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BSA and fibrinogen adsorption to ultrathin nonfouling coatings was investigated using surface plasmon
resonance spectroscopy. The nonfouling coatings were prepared by pulsed plasma polymerization (pp)
of di(ethylene glycol) monovinyl ether (EO2). The pp-EO2 coatings were characterized by X-ray
photoelectron spectroscopy and atomic force microscopy. The nonfouling properties of the pp-EO2 coatings
were found to correlate with details of the surface chemistry and with the film thickness. BSA and
fibrinogen exhibited different adsorption behaviors. We identified the threshold value of the thickness of
pp-EO2, above which the films showed excellent antifouling properties. The mechanism by which these

films resist protein adsorption is discussed.

Introduction

Prevention of nonspecific protein adsorption continues to
be a challenge in the application of polymeric materials in a
variety of fields, such as in biomedical devices, membrane

separation, and biosensors. Many efforts have thus been pu

into the modification of polymer surfaces in order to render

them resistant against protein adsorption. Surface modifica-

tion with polyethylene glycol (PEG) (or polylethylene oxide
(PEO)) is well-known as an effective method to reduce
protein adsorption and cellular adhesio’.The protein-

resistant properties of PEG coating are generally ascribed'Vet chemical reactions. Recently,

to steric repulsion effects; which originate from the hydro-
philicity and flexibility of the PEG chains. This explanation
is particularly suitable for those systems with long PEG
chains. Previous theoretical and experimental work has
shown that the nonfouling performance of PEG coatings is
proportional to the length and the density of PEG chéfis.
On the other hand, the hydration of PEG leads to a layer of
tightly bound water molecules around the PEG chain, a so-
called shielding layet. ' This water layer is also believed
to play an important role in preventing protein adsorption
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and may explain why densely packed, shorter OEG-SAMs
(oligo(ethylene glycol) self-assembled monolayers) also show
nonfouling propertie? 14

Various strategies for PEG attachment onto surfaces have
peen investigated, including graft polymerizatfod,self-
assembly of monolayers (SANM;617and simple adsorption.
Physical adsorption has a problem in long-term stability due
to detachment, delamination, and desorption. SAM of thiols
are limited to only a few substrates, e.g., noble metals such
as Au and Ag. Other strategies involve several steps of
several gré#ps have
demonstrated that plasma polymerization provides a new
possibility for achieving nonfouling surfaces. Plasma polym-
erization of PEO containing molecules resulted in coatings
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Sample Faraday cage through a matching network and is delivered to the reactor via a
y 1| coil placed around the exterior of the reactor tube. A home-built
4 ] Plasma pulse generator is connected to the RF generator to allow pulsing
L |1 {{3 chaweer : I of the radio frequency signal. The plasma can be run either in the
Cold trap ——| continuous wave (CW) mode or in the pulsed mode. The reaction
chamber was evacuated using a rotary pump (Leybold Trivac,

1 : Pl:f:: = D16B) and a liquid nitrogen cold trap was used to collect excess
il Rii=a | RFgmerator4 Miskumr organic vapor. A baratron module (MKS, Type 627B) was con-
nected near the inlet to monitor the pressure inside the chamber.
Side arms at the reactor inlet allow for the introduction of monomer
with abundant PEO, which gave them excellent nonfouling YaPors- The pp-EO2 films were deposited at 20 W with various
. duty cycles (DCs), i.e., 5/100 and 1/100 ms, respectively. The
properties. . e,
. monomer pressure varied from 0.01 to 0.05 mbar. The deposition
Plasma polymerization has some advantages for the mod-

- . . . time was adjusted to obtain the desired thickness.
ification of surfaces. Functional coatings can be obtained Analysis. X-ray photoelectron spectroscopy (XPS) was

easily in a one-step, all dry process. Plasma polymerized carried out using a Physical Electronics 5600 A instrument. The

thin films are conformal and can be deposited onto a variety Mg Ko (1253.6 eV) X-ray source was operated at 300 W. A pass

of substrates with good adhesion. Ultrathiah € 10 nm) energy of 117.40 eV was used for the survey spectrum. The spectra

films can be easily obtained and are potentially promising were recorded using a #3ake-off angle relative to the surface

in the surface modification of nanostructures. Surfaces with normal.

nanometer-scale topology can be coated with a thin layer of AFM measurements were carried out using Veeco Dimension

a functional coating by plasma polymerization, while their 3100 instrument in the tapping mode in ampient a?r. The surface

morphology would not be significantly altered. roughness for an area ofx1 1 um? was obtained using standard
While previously only thickerd > 30 nm) films were AFM software (Nanoscope 6.11r1).

tudiec the obiecti fh t stud toi tioat Protein Adsorption Measured by SPR.The use of SPR for
studied, . € objec IV? orthe pre_sen study Wa§ 0 INVESUgale v characterization of thin film has already been discussed in details
the protein adsorption behavior on a series of plasma

X o ! X X elsewher&?®30 The SPR spectrum, i.e., the reflectivity vs angle
polymerized nonfouling films with thicknesses ranging from  crve, can be fitted using Fresnel’s equation to obtain the optical

1to 10 nm. Di(ethylene glycol) monovinyl ether (EO2) was  thickness K-d) of the dielectric medium. If the refractive index
used as the monomer in the pulsed plasma polymerizationof the thin film is available, one can determine the geometrical
process. BSA and fibrinogen were employed in this work to thickness of the film. SPR measurements were carried out with a
test nonfouling properties of the deposited pp-EO2 films. home-built setup, which was based on the Kretschmann configu-
Surface plasmon resonance spectroscopy (SPR) is a Ver)'vation?9 In order to measure protein adsorption in real time, the
sensitive and label-free technique for detection of protein PP-EO2 sample was attached to a SPR flow cell immediately after
adsorptioA27-28and thus was employed in this work. SPR plas_ma polymerlzqt_lon. PBS buffer was |r_1troduc_ed into t_hg flow
can quantify the protein adsorption in real time with high f:ell in order to stab_lllze_ the film. Then protelr_w solution was |qjected

o . . into the cell. The kinetics of protein adsorption can be obtained by
sensitivity and can be used to estimate the thickness of

. o monitoring the reflectivity at a fixed angle. After the protein
protein layers adsorbed on the surface by fitting the SPR adsorption reached equilibrium, PBS buffer was injected again to

Figure 1. Schematics of the plasma polymerization system.

curve based on Fresnel's equation. rinse the surface. SPR spectra were recorded before and after protein
) ) adsorption in order to determine the thickness of adsorbed layer.
Experimental Section The refractive index for BSA and fibrinogen used here are 1.45

) 2 -
Materials and Substrates.Di(ethylene glycol) monovinyl ether and 1.'39’ respegtlve_ﬁ}. We present our experl_mental _results for
protein adsorption in terms of surface density, which can be

monomer (98%) and proteins were purchased from Sigma-Aldrich . o o
. calculated using de Feijter’'s equatigh:

(Germany). The monomer was outgassed three times before use,

but was not purified further. The protein solutions were prepared Ny —n

immediately before use by dissolving BSA and fibrinogen into M=d

phosphate buffered saline (PBS) solutions at a concentration of 10

wt %. The substrates for the SPR measurements were LaSFN9 glasgere, d, is the thickness of the adsorbed layer amddd is the

slides (Hellma Optik, Jena, Germany) coated with approximately (efractive index increment of the molecules, and ny, are the

2 nm of Cr and 50 nm of gold, which were thermally evaporated. refractive indices of the adsorbed layer and cover media, respec-
For the XPS measurements, Si wafers were used as substrates. Micgyely. For proteins, the mdc is equal to approximately 0.182

was used as a substrate for the atomic force microscopy (AFM) g/cpyp 31,32
measurements since mica provides an atomically flat surface.

Preparation of pp-EO2 Films. Plasma polymerization was
carried out in a home-built inductively coupled cylindrical radio
frequency (13.56 MHz) plasma reactor (Figure 1). The reaction  Film Analysis. Based on the experience in previous work
chamber, enclosed in a Faraday cage, consists of a cylindrical PyreXn this group, 20 W input power and low duty cycles (from
tube, 30 cm in length and 10 cm in diameter. The plasma power is 5/100 to 1/100) were employed to ensure that the resulting
generated by a RF generator (Coaxial, RFG150), which passes
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AFM was utilized to study the surface morphology of pp-
EO2 films with thicknesses ranging from 2 to 20 nm. The
AFM images of the pp-EO2 films with different thicknesses
are shown in Figure 4, with mica also being shown as a
control. The surface roughness can easily be obtained using
standard AFM software. It is found that there is no significant
change in surface roughness with increasing film thickness.
The roughness of pp-EO2 with less itha A is comparable
to that of the bare substrate regardless of the film thickness,
indicating that the plasma polymerized films were very flat.
It was previously suggested that plasma films only cover
Figure 2. Thickness of pp-EO2 films as a function of the deposition time the_ substrate Sur_faC(_a completely When,thICkmangS nm,
as determined by SPR measurements. The refractive index of pp-EO2 isWhile for very thin films, island formation dominates the
n = 1.451. Plasma conditions: 20 W, 5/100 ms. process$33* The island formation would however lead to
some increase in roughness, which is not observed. Hence,
we conclude that alregda 2 nmthick pp-EO2 film covers
the substrate completely. Additionally, it should be noted
that the roughness of 2 nm thick pp-EO2 is 1.9 A, which is
much lower than the film thickness. This also supports the
hypothesis that 2 nm thick pp-EO2 already covers the
substrate completely. One likely explanation for the present
results is that the pp-EO2 films were deposited onto the sub-
strate very slowly and, hence, the plasma film was deposited
evenly onto the substrate.

Protein Adsorption. Protein adsorption on the pp-EO2

354 = Experimental data
Linear fit

30+

Thickness of pp-EO2 / nm

0 Deposition rate=1,65 nm/min

0 2 4 6 8 10 12 14 16 18 20
Deposition time / min

Counts

280 282 284 286 288 200 292 294

Binding energy / eV films was measured in real time using the SPR kinetic mode.
Figure 3. XPS C 1s spectra of pp-EO2 films deposited at different duty The kmet_'CS of BSA and f|b”n09?n aQSor_ptlon onto pp—EOZ
cycles (as indicated). films of different thickness are given in Figure 5. There is a

clear correlation between protein adsorption and the thickness
Table 1. Surface Composition from XPS Measurements for a Series of the pp-EO2 film. With increasing film thickness, the
of pp-EO2 Films Deposited at Various Duty Cycles adsorption of both proteins onto the surface decreases and

sample %C %0 o/c drops to almost zero after rinsing for pp-EO2 film thicknesses
5/100 ms 69.3 30.7 0.44 exceeding a threshold value. Figure 6 shows the surface
1/100 ms 66.5 335 0.50

density of BSA adsorbed onto pp-EO2 as a function of the
film thickness. For BSA and pp-EO2 deposited at dc of 1/100
ms, the threshold value is about3 nm.

pp-EO2 films exhibit good protein resistance for thicknesses " Order to test the effect of the pp-EO2 surface chemistry
larger than 30 nm. The nonfouling properties of these pp- N the BSA adsorption, pp-EO2 deposited at dc’s of 5/100
EO2 films were confirmed by SPR experiments (data not and 1/100_ ms, respe_ctlvely, were compared In Figure 6.
shown here). With adjustment of the deposition time, the Cl€arly, with decreasing dc, less BSA adsorption was ob-
thickness of pp-EO2 coating can be well-controlled, as shown S€rved for pp-EO2 film with identical thickness.
in Figure 2. The deposition rate was calculated to be 1.65 The adsorption of a larger protein, i.e., fibrinogen, onto
nm/min. the pp-EO2 films of different thicknesses is given in Figure
XPS is a powerful tool to characterize the surface com- /- AS the pp-EO2 thickness increased, less fibrinogen ad-
position of plasma polymerized films. Figure 3 gives the XPS Sorbed to the surface. It can be noticed that pp-EO2 pre-
C 1s spectra of the pp-EO2 films deposited at different duty Pared at dc of 5/100 ms cannot resist fibrinogen adsorption
cycles, i.e., 5/100 and 1/100 ms, respectively. The C 1s completely in the present thickness range. For the surface
spectra clearly show two peaks at 285 and 286.5 eV, which Prepared at 1/100 ms,-% nm would be required to resist
can be attributed to €C and G-O—C functional groups, fibrinogen adsorption. Consequt_antly, it appears thgt the duty
respectively. It is evident that a high retention of ether groups €ycle employed has a strong influence on the fibrinogen
was achieved at these plasma conditions. As the dc was2dsorption behavior.
decreased, the relative-@—C peak intensity (at 286.5 eV) Figure 8 shows a comparison of BSA and fibrinogen
increased, indicating more ether groups in the depositedadsorption onto pp-EO2 films deposited at a dc of 1/100
films. The retention of ether group can also be confirmed ms. The adsorption of both proteins on bare Au is also given
from the O/C as determined from XPS wide scan and as a reference. The amount of BSA adsorbed on bare Au is
summarized in Table 1. The O/C ratio of pp-EO2 deposited
at a duty cycle of 5/100 ms is 0.44. If duty cycle is decreased (33) Jacobsen, V.; Menges, B.; Scheller, Alréfg R.; Mittler, S.; Knoll,
to 1/100 ms, the O/C ratio increased to 0.5, which is the (5 g\gcigrsfénc,cﬁ'I\Ieer?ggg,aé)?%&,%._;ﬁﬁilelrl,%s.?%%ﬁ;W.Thin Sofid
theoretical value for the monomer molecule. Films 2002 409, 185-193.

theoretical 66.7 333 0.50
aPlasma power is 20 W.
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Rg=0.19

Figure 4. Tapping mode AFM images of pp-EO2 films with increasing thickness taken in ambient air: (a) bare mica as control; (b) 1.7 nm; (c) 3.4 nm;
(d) 7.9 nm; (e) 17.1 nm; (f) 32.9 nm. The scan area is 1 um? in each case. The thickness of the pp-EO2 films was measured by SPR. Plasma conditions:
20 W, 5/100 ms.
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thicknesses. (A) BSA; (B) fibrinogen. Plasma conditions: 20 W, 1/100 ms. pp-EO2 thickness / nm

Figure 7. Fibrinogen adsorption on pp-EO2 films deposited at different
calculated to correspond to a surface density of 225 rngj/cm  duty cycles.

which is in agreement with previous repold$:rom Figure

8, it can be found that thicker pp-EO2 (i.e., ca. 5.5 nm thick) ecules with their 340000 Da. It has been documented that
is required to resist fibrinogen adsorption compared to only protein adsorbed on Au would form a monolayeOn the

ca. 2.5 nm for BSA. Additionally, the number of BSA mol-  other hand, after coating Au wita 3 nmthick pp-EO2 film,
ecules adsorbed on Au is higher than fibrinogen. This result fibrinogen still adsorbs readily, whereas BSA does not.
may be related to the size of the proteins: BSA molecules This indicates that the size of the protein is not the reason
are 68500 Da, which is much lower than fibrinogen mol- for the different behavior of BSA and fibrinogem@ 3 nm
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10— T . T . T that the defect in the thin pp-EO2 film is not the cause for
Lbare Au 200 protein adsorption, provided the pp-EO2 coating is thicker
5 than 2 nm.

Protein diffusion through the thin PEG layer has been
proposed as an explanation for the protein adsorption on the
PEG coating with long PEG graft chaifsThe swelling of
pp-EO2 film may lead to some diffusive pathways for
proteins. Our recent results also show that biotin molecules
can pass througa 2 nmthick pp-EO2 coating® If the pp-
EO2 thickness was increased to 3.5 nm, biotin molecules
could not pass through the coating any more. Therefore, for
-100 2 nm and thinner pp-EO2, diffusion of protein or parts of a
6 protein may account for some adsorption. However, this

pp-EO2 thickness / nm cannot explain why fibrinogen would adsorb onto 4 nm thick
Figure 8. Comparison of BSA and fibrinogen adsorption on pp-EO2 films pp-EO2 films as shown in Figure 8.
with increasing thickness. Plasma conditions: 20 W, 1/100 ms. As indicated before, the higher amount of EO units in the

. ) low dc pp-EO2 is the reason why BSA and fibrinogen show
thick pp-EO2. Vert et ai® reported that albumin and PEG 4 reduced protein adsorption deposited at lower duty cycles.
are compatible in PBS bL_Jﬁer at room temperature, whereasThe thicker the pp-EO2 coating, the larger the number of
fibrinogen and PEG are incompatible and show phase sep-gQ ynits. Since the EO units provide a molecular basis for

aration in solution. They proposed that the compatibility qf a water barrier layer, the thin pp-EO2 cannot generate a
PEG segments to albumin account for the stealth behaviorgyficient barrier, in contrast to thicker pp-EO2 films. The

T
—
)]
=}

100

50

;0L /  wiwrsajnasjoly

Surface densitty / ng.mm’’'
én
o

of PEG bearing molecules or surfaces. density of EO units in the film may also explain why BSA
) ) and fibrinogen behave differently with respect to the pp-
Discussion EO2 surface chemistry and film thickness. Considering the

Based on the experimental results, it appears that there igncompatibility of fibrinogen with the PEG segments, more
a correlation between the pp-EO2 film thickness and its EO units are required to resist fibrinogen adsorption. In
protein resistant properties. A threshold value for pp-EO2 contra;t, BSA is compatible with PEG and thus requires less
thickness seems to exist, which is approximately 3 nm for EO units.

BSA .and 6 nm for fibrinoggn, respectively. Several pos- Conclusions
sibilities may account for this phenomenon.

(1) Defects in the pp-EO2 coatings. If the substrate is not
covered completely by thin pp-EO2 coating, proteins may
adsorb onto the substrate (Au in the present case) at defec
sites.

(2) Diffusion of proteins into the swollen pp-EO2 film.
Proteins would diffuse into the pp-EO2 films and approach
the underlying substrate, which is active for protein adsorp-
tion.

(3) A certain thickness is required because more EO units
exist in the thicker pp-EO2 coating. It is possible that only
for films with an mount of EO units higher than a threshold
value, a water barrier layer, which was regarded as the
“functional layer” to resist protein adsorption, can form on
the pp-EO2 deposit.

The protein adsorption due to defects should be related to
the size of the protein molecules. However, as mentioned
in Figure 8, the ability of pp-EO2 films to resist protein
adsorption is not size selective. Moreover, our AFM data in  Acknowledgment. We would like to thank Daniela Mssner
Figure 4 suggest a complete coverage of the substrate by §IMTEK, University of Freiburg) for the XPS measurements.
pp-EO2 film of 2 nm thickness. Consequently, we believe CM061217G

The aim of this work was to investigate the nonfouling
properties of ultrathin pp-EO2 films with thickness lower
han 10 nm, providing more insights into the relationship

etween the structure of pp-EO2 coatings and their ability
to resist protein adsorption. XPS results showed that the pp-
EO2 deposited at duty cycles of 1/100 ms consisted of a
high amount of ether groups. These pp-EO2 coatings show
excellent resistance to BSA and fibrinogen provided that their
thicknesses are higher than a threshold value. A thicker film
of pp-EO2 was required to resist absorption of fibrinogen
than of BSA, suggesting that the threshold is not size
selective, and the mount of EO units in the pp-EO2 film is
of great importance for the protein resistance of surfaces.
Plasma polymerization for the fabrication of nonfouling
surfaces is particularly promising for large-scale production
with good reproducibility as the process is also well-
established in industry.
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