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†

Because of the complex plasma reactions and chemical 

structure of polymers, it is difficult to construct nitrogen 

functionalities controllably by plasma technology to attain the 

desirable biological outcome and hence, the effects of them on 

bone cells are sometimes ambiguous and even contradictory.  

In this study, argon plasma treatment is utilized to convert 

complex molecular chains into a pyrolytic carbon structure 

which possesses excellent cytocompatibility. The pyrolytic 

carbon then serves as a platform to prepare the designed 

nitrogen functionalities by nitrogen and hydrogen plasma 

immersion ion implantation. Primary, secondary, and tertiary 

amine groups can be produced selectively thus minimizing the 

chemical complexity and creation of multiple types of nitrogen 

functional groups that are often obtained by other fabrication 

methods. As a result of the excellent control of the nitrogen 

functionalities rendered by this plasma technique, the effects 

of individual nitrogen functionalities on the cytocompatibility 

and upregulation of bone marrow-derived mesenchymal stem 

cells (BMSCs) osteogenesis can be investigated systematically.  

The tertiary amine functionalities exhibit the optimal 

efficiency pertaining to the modulation of biological response, 

enhancement of osteogenesis related genes/protein expression, 

and calcification of the contacted BMSCs. Our results 

demonstrate that simple plasma technology can be 

conveniently employed to create the desirable nitrogen 

functionalities on orthopedic polymers to facilitate 

osseointegration and mitigate foreign body reactions. 

Introduction 

Page 1 of 9 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal of Materials Chemistry B COMMUNICATION 

This journal is ©  The Royal Society of Chemistry 2014 Journal of Materials Chemistry B , 2014, 00, 1-8 | 2 

Materials and methods 

Preparation of nitrogen functionality 

Surface physicochemical characterization 

Bone marrow-derived mesenchymal stem cells culture 

Cell cycle and apoptosis analysis 

Quantitative real time-polymerase chain reaction 

The quantitative real time-polymerase chain reactions

(R) 5’-

GCAACACTAGAAGACAGCGG-3’. GAPDH: (F) 5’-

GGCACAGTCAAGGCTGAGAATG-3’, (R) 5’- 

ATGGTGGTGAAGACGCCAGTA-3.

Western blot analysis of osteogenic proteins 

TOF-SIMS analysis for cellular calcification 
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Statistical analyses 

Results 

Formation and identification of nitrogen functionalities 

 
Fig. 1 (a) Raman spectra and (b) ATR-FTIR spectra of PE, PAr, PArN, PArNH, and 

PArNH2.  

†

≡

≡ ≡

 
Fig. 2 Deconvoluted XPS spectra of PE, PAr, PArN, PArNH, and PArNH2: (a) C1s and 

(b) N1s. 
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Fig. 3 TOF-SIMS positive spectra of PE, PArN, PArNH, and PArNH2. 

Table 1 Relative change of the featured fragment peaks on the TOF-SIMS 

positive spectra. 

 m/z PE PArN PArNH PArNH2 

C1 
15 CH3 CH3/NH CH3/NH↑ CH3/NH 
27 C2H3 C2H3/CHN↑ C2H3/CHN↑ C2H3/CHN↑ 

28 C2H4 C2H4/CH2N↓ C2H4/CH2N↓ C2H4/CH2N↓ 

C2 
29 C2H5 C2H5/CH3N C2H5/ CH3N↑ C2H5/CH3N↑ 
41 C3H5 C3H5↓ C3H5/C2H3N↑ C3H5/C2H3N↑ 

C3 43 C3H7 C3H7 /C2H5N C3H7/C2H5N↑ C3H7/C2H5N↑ 

C4 55 C4H7 C4H7 /C3H5N C4H7 /C3H5N↑ C4H7 /C3H5N↑ 

Notes: “↑” and “↓” indicate the increase and decrease of the featured 

fragments, respectively. 

Surface morphology 

 
Fig. 4 AFM surface morphological images of PE, PArN, PArNH, and PArNH2. 

Effects of nitrogen functionalities on cell apoptosis and cycle 

 
Fig. 5 Analysis of cell apoptosis and cycle of BMSCs cultured on blank, PE, PArN, 

PArNH and PArNH2 at day 1 and 3: (a) Cell apoptosis and (b) Cell cycle.  The 

figures show the cell state of a representative of three repetitive experiments and 

10,000 cells are analyzed. 

†

Cellular inflammatory effects of nitrogen functionalities 
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Fig. 6 TNFa expression of BMSCs on blank, PE, PArN, PArNH, and PArNH2 at day 3, 

relative to GAPDH expression, and normalized to TNFa expression on Blank. 

Asterisk (*) and (**) denote statistical significance compared to the blank (p < 0.05 

and p < 0.01) 

Osteogenesis capability of nitrogen functionalities 

 
Fig. 7 Effects of nitrogen functionalities on osteogenesis related genes/protein 

expressions of BMSCs: (a) Expression levels of osteogenic markers at day 3 by 

quantitative real time-polymerase chain reaction, relative to GAPDH expression 

and normalized to expressions by cells cultured on the blank. (b) Runx-2 and OCN 

protein products of cells cultured at day 7 by western blot analysis, relative to β-

actin.  (**) and (##) denote statistical significance compared with blank and 

PArNH2, respectively (p < 0.01). 

 
Fig. 8 Effects of nitrogen functionalities on calcification of BMSCs and TOF-SIMS 

images of BMSCs after culturing on Blank, PE, PArN, PArNH, and PArNH2 for 7 days.  

The inserted curves are high-resolution spectra of Ca and C5H9 ions.  The field of 

view is 200 μm × 200 μm. 
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Discussion 

 
Fig. 9 Effects of tertiary amine on BMSCs osteogenesis: (a) runx-2 gene, (b) OCN 

gene, (c) BMP-2 gene, and (d) Ca level normalized to C5H9. 
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Tertiary amine constructed controllably by plasma technology possesses the 

optimal capability to promote BMSCs osteogenesis. 
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