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Ag+ -implanted pyrolytic carbon and TiN/Ag multilayer lms were prepared by ion implantation
and ion beam assisted deposition. L-929 cells (mice broblast) were cultured in the extracted
medium of Ag+ -implanted pyrolytic carbon and TiN/Ag multilayer lm samples for cytotoxicity
testing. The adhesion, spreading, proliferation and morphology of human umbilical vein endothelial
cells (HUVEC) on both samples were also investigated. The results show that the cytotoxicity grade
of Ag+ -implanted pyrolytic carbon is less than 1 when the implanted dose is under 11016 ions/cm2
and the cytotoxicity grade of TiN/Ag multilayer lms with modulation period of 7.5 nm is within
the range of 0 to 1 indicating that both samples have no cytotoxicity to L-929. HUVEC on both
Ag+ -implanted pyrolytic carbon and TiN/Ag multilayer lm sample grows well, showing that they
have good biocompatibility.
PACS numbers: 81.15.Cd, 87.68.+z, 68.55.Ln
Keywords: Ion implantation, Ion beam assisted deposition (IBAD), Cytotoxicity, Human umbilical vein
endothelial cells (HUVEC)

and physical methods. Because of the several advantages
of ion implantation, such as easy control of the depth and
concentration, non-contamination, etc., it was chosen in
some previous experimental reports. On the other hand,
multilayer coating is another useful method to form a
silver-rich layer on biomaterial [11{14].
In this paper, ion implantation and ion beam assisted
deposition (IBAD) are chosen to form a silver rich layer
both in pyrolytic carbon and in TiN/Ag multilayer lm.
The cytotoxicity and adhesion of human umbilical vein
endothelial cells (HUVEC) to Ag+ -implanted pyrolytic
carbon and TiN/Ag multilayer lm are used for testing
biocompatibility.

I. INTRODUCTION

In modern medical science and technology, biomaterials play an important role in replacing humans' organs
and tissues and modifying their functions. Among these,
pyrolytic carbon has been widely used in cardiovascular
surgery for arti cial heart valves [1, 2], because of its
remarkable biocompatibility and mechanical properties.
Titanium nitride is a remarkable biomedical material,
due to its mechanical properties, such as hardness, wear
resistance, and biocompatibility [3,4]. For biomaterials,
not only are the biocompatibilities and their physical
and chemical properties important, but the antibacterial property plays an important role as well. Infections,
which are usually caused by adherence and colonization
of bacteria on biomaterials, lead to serious complications
in patients. However, pyrolytic carbon and TiN have
not shown any antibacterial properties. Some related
research has been reported, indicating that an e ective
treatment can reduce bacterial infection, based on a silver zone near the surface of biomaterials or silver implanted in the biomaterial [5{10]. A silver rich layer may
be formed in di erent ways, such as by chemical methods

II. EXPERIMENT
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Pyrolytic carbon plate of thickness 4 mm was cut into
pieces 5 mm in diameter, and then the samples were
ground and polished to a mirror nish and sputter-etched
by argon ions prior to the implanting process. The pyrolytic carbon samples were implanted with silver ions at
an energy of 70 keV and with di erent dose ranging from
5  1014 to 5  1018 ions/cm2 , by using a metal vapor
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Fig. 1. (Color online) Shape of the cells for Ag+ -implanted sample Y3 and TiN(4.5)/Ag multilayer lm sample in comparison
with the negative and positive controls.
Table 1. Sample description and parameters on Ag+ - implanted pyrolytic carbon.
Sample No. Ion Dose (ions/cm2 ) Beam Energy (keV)
Y3
1  1018
70
Y2
5  1016
70
Y1
5  1014
70
Y0
0
0

Table 2. Sample description and parameters on TiN/Ag
multilayer lms.

vacuum arc (MEVVA) ion source implanter. The implantation parameters and sample description are shown
in Table 1.
AISI317 steel plate of thickness 2 mm was cut to the
size of 10  10 mm and then polished to a mirror nish
as substrate. A TiN/Ag multilayer lm was coated on
the AISI317 steel by an IBAD sputtering system. There
were two Kaufman ion sources which provided ion beams
with di erent energy. The sample holder possesses 6 positions, which can be used to hold 6 samples simultaneously. Four water-cooled targets can produce di erent
sputtering materials. In our experiment, a silver target
and a Ti target are used to generate silver and titanium
atoms by argon ion sputtering. The modulation period
of TiN/Ag can be controlled by sputtering Ti and Ag
targets by using a computer processor. Before TiN/Ag
multilayer lm deposition, the substrate is cleaned by
argon-ion sputtering. The TiN is formed by sputtering
Ti, and simultaneously a nitrogen ion beam is used to
enhance the adhesion. The gas ow rate is controlled
by a gas ow meter. The whole thickness of TiN/Ag is
about 500 nm. All experimental parameters are shown
in Table 2.
Then, biocompatibility is tested through cytotoxicity
tests and HUVEC experiments [15{17]. Due to advantages such as passage stability, rapid propagation,
ease of culture, and broad application, L-929 is widely
used in cytotoxicity experiments. In 1982, the American Society of Quality Standards (ASQS) recommended
L-929 cells for the standard cell cytotoxicity test. Cy-

totoxicity experiments are regarded as preferred items
in all cases of Biological Evaluation of Medical Devices
and Materials (BEMDM). Cytotoxicity experiments can
show sensitively and rapidly whether samples have any
toxic substance and would a ect the cell metabolic function. Many samples can be tested in this way. On the
other hand, cytotoxicity experiments can more easily be
standardized and compared with di erent results, showing very good repetition characteristics.
First, in a cytotoxicity test, we prepare blank and
negative reference groups as well as a positive reference
group (phenol: C6 H5 OH 0.64%) and extract medium
from Ag+ -implanted pyrolytic carbon and TiN/Ag lm
samples. Each group consists of 3 repeat samples for averaging data. We inoculate L-929 cells (mice broblast)
with density of 2  104 /ml into a 24-well cell culture cluster. After 24 hours of culturing, we discard the original
uid and then add the negative reference, the positive
reference, and the extracted medium of Ag+ -implanted
pyrolitic carbon and TiN/Ag multilayer lms into the
clusters. The cellular shape of each group was observed
after 2, 4, 6 and 7 days. All groups were dyed with crystal violet (C25 H30 ClN3 0.5%), and their optical density
(OD) was measured at a wavelength of 490 nm, we then
calculated the relative growth rate (RGR) by the following formula:

Sample. No Films Thickness
Modulation Period
A1
TiN/Ag 500 nm
TiN: 1 nm Ag: 3 nm
A2
TiN/Ag 500 nm
TiN: 2 nm Ag: 3 nm
A3
TiN/Ag 500 nm
TiN: 3 nm Ag: 3 nm
A4
TiN/Ag 500 nm TiN: 4.5 nm Ag: 3 nm
A0
TiN
500 nm
None

R

=

where

A

B

C

B

A

 100%

;

is the OD value of the test sample,

B

the OD
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value of the blank reference, and C the OD value of
the negative reference. In the HUVEC adhesion experiment, we place Ag+ -implanted pyrolytic carbon and
TiN/Ag multilayer lm samples in a 24-well cell culture cluster and then inoculate HUVEC with density of
40  104 /ml to the surface of the samples. The cellular
shape of each group was observed by scanning-electron
microscopy (SEM) after 2, 4, 6, and 7 days, and the cell
numbers were counted. At the same time, we observed
the adhesion, spreading, proliferation, and morphology
of HUVEC through SEM.

III. RESULTS AND DISCUSSIONS

1. Cytotoxicity results

In comparison with the negative-reference and
positive-reference groups, for the Ag+ -implanted group
and the TiN/Ag multilayer lm group the cytotoxicity
results are shown in Fig. 1. It can be observed that the
L-929 cells show a shuttle shape and the cells extend extensively. It can also be seen that there are many schizogenesis cells and the shape of the cell nucleus is normal
shape. With the passage of time, the number of cells
increases greatly. This indicates that the extracted uid
of the Ag+ -implanted sample does not inhibit the cell
proliferation. The number and shape of the cells for the
Ag+ -implanted group and the TiN/Ag multilayer lm
group are the same as for the negative-reference group.
However, for the positive-reference group, a great number of cells die and oat. The shape of the cells is irregular. The cell nucleus shrinks and is killed by the
chemical.
For the Ag+ -implanted group (Y3, Y2, Y1, Y0) and
the TiN/Ag lm group (A3, A2, A1, A0), the calculated
relative reproductive rate is 87%, 95.1%, 100%, 101%
and 100%, 91.7%, 76%, 109%, respectively, as shown in
Table 3. This indicates that samples Y1, Y0, A3 and
A0 possess very good biocompatibility. Their relative
cell reproductive capacity is higher, and cytotoxicity is
low, ranking at grade 0. However, samples Y3 and A2
show weak cytotoxicity, ranking at grade 1, and sample
A1 at grade 2, which may be caused by excessive silver
segregation or the surrounding conditions. Fortunately,
this very weak cytotoxicity cannot in uence the body
metabolism and can be accepted in medical application.

2. HUVEC adhesion results

We place cells on the surface of tested samples directly
and then investigate the biocompatibility of the samples
through cellular adhesion, spreading, proliferation, morphology and other biological parameters under in vitro
culture conditions. Vein endothelial cells (VEC) lie on

Fig. 2. Shape and morphology of HUVEC cells for samples
A3, Y2 and A1 under SEM.

Table 3. Relative growth rate (RGR) and toxic grade (TG)
of di erent samples.
Sample No.
Y3
Y2
Y1
Y0
A1
A2
A3
A0

2d
0.0922
0.0931
0.0956
0.0967
0.23657
0.20066
0.21467
0.20066

OD
4d
6d
0.1359 0.1638
0.1566 0.1638
0.1721 0.1987
0.1694 0.1985
0.21467 0.07058
0.19382 0.0655
0.20066 0.03621
0.18709 0.03152

RGR and
7d
TG (%)
0.1755
87 (1)
0.1894 95.1 (1)
0.1910 100 (0)
0.1994 101 (0)
0.05552 76 (2)
0.04576 91.7 (1)
0.03152 100 (0)
0.02228 109 (0)

the surface of heart, blood vessels, and lymph cavity.
VEC are spindles in the body, and adjacent cells bond
to each other. The cultured VEC are arranged in mosaics form like cobblestone and inhibit cell outgrowth.
The long axes of the cells are parallel to the direction
of blood ow. VEC have a variety of physiological and
biological functions to maintain normal operation of the
blood circulation and metabolism and endocrine balance.
We chose HUVEC from the Institute of Hematology and
Blood Diseases Hospital, State Key Laboratory of Experimental Hematology, Tianjin, for the cell adhesion
experiments and evaluates the biocompatibility of the
Ag+ -implanted group and the TiN/Ag multilayer lm
group from another perspective. In Fig. 2, it can be
observed that with the passage of time, the number of
HUVEC becomes larger, indicating that HUVEC grow
well on the surface of the samples. HUVEC have a clear
cell nucleus, good morphology, and high growth density,
indicating less cytotoxicity and good biocompatibility on
samples which contain less silver.
Figure 3 shows the number of HUVEC cultured on the
surface of the samples after 1, 2, 3, 5 and 7 days (n = 3).
Figure 3 indicates that the numbers of cells on samples
A4 (TiN 4.5 nm, Ag 3 nm) and Y1 (5  1014 ions/cm2 )
are greater than those on samples A2 (TiN 2 nm, Ag 3
nm) and Y2 (5  1016 ions/cm2 ). These experimental
results show that HUVEC grow better on samples which
contain less silver, such as A4 and Y1. This result is also
consistent with the results of the cytotoxicity test.
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Fig. 3. (Color online) Number of HUVEC on the surface
of samples A4, A2, Y1 and Y2 versus culturing time.
IV. CONCLUSIONS

To sum up the above results of our experiments, we
can draw conclusions as follows.
The cytotoxicity grade of Ag+ -implanted pyrolytic
carbon is less than 1 when the implanted dose is under
1  1016 ions/cm2 and the cytotoxicity grade of multilayered TiN/Ag lms with modulation period of 7.5 nm
is from 0 to 1, indicating that both samples have no cytotoxicity to L-929.
HUVEC on both Ag+ -implanted pyrolytic carbon and
multilayer TiN/Ag lm samples grow well and show no
cytotoxicity. Based on the above results and our previous investigations, both Ag+ -implanted pyrolytic carbon
and multilayer TiN/Ag lms can be used as biomaterials with not only bactericidal properties but also good
biocompatibility.
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