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Abstract

PTFE samples were treated by low-pressure, O2 RF plasmas. The adsorption of BSA was used as

a probe for the protein resistant properties. The exposure of PTFE to an O2 plasma leads to an

increase in the chamber pressure. OES reveals the presence of CO, CO2 and F in the gas phase,

indicating a strong etching of the PTFE surface by the O2 plasma. Furthermore, the high resolution

C1s spectrum shows the appearance of CF3, CF and C-CF components in addition to the CF2

component, which is consistent with etching of the PTFE surface. WCA as high as 160° were

observed, indicating a superhydrophobic behaviour. AFM Images of surfaces treated at high

plasma power showed a increase in roughness. Lower amounts of BSA adsorption were detected

on high power, O2 plasma-modified PTFE samples compared to low power, oxygen plasma-

modified ones.
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Introduction

Polytetrafluoroethylene (PTFE) is a hydrophobic material with interesting surface properties

for biological applications.[1–12] The hydrophobic surface of the native polymer is due to the

presence of a fully fluorinated backbone. The surface energy, as determined by contact angle

measurements, can be modified by plasma treatment. Either the polar or the non polar
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contribution of the surface energy can be tuned by this technique. The surface morphology,

including the roughness, can be modified by the sputtering with the energetic ions generated

in the plasma,[13–18] by etching due to active radicals or photons,[19–23] or by

reticulation.[19] The surface composition can also be strongly modified by selective

elimination (ie, “defluorination”)[19] or by grafting of selected chemical functions,

depending on the nature of the plasma gas.[24–28]

Many studies investigating the plasma surface modification of PTFE have already been

published.[1, 11, 18, 19, 24–27, 29–38] Ryan & al.[19] observed that the oxygen plasma treatment

of PTFE did not change the chemical composition of the surface, but it induced a

roughening of the samples. Morra & al.[37] observed the same behavior for long plasma

treatment times, but in their experiments they did observe some chemical change to the

surface for the short treatment times (less than 5min.). For the longer treatment time there

was a strong increase of the contact angle value due to the roughening of the surface. Liu &

al.[18] also observed a strong etching of the surface with the oxygen RF plasma treatment,

but in their case they observed some oxygen grafting onto the surface and a strong decrease

of the contact angle values. Wilson & al. in [29]and [31] also observed an increase in the

oxygen content and a decrease of the contact angle value for PTFE treated by a low-power

oxygen plasma.

However, in many cases, the mechanism for surface modification remains mostly unknown.

Moreover, there are few (no) data about the protein adsorption behavior of oxygen plasma –

modified PTFE surfaces. The purpose of this paper is to perform carefully controlled plasma

(oxygen) surface modification of PTFE, based on our previous studies,[39–41] followed by a

compositional and morphological characterization of the surfaces. The modified surfaces are

then exposed to protein solutions. From this strategy we expect to identify the key surface

parameters responsible for protein adsorption onto plasma modified PTFE surfaces.

Protein adsorption onto surfaces is one of the key parameters for biocompatibility. Indeed,

the first response of the body to the introduction of a foreign object is the adsorption of a

layer of non-specific proteins onto it. The adsorbed proteins will then initiate a large number

of biological reactions.[9] Our goal was to obtain surfaces where non-specific protein

adsorption was minimized. Such surfaces can then be selectively modified by further

processing to specifically adsorb selected proteins in well-defined conformations and

orientations to enhance the biocompatibility of the surfaces.

Experimental

Polymer

Polytetrafluoroethylene was purchased from Goodfellow (1 mm thick sheet, Ref FP303050).

After cutting to size, they were cleaned using pure ethanol (Normapur VWR) followed by

pure isooctane (GR for analysis, Merck) before being introduced into the plasma chamber.

Plasma

The plasma chamber consisted of a stainless steel based vessel covered by a viton O-ring

sealed Pyrex bell jar. The pumping system consisted of an Edwards primary pump
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(pressures to 1.33 Pa) and a turbomolecular pump (Balzers 230 l/s) coupled to a membrane

pump. Pure oxygen from Alphagaz was used (Alphagaz 2). Before introduction of oxygen,

the chamber was pumped down to a pressure of 2.67 10−4 Pa and then backfilled to the

working pressure. To avoid contamination, the chamber was continuously pumped during

the experiments (dynamic regime). The flow rate of O2 was set to 5 sccm. After treatment

the chamber was backfilled to atmospheric pressure using pure nitrogen. The RF plasma was

initiated using a Hüttinger PFG300RF generator operating at 13.56 MHz, coupled to a

PFM1500A matching network. The electrode connected to the RF generator consist of an

aluminium disc (diam. 42 mm) covered with a 0.8 mm thick borosilicate glass disc of the

same diameter. The anode is made from a metallic grid. The distance between the anode and

the cathode is 33 mm, the sample is placed 30 mm above the anode grid (Figure 1).

In this study, the results will be presented as a function of the plasma DC-Bias instead of RF

power, as DC-Bias reflects better the electrical and energetic characteristics of the plasma

than the injected power. The DC-Bias is measured at the RF cathode by means of high

voltage probe connected directly to the RF generator. This Self-Bias comes from the

difference in mobility between the electrons and ions in the plasma. Ions being heavier than

electrons, they can not follow the RF electrical field, and therefore they remain mostly close

to the cathode generating the DC-Bias[42]. We usually worked in the −600 V to −900 V DC-

Bias range, which corresponds approximately to a power range of 20 W to 70 W in our

geometry.

Since in a RF plasma the positive ions hit surfaces exposed to the glow with an energy

depending on many parameters (pressure, electrode geometry ratio, power, etc.), the samples

were positioned above the anode grid (grounded in the present study) outside the plasma

region (afterglow mode). Above the grid electrode we expect that most of the plasma species

interacting with the polymer surface will be neutrals (in this case, mostly atomic oxygen), as

already shown in a previous study examining N2 plasma – polyethylene interactions.[43]

Water Contact Angle

Water contact angle (WCA) measurements were performed on a Krüss DSA 100 instrument

using ultra pure “Milli-Q” water (18 MΩ). The water droplets were deposited onto the

surface by means of an automated syringe. Droplet volume was set to 3μL for the static drop

measurement. For each sample 5 to 10 droplets were deposited onto different locations of

the sample surface. The contact angle is automatically measured using the Drop Shape

analysis software provided by Krüss and the Laplace-Young equation or the Tangent 1

method were used for calculating the angles. Results presented in this paper are the average

of the angle measured on both sides of the drop (10–20 angles).

Dynamic measurements were done by increasing the volume of the drop from 2 μL to 15 μL

at a rate of 30 μL/min, giving the advancing angle. Then the volume of the drop is decreased

back to 2 μL at the same rate, giving the receding angle. The contact angle was measured

every second during the advancing and receding processes.
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X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analyses were performed on a Kratos AXIS Ultra

DLD instrument equipped with a monochromatic Al Kα x-ray source. A photoelectron take

off angle of 0° was used for all measurements. The photoelectron take-off angle is defined

as the angle between the surface normal and the axis of the analyzer lens. The typical X-ray

spot size was 700 × 300 μm2. For each sample, the elemental composition was determined

from survey scan and detailed N1s scans acquired using a pass energy of 80 eV. The N1s

signal was used to quantify protein adsorption. High-resolution C1s spectra were acquired

using a pass energy of 20 eV. All binding energies were referenced to the F1s peak at 689.7

eV. Three spots on each replicate were analysed and averaged to obtained the reported

atomic percents (at. %). Data analysis was performed using CasaXPS (CasaSoftware Ltd.).

The FWHM (at 20 eV pass energy) of the C1s peak from the clean PTFE sample was 1.5

eV. The C1s spectral envelope was fit with the lowest number of components physically

meaningful (CF3, CF2, CF, C-CF, C-Ox and CC for the samples not exposed to the protein,

with additional C-N, C-O, N-C=O components for the samples exposed to the protein).

Optical Emission spectroscopy

The plasma chamber is equipped with multiple (up to 8) fiber optic probes that were used to

simultaneously detect the excited species generated by the plasma at the following locations:

close to the cathode, middle of the plasma, close to the anode and close to the sample. The

plasma was characterized using an Acton SpectralPro 2500i (Acton Research) optical

emission spectrometer (OES) capable of a resolution of 0.06 nm and operating in the 200

nm – 900 nm region. The detector consisted in a Princeton Instrument Digital Camera type

EEV with 400 × 1340 pixels. The spectra were recorded in the plasma and close to the

sample.

Atomic Force Microscopy

All atomic force microscopy (AFM) images were recorded in ambient atmosphere at room

temperature with a Nanoscope IIIa (Veeco, Santa Barbara, CA) microscope. The probes

were commercially available silicon tips with spring constants of 24–52 N/m, resonance

frequencies lying in the 264–339 kHz range, and a typical radius of curvature in the 10–15

nm range. The images were recorded with the highest available sampling resolution (512 ×

512 pixels). The AFM microscope was operated in tapping mode to minimize the sample

damage due to mechanical interactions between the AFM tip and the surface of the samples.

Protein adsorption

All protein adsorption experiments were done at room temperature. The protein used was

bovine serum albumin (BSA) (Sigma, A-7638). Samples were cut to size and immersed in a

phosphate buffer saline (PBS) solution for 20 minutes in a 24 well plate (Falcon Multiwell,

VWR Scientific, PA), then the PBS solution was removed and the samples were immersed

for 2h in a 0.1mg/mL protein/PBS solution. After adsorption, the samples were rinsed

following the solution displacement protocol,[44] to avoid transferring protein from the air-

water interface to the surface.
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Results

PTFE treated by oxygen plasma

PTFE is a hydrophobic surface with a static WCA of 111.4°+/− 6.2° before isooctane

cleaning and 103.6° +/− 8.8° after cleaning. Values reported in the literature range from

102.5°[15] to 130°.[20] Usually oxygen plasma treatment of polymers induce a decrease of

the contact angle due to the grafting of new polar functionalities (-OH, =O, –OOH, etc.)

onto the sample surface,[45–47] but in our experiments the oxygen plasma treatment of PTFE

resulted in either a decrease or an increase of the contact angle, depending on the plasma

power. Samples treated with a low power plasma were more hydrophilic than native PTFE.

Those treated with a high power plasma were more hydrophobic. In this study samples with

WCA as high as 160° could be obtained. Figure 2 presents the picture of a superhydrophobic

PTFE surface obtained after 120 sec oxygen plasma at a working pressure of 6.66 Pa and a

DC-BIAS of −936 V. Table 1 presents the evolution of the dynamic WCA as a function of

the DC-Bias and the treatment time. For most highly hydrophobic surfaces (WCA >140°),

the measurement of the contact angles becomes rather difficult, resulting in a strong increase

of the standard deviation.

Table 1 also shows the surface elemental composition, as determined by XPS. We have to

highlight that none of those samples contain nitrogen. This is important as we use the N1s

signal, coming from the protein, to detect it's presence on the samples. Whereas no oxygen

was detected on untreated PTFE, plasma treated PTFE surfaces contain up to 5 atomic

percent oxygen at low or medium DC-Bias, but this concentration decreases at higher DC-

bias until no oxygen is detected at −936 V DC-bias. The small sodium contamination

detected on some oxygen plasma treated PTFE samples could come from the borosilicate

glass placed at the cathode. The borosilicate glass could either be slightly sputtered or etched

by HF formed during the plasma (H and F lines are detected in OES, hydrogen coming from

the unavoidable residual water vapour). The peak fit high-resolution C1s spectra are

dominated by components attributed to fluorinated species. Whereas new features

corresponding to CF3 (294 eV), CF (290 eV), C-CF or C-Ox (~287 eV) and CC appear, the

major component remains CF2 (Figure 3, left side). Some of the small increase in intensity

in the 286 to 289 eV region could also be due to C-Ox species. This result is in agreement

with some previous studies,[19],[21] but not with others.[18, 31] This difference could be

explained by the difference of the plasma power used in the different experiments. Wilson &

al.[31] used a 3 W power plasma, while in our studies we used power ranging from

approximately 20 W to 70 W (corresponding to DC-Biases from −600 V to −900 V) and

Ryan & al.[19] used a power of 20 W. In[19, 31, 39] unmonochromatized x-rays were used for

the XPS analysis. In[19, 39] the C1s spectra showed no change except for the appearance of a

small shoulder on the high binding energy side of the CF2 peak and a slight broadening of

this peak. The better energy resolution of the monochromatized x-ray source used in this

study facilitates the identification of the different fluorocarbon components.

Surface morphology

The surface morphology was studied by AFM. Roughness values were determined over

regions of 25, 110 and 225 μm2. Figure 4 shows the evolution of the surface roughness
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(RMS) and the WCA as a function of the DC-bias. Figure 5 presents some images of the

pristine and plasma treated PTFE surfaces. At low plasma power (DC-bias of −250 V) a

decrease of the RMS was observed, whereas at higher DC bias (−575 and −750 V) a strong

increase of the RMS was observed. Before the plasma treatment the surface is relatively

smooth and featureless, but after a high power oxygen plasma treatment an alveolar

structure appears on the samples surfaces. The average size of the alveoles, as well as their

depth, increases with DC-bias.

OES

The optical emission spectrum of a pure oxygen plasma shows 2 major lines, one at 777.4

nm[48] and another at 844.6 nm,[48] corresponding to transitions of atomic oxygen. During

the O2 plasma treatment of PTFE, the plasma color changes from yellow to blue. New

emission lines corresponding to F (685,6[48] and 703,7 nm[49]),[50] CO bands (483.5 and

519.8 nm)[51] and CO2
+ doublet at 289 nm[52] appear in the OES spectrum (Figure 6a and

6b). The identification of the emission lines is presented in Table 2 (the hydrogen line

results probably from a small contamination by water vapour in the chamber). The

appearance of these new lines, attesting for new gaseous species resulting from the

interaction of atomic oxygen with the PTFE surface could explain the increase of the

pressure that we had already observed.[41] It can be seen on figure 6 that small F signals are

detected on the spectrum recorded without PTFE in the chamber. This comes from

unavoidable previous contamination of the chamber which is used on a daily base to etch

PTFE samples. Even after a mechanical cleaning and baking of the chamber (pressure after

baking = 4×10−5 Pa) those small contamination remain present.

Characterization of samples after the protein adsorption

Surface composition—For all but the surfaces treated at the highest plasma power,

between 3 and 5 atomic percent nitrogen was detected after BSA adsorption. Based on a

previous study using XPS and125I radiolabeled to study BSA adsorption onto PTFE, this

level of nitrogen signal corresponds to more than 250 ng/cm2 of adsorbed protein.[53] The

amount of nitrogen detected by XPS after BSA adsorption decreased to ~1 atomic percent at

the highest plasma power used (Table 3), indicating this surface adsorbed less protein. This

trend (high adsorption on untreated and low-power plasma treated PTFE surfaces low

adsorption on high-power plasma treated PTFE surfaces) is confirmed by the analysis of the

C1s spectral envelope. After BSA adsorption some new components from the protein (C-C,

C-N, C-O, N-C=O)[53] appear, but these “protein” peaks are more pronounced for the low

power plasma treated samples (Fig 2, right side). Finally, the concentrations of O increases

and F decreases after BSA adsorption. This is a further proof for protein adsorption since

oxygen is present in the BSA overlayer and the fluorine signal from the underlying substrate

is attenuated by the adsorbed BSA.

Discussion

Oxygen plasma treatment of PTFE

The RF oxygen plasma treatment seems to mainly result in a chemical etching of the PTFE

surface and not to an ion sputtering process. Indeed our samples are placed outside the
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plasma, in the afterglow region, where there are much less energetic ions than inside the

plasma. Furthermore our sample holder is placed at a floating potential (i.e. electrically

insulated) , thus there is no important potential difference between the plasma and the

sample. Moreover XPS results enable us to differentiate chemical etching from sputtering,

the resulting shape of the C1s peak being significantly different. After sputtering the C1S

peak of PTFE is broadened because of the damage done by the ions to the polymer chains,

whereas after the chemical etching the C1s peak shape is mostly similar to the pristine one.

Figure 7 shows a comparison of XPS C1s spectra between PTFE sample sputtered with

oxygen ions and chemically etched with an oxygen plasma.This conclusion is also supported

by the increase of the pressure in the plasma chamber during the treatment[40] and by

previous studies from Morra & al.[37] and from our group.[39] The OES spectra also reveal

the presence of CO, CO2 and F lines in the oxygen plasma during the treatment of PTFE. As

the samples were placed above the anode in the remote RF plasma region, the major reactive

species reaching the surface would be oxygen atoms. The oxygen atoms would chemically

etch the surface, in contrast to sputtering effects of O2
+ or O+ ions that are located close to

the cathode. The shape of the C 1s peak is also consistent with chemical reaction of the

PTFE surface by atomic oxygen, and not sputtering by ions, as we have shown

previously.[39] Contrary to the O2 plasma treatment of other polymers (PVDF, PE, PVF,

etc.), the amount of oxygen functionalities grafted onto the PTFE surface remains very small

(if any) and is dependent on the plasma power. For the low-power plasma treatments, or the

very short (30s) high-power plasma treatment, only about 4 atomic % oxygen was grafted

onto the PTFE surface. At the highest power plasma treatment no oxygen was detected.

After the high-power oxygen plasma treatment there is an increase of the WCA, with

samples reaching values higher than 160° at high DC-bias. These surfaces can be considered

to be super hydrophobic (defined as a surface with very high advancing and receding

angles[54]). The high WCAs are mainly attributed to a change in the surface roughness. At

low DC-bias, it seems that the plasma has a “cleaning” effect, removing surface impurities,

and revealing the partly fibrous texture of the polymer (see Figure 5). This cleaning effect

induces a decrease of the surface roughness, and a parallel decrease of the WCA, as shown

in Figure 4. At higher DC-bias (and therefore, at higher energy), the AFM images show the

presence of an alveolar structure. The chemical etching significantly increases the surface

roughness of the samples. The alveolar structure could arise from the crystalline structure of

the polymer, with the atomic oxygen preferentially etching the amorphous region of the

sample compared to the crystalline region.[34, 55]

The increased surface roughness explains the super hydrophobic behavior of the high-power

treated samples. The Wenzel and Cassie Baxter models relates the surface energy to the

roughness of the sample. The equation for the Wenzel model[37] is:

(1)

where, θ is the Wenzel Angle, θ' is the Young Angle, r is the ratio between the effective and

the geometric area.
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In our case, however, the Cassie Baxter model seems to be more appropriate. The Cassie-

Baxter model takes into account a two components surface, in our case PTFE and air

trapped in the alveolar structure

The equation for the Cassie Baxter model[37] is:

(2)

where θ is the Cassie angle, the stable equilibrium contact angle of the liquid drop on the

heterogeneous surface, θi and Fi are the Young angle and the fraction of surface relative to

phase i, respectively. If the second component of the mixed interface is air trapped in the

alveolar structure, equation (2) can be simplified.[56]

(3)

where F1 is the fraction of solid remaining in contact with the drop, θ2 = 180° (the “contact

angle” of a drop with air) and F2 = (1-F1). Using θ1 = 111.4° and F1 = 15%, equation (3)

give us a contact angle of 154.8° which is in good agreement with our results. According to

the Laplace equation and the alveolar size it is therefore very unlikely that water penetrates

in the alveolar structure at atmospheric pressure.

By changing the plasma parameters (power, treatment time) the roughness and feature size

of the PTFE surfaces can be systematically varied. The amount of oxygen grafted onto the

surfaces can similarly be tuned between 0 and 5 atomic %. Low-power oxygen plasma

treatment decreased in the surface roughness and contact angle (figure 4), resulting in a

more hydrophilic surface. In contrast, high-power oxygen plasma treatment increased in the

surface roughness and contact angle (figure 4), resulting in a more hydrophobic surface.

Thus, PTFE can be made more hydrophilic or hydrophobic, which could explain the

different results reported in the studies of Ryan & al.,[19] Morra & al.,[37] Liu & al.,[18] and

Wilson & al.[29, 31] We also stress that, contrary to most other studies, our samples are

placed outside the plasma discharge, in the afterglow region. We suggest the following

tentative mechanism: the difference of behavior between high and low DC-Bias could come

from the energy of the electrons in the plasma. At low energy electrons can't break the C-F

bonds (5.3 eV) and the only reaction that can occur is the replacement of F atoms by the

highly reactive oxygen radicals, this seems to be slow and inefficient. Once the electrons

have enough energy (at high DC-Bias), they can possibly break C-F bonds, this leads to a all

new set of possible reactions, chain breaking, and formation of CO2.

Inside the plasma:

(1)

At the sample surface:

(2)
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(3)

(4)

(5)

Protein adsorption

We have shown that XPS could detect the presence of adsorbed BSA through three

observations: a) the appearance of the N 1s peak from the protein (no PTFE samples contain

nitrogen before exposure to BSA); b) the decrease in the fluorine concentration (attenuation

of the PTFE substrate by the adsorbed protein) and the increase in intensity in the oxygen

concentration (BSA contains ca. 18 atomic % oxygen) and c) the appearance of protein

related peaks (C-C, C-N, C-O, N-C=O) in the high resolution C 1s spectra. Our results

suggest that PTFE samples treated in oxygen plasmas with moderate DC bias (−600 V),

which result in some oxygen grafted onto the surface, have slightly highly amounts of

adsorbed protein compared to untreated PTFE (i.e., ~5 atomic % nitrogen compared to ~3

atomic % nitrogen). In contrast, lower amounts of protein (1–2 atomic % nitrogen) are

adsorbed onto PTFE samples treated with the highest power oxygen plasmas. The variation

in the amount of adsorbed protein with the different surface treatment is probably not only

due to the small changes in chemical composition of the treated surfaces, but also due to the

changes in the physical structure of the samples. The ultra hydrophobic behavior minimizes

the amount of protein adsorption observed on those samples. If we assume a two phase

surface structure (Cassie-Baxter model) with air trapped in the alveolar structure, the trapped

air could prevent the BSA solution from entering into the alveoles, thereby minimizing

contact and adsorption of BSA onto the treated PTFE surface. Thus, different surfaces with

similar chemical compositions but significantly different structures exhibit different protein

adsorption behaviors.

Conclusion

We have modified PTFE surfaces by means of remote oxygen RF plasma treatments. We

have shown that low-power and high-power plasma treatments create different surfaces.

Low-power plasma treatment decreases the surface roughness and water contact angle, with

a small amount of oxygen grafted onto the surface. In contrast, high-power plasma treatment

produces superhydrophobic surfaces with significantly increased surface roughness. These

results “reconcile” some of the previous results reported in the litterature. The results of our

study show that both the chemical functionalities and physical structure of the surface are

important for protein adsorption. Indeed, the adsorption of BSA onto treated PTFE can be

minimized by increasing the surface roughness (i.e., superhydrophobic PTFE surfaces do

not adsorb much BSA). Finally, this preliminary study shows that the chemical and

structural tailoring of the PTFE surface by plasma treatment can control the amount of

protein adsorbed onto those surfaces.
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Figure 1.

Schematic of the electrode and sample geometry.
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Figure 2.

Droplet of ultra pure water (V = 3 μL) deposited onto a oxygen plasma treated PTFE surface. Plasma treatment conditions were

p = 6.66 Pa, DC-BIAS = −936 V, t = 120 sec. The water contact angle was >160°.
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Figure 3.

Comparison of the high resolution C1s spectra of oxygen plasma treated PTFE before (left) and after (right) BSA exposure for

different plasma powers (p = 6.66 Pa). The peak assignments are: 1 CF3 (294 eV), 2 CF2 (292 eV), 3 CF (290 eV), 4 C-CF

and/or C-Ox (287.4 eV), 5 CC (284.6 eV), 6 N-C=O (288.2 eV) and 7 C-O and/or C-N (286 eV).
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Figure 4.

Root mean squared surface roughness coefficient (triangle and square, left X axis) and water contact angle (star, right X axis) as

a function of DC-BIAS for PTFE treated in an oxygen plasma at 6.66 Pa for 700s.
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Figure 5.

AFM images of a) as received PTFE; b) PTFE washed with isooctane; c) PTFE treated with a −250 V DC-bias oxygen plasma;

d) PTFE treated with a −575 V DC-bias oxygen plasma; e) PTFE treated with a −750 V DC-bias oxygen plasma. The measured

surface roughnesses of these surfaces are shown in Figure 3.
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Figure 6.

Optical emission spectra of the oxygen plasma without (dotted line) and with (solid line) a PTFE sample in the chamber. The

DC-BIAS was −1000V and p(O2) was 6.66 Pa. Spectra A were recorded in the plasma phase, spectra B were recorded close to

the sample.
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Figure 7.

Comparison between HRC1s peak for PTFE sputtered with oxygen (left) or chemically etched by an oxygen plasma (right).

Sputtering parameters: gas = O2, E = 4 kV, I = 10 mA, P(in the ion gun) = 10 mPa, sputter time = 60 min. Chemical etching

parameter: gas = O2, DC-Bias = −936 V, p = 6.66 Pa, etching time = 2 min
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Table 2

Assignment of the optical emission lines observed in Figure 5.

Wavelength /nm Transition Terms Ji –Jk Ref

1 289.0 [52]

2 CO 483.5 B1Σ → A1Π (ν ;ν') (0,1) [51]

3 H 486.1 4d → 2p 2D → 2P° 5/2 – 3/2 [50]

4 CO 519.8 B1Σ → A1Π (ν ;ν') (0,2) [51]

5 F 683.4 2s22p4(3P)3p → 2s22p4(3P)3s 4D°→ 4P 3/2 – 3/2 [50]

6 F 685.6 2s22p4(3P)3p → 2s22p4(3P)3s 4D° → 4P 7/2 – 5/2 [50]

7 F 687.0 2s22p4(3P)3p → 2s22p4(3P)3s 4D°→ 4P ½ – ½ [50]

8 F 690.2 2s22p4(3P)3p →2s22p4(3P)3s 4D° →4P 5/2 – 3/2 [50]

9 F 691.0 2s22p4(3P)3p → 2s22p4(3P)3s 4D°→4P 3/2 – ½ [50]

10 F 696.6 2s22p4(3P)3p → 2s22p4(3P)3s 2P° →2P ½ – 3/2 [50]

11 O 700.2 2s22p3(4S°)4d → 2s22p3(4S°)3p 3D° →3P 3 – 2 [50]

12 F 703.7 2s22p4(3P)3p → 2s22p4(3P)3s 2P° →2P 3/2 – 3/2 [50]
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Table 3

XPS determined elemental compositions of the PTFE samples after exposure to BSA.

DC-BIAS /V Time /s F 1s O 1s C 1s N 1s

0 0 39.8 +/− 1.4 4.1 +/− 0.3 53.1 +/− 1.2 3.0 +/− 0.3

−600 30 36.2 +/− 5.8 7.8 +/− 0.3 51.7 +/− 5.2 4.2 +/− 0.4

−600 300 29.1 +/− 1.3 9.0 +/− 0.4 56.6 +/− 1.7 5.2 +/− 0.1

−600 900 31.1 +/− 0.6 7.7 +/− 0.1 56.6 +/− 0.6 4.6 +/− 0.2

−800 30 31.9 +/− 1.7 6.8 +/− 0.8 56.9 +/− 0.8 4.4 +/− 0.3

−800 300 33.6 +/− 0.6 7.0 +/− 0.4 55.3 +/− 0.8 4.1 +/− 0.1

−800 900 48.1 +/− 4.7 4.3 +/− 1.9 45.6 +/− 2.9 2.1 +/− 1.4

−936 120 51.6 +/− 5.2 2.6 +/− 2.1 44.4 +/− 1.9 1.3 +/− 1.7
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