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The surfaces of the spin-coated polystyrene (PS) on glass were modified by carbon negative-ion implantation with 
various ion doses from lxl 014 

- 3xl 016 ions/cm2 at various ion energies from 5 - 20 ke V through a pattering mask slits 
of 50-Jlm width to investigate the neurite outgrowth properties. After 2-day in vitro culture of the nerve-like cells of 
rat adrenal pheochromocytoma (PC12h) on the C-implanted PS films, as well as on type-I collagen-coated dish as a 
reference, with the serum medium, the culture medium were changed to the serum free medium with a 50-nglml 
nerve growth factor (NGF) and the cells were cultured for observation of the differentiation in cell body and the 
neurite outgrowth. After 2-day culture in the serum free medium with NGF, results show that the neurite lengths on 
the surface of the PS implanted with armmd 2-3 (xl 015

) ions/cm2
, corresponding to the optimum decreasing of contact 

angle, can be comparable to that of the surfaces of coated by type-I collagen. 
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1. INTRODUCTION 
The negative ion implantation technique has been 

used to modify the surface of polymeric material for 
improved-attachment of nerve cells on the surface [ 1-6] 
because of the advantage of charge-up free [7-9]. As 
previous our work, the improved-attachment of cells on 
the polymeric surfaces modified by the carbon negative 
ion implantation is related to the modified physical 
surface property such as the hydrophilicity [3-4], and the 
contact angle of pure de-ionized water (DIW) is used to 
evaluate this surface property. The low contact angle 
corresponds to the high hydrophilic surface and to high 
possible attachment of cells. The dependences on the 
dose and energy implantation, on the circumstance and 
on the measuring time of contact angle in DIW were 
reported [3]. The researches related to the differentiation 
in nerve-like cells of rat adrenal pheochromocytoma 
(PC12h) such as nerve regeneration on the C-implanted 
polymeric surface [5] and neurite outgrowth on the 
Ag-implantation polymeric surface have been carried 
out [10]. However, the direct neurite-outgrowth work 
has not been investigated. 

In this paper, the neurite outgrowth properties of 
nerve cell attached on the spin-coated polystyrene films 
modified by the carbon negative-ion implantation are 
studied. 

2. EXPERIMENT 
Spin-coated polystyrene films on glass (7% of 

polystyrene in toluene, PS Nacalai Tesque Inc., Japan) 
were implanted by carbon negative ions for surface 
modification. Carbon negative ions produced in a 
cesium sputter-type heavy negative-ion source, a neutral 
and ionized alkali metal bombardment-type negative ion 
source (NIABNIS) [11, 12], were mass-separated and 
transported to an implantation chamber. The carbon 
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negative-ion beam of 11.28 mm in diameter was 
implanted to the films at various ion energies from 5 to 
20 keVand various doses from 0.1, 0.3, 0.7, 1, 2, 3, 5, 7, 
10 and 30 (x 1015

) ions/cm2 with a current density less 
than 400 nA/cm2 under residual gas pressures less than 6 
x 104 Pa. The polystyrene films were implanted through 
a pattering mask of many slit apertures 50-!lm width and 
70-J.lm spacing, and each C-implanted sample was then 
fixed with a 35-mm dish (Non-treated polystyrene dish, 
Coming). After 2-day dry all fixed dishes were sterilized 
by 70% ethanol, rinsed three times with the sterilized 
DIW and rinsed once with the phosphate buffered saline 
(PBS) before cell culture. Nerve-like cells of PC12h 
with 3.7x105 cells/m! were cultured on the sample dishes 
in Dulbecco's modified Eagle's medium (DMEM, 
Nissui, Japan) containing 5% heat-inactivated horse 
serum (HS, Biomedicals, USA) and 5% fetal bovine 
serum (FBS, Bio-Wittker, USA), sodium hydrogen 
carbonate (1.8 mg/ml, Wako, Japan) with antibiotic of 
penicillin G and streptomycin for 2 days under 5% C02 

at 37°C in incubator, as well as on type-I 
collagen-coated dish as a reference. Then, the culture 
medium was substituted by the serum-free medium with 
a 50 ng/ml of the nerve growth factor (NGF) to promote 
the differentiation of the cells. The cells were cultured a 
further 2 days as the same previous condition and their 
neurite outgrowth properties on the modified surfaces 
were observed by phase contrast microscope (CK2, 
Olympus). 

3. RESULTS AND DISCUSSION 
3.1 Dose-implantation dependence of neurite outgrowth 

Some phase contrast micrographs of PC12h cells 
cultured with NGF for 2 days on the C-implanted 
polystyrene films at 10 keV with lxl014

, 3x101
\ lxl015

, 

3xl015
, lx1016 and 3xl016 ions/cm2 are shown in Fig. 1. 
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(e) C/PS (10 keV, lxl016 ions/cm2
) (f) C/PS (10 keV, 3x1011;ions/cm2

) 

Fig. 1. Phase contrast micrograph of PC12h cells with their neurite after 2-day NGF-supplemented culture on the 
C-implanted fihns at 10 keV as a function of ion dose at: (a) lx1014

, (b) 3xl014, (c) lx1015, (d) 3x1015
, (e) lx1016 

and (f) 3x1016 ions/cm2
• 

Figure 1 shows that the numbers and the length of 
neurite outgrowth increase as increase in the ion doses. 
At low dose such as lx1014 and 3xl014 ions/cm2 (Figs. 
l(a) and l(b)), small amount of cells with a group of 
floating cells weakly attached on the implanted surface, 
where is the narrow region between dotted lines, and a 
few cells differentiated their body and extended the long 
neurite length. Neurite outgrowth on the surface 
implanted at the medium dose such as lx1015 and 3xl015 

ions/cm2 are shown in Figs. l(c) and l(d), respectively. 
The cells and their neurite outgrowth attached only on 
the implanted surface, where is the dark narrow stripe. 
No observation of abnormal cell bodies was found. 
However, at high dose as shown in Fig. l(e) for lxl016 

ions/cm2 and Fig. l(f) for 3x1016 ions/cm2
, some cell 

bodies look different from that of PC12h cells on the 
reference dish (see Fig. 3(c)), and some cells with their 
extended neurite were observed on both implanted and 
unimplanted regions. As previous work, the optimum 
contact angle is obtained at 3xl015 ions/cm2 [6], and 
from cell culture on all dose-implanted surfaces at I 0 
keV the best condition for neurite outgrowth of all 
energy implantation should be at this dose. All present 
results showed that the dose of about 3 (xi015

) ions/cm2 

for 5-20 keV is the best condition for the 

neurite-outgrowth property. 

3.2 Energy-implantation dependence of neurite outgrowth 
Phase contrast micrographs of the PC12h cells with 

their neurite outgrowth on the C-implanted films with 
3xl 015 ions/cm2 as the function of energy at 5-20 ke V 
are shown in Fig. 2. 

No significant differences in the neurite outgrowth on 
the C-implanted films with 3xl015 ions/cm2 at 5-20 keV 
were seen. A lot of PC12h cells also differentiated and 
extended their neurite only on the implanted region. The 
neurite extension on the implanted region stopped at the 
edge of implanted region. No neurite on the unimplanted 
surface were found. 

As the results of PC12h cells cultured on the 
polystyrene films implanted with 10 ke V at low dose, 
merely number of cells still attached on the implanted 
surface after changed the culture medium before the 
NGF supplement. Unfortunately, at the same low dose 
with other energies after changed the medium, all cells 
detached from the surface because of their weakly 
attachment Then, there is no result from the neurite 
outgrowth of PC12h cells on the C-implanted 
polystyrene at low dose such as lxl014 and 3xl014 

ions/cm2
• 

ions/cm2
) (b) C/PS (15 ke V, 3xl 015 ions/cm2

) 

Fig. 2. Phase contrast micrograph of PC12h cells with their neurite after 2-day NGF-supplemented culture on the 
C-implanted films at 3xl015 ions/cm2 as a function of ion energy at: (a) 5, (b) 15, and (c) 20 keV. 
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Fig. 3. Phase contrast micrograph of PC12h cells with their neurite after 2-day NGF-supplemented culture on the 
C-implanted films at high dose 3x1016 ions/cm2 as a function of ion energy at: (a) 5, (b) 20 keV and (c) on the 
reference dish. 

While culture results of PC12h cells on the 
polystyrene films implanted with 10 keV at high dose 
such as lxl016 and 3xl016 ions/cm2 does not show the 
good results for neurite outgrowth. Also, at the same 
high dose implantation with other energies, a number of 
PC12h cells attached, differentiated and extended the 
neurite on the C-implanted region. However, some cells 
attached, differentiated and extended their neurite on the 
implanted regions. Moreover, some cell bodies look 
different from that of PC 12h cells on the reference dish. 
The cells are abnormal in shape with a large size. The 
abnormal in area attachment and neurite outgrowth of 
PC12h cells on the C-implanted polystyrene films at 
3x1016 ions/crr1 with low and high energy such as 5 and 
20 keV are shown in Figs. 3(a) and 3(b), respectively. 

Attached cells with their neurite outgrowth on the 
unimplanted surface, as well as the abnormal cells 
increased with the energy of implantation. 

3.3 Neurite length extension 
The average and the maximum neurite length of 

PC12h cells cultured on the C-implanted polystyrene at 
various ion doses and energies are shown in Figs. 4 and 5. 

120 

100 

e 
..:!: 80 
.s::. 
0, 
i 60 

s 
'§ 40 

Cl) 
z 

20 

Ref. dish 
·-o·-------------··-------·····*·-x·····--·---·-····-

xij 
A 

X~ ~~~ • lj 8x Cl A Cl •x 
X Cl 

X 

X 5keV 
Cl 10keV 
A 15keV 

• 20keV 

1015 1016 
Dose (ions.cm "2} 

Fig. 4. The average neurite length ofPC12h cells on the 
C-implanted polystyrene films at 5-20 keV as a 
function of ion dose. 
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Fig. 5. The maximum neurite length of PC12h cells on 
the C-implanted polystyrene films at 5-20 keV as 
a function of ion dose. 

After 2-day culture with NGF, the PC12h cells on the 
C-implanted films at 5-20 keV with 2-3 (x1015

) ions/cm2 

could extend very long neurite length as same as on the 
type-I collagen coated reference dish. Therefore, type-I 
collagen coating can be replaced by the surface of 
polystyrene films modified by carbon negative ion 
implantation at 2-3 (x1015

) ions/cm2
• 

The observation of neurite outgrowth for each day 
showed that PC12h cells started to differentiate their cell 
bodies to extend the neurite after supplement NGF 
within 2 hours, so the average neurite-length at 0 day is 
about 10 to 20 11m as the same length as the cell body. 
After supplement NGF for 1 and 2 days, the longer 
neurite length is obtained. However, the average 
neurite-length growth rates decreased at the second day 
after supplement NGF and they may become saturate. 
Data are shown in Fig. 6. The average neurite-length 
growth rates for PC12h cells cultured on the polystyrene 
films implanted by 3x1015 ions/cm2 at 5-20 keV are the 
same that corresponding to the nearly same contact 
angle at this dose. Moreover, they are similar to the rate 
of the cells cultured on type-I collagen-coated dish. 
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Fig. 6. The average neurite length for each day ofPC12h 
cells on the C-implanted films at 5-20 keV with 
3x1 015 ions/cm2 after supplement NGF. 

The frequency distribution of neurite outgrowth of 
PC12h cells cultured in the serum-free medium 
containing 50 ng/ml of NGF for 2 days on the 
polystyrene films implanted at 10 keV and 3xl015 

ions/cm2 is shown in Fig. 7. 
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Fig. 7. Frequency distribution of neurite outgrowth on 

the C-implanted polystyrene films at 10 keV and 
3x1015 ions/cm2 and on a reference dish after 
2-day NGF supplement. 

PC12h cells have two methods for the increase in 
neurite length. One is the continuous length extension 
from the previous culture day and other is the new 
differentiation from the cell body. The obtained neurite 
from the first method has very long length with many 
branches on the main neurite, while that from the latter 
method has only the extended lengths with 10 to 15 1-lm 
from the cell body. From Fig. 7, ninety percents of 
frequency distribution of the average length are around 
25-170 1-lm for both cells cultured on the C-implanted 

films and on the type-I collagen-coated dish. The highest 
distribution value for the C-implanted films is around 
11 0 and 140 1-Lffi, while that for a reference dish is 
around 50 1-Lffi· It means that almost all neurite lengths 
on the C-implanted polystyrene films at 1 0 ke V with 
3xl 015 ions/cm2 increase by continuous length extension 
from the previous culture day. Only five percents of the 
distribution for the average neurite length are from the 
new differentiation from the cell body. 

4. CONCLUSION 
Neurite outgrowth property of PC12h cells cultured 

on the C-implanted polystyrene films is controlled by 
various the ion doses and energies. The suitable dose for 
the neurite outgrowth property is in the order of 1015 

ions/cm2
• The best condition for that property is around 

2-3 (xl015
) ions/cm2

• At this dose, the maximum value 
of the average neurite length of cells is equal to that of 
cells cultured on type-I collagen-coated dish. Then, 
type-! collagen coating can be replaced by carbon 
negative ion implantation at the best conditions. From 
the results of the average neurite growth rate and that of 
the frequency distribution of the average neurite length, 
almost all neurite on the C-implanted films increased by 
the continuous lengths extension from previous culture 
day. 

5. REFERENCES 
[1] H. Tsuji, H. Sato, T. Baba, S. Ikemura, Y. Gotoh, 
and J. Ishikawa, Nucl. Instr. and Meth., B 166/167, 
815-19 (2000). 
[2] H. Tsuji, M. Izukawa, R. Ikeguchi, R. Kakinoki, H. 
Sato, Y. Gotoh, and J. Ishikawa, Nucl. Instr. Meth., B 
206, 507-11 (2003) . 
[3] H. Tsuji, H. Sasaki, Y. Utsumi, R Sato, Y. Gotoh, 
and J. Ishikawa, Surf Coat. Tech., 158-159, 620-23 
(2002). 
[4] H. Tsuji, H. Sasaki, H. Sato, Y. Gotoh, and J. 
Ishikawa, Nucl. Instr. and Meth., B 191, 815-19 (2002). 
[5] H. Tsuji, M. Izukawa, Y. Utakawa, R. Ikeguchi, R. 
Kakinoki, H. Sato, Y. Gotoh, and J. Ishikawa, Trans . 
Mater. Res. Soc. Japan, 29 [2], 575-80 (2004). 
[6] H. Tsuji, P. Sommani, T. Muto, Y. Utagawa, S. 
Sakai, H. Sato, Y. Gotoh, and J. Ishikawa, Nucl. Instr. 
and Meth., B 237, 459-64 (2005). 
[7] H. Tsuji, Y. Toyota, J. Ishikawa, S. Sakai, Y. 
Okayama, and S. Nagumo, "Ion Implantation 
Technology-94", Eds. by S. Coffa, G. Feria, and R. 
Priole, Elsevier, New York (1995) pp. 612-15. 
[8] H. Tsuji, J. Ishikawa, S. Ikeda, and Y. Gotoh, Nucl. 
Instr. and Meth., B 127/128, 278-81 (1997). 
[9] H. Tsuji, Y. Gotoh, and J. Ishikawa, Nucl. Instr. 
and Meth., B 141, 645-51 (1998). 
[10] H. Sato, H. Tsuji, H. Sasaki, S. Ikemura, Y. Gotoh, 
J. Ishikawa, and S. Nishimoto, CJPS., 22 [1], 69-75 
(2004). 
[11] J. Ishikawa and H. Tsuji, Nucl. Instr. and Meth., B 
74, 118-22 (1993). 
[12] H. Tsuji, T. Taya, J. Ishikawa, and T. Takagi, 
"Proceedings of the International Ion Engineering 
Congress, ISIAT'83 & IPAT'83", Vol. 1, Ed. by T. 
Takagi, Institute of Electrical Engineers of Japan, Kyoto 
(1983) pp. 141-46. 

(Received December 11, 2005;Accepted April28, 2006) 


