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Transfected Chinese hamster ovary cells were cultured 

on bare uncoated chemical vapor deposited thin nano- 

and microcrystalline diamond surfaces, hydrophobic 

hydrogen- and hydrophilic oxygen-terminated. Optical 

and biochemical analyses show that compared to glass 

controls, growth and viability were not significantly 

affected (one-way ANOVA). Based on two-way 

ANOVA analyses, neither grain size nor surface 

termination had a significant influence until five days 

post seeding. 

 

 

Copyright line will be provided by the publisher  

1 Introduction Cell-based biosensors require the growth 

of cells on semiconductors, such as chemically vapor 

deposited (CVD) diamond. Because of its excellent 

biocompatibility, i.e. the inertness of diamond for the 

human body, and haemocompatibility CVD diamond is a 

material of choice for in vivo applications. Uses of 

diamond in biomedicine include diamond-coated bone 

implants [1] and a diamond-based electronic eye [2]. For 

biosensor applications, diamond has compelling physical, 

optical, chemical, and electrical characteristics [3]. 

Suitably doped CVD diamond can be used for field effect 

transistors (FET), and since the material is transparent and 

can be deposited on transparent materials such as quartz, 

simultaneous optical and electrophysiological 

characterization of growing cells over time is possible. 

Cell growth is influenced by substrate surface properties 

[4,5]. In case of diamond, topological height differences of 

the films increase from 3-5 nm grain size for ultranano- 

(UNCD), 50-100 nm typically for nano- (NCD) and larger 

than 100 nm for microcrystalline diamond (µCD) [6]. 

There is an associated decrease in the relative amount of 

grain boundaries at the surface, while the topological 

height differences and thus the roughness of the diamond 

film increase. Not only surface graininess will influence 

cell attachment and growth, also the surface termination 

and coatings play an important role [7]. Hydrogen 

terminated (HT) diamond surfaces are hydrophobic 

whereas oxidized diamond surfaces (oxygen terminated, 

OT) are hydrophilic [3]. In order to obtain better cell 

survival, diamond surfaces are often coated with laminin, 

collagen or poly-D or L-lysine [8,9]. However, a direct 

bioelectronic interface formed between cells and bare 

substrates (HT or OT) would constitute an advantage over 

more elaborate methods. Several studies have appeared of 

cell growth on bare substrates [1,10]. 

Chinese hamster ovary (CHO) cells present a robust 

cellular model. CHO cells have little or no preference for 

substrate. Stable transfection of CHO cells with the 

embryonic homomeric α2-glycine receptor (α2-GlyR) 

creates the possibility to modulate ion channel expression 
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[11]. The use of this robust cell not only avoids the 

laborious work associated with primary cultures, it also 

reduces the variability within the cell population. In 

addition the ligand-gated nature of the ionotropic α2-

GlyRs, in contrast to voltage-gated ion channels, allows 

electronic detection of a biological event, i.e. the binding 

of glycine to its receptor, via alterations in membrane 

conductance and membrane potential [12].  

In this report both qualitative and quantitative results on 

cell viability of CHO cells on bare well-characterized HT 

and OT nano- and microcrystalline diamond film are 

compared with glass substrate controls. Results obtained 

with optical and biochemical methods are discussed. This 

report describes for the first time, as far as we are aware of, 

CHO viability on bare OT and HT nano- and 

microcrystalline diamond. 

2 Materials and methods 
2.1 Preparation of diamond films Both NCD and 

µCD were grown via microwave plasma-enhanced CVD 

on ultra-sonically seeded Si wafers of 5 cm diameter as 

described in [13,14]. µCD was grown for a longer duration 

as compared with NCD, increasing grain size and surface 

roughness. Film thickness was somewhat thinner near the 

wafer perimeter [15]. NCD film had a thickness of ~50 – 

200 nm [16]; µCD samples were several hundred nm to a 

few µm thick [17]. Wafers were cut into about 17 pieces of 

about 1 cm
2
. Half of the HT samples was made oxygen 

terminated by placing them for half an hour in a mixture of 

1% (w/v) potassium nitrate in sulfuric acid at 250ºC. 

Substrates were cleaned with spectrophotometric grade 

isopropanol (Sigma-Aldrich, Steinheim, Germany). To 

sterilize all substrates were kept for 2 h at 180°C. Sulfuric 

acid, hydrochloric acid and potassium nitrate were 

purchased from VWR Prolabo (Leuven, Belgium). 

Samples were regenerated by boiling them for 2 hours in 

hydrochloric acid under a fume hood after killing the cells 

with hydrogen peroxide, trypsination, and rinsing away 

[18]. Glass substrate controls consisted of coverslips 

(Menzel Gläser, Braunschweig, Germany). 

 

2.2 Cell culturing and growth CHO cells stably 

transfected with the embryonic homomeric α2-GlyR (B. 

Rogister, CNCM, Ulg, Belgium) [11], were cultured and 

maintained in glycine containing high-sugar Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 

10% heat-inactivated fetal calf serum (FCS), D-dextrose 

(13.9 mM), Zeocin (5 µg ml
-1

), and 2% 

penicillin/streptomycin and incubated in a humidified 

atmosphere of 5% CO2 and 95% air at 37°C. After 

trypsination and centrifugation the cell pellet was 

resuspended in fresh growth medium. Cell density was 

determined with a Fuchs-Rosenthal counting chamber. 

Cells were seeded well-dispersed at a density of 7,500 cells 

cm
-2

 on a random selection of the uncoated substrates in 

24-well plates (NuncTM, Roskilde, Denmark) and incubated 

in a randomized manner to equalize all parameters. Tests 

with 1 cm
2
 glass substrates showed that the resulting 

variance was small with no significant difference between 

the randomized and the non-randomized groups [19]. Cell 

passage number did not exceed eight. All experiments 

were performed in the exponential growth phase between 

five and seven days post-seeding, after transferring the 

substrates to new 24-well plates. Results were normalized 

to 1 cm
2
. High-sugar DMEM, penicillin/streptomycin 

(10000 U/ml and 10000 µg/ml were from Gibco (Paisley, 

UK), FCS from Hyclone Europe S.A. (Erembodegem-

Aalst, Belgium), D-dextrose from VEL (Leuven, Belgium) 

and Zeocin
TM

 from Invitrogen (Carlsbad, CA, USA). 

 

2.3 Optical characterisation Cell-covered NCD and µCD 

substrates were visually inspected in their plate wells in 

reflection with an upright microscope (Nikon Optiphot, 

Nikon, Japan) equipped with dichroic mirror without or 

with excitation and emission polarizers and a digital 

camera. Substrate structure, cell morphology and density 

were observed with a Quanta 200-FEG SEM (FEI Corp., 

Hillsboro, OR., USA). This also allowed a perspective 

view to check for CHO cell aggregates on top of the 

monolayers even to tilt angles of 70°. Cell fixation at room 

temperature for 10 min. with 2% (v/v) glutaraldehyde in 

0.03 M Na-cacodylate pH 7.3 buffer was followed by two 

wash steps of 5 min. each with this buffer. After post-
fixation treatment with osmium tetroxide for 10 min. cells 

were rinsed with distillated water. SEM images of the 
fixated cells, dehydrated in an alcohol series (30, 50, 70, 

90, and 100%), were taken in high vacuum (~ 10
-5

 mbar) 
for cells on diamond substrates, and in low vacuum (~ 0.9 

mbar) using water vapor to prevent charging effects for 

cells on glass substrates. Osmium tetroxide improved 

contrast for glass substrates, for diamond the opposite 

effect was observed. Paraformaldehyde, glutaraldehyde, 

Na-cacodylate and osmium tetroxide were from Sigma 

(Bornem, Belgium). 

 
2.4 Flow cytometric viability assay Fractions of 
living, necrotic and apoptotic cells (typically 10,000) were 

determined using a FACScan (Becton Dickinson, San Jose, 
CA, USA). Calcein-AM, Propidium Iodide (PI) and 

Pluronic
®
 F-127 were from Molecular Probes (Eugene, 

OR, USA). After trypsination with 0.25% trypsin / 1 mM 

EDTA during 3 min., inactivation of trypsin with FCS, the 

cell suspension as well as the substrates’ PBS pH 7.2 

rinsings were transferred to a 96-well plate. This plate was 

centrifuged twice (10 min. at 1,000xg, centrifuge 5810, 

Eppendorf AG, Hamburg, Germany), the supernatant 

aspirated and the cell pellet resuspended with PBS pH 7.2. 

The suspension was incubated for 10 min. in the dark at 
room temperature with flow cytometry loading buffer.  

 
2.5 Biochemical characterization Cell growth and 

viability were characterized with the [
3
H]-thymidine cell 
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proliferation assay, the Bradford assay for total protein 

content, and the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) cell proliferation 

assay. Normalization to substrate area was carried out and 

both the MTT and the [
3
H]-thymidine assay results were 

divided by those obtained with the Bradford assay. 

 [
3
H]-thymidine cell proliferation assay. 16 h prior to the 

experiment, cells were incubated with 1 µCi [
3
H]-

thymidine (Amersham Biosciences, Diegem, Belgium). 

Cell growth medium and trypsin-treated cells were 

collected and centrifuged for 10 min at 3,500×g (Biofuge 
15, Heraeus Sepatech, Osterode, Germany). After 

resuspension in PBS pH 7.2, the cellular material was 
harvested and radioactivity measured as described [20]. 

Bradford assay for total protein content. Cell growth 

medium and trypsin-treated cells were collected and 

centrifuged for 10 min. at 425×g and 37 °C. After 

resuspension in 750 µl 0.1N NaOH and 15 min. incubation 

at 37°C, 20 µl of each sample was added to four replicate 

wells of a flat-bottom 96-well plate. After addition of 270 

µl color reagent to each well, the plate was incubated for 

10 min. and absorbances measured at 630 nm with an 

ELISA plate reader (ICN Biomedicals, Asse, Belgium). A 

serial dilution of bovine serum albumin was used as 

calibration curve. The color reagent consisted of 0.1 g ml
-1

 

Serva Blue G dye, 0.05% (v/v) ethanol 95%, and 0.1% 

(v/v) phosphoric acid. 

MTT cell proliferation assay. Absorbances were recorded 

on a Shimadzu UV/VIS scanning spectrophotometer UV-

1600 PC (Shimadzu Benelux, Deurne-Antwerp, Belgium) 

at 550 and reference 800 nm with 1 nm step size, 0.1 s 

integration time, ~ 20–23°C. MTT assay solvent consisted 

of DMSO enriched with 15% 0.1 M TRIS buffer pH 10 to 

mimic the endpoint of the MTT assay. The assay was 

optimized as described [19,21]. Dimethylsulfoxide 

(DMSO, spectroscopic grade), TRIS-(hydroxymethyl)-

amino-methane and NaCl were from ACROS Organics 

(Geel, Belgium), MTT (M 5655), glycine from Sigma 

(Bornem, Belgium), MTT-formazan from Fluka (Buchs, 

Switzerland). 

 

2.6 Statistics Graphing and statistical analysis was 

performed using Prism
®
 4 (GraphPad Software, Inc., San 

Diego, CA, USA). Data from the biochemical assays were 

normalized to 1 cm
2
 surface area and to the respective 

glass controls values. When applicable, data were analyzed 

using one-way-analysis of variance (ANOVA) with a 

Bonferroni post test to compare with glass controls, and 

with two-way ANOVA to search for significant influences 

of NCD, µCD surface characteristics or hydrogen/oxygen 

termination. All p-values lower than 0.05 were considered 

significant. Error bars represent one standard error of the 

mean. 

 
3 Results and discussion 

3.1 Surface topology and cell morpohology 
Typical morphology and topology for clean NCD and µCD 

samples (without cells) are presented (Fig. 1). NCD film 

(200 nm thick) root mean square (RMS) surface roughness 

typically was 10 nm as reported [3] while for µCD (3.2 µm 

thick) RMS roughness was 100 nm [3]. Contact angles and 

surface wettability were similar to those reported [3], i.e. 

>90° for HT and <45° for OT films. SEM images of cell 

covered NCD and µCD show a monolayer of nicely spread 

cells at five days post-seeding (Fig. 2) with spreading and 

flattened morphology and apparent absence of cytotoxicity 

[10]. On µCD, the cell membrane sometimes followed the 

crystal delineation. Coverslip glass substrate (Fig. 3) 

contrast was improved using osmium tetroxide. In contrast 

with [5], we observed a confluent monolayer. The few 

aggregates on top of the monolayer seem not to be due to 

seeding since even very evenly dispersed cells show this 

effect after reaching full confluence. Surface wettability 

might modulate cell adhesion at least in part [5]. Similar to 

SEM, visual inspection indicated no disadvantageous 

influence of the substrates on the cells. Reflection 

microscopy with through-the-lens illumination and contrast 

enhancement through polarizers allowed convenient 

monitoring of cell layer morphology and density over time 

with images of comparable quality as published [22].  

 

3.2 Cell doubling time Cells did not detach nor did 

overgrowth domes form up to day seven. Fig. 4 shows 

CHO cells exhibiting exponential growth. Samples were 

treated as described for the MTT proliferation assay. Cell 

numbers were obtained from an area and DMSO corrected 

absorbance standard curve. Fitting days 4-7 post-seeding, 

R2-correlation coefficient values were 0.99 or better. 

Doubling times were very similar: 23.7 ± 1.9 and 23.3 ± 

3.1 h for OT-NCD and OT-µCD. For HT-NCD and HT-

µCD they were 21.6 ± 0.2 and 25.1 ± 2.5 h while for glass 

controls 22.0 ± 1.5 h. Within fit error no significant 

differences exist. CHO cells proliferated on bare cleaned 

surfaces irrespective of the type of diamond and/or surface 

termination. This is similar to osteoblast-like cells and 

pneumocytes growing on NCD/amorphous carbon 

composite films [23]. On the contrary, HK-2 epithelial 

cells showed a strong difference in attachment between  

HT and OT terminated NCD [24]. However no difference 

was observed for 2-5 nm diamond particles of either 

termination. Mouse fibroblast L929 permanent cell line 

and human gingival fibroblast showed a slightly higher 

proliferation on NCD films as compared with control 

polystyrene [10]. Surface topologies of our NCD and µCD 

surfaces apparently were sufficiently similar without large 

and sudden height variations which might have impeded 

growth as shown for spiky boron doped NCD surfaces 

[1,4].  
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Figure 1 SEM images of nano- (NCD) and microcrystalline (µCD) diamond films on silicon. Nano- (A) and micro-

crystalline (B) diamond film (scale bars 2 µm). (C) cross-section of a microcrystalline diamond substrate. (scale bar 10 µm). 
 

 

 

 

 

 
 

 
 

 

 

 

 

 

 

 

 

Figure 2 SEM images of CHO cellular monolayers on diamond. After five days post seeding, cells grown on OT-NCD (A) 

and HT-µCD (B) were fixated and dehydrated. Images show a monolayer of cells on top of the diamond surfaces. Scale bars 

300 µm (A.I, B.I), 20 µm (A.II, B.II) and 10 µm (A.III, B.III). 

 

         
Figure 3 SEM images of CHO cells on glass substrates. After five days post seeding, fixated and dehydrated cells grown on 

glass substrate controls (A), (B) (enlarged area). Near the bottom (A) a subconfluent monolayer can be seen. (C) Improved 

contrast via post-fixation osmium tetroxide application. Same conditions otherwise. Scale bars are respectively 1 mm, 100 µm 

and 200 µm. Dashed square indicates magnified section. 

3.3 Flow cytometry Living cells were indicated by the 

presence of calcein fluorescence and absence of PI 

fluorescence. Necrotic cells were characterized by their PI 

fluorescence due to leaking membranes, regardless of 

calcein fluorescence. In contrast, apoptotic cells were low 

for both calcein and PI fluorescence. Fig. 5 shows no 

significant differences between tested substrates, and this 

for all cell populations involved. This finding corresponds 

with the reflection microscopy and SEM results. 
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Figure 4 Cell growth on as-grown cleaned HT- and OT 

diamond and glass control surfaces. Day 4-7 linear fit through 

cells growing on glass. 

 

 

 

 

 

 

 

Figure 5 Flow cytometric analysis of healthy, necrotic and 

apoptotic cells using calcein-AM and PI five days post seeding. 

No significant difference could be demonstrated between all 

substrates tested using one-way ANOVA. (n) indicates the 

number of repeats. Error bars represent one standard error of 

the mean. 

 
3.4 Cell viability, proliferation and total protein 
content The [

3
H]-thymidine assay showed that neither the 

uncorrected nor the for total protein content corrected 
proliferation rate was significantly different using one-way 
ANOVA. This was consistent with the results obtained 
with the Bradford assay (not shown). Determining the total 
protein content is a good estimate of the total cell number. 
The R

2
-value of the Bradford assay calibration curve with 

bovine serum albumin (BSA) was 0.9998 (result not 
shown). No significant difference could be demonstrated 
between the glass substrate controls and the diamond 
substrates using one-way ANOVA. The optimized MTT 
cell proliferation assay corrected for total protein content, 
was executed at five and seven days post-seeding (Fig. 6). 
In general, the differences in cell metabolic activity 
between glass substrate controls and diamond substrates 
decreased. After five days, no significant difference could 
be demonstrated between the substrates using one-way 
ANOVA analysis. In contrast, after seven days OT and 
HT-NCD as well as HT-µCD diamond were significantly 
different using one-way ANOVA (p<0.01). Furthermore, 
two-way ANOVA did not reveal a significant influence on 
the type of diamond. On the other hand, surface 
termination was found to have a significant influence, 
although only after seven days (p<0.01). Compared to 
glass only the HT samples differed significantly indicating 
the significant negative influence of hydrogen terminated 

surfaces. Conversely, two-way ANOVA revealed an even 
more significant effect of surface termination after seven 
days (p<0.001). This is consistent with [5]. This finding 
warrants further research over more extended periods of 
time. The amount of protein per cell may not be the same 
for each substrate [25]. Furthermore, a growth phase-
dependent protein expression could occur as seen with 
bacteria [26].  
Unlike most topologies used to study possible effects, 
diamond surfaces are just ‘non-structured and rough’. This 
roughness is thought to aid cell adhesion [27]. Additional 
factors may well be involved. For example UV irradiation 
of substrates mediated by the electrostatic interactions or 
the hydrogen bond formation between cell membrane 
proteins and diamond surfaces seems to aid in cell growth 
[28,29]. A nanometer thin serum protein coating [30], due 
to the required use of FCS, may influence CHO cell 
attachment and growth and may give part of the 
explanation for the observed substrate indifference. Serum 
protein interaction with HT and OT terminated surfaces 
may also mediate and lead to preferential cell adhesion 
[31] and these effects should be studied in more detail. 
CHO cells were healthy as patch-clamp results show that 
the glycine presence in DMEM does not down-regulate the 
glycine receptor [11] nor cause an increase in cell death. 
 

 

Figure 6 Comparison of NCD and µCD, either OT or HT, with 

glass substrate controls using the MTT assay results normalized to 

total protein content obtained with the Bradford assay. Absorbance 

was normalized to both 1 cm2 and to glass substrate controls. Five 

days post seeding (black), no significant difference was 

demonstrated. Conversely, seven days post seeding (gray) a 

significant difference was present (p<0.01). Significance levels 

shown are from comparison with glass substrate controls. (** = 

p<0.01, *** = p<0.001). (n) above bars indicates the number of 

repeats. Error bars represent one standard error of the mean. 
 

4  Conclusions Based on the acquired results, it is 

justified to conclude that for the transfected CHO cells 
considered, growth and viability on bare uncoated nano- 

and microcrystalline diamond substrates is not 
substantially attenuated with respect to the glass control, at 

least up to day five. The surface roughness of the diamond 

surfaces used in this report forms apparently no 
statistically significant hindrance for the growing and 

proliferating CHO cells, cushioned as they are by their 
own extra cellular matrix. The effects of grain size and 

(12)  (7)   (8)  (4)   (4)

(12)  (7)   (8)   (4)   (4)

(12)  (7)   (8)   (4)   (4)
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serum are currently not straightforward to explain and 

warrant further research. 
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