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In this study, we show and discuss the results of the interaction of living CHO (Chinese Hamster
Ovary) cells, in terms of adhesion and growth on glass, SU-8 (epoxi photoresist), PDMS
(polydimethylsiloxane), and DLC (hydrogen free diamond-like carbon) surfaces. Glass, SU-8, and
DLC but not PDMS showed to be good surfaces for cell growth. DLC surfaces were treated by
oxygen plasma (DLC-O) and sulfur hexafluoride plasma (DLC-F). After 24 h of cell culture, the
number of cells on DLC-O was higher than on DLC-F surface. SU-8 with silver implanted,
creating nanoparticles 12 nm below the surface, increased significantly the number of cells per unit
area. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871541]

. INTRODUCTION

Surface modifications from organic' to inorganic materi-
als,” have been widely used for cell growth,>™ for a wide
variety of applications, ranging from cosmetics'® to micro-
electronics industry.” In this context, chemical treatments,
including plasma surface modification, are commonly used,
with considerable changes of surface properties, which influ-
ence the adhesion and proliferation of mammalian cells in a
strong way.'? In the absence of cell surface ligands, the free
surface energy is the main property correlated with cell
adhesion. It is known that high surface energy promotes
better cell adhesion and rapid cell spreading on the substrate,
whereas low energy surfaces do not favor this type of
behavior.'?

We evaluated four different pristine surfaces for cell
adhesion and growth, namely, glass, SU-8 (epoxi photore-
sist), PDMS (polydimethylsiloxane), and DLC (hydrogen
free diamond-like carbon). We also performed surface modi-
fication on DLC, using plasma treatment to form oxygen and
fluorine terminations, and on SU-8, using silver ion implan-
tation. This two modified surfaces were also evaluated
concerning cell culture.

The choice of the materials was based on their proper-
ties and applications. SU-8 is an epoxi-based photo and elec-
tron beam resist used in a variety of applications, mainly
using microfabrication techniques, such as microfluidics,
superhydrophobicity,'*™'> and bio-MEMS.'® Silver nanopar-
ticles are known for their antibacterial properties.'” As it is
known that implantation of metal into polymer using ion
implantation forms nanoparticles inside the polymer,'®° we
evaluated the cell growth on buried silver nanoparticles into
SU-8 formed by ion implantation. PDMS is a widely used
polymeric material with several interesting characteristics,
which include high flexibility, optical transparency,
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biocompatibility, and ease to fabricate.”’*® Diamond-like
carbon is an amorphous carbon material with high content of
sp> bonds, providing properties similar to diamond films,
being also a biocompatible material.

The main objective of this study was to investigate the
interaction of living cells, in terms of adhesion and growth,
with these technologically interesting material surfaces.

Il. EXPERIMENTAL
A. Cell culture

Chinese Hamster Ovary cells (CHO) in a freezing solu-
tion (10% dimethyl sulfoxide (DMSO)) were stored in liquid
nitrogen (—195°C) in aliquots of 1 x 10° cells/ml until be
cultured. Then, cells were thawed and cultured in mono-
layers into culture flasks of 25 cm? (Corning) in HAM- F10
medium (Invitrogen) supplemented with 10% fetal bovine
serum (Cultilab) and antibiotics (streptomycin 1% and peni-
cillin 1%). Cell cultures were incubated at 37°C and 5%
CO, until reach approximately 90% confluence. For subcul-
tures, medium was removed and 5 ml of Hanks 1X solution
(0.4g KCI, 0.06g KH,PO,, 0.04g Na,HPO,, 0.35¢g
NaHCO3;, 1g glucose, 8 g NaCl, H,O q.s.p. 1000 ml) were
added for 2 min. Afterwards, the Hanks solution was
removed and 2ml of trypsin 0.25%/EDTA 1X (Invitrogen)
were added for 5 min, until cell detached. Subcultures were
performed at 1:2 ratio, every 24 h, in culture flasks of
25cm?”.

For evaluating cell growth and cell adhesion, each sub-
strate was placed into a dish and then 1.2 x 10> exponentially
growing cells were seeded (cultures in triplicate) and incu-
bated for 24 h.>*3° For cell adhesion, the criterion used
was cells morphology. It is known that cells with spherical
geometry present low adhesion to the substrate®' and high
occurrence of this geometry means that the substrate is not
favorable for cell growth. Thus, we define the form factor F
given by equation:'

© 2014 AIP Publishing LLC
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TABLE 1. Average form factor (F)), calculated by measuring 30 cells for
each sample, and SFE for the selected substrates.

Sample Fr SFE (mN/m)
Glass 0.50 = 0.03 543
SU-8 0.52+0.03 35+1
DLC 0.54 +0.03 27x1
PDMS 0.99 = 0.01 9+1
area
Fr=dn—
(perimeter)

where the area and perimeter of cells can be measured in an
image of optical microscopy using software such as Image Pro
from Media Cybernetics. The form factor Fy can range from
one (for a perfect circle) to almost zero (approximating a
straight line, where the area would be almost zero). Thus, for
elongated cells, Fy will be low, while for the circular cells, rep-
resenting low adhesion, F; will approach unity. In this way, we
can numerically evaluate the cells adhesion to the substrate and
the consequent suitability of the substrates for cell growth.

Initially, cell cultures were performed on substrates
without pretreatment, i.e., without surface treatment. The
substrates used were glass (cover slips from Glasstécnica),
SU-8 (2005 from Micho Chem, resin used for electron beam
lithography—electron resist), PDMS (from Dow Corning),
and DLC on silicon, deposited by Metal Plasma Immersion
Ton Implantation and Deposition (MePIIID).** The evalua-
tion of these cultures was performed calculating the cells
form factors (Fp).

Cell growth was proceeded on the modified surfaces and
the number of live cells per unit area was performed for each
substrate by optical microscopy. CHO cell viability after 24
h cell culture was performed using trypan blue exclusion
methodology. Briefly, a freshly prepared solution of 500 pl
trypan blue (0.05%) in distilled water was mixed to the same
volume of fresh medium of culture. About 20-30 ul of this
solution was placed on each substrate fully covering the
surfaces that still contained attached cells. After 3 min,
optical microscopy images were acquired in five different
regions of the surface. Dead cells were blue-stained.””

B. Surface modification

The materials used for surface modification were SU-8
and DLC. Silver ion implantation was performed in SU-8
substrates with dose of 1.2 x 10'®cm ™2 and energy of 8keV.
The implanter used has been described previously.>* Ton
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depth distribution inside SU-8 was simulated using the
software Tridyn.*®*” The DLC samples were treated with
oxygen plasma and with sulfur hexafluoride (SFg) plasma, in
separate samples, generating surfaces with oxygen termina-
tions and fluorine terminations, respectively.*** The facility
for plasma treatment has been described previously.*’

C. Contact angle and atomic force microscopy (AFM)
imaging

Contact angle was measured in a Goniometer KSV CAM
200 and the surface free energy (SFE) was evaluated using
CAM SFE software with the method OWRK/Extended
Fowkes.*' As liquid probes, we have used deionized water
(18.2 MQ cm, Millipore) and ethylene glycol (99.5%, Merck).

AFM was used for imaging the SU-8 surface before and
after the ion implantation. The microscope used was a
NanoScope IIIA, from Bruker, in the intermittent contact
mode. The tip radius used for the AFM image acquisition
was 15nm (nominal) and the cantilever resonant frequency
was about 300 kHz.

lll. RESULTS AND DISCUSSION

The form factors (Fy) were calculated as an average
value from measurements of 30 cells per image in 5 different
regions for each sample. The results are listed in Table I,
which shows that the samples of glass, SU-8, and DLC pre-
sented low values for the form factor, demonstrating a good
cell spreading on these surfaces and consequent suitability of
these substrates for cell growth. For the PDMS cells, the
form factor obtained was the unit, attesting low cell spread-
ing and consequent poor adhesion, indicating that PDMS
was inadequate for cell growth. Considering these results,
SU-8 and DLC were selected for surface modification.

The SFE was measured for all substrates and the results
are also presented in Table I. The SFE obtained for PDMS is
compatible with the form factor result, since low SFE pro-
motes worst cell adhesion,'? generating cells with higher
form factor. The SFE of the DLC and SU-8 have intermedi-
ate values compared with PDMS and glass, however, DLC
and SU-8 present low form factor, suggesting good cell
adhesion. Interestingly, despite of the significant difference
between SFE of SU-8, DLC, and glass, the difference
between their form factors were not so significant.

The results for DLC, DLC-O (treated by oxygen
plasma), and DLC-F (treated with SF¢ plasma) are shown in
Figure 1, where the number of live cells per unit area is
given for those three substrates, for three independent
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FIG. 1. Number of live cells per unit area for three substrates: DLC-O, DLC-F, and DLC without plasma treatment, for three independent experiments.
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FIG. 2. Depth profile of Ag implanted in SU-8 for ion energy of 8keV and
dose of 1.2 x 10" cm ™2, as calculated by the TRIDYN simulation code. The
maximum concentration of silver is located at approximately 12 nm below
the surface.

experiments. The results, for all experiments, showed that
the number of cells on the DLC-O was higher than on
DLC-F. For better understanding this result, the wettability
of the DLC-O and the DLC-F were evaluated by contact
angle measurements. For the DLC-O, the contact angle
obtained was (63 £ 2)° (SFE =39 £ 1 mN/m) and, for the
DLC-F, was (90 = 1)° (SFE =27 = 2 mN/m), which is com-
patible with the literature results.*”** These results agree
with those previously reported by Duailibi er al.,*> showing
that hydrophilic surfaces benefit cell growth. Concerning to
the DLC without plasma treatment, cell growth presented
different behaviors for each of the three independent experi-
ments. An explanation for that could be the possible random-
ness of chemical species present on the DLC surface without
treatment, leading to non reproducible results.

Ion implantation was performed in SU-8 using silver
(Ag) dose of 1.2 x 10"°cm—2 (confirmed by Rutherford
Backscattering Spectrometry—RBS) with energy of 8keV.
Figure 2 presents TRIDYN simulation, where the depth pro-
file of Ag implanted in SU-8 is plotted. The maximum con-
centration of silver is located at approximately 12 nm below
the surface, where the nanoparticles are formed.*®

J. Appl. Phys. 115, 154701 (2014)

The result from cell culture in SU-8 with (SU-8/Ag) and
without (SU-8) silver implantation is shown in Figure 3. The
number of live and dead cells per unit area is given for both
substrates, from three independent experiments. In all
experiments, the number of cells on SU-8/Ag surface was
higher than on original SU-8. Similarly, higher amount of
dead cells was also detected on the SU-8/Ag surface.
Nevertheless, considering that the number of dead cells was
less than 1% of live cells per unit area, it is possible to con-
clude that the SU-8/Ag surface had better performance for
cell growth.

The surface free energy of SU-8 was determined from
contact angle measurements for the SU-8 (35 = 1 mN/m)
and for the SU-8/Ag (30 = 1 mN/m). The difference between
these values is too low for justifying the different cells
behavior on these surfaces. Figure 4 presents AFM images
of SU-8 surface with and without silver implantation. It is
possible to observe that the implanted surface is nanostruc-
tured, but it is known*’ that nano patterned surfaces can
interfere with cell growth just when the structures have as-
pect ratio near unit, that is not this case, where the lateral
size of the structures were in average 40 nm and the heights
5nm, giving an aspect ratio of 0.13. Concerning to the sur-
face area, the SU-8/Ag has 6.7% higher area than the original
SU-8, which is compatible with the low aspect ratio of the
structures. In this way, these nanostructures do not justify
also the different cells behavior on the SU-8 and SU-8/Ag
surfaces. A possible reason for the better performance for the
cell growth on SU-8/Ag is the possibility of the cells access
the silver nanoparticles 12 nm below the surface, generating
benefits for the cells culture.

IV. SUMMARY AND CONCLUSION

CHO cells were cultured on glass, SU-8, DLC, and
PDMS surfaces and the criterion of form factor analysis was
used for evaluating the suitability of the substrates for this
purpose. Glass, SU-8, and DLC presented low values for the
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FIG. 3. Upper histograms: number of live cells per unit area for substrates of SU-8 with and without silver implantation, for three independent experiments.
Lower histograms: number of dead cells per unit area for substrates of SU-8 with and without silver implantation, for three independent experiments.
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FIG. 4. AFM images of (a) original SU-8 and (b) SU-8 modified by Ag ion
implantation.

form factor, demonstrating these materials are good for cell
growth. For the PDMS surfaces, the form factor was the unit,
indicating that PDMS is inadequate for cell growth.

DLC surfaces were treated by oxygen plasma (DLC-O)
and sulfur hexafluoride plasma (DLC-F). CHO cells were
cultured on DLC-O, DLC-F, and DLC without plasma treat-
ment, and 24 h later, the number of cells on the DLC-O was
higher than on DLC-F surface, what can be justified by the
hydrophilicity of the DLC-O (contact angle of DLC-O was
(63 = 2)° and of the DLC-F was (90 = 1)°). The DLC with-
out plasma treatment presented different behaviors on the
cell growth for each of three independent experiments, possi-
ble because of the randomness of chemical species present
on the DLC surface without treatment, leading to non repro-
ducible results.

SU-8 with silver implanted, creating nanoparticles
12nm below the surface, brought exciting new results in
terms of increasing the number of cells for three independent
experiments. The surface free energy of SU-8 with and with-
out silver implantation is very similar, which does not justify
the different cells behavior on these surfaces. AFM image of
SU-8 with silver implantation shows nanostructures with as-
pect ratio of 0.13 that is too low for justifying the different
cells behavior on the surfaces. A possible reason for the bet-
ter performance for the cell growth on SU-8/Ag is the possi-
bility of the cells access the silver nanoparticles 12 nm below
the surface, generating benefits for the cells culture.
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