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a b s t r a c t

Amphiphilic PEO–silanes (a–c) having siloxane tethers of varying lengths with the general formula
a-(EtO)3Si–(CH2)2–oligodimethylsiloxanen-block-poly(ethylene oxide)8–OCH3 [n¼ 0 (a), n¼ 4 (b), and
n¼ 13 (c)] were grafted onto silicon wafers and resistance to adsorption of plasma proteins was
measured. Distancing the PEO segment from the hydrolyzable triethoxysilane [(EtO)3Si] grafting group
by a oligodimethylsiloxane tether represents a new method of grafting PEO chains to surfaces. Properties
of surfaces grafted with a–c were compared to surfaces grafted with a traditional PEO–silane containing
a propyl spacer [(EtO)3Si–(CH2)3–poly(ethylene oxide)8–OCH3, PEO control]. As the siloxane tether length
increased, chain density of PEO–silanes grafted onto oxidized silicon wafers decreased and hydropho-
bicity of the PEO–silane increased which led to a decrease in surface hydrophilicity. Despite decreased
surface hydrophilicity, resistance to the adsorption of bovine serum albumin (BSA) increased in the
order: PEO control< a< b z c and to human fibrinogen (HF) increased in the order: PEO
control< a< b< c.

Published by Elsevier Ltd.
1. Introduction

Within minutes of exposure to blood, surfaces of implanted
biomaterials adsorb plasma proteins which results in platelet
adhesion and activation of coagulation pathways leading to
thrombosis and compromising device success [1,2]. Thus, it is
desirable for blood-contacting materials to inhibit the adsorption of
blood proteins. Among the polymeric biomaterials which have
desirable bulk properties but inadequately resist adhesion of
proteins are silicones (e.g. poly(dimethylsiloxane, PDMS), poly
(ethylene terephthalate) (PET), polypropylene (PP) and poly-
ethylene (PE)) [3–6]. Their lack of resistance to protein adsorption is
attributed to their hydrophobicity as proteins preferentially adsorb
onto hydrophobic, non-polar surfaces [7,8]. In contrast, poly-
(ethylene oxide) (PEO; or poly(ethylene glycol) PEG) is a neutral,
hydrophilic polymer with particularly high resistance to protein
adhesion [7–10]. The protein-repelling behavior of PEO is attrib-
uted to its hydrophilicity [11] as well as its high configurational
mobility which leads to a large excluded volume [12,13], steric
repulsion [7,8], blockage of underlying adsorption sites [14], and an
entropic penalty if protein adhesion was to occur [7,8,10].
: þ1 979 845 4450.
n).

Ltd.
PEO has been immobilized onto polymer surfaces via self-
assembly [15,16], physisorption [17,18], formation of surface phys-
ical interpenetrating networks (SPINs) [19–21] or by covalent
grafting [22–24]. Graft chains can provide long-term chemical
stability of new surface functionalities without altering bulk prop-
erties of the substrate [5,25,26]. Thus, covalent grafting of PEO onto
activated surfaces is considered to be the most effective method to
prepare stable PEO surfaces [10]. Surfaces of hydrophobic polymers
are hydrophilized upon covalent grafting of PEO thereby improving
resistance to protein adsorption while maintaining bulk properties.
For instance, epoxide and aldehyde end-functionalized PEO chains
were covalently grafted onto functionalized PET surfaces [27] and
PEO–silanes were grafted onto the surfaces of oxidized silicones
[28,29].

Functional silanes (i.e. coupling agents) are typically used for the
purpose of covalent grafting to achieve surface modification [30].
Silane coupling agents are generally trialkoxysilanes which
undergo stepwise hydrolysis and condensation with a hydroxylated
surface. For conventional PEO–silanes, the PEO segment is
distanced from the alkoxysilane groups by a short alkane spacer
(e.g. propyl for (RO)3Si–(CH2)3–(CH2CH2O)n–OCH3) [28,31–35]. We
have recently reported the preparation of amphiphilic PEO–silanes
(a–c) with flexible siloxane tethers of varying lengths having the
general formula a-(EtO)3Si–(CH2)2–oligodimethylsiloxanen-block-
poly(ethylene oxide)8–OCH3 [n¼ 0 (a), Mn¼ 749 g/mol; n¼ 4 (b),
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Fig. 1. Grafting of PEO–silanes onto silicon wafer. Oxidized silicon wafers (SIOx) were
exposed to toluene-based grafting solutions of a–c and PEO control.
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Mn¼ 1044 g/mol; and n¼ 13 (c) Mn¼ 1710 g/mol] [36]. Thus, the
PEO segment is distanced from the trialkoxysilane group [(EtO)3Si]
by an oligodimethylsiloxane tether. These siloxane tethers are
highly flexible due to the wide bond angle (w143�) and low barrier
to linearization (0.3 kcal/mol) of Si–O–Si of dimethylsiloxanes
[37,38]. The dynamic flexibility of Si–O–Si produces polymers with
extremely low glass transition temperatures (Tgs) (e.g. PDMS,
Tg¼�125 �C).

The aforementioned hydrophobic polymeric biomaterials may
be oxidized to form a hydroxylated surface with an air or O2 plasma
treatment [39]. However, oxidized polymeric surfaces, particularly
silicones, are physically unstable and reorganize in different envi-
ronments (e.g. air and water) [40]. Thus, PEO–silanes grafted onto
hydroxylated polymer surfaces undergo significant physical reor-
ganization depending on the environment which subsequently
alters the surface concentration of PEO [28]. For this present work,
we selected oxidized silicon wafer to serve as a model hydroxylated
biomaterial surface. Because a silicon wafer is physically stable, the
surface concentration of covalently grafted PEO–silanes is conve-
niently maintained which allows the effect of PEO–silane structure
to be evaluated. Thus, amphiphilic PEO–silanes (a–c) were grafted
onto oxidized silicon wafers (Fig. 1). A conventional PEO–silane
(EtO)3Si–(CH2)3–poly(ethylene oxide)8–OCH3 (Mn¼ 588 g/mol) (no
siloxane tether but the same PEO length) was grafted onto wafer to
serve as the ‘‘PEO control.’’

2. Materials and methods

2.1. Materials

Silicon wafers (111) were obtained from University Wafers, Inc. (Boston, MA). All
solvents were obtained from Sigma–Aldrich (St. Louis, MO) and thoroughly dried
over 4 Å molecular sieves prior to use. Sulfuric acid (H2SO4) and hydrogen peroxide
(H2O2) were obtained from Sigma–Aldrich and were used as received. Alexa Fluor
555-dye conjugate of bovine serum albumin (AF-555 BSA; MW¼ 66 kDa; lyophi-
lized powder; > 96% BSA) and Alexa Fluor 546-dye conjugate of human fibrinogen
(AF-546 HF; MW¼ 340 kDa; lyophilized powder; 95% clottable protein) were
purchased from Molecular Probes, Inc. (Eugene, OR) and used as received. PEO–
silanes (a–c) and PEO control were synthesized according to the procedures previ-
ously reported [36]. Silastic T-2 (silicone elastomer) was obtained from Dow Corning
(Midland, MI).

2.2. Grafting PEO–silanes onto oxidized silicon wafers

Silicon wafers (100 �100) were first ultrasonically cleaned in acetone (10 min) and
washed with deionized (DI) water. Next, wafers were placed in a 7:3 (v/v) concen-
trated H2SO4/30% H2O2 (Piranha) solution for 30 min, thoroughly washed with DI
water and dried under a stream of nitrogen (N2). The resulting oxidized wafers (SiOx)
were then placed in a sealed jar containing the grafting solution comprised of the
designated PEO–silane (a–c or PEO control) at a specified concentration in toluene,
placed on a rocker table for 12 h, removed and annealed in a vacuum oven
(36 mmHg) at 150 �C for 12 h. To remove unbound PEO–silane, the wafers were
subjected to sequential soaking (1 h), sonication (3 min), and rinsing with ethanol,
the sequence repeated with DI water and lastly dried under a stream of N2.

Silastic T-2 (silicone elastomer) was applied to a solvent-cleaned microscope
slide with a drawdown bar (30 mil) and allowed to cure at RT for over 72 h. The film
thickness for cured Silastic T-2 films was w0.6 mm. A silicone-coated slide served as
a hydrophobic ‘‘silicone control’’ with well-known high protein adhesion [41,42]. An
oxidized wafer (SiOx) served as a hydrophilic control.

2.3. Ellipsometry

Ellipsometry measurements were performed by null ellipsometry using
a Nanofilm EP3SE Spectroscopic Imaging Ellipsometer, with an incident angle of 54�

and a wavelength of 532 nm in a four-zone compensator mode to minimize errors in
surface homogeneity. For grafted surfaces, the thickness values were determined
using a three-layer air–(PEO–silane)–silicon model [43]. The index of refraction (n)
of PEO control and a–c was assumed to be that of crystalline PEO (n¼ 1.450). Because
PEO chains may be slightly hydrated, even under dry conditions, the true value is not
precisely known. However, the index of refraction (n) of crystalline PEO is a good
estimate commonly employed for ellipsometry measurements of PEO-grafted
surfaces [44,45]. The assumed value of n¼ 1.450 for a–c grafted films is reasonable
because the index of refraction of dimethylsiloxane tether component is considered
to be that of PDMS (n¼ 1.406) [46,47]. Moreover, it has been shown that variation of
0.05 in the refractive index produces only a 0.1 nm change in thickness [48]. Data
was collected in air at a temperature of 20 �C. Thickness values were calculated using
the software provided by the manufacturer. From the obtained thickness values, we
subtracted the average thickness of the underlying oxide layer to obtain a final
thickness (h) of the grafted film (Table 1). The average thickness of the oxide layer
was determined by ellipsometry measurements on three different regions of five
individual wafers. The obtained average oxide layer thickness of 1.7� 0.2 nm is in
agreement with literature values [49].

2.4. XPS spectroscopy

Surface composition analysis of PEO–silane grafted silicon wafers was performed
using a KRATOS AXIS Ultra Imaging X-ray Photoelectron Spectrometer with a mon-
ochromatised Mg Ka source and operating at a base pressure of w2%� 10�9 mbar.
The spot size used in all analyses was 7�3 mm. Elemental atomic percent compo-
sitions were obtained from survey spectra, which were performed from 0 to 1100 eV.
High-resolution analyses with pass energy of 40 eV were performed at a take-off
angle of 90� . The binding energies were referenced to C 1s peak at 285.0 eV. The raw
data was quantified and analyzed using XPS Peak Processing software.

2.5. Contact angle measurements

Static (qstatic), advancing (qadv), and receding (qrec) contact angles of distilled/
DI water at the surface–air interface were measured at room temperature (RT)



Table 1
Ellipsometry data for grafted surfaces.

Surface (a–c or
PEO control)

Grafting
solution
molarity
[mol/L]

Ellipsometry
thickness h
[nm]

Surface
coverage
G¼ h� r

[mg/m2]

Chain density
s¼ (6.023G)/Mn

[chains/nm2]

Graft distance
D¼ (4/ps)1/2

[nm]

PEO control 0.0050 3.75 ± 0.7 4.15 4.25 0.55
PEO control 0.0075 4.37� 0.4 4.83 4.95 0.51
PEO control 0.0150 3.63� 0.1 4.01 4.11 0.56
PEO control 0.0200 3.55� 0.2 3.93 4.02 0.56

a 0.0050 1.79� 0.2 1.92 1.54 0.91
a 0.0075 2.15� 0.3 2.30 1.85 0.83
a 0.0150 3.75 ± 1.0 4.02 3.23 0.63
a 0.0200 2.41� 0.4 2.58 2.08 0.78

b 0.0120 2.08� 0.3 2.26 1.30 0.99
b 0.0240 3.17� 0.3 3.43 1.98 0.80
b 0.0480 3.42� 0.2 3.71 2.14 0.77
b 0.0750 4.11 ± 0.2 4.45 2.57 0.70

c 0.0120 3.22� 0.3 3.51 1.24 1.02
c 0.0240 3.32� 0.5 3.62 1.27 1.00
c 0.0480 4.25 ± 0.3 4.63 1.63 0.88
c 0.0750 3.06� 0.5 3.32 1.17 1.04

r¼ density (g/cm3), Mn¼ number-average molecular weight (g/mol). PEO con-
trol¼ (EtO)3Si–(CH2)3–(OCH2CH2)8–OCH3 (Mn¼ 588 g/mol; r¼ 1.16 cm3); a:
Mn¼ 749 g/mol; r¼ 1.07 g/cm3; b: Mn¼ 1044 g/mol; r¼ 1.08 g/cm3; and c:
Mn¼ 1710 g/mol; r¼ 1.09 g/cm3. Compositions in boldface were used in XPS,
contact angle analysis and protein studies.
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with a CAM-200 (KSV Instruments) contact angle measurement system equip-
ped with an autodispenser, video camera, and drop-shape analysis software.
qstatic of a sessile drop of water (5 mL) was measured at 15 sec and 2 min after
deposition onto the silicon surface. The qadv was measured by the addition of
3 mL (0.25 mL/sec) of water to a 5 mL pendant droplet to advance the contact line.
qrec was measured by the subsequent removal of 4 mL (0.25 mL/sec) from the
same droplet to recede the contact line. The reported qstatic, qadv, and qrec values
are an average of three measurements taken on different areas of the same
sample.

2.6. Protein adsorption

Adsorption of bovine serum albumin (AF-555 BSA) and human fibrinogen
(AF-546 HF) onto grafted surfaces was evaluated using a Zeiss Axiovert 200
optical microscope equipped with a A-Plan 5� objective, Axiocam (HRC Rev. 2),
and filter cube (excitation filter of 546�12 nm [band pass] and emission filter
575–640 nm [band pass]) to obtain fluorescent images on 3 randomly selected
regions of the surface. A silicone isolator (20 mm well diameter, 2.5 mm well
depth; JTR Press-to-Seal Silicone Isolators) was affixed with adhesive to prevent
leakage of solutions from the well. Immediately prior to protein deposition, the
wafers were thoroughly washed with phosphate buffered saline (PBS, pH¼ 7.4)
and dried under a stream of N2. The exposed surface inside each isolator well was
filled with 1 mL of AF-555 BSA solution (0.1 mg/mL in PBS) or 1 mL of AF-546 HF
solution (0.1 mg/mL in PBS), equilibrated in the dark at RT for 3 h, and removed.
One milliliter of fresh PBS was then added to each well and removed after 5 min;
this process was repeated for a total of three times. The samples were then dried
under a stream of N2 and imaged. For all samples, the reported protein adsorption
value is an average of three measurements taken from different areas of the same
sample.

The fluorescent light source was permitted to warm up for 30 min prior to
image capture. Linear operation of the camera was ensured and constant exposure
time used during the image collection to permit quantitative analyses of the
observed fluorescent signals. The fluorescence microscopy images were analyzed
using the histogram function of PhotoShop, which yielded the mean and standard
deviation of the fluorescence intensity of the whole image. The fluorescence
intensity of each AF-555 BSA and AF-546 HF exposed region was subtracted from
that of non-exposed region to ensure correction for any fluorescence signal from
the material itself. The background-corrected fluorescence intensities for each film
were then used to quantify AF-555 BSA and AF-546 HF levels adsorbed by
comparison against a calibration curve constructed from the measured fluores-
cence intensities of AF-555 BSA and AF-546 HF standard samples. The obtained
value was converted to mg/cm2 by dividing the area inside silicone isolator.
Standard samples were prepared by fitting a silicone isolator to unmodified
solvent-cleaned silicon wafers (not oxidized) and adding 1 mL of AF-555 BSA or
1 mL of AF-546 HF solutions of known concentrations (0, 0.005, 0.01, 0.02, 0.04 mg/
mL AF-555 BSA or AF-546 HF in PBS) to individual wells.
3. Results and discussion

3.1. Ellipsometry

PEO–silanes were grafted with different molar concentrations of
grafting solutions. Several parameters were evaluated to charac-
terize the grafted surfaces. The dry thickness of the graft layer (h)
was used to estimate the chain density (s) of PEO–silanes on the
surface according to Refs. [10,50–52]:

s ¼ hrNA

Mn

where h is the grafted layer thickness measured by ellipsometry, r

is the density of the dry grafted layer (i.e. the density of the
PEO–silane), NA is Avogadro’s number and Mn is the number-
average molecular weight of the PEO–silane.

Chain density is known to impart a particular conformation to
an end-tethered polymer chain [53,54]. A random coil conforma-
tion (mushroom regime) occurs when grafting distance (D) is
greater than 2Rf (the Flory radius; D> 2Rf) and a more extended
conformation (brush regime) is observed when D< 2Rf [43]. The
distance between grafting sites, D (nm), was calculated using the
following equation [51]:

D ¼ ð4=psÞ1=2

The Flory radius (Rf) for an unperturbed surface-anchored random
polymer chain in a good solvent (e.g. PEO in water) can be calcu-
lated by the Flory equation [43,53,55]:

Rf ¼ aN3=5

where N is the degree of polymerization (i.e. number of monomers)
and a is the length of one monomer, taken to be 0.35 nm for PEO [56].

For all PEO–silanes (a–c and PEO control), N¼ 8 and
2Rf¼ 2.44 nm for the PEO segment. The chain density values (s) for
all surface-grafted layers correspond to those required for the onset
of the brush regime (i.e. D< 2Rf) (Table 1). All chain densities are
lower than the estimated upper limit of 5.8 chains/nm2 for fully
extended PEO chains [43,57].

For a given PEO–silane, increased grafting solution concentra-
tion generally produced increased chain density (s) in the order:
c< b< a< PEO control. However, the magnitude of this increase
diminished as the siloxane tether length increased (Table 1). Thus,
higher chain densities (s) were obtained with the PEO control and
a at lower grafting solution concentrations (0.005–0.02 M) than for
b and c at higher grafting solution concentrations (0.012–0.075 M).
To obtain surfaces with thickness values (h) similar to PEO control
and a grafted surfaces, a minimum grafting solution concentration
of 0.0120 M was required for grafting of b and c (Table 1).

The observed dependence of chain density (s) on grafting
solution concentration may be attributed to the Mn of the PEO–
silane as well as its solubility in the grafting solvent (toluene). The
observed decrease in chain density (s) with increased Mn of
PEO–silanes is attributed to the ability of higher molecular weight
chains to more effectively block grafting of subsequent chains. In
other words, already grafted longer chains present a greater steric
barrier to inhibit further grafting [43,58]. Similarly, it has been
observed that PEO chains which are in poor solubility conditions
graft at higher chain densities due to their collapsed structure in the
grafting solvent [59]. In this study, the solubility of the PEO–silanes
increases with increased siloxane tether length since toluene is
a good solvent for dimethysiloxane tether but a poor solvent for the
PEO segment. Hence, a and PEO control are less soluble and are
more collapsed than b and c which results in a somewhat higher
chain density for the former.
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A series of PEO–silane grafted surfaces with similar thickness (h)
and surface coverage (G) values were used to evaluate surface
properties and protein adsorption (Table 1, compositions selected
for XPS, contact angle analysis and protein studies in boldface). For
these selected grafted surfaces, the PEO segments of all of the
grafted chains (a–c and PEO control) were determined to be in the
brush regime [D< 2Rf (where 2Rf¼ 2.44 nm)] and all chain densi-
ties are lower than the estimated upper limit of 5.8 chains/nm2 for
fully extended PEO chains. Thus, although chain density (s)
decreases somewhat with siloxane tether length, comparison of
these grafted surfaces with similar h and G values and having brush
conformations should provide insight into the effect of siloxane
tether length on surface properties and resistance to protein
adsorption.

3.2. X-ray photoelectron spectroscopy

XPS was used to confirm successful grafting of PEO–silanes onto
silicon wafers. The elemental compositions of these surfaces are
reported in Table 2. Carbon present on the surface of unmodified
silicon wafer was probably adsorbed contamination from the
atmosphere [44,60]. The O 1s and Si 2p peaks correspond to the
wafer composition. As expected, following grafting, the Si 2p
decreased and the C 1s content increased. The observed C 1s peak
was fitted with three Gaussian peaks at binding energies: (i) 284–
285 eV corresponding to the C–C in the PEO, (ii) 285.8–286.5 eV
corresponding to the C–O in PEO and (iii) 286.9–288.5 eV is likely
contamination (Fig. 2). Thus, the increased C–O peak intensity of
grafted surfaces versus the unmodified silicon wafer confirmed the
presence of PEO.

3.3. Contact angle analysis

qstatic, qadv, and qrec of DI water droplets on grafted surfaces are
reported in Table 3. A crosslinked silicone elastomer served as
a hydrophobic control. The qstatic and observed qadv values for the
PEO control grafted surface are similar to those of PEO-grafted
silicon surfaces reported in the literature [44,61]. For surfaces
grafted with PEO–silanes, qstatic decreased and surface hydrophi-
licity increased in the order: c< b< a< PEO control. This trend
reflects the increase in chain density (s) or the surface concentra-
tion of PEO which similarly increased in the order: c< b< a< PEO
control (Table 1). Also, since the siloxane tether is hydrophobic, an
increase in tether length contributed to a decrease in hydrophilicity
for b and c grafted surfaces. The observed decrease in qstatic (15 sec)
versus qstatic (2 min) for all grafted surfaces may be attributed to the
hydration of the PEO segments.

An oxidized silicon wafer (SiOx) was used as a model hydroxyl-
ated biomaterial surface because it is physically stable, unlike sili-
cone elastomer surfaces, for instance, which undergo
reorganization in different environments [40]. Thus, the surface
concentration of covalently grafted PEO–silanes may be conve-
niently maintained on silicon surfaces which permits evaluation of
the effect of PEO–silane structure (i.e. siloxane tether length).
Table 2
XPS elemental analysis.

Surface C 1s C–C C–O Contamination O 1s Si 2p

Total 284.0–284. 9 285.8–286.5 286.9–288.5

Wafer 27.6 91.3 8.7 28.2 44.2
PEO control 31.7 54.3 36.3 9.4 36.9 31.4
a (n¼ 0) 37.4 51.0 44.4 4.6 29.2 33.4
b (n¼ 4) 38.9 67.2 26.6 6.2 27.3 33.8
c (n¼ 13) 43.6 73.7 21.0 5.3 26.7 29.7
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280282284286288290
Binding Energy (eV)

Fig. 2. High-resolution C 1s spectra of unmodified silicon wafer, PEO control and
wafers grafted with PEO–silanes (a–c). The increase in C–O is evidence of PEO present
at the surface.



Table 3
Contact angle measurements.

Surface grafted with: Static contact angles Dynamic contact
angles

qstatic at 15 sec qstatic at 2 min qadv qrec

SiOx 21� 2.0 16� 4.0 24� 2.0 23� 2.0
PEO control 55� 1.0 51� 1.0 50� 1.0 45� 2.0
a (n¼ 0) 57� 1.0 52� 0.1 62� 0.3 59� 1.0
b (n¼ 4) 79� 0.5 75� 0.8 85� 1.0 83� 1.0
c (n¼ 13) 86� 2.0 81� 2.0 90� 1.0 87� 1.0
Silicone 116� 1.0 115� 1.0 121� 1.0 115� 1.0

SiOx: oxidized silicon wafer. Silicone¼Dow Corning Silastic T-2 cured on a glass
microscope slide.
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Hysteresis (qD¼ qadv� qrec) is typically used as an indicator of
surface reorganization [62]. For instance, after a pure silicone
surface is wetted, polar Si–O–Si groups reorganize to the film–
water interface to minimize interfacial surface tension such that
qrec< qadv [40]. Delamarche et al. observed significant hysteresis
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Fig. 3. Adsorption of [Top] BSA and [Bottom] HF onto PEO–silane grafted wafers. Error bars re
selected regions. Statistical significance was determined by one-way analysis of variance
SiOx¼ oxidized wafer and Silicone¼Dow Corning Silastic T-2 cured on a glass microscope
(w15�) for surfaces prepared by grafting of (EtO)3Si–(CH2)3–
poly(ethylene oxide)7–OCH3 onto silicone due to the ability of
siloxane and PEO segments to reorganize [28]. The physical stability
or absence of surface reorganization of the silicon wafer (SiOx)
surface was confirmed by its lack of significant hysteresis. Similarly,
PEO–silane grafted surfaces did not exhibit significant hysteresis. In
other words, the surface concentration of the grafted PEO–silanes
remains constant since the underlying silicon wafer is physically
stable. Hence, the observed surface properties may be related to
chain density (s) and the chemical structure of PEO–silanes as
stated above.
3.4. Protein adsorption

Albumin is the most abundant plasma protein (60%) and
fibrinogen (4%), also a plasma protein, plays an important role in
the process of thrombosis as it is converted by thrombin to insol-
uble fibrin [63]. Thus the amounts of BSA and HF proteins adsorbed
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present the standard deviation between the fluorescence measurements of 3 randomly
(Holm–Sidak method where p¼ 0.05 unless otherwise noted. * indicates p> 0.05).

slide.
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onto PEO–silane grafted surfaces were analyzed to determine
plasma protein adsorption (Fig. 3). Protein adsorption of BSA and
HF conjugated with a fluorescent dye was measured via fluores-
cence microscopy [27,64–66].

As was observed in this study, silicone exhibits high protein
adsorption as a result of its extreme hydrophobicity [41,42]. For
every surface, higher amounts of HF were adsorbed compared to
BSA which is consistent with previous observations [63,67]. The
enhanced adhesion of HF compared to BSA is attributed to the
former’s greater hydrophobicity [68] as well as HF’s rod-like
geometry which facilitates reorientation on the adsorbing surface
to increase protein–protein interaction and surface concentration
[63]. The amount of protein adsorbed by grafted surfaces is
substantially lower than that adsorbed by the silicone control.

If protein adhesion was controlled by only surface hydrophi-
licity, one would predict that the PEO control grafted surface would
be the most resistant to protein adsorption since it is the most
hydrophilic. This trend, however, was not observed. For surfaces
grafted with a–c, adsorption of BSA and HF was less compared to
a surface grafted with the PEO control. Resistance to BSA adsorption
increased with siloxane tether length in the order: PEO con-
trol< a< b z c. Adsorption onto b and c grafted surfaces was not
statistically different from each other. Similarly, resistance to HF
adsorption increased in the order: PEO control< a< b< c. In this
case, adsorption onto b and c grafted surfaces was statistically
different from each other. Thus, despite the highest surface
hydrophobicity due to the lowest chain density (s) as well as
longest hydrophobic siloxane tether, c grafted surfaces exhibited
the least protein adsorption. In the absence of surface hydrophi-
licity to explain the superior protein resistance of surfaces prepared
by grafting PEO via longer siloxane tethers, enhanced configura-
tional mobility of the PEO segment may be considered [7,8,12–14].
Although the PEO segments of all of the grafted chains (a–c and PEO
control) were determined to be in the brush regime, the chain
density (s) decreased with siloxane tether length. Thus, any
enhanced configurational mobility may be attributed not only to
the longer siloxane tether, but also to the somewhat lower chain
density. Thus, future studies are required to probe the mechanism
by which grafting of PEO segments via longer siloxane tethers
diminishes protein adsorption. In future studies, we will attempt to
prepare silicon surfaces grafted with PEO–silanes (a–c and PEO
control) using different solvent and temperature conditions to
obtain even more similar chain densities [59]. This would allow us
to eliminate any enhanced PEO configurational mobility due to
lower chain density and thus examine the contribution of longer
siloxane tether towards increased PEO configurational mobility and
subsequent enhanced resistance to protein adsorption. In addition
to their configurational mobility, the increasing amphiphilic nature
of the PEO–silanes (a–c) with longer siloxane tether length may
also be considered as a source of their resistance to protein
adsorption. Their amphiphilic nature should result in thermody-
namically driven phase segregation of the siloxane and PEO
segments due to their difference in surface energy. Such phase
segregation on surfaces has been previously shown to generate
complex surface topographies which resist the adsorption of
proteins [69,70].

4. Conclusions

Distancing the PEO segment from the grafting site via a siloxane
tether represents a new method of grafting PEO chains to surfaces.
PEO–silanes containing siloxane tethers of varying lengths (a–c)
were grafted onto the surfaces of oxidized silicon wafers. As the
siloxane tether length increased, chain density (s) decreased due
the greater steric barrier presented by already grafted longer chains
and enhanced solubility of PEO–silanes in the grafting solvent.
Surface properties and resistance to protein adsorption were
measured using a series of PEO–silane grafted surfaces with similar
thickness (h) and surface coverage (G) values and in which the PEO
segments of all of the grafted PEO–silanes were determined to be in
the brush regime and all chain densities were lower than the
estimated upper limit of 5.8 chains/nm2 for fully extended PEO
chains. As a result of decreased chain density (s) (i.e. decreased PEO
surface concentration) and increased length of the hydrophobic
siloxane tether, surface hydrophilicity increased in the order:
c< b< a< PEO control. However, despite lower chain density (s)
and higher surface hydrophobicity, resistance to BSA adsorption
increased in the order of PEO control< a< b z c and resistance to
HF adsorption increased in the order of PEO control< a< b< c. In
other words, longer siloxane tethers contributed to enhanced
resistance to protein adsorption of the PEO–silane. Because
hydrophilicity is not enhanced, it is postulated that the improved
protein resistance may be due to the enhanced configurational
mobility of the PEO segment with a longer siloxane tether as well as
the enhanced amphiphilic nature of the PEO–silane. The grafting of
amphiphilic PEO–silanes (a–c) onto the surfaces of common poly-
meric biomaterials may provide enhanced blood-compatibility
while maintaining desirable bulk properties.
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