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Poly(ethylene glycol) Films Deposited by
Atmospheric Pressure Plasma Liquid
Deposition and Atmospheric Pressure
Plasma-Enhanced Chemical Vapour
Deposition: Process, Chemical Composition
Analysis and Biocompatibility
Bernard Nisol,* Claude Poleunis, Patrick Bertrand, François Reniers
Poly(ethylene glycol) (PEG) films are known to be protein-repelling and to reduce biofilms
attachment. We use a simple, easy to set up, versatile atmospheric pressure radiofrequency
plasma to deposit plasma-polymerized poly(ethylene glycol) films onto polyvinylfluoride
(PVF) and gold surfaces, using liquid or gaseous tetraglyme (CH3O(CH2CH2O)4CH3) as precursor.
The chemical composition of the films was
studied using infrared reflection absorption
spectroscopy, X-ray photoelectron spec-
troscopy and secondary ions mass spec-
troscopy. Bovine Serum Albumin adsorption
has revealed good biocompatible properties
that are correlated to the surface composition.
Introduction

Plasma-polymerized poly(ethylene glycol) (pp-PEG) films

are known to be protein-repelling and to reduce biofilms

attachment, which are important features in many fields

such as food processing facilities, cardiovascular implants,
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biosensors, in-vitro tests.[1] The role of these coatings is

to limit the interaction between a device and its

physiological environment, by inhibiting the non-specific

protein attachment. They are usually synthesized using

low pressure plasma systems, and numerous studies are

reported in the literature.[1–7] Indeed, D.G. Castner, B. D.

Ratner et al. introduce the importance of the surface
DOI: 10.1002/ppap.201000023 715
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Figure 1. Schematic of the atmospheric pressure plasma liquid
deposition apparatus.
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chemistry of a foreign body for its reaction with a

physiological environment and the efficiency of plasma-

polymerized PEG surfaces for repelling proteins.[1–3] E. E.

Johnston et al. studied a wide variety of precursors

for the plasma deposition of PEG surfaces, showing that

tetra(ethylene glycol) dimethylether (tetraglyme) is

leading to a better chemical retention of the polyether

character, crucial for the protein-repelling property of the

samples.[4]

Atmospheric pressure systems are of great interest, since

they allow avoiding vacuum conditions and they open the

way for reduced-cost industrial applications. So far, no

study about the deposition of poly(ethylene glycol) films at

atmospheric conditions has been published. We decided to

focus on the deposition of PEG films using two different

methods: atmospheric pressure plasma liquid deposition

(APPLD) and atmospheric plasma enhanced chemical

vapour deposition (atmospheric pressure PECVD). The first

method has been inspired from a paper from Lesley-Ann

O’Hare et al.,[8] who proposed a new method for anti-

microbial agents entrapment, using different liquid pre-

cursors sprayed into the plasma discharge, which they

called atmospheric pressure plasma liquid deposition

(APPLD). Their work shows that it is possible to plasma

polymerize unsaturated precursors with a good chemical

retention. We have been using a similar method to

polymerize PEG films under an atmospheric plasma torch.

However, contrary to O’Hare, the originality of our

approach resides in the fact thatwedidnotuseunsaturated

precursors. Indeed, we have chosen the same precursor as

for low pressure pp-PEG deposition, namely tetraglyme.

One of the advantages of plasma polymerization is the

reaction mechanism, which does not require any unsatu-

rated bond anymore. Atmospheric pressure PECVD has

been inspired from the results obtained at low pressure

conditions. The main problem was to carry the gaseous

precursor into the remotedischarge. Indeed, tetraglymehas

a very low vapour pressure (< 0.01 Torr at standard

conditions).

In the present study, pp-PEG films have been deposited

on gold and polyvinylfluoride (PVF) surfaces. The effect of

the power of the discharge on the chemical composition of

our films has been investigated by infrared reflection

absorption spectroscopy (IRRAS), X-ray photoelectron

spectroscopy (XPS) and secondary ions mass spectroscopy

(SIMS). Thenon-foulingpropertiesofoursampleshavebeen

studied with Bovine Serum Albumin (BSA) adsorption. On

that purpose, XPS was used to track the presence of

proteins on the surface by using the N1s signal coming out

from the protein. The results for APPLD and APPECVD

coatings were compared, in order to find out if the two

methods are efficient to obtain non-fouling deposits and to

correlate the chemistry of the surfaces to the non-fouling

property.
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Experimental Part

Materials

Tetra(ethyleneglycol) dimethyl ether (99% purity, CAS # 143-24-8,

Aldrich), also known as tetraglyme has been used as-received,

injected directly into the remote discharge either as a liquid or as

gas, during plasma treatment. 250nm thick gold films (Arrandee)

have been used as a reflective substrate for infrared analysis.

Polyvinylfluoride (PVF) has been purchased from Goodfellow.
Plasma Deposition

The substrates have been coated using anAtomfloTM-250Dplasma

source from SurfX Technologies LLC (Figure 1 and Figure 2).[9]

APPLD

The plasmawasmaintained by supplying a RF power at 13.56MHz

to the top electrode, while the bottomelectrodewas grounded. The

argonflowwas set to 30 L�min�1, and experimentswere conducted

at 30, 50and80Wplasmapower. Thedistance fromthe torch to the

substrate has beenfixed to 5mm.After a oneminute argonplasma

treatment for surface activation (in order to clean the substrate

surface and to favour a good adhesion), tetraglyme was injected

directly into the remote discharge by means of a simple, one-shot

spray (� 0.14mL). The resulting liquid film was then furthermore

exposed for 10min to argon plasma. The systemwas used directly

into air, without any control of the surrounding atmosphere.

APPECVD

The plasmawasmaintained by supplying a RF power at 13.56MHz

to the top electrode, while the bottomelectrodewas grounded. The

argonflowwas set to 30 L�min�1, and experimentswere conducted

at 30, 50 and 80W plasma power. The distance from torch to

substrate has beenfixed to 5mm.After a oneminute argonplasma

treatment for surface activation, tetraglyme, heated at 373K in a

bubbling system was continuously carried by argon (Ar flow¼
around 15 L�min�1) into the remote discharge and treated for

10min by argon plasma. The system was used directly into air,
DOI: 10.1002/ppap.201000023
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Figure 2. Schematic of the atmospheric pressure PECVD appar-
atus.
without any control of the surrounding atmosphere. This set up

was already successfully used for the deposition of silane based

coatings,[10] and for the atmospheric plasma polymerization of

polystyrene.[11]
Solubility of PEG Films

In order to obtain coatings of interest for biological applications,

they should not be soluble in water-based solvents. However, as

written by J. H. Lee et al., the conventional poly(ethylene glycol),

also called poly(ethylene oxide) (PEO) is completelymisciblewith

water in all proportions for all degrees of polymerization, at room

temperature.[12] Kjellander and Florin focused on the PEG-water

relationship and suggested that the water solubility of PEG could

be due to a good structural fit between the water and the

polymeric chains.[13,14] Table 1 shows closely related polyethers.

Under ordinary conditions, all of them arewater insoluble except

from PEG and poly(propylene oxide)s with a molecular weight

lower than 1 500 Da.[10,15–17] Because plasma-polymerized films

are known to be relatively highly cross-linked, as pointed out by

Biedermann et al.,[18] their solubility should be strongly reduced.
Table 1. Solubility in water of various polymers, closely related to PE

Polymer Structural

Polymethylene oxide �CH2O�
Polyethylene oxide (PEG) �CH2�CH

Polytrimethylene oxide �CH2�CH

Polyacetaldehyde

Polypropylene oxide
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Indeed, our pp-PEG films are not water soluble: for both APPLD

and APPECVD deposition, once the treatment was finished,

sampleswere immersed into de-ionizedwater for 24 h, in order to

remove the ungrafted liquid precursor. After having been dried

out, the remaining deposits were analyzed by XPS, IRRAS and

SIMS.
Infrared Reflection Absorption Spectroscopy (IRRAS)

IRRAS spectrawere acquiredwith aNicolet 5700 FTIR spectrometer

(Thermo) equipped with a MCT detector cooled by liquid nitrogen.

All FTIRdatawere acquiredwitha 4 cm�1 resolution, 250 scans and

a458 grazing incidence.Data analysiswasperformedusingOMNIC

(version 7.3). Sigmas (s) have been calculated using the root mean

square formula, for at least 3 IRRAS measurements, for each

deposition condition.
X-ray Photoelectron Spectroscopy (XPS)

XPS analysis was carried out in a PHI 5600 photoelectron

spectrometer. Spectra were acquired using the Mg anode

(1 253.6 eV), operating at 300W. A pass energy of 93.90 eV was

used for the survey spectra, while for the C1s peak shape analysis,

the pass energy was set to 23.50 eV which corresponds to a full

width at half maximum (FWHM) on the Ag 3d5/2 peak of 0.98 eV.

The average surface concentrations were determined with the

usual formula, with the following sensitivity coefficients:

C¼0.296; N¼ 0.477; O¼0.711; F¼1. Data analysiswas performed

using CasaXPS (CasaSoftware Ltd.). The FWHM (at 23.5 eV pass

energy) of the C1s peak from the deposited PEG films was around

1.4 eV. TheC1s spectral envelopewasfitwith the lowest number of

componentsphysicallymeaningful (C�C/C�H,C�O,C¼O,COOH).

The binding energies were set to 285 eV for the hydrocarbon

component, 286.5 eV for the C�O component, 288 eV for the C¼O

component and 289.5 eV for the COOH component.[19] After being

synthesized and soaked into de-ionizedwater, the pp-PEGfilms are

kept into Petri dishes, without any special control of the

atmosphere. The films were characterized by XPS at two different

times: (1) right after being soaked into water for 24 h and (2) one

month later. No significant change either in the C/O ratio or to the

C1s peak shape could be observed.
G.[12,15–17]

unit Solubility in water

(room temperature)

NO

2�O� YES

2�CH2�O� NO

NO

Partially (MW � 1500)
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Time-of-Flight Secondary Ions Mass Spectrometry

(ToF-SIMS)

ToF-SIMS spectrameasurementswere performedwith a PHI-Evans

TFS-4000MMI (TRIFT 1) spectrometer.[20] In order to increase the

detection efficiency of high-mass ions, a 7 keV post-acceleration

wasappliedat thedetectorentry.Chargeeffectswerecompensated
Figure 3. IRRAS spectrum of a) an APPLD PEG film deposited at 30 W; b
film deposited at 30 W; d) APPECVD PEG films deposited at 30, 50 a
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by means of a pulsed electron flood gun (Ek¼ 24 eV). The electron/

primary ions cycle depended on the polarity of the secondary ions

and also on the primary ion species. Furthermore, a stainless steel

grid (1.5mm mesh) covered the sample surface. For the 69Gaþ

measurements, the sampleswerebombardedwitha FEI (model 83-

2) pulsed liquid metal ion source (15 keV, 1.2nA dc, 11.4 kHz

repetition rate and 22ns pulse width bunched down to 1ns). The
) APPLD PEG films deposited at 30, 50 and 80 W; c) an APPECVD PEG
nd 80 W; e) a tetraglyme drop.

DOI: 10.1002/ppap.201000023
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Table 2. / Figure 4. Evolution of the relative areas of the CH1/2/3 stretching
(2 800� 3 000 cm�1) and the C�O stretching bands (at 1 100 cm�1) of the IRRAS spectra
for the APPLD PEG films.

Table 3. / Figure 5. Evolution of the relative areas of the CH1/2/3 stretching
(2 800� 3 000 cm�1) and the C�O stretching bands (at 1 100 cm�1) of the IRRAS spectra
analyzed area was a square of 120�120mm2

for the positive secondary ions. With a 5min

data acquisition time, the total number of

primary ionswas4.4� 108Gaþ for thepositive

secondary ions. These analytical conditions

ensured static analysis conditions.[21] For the

present samples and analytical conditions,

the mass resolution was about 1 000 at

m/z¼41 Da (C3H5
þ peak).

Protein Adsorption

All protein adsorption experimentswere 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-buffered saline (PBS) solution for

20min in a 24 well plate (Falcon Multiwell,

VWR Scientific, PA), then the PBS solutionwas

removed and the samples were immersed for

2 h in a 0.1 mg�ml�1 protein/PBS solution.

After adsorption, the samples were rinsed

following the solution displacement proto-

col[22] to avoid transferring proteins from the

air-water interface to the sample surface. For

eachdeposition condition, three sampleshave

been analyzedwith the XPS on three different

points.

for the APPECVD PEG films.
Results and Discussion
Table 4. C/O atomic ratio from the XPS survey spectra of the pp-
PEG films.

C/O ratio APPLD APPECVD

30W 1.92� 0.10 1.65� 0.10

50W 2.05� 0.28 1.76� 0.11

80W 1.89� 0.08 1.57� 0.09
Chemical Composition

The reflectance FTIR spectra of samples deposited at

different plasma power values (30, 50 and 80W) are

displayed in Figure 3b and d. We can observe the

characteristic absorption band of the C�O stretching

mode (1 100 cm�1), the hydrocarbon stretching bands

(2 800� 3 000 cm�1).[23] Carbonyl (1 700 cm�1) and hydro-

xyl groups (3 200� 3 500 cm�1) were also detected. Table 2

and 3, Figure 4 and Figure 5 show an overview of the area

proportion of the CH1/2/3 stretching and C�O stretching

bands at different power values, for the APPLD and the

APPECVD films. This analysis of the IRRAS spectra is not

meant to be an absolute quantification, but is useful for

their comparison. Indeed, F. Palumbo et al. observed that in

the case of low pressure deposition of pp-PEG, the intensity

of the CH1/2/3 stretching band increases compared to the

C�O band as the power of the discharge is rising,[24] which

should result from an increased fragmentation of the

precursor in the more energetic plasma at higher power

values. This canbe also observed in the case of theAPPECVD

films (Table 3 and Figure 5). However, it was not observed

for the APPLD samples, as no significant changes could be

underlined in Table 2 and Figure 4. By comparing Figure 3a

and b to Figure 3c and d, we notice that the hydroxyl band
Plasma Process. Polym. 2010, 7, 715–725
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(3 200� 3 500 cm�1) and the carbonyl stretching band

(1 700 cm�1) are more intense in the case of APPECVD

films. Furthermore, those two bands seem to be increasing

as the plasma power is increased. This could be due to two

phenomena. The first one would be an uptake of oxygen

during the polymerization process, while the second one

would be that the ether character (C�O) of the precursor is

progressively transformed into alcohol, carbonyl and

carboxylic functionalities as its fragmentation is increased

when the power of the discharge is increased. This trend,

observed with the IRRAS analysis will be correlated to the

XPS and SIMS results.

By comparing the IRRAS spectra of a low power pp-PEG

(Figure 3a and c) and of a tetraglyme drop (Figure 3e), we

could notice that the only difference comes from the C�H

bending region (1 200� 1500 cm�1), which ismore intense

in the case of the tetraglyme drop. This could be explained
g 719



B. Nisol, C. Poleunis, P. Bertrand, F. Reniers

Table 5. Deconvolution of the XPS C1s spectra of the pp-PEG films.

Component C�C C�O C¼O/O�C�O COOH/COOR

at.-% at.-% at.-% at.-%

APPLD 30 W 12.9� 3.5 73.3� 4.9 9.9� 0.8 3.9� 1.1

APPLD 50 W 8.6� 1.6 82.9� 3.1 6.8� 0.7 1.7� 0.7

APPLD 80 W 11.3� 2.6 76.5� 3.5 9.7� 1.3 2.6� 0.8

APPECVD 30 W 13.7� 3.7 62.9� 4.2 15.3� 1.3 8.2� 1.7

APPECVD 50 W 19.2� 3.4 60.9� 3.5 13.5� 2.1 6.5� 0.6

APPECVD 80 W 28.2� 4.8 49.4� 4.7 13.8� 0.9 8.7� 1.4
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by a plasma-induced cross-linking restricting the possibi-

lities of C�H bending. X-Ray Photoelectron Spectroscopy

(XPS) spectra show only C 1s and O 1s peaks. No nitrogen

signal appeared on the spectra, though the tetraglymewas

used as received, no freeze-and-thaw nor heat-and-pump

procedure was carried out and the plasma torch was

runningwithno control of the surrounding atmosphere.[25]

Table 4 shows the XPS C 1s/O 1s peak area ratio for the pp-

PEGfilms.We canobserve thatAPPLDfilmshave aC/O ratio
Figure 6. XPS C1s region spectrum of a) the APPLD PEG films; b) the

Plasma Process. Polym. 2010, 7, 715–725
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close to 2, for any power of the treatment, in agreement

with the precursor and the PEG stoichiometry. For the

APPECVD, this ratio goes down to around 1.7, showing an

increase of the oxygen content of the films. This point,

coupled to IRRAS analysis seems to confirm the first

hypothesis about an increase of the oxygen ratio into our

APPECVD films that would explain the increase of the

carbonyl and hydroxyl bands (see Figure 3). As related in

Table 5, in the case of the APPLD films (Figure 6a), no
APPECVD PEG films.

DOI: 10.1002/ppap.201000023
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Figure 7. Evolution of the XPS C1s region spectrum of our
APPECVD PEG films
significant change related to the power of the discharge

could be noticed. The C�O component is very dominant,

revealing a very good PEG character at any plasma power

value, very close to the compositionof thefilmsobtainedby

low pressure PECVD, low power, known to be protein-

resistant.

For theAPPECVDsamples (Figure6b, Figure7), increasing

theplasmapower leads toadecreaseof theC�Ocomponent

and to an increase of the hydrocarbon component,

revealing a higher fragmentation of the precursor. This is

similar to the phenomenon described in the literature for

low pressure PECVD processes.[26] This is correlated to the

IRRAS results shown in Table 3 and Figure 5. A significant

increase of the oxygenated components (C¼O, O�C�O,

O¼C�O) for the APPECVD compared to the APPLD films can

also be observed in Table 5. This could explain the increase

of the carbonyl and hydroxyl bands of the IRRAS spectra

shown in Figure 3. The ToF-SIMS analysis of the samples

clearly identifies fragments typical of pp-PEG, as well as it

reinforces the first conclusions drawn from the XPS and

IRRAS results. Figure 8 shows typical ToF-SIMS spectra of
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Figure 8. ToF-SIMS spectrum of a) an APPLD PEG film deposited at 30 W; b) an APPLD PEG film deposited at 50 W; c) an APPLD PEG film
deposited at 80 W; d) an APPECVD PEG film deposited at 30 W; e) an APPECVD PEG film deposited at 50 W; f) an APPECVD PEG film deposited
at 80 W.
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Table 6. Major fragments detected in the ToF-SIMS positive ion
spectra of the pp-PEG films.

Peaks, m/z Chemical Structure

Da

15 CHþ
3

29 CHOþ and CH2CH
þ
3

31 CH3O
þ

43 C2H3O
þ and C3H

þ
7

45 CH3�O�CHþ
2 and þCH2CH2�OH

55 C3H3O
þ and C4H

þ
7

59 CH3�O�CH2�CHþ
2

71 C4H7O
þ

89 CH3�O�CH2�CH2�O�CHþ
2 and

þCH2CH2�O�CH2CH2�OH

101 C5H9O
þ
2

103 CH3�(O�CH2�CH2)
þ
2
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our films. The chemical composition of each peak was

determined from the m/z ratio, based on the tetraglyme

structure.[24] Table 6 shows the most intense ToF-SIMS

peaks (m/z¼ 15, 29, 31, 43, 45, 55, 59, 71, 89, 101, 103 Da),

identified as chain fragments of PEG. Contrary to low

pressure PECVD deposition, the power of the discharge

during the APPLD does not seem to affect the intensities of

the ToF-SIMS peaks. In other terms, the APPLD process that

we have developed seems to allow the deposition of films

with a good retention of the PEG character. Indeed, by

comparing Figure 8a, b and c to Figure 9a, it appears that in

terms of SIMS analysis, the APPLD surfaces are similar to

thoseobtainedbyPECVDoperatingat avery lowpowerand

at low pressure.[25] Figure 8d, e and f show the ToF-SIMS

spectra of the APPECVD PEG films deposited at 30, 50 and

80W. In this case, the increaseof thepower clearlydamages

the PEG character of the surface. Indeed, peaks at 45, 59 and

103are becoming less dominant as thepower of theplasma

discharge increases. Those peaks seem to be the PEG

signature in terms of SIMS analysis. This behaviour is close

Figure 9. ToF-SIMS positive ion spectra of pp-PEG samples
obtained with low pressure RF-GDPD treatments, from M. Shen
et al.[25]

Table 7. Comparison of the CH3�O�CH2�CHþ
2 to CHþ

3 ratio from
the respective ToF-SIMS peaks intensities, for the pp-PEG films
deposited at different plasma power conditions.

Plasma power m/z 59 to 15 ratio

W APPLD APPECVD

30 5.1 4.1

50 4.7 2.3

80 4.8 0.8

Plasma Process. Polym. 2010, 7, 715–725
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to the one observed in Figure 9, for low pressure PECVD

processes. Another way to highlight this trend is by

comparing the m/z¼ 59 to m/z¼ 15 ratio from our ToF-

SIMS spectra. Indeed, this ratio goes from around 4 at 30W

to values below 1 at 80W (See Table 7). This could be

explained by the fragmentation of the precursor. When

comparing Figure 8a to Figure 8d, we can observe that

APPECVD PEG surfaces, obtained at 30W are close to those
DOI: 10.1002/ppap.201000023
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Figure 10. Analysis of the high resolution ToF-SIMS m/z¼ 45 Da peak for the calculation of the C2H5Oþ/COOHþ ratio.
obtainedwith the APPLD deposition, even if the 59 Da peak

is less dominant. This shows that low powered APPECVD

treatments allow a good retention of the PEG character.

Figure 10 shows the evolution of the ratio of the peak areas

of the C2H5O
þ(m/z¼ 45.034) and the COOHþ(m/z¼ 44.998)

fragments in the high resolution SIMS spectrum. Although

this approach is not made to be an absolute quantification,

it shows that in the case of the APPECVD deposits, the ratio

of COOH functions present is increasing as the power of the

treatment is increased. This is coherent with the IRRAS

analysis, andthefirsthypothesiswhich is thatahigher ratio

of the precursor fragmentation, coupled to an increase of

the oxygen content leads to an increase of the alcohol,

carbonyl and carboxylic functionalities seems to be

confirmed here.
Figure 11. XPS spectrum of a bare PVF sample (top), an APPLD-PEG-
coated PVF sample (middle) and an APPECVD-PEG-coated PVF
sample (bottom), both exposed to BSA.
XPS Characterization of the Samples after Protein
Adsorption

As shown on Figure 11, we have been using XPS to control

the amount of nitrogen present at the surface after BSA

adsorption. Control samples consisted of bare PVF samples

and PVF soaked into tetraglyme, then soaked intowater for

24h, following the procedure used for the APPLD films in

order to control the role of the plasma into the process. The

same procedure has been already used successfully for the

study of BSA adsorbed onto ultrahydrophobic PTFE.[27] For

all the uncoated samples, between 3 and 4 at.-% nitrogen
Plasma Process. Polym. 2010, 7, 715–725
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was detected after BSA exposure. This level of nitrogen

signal corresponds to a value approaching 250 ng�cm�2 of

adsorbed protein, as it can be read in a previous study using

XPS and 125I radiolabeled.[28]

For all the APPLD PEG coated samples, a very small

nitrogen signal (between 0 and 1 at.-%) was observed
www.plasma-polymers.org 723
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Figure 12. Atomic percentage of nitrogen on the surface of uncoated (control - PVF) and
coated samples (APPLD PEG FILMS, APPECVD FILMS), after BSA exposure.
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(Figure 12), at any treatment power, showing an important

decrease of BSA adsorption. In the case of the APPECVD

samples, the amount of nitrogen detected by XPS increases

as the plasmapower is increased. 30W treatments lead to a

small amount of N, between 0 and 1 at.-%, similar to the

APPLD samples. For higher power treatments, the amount

of nitrogen increases up to 2 at.-%. This follows the

behaviour of PECVD films synthesized at low pressure,

described in the literature.[26]
Figure 13. Overview of the different results correlating the PEG
character to the protein-repelling property of the samples.
Conclusion

We have shown that it is possible to deposit thin pp-PEG

films, at atmospheric pressure, without any control of the

atmosphere around the plasma system, by means of an

easy, one-step process. Themonomer is injected in the post

discharge either as a liquid (spray – APPLD) or as a vapour

(APPECVD). As seen in the results section, IRRAS, XPS and

ToF-SIMS data for the APPLD deposition show that no

significant changes occur in the chemical composition of

the films as the power of the discharge is increased,

revealing a good retention of the polyether character. It is

surprising to compare this behaviour to the one obtained

with lowpressure PECVDprocesses. Indeed, as explainedby

M. Shen et al., for higher values of power (20� 80W for low

pressure), tetraglyme will suffer from a higher fragmenta-

tion, resulting in a progressive loss of the polyether

character.[25] J. H. Lee et al. wrote that the protein-repelling

ability of those surfaces is directly related to the conserva-

tion of the ‘‘PEG-like’’ structure.[12] Indeed, the APPLD films

thatwere synthesized in this study are protein repellent, as

evidenced by the BSA adsorption tests. On the other hand,

the APPECVDprocess seems to be closer to the low pressure

PECVD deposition. Indeed, from the IRRAS, XPS and ToF-

SIMSdata,wecouldpointout the fact thatan increaseof the
Plasma Process. Polym. 2010, 7, 715–725

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
plasma power leads to a loss of the PEG

structure of the films, probably induced

by a higher fragmentation of the pre-

cursor injected into the remote discharge

of the plasma torch.

BSA adsorption experiments for the

APPECVD films show that for higher

values of the plasma power (50 and

80W), a higher amount of proteins is

adsorbedat the surface. This confirms the

relationship between the PEG structure

and the protein-repelling property of the

samples. Low power treatments (30W)

lead to protein-repelling surfaces, as

efficient as the APPLD ones, as we could

expect by comparing the respective ToF-

SIMS spectra.

As a summary, Figure 13 shows the
effect of the power of the discharge for the different plasma

processes. The interpretation of the results from all the

analysis techniques in terms of ‘‘PEG character’’ confirms

the correlation with the behaviour of the samples with the

BSA: the protein – repellent character is closely associated

with the relative intensity of the ‘‘C�O’’ signature, in IRRAS,

XPS and SIMS. We also notice here the remarkable
DOI: 10.1002/ppap.201000023
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convergence of the three analytical techniques, based on

different physical principles, and probing different sample

depths. Three reasons for the protein-resistance are

proposed which are (1) a very low interfacial free energy

of PEG surfaces with water; (2) a steric stabilization effect

with the free PEG-chains at the surface; (3) the relationship

with the solution properties: PEG segments nicely fit in the

water structure leading to surfaces that are in a liquid-like

state with the polymer chains exhibiting considerable

flexibility or mobility.[12] However, further research dedi-

cated to the adsorption of other proteins, and living cells

will have to be conducted in order to validate the behaviour

observedwith BSA. The synthesis of PEGusing atmospheric

plasmas is advantageous, as it does not require any

pumping system neither any atmosphere control, which

arebig improvements for industrial applications, andallow

us to obtain protein-repelling surfaces, as competitive as

those obtained with the classical low pressure processes.
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