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ABSTRACT: SiO, films were deposited using an atmospheric-pressure transporting dis-
charge, and we adopted tetraethyl orthosilicate (TEOS) as the precursor. We studied the effects
of nozzle—substrate distance, applied power, deposition time, and precursor inlet positions
on the substrates placed at the tube exit. The deposited thin films were investigated using
field-emission scanning electron microscopy and attenuated total-reflection Fourier-transform
infrared spectroscopy. The specific studies that we carried out showed a clear relationship be-
tween the operating parameters of the deposition process and the morphological and chemical
properties of the deposited films. In addition to samples treated outside of the tube in the jet
mode, transporting discharge was used to deposit SiO, thin films inside fluorinated ethylene
propylene (FEP) tubes. Changing the chemistry inside the FEP tubes completely modified the
interaction of CT-26 cells; that is, the nonadhesive FEP tubes became completely adhesive.
This study shows the potential for modifying surfaces properties inside tubes for different
biological applications.
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I. INTRODUCTION

SiO, films have excellent properties for application in various fields such as optical coatings,
corrosion protection, and food and pharmaceutical packaging. These films are either grown
by thermal oxidation of silicon or deposited by thermal or plasma-enhanced chemical vapor
deposition (PECVD).!? Nonthermal atmospheric-pressure plasma (APP) deposition is a
beneficial technology due to its low cost and flexible operation and integration for in-line
processing; film deposition regimes in atmospheric plasma are generally based on PECVD.
Polymers produced by PECVD are not as chemically regular as conventional polymers nor
do they have high mean molecular weight, but they are rich in functional groups that may
be useful as chemical anchors or to facilitate interactions with other materials including
biological media.’ The advantages of PECVD over sputter deposition and thermal/electron
beam evaporation are its fast deposition rate and high film quality.*

For actual biomedical industrial applications, however, surface modification of
complex shapes may be required; for example, the inner walls of vascular grafts or
catheters must be rendered nonfouling for improved performance. The very geometry of
APP jets suggests that they may be feasible to be used for this task: the flow of effluent
gases from the small orifice of the jet and activated in plasma may be directed into nar-
row tubes, in which the gases can propagate for long distances, interacting and modify-
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ing the inner surface. For example, the deposition of fluoropolymer films onto the inner
surface of commercial poly (vinyl chloride) tubing with the aim of increasing its blood
compatibility has already been reported.’

This article presents the use of two different deposition geometries of an atmo-
spheric-pressure transporting discharge to deposit SiO, films onto samples and the trans-
porting tube’s inner surface. Thin SiO, films were deposited on samples placed outside
of the tube and, as mentioned above, in the inner surface of the tube. To examine the
surface morphology of the deposited films and their chemical composition, we used
scanning electron microscopy (SEM) and Fourier-transform infrared (FTIR) spectros-
copy. We studied in detail the effects of nozzle—substrate distance, applied power, depo-
sition time, and precursor inlet position that could influence the film properties. Here, we
shall see how the deposition of thin SiO, layers inside of polymer tubes can completely
modify the adhesion of cells to the surface.

Il. MATERIALS AND METHODS

The two different configurations of the atmospheric-pressure transporting discharge
used for thin film deposition of SiO, coatings are shown in Fig. 1. A transporting dis-
charge was generated by applying a homemade direct-current superimposed alternating-
current high-voltage (HV) power supply at 5 kHz.%” We connected an HV power supply
to a stainless needle electrode that was embedded in the center of fluorinated ethylene
propylene (FEP) tube. The tube had an internal diameter of 4 mm, outer diameter of
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FIG. 1: Setup. (a) Monomer inlet before discharge zone; (b) monomer injection 10 cm before
nozzle outlet; MFC, mass flow controller
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6 mm, and length of 70 cm, allowing the working gas to flow through. The copper tape
electrode that encircled the outer part of the tube was connected to the ground. We in-
troduced helium (purity, 99.999%) working gas into the annular space. By supplying
the power, a nonequilibrium APP stream was stably confined in the annular space, with
a flow rate of 400 standard cubic centimeters per minute (sccm) moving through the
70-cm long capillary. The helium carrier gas passed through the precursor recipient that
contained TEOS, bubbled, and was introduced into the plasma plume. We varied the
position of the precursor inlet either before the discharge zone (Fig. 1[a]) or at 10 cm
before the outlet nozzle (Fig. 1[b]).

A. Aftenuated Total-Reflection-FTIR Spectroscopy

The chemical composition of the films was characterized using a Bruker VERTEX-70
(Bruker Optik GmbH, Ettlingen, Germany) FTIR spectrophotometer equipped with
a single-reflection attenuated total-reflection (ATR) accessory that used a germanium
crystal as an internal reflection element. IF absorbance spectra were recorded in the
400—4000 cm™' range, with a resolution of 4 cm™'. Before each sample scan, the signal
of the bare substrate was taken as reference. We performed baseline correction using
Bruker’s OPUS 6.5 software after 200 scans of each sample.

B. Field-Emission Scanning Electron Microscopy

We studied the morphology of SiO, films using field-emission scanning electron mi-
croscopy (FE-SEM). FE-SEM images were taken using a Zeiss Ultra 55 FE-SEM with
a Gemini column on carbon-coated surfaces by sputter coating (108 Auto Cressington
sputter coater; Redding, CA).

C. Culture and Preparation of CT-26 Cells

We performed cellular adhesion tests using CT-26 (colon cancer) cells. Cells were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM), which we supplemented with 1% vol-
ume/volume antibiotics (10,000 U/mL penicillin G sodium and 10 mg/mL streptomycin),
2 mM L-glutamine (Fisher Scientific; Illkirch-Graffenstaden, France), and 10% fetal bovine
serum (FBS; Sigma-Aldrich, Lyon, France). Cells were expanded by routine cell-culture
techniques in 25-cm? cell-culture flasks, containing 5 mL 10% serum supplemented me-
dium. We incubated the cells in a humidified atmosphere of 95% air and 5% CO, for 24 h
at 37°C.

When seeded out for experiments, the cells were detached by trypsinization, pel-
leted (1 mL for 3 min with a table centrifuge; Beckman Coulter; Fullerton, CA), and
resuspended in complete growth medium. We counted the number of cells in the suspen-
sion using a C chip (DHC-FO01; Biochrom, Berlin, Germany). We then seeded 5 mL of
CT-26 cell suspension with a density of 105/tube into the noncoated and coated tubes
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that were incubated at physiological conditions for 48 h. After 48 h, the cells were de-
tached by trypsinization and counted with the C chip.

lll. RESULTS AND DISCUSSION

A. Influence of Process Parameters on SiO, Film Deposited on Samples
Placed outside of the Tube

We prepared the SiO, thin films on the Si (100) substrates that we placed outside of the
jet by PECVD, using TEOS as the precursor at atmospheric pressure. The experimental
apparatus that was used in this step is schematically shown in Fig. 1(a). As the carrier
gas, we used helium with a flow rate of 400 sccm. TEOS flow was 0.2 sccm. Substrate
distance from the nozzle outlet varied from 5 to 20 mm. The Si (100) samples were
ultrasonically cleaned in an acetone bath for 30 min and soaked in ethanol for 30 min.
After these steps, samples were rinsed in deionized water. The cleaned Si wafers were
air dried and then used for measurements.

The coated films were analyzed for film thickness, morphology, and composition,
and we used FE-SEM to examine film-surface morphology. hemical compositions of
the thin films were determined using FTIR spectroscopy. Figure 2(a) shows the FTIR
spectrometric analysis of the atmospheric plasma jet-deposited SiO, films for the setup
shown in Fig. 1(a). A strong, broad absorption feature centered at 1095 cm™ with a weak
absorption band near 800 cm™' were assigned to the asymmetric stretching and bending
modes of Si-O-Si, respectively. As is common with SiO, films grown at reduced tem-
perature, IR spectra also contain features attributed to hydroxyl groups. Absorption at
958 cm! was attributed to the Si—OH stretching vibration. Considering this, the broad
band between 3000 and 3700 cm™! could probably be assigned to an O—H stretching
vibration of associated SiOH species and isolated Si-OH groups.'®* Table 1 shows the
most important peaks of this spectrum.

The C=0 peak at 1630 cm™' indicates the presence of bonded oxygen in the poly-
mer, likely originating from molecular oxygen when exposed to air.'”

The presence of carbon in the films is probably due to the incomplete decomposi-
tion of the TEOS precursor and carbon contamination from open air.!! The presence of
Si-O-C bonds from incomplete decomposition of the precursor is shown in Fig. 2(b),
where the FTIR region between 800 to 1400 cm™ is deconvoluted.

1. Effect of Nozzle—=Substrate Distance

The effect of nozzle—substrate distance on the deposition rate is shown in Fig. 3. Deposi-
tion rate increased when nozzle-substrate distance decreased. In addition, the deposited area
diminished with increased nozzle—substrate distance. The deposition rate depends on the
density of fragmented TEOS precursors reaching the surface of the substrate. In the helium
APP jet, we observed that electron density and atomic oxygen density are highest when
close to the nozzle, and then they decreased when the distance from the plasma jet nozzle
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FIG. 2: (a) Typical absorption FTIR spectrum of silicon oxide—deposited film (monomer inlet be-

fore discharge zone); (b) typical Gaussian fitting curve of the spectrum in the range 800—1400 cm™!
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TABLE 1: Main peaks observed in ATR-FTIR spectra

Wave number (cm™) Vibrational mode
30003700 O—H Stretching vibration of associated SIOH
30002850 C—H Stretching, symmetric valence, and asymmetric valence modes

1171 Si-O-Si Symmetric stretching
1150 Si-O-C Asymmetric stretching
1095 Si-O-Si Asymmetric stretching
958 Si—OH Stretching
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FIG. 3: Dependence of deposition rate on nozzle—substrate distance. Applied power, He gas flow
rate, and deposition time: 2 W, 400 sccm, and 6 min, respectively

increased.'? Thus, the density of the radicals formed from the fragmentation of TEOS may
have also been reduced at greater nozzle—substrate distances, which explains the abrupt
decrease of the deposition rate observed in Fig. 3 at > 6 mm. For distances < 6 mm, the
deposited coatings show a certain inhomogeneity because of the distorted gas flow that oc-
curred due to turbulence caused by the impact of the jet on the substrate surface. We can
conclude that a short substrate distance is beneficial for a high deposition rate; however, for
nozzle—substrate distances that are too short (< 6 mm), nonhomogeneous films (in terms
of film thickness) were deposited. With our experimental conditions, nozzle—substrate dis-
tance of 6 mm was optimal because it resulted in a homogeneous and higher deposition rate.
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FIG. 4: ATR-FTIR spectra of films deposited at different applied powers

2. Effect of Applied Power

Figure 4 shows IR spectra of films deposited on a silicon wafer substrate, with applied
power varying between 2 and 6 W. Si-O-Si peak intensity was higher for coatings de-
posited at higher applied power, leading to thicker coatings. Coatings deposited at lower
applied power had a broad peak at 2700-3000 cm ™', indicating the presence of a signifi-
cant amount of carbon-related groups. Coatings deposited at higher plasma power were
found to have higher silanol (SiOH) content observed at 958 cm™, which is associated
with the formation of particulates. Increased deposition rate is most likely due to higher
applied power that results in an increment in the fragmented radicals that occur after
precursor fragmentation.

3. Effect of Deposition Time

Figure 5 demonstrates the thickness of the SiO, films on the Si (100) substrates as a
function of the deposition time. Film thickness tends to increase with deposition time in
a linear manner.
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FIG. 5: Thickness of SiO_film plotted as a function of deposition time. Applied power, He gas
flow rate, and d 14 W, 400 sccm, and 6 mm, respectively

nozzle—substrate

4. Effect of Precursor Inlet Position

The effect of precursor inlet position (Fig. 6) on deposition composition is shown in Fig.
6. When the precursor inlet position was close to the powered electrode, height of the
shoulder corresponding to Si-O-Si increased. Figure 7 identifies the deconvolution of
the spectral range between 800 and 1400 cm™, vibration peaks due to Si-O-Si bonds si-
lanol (Si-OH) groups, and Si-O-C bonds. The coatings’ carbon content is reduced when
the monomer inlet is close to the tube outlet. This shows the role of atomic oxygen and
OH radicals that can contribute to a higher fragmentation of the precursor.

We also examined surface morphology of SiO, coatings in different applied powers
using SEM (Fig. 8). It is evident that film thickness increased with increased applied
power. SEM analysis of deposited thin layers obtained from the transporting discharge
showed that the coatings’ border region had a smooth morphology that became denser
with increased applied power (Fig. 8[a]—[e]). The center of the coatings had individual
particulates in the range of 200 nm—5um in diameter, depending on power (Fig. 8|[c],
[f]). The formation of these particulate regions is a consequence of plasma jet tip col-
lision on the sample. The increase in particulate size with higher applied power could
be explained by augmented electric field at the plasma jet tip. As a result, coatings de-
posited at higher powers exhibited increased surface-roughness values at the center, but
coatings at the borders were smooth and homogeneous (see Fig. 8[a]-[e]).
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FIG. 6: FTIR spectra of SiO -deposited film for two different monomer injection setups

B. Deposition of Thin SiO_ Films inside the FEP Tube

We analyzed the chemical structures of the plasma-polymerized SiO, films in the 70-cm
FEP tube (D, =4 mm; D_ = 6 mm) using FTIR spectra in different parts of the tube (Fig.
9). FEP is a fluorinated copolymer obtained from copolymerizing hexafluoropropylene
and tetrafluoroethylene. The TEOS precursor was injected before the discharge zone, be-
cause the purpose was to deposit inside the entire tube (Fig.1[a]). Samples were denoted
according to distance downstream, with respect to the powered electrode at either 5 cm
downstream (close to the HV electrode) or 65 cm downstream (close to the jet outlet).

Analysis of the deposited coatings inside the FEP tube using ATR-FTIR spectra
indicated an SiO -type coating with the presence of characteristic absorption vibrations
of Si-O-Si bonds inside the coatings. After 20 cm downstream (with respect to the pow-
ered electrode), spectra showed peaks corresponding to the FEP substrate at 1144 and
1200 cm™' that were associated with the stretching vibration of the ~CF, and —CF -CF,
structures. This implies that the coatings close to the powered electrode are thicker than
those deposited close to the jet outlet, because the corresponding peaks of FEP appear in
the ATR-FTIR spectra. However, the thickness of SiO, coatings seemed to be homoge-
neous up to a tube length of 35 cm.

To verify the surface morphology and film thickness inside the tube, we observed
the SiO, films using SEM. Figure 10 shows SEM images of the films deposited by
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jected before the discharge zone; (b) monomer injected 10 cm before outlet
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tum

FIG. 8: Cross-sectional and top-view SEM images of deposited films for different applied
powers. (a—c) P =4 W; (d—f) P = 6 W. Plasma conditions: He gas flow = 400 sccm; t = 6 min;
=6 mm.

nozzle—substrate

the transporting discharge inside the tube. The film surface within the first 35 cm was
smooth and continuous; no cracks were observed over that entire area. However, we ob-
served some submicron silica particles on the films due to particulate generation near the
outlet at 65 cm downstream. These may have originated from homogeneous nucleation,
ion-induced nucleation, and air contamination near the outlet.'?

The SiO -film deposition rate gradually decreased from the electrode to gas outlet,
confirming the ATR-FTIR spectra observation. This can be attributed to the concentra-
tion gradient of the precursor radicals along the gas flow. The wettability of the SiO, -
coated FEP tube inner surface is presented in Fig. 11. FEP tube wettability increased
after film deposition on the inner wall of the tube at all of the positions along the tube.
This was shown by a water droplet completely wetted inside the FEP tube.

1. Cell Adhesion on SiO, Coating inside the Tube

We examined cell adhesion of CT-26 cells on bare and coated FEP tubes. No adhe-
sion of CT-26 cells was found to occur inside the tubes, but by changing the surface
chemistry inside the tubes with deposition of SiO, coatings (by PECVD from TEOS),
cell-adhesive coating occurred (He flow rate, 400 sccm; TEOS flow rate, 0.2 sccm).
The procedure was as follows: After deposition, the first 65 cm of tube were cut into
three 20-cm long parts, which were used for cell culturing. Then, we injected 5 mL
of CT-26 cell suspension with a density of 10°/tube into the noncoated and coated
tubes that were incubated at physiological conditions for 48 h. Finally, the biological
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FIG. 9: FTIR Spectra of plasma-polymerized SiO_ coatings at different downstream positions
inside the FEP tube. Plasma conditions: He gas flow = 400 sccm; deposition time = 90 min.

response to the plasma-deposited coating was investigated in vitro by trypsinating and
counting CT-26 cell lines. As shown in Fig. 12, the bare (untreated) FEP tube showed
no adhesion to CT-26 cells. On the contrary, most of the cells on SiO, coating were
attached in the tube. We counted the adherent cells and the resulting values of adherent
cells were averaged.

As expected, we observed more cell adhesion on plasma SiO, coatings, which
were also stable after 48 h of cell culture. As the distance from the HV electrode in-
creased, cell adhesion decreased. Measurements show that at a distance of 45—65 cm
downstream from the tube, the coatings’ nonadherent properties increased. A decre-
ment of cell adhesion is probably due to the fact that the tube is not completely cov-
ered homogeneously because of the role of air regarding film growth and structure.
Indeed, in such cases due to nonhomogeneity of coatings, cells will not only be in
contact with coatings but also with the uncoated FEP substrate. Thus, the total number
of counted cells decrease.

IV. CONCLUSIONS

APP treatment is a simple, inexpensive process that is useful for a wide variety of
applications, including surface modification and deposition of coatings. In this ar-
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FIG. 10: Plane SEM and cross-sectional SEM images of SiO,_ film deposited inside the FEP tube.
(a, b) Five cm downstream (close to the HV electrode); (c, d) 35 cm downstream; (e, f) 65 cm
downstream (close to the jet outlet)
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FIG. 11: Wettability on inner wall of plasma-treated FEP capillary (right) and untreated FEP
surface (left). Droplet volume is 6 pL.

ticle, we pointed out that long-distance traveling plasma has the ability to deposit
thin films at atmospheric pressure. In addition, low temperature was used with a
plasma jet to coat samples placed outside of flexible tubes and to coat inside com-
mercial flexible tubes. SiO, coatings were successfully deposited outside and in-
side of tubes. The chemical composition of films deposited on substrates that were
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FIG. 12: Cell adhesion properties of CT-26 on SiOx coating incubated for 48 h in different parts

of FEP tube
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placed outside of the tube was found to depend on applied power, time, and mono-
mer inlet position.

Coatings inside of tubes present a certain thickness gradient; however, SiO, coat-
ings completely modify the wettability inside FEP tubes. The wettability of Si sub-
strates placed outside of tubes and covered by SiO, coatings was also enhanced, in
comparison to the untreated sample. The deposition rate of SiO, films gradually de-
creased from the electrode to gas outlet. The film was smooth along the tube, but be-
cause of near-outlet particulate generation and influence of air, some silica particles
were observed on the film.

Cell-nonadhesive or -adhesive properties of SiO, coatings were evaluated by seed-
ing CT-26 cell lines, which grow readily on films deposited at different parts inside
of the tube. The cell-adhesion rate is reduced for longer distances and near the outlet,
where the coating is very rough and does not cover the FEP tube completely. This may
be due to monomer gradient and reduced film thickness at greater distances as well as
the role of air close to the nozzle exit. From these results, we conclude that transport-
ing discharge offers a great potential for modifying surface properties inside of catheter
tubes that are used for evacuation of pathogen biological liquids.
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