2 days of exposure to 50 µg/mL of 
CrNPs, MSCs exhibited much smaller adhesion forces com-
pared with untreated cells (Figure 6E and F). CrNPs gener-
ally did not cause significant variation in the adhesion forces 
of MSCs for exposure up to 3 days at concentration lower 
than 50 µg/mL. However, there was a general decrease in the 
mean adhesion force when the cells were exposed to incre-
mental amount of CrNPs. Moreover, immunofluorescent 
staining demonstrated the differences in F-actin expression 
of the cells treated by CrNPs (50 μg/mL), in which the 
F-actin structures were more scattered and less aligned com-
pared with untreated cells (Figure 6G). To further verify the 
associations between Cr-mediated cell mechanics alteration 
and osteogenic response, we applied Cytochalasin B (2 μM) 
to disrupt F-actin structure and PF562271 (5 μM), 
a reversible inhibitor of focal adhesion kinase (FAK) that 
regulate the generation of cell adhesive forces to investigate 
their effects on cellular change under fluid flow. It is obvious 
that both Cytochalasin B and PF562271 induced marked 
cytoskeleton alteration, in which MSCs become less spread 
and spherical when treated by PF562271 for 24h (Figure 6G) 

or lost filamentous cytoplasmic and membrane-actin struc-
tures when exposed to Cytochalasin B for 3h (Figure 6G). 
We then investigated the influence of these treatments on 
MSCs osteogenic gene expression under fluid shear. It was 
apparent that OPN, Cox2 and Runx2 mRNA expression in 
MSCs was significantly downregulated when treated by 
Cytochalasin B and PF562271 before exposure to mechan-
ical stimulus (Figure 6H and I-J). Cytochalasin B caused 
a dramatic change F-actin structures of MSCs and led to 
a complete inhibition of fluid flow-induced osteogenic 
response. In a word, our results indicated that the effects of 
CrNPs on flow-induced osteogenic differentiation could be 
associated with its interruption on cell mechanics, especially 
on cytoskeleton properties and cell adhesion force 
generation.

Discussion
Chromium oxide particles in the nanometer-size range are 
the predominant form of particles produced by MoM 
implants. However, the biological reactions to the CrNPs 
have not been examined specifically. MSCs serve as the 
key cells that play a critical role in mechanosensing and 
bone remodelling.34 However, little is known about the 
impact of clinically relevant CrNPs exposure on this cell 
population. Here, we unravelled that exposure to CrNPs 
was detrimental to osteogenesis and MSCs physiology. 
The impaired capacity of new bone formation due to 
CrNPs exposure was first verified by a one-month 
in vivo tibia defect animal model (Figure 2).

Figure 3 (A) Representative images of the stained membrane detecting cytokines released into the cell culture medium from different treatment groups. (B) list of 
detectable cytokines shown in (A). (C) Signal intensity of measurable cytokines from (A) showing mean ± SEM. Data was from 3 independent experiments; unpaired 
Student’s t-test.
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The response to CrNPs in vivo involves various different 
cell types. We first investigated the inflammatory reactions of 
macrophages exposed to CrNPs via a cytokine array, the results 
showed that CrNPs had no obvious effect on the release of 
inflammatory mediators from U937 macrophages. Further, cell 
apoptosis and metabolism experiments were applied to 

investigate whether the decreased osteogenesis was caused 
by the cytotoxicity of CrNPs on human MSCs, which plays 
a critical role in bone regeneration and osteolysis. According to 
the results, cell proliferation and viability was not significantly 
different between control and treated cells over 72h of expo-
sure to CrNPs, which is consistent with previous reports that 

Figure 4 (A–E) Representative results of apoptosis of human MSCs exposed to CrNPs assessed by Annexin V-FITC/PI assay via FACS. (F) Quantification of apoptotic cells 
from different treatments. (G–I) The effect of CrNPs on human MSCs proliferation capacity grown in tissue culture plates. Data represents mean + SEM from 3 independent 
experiments with 5 replicates for each condition. unpaired Student’s t-test. ***p < 0.001.
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demonstrated a minimal cytotoxic effect of Cr3+ and Cr2O3 

particles even at high concentrations.16 Studies investigating 
the biological response to metal particles produced by MoM 
implants have focused predominantly on the effects of CoCr 
particles. Most of these studies have reported obvious 
decreases in cell viability and increased cell apoptosis due to 
cobalt element.11,35 This study demonstrates that chromium 
oxide particles have minimal toxic effects on human MSCs.

Although MSCs survival was not affected by the CrNPs, 
they are sensitive to these metal debris under mechanical 
stimulus. We showed for the first time that the mechanical 
properties of MSCs, including cell elasticity and adhesion 
forces, were affected in the presence of CrNPs, which could 
contribute to the impaired osteogenesis capacity of MSCs 
in vitro and in vivo. To investigate the effects of CrNPs on 

human MSCs osteogenesis, the cells were first exposed to 
CrNPs under static culture for 2 weeks. The results showed 
that CrNPs ranging from 5 to 50 μg had minimal effects on 
MSCs osteogenesis (Figure 5B) measured by ALP activities 
and staining. Mechanical loading plays an indispensable role 
in maintaining the architecture and function in skeleton 
system.36 Skeletal loading from weight-bearing activities 
could produces interstitial fluid flow in the intramedullary 
cavity and within the cortices on cells resident in the 
tissue.37,38 Progenitor cells, such as MSCs that could differ-
entiate into osteoblasts, serve as a natural source of functional 
osteoblasts during mechanical loading.19 It has been well 
established that mechanical stimulation promotes osteogenic 
lineage commitment of MSCs, which leads to enhanced bone 
formation.32,39 In vitro research have shown that mechanical 

Figure 5 (A) Oscillatory fluid flow experimental timelines. MSCs were subjected to 3 separated regimens to study the effect of CrNPs on MSCs osteogenesis in vitro. 
Osteogenic differentiation of the MSCs under static and fluid-flow culture was visualized by ALP staining (B and D) and the ALP activities were quantified in (C and E). 
Undifferentiated MSCs (ALP negative) are colourless or faintly bluish, while MSC-derived osteoblasts (ALP positive) are dark blue-violet. Effect of CrNPs on early mRNA 
expression of osteogenic genes OPN (F), Cox2 (G) and Runx2 (H) under fluid flow. Bars represent mean + SEM; Statistically significant differences are indicated relative to 
untreated cells or control cells (untreated and under no-flow condition) based on unpaired t-test, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6 (A–C) Results of cell elasticity of MSCs exposed to 5–50 µg/mL of CrNPs assessed by AFM. (D–F) Results of cell adhesion force of MSCs exposed to CrNPs. 
Data represents mean +SEM from 3 independent experiments; n=30, unpaired Student’s t-test. **indicated p< 0.01 and ***indicated p< 0.001. (G) Immunofluorescent 
staining of the F-actin and vinculin from untreated MSCs and cells exposed to 50 µg/mL of CrNPs, Cytochalasin B (2μM) and PF562271 (5μM). Effect of CrNPs, Cytochalasin 
B and PF562271 on early mRNA expression of osteogenic genes OPN (H), Cox2 (I) and Runx2 (J) under fluid flow. Bars represent mean + SEM; Statistically significant 
differences are indicated relative to control (under no-flow condition) based on unpaired t-test, **Indicated p< 0.01 and ***p < 0.001.
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loading on MSCs upregulates transcription of genes that lead 
to enhanced osteogenesis, which includes osteoblast differ-
entiation and bone matrix protein production.33,40 It was 
showed in this study that osteogenesis of MSCs was mark-
edly reduced due to CrNPs treatment after 2 weeks of culture 
under fluid flow (Figure 5D). Further, fluid flow-induced 
transcriptional upregulation of OPN and Cox2 that is asso-
ciated with osteogenesis in MSCs was also significantly 
reduced by CrNPs treatment in a dose-dependent manner 
(Figure 5F and G).

It has been found that mechanical cues are vital for MSC 
differentiation and bone formation.41,42 On the other hand, 
the mechanical behaviour of cells is mainly controlled by 
their structural integrity and the organization of actin filament 
cytoskeleton.43 Therefore, we applied AFM nanoindentation 
to investigate the mechanical responses of MSCs to CrNPs. It 
has been documented that the mechanical properties of the 
cell have a critical role in determining the fate of the cell and 
affect a series of cell functions.44,45 For example, MSCs 
could undergo neurogenic lineage differentiation on softer 
matrix whereas develop myogenic and osteogenic pheno-
types on stiffer matrices.46 In general, MSCs displaced 
a reduction in cell elasticity and adhesion force as the con-
centration of CrNPs increased over 3 days of treatment 
(Figure 6). The effects were most prominent after the cells 
were exposed to the particles for 72h. Cytoskeletal remodel-
ling or disruption has been suggested as a likely cause of the 
alteration in cell elastic properties and functions. This 
hypothesis supports our results showing that CrNPs induced 
structural responses via disruption of actin cytoskeleton with-
out fatal cell damage (Figure 6G). The elastic modulus of 
cells is of critical implication as it has been suggested that 
changes to cellular stiffness are associated with many patho-
logical alteration or disorders.47,48 Even though CrNPs may 
not directly influence cell proliferation and viability, they 
induced structural changes and affected mechanical sensing 
of the cells. By disrupting cellular F-actin integrity and 
inhibiting focal adhesion kinase (FAK) that affect the cell 
adhesive forces with Cytochalasin B and PF562271 
(Figure 6G), which showed detrimental influence on fluid 
flow-induced osteogenic differentiation of MSCs 
(Figure 6H–J), we further revealed that the effects of 
CrNPs on in vivo osteogenesis and flow-induced osteogenic 
differentiation of MSCs could be closely associated with its 
interruption on cell mechanical properties.

A great number of metal joint replacement devices are 
implanted in patients and the demand for such procedures 
is fuelled by the aging population. However, the biological 

response to these wear debris originated from the devices 
is yet to be determined.

Conclusion
Our results demonstrated that CrNPs impaired cellular 
response to mechanical stimulus and osteogenesis 
in vitro and in vivo without noticeable effects on the 
metabolic activity of the cells. These detrimental effects 
could be associated with changes in the mechanical prop-
erties (cell elasticity and adhesive forces) and structural 
integrity of cytoskeleton. This study unravels an important 
effect of CrNPs released from orthopaedics implant, which 
adds to the current understanding of interactions of 
mesenchymal stem cells with metallic nanoparticles.
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