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ABSTRACT: The grafting of polymers and oligomers of ethylene oxide o©
onto surfaces is widely used to prevent nonspecific adsorption of o OBSAO 0
biological material on sensors and membrane surfaces. In this report, r
we show for the first time the robust covalent attachment of short oligoethy- °z°°;° °z° °1 4 ¢
lene oxide-terminated alkenes (CH;0(CH,CH,0);(CH,);;-(CH=CH,) o 2}0}, 3 g B 3
[EO;] and CH,0(CH,CH,0)4(CH,);;-(CH=CH,) [EOg]) from the 0 BsA o 3 b IQ bbbl
reaction of alkenes onto silicon-rich silicon nitride surfaces at room tempera- ! o ° %"%BI ;1 \
ture using UV light. Reflectometry is used to monitor in situ the nonspecific ) oV Y& % R 'o '% .% ]

adsorption of bovine serum albumin (BSA) and fibrinogen (FIB) onto gio,
SiN,

-
. . a P o . 1) HF 2.5% (a
ohgeethylene emde ceated SthOIl-I'{Clll sﬂlco‘r‘1 nltrlclle sut"f:aces (E,Q“'SI”N 4 %> :2; No‘(~(/1)o‘)’ - SiN,
3) in comparison with plasma-oxidized silicon-rich silicon nitride surfaces
(8iO,-Si,N,) and hexadecane-coated Si, N, surfaces (C16—Si,N4). A ﬂgmﬁcant reduction in protem adsorption on EO,-Si,N,, surfaces was
achleved adsorption onto EO;—Si,N, and EOs—Si,N, were 022 mg m ~ and 0.08 mg m , respectively. The performance of the
obtained EO; and EQg layers is comparable to those of similar, highly protein- repellent monolayers formed on gold and silver surfaces.
EO4—Si,N, surfaces prevented significantly the adsorption of BSA (0.08 mgm ™ >). Atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XPS), X-ray reflectivity and static water contact angle measurements were employed to characterize the modified surfaces. In
addition, the stability of EOs—Si,N, surfaces in phosphate-buffered saline solution (PBS) and alkaline condition (pH 10) was studied.
Prolonged exposure of the surfaces to PBS solution for 1 week or alkaline condition for 2 h resulted in only minor degradation of the
ethylene oxide moieties and no oxidation of the Si,N, substrates was observed. Highly stable antifouling coatings on Si,N, surfaces
significantly broaden the application potential of silicon nitride-coated microdevices, and in particular of microfabricated filtration
membranes.
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adsorption of more protein aggregates, ~ as well as cells, bacteria,
and other microorganisms.

1. INTRODUCTION

Silicon nitride (Si,Ny, x = 3) is widely used as insulator for

microelectronics and microsystem devices." Films of this materi-
al inhibit diffusion of water, oxygen and sodium 10ns and are
widely used as passivation layers in integrated circuits.” Si,N, is
not only popular because of its superior physical robustness and
chemical inertness,® but also because it provides a good alter-
native to silicon dioxide* in microelectronic and membrane
applications.”™”

Biocompatibility is an important issue for the use of Si,Ny4
films as coatings for biosensors or filtration membranes. In
particular, the performance of microfabricated filtration mem-
branes (microsieves) is dramaticall 37 affected by nonspecific
adsorption of protein (aggregates)®” on surfaces during filtra-
tion. In the process of surface fouling, the adsorption of the first
protein layer is a decisive step that usually initiates surface
contamination, creating suitable conditions for the subsequent
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Increasing the hydrophilicity of SiN, surfaces partially
solves the problem of protein adsorption. Indeed, hydrophilic
membranes are less subject to fouling and have a longer
operational life.'>”'* An air-based plasma treatment, for in-
stance, that superficially oxidizes the silicon nitride surfaces,
can improve the wettability and performance of membranes.
However, the hydrophilic properties of oxidized surfaces are
only temporary.'

Widely used alternative solutions to reduce protein adsorption
onto surfaces include self-assembled monolayers (SAMS) of

ethylene oxide (EO) oligomers. This approach has been applied
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to polymers,lé_21 gold and silver,”>° glass and other oxides,>' %

and etched silicon surfaces.'”**~* The application to silicon nitride
would require a method for the robust attachment of such EO-based
materials. Several studies reported on the specific modification of
AFM tips™ % with polyethylene oxide chains, for applications in
which only a few attached chains sufficed. Some work has been
carried out on the attachment of long polyethylene oxide chains on
oxidized silicon nitride,™ but these irregular coatings were not stable
in water. Organosilane compounds have been used to graft
polyethylene oxide methacrylate® onto oxidized silicon nitride,
giving layers with some protein-repellent properties, but the ob-
tained layers were not stable under aqueous or alkaline conditions,
most likely because of the hydrolysis of Si—O bonds.>"** Another
report on organosilane-based monolayers of linear oligoethylene
oxide molecules [3 - 12 ethylene oxide (EO) units] on oxidized
silicon nitride substrates™ also mentioned good thermal stability,
but details on their hydrolytic stability or protein repellence were not
given. Recently, we have shown that it is possible to covalently attach
an organic monolayer onto a silicon nitride®>° or silicon carbide®’
surface, using conditions similar to those used for the thermal
hydrosilylation of silicon surfaces.”* ®' Stable and high-quality
monolayers were obtained with several simple alkenes, as well as
esters, allowing further (bio)chemical surface modifications. How-
ever, the employed reaction conditions were not suitable for
attachment of oligoethylene oxide because of thermal degradation
of ethylene oxide moieties.% Very recently, it was demonstrated that
the modification of SiO,, Si,N, and SiC can also be initiated by UV
light at room temperature using less compound and a simpler
experimental setup.”>~* This method allows monolayer formation
from labile and/or more expensive alkenes.

In the current paper, we report on the use of this photo-
chemical method to attach oligoethylene oxide-terminated mono-
layers onto silicon-rich silicon nitride surfaces in a single-step
procedure. In particular, methoxy-tri(ethylene oxide) undec-1-ene
(CH;0(CH,CH,0)3(CH,)oCH=CH,), and methoxy-hexa-
(ethylene oxide) undec-l-ene (CH;0(CH,CH,0)s(CH,)o-
CH=CH,) were synthesized and grafted onto etched silicon-rich
silicon nitride (Si,N,) surfaces, to yield monolayers abbreviated as
EOj; and EOg layers, respectively. The obtained monolayers were
characterized by X-ray photoelectron spectroscopy (XPS), static
water contact angle measurements, X-ray reflectivity, and atomic
force microscopy (AFM). Subsequently, the protein-repelling
properties of the surfaces were investigated by studying the ad-
sorption of bovine serum albumin (BSA) and fibrinogen (FIB)
from solution, both in situ by reflectometry and ex situ by static
water contact angle measurement. In each case, the antifouling
properties of modified surfaces were compared to those of SiO,-
Si,N, and C,6-Si, N, surfaces to reveal the potential of EO3 and
EO4 monolayers. The stability of modified surfaces in aqueous
solutions plays an important role for their future implementa-
tion in filtration and microfluidic devices. Therefore, the stability
of the EOg-modified surfaces in PBS solutions was investigated
as well.

2. EXPERIMENTAL SECTION

Materials. Bovine serum albumin (fraction V, min 96% lyophilized
powder) and fibrinogen (fraction I from pig plasma, 78% in protein)
were purchased from Sigma. Sodium phosphate dibasic (analytical
grade, Acros), potassium dihydrogenophosphate (ACS grade, Merck),
potassium chloride (pro analysis, Merck) and sodium chloride (puriss.,
Riedel-de-Haén) were used to prepare the PBS solution.

Silicon Nitride Surface Modification. Silicon-rich silicon ni-
tride samples (CVD Si,Ny, x > 3) on Si(100), thickness of 147 nm,
obtained from Lionix B.V., The Netherlands, with sizes of 1 x 1 cm? for
XPS or 4 x 0.75 cm® for reflectometry were cleaned by sonication in
acetone, followed by oxidation in air-based plasma for 10 min and in
pure oxygen (99.999%) for another S min. The oxidized samples were
then etched with a 2.5% aqueous solution of HF for 2 min and dried in a
nitrogen flow. They were then immediately dipped into argon-saturated
neat alkenes in a quartz flask. After 30 more min under argon flow, a UV
pen lamp (254 nm, low pressure mercury vapor, double bore lamp from
Jelight Cie, California) was placed 4 mm above the Si,N, surface and the
sample was irradiated for 24 h. Afterward, samples were removed and
rinsed several times with ethyl acetate, ethanol and dichloromethane,
and sonicated in the same solvents. Reference hydrophilic surfaces were
plasma-treated for only 10 min. Angle-resolved XPS revealed that such
plasma-treated surfaces presented a thin hydrophilic layer of silicon oxy-
nitride (Atomic composition of the first 10 nm: 40% Si,,, 30% N, 20%
O, 10% C,, values obtained from XPS =+ 5%).

Static Water Contact Angle Measurements. The wetting
properties of modified surfaces were characterized by automated static
water contact angle measurements performed using an Erma Contact
Angle Meter G-1 (volume of the drop of demineralized water = 3.5 uL).
For stability measurements, samples were dipped in PBS for a defined
time and then rinsed thoroughly with pure water, acetone and finally
with petroleum ether before measuring contact angle. After that, the
samples were immersed again in fresh PBS. Stability for different times
was determined sequentially on the same samples. For the stability in
alkaline condition, the samples were immersed in NaOH solution (pH
10) at room temperature for 2 h, subsequently rinsed thoroughly with
pure water, acetone, and finally with petroleum ether before measuring
contact angle. In both studies, 3 samples were employed, the reported
data were average value.

X-ray Photoelectron Spectroscopy (XPS). The XPS analysis
of surfaces was performed using a JPS-9200 Photoelectron Spectrometer
(JEOL, Japan). The high-resolution spectra were obtained under UHV
conditions using monochromatic Al K, X-ray radiation at 12 kV and 25
mA, using an analyzer pass energy of 10 eV. High-resolution spectra
were corrected with a linear background before fitting.

X-ray Reflectivity. X-ray reflectivity measurements were per-
formed on a Panalytical X'Pert Pro diffractometer using nickel-filtered
Cu K, radiation (tube settings S0 kV and 40 mA). The data were
collected using a fixed divergence slit 1/32°, and a parallel plate colli-
mator on the diffracted beam side. The layer thickness was calculated
from the interference fringes.

Atomic Force Microscopy (AFM). Images were obtained with
an MFP-3D AFM from Asylum Research (Santa Barbara, CA). Imaging
was performed in AC mode in air using OMCL-AC240 silicon canti-
levers (Olympus Corporation, Japan). The root-mean-square (rms)
roughness was calculated from the fluctuations of the surface height
around the average height in the image. In this way the rms value des-
cribes the topography of the surface. The rms is the standard deviation,
i.e. the square root of the variance, of the Z-values within the image,
according to: rms = \/(Z(Zi)z/n)

Reflectometry. In a typical reflectometer, a monochromatic line-
arly polarized light beam (He—Ne laser; 632.8 nm) passes a 45° glass
prism. This beam arrives at the interface with an angle of incidence of 66°
for the solvent/substrate interface. After reflection at the interface and
refraction in the prism the beam is split into its p- and s-polarized
components relative to the plane of incidence by means of a beam
splitter. Both components are separately detected by two photodiodes
and the ratio between the intensity of the parallel and perpendicular
components is the output signal S (§ = I,/I;) (the output signal given by
the detection boxis 10 x S). It is combined with a stagnation point flow
cell, allowing the introduction of PBS solution or protein solutions, to
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study homogeneous adsorption on surfaces in diffusion-controlled
conditions.®® Strips of Si,N4-coated silicon wafer (typical size of 4 x
0.75 cm”) were modified with alkenes on one end (about half of the
sample length), whereas the other end was used to hold the strip in the
measuring cell of the reflectometer. The BSA solutions (0.1 g L") were
freshly prepared in PBS solution (pH 6.7, ionic strength 0.08 M) and
settled for one hour at room temperature before use in measurement.
Due to a lower solubility in water, FIB solutions were prepared
differently. First, PBS solution at pH 6.7 with a higher ionic strength
of 0.16 M was prepared. The desired amount of FIB was added and the
solution was gently shaken at 80 rpm at room temperature during 15 min
to obtain a clear protein solution. Finally, the solution was diluted with
water to obtain 0.1 g L™" of FIB in PBS solution at pH 6.7 with ionic
strength 0.08M. All reflectometry experiments were performed at 23 °C.
Before measurements were taken, surfaces were incubated 1 h in PBS
solution to avoid artifacts due to initial surface wetting, which caused a
baseline drift. After placing the samples in the reflectometer, the PBS
solution was injected until the output signal was nearly constant:
fluctuations of less than 1% over 5 min were considered satisfactory.
Each experiment involved at least one adsorption phase, in which
protein solutions were injected onto the surface, and one subsequent
desorption phase, in which only PBS solution was injected. Details of the
calculation of adsorbed protein amount are given in the Supporting
Information. Each experiment was repeated at least 3 times, and the
reported data are average values.

3. RESULTS AND DISCUSSION

3.1. Silicon Nitride Surface Modification with EO5; and
EOg. Silicon nitride was functionalized in a one-step photoche-
mical procedure as described in the Experimental Section.
Hydrogen-terminated Si,N, surfaces were obtained by etching
with HF, and the surfaces were subsequently employed in the
photochemical attachment of CH3;O(CH,CH,0);(CH,)o-
CH=CH, [EO;] and CH;0(CH,CH,0)4s(CH,)yCH=
CH, [EOg]. Under UV irradiation, the double bonds readily
react with silicon atoms on the hydrogen-terminated surface
resulting in Si—C linkages. The resultant UV-modified Si N,
surfaces with covalently attached EO; and EO4 monolayers
exhibited very reproducible static water contact angles of 64°
and 58° (£1°), respectively, in agreement with previous reports
on similar monolayers on other surfaces. Water contact angles of
EO;-modified Si,N, surfaces (64° & 1°) are identical to those
measured for EO; monolayers obtained with thiols on gold and
silver,>® but lower values were obtained for EO; monolayers
obtained by reaction of alkenes with hydrogen-terminated silicon
(58 £ 1°).* In general, substrates coated with EO; mono-
layers display water contact angle values smaller than 11-meth-
oxyundecene thiol monolayers on gold surfaces (~84°),>%¢
suggesting that internal ether bonds of the ethylene oxide
moieties are always partially exposed. EO4 coatings on Si N,
were even more hydrophilic, with a contact angle of 58° % 1°,
which is between the values of 66° and 49 = 1° observed for EQ¢
monolayers on gold®” and silicon* surfaces, respectively. The
hydrophilic character of modified surfaces correlates with the
disorder and the packing density of oligo-ethylene oxide mono-
layers, exposing polar internal C—O bonds to the outer environ-
ment. It can thus be concluded that EO3; monolayers on Si,N, are
comparable to thiol monolayers on gold or silver, while EOg
monolayers on Si, Ny are slightly less densely packed.

It was attempted to measure this difference in density and the
resulting thickness by X-ray reflectivity measurements. The thus
obtained thicknesses for both types of monolayers is 2.6 = 0.2 nm,

Table 1. RMS Roughness Measured by AFM on Oxidized
Si, N, and on EO,-coated Si,N,, before and after Exposure to
Protein Solution (values are -0.05 nm)

before after BSA before after FIB
adsorption  adsorption  adsorption adsorption
samples (nm) (nm) (nm) (nm)
oxidized Si,N, 0.48 0.81 0.49 0.80
Si,N,-EO; 049 0.57 nd. nd.
Si,N,-EOg 045 0.52 0.40 0.44

which would correspond to 95 and 70% of the length of extended
EO; and EO¢ molecules, respectively. However, beside the 0.2 nm
uncertainty associated with the reflectivity measurement, the initial
roughness of bare amorphous Si,N, surfaces obtained by AFM
(045 £ 0.0S nm for all surfaces used; see Table 1) yields an
uncertainty of 0.6 nm. This brings these thicknesses obtained by
X-ray reflectivity into inconclusive to identify EO; and EOq
monolayer, and thus hampers a direct comparison with reported
values for EO; and EO4 monolayers on gold surfaces (2.0 £ 0.2
and 2.8 & 0.2 nm,*® respectively).

The C regions of the XPS data measured on EO; and EO¢
monolayers (Figure 1) display the two characteristic peaks
corresponding to carbon of the hydrocarbon chains (C—C at
285.0 eV) and oxygen-bound carbon (C—O at 286.8 eV). After
fitting the high-resolution spectra, the measured (C—C)/
(C—0) ratios of 1.30 (EO3 coatings) and 0.77 (EOg coatings)
are close to the theoretical stoichiometry values of 1.25 (10/8)
and 0.71 (10/14), showing the intact attachment of the EO
alkenes. Similar attachment experiments at elevated tempera-
tures lead to cleavage of the EO moieties, showing the necessity
of this mild attachment with light.

The AFM images of coated substrates (Figure 2) show a
typical clean SiN, surface after oxidation (left), and two
analogous surfaces coated with EO; (center) and EOg (right)
monolayers. Images and profile traces appear identical before and
after modification, still displaying the structure of the initial Si, N,
substrate, with only marginal sample-to-sample variation.

From these characterizations (water contact angle, XPS, AFM
and X-ray reflectivity) it can be concluded that by using UV
irradiation homogeneous EO3 and EO4 monolayers on silicon
nitride surfaces are obtained reproducibly. Moreover these
monolayers display comparable features as observed earlier for
such monolayers on silicon and gold surfaces. However, the
higher stability of these coatings on Si,N, makes them preferred
for applications where long-term stability of surfaces is
required.*>%%*

3.2. Protein Adsorption onto Modified Si,N, Surfaces. In
contrast to all the ex situ techniques used to monitor protein
adsorption onto surfaces (e.g., contact angle, AFM, XPS, ellipso-
metry, quartz micro balance), reflectometry allows in situ observa-
tion of protein adsorption without removing the surface from the
protein solution and without intermediate cleaning steps. In
addition, this allows one to distinguish between reversible and
irreversible adsorption during the adsorption and rinsing phases,
respectively. Air-based plasma oxidized surfaces (SiO,-Si,N,) were
used as references in our protein adsorption survey. Other studies
have reported protein-repellent behavior by comparison with
methyl-terminated surfaces, obtained by formation of alkyl mono-
layers on silicon** or gold surfaces.”® In fact, such hydrophobic
surfaces adsorb significantly more protein in aqueous solution,
compared to hydrophilic surfaces, to minimize interfacial tension
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Figure 1. XPS narrow-scan spectra of Cy, region of Si,N4 (x & 4) surfaces coated with ethylene oxide-containing monolayers. Left: monolayer of
CH;0(CH,CH,0)3(CH,),; [EO3]; right: monolayer of CH;0(CH,CH,0)4(CH,),; [EOg].
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Figure 2. AFM images of oxidized (left), EO;-coated (center), and EOg-coated (right) Si,N, surfaces and corresponding profile traces. Horizontal scale

of images, 2 1m; height scale, 8.8 nm. Profile height scale, 6 nm.

between coatings and water phase. In comparison, the hydrophilic
surfaces, which have a higher surface energy, have a low interfacial
energy with water; as a result, it is less favorable for proteins
to adsorb on the surfaces, ie., the surfaces repel proteins.’® In
agreement with these earlier observations, our experimental re-
sults showed that the protein adsorption onto hydrophobic
hexadecane-coated Si,N, surfaces (C,4-Si,N,) is much higher
than that of SiO,-Si,N, surfaces. The adsorption of FIB on C,¢-
Si,N, surfaces was 91% higher than on SiO,-Si,N, surfaces and
12% higher for BSA. These results show that the adsorption of
proteins onto hydrophobic and hydrophilic surfaces differs sig-
nificantly depending on the type of protein, and in the case of
monolayer-modified surfaces will likely vary with the quality of the
monolayer. Therefore, the use of hydrophilic SiO,-Si, N, surfaces
as reference allowed us to have a stricter comparison in the
efficiency of the protein repellence of hydrophilic EO coatings.
When exposed to protein solutions, the SiO,-SiN4 sur-
faces showed a reproducible maximum adsorbed amount of
125 £ 0.1 mg m™ ~ of BSA, and 3.0 & 0.1 mg m ~ of FIB
(Figure 3). There was no desorption during cleaning with PBS
solution, showing that the adsorption is almost entirely irrever-
sible. The difference in the maximum adsorbed amounts of FIB
and BSA on SiO,-Si, N, surfaces are partially due to differences in
the charges on the proteins. The pI value of FIB is 6.0, which
indicates that FIB is nearly neutral at pH 6.7. In contrast, BSA has
a pl value of 4.7, showing that BSA is negatively charged in PBS
solution. Thus, BSA has difficulties to approach the surface due to

700

repulsive electrostatic forces at the negatively charged SiO,-Si, N,
surfaces (pI = 1.7—3.5),* leading to a low adsorption rate. Once
the protein has attached to the surface, it relaxes toward a (set of)
new equilibrium structure(s) to optimize the protein—surface
interaction. This normally involves a certain degree of spreading
of the protein over the surface, creating more contacts with the
surface.”® As a consequence, it will be less favorable for the next
protein to adhere. This results in a low maximum adsorbed
amount of BSA on SiO,-Si,N,. In comparison, FIB can more
easily approach the surface due to the neutrality of the protein
under our experimental conditions. Thus, it adsorbs onto the
surface with a higher adsorption rate, leading to early full occupa-
tion on the surfaces (plateau region). This leaves less space for the
protein to spread out on the surface. The data shows that the
adsorption can reach the plateau region corresponding to satu-
rated occupation of the surface within 3 min in the case of FIB and
20 min for BSA (see Figure S2 in Supporting Information).

The adsorbed amount of BSA on EO3;—Si,N, was 0.22 mg m 2
corresponding to 82% repellence compared to SiO,-Si,N,. Water
contact angle measurements on the exposed surfaces revealed
similar values, most likely due to the adhesion of small amounts
of protein (Figure 4). Remarkably, EOs—Si,N, surfaces only ad-
sorbed 0.08 mg m™ 7, corresponding to 94% repellence. These
results demonstrate the important role of the length of ethylene
oxide chain in the repulsion of proteins. Our experimental data is in
agreement with the results of Grunze and co-workers on similar
work on gold surfaces about protein repellence of EO,, coatings,”

dx.doi.org/10.1021/am100985c¢ |[ACS Appl. Mater. Interfaces 2011, 3, 697-704
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Figure 3. Reflectometry data: adsorbed amounts of BSA (left) and FIB (right) onto hexadecane-coated Si,N, (C;¢), plasma-oxidized Si,N, (SiO,), and
EO3/EQg-coated Si,N, surfaces (EO3 and EOg), after subsequent exposure to protein solution and to PBS solution.
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Figure 4. Static water contact angles values before and after adsorption of BSA (left) and FIB (right) onto hexadecane-coated Si,N4 (C¢), plasma-
oxidized Si,N, (5iO,) and EO;/EQg-coated Si,N, surfaces (EO; and EOg), after subsequent exposure to protein solution and to PBS solution.

and with several simulation studies on the role of hydration layers in
protein repellent coatings.”' "> A longer chain of ethylene oxide
results in a thicker hydrophilic part within the coating, which plays a
crucial role in the repellence of proteins. As EO4-Si,N, coated
surfaces gave a better protein repellent property compared to
EO;—Si N, surfaces, we used EO4-Si,N, surfaces to study the
behavior of ethylene oxide chain with different protein, i.e., FIB and
its stability.

Higher adsorbed amounts of FIB were observed on
EO¢—Si,N, modified surfaces (1 & 0.05 mg m?) as compared
to BSA, corresponding to 67% repellence by the modified
surface, with water contact angle values of these EO;-Si N,
surfaces that were the same before and after exposure to protein
solution. This latter observation can be attributed to similarity in
hydrophilicity between EO,-modified surfaces and adsorbed
protein layer as explained earlier. The adsorption of FIB on
Cy6-Si,Ny4 and SiO,-Si, N, surfaces was also considerably higher
than BSA, 5.6 and 2.9 mg m ™, respectively. FIB is a fibrous
protein (MW = 340 kDa) with dimensions of about 9 x 9 x 4§
nm°’,”* and has a weak internal cohesion. In comparison, BSAis a
globular protein (MW = 69 kDa) with dimensions of 4 x 4 x 14
nm’,”° having a compact structure and stronger cohesion, which
is less favorable as compared to FIB for the structural rearrange-
ment when proteins absorb onto a surface.”® This is supported by
DLVO theory, which describes the forces between interacting
surfaces through a liquid medium.”” A calculation of the van der
Waals interactions between proteins (FIB and BSA) and mono-
layer-modified surfaces indicates that the interaction between
FIB and the surface is approximately 4 times greater than the
energy of thermal motion, whereas the van der Waals interaction
between BSA and the surface is only half the energy of thermal

80
70 - @
sol o 0 o @ g @
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0 1 1 1 1 1 1 1 1
0o 1 2 3 4 5 6 7 8
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Figure S. Static water contact angle of EOs—Si, N surfaces exposed to
PBS solution for 1 week.

motion (see the Supporting Information). These results are in
agreement with the experimental finding of a higher adsorption
rate for FIB as compared to BSA.

In addition, we noticed that the preparation of the FIB
solution influenced the total adsorbed amount of protein,
whereas its adsorption onto SiO,-Si,N, surfaces was approxi-
mately the same as in the case of FIB solution prepared as
described in the Experimental Section. A thick foam layer on top
of the protein solution formed during shaking and remained even
after settling for one hour at room temperature. As a result, the
obtained concentration in bulk solution was likely significantly
reduced. Furthermore, this procedure probably causes denatura-
tion of proteins, leading to changes in protein conformation and
thus in the adsorption behavior of the proteins onto the surface.
Finally, shaking caused the adsorbed amount of FIB onto EO4—
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Figure 6. XPS narrow-scan spectra of Si,,, region of EO—Si,N, surfaces before exposure (left) and after exposure (right) to PBS solution for 1 week.
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Figure 7. XPS narrow-scan spectra of Cy, region of EOs—Si,N, surfaces before exposure (left) and after exposure (right) to PBS solution for 1 week.

Si, N, surfaces to become irreproducible. In comparison, dissol-
ving FIB gently at higher ionic strength resulted in homogeneous
solutions without foam,”® ie., a desired amount of FIB was
dissolved in high ionic strength PBS solution (I = 0.16M),
subsequently the solution was diluted with water to obtain
0.08 M ionic strength PBS solution, and finally gently shaken
(80 rpm) at room temperature for 15 min to obtain homo-
geneous solution. A very reproducible maximum adsorbed
amount was achieved when the protein was dissolved gently.
3.3. Stability of Modified Si\N; Surfaces in Aqueous
Media. The stability of antifouling poly(ethylene oxide) coat-
ings immobilized onto silicon substrates via organosilane chem-
istry has been investigated by several research groups.”””*'
Ethylene oxides are known to degrade upon exposure to water,
and an auto-oxidation mechanism has recently been reported by
Qin et al.”” Monolayer degradation is a complex process, which
depends on the nature and chemical stability of the monolayer
molecules, the type of connection between the modified layer
and the substrate, as well as the packing density and ordering of
the immobilized molecules. However, prolonged stability studies
were not performed. The usefulness of functionalized surfaces
hinges for many applications around the stability of that functio-
nalization upon long-term exposure to aqueous solutions. We
therefore studied the stability of the EOg-monolayers on silicon
nitride surfaces in PBS during 1 week. Static water contact angles
were measured daily, and the results are depicted in Figure 5. A
slight increase in contact angle (~6°) was measured after the first
day, but no significant changes were observed during the
following days. XPS measurements were performed before and
after exposure to PBS. After 7 days in PBS, the wide-scan XPS
spectra of modified silicon nitride substrates revealed a decrease
in the C/Si ratio from 1.09 to 0.75 (31 & 3%). The XPS narrow-

scan of the Cy, region showed a reduction of the C—O signal at
286.7 eV, and a decrease in the C—0O/C—C ratio from 1.25 to
0.99 (20 £ 3%), which corresponds approximately to an average
of 1 unit of ethylene oxide being cleaved off (Figure 6, 7). This
cleavage is attributed to auto-oxidation of ethylene oxide
moieties.””* This minor degradation is most likely the reason
for the change in contact angle that was observed. Interestingly,
in the XPS narrow-scan spectrum of the Si,, region, no oxidation
of the exposed substrates was observed, demonstrating the
robustness of the Si—C linkage.

After a week in PBS, the majority of the ethylene oxide
segments are still intact, and so the monolayer should also still
be able to repel proteins. The protein repellency of the exposed
EOg¢-coated surfaces was therefore investigated, and reflectome-
try measurements revealed that the maximum adsorbed amount
of BSA on the exposed surface was 0.44 & 0.05 mgm ™ . In other
words: even after exposure of a week to PBS solution, 65% of
BSA was still repelled, as compared to plasma-oxidized silicon
nitride surfaces.

Recently, Sano et al. reported on the stability of monolayers
bound onto Si (111) surfaces via Si—C and Si—O—C bonds in
various basic and acidic media during 1 h.>> The Si—C bound
monolayers showed superior stability compared to monolayers
bound via Si—O—C linkages. To determine the application
potential of the modified surfaces, the stability of the EOq
modified Si,N, surfaces was further studied in alkaline condition
(pH 10) at room temperature for 2 h. Static water contact angle
measurements and XPS were used to characterize the surfaces
before and after the stability study. No significant change in water
contact angle value was observed. The ratio of C/Si derived from
the wide-scan XPS spectra changed only to a minor degree,
within error of measurement. The narrow-scan XPS spectrum of
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the C,, region, however, showed cleavage of 1.5 EO units (on
average) from the oligo(ethylene oxide) chain. The narrow-scan
XPS spectrum of the Si,, region did not show a silicon oxide peak
at 104 eV (see Figure S3 in the Supporting Information). These
results indicate that the degradation mainly occurs at the
ethylene oxide chain due to auto-oxidation as mentioned before,
whereas the Si—C linkage remains intact not only in PBS
solution but also under alkaline conditions.

4. CONCLUSIONS

For the first time, well-defined monolayers of short oligoethy-
lene oxide chains, CH;O(CH,CH,0);(CH,);; [EO;] and
CH30(CH,CH,0)4(CH,);; [EOg4] were successfully grafted
onto silicon-enriched Si,N, surfaces using a photochemical
attachment of 1-alkenes at room temperature.”* Such EO,-
modified Si,N, surfaces displayed excellent protein-repelling
behavior. EO4 monolayers reduced the adsorption of proteins
(FIB and BSA) significantly as compared to SiO,-Si,N,. In
addition, a strong dependence on the dissolution method of
FIB on the adsorption efficiency was found. Investigations into
the stability of EO4—Si, Ny surfaces revealed minor degradation
of the ethylene oxide moieties upon exposure to PBS for 1 week,
as well as upon exposure under alkaline conditions (pH 10) for
2 h, whereas no oxidation of the substrate was observed. The
inertness of the silicon nitride substrate and the robust Si—C
linkage through which the monolayers are coupled provide for
highly stable substrates. The excellent antifouling behavior
combined with the high stability of these monolayers opens up
a wide range of practical applications, such as in reactor walls,
biosensors, or lithographically prepared microsieves.

B ASSOCIATED CONTENT

© Supporting Information.  The synthesis of EO; and EOg
and calculation of adsorption amount of BSA and FIB onto
surfaces (PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.
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