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Abstract
Biomaterials have been used in medicine for decades to improve the functions of tissues and organs. They are 

also used as prosthesis and implants which are designed to substitute functions of a lacking organ or tissue. Carbon 
(C) and Gold (Au) were particularly chosen due to their biocompatibility and applied as implants for decades. Carbon 
and gold were great ion sources for medical applications, as well. In this study, polystyrene dishes were modified 
using gold and carbon ions via ion implantation technique. Using this surface modification method, it was aimed to 
improve surface characteristics and achieve a bioactive surface for neural stem cells. Even though the integration 
of stem cells was promising, neural stem cell studies still have many milestones to reach. Neuro-regeneration was 
the most desired function for people who suffer from neural system diseases. Changing surface characteristics 
of scaffolds was a way to promote regeneration and ion implantation was one of the methods to modify surface 
properties which play a huge role in enhancing the proliferation and integration of cells. In this study, it was observed 
that the ion implantation stimulated the neural proliferation and the implantation of different ions on cell culture 
surfaces was essential to determine the effects of this technique on adhesion, proliferation, differentiation and 
apoptosis properties of cells in details.

Keywords: Ion implantation; Carbon; Gold; Stem cells; Nerve 
regeneration

Introduction
There are two important phases for cell attachment; 1- Affinity 

phase which occurs very fast. Ionic forces between cells and material 
and Van der Walls forces which make short term physicochemical 
bonding have active roles during this phase. 2- Adhesion phase takes 
longer and makes a stronger attachment.

The adhesions between cultured cells and the material surface are 
called focal attachments or adhesion plaques. Focal attachments have 
10-15 nm distance between the cell membrane and the material surface 
and they are tight connections. There are specific receptor proteins like 
integrin on the external surface of focal attachments. And the internal 
surface has actin filaments such as talin, paxillin, vinculin, tensin and 
proteins that provide interactions between membrane receptor proteins 
[1-3]. Many proteins in adhesion plaque such as integrin, cytoskeleton 
proteins, proteases, protein kinases, phosphatases take part in signal 
transferring by co-localizing with vinculin and talin [3]. Focal 
interactions occur in low motility in the cells and it is supported by 
extracellular matrix proteins like fibronectin or vitronectin in vitro. On 
the other hand, adhesion molecules are characterized via the interaction 
ability with a specific ligand. These ligands can either be present on the 
membrane of a neighbor cell or they can be an extracellular matrix 
protein. Selectins, immunoglobulin superfamily, cadherins and 
integrins are the four main groups of the adhesion proteins. 

Almost all in vitro cell studies are performed onto a material which 
is either a scaffold or a petri dish. It is a fact that unless cells attach 
to the material surface, no cell proliferation is to occur [3,4]. Hence, 
adhesion proteins which promote cell attachment play a huge role 
in cell proliferation and integration. Thus, the surfaces where cells 
are inoculated are treated [5,6] in order to stimulate the secretion of 
adhesion proteins.

Since 1960s Carbon (C) and since 1970s Gold (Au) has been used 
as implants. Many different cells are studied with gold and carbon 

implants, particularly osteoblastic ones [2,7-9]. On the other hand, 
neural cell studies are relatively at their early stages and mostly they are 
studied for peripheral neural therapies as tube and cuff forms [10-14]. 
In a study which was performed by Bieberich et al., C and Au electrodes 
are located in PC12 cell culture which is a model cell line for neural 
differentiation and it is reported that both synapsis formation and 
neural differentiation were observed on Au side [15]. When a defect 
occurs in the neural system, the healing process is quite limited and 
both individuals and the society are affected by these injuries. For years, 
studies have been focused on reducing the effects of neural injuries or 
complete recovery from them. One of the recent approaches for neural 
injury treatments is using embryonic, fetal or adult neural stem cells [16-
19]. The advantage of neural cells as grafts is providing a replacement 
of the neural loss with a new cell line. Neural cells accelerate the axon 
regeneration and complementary signalization pathways are provided. 
Recently, scientists have been studying on stem cells intensively to 
regain neural functions after injury. Even though stem cell injection to 
the injured region was promising for the recovery, stem cell studies still 
have many drawbacks both functionally and ethically. 

This study has been performed to observe how the function and the 
behavior of neural stem cells on the carbon (C) and gold (Au) implanted 
materials change.
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concentration of 40 µg/ml and concentration of molecules were 
calculated with this formula:

Concentration (µg/ml)=A260 × Dilution Factor × Molecular 
Constant

RNA isolation

The phenol-chloroform extraction method was used for total RNA 
isolation. Cells were washed with PBS at 4°C and centrifuged at 1800 
rpm for 5 min at 4°C. After removing the supernatant, 1 ml TRIZOL 
reactive was added and cells were slowly homogenized via pipetting and 
incubated for 5 min at room temperature. 200 µl chloroform was added 
into cell solution and incubated 3 min more before centrifugation 
for 15 min at 13000 rpm and 4°C. After centrifugation, the solution 
became three layers and the top layer which includes transparent 
RNAs was transferred into a microcentrifuge tube. 500 µl isopropanol 
was added and incubated 10 min on the ice. After incubation, RNA 
mixture is centrifuged for 10 min at 13000 rpm and 4°C. RNA pellets 
were visible in all tubes. The supernatant was removed and the pellet 
was washed twice with 500 µl 75% ethanol. After washing, ethanol 
was allowed to evaporate in room temperature and RNA pellet was 
dissolved in distilled water. All primer and probe sets used in this study 
were designed to span an exon-exon junction. 

cDNA synthesis via reverse transcription RT

cDNA synthesis was performed using Roche Transcriptor First 
Strand cDNA Synthesis Kit the reaction details are given in Table 2. 
Negative transcriptase control reactions were also performed using 
RNA-free water as a sample. cDNA samples were stored at -20°C.

Quantitive real time PCR (RT-PCR)

Primer and probe sequences are shown in Table 3 and reaction 
ingredients were shown in Table 4. The RT-PCR binding temperature 
was 60°C for all genes. Specified gene sequences were synthesized 
according to IDTDNA (USA) company report. TaqMan probe (Roche 
Diagnostics, Germany) was used for reactions. The details of the RT-
PCR reaction were shown in Table 5. Gene expressions were analyzed via 
Roche Light Cycler 1.5 with 40 cycle reaction. Each sample was studied 
in duplicates. Comparative threshold cycle method (comparative 
threshold cycle=ΔΔCt) that was reported by Pfaffl [23] was used to 
assess targeted gene expressions. β-actin (ACTB) expression data was 
used as reference gene. 

Scanning electron microscopy (SEM)

Ion implanted and unimplanted culture plates were seeded with 
cells. Cells were tamponed with 0.1 M sodium cacodylate and then 
incubated with 2.5% glutaraldehyde solution for 1 h on the ice. After 
this step, samples were washed with sodium cacodylate solution for 
30 min and tamponed with 0.1 M sodium cacodylate and subjected 
to 2% osmium tetroxide as a post-fixation step. At the end of this 
process, samples were washed with DI water for 10 minutes twice and 

Materials and Methods
Study groups

In this study, two different cell lines at three different culture states 
and two different materials were used and the study was divided into 
seven study groups including controls (n=8) (Table 1).

Neuron and astrocyte cell lines

In this study, brain cortex was isolated from rat embryos at E12.5. 
The preparation of neuron-astrocyte stem cell mixture was described 
in detail previously [20]. These cells were grown in PNGMTM Primary 
Neuron Growth Medium (Lonza) and AGMTM Astrocyte Growth 
Medium (Lonza) at 37°C in 5% CO2 containing incubator.

MTT

2 × 104 cells/ml was suspended with 10% FCS solution and 100 µl 
of the solution was added into a 96-well plate. 100 µl benzene derived 
solution was added onto cell solutions with a concentration of 0,0002-
0,001-0,002-0,01-0,02-0,1 mg/ml. The 96-well plate was incubated at 
37°C for 24 h or 48 h. After incubation, 20 µl MTT dye (5 mg/ml) was 
added into every well and incubated at 37°C for 2 hours. After this 
step, 200 µl DMSO was added to the well and incubated for 10 min 
to dissolve formazan salts which were synthesized by live cells. Color 
change in 96 well plates was examined using EL×808-IU Bio-Tek plate 
reader at a wavelength of 540 nm. Each concentration was repeated 
three times and viability of control group was assumed 100% [21]. 

Ion implantation
Polystyrene Petri dishes were picked as they were the most used 

in vitro surfaces for cell attachment. Carbon (C) and Gold (Au) were 
used as an ion source. C and Au ions were implanted at a dose of 1 × 
1015 ions /cm2 and an ion energy of 20 keV using MEVVA ion source 
(Figure 1). Duty cycle was set to 10-2 and the repetitive rate was set 250 
µs per 1-2 pulse. Total extracted ion beam flux typically reached to a 
couple of mA peak point. Average beam flux was around 1% deviation 
degree. Vacuum pressure was set to 10-5 torr during the implantation 
process. Implantation occurred at broad beam mode. The diameter of 
the ion beam which forms at extractor grids of the accelerator was 10 
cm and the specimen was 60 cm away from the ion generator. The ions 
were accelerated from the grids and crushed the polystyrene surfaces 
which were located 60 cm far from the grids and penetrated into the 
polystyrene surface. The average ion energy was determined using 
average ion charge which measured via time of flight (TOF) [22].

Spectrophotometric measurement of RNA 

The quality and quantity of isolated RNA were determined via 
spectrophotometric measurements at the wavelengths of 260 nm and 
280 nm and optic density analysis. RNA quality was evaluated using 
the ratio of A260/A280. The integrity of RNA samples was evaluated 
by agarose gel electrophoresis. One OD260 corresponded to RNA 

Cells Culture State Culture Surface
Control Neuron-Astrocyte Stem cells 7th, 14th, 28th Day Polystyrene culture plate
Group I Neuron-Astrocyte Stem cells 7th Day Carbon implanted polystyrene surface
Group II Neuron-Astrocyte Stem cells 14th Day Carbon implanted polystyrene surface
Group III Neuron-Astrocyte Stem cells 28th Day Carbon implanted polystyrene surface
Group IV Neuron-Astrocyte Stem cells 7th Day Gold implanted polystyrene surface
Group V Neuron-Astrocyte Stem cells 14th Day Gold implanted polystyrene surface
Group VI Neuron-Astrocyte Stem cells 28th Day Gold implanted polystyrene surface

Table 1: Study groups for tests.
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Figure 1: MEVVA ion implantation system (recreated with permission [22]).

Component Amount Final concentration
RNA 1 µg 50 ng/µl

Oligo dT primer (10 µM) 1 µl 0.5 µM
dNTP mix (10 mM) 2 µl 1 mM

RNase inhibitor (20 u/µl) 1 µl 1 u/µl
RT tampon (5X) 4 µl 1X

dH
2
O Add until solution reaches to 20 µl

Table 2: Reaction of cDNA synthesis.

Accession Number Gene Oligos (5’3’)

NM_00102529 Myelin Basic Protein (MBP), transcript variant 1, mRNA
Forward Primer CCTCTTAGAAAGAACTCATTC
Reverse Primer GGACATTAGAAGACTGGAA

Probe CTGTCGCTGAATCAAGTCGCTG

NM_017009 Glial Fibrillary Acidic Protein (GFAP), mRNA
Forward Primer GAAGCTCCAAGATGAAAC
Reverse Primer CCTCAAGAACTGGATCTC

Probe TCCAGCGACTCAACCTTCCTC

NM_139254 Tubulin, beta 3 class III (Tubb3), mRNA
Forward Primer GACGCCAAGAACATGATG
Reverse Primer CTCCACGAAGTAACTACTG

Probe CATCTGCTCATCCACCTCCTTCA

NM_012987 Nestin (Nes), mRNA
Forward Primer GGTCTCTTGAAGATAGAAATG
Reverse Primer CAGTGATTCATGGTTCTC

Probe TCTCCATCACCTGCTCTTCTTCTTC

NM_031144 β-actin (ACTB)
Forward Primer CCCGCGAGTACAACCTTCT
Reverse Primer CGTCATCCATGGCGAACT

Probe AGCTCCTCCGTCGCCGGTCCA

Table 3: RT-PCR primer and probe sequences.

Component Amount
cDNA 2 µl

Primer (F/R) 0.5 µM
Probe 0.1 µM 

2X TaqMan buffer 10 µl
Total Volume 20 µl

Table 4: Components of RT-PCR reaction.
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dehydrated in an ethanol series (35%, 70%, 85%, 95% and 100%, 5 min 
for each concentration). After dehydration, samples were located into 
hexamethyl disilazane solution for 30 min to dry out the samples. Once 
samples were dried, they were placed onto brass plates and observed 
with a scanning electron microscopy (SEM, Philips XL 30S-FEG) 
which was located in IYTE Materials Research Institute, Izmir, Turkey. 
SE detector was provided 3-dimensional topographic images while BSE 
detector was provided 2-dimensional images depending on the atomic 
contrast.

Statistical analysis
Experimental data (n=6) was analyzed using SPSS 17.0 software 

and ANOVA (Newman-Keuls, Posthoc) tests and p<0.05 was accepted 
as significant results.

Results
MTT

The viability of cells which attach to ion implanted surfaces was 
evaluated and it was reported that cell viability increased significantly 
at day 4, 7 and 10 with respect to time (p<0.05). The most significant 
viability increase was observed at day 10 and there was no significant 
difference between carbon and gold implanted samples (Figure 2).

SEM imaging

Carbon and gold implanted surfaces were seeded with neural 
stem cells and their SEM images were taken at the day of 4, 7 and 10. 
Cell proliferation was tracked via SEM images and a significant cell 
proliferation was observed at day 4 and 7. On the other hand, the most 
obvious proliferation was observed at day 10 (p<0.05). Even though 
a significant cell proliferation was noticed on ion implanted surfaces, 
there is no overall difference between carbon and gold implanted 
samples were reported (Figures 3 and 4).

RT-PCR analysis

RT-PCR analysis showed that GFAP expression at day 10 increased 
significantly both on the carbon and gold implanted surfaces (one-way 
ANOVA, [F (5,39) =4,84, p=0,002]; p<0.05 for both carbon and gold 
implanted surfaces). Also, a significant decrease of nestin expression 
was observed [one-way ANOVA, F(5,38)=9,61, p=0,000]. However, 
there were no significant differences between groups (Figure 4).

Discussion 
The regeneration ability of neural cells is considerably limited and 

slow after neural injuries. For this reason, many different methods and 
materials were tried to increase regeneration ability of neurons. It was 
shown that Au and C are beneficial for recovering from neural injuries, 
specifically acute and chronic spinal cord injuries [15,24].

In this study, the attachment tests of neural cells which seeded onto 
Au and C implanted surfaces were compared to each other. The data of 
Au at the day for was assumed as control while evaluating the results. 
A significant increase of cell attachment was observed with respect to 
time (p<0.05) and the maximum cell attachment was determined at 
the day of 10. There was no difference between Au and C implanted 
samples. Both Au and C ions affected the neural cell regeneration 
positively during culture period. These findings were supported by 
other studies, as well [24-26].

Ion implantation at different energy and doses was started to be 
applied in the 1960s. This method was applied most abundantly on 
metals and other industrial materials on its early use [27]. In the 1980s, 
the behavior of cells on the ion implanted surfaces was studied [21]. 
In 2004, Tsuji et al. published a considerable study about neural cell 
attachment and regeneration on negative carbon ion implanted silicon 
surfaces [28].

Reaction Temperature (°C) Duration (s)
First denaturation 95 30

Denaturation 95 30
Annealing 60 40
Extension 72 80
Cooling 40 30

Table 5: Details of RT-PCR reaction.

Figure 2: Comparative MTT analysis with C an Au implanted surfaces. Red column indicates viable cells on the carbon implanted surface and 
blue column indicates viable cells on the gold implanted surface (n=6).
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Figure 3: SEM images of C and Au implanted surfaces. Cell proliferation on the ion implanted surfaces at the day of 4, 7 and 10 (200X).

 
A.

 
B.

 
Figure 4: SEM images of cell attachment on gold (A) and Carbon (B) ion implanted surfaces (1000X).

In this study, an enhanced neural cell attachment and proliferation 
were observed on the ion implanted surfaces in SEM images with 
respect to time (n=6, p<0.05) (Figure 3). 

First studies of Au implantation began in the early 1970s. However, 
its effect on neural cells only started to be studied in the last couple of 
decades. In 2000, Fan et al. reported that neurons attached to the Au 
implanted silicon surfaces significantly better. However, the effect of 
any other ion was not studied in this work [29]. 

Tsuji denoted on two of his works that carbon ion implantation 
stimulates the nerve regeneration positively [25,30]. Sommani [24]
and Oztarhan [22] also reported that carbon ions increased the nerve 
development and regeneration. 

In our study, it was shown that neurons both proliferate and 
enhance their regeneration capability on the carbon and gold implanted 
surfaces. On the other hand, any difference between carbon and gold 
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implanted surfaces cannot be detected. The nerve regeneration and 
proliferation were affected similarly by the presence of C and Au ions. 

In 2011, it was also reported by Sokullu et al. [26] that gold and 
carbon ions did not have any advantage against to one another in terms 
of nerve development and regeneration. 

The studies on ion implantations were focused on neural cells bodily 
and did not go into specific cell types individually thus far. In our study, 
cell types of neuron cells were analyzed using specific primers and 
probes via RT-PCR. On both Au and C implanted surfaces, GFAP was 
increased significantly at day 10 and this indicated that the astrocytes 
which are a specific type of glial cells, proliferated and matured in 
comparison with other cell types. On the other hand, the concentration 
of nestin decreased significantly during the culture. Since nestin 
demonstrates the immature neural stem cells, this significant decrease 
denoted the maturation of embryonic stem cells. Any other significant 
difference between other cell types was not found.

When damage occurs in neural systems neurons, and glial cells 
actively take part in the recovery of the damaged area. Xu at al. [31] 
reported in 2013 that damage stimulated the secretion of glial cell 
line-derive neurotrophic factor (GDNF) and suggested that glial cells 
supported the injured area. Since astrocytes are the most abundant glial 
cells in central neural system, our findings also confirmed this study 
with the RT-PCR results which showed a significant increase of GFAP 
that proves the increase of the astrocyte population.

Conclusion
With this work, it was shown that carbon and gold implantation 

stimulate the increase of neural cell proliferation, specifically glial cells 
and induce the nerve regeneration. There was no difference between 
gold and carbon implanted samples in terms of cell regeneration and 
proliferation. 

The importance of this research was examining the cell functions 
such as attachment, proliferation, migration, differentiation and 
apoptosis on the cell culture surfaces which were implanted with 
different ion types via ion implantation method. The results will 
contribute to biomedical and implant technologies and initiate the new 
researches on this topic. It will also be a new approach to the treatment 
process of neurodegenerative diseases.
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