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Abstract

Titanium-nitride (TiN) coating is used to improve cobalt-chromium-molybdenum 

(CoCrMo) implant survival in total knee arthroplasty, but its effect on osteoconduction 

is unknown. Chromium and cobalt ions negatively affect the growth and metabolism of 

cultured osteoblasts while enhancing osteoclastogenic cytokine production. Therefore it was 

hypothesized that a TiN-surface would enhance osteoblast proliferation and/or differentiation 

and reduce osteoclastogenic cytokine production compared with a CoCrMo-surface. 

MC3T3-E1 osteoblasts showed increased proliferation and decreased differentiation on TiN, 

while cytokine IL-6 production was higher on porous CoCrMo (p<0.05), though IL-1  was 

occasionally detected on both surfaces. These !ndings suggest improved osteoconduction on 

TiN compared with CoCrMo-surface.

Keywords: MC3T3-E1 osteoblasts, Titanium-nitride, Cobalt-Chromium-Molybdenum, 

Proliferation, Differentiation, Cytokine production
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Introduction

Osteoarthritis of the knee is a common cause of pain and disability. In severe cases, total knee 

arthroplasty is recommended to relieve pain and disability with high rate of success [1, 2]. 

However, failure of such surgery may result in postoperative pain, poor function, and occasionally 

revision surgery [3-5]. The mechanisms underlying failure include wear of the polyethylene 

insert, aseptic loosening, instability, and infection [3, 5]. Early failure, i.e. revision surgery within 

2 years, is mainly due to infection, instability, and loosening [5]. Early loosening has been shown 

to be associated with uncemented rather than cemented total knee arthroplasty [4, 5].

In total knee arthroplasty, the femoral and tibial prosthesis’ components can be !xated by 

polymethyl-methacrylate (PMMA or cement) between bone and the components (cemented total 

knee arthroplasty), or by bone ingrowth into the porous surface of the components (uncemented 

total knee arthroplasty). Bone ingrowth starts with osteoconduction, i.e. bone growth on a surface, 

leading to osseointegration, and direct anchorage of the implant [6]. Long-term durability of 

cemented total knee arthroplasty is questionable, due to signs of osteolytic activity at the cement-

bone interface [7]. Uncemented total knee arthroplasty was designed to improve the longevity 

of implants in younger patients with osteoarthritis [8]. However the rate of aseptic loosening in 

uncemented total knee arthroplasty with need for revision is higher than in cemented total knee 

arthroplasty [1, 4].

Cobalt, chromium, and molybdenum (CoCrMo) alloy exhibits high wear resistance and is 

therefore used to manufacture the tibial and femoral component of total knee prostheses [9, 

10]. Some implants have a titanium-nitride (TiN) coating of 3-4 µm applied by physical vapor 

deposition [10]. TiN provides the CoCrMo surface with increased hardness, a low coef!cient of 

friction, and higher resistance to adhesive wear compared with CoCrMo, which are favorable 

characteristics for long-term survival of the implant, since it prevents the potentially harmful 

effects of accumulation of chromium and cobalt ions in the body [10, 11]. Chromium and cobalt 

ions negatively affect growth and metabolism of osteoblastic cells in vitro [12, 13]. These ions also 

enhance the release of interleukin-1  (IL-1 ) and tumor necrosis factor-! (TNF-!) [14]. Cobalt 

ions alone enhance the release of interleukin-6 (IL-6) by human osteoblasts in vitro [14].

Osteoblast-like cells produce the cytokines interleukin-1 (IL-1), IL-6, and TNF-! [15-

19]. In bone remodeling, cytokines IL-1, IL-6, and TNF-! regulate osteoclastogenesis [20]. 

They stimulate osteoclast differentiation in a synergistic fashion with a net increase in receptor 

activator of nuclear factor kappa B ligand (RANKL) activity [20, 21]. Binding of RANK-L to 

RANK stimulates differentiation of osteoclast precursors into mature osteoclasts, and activation 

of osteoclastic bone resorption [20]. Moreover, IL-1, IL-6, and TNF-! cytokines induce osteoclast 

differentiation in an in vitro mouse model for aseptic loosening [22]. 

The aim of the current study was to test whether differences exist in MC3T3-E1 osteoblast 

proliferation, differentiation, and/or cytokine production when these cells are cultured on TiN 
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surface compared with CoCrMo surface. We hypothesized that both smooth and porous TiN 

surface would enhance MC3T3-E1 osteoblast proliferation and/or differentiation and diminish 

the production of cytokines by these cells compared with CoCrMo surface. This could enhance 

osteoconduction and osseointegration, which might lead to a lower rate of early aseptic loosening 

of the implant in vivo.  

Materials and Methods

Materials

Hundred and ninety-two discs composed of CoCrMo alloy (diameter 25.5 mm, height 3.3 

mm) were tested. Ninety-six discs were composed of CoCrMo alloy, of which 48 discs were 

uncoated (smooth CoCrMo discs) and 48 discs were coated with spherical CoCrMo beads (porous 

CoCrMo discs) as used at the bone-implant interface of total knee arthroplasty for bone ingrowth 

(Porocoat®, DePuy-Johnson and Johnson, Warsaw, IN) (Table 1). Ninety-six other discs 

composed of CoCrMo alloy (48 uncoated discs (smooth TiN discs), and 48 discs with a spherical 

beads coating (porous TiN discs)) were coated with a thin TiN layer (~4 µm thickness) applied 

by physical vapor deposition (Implantcast GmbH, Buxtehude, Germany) (Table 1). Polystyrene 

tissue culture plates (Cellstar®, Greiner Bio-One GmbH, Frickenhausen, Germany) were used 

as reference for MC3T3-E1 osteoblast cultures. Prior to utilization, all discs were ultrasonically 

cleaned in soapy water, 70% ethanol, and de-ionized water. The discs were packed in sterilization 

pouches, autoclaved (Prestige Medical, Blackburn, UK) for 22 min at 121°C, and allowed to dry 

overnight at 60°C. The discs tested were scanned using a scanning electron microscope (SEM, 

Philips XL20, Philips Electronics NV, Eindhoven, the Netherlands). SEM was used to identify 

possible surface differences in samples of the tested materials.

Bone cell culture

MC3T3-E1 osteoblasts were cultured in  -minimum essential medium ( -MEM, Gibco, Paisley, 

UK), supplemented with 10mM ß-glycerophosphate (Sigma-Aldrich, St. Louis, MO, USA), 300 

µg/ml L-glutamine (Sigma-Aldrich), 50 µg/ml ascorbic acid (Merck, Darmstadt, Germany), 

100 U/ml penicillin (Sigma-Aldrich), 50 mg/ml streptomycin (Sigma-Aldrich), 1.25 µg/ml 

fungizone (Gibco), and 10% fetal bovine serum (Hyclone, Logan, UT), in a CO
2
 incubator (Hera 

Cell, Heraeus, Hanau, Germany), at 37°C in a 99% humidity atmosphere and 5% CO
2
 in air. 

After reaching 90-100% con$uency, MC3T3-E1 osteoblasts were trypsinized with 0.25% trypsin 

(Difco Laboratories, Detroit, MI, USA) and 0.1% EDTA (Sigma-Aldrich) in phosphate buffered 

saline (PBS) as described before [23]. 

MC3T3-E1 osteoblasts at passage 16 were seeded at 1x105 cells/disc in 0.5 ml culture medium 

consisting of  -MEM (Gibco) with 10 mM ß-glycerophosphate (Sigma-Aldrich), 300 µg/ml 
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L-glutamine (Sigma-Aldrich), 50 µg/ml ascorbic acid (Merck), 100 U/ml penicillin (Sigma-

Aldrich), 50 mg/ml streptomycin (Sigma-Aldrich), 1.25 µg/ml fungizone (Gibco), and 10% fetal 

bovine serum (Hyclone), to study cell proliferation, differentiation, and cytokine production. 

MC3T3-E1 osteoblasts were placed on top of the discs to allow cell adhesion to the discs for 45 

min in a CO
2
 incubator (Hera Cell), at 37°C in a 99% humidity atmosphere and 5% CO

2
 in air, 

at which time an additional 4.5 ml culture medium/well was added. Control cultures without 

discs were cultured in 2.5 ml of culture medium to reach the same height of medium on the 

MC3T3-E1 osteoblasts during culture on discs. After 1, 2, 4, and 7 days of culture at 37°C and 

5% CO
2
 in air at 99% humidity, medium was collected to measure IL-1 , IL-6, and TNF-!, by 

enzyme linked immuno sorbent assay (ELISA).

Table 1 shows the experimental design of this study indicating the number of porous and 

smooth CoCrMo and TiN discs used in this study for DNA, ALP, IL-1 , IL-6 and TNF-!"analysis 

after 1, 2, 4, or 7 days of MC3T3-E1 osteoblast culture. The cell-containing discs and control cell 

cultures on polystyrene were rinsed with PBS, and adhered cells were lysed with 0.5 ml 0.05% 

Triton® X-100 and stored at -80°C until further analysis. The porous coated discs were put in 

50 ml polyethylene canisters (Greiner Bio-One) and centrifuged at 600 relative centrifugal force 

(rcf) for 1 min to collect the total amount of cell lysate. 

On days 1, 2, 4, and 7, a disc of each material with MC3T3-E1 osteoblasts was used for 

SEM. After rinsing with PBS, MC3T3-E1 osteoblasts were "xed with 4% paraformaldehyde 

(Merck), 1% glutaraldehyde (Merck), and 0.1 M sodium cacodylate (SERVA Electrophoresis 

GmbH, Heidelberg, Germany) in PBS for 30 min. MC3T3-E1 osteoblasts were rinsed with PBS, 

dehydrated in 70, 80, 90, and 96% alcohol, and air-dried. Discs were sputtered with gold using 

a sputter coater (Edwards S150B, Crawley, UK) to visualize cells by SEM.

Proliferation

Adhered MC3T3-E1 osteoblasts were lysed using a cell-lysis buffer as described under bone cell 

culture. Cell lysate was processed according to the protocol of the CyQuant cell proliferation assay 

(Molecular Probes, Carlsbad, CA). The cell proliferation assay measures DNA concentration, 

which is proportionally related to cell number. Fluorescence intensity was measured using a 

#uorescence microplate reader (Wallac 1420 Victor 2, Perkin-Elmer, Boston, MA, USA) with 

excitation at 485 nm and emission detection at 530 nm. A standard curve for #uorescence 

intensity versus DNA concentration in ng/ml was generated.

Differentiation

ALP activity was measured in the cell lysate using p-nitrophenylphosphate (Merck) as a substrate 

at pH 10.3, according to the method described by Bessey et al. [24]. Plates were read at 405 nm. 

ALP activity was expressed as nmol p-nitrophenylphosphate/µg protein. Total cellular protein 

content was measured with a BCA protein assay (Pierce, Rockford, IL). Plates were read at 540-

590 nm. 
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Table 1. Experimental design of this study indicating the number of porous and smooth CoCrMo and TiN discs used in this study for DNA, ALP, IL-1  , 
IL-6 and TNF-! analysis after 1, 2, 4, or 7 days of MC3T3-E1 osteoblast culture.

Total number of discs 

(192)

Smooth CoCrMo discs 

(48)

Porous CoCrMo discs 

(48)

Smooth TiN discs 

(48)

Porous TiN discs 

(48)

Day Day Day Day

1 

(12)

2 

(12)

4 

(12)

7 

(12)

1 

(12)

2 

(12)

4 

(12)

7 

(12)

1 

(12)

2 

(12)

4 

(12)

7 

(12)

1 

(12)

2 

(12)

4 

(12)

7 

(12)

DNA (4) DNA (4) DNA (4) DNA (4) DNA (4) DNA (4) DNA (4) DNA (4) DNA (4) DNA (4) DNA (4) DNA (4) DNA (4) DNA (4) DNA (4) DNA (4)

ALP (4) ALP (4) ALP (4) ALP (4) ALP (4) ALP (4) ALP (4) ALP (4) ALP (4) ALP (4) ALP (4) ALP (4) ALP (4) ALP (4) ALP (4) ALP (4)

IL-1  (4) IL-1  (4) IL-1  (4) IL-1  (4) IL-1  (4) IL-1  (4) IL-1  (4) IL-1  (4) IL-1  (4) IL-1  (4) IL-1  (4) IL-1  (4) IL-1  (4) IL-1  (4) IL-1  (4) IL-1  (4)

IL-6 (4) IL-6 (4) IL-6 (4) IL-6 (4) IL-6 (4) IL-6 (4) IL-6 (4) IL-6 (4) IL-6 (4) IL-6 (4) IL-6 (4) IL-6 (4) IL-6 (4) IL-6 (4) IL-6 (4) IL-6 (4)

TNF-! 

(4)

TNF-! 

(4)

TNF-! 

(4)

TNF-! 

(4)

TNF-! 

(4)

TNF-! 

(4)

TNF-! 

(4)

TNF-! 

(4)

TNF-! 

(4)

TNF-! 

(4)

TNF-! 

(4)

TNF-! 

(4)

TNF-! 

(4)

TNF-! 

(4)

TNF-! 

(4)

TNF-! 

(4)

Number of discs are presented between brackets. CoCrMo, cobalt-chromium-molybdenum; TiN, titanium-nitride; DNA, DNA of MC3T3-E1 osteoblasts 
cultured on discs; ALP, alkaline phosphatase activity of MC3T3-E1 osteoblasts cultured on discs ; IL-1 , interleukin-1  in culture medium of MC3T3-E1 
osteoblasts cultured on discs; ; IL-6, interleukin-6 in culture medium of MC3T3-E1 osteoblasts cultured on discs; TNF-!, tumor necrosis factor-! in culture 
medium of MC3T3-E1 osteoblasts cultured on discs.
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Cytokine production

Cytokines IL-1 , IL-6, and TNF-! were quantitatively determined in culture medium using 

ELISA (Quantikine, R&D Systems, Minneapolis, MN, USA). Cytokine concentrations were 

measured according to the manufacturers’ instructions. The minimum detectable dose was 3.0 

pg/ml for IL-1 , 1.6 pg/ml for IL-6, and 5.1 pg/ml for TNF-!. 

Statistical analysis

Statistical analysis was performed using Kyplot (KyensLab Inc., Tokyo, Japan). Data obtained 

from separate experiments were pooled and expressed as mean ± standard error of the mean. 

Data were analyzed using a paired t-test. Differences were considered statistically signi"cant if 

p<0.050. 

Results

Scanning Electron Microscopy

SEM analysis of CoCrMo discs showed a smooth surface with a spherical pattern due to polishing 

of irregularities (Fig. 1A). TiN discs showed a smooth surface with circular tracks due to the 

production process (Fig. 1B). Porous coated CoCrMo discs showed a multilayered surface of 

smooth, re#ectant beads with a diameter of ~200-250 µm (Fig. 1C). Porous coated TiN discs 

showed a multilayered surface of beads with a diameter of ~300 µm, which were less smooth and 

re#ectant indicating the presence of TiN coating (Fig. 1D). 

On day 1 of culture, MC3T3-E1 osteoblasts were present in similar density and orientation 

on both smooth CoCrMo and TiN surfaces. On day 2, MC3T3-E1 osteoblasts were present in a 

low density and were connected to each other with dendrites on smooth CoCrMo (Fig. 2A). On 

day 4, osteoblast density on smooth CoCrMo seemed to increase (Fig. 2C). On day 2 of culture 

on smooth TiN, MC3T3-E1 osteoblasts aligned with the circular surface pattern (Fig. 2B). On 

day 4, osteoblasts on smooth TiN showed similar density and alignment as on day 2 (Fig. 2D). 

On day 7, osteoblasts on smooth TiN showed increased density with similar alignment compared 

with day 4. Unfortunately, cells were lost on smooth CoCrMo on day 7 and on porous surfaces at 

each time point. 
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Figure 1. Scanning electron microscopy images of discs with A) CoCrMo surface, B) TiN surface, C) Porous 
coated CoCrMo surface, and D) Porous coated TiN surface. Scale bar, 200 µm. Magni"cation, x100. 

Figure 2. Scanning electron microscopy images of MC3T3-E1 osteoblasts on CoCrMo and TiN after 2 and 
4 days of culture. Osteoblasts on: A) CoCrMo, day 2, B) TiN, day 2, C) CoCrMo, day 4, and D) TiN, day 4. 
Scale bar 100 µm. Magni"cation, x250.
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Proliferation

Proliferation of MC3T3-E1 osteoblasts on porous CoCrMo increased from day 1 to 4 (p=0.01), 

but decreased from day 4 to day 7 (p=0.03). Increased proliferation was seen on porous TiN from 

day 1 to 7(p=0.003). Proliferation on porous TiN was higher than on porous CoCrMo on day 2 

(p<0.01) and day 7 (p<0.01) (Fig. 3A, Table 2). 

Proliferation increased on both smooth CoCrMo (p=0.03) and TiN (p=0.005) from day 1 to 

2. Proliferation from day 1 to 7, was 1.6-2.0 fold higher on smooth TiN than on smooth CoCrMo. 

Proliferation was similar on smooth TiN and polystyrene from day 1 to 4 (Fig. 3B, Table 3). 

Figure 3. Proliferation of MC3T3-E1 osteoblasts cultured on smooth or porous CoCrMo and TiN as well 
as polystyrene after 1, 2, 4, and 7 days. A) Porous coated CoCrMo and TiN, and B) Smooth CoCrMo, 
smooth TiN, and polystyrene. Data are mean±SEM. CoCrMo, cobalt-chromium-molybdenum; TiN, 
titanium-nitride. *Signi"cantly different from CoCrMo, p<0.05. #Signi"cantly different from TiN, p<0.05. 
§Difference approaching signi"cance from CoCrMo, p<0.07.
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Table 2. Proliferation, differentiation and IL-6 production of MC3T3-E1 osteoblasts cultured on porous CoCrMo and TiN for 1, 2, 4 or 7 days. 

Porous

DNA (x 103 ng/ml) ALP (nmol/µg) IL-6 (pg/ml)

Day CoCrMo TiN p CoCrMo TiN p CoCrMo TiN p

1 1.29 (0.09) 1.11 (0.10) 0.31 0.21 (0.03) 0.20 (0.03) 0.40 100.1 (19.7) 39.1 (8.7) 0.04

2 1.63 (0.25) 2.74 (0.08) <0.01 0.28 (0.02) 0.24 (0.02) <0.01 74.1 (16.4) 31.9 (5.3) 0.03

4 1.97 (0.23) 2.63 (0.42) 0.07 0.23 (0.02) 0.20 (0.01) 0.16 74.1 (10.8) 18.5 (5.1) <0.01

7 1.45 (0.27) 3.19 (0.37) <0.01 0.17 (0.03) 0.13 (0.02) 0.04 129.0 (31.7) 30.2 (13.3) 0.01
 
Data are presented as mean±SEM. CoCrMo, cobalt-chromium-molybdenum; TiN, titanium-nitride; ALP, alkaline phosphatase; IL-6, interleukin 6.

Table 3. Proliferation, differentiation and IL-6 production of MC3T3-E1 osteoblasts cultured on smooth CoCrMo and TiN for 1, 2, 4 or 7 days. 

Smooth

DNA (x 103 ng/ml) ALP (nmol/µg) IL-6 (pg/ml)

Day CoCrMo TiN p CoCrMo TiN p CoCrMo TiN p

1 1.22 (0.08) 2.12 (0.37) 0.04 0.32 (0.06) 0.35 (0.08) 0.60 189.9 (23.3) 156.0 (32.0) 0.37

2 2.21 (0.36) 3.70 (0.14) <0.01 0.38 (0.02) 0.40 (0.02) 0.46 143.1 (11.3) 208.0 (7.9) <0.01

4 1.89 (0.45) 3.04 (0.35) 0.04 0.33 (0.03) 0.40 (0.03) 0.03 83.7 (13.5) 154.5 (30.3) 0.04

7 1.81 (0.41) 3.62 (0.17) <0.01 0.30 (0.04) 0.23 (0.05) 0.03 175.3 (19.3) 151.0 (39.5) 0.50
 
Data are presented as mean±SEM. CoCrMo, cobalt-chromium-molybdenum; TiN, titanium-nitride; ALP, alkaline phosphatase; IL-6, interleukin 6.



Differences in bone cell proliferation, differentiation and cytokine production on TiN and CoCrMo  |  27

Differentiation

On porous CoCrMo, MC3T3-E1 osteoblasts showed increased ALP activity from day 1 to 2 

(p=0.04), which decreased thereafter (p=0.002). On porous TiN, there was no change in ALP 

activity from day 1 to 2, but it decreased by 1.8 fold from day 2 to 7 (p<0.001). MC3T3-E1 

osteoblasts on porous TiN showed lower ALP activity on day 4 (p<0.01) and 7 (p=0.04) compared 

with porous CoCrMo (Fig. 4A, Table 2). 

On smooth CoCrMo, MC3T3-E1 osteoblasts showed constant ALP activity levels on day 1 to 

7, while on smooth TiN, ALP activity remained constant on day 1 to 4, but decreased thereafter 

by 1.8 fold on day 7 (p=0.04). Only on day 4, MC3T3-E1 osteoblasts on TiN showed higher ALP 

activity compared with CoCrMo (Fig 4B, Table 3).

Figure 4. Alkaline phosphatase activity in MC3T3-E1 osteoblasts cultured on smooth or porous CoCrMo 
or TiN as well as polystyrene after 1, 2, 4, and 7 days. A) Porous coated CoCrMo and TiN, and B) Smooth 
CoCrMo, smooth TiN, and polystyrene. Data are mean±SEM. CoCrMo, cobalt-chromium-molybdenum; 
TiN, titanium-nitride. *Signi"cantly different from CoCrMo, p<0.05. #Signi"cantly different from TiN, 
p<0.05. ¥Difference approaching signi"cance from TiN, p<0.06.
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MC3T3-E1 osteoblasts showed higher ALP activity on smooth CoCrMo on day 1 to 7 and on 

smooth TiN on day 1 to 4 (p<0.02) as compared with polystyrene. On day 7, ALP activity was 

marginally higher on smooth TiN compared with polystyrene (p=0.06) (Fig. 4B).

Both porous and smooth CoCrMo and TiN showed an increase in ALP activity on day 1 to 

2 which decreased thereafter, except for smooth TiN where ALP activity decreased after day 4 

(Fig. 4). 

Cytokine production

On smooth CoCrMo and TiN, the cytokine IL-1  was detected in medium of 3 out of 4 cultures 

on day 1. From day 2 to 7, IL-1  was detected in medium of 1 out of 4 cultures on smooth 

CoCrMo on day 4, and on smooth TiN on day 2 (Table 4). IL-1  was only detected in 1 out of 4 

cultures on polystyrene on day 2 (Table 4). TNF-! was not detected in any culture.

On porous CoCrMo, IL-1  was detected in medium of 2 out of 4 cultures on day 1, and in 1 

out of 4 cultures on day 7 (Table 4). On porous TiN, the cytokine IL-1  was detected in medium 

of 1 out of 4 cultures on day 1 and 2, and in 2 out of 4 cultures on day 7 (Table 4).

IL-6 production by MC3T3-E1 osteoblasts cultured on porous CoCrMo and TiN remained 

constant from day 1 to 7, but was higher on porous CoCrMo compared with porous TiN (p<0.05) 

(Fig. 5A, Table 2). 

IL-6 production by MC3T3-E1 osteoblasts on smooth CoCrMo !rst decreased from day 1 to 

4 (p=0.01), but increased thereafter (p=0.02). MC3T3-E1 osteoblasts on smooth TiN showed 

constant IL-6 production from day 1 to 7. IL-6 production on smooth TiN was higher than on 

smooth CoCrMo on day 2 (p<0.01) and day 4 (p=0.04) (Fig. 5B, Table 3). IL-6 production by 

osteoblasts expressed per amount of DNA did not show a difference between smooth TiN and 

CoCrMo (data not shown). Compared with polystyrene, IL-6 production was lower on day 1 to 7 

by cells grown on smooth CoCrMo and TiN (p<0.001) (Fig. 5B).

In summary, higher MC3T3-E1 osteoblast proliferation on day 2 and 7, lower differentiation 

on day 2 and 7, and lower IL-6 production was found on porous TiN compared with porous 

CoCrMo (Table 2). On smooth surfaces, higher proliferation, similar differentiation, and similar 

IL-6 production by MC3T3-E1 osteoblasts on TiN compared with CoCrMo was found (Table 

3). Increased proliferation, differentiation, and IL-6 production was found on smooth surfaces 

compared with porous surfaces. 
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Table 4. Cytokine Il-1  production by MC3T3-E1 osteoblasts cultured on porous and smooth CoCrMo and TiN surfaces and polystyrene for 1, 2, 4 or 7 days. 

IL-1  (pg/ml)

CoCrMo TiN Polystyrene

Day smooth porous smooth porous

1 3.1 - 2.0 1.1 - - 2.4 3.4 1.6 - 7.6 4.8 2.0 - - - - - - -

2 - - - - - - - - 6.8 - - - 0.3 - - - 3.4 - - -

4 - - - 4.6 - - - - - - - - - - - - - - - -

7 - - - - - - - 1.2 - - - - - 2.7 - 1.2 - - - -
 
CoCrMo, cobalt-chromium-molybdenum; TiN, titanium-nitride; IL-1 , interleukin-1 . 
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Figure 5. IL-6 production by MC3T3-E1 osteoblasts cultured on smooth or porous CoCrMo and TiN as 
well as polystyrene after 1, 2, 4, and 7 days. A) Porous coated CoCrMo and TiN, and B) Smooth CoCrMo, 
smooth TiN, and polystyrene. Data are mean±SEM. CoCrMo, cobalt-chromium-molybdenum; TiN, 
titanium-nitride. *Signi�cantly different from CoCrMo, p<0.05. #Signi�cantly different from TiN, p<0.05. 

Discussion

Total knee arthroplasty can relieve pain and disability resulting from severe osteoarthritis of 

the knee with a high rate of success [1, 2]. Questions have been raised about the long-term 

durability of cemented �xation in younger patients, leading to the design of uncemented total 

knee arthroplasty to improve implant longevity [7, 8]. The uncemented prosthesis �xates to 

bone by osteoconduction and osseointegration resulting in bone ingrowth into the porous 

implant surface, thereby providing a solid implant �xation [6]. However, uncemented total knee 

arthroplasty shows higher rates of early failure than cemented total knee arthroplasty due to 

aseptic loosening [4, 5]. In an in vitro mouse model for aseptic loosening, cytokines IL-1 , IL-6, 

and TNF-! induce osteoclast differentiation [22]. Additionally, chromium and cobalt ions have 

been shown to diminish osteoblast growth and metabolism [12-14]. Sometimes implants are 

coated with a TiN layer to enhance implant hardness and wear resistance and lower the friction 
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coef�cient of the articular surface, in order to improve long-term implant survival [10]. Whether 

TiN also affects osteoconduction by osteoblasts is unknown. We hypothesized that MC3T3-E1 

osteoblasts on porous or smooth TiN surface show increased proliferation and differentiation, and 

decreased cytokine production compared with osteoblasts on CoCrMo surface. 

The current study reveals that cultured MC3T3-E1 osteoblasts show increased proliferation 

on both porous and smooth TiN compared with CoCrMo. Furthermore, osteoblast proliferation 

on smooth TiN was similar to that on polystyrene, suggesting favorable properties of TiN over 

CoCrMo with regard to cell proliferation. Osteoblast proliferation did not rise exponentially from 

day 4 to day 7, which is unexpected given the rise in proliferation from day 1 to 2 and the lack of 

a rise in differentiation in all groups. It is likely that MC3T3-E1 osteoblasts reached con�uency 

on smooth surfaces which inhibits further proliferation. 

Differentiation of MC3T3-E1 osteoblasts cultured on porous TiN, as indicated by ALP 

activity, was lower compared with porous CoCrMo. ALP activity was decreased on both types of 

surfaces on day 2 to 7. Cultured MC3T3-E1 osteoblasts in the growing state are known to have 

very low ALP enzyme activity, but ALP enzyme activity increases after cells reach con�uency [25]. 

In addition, ALP activity increases signi�cantly with the onset of growth arrest of MC3T3-E1 

osteoblasts [26]. On porous surfaces, MC3T3-E1 osteoblasts likely did not reach growth arrest, 

which could explain the low ALP activity of these cells on both porous surfaces. Compared with 

polystyrene, MC3T3-E1 osteoblasts cultured on smooth TiN and CoCrMo showed higher ALP 

activity, suggesting increased MC3T3-E1 osteoblast differentiation on these implant surfaces. 

In bone, the cytokine IL-6 is mainly produced by osteoblasts and stromal cells [27]. IL-6 

stimulates osteoclast differentiation in a synergistic fashion with TNF-  and IL-1!, which results 

in a net increase of RANKL activity, leading to stimulation of osteoclast precursor differentiation 

in mature osteoclasts [20, 22]. We found that IL-6 production by MC3T3-E1 osteoblasts was 

lower on porous TiN than on porous CoCrMo, which might suggest an inhibitory effect of TiN 

on osteoclastogenesis or an absence of stimulation of osteoclastogenesis by TiN. The cytokines IL-

1, IL-6, and TNF-  synergistically stimulate osteoclast differentiation in vitro, although genetic 

knock out of these cytokines does not alter osteolysis in mice [22]. Therefore, the differences 

found in ALP activity and cytokine production by MC3T3-E1 osteoblasts cultured on the 

TiN and CoCrMo surfaces might not be physiologically relevant and caution is needed when 

extrapolating our conclusions to the in vivo situation.  

IL-6 production was higher on smooth TiN compared with smooth CoCrMo at day 2 and 

4, which contradicts the lower IL-6 production on porous TiN compared with CoCrMo. IL-6 

production was expressed in pg/ng DNA per disc to correct for possible in�uences of differences 

in cell number on IL-6 production. IL-6 production, expressed in pg/ml culture medium as well 

as in pg/ng DNA, was lower on porous TiN compared with porous CoCrMo. In contrast, IL-6 

production expressed in pg/ml culture medium, but not in pg/ng DNA, was higher on day 2 and 

4 on smooth TiN compared with smooth CoCrMo.
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Recently it has been proposed that IL-6 and IL-6 type cytokines have a dual role, i.e. besides 

their stimulatory effect on bone resorption they also exert a positive effect on bone formation 

[28, 29]. The stimulatory effect of IL-6 type cytokines on bone formation has been suggested 

to depend on the differentiation stage of osteoblasts [30]. IL-6-type cytokines would stimulate 

the early stages of osteogenic differentiation of precursor cells, but prevent further stimulation 

of more mature cells [30]. Since MC3T3-E1 osteoblasts are rather mature cells, high IL-6 levels 

would prevent these cells from further proliferation and differentiation. 

The cytokines TNF-  and IL-1! play an important role in osteoclastogenesis in a synergistic 

fashion with IL-6 [20]. In addition, cytokines TNF-  and IL-1! are upregulated in aseptic 

loosening in vivo [31-33]. IL-1! was only detected in medium of a few MC3T3-E1 osteoblast 

cultures on porous and smooth CoCrMo and TiN surfaces, while TNF-  was not detected, 

indicating that IL-1! and TNF-  production by osteoblasts on these surfaces is limited, and 

unlikely to lead to dramatic changes in osteoclastic bone resorption.

SEM showed differences between the smooth CoCrMo discs (DePuy-Johnson and Johnson) 

and smooth TiN discs (Implantcast) provided by the two manufacturers. The smooth CoCrMo 

surface was metallurgically polished whereas the smooth TiN surface showed a circular pattern 

with approximately 100 µm distance between the tracks. On day 2 and 4, the MC3T3-E1 

osteoblasts aligned the circular pattern of the smooth TiN surface. Topographic features with 

dimensions approximating the cell size have been reported to have strong effects on cell guidance 

and shape regulation [34]. A comparative study on microgrooved hydroxyapatite and titanium 

did reveal a difference in shape regulation, but not contact guidance of osteoblast-like cells 

[34]. This suggests that the surface chemistry affects osteoblast behavior [34]. Since our SEM 

images of the porous material surfaces suggest similar topography, and because proliferation, 

differentiation, and cytokine production were similar to "ndings on smooth surfaces, we suggest 

that the observed differences in proliferation, differentiation and cytokine production on smooth 

surfaces were due to surface chemistry.

Kubies et al. [35] reported on human osteoblast proliferation and the expression of TNF-  

and bone alkaline phosphatase amongst other tissue mediators by these cells after culture on 

commercially available implant materials such as titanium and titanium-aluminum-vanadium 

alloy with various surface treatments, CoCrMo alloy, zirconium-oxide ceramics, stainless steel, 

polyethylene and carbon/carbon composite. After four days of culture, the number of proliferating 

cells was determined and polished CoCrMo was amongst the least suitable surfaces for osteoblast 

culture [35]. Our results showed higher proliferation on smooth TiN than on CoCrMo. This 

suggests that a TiN coating makes a CoCrMo surface more suitable for osteoblast culture.

We cultured MC3T3-E1 osteoblasts on TiN and CoCrMo surfaces as used in total knee 

arthroplasty and found differences in proliferation, differentiation and cytokine production. Bone 

formation around the implant, is dependent on biophysical stimuli and soft-tissue formation 

[36]. Osteoblasts arrive in a later stage of interface tissue formation [36], but for osseointegration, 
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osteoblast proliferation and differentiation along the implant surface is needed. Therefore, our 

results on in vitro proliferation, differentiation and cytokine production of osteoblasts on implant 

surfaces might have implications in vivo.  

In conclusion, MC3T3-E1 osteoblasts cultured on porous or smooth TiN surfaces showed 

similar differentiation but increased proliferation compared with CoCrMo surfaces. IL-6 

production by osteoblasts on TiN surfaces was decreased on porous surfaces and similar on 

smooth surfaces. The clinical implications of these !ndings might be decreased bone resorption 

and enhanced osteoconduction leading to improved osseointegration. Further research on 

osteoconduction and clinical research on osseointegration may reveal a lower risk of early aseptic 

loosening of TiN coated implants as compared with CoCrMo implants.
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