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Preparation, characterization, and protein-
resistance of films derived from a series of
a-oligo(ethylene glycol)-w-alkenes on H-Si(111)
surfacesy

Guoting Qin,¢ Chi Ming Yam,® Amit Kumar,® J. Manuel Lopez-Romero,*® Sha Li,
Toan Huynh,? Yan Li,? Bin Yang,? Rafael Contreras-Caceres® and Chengzhi Cai*®

A series of oligo(ethylene glycol) (OEG)-terminated monolayers were prepared by photo-activated grafting
of OEG-alkenes with the general formula CH,=CH(CH>),,(OCH,CH,),,OCHs (abbreviated as C,,,+2EG,, m =
8, 9; n = 3-7) on hydrogen-terminated silicon (111) surfaces using different deposition conditions. The films
were characterized by contact-angle goniometry, ellipsometry, X-ray photoelectron spectroscopy (XPS)
and tested for protein resistance. Films prepared under a higher vacuum showed a higher thickness and
exhibited better protein resistance with increasing ethylene glycol (EG) units. Remarkably, the films
prepared from CioEG,, were generally thicker than those from their corresponding homologues C11EG,,
and displayed better resistance to protein adsorption, which were probably due to the odd—-even effect
from the alkyl chain. Prepared under high vacuum conditions (~10~° mbar), the CioEG; films with
a thickness of 40 A adsorbed <0.8% (the detection limit of N 1s XPS) monolayer of fibrinogen in
a standard assay. The films remained protein-resistant (adsorbed <3% monolayer of fibrinogen) even
after 28 days in phosphate buffered saline (PBS) at 37 °C or 17 days in MC3T3-E1 cell culture with 10%
fetal bovine serum at 37 °C. Therefore, the C1oEG; films prepared under high vacuum conditions
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Introduction

Modification of silicon surfaces with a stable, ultrathin and
biocompatible monolayer is of great interest for the development
of silicon-based miniature biodevices,' including field-effect
transistors (FETs),'"® impedance and capacitance devices,*™"
porous silicon photonic devices and probes,”*** drug carriers,"
cantilever sensors,'*"® and implantable devices, such as silicon-
based neuron interfaces.'*” These silicon-based transducers
interconvert specific biomolecular interactions/events with
electrical/mechanical/optical signals of the silicon devices. One
of the critical issues limiting the specificity and sensitivity of the
transducers is the non-specific adsorption of proteins onto the
silicon surfaces. Protein adsorption is also the first step of
inflammatory and fibrotic responses leading to failure of many
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represent the most protein-resistant and stable films on non-oxidized silicon substrates.

types of implanted devices.>** The conventional way to address
this issue is to utilize the SiO, layer on Si substrates and
coat it with organosiloxane films terminated with poly- or
oligo(ethylene glycol) (PEG or OEG).>**' However, the protein-
resistance of such siloxane monolayers is not ideal; adsorption
of 3-10% monolayer of proteins was reported.*® The lower
protein-resistance than the corresponding OEG-terminated
alkanethiolate self-assembled monolayers (SAMs) on gold is
likely due to the lower packing density and higher defect density
of the siloxane films on silicon. Also, organosiloxane films are
prone to hydrolysis in aqueous electrolytes, especially at basic
conditions.?*** Furthermore, for electrical transducers, the
sensitivity and signal to noise ratio are limited by the relatively
thick oxide dielectric layer.”’* Although excellent protein-
resistant properties have been demonstrated for zwitterions**¢
and polypeptides®” coatings, ultrathin films presenting OEG are
still among the most widely used and the most protein-resistant
coatings studied to date.**>” Moreover, we recently demonstrated
that the high resistance to non-specific protein adsorption of
OEG films allows the selective attachment of proteins onto the
nanopatterns generated on such films by local oxidation using
conductive atomic force microscopy (AFM).>**

We and others have reported the photo-activated grafting
of the o-OEG-w-alkenes onto hydrogen-terminated silicon,

This journal is © The Royal Society of Chemistry 2017
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forming OEG-terminated monolayers that are directly bound to
the silicon substrate via Si-C bonds (Scheme 1).134%:45:51.60-72 e
performed this process in a simple apparatus combining
a Schlenk tube with a quartz cell at a low vacuum level, %7374
using OEG-terminated alkenes C;,EG,, (n = 3, 6, 7 and 9). We
found that C;EG,, with n = 6 led to films that reduced the
adsorption of fibrinogen to ~3% monolayer after immersion in
fibrinogen (1 mg mL™") for 1 h and brief washing with
water.®**>”® The OEG films remained protein-resistant after 1
week in PBS (pH 7.4) at room temperature.” Notably, in the
literature the protein-resistance of OEG-terminated films were
often measured after washing the protein-treated samples with
a detergent solution for a relatively long period of time.” Such
a strong washing procedure resulted in a lower value of the
protein adsorption compared to the procedure employed by
us.®®*7% While the protein-resistance and stability of our
previous OEG-terminated films on non-oxidized silicon were
comparable to the reported OEG-terminated alkylthiolate
monolayers on gold substrates,”*”® further improvement is
necessary for many applications stated above, such as
implantable devices and biosensors.

The mechanism of protein resistance on OEG-terminated
monolayers has been extensively studied theoretically and
experimentally. It becomes clear that the packing density and
the length of the OEG chains are the most important parame-
ters. They directly affect the hydration of the OEG layer, which
has been associated to the repulsion of proteins,**°"32°7:79-84
although the detailed mechanism awaits to be fully elucida-
ted.>®?853,6078,80.8592 Iy general, protein resistance increased with
longer OEG chains especially at a low packing density. For
alkanethiolate SAMs terminated with 3-6 EG units on Au(111)
surfaces, the OEG chains adopt a helical conformation and
amorphous state with a molecular cross-section of 21.3 A%
Their packing density is 21.4 A? per molecule (equivalent to 4.7
molecules per nm?).*>5178808191 The densities of previously re-
ported alkyl terminated monolayers grown by hydrosilylation
on Si are in the range of 0.45-0.55 alkyl chains per Si atom on
a Si(111) surface (equivalent to 28.4-23.3 A® per mole-
cule),*®71%9 which are lower than those of alkyl thiolate SAMs
on gold due to the larger lattice parameters for Si(111). In our
previous study, OEG monolayers on silicon substrate with low
protein adsorption (<3% monolayer of fibrinogen)®* had
a packing density of 0.37-0.39 molecules per surface Si atom.

In addition to protein-resistance, film stability can also be
greatly enhanced with dense and highly ordered hydrophobic
alkyl layers that serve as a barrier against the penetration of
oxygen and anion that induces oxidation at the silicon inter-
face.>***® Oligo(ethylene glycol) monolayers grafted directly
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Scheme 1 Photo-induced surface hydrosilylation of OEG-terminated
alkene monolayers on silicon surfaces.

W R HREE
UV-254 nm, 10°~1 mbar, 2 h

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

onto silicon surfaces by silanization were shown to be unstable
under either air or PBS solution conditions.?® This instability
was attributed to the oxidation at the silicon interface under-
neath the alkyl chains, which was susceptible to hydrolytic
cleavage.” Lewis’ group'*'** functionalized Si(111) surfaces via
Si-C bonds and achieved sterically bulky alkyl monolayers in
a two-step process, involving Grignard reaction of the alkyl
Grignard reagent with chlorine-terminated silicon surface.
Unfortunately, high-purity Grignard reagents containing OEG
chains are extremely difficult to prepare. Therefore, direct
hydrosilylation of alkenes onto hydrogen-terminated silicon
substrates is a more practical method. However, as mentioned
above, the highest density of alkyl monolayers on silicon ach-
ieved to date via hydrosilylation is not comparable to that of
alkanethiolated SAMs.”* We expect that the presence of water
and especially oxygen that has a high reactivity and diffusion
rate, even at a low level in the system, may significantly decrease
the film coverage due to the competition with the alkene for the
surface active sites generated by the UV radiation.” Moreover,
the resultant oxide defects accelerate the oxidation of adjacent
silicon.'”* Therefore, decreasing oxygen level in the system is
crucial to achieve a high packing density and low oxide defects.
On the other hand, longer OEG chains generally increase
protein resistance, but are expected to decrease packing density
and stability of the films. In order to increase film stability, we
aim to increase the packing density by optimizing the OEG
length.

Herein, we report the study of monolayers derived from
a series of a-OEG-w-alkenes with the general formula of CH,=
CH(CH,),,(OCH,CH,),OCH; abbreviated as C,,;+,EG,, (m = 8, 9;
n = 3-7) on H-Si(111) surfaces. The study is focused on the
effect of m with an odd (m = 9) or even (m = 8) number and n
from 3 to 7 on the film thickness and protein resistance
prepared at low (~1 mbar) and medium (~0.05 mbar) vacuum
conditions (Scheme 1). Contact angle goniometry, ellipsometry
and XPS were used to characterize and investigate the protein
resistance of OEG films. We further improved the deposition
vacuum to the level of 10~ mbar, resulting in monolayers with
a thickness of 40 A. These monolayers represent the most
protein resistant and stable monolayers on non-oxidized silicon
reported to date.”®”®

Materials and methods
Materials

Commercial chemicals, including sulfuric acid (Sigma-Aldrich),
30% hydrogen peroxide solution (Sigma-Aldrich), 40% ammo-
nium fluoride solution (Sigma-Aldrich), dichloromethane
(Sigma-Aldrich), petroleum ether (Sigma-Aldrich), absolute
ethanol (Alfa Aesar), and 10% buffer-HF (Transene) were used
without purification. Fibrinogen, minimum essential medium
alpha modification (¢MEM) and Dulbecco’'s modified eagle's
medium (DMEM) were purchased from Sigma Aldrich. Silicon
(111) wafers were purchased from Silicon Quest Int'l. Inc. The
synthesis of «-OEG-w-alkenes with the general formula of
CH,=CH(CH,),,(OCH,CH,),,0CH; (Cy+2EGy, m = 8, 9; n = 3-7)
are described in ESL.f OEGs where prepared under N,
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atmosphere and stored at 5 °C in amber vials under Ar to
prevent the presence of water and O,. MC3T3-E1 fibroblast cells
and osteoblast D1 cells were provided from Dr David Mooney at
Harvard University.

Preparation of H-Si(111) substrates

Single side polished silicon (111) wafer (boron-doped, P-type, 1-
10 Q cm resistivity, miscut angle of £0.5°) was cut into pieces of
1 x 1 cm?, cleaned with Piranha solution (concentrated H,SO,/
30% H,0,, 3 :1 v/v) for 10 min at ~80 °C to remove organic
contaminates. Caution: Piranha solutions react violently with
organic materials and should be handled with extreme care.
The freshly cleaned sample was immersed in an Ar-saturated,
40% NH,4F solution (prepared by gently bubbling the solution
with argon for 10 minutes prior to use) for 20 min followed by
rinse with argon-saturated Millipore water and dried with
a stream of argon.

Photo-activated grafting

Previous apparatus. We initially used a simple setup
combining a Schlenk tube with a quartz cell for photo-induced
surface hydrosilylation on hydrogen-terminated silicon
substrates with alkene as described in our previous publica-
tions.*®*1% The hydrosilylation was carried out at low (~1
mbar) and medium vacuum (~0.05 mbar) conditions, respec-
tively, under illumination with a hand-hold 254 nm UV-lamp
(Model UVLS-28, UVP) for 2 h, followed by washing sequen-
tially with petroleum ether, ethanol, and CH,Cl,, and finally
drying with a stream of Ar."**

Improved apparatus with a high vacuum for the preparation
of high quality C,,EG; films. The apparatus consists of a glass
chamber sealed with a quartz plate (5 cm in diameter) via
a Viton o-ring (Fig. 1). The chamber is connected to a liquid
nitrogen cold-trap and an oil diffusion pump with the ultimate
vacuum of 10~° mbar. A linear manipulator is used to translate
the sample. To reduce contamination, the sample is attached
onto a freshly cleaved surface of a piece of mica that is glued
onto a steel disk. To enhance the adhesion between the mica
and the backside of the sample, a tiny droplet of the alkene is
applied on the mica. The steel disk is then attached onto the
magnetic disk at the end of the manipulator. A droplet of the
alkene is placed on top of the quartz plate, and the plate is

s~ Manipulator

Glass g,
chamber K
Vacuum —~s— ~10" mbar
Vacuum
- H-Si(111)
—I'I OEGialkene [ EEEXEREXE)
O-ring =/

= Quartz plare  [INNNONISSHEINNN

Fig. 1 Improved apparatus for preparation of OEG films via photo-
activated hydrosilylation.
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immediately attached to the apparatus and sealed with a Viton
o-ring. After the vacuum reaches 10~> mbar, the substrate is
brought down to allow contact with the alkene droplet, thus
forming a thin layer of the alkene sandwiched between the
quartz plate and the H-Si surface. The substrate is then sub-
jected to UV irradiation with a handheld 254 nm UV lamp for
2 h followed by washing sequentially with petroleum ether,
ethanol, and CH,Cl,, and finally drying with a stream of Ar.

Contact-angle goniometry

Water drops were dispersed onto the film surfaces using
a micro-Electrapette 25 (Matrix Technologies). Advancing and
receding contact angles (6,,) were measured using a goniom-
eter (Rame-Hart, model 100). The pipette tip was kept in contact
with the drop during the measurements. At least four drops of
probe liquid were measured for each sample, and the mean
values were reproducible within +1°.

Ellipsometry

An ellipsometer (Rudolph Research, Auto EL III), operated with
a 632.8 nm He-Ne laser at an incident angle of 70°, was
employed for thickness measurement. A refractive index of 1.45
was assumed for the prepared films. At least four measurements
were taken for each sample, and the mean values were repro-
ducible within £1 A.

X-ray photoelectron spectroscopy (XPS)

A PHI 5700 X-ray photoelectron spectrometer, equipped with
a monochromatic Al Ko X-ray source (hv = 1486.7 eV) at a take-
off angle (TOA) of 45° from the film surface was employed for
XPS measurement. High-resolution XPS spectra were obtained
by applying a window pass energy of 23.5 eV and the following
numbers of scans: Si 2p, 5 scans; C 1s, 20 scans; O 1s, 10 scans;
N 1s, 20-40 scans. The binding energy scales were referenced to
the Si 2p peak at 99.0 eV. XPS spectra were curve fitted and the
intensities measured as peak areas were calculated using Phi
Multipak V5.0A from Physical Electronics.

Protein resistance

The fibrinogen solution was prepared by dissolving 1 mg
fibrinogen (Sigma) in 1 mL of PBS (consisting of 0.01 M phos-
phate and 0.14 M NaCl, pH 7.4, Sigma) in a vial. The test samples
were immersed in the fibrinogen solution at 20-25 °C for 1 h.
The samples were then washed under a gentle flow of Millipore
water for about 15 seconds, dried with a flow of Ar, and subjected
to contact angle, ellipsometric and XPS measurements.

In addition to the fibrinogen adsorption experiment above,
the protein-resistance of the OEG monolayers on silicon was
also evaluated in culture of aMEM for MC3T3-E1 cells and
DMEM for D1 cells. In these experiments, the test samples were
incubated in cell culture media with or without live cells over
a specific period of time. It should be noted that the culture
media in all cases contained 10% fetal bovine serum (FBS) that
consists of a wide variety of proteins necessary for the cultured
cells to survive, grow and divide.

This journal is © The Royal Society of Chemistry 2017
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Long-term stability of C,,EG; films prepared under high
vacuum

The stability of the C,0EG, films on silicon substrates was
evaluated by incubating the samples in PBS at 37 °C for 28 days
followed by the fibrinogen adsorption experiment, or in MC3T3
cell culture in aMEM with 10% fetal bovine serum at 37 °C for
17 days. The amount of adsorbed proteins was measured by the
increase of ellipsometric thickness. The optimized films C;oEG,
films were also measured by N 1s XPS using fibrinogen mono-
layer adsorbed on H-Si(111) as a standard (see below).

Amount of protein adsorbed on the C,,EG; films

In addition to ellipsometric measurement, the amount of
proteins adsorbed onto the C;0EG; films prepared under high
vacuum was also quantified by N 1s XPS and expressed as
percentage of a fibrinogen monolayer (% ML) calculated using

eqn (1):
Adsorbed protein (%o ML) = 100 x Norc)y/Nm-si (1)

where N(ogg) is the intensity of N 1s signal from the protein
adsorbed on the C;1oEG; monolayer, and Nyy_g;) is the intensity
of N 1s signal from a monolayer (6 nm thick) of fibrinogen
adsorbed on a H-Si(111) substrate. It should be noted that eqn
(1) only gives an estimation of the amount of adsorbed proteins
using a monolayer of fibrinogen as the standard because the
amount of adsorbed fibrinogen might be overestimated by
ignoring the higher attenuation of the N signals from the
monolayer of fibrinogen on H-Si surfaces. Lower accuracy is
expected for estimating the amount of proteins adsorbed onto
surfaces immersed in cell culture media using eqn (1) because
the system contains many different proteins with varied
nitrogen compositions. Despite the limitations, the XPS method
(detection limit: ~0.8% ML) is more sensitive than ellipso-
metric thickness measurement.

Results and discussion
C10EG,, films on Si(111) prepared under low vacuum

We carried out the photo-induced surface hydrosilylation of H~-
Si(111) substrates with a series of OEG-alkenes (C;0EG,,) using

View Article Online

RSC Advances

the setup described elsewhere.® Table 1 summarizes the
advancing and receding contact angles of water (6,,) and
ellipsometric thicknesses (Te) for the C,0EG,, films on Si(111)
surfaces upon exposure to UV-254 nm irradiation under ~1
mbar for 2 h. The advancing water contact angle , and ellip-
sometric thickness T, of the C;4EG,, films on Si(111) surfaces
decreased from 59 to 51° and increased from 21 to 28 A,
respectively, with an increase of EG units from three to seven.
These contact angle values are consistent with those reported
for other OEG-terminated alkene films prepared under similar
conditions on Si(111) surfaces.®®*® The low hysteresis (Af = 2-
3°) for the films indicates smooth and homogeneous surfaces.
As shown in Table 2, XPS data for the C;9EG,, films on Si(111)
surfaces show two C 1s peaks and one O 1s peak. For the carbon
peaks, the one at higher binding energy (~287 eV) is assigned to
the carbon atoms that are adjacent to an oxygen atom, and the
one at lower binding energy (~285 eV) is assigned to the rest of
the carbon atoms.****#'% The ratios of the integrated areas of
the deconvoluted C 1s signals from these two types of carbon
atoms, (Cc_c/Cc-o), are close to the stoichiometric ratio. The
peak at 533 €V is assigned to the oxygen atoms of the EG units.

Based on the data above, calculated packing densities of the
films derived from C;0EG,, (n = 3, 6) were similar to those we
previously reported.® These data are summarized in Table S1 in
the ESIL.t As expected, the packing density, represented as 4,
(unit surface area per grafted molecule) and Nchains/Nsurtsi
(number of hydrocarbon chains per surface silicon atom),
decreases with increasing OEG monolayer length grafted on the
silicon substrate. It should be noted, however, that the
measured ellipsometric thickness may represent an over-
estimate due to the adsorption of water to the OEG-terminated
films. Indeed, recent studies'***® indicated the presence of
tightly bound water on top of organic thin films, even those
presenting hydrophobic alkynyl groups, which could not be
removed by ultrahigh vacuum.

After immersing the C;oEG,-coated Si(111) substrates with
a fibrinogen solution for 1 h, both T, and 6, indicate that the
films of C;0EG;, C10EG4, and C;0EGs prepared on Si(111)
surfaces readily adsorbed the protein, as shown by an increase
of both of T, (14, 9, and 4 A, respectively) and 6, (7, 7, and 4°,
respectively), while very low protein adsorption was found on

Table 1 Advancing and receding contact angles of water (6,,) and ellipsometric thicknesses (Te) for C10EG,, films on Si(111) prepared at low
vacuum (~1 mbar) and medium vacuum (~0.05 mbar) conditions before and after treatment with fibrinogen

Low vacuum (~1 mbar)

Medium vacuum (~0.05 mbar)

Before treatment with After treatment with

Before treatment with After treatment with

fibrinogen fibrinogen fibrinogen fibrinogen
Film O, deg T.,” °C O, deg T.2°C O, deg T.,k °C O, deg T.b°C
C10EG; 59/56 21 66/49 35
C10EG, 56/54 22 63/41 31 55/52 30 56/53 32
C10EGs 55/53 25 59/47 29 52/50 33 52/50 35
C10EGe 53/51 27 55/52 29 52/49 34 53/50 35
C10EG, 51/49 28 52/49 29 50/47 36 50/47 36

“ Standard deviation of measurements were +1°. ? Standard deviation of measurements were +1 A.

This journal is © The Royal Society of Chemistry 2017
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Table 2 XPS data for C10EG,, films on Si(111) prepared at low vacuum
conditions

XPS
[Cc-c)/[Cc-o]
Film C1s O1s Expected Measured
C10EG; 284.8, 286.7 533.0 1:0.9 1:0.9
C10EG4 284.9, 286.6 532.9 1:1.1 1:1.1
C10EG; 284.8, 286.7 532.9 1:1.3 1:14
C10EGs 284.8, 286.7 532.9 1:1.6 1:1.6
C10EG, 284.8, 286.6 533.0 1:1.8 1:1.9

the C;0EGs- and C,9EG,-coated surfaces, as indicated by the
nearly unchanged 6,, and T. values (Tables 1 and S1f}). For
comparison, a freshly prepared H-Si(111) substrate was also
subjected to protein treatment for 1 h. As expected, fibrinogen
readily adsorbed on the hydrophobic H-Si(111) surface,
resulting in a film with T. = ~60 A and 6,, = ~80°/<20°, cor-
responding to a monolayer of fibrinogen.*®® Thus, by ellipso-
metric measurement, the degree of protein adsorption on the
C10EG,-coated surfaces decreased from ~23% to ~2% mono-
layer of fibrinogen with an increase of EG units from three to
seven (Fig. 2). Therefore, with at least six EG units, the OEG-
terminated films derived from the C;0EG, series on Si(111)
surfaces and prepared at low vacuum conditions (~1 mbar)
effectively resisted the protein adsorption, which was compa-
rable to those films derived from OEG-terminated thiolates on
Au(111) surfaces that also displayed increasing protein resis-
tance with longer EG chain length.**%%5778

C10EG,, films on Si(111) prepared at medium vacuum
conditions

In order to reduce the presence of water and specially oxygen
which compete with the alkene for the surface active sites
generated by UV, we prepared the C,0EG,, films on Si(111)
surfaces under an improved vacuum (~0.05 mbar, termed as

% [Jc,EG,, 1 mbar
Il c,EG,, 0.05 mbar

40 ¢, EG, , 0.05mbar

30
20

10
undetectable
h T
0 |—l—h—| [ ;
EG4 EG5 EG6

T
EG3

Protein Adsorption (% ML)

Fig. 2 Adsorption of fibrinogen (% monolayer) estimated by the
increase of ellipsometric thickness upon fibrinogen treatment of the
C10EG,, and Cy4EG, films on Si(111) prepared at low vacuum (~1 mbar)
and medium vacuum (~0.05 mbar) conditions. The errors are derived
from the errors of ellipsometric measurements.
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medium vacuum). Under such a vacuum, the C;oEG; films
could not be prepared since the adsorbate C,oEG; readily
evaporated. Table 1 summaries 6,, and T. of the C;4EG, films
on Si(111) surfaces upon exposure to 254 nm UV irradiation
under ~0.05 mbar for 2 h. §, and T, of the C,(EG,, films on
Si(111) surfaces decreased from 55 to 50° and increased from 30
to 36 A, respectively, with an increase of n from 4 to 7. There was
a significant increase of T, by ~8 A for the C40EG,, films with the
same number of EG units on Si(111) surfaces as the pressure of
the system was reduced from ~1 to ~0.05 mbar. A low hyster-
esis (Af = 2-3°) was still observed for the films.

After treatment of the C;¢EG,-coated Si(111) substrates with
a fibrinogen solution for 1 h, only a low level of protein
adsorption on the EG;-, EG,-, EGs- and EGe-terminated films
was observed, as indicated by the small changes of 0, (=2°)
and T, (=2 A) values (Tables 1, S1t and Fig. 2). The increase of
2 A in thickness represents an adsorption of ~3% monolayer of
fibrinogen (60 A thick for a monolayer). No protein adsorption
on the C;¢EG; films could be detected by water contact angle
and ellipsometry.

Notably, the thicknesses of the C;4EG, films are almost equal
to the theoretical molecular length of the compounds,
assuming the molecules adopt a zig-zag ‘all-trans’ conforma-
tion.** However, the maximum packing density of long alkyl
chains grafted on H-Si(111) by surface hydrosilylation is only
~0.55 alkyl chains/surface Si atom,*® corresponding to a density
of 23.3 A% per molecule. Hence, in our case it is highly unlikely
that the packing density reaches the theoretical value of 19.1 A%
per molecule when adopting a zig-zag conformation.*
Furthermore, the improved protein resistance (Fig. 2) indicates
that the OEG chains most likely are in an amorphous state. Also,
XPS did not show the presence of silicon oxide underneath the
film. Therefore, the high thickness can be attributed to the
growth of a partial second layer due to the presence of radicals
on the film. There might be three likely pathways to generate
radicals from monolayers:'* (1) direct photodissociation of C-H
or C-C bonds via vacuum ultraviolet (VUV); (2) photoelectron
mediated dissociation of monolayer; (3) reactive oxyspecies
generated by UV light, such as singlet oxygen and hydroxyl
radicals. The UV induced generation of reactive oxy species is
possible’®'*? although the oxygen level in our vacuum system
was 1.5 x 10" times lower than that in air. Also, the radicals
could be generated via the cleavage of the C-H bonds on the
CHj; headgroup of the monolayers by the very minor amount of
185 nm UV light, since the Cc_c/Cc-o ratios match those of the
molecules (Tables 2 and 5).

We then investigated the thickness of C1oEG5 films prepared
from hydrosilylation at different exposure time under UV. The
film thickness was monitored by ellipsometry, and was also
validated by angle-resolved XPS (Fig. 3). It can be seen that the
film thickness rapidly increased under UV light before it slowed
down at around 2 h, during which the formation of the first
layer was probably the dominating factor of the thickness
growth. After that, the growth of a second layer may account
for the increasing thickness, although it was much slower than
that of the first layer. Interestingly, the surface hydrophilicity
and homogeneity seem to be constant regardless of the UV

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Thickness of C1oEG; films prepared under medium vacuum
condition at different UV exposure time. One sample was prepared at
each time point.

exposure time, as can bee seen from the water contact angle
data (Table 3).

C11EGn films on Si(111) prepared at medium vacuum
conditions

OEG-terminated films derived from CyEG, (n = 3, 6, 7, 9) on
Si(111) under low vacuum conditions were described in our
previously reports.®*® The films with three EG units adsorbed
30-60% monolayer of fibrinogen, while the films with more
than six EG units reduced the adsorption of fibrinogen to ~3%
monolayer. We expected that both the packing density and the
protein resistance of the C;,EG,, films on Si(111) surfaces would
be improved under higher vacuum conditions (~0.05 mbar).

Table 3 Advancing and receding contact angles of water (6,,,) for
C10EG, films on Si(111) prepared at medium vacuum and different UV
exposure time

Exposure time, h 0.5 1 2 3 4 6 8
O, deg 51/48 50/47 50/47 50/48 51/48 51/47 53/50

“ Standard deviation of measurements were +1°.

Table 4 Advancing and receding contact angles of water (6,,), ellip-
sometric thicknesses (T.) for Cy1EG, films on Si(111) prepared at
medium vacuum conditions (~0.05 mbar) before and after treatment
with fibrinogen

Before protein After protein

adsorption adsorption
Film 0a/na deg Teyb A aa/rya deg Tcyb A
C11EG; 61/59 25 75/<20 52
C11EG, 57/55 28 63/47 37
C11EG; 52/49 30 53/50 32
C,1EGs 51/48 32 52/49 33
C:EG, 50/47 34 50/47 34

“ Standard deviation of measurements were +1°. ? Standard deviation
of measurements were +1 A.
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Table 4 summaries 6,/6, and T. for the C44EG,, films on Si(111)
surfaces upon exposure to UV-254 nm irradiation under ~0.05
mbar for 2 h. The advancing water contact angle ¢, and ellip-
sometric thickness T, of the C{;EG,, films decreased from 61 to
50° and increased from 25 to 34 A, respectively, with the
increase of OEG chain length (n) from 3 to 7. Indeed, there was
a ~5 A increase of T, for the C4;EG,, films with the same number
of EG units on Si(111) surfaces as the pressure of the system was
reduced from ~1 to ~0.05 mbar. A low hysteresis (A§ = 2-3°)
was still observed for the films. The XPS data for the C4EG,,
films on Si(111) surfaces (Table 5) show two C 1s peaks at ~285
and ~287 eV, respectively, and one O 1s peak at ~533 eV,
similar to those for the C;4EG, films described in the previous
section. The (Cc-c/Cc_o) ratios are also in good agreement with
the expected ratios.

After treatment of the C,;EG,-coated Si(111) substrates with
a fibrinogen solution for 1 h, both T, and 6, indicate that the
films of C1;EG; and C;,EG, prepared on Si(111) surfaces readily
adsorbed the protein, as shown by both an increase of ¢, (14 and
6°, respectively) and T, (27 and 9 A, respectively). The estimated
fibrinogen adsorption based on the ellipsometric data is pre-
sented in Fig. 2 and Table S1,7 showing a decrease of fibrinogen
adsorption from ~45% to ~3% monolayer with increasing EG
units from three to six, and the fibrinogen adsorption on the
C11EG, films was not detectable.

C10EG,, vs. C1;EG,, films - thickness and packing

Since the methylene chain of the OEG films is ca. 1-2 A per unit
(-CH,-), the C14EG,, films are expected to be 1-2 A thicker than
the C;0EG,, films with the same number of EG units. However,
T. of the C,1EG,, films was smaller than that of the C;(EG,, films
by ~2 A (Fig. 4). As shown above, for the C;9EG, films, an
increase of one EG unit led to an increase of 1-3 A of the film
thickness. However, an increase of one carbon atom in the alkyl
chain with the same EG units showed, surprisingly, a decrease
of ~2 A. Additionally, the calculated packing densities
decreased with the increasing number of EG units from 3 to 7
for both C;(,EG,, and C;EG, films as shown in Table S1.1 To
rationalize this intriguing result, we note that there is probably
an ‘Odd-Even’ effect from the alkyl chain as discussed below
using a simplified packing model. The ‘Odd-Even’ effect often
affects the packing density and wettability of SAMs, such as
n-carboxylic acids and alkylthiolates, on various substrates,

Table 5 XPS data for Ci1EG, films on Si(111) prepared at medium
vacuum conditions

XPS
[Ce-c)[Cec-o]
Film C1s O1s Expected Measured
C11EG; 284.7, 286.5 533.0 1:0.8 1:0.7
C11EG, 284.8, 286.6 533.0 1:1.0 1:1.1
C11EG; 284.8, 286.6 533.0 1:1.2 1:1.1
C11EGg 284.8, 286.6 533.0 1:1.4 1:1.3
C11EG, 284.6, 286.4 533.0 1:1.6 1:1.7
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Fig. 4 Ellipsometric thicknesses (A) of C10EG, and Cy,EG, films on
Si(111) prepared at medium vacuum conditions.

such as graphite, Au(111), and Ag(111)."**'*> However, to our
knowledge, no study has been reported on the possible odd-
even effect on OEG-terminated alkyl monolayers on silicon.
Confirming this effect for our systems requires systematic study
of the OEG-terminated films with a series of alkyl chain length,
which is out of the scope for the current study.

To account for the above observed higher packing density of
the C;0EG, films over the corresponding Cy,EG, films, we use
an idealized packing model shown in Fig. 5. The lone-pair
electrons of the bottom oxygen atoms (O-C(11)) in the C44EG,
films, which has an odd number of carbon atoms in the alkyl
chain, interact with the H,C(11) moieties in the adjacent alkyl
chains. In comparison, the bottom O atoms (O-C(10)) in the
C10EG,, films, which has an even number of carbon atoms in the
alkyl chain, interact with the H,C(11) moieties in the adjacent
ethylene oxide chains that are more electronegative than the
alkyl chains in the above case. Therefore, the bottom oxygen
atoms have a more favorable interaction with the methylene
moieties in the C;0EG, films than the C;4EG, films, leading to
higher packing density in the former. To a lesser extent, the top
oxygen atoms may prefer to interact with the adjacent ethylene
oxide moieties in the C;0EG,, films than with the methyl groups
in the C4EG,, films.

C10EGj5 films grown with improved apparatus under high
vacuum conditions

Despite of the simplicity of our previous apparatus for photo-
activated grafting, it has several limitations. First, due to the

Q carbon @ hydrogen Q@ oxygen < lone-pair electrons

e ® hd
C1EG, 09/O\_’ 09,0\_. QQ,O\-. c.olj:G.. .‘Q‘. .\Q“ .\Q“,
8. Osp8. O<g® Ocp | 85908 5008 90!

OO Ce N
.E\ Cuo 'N Cio 'N Qfw 5
Fetcgtol”

.Q%%.k% \..§i )

Fig. 5 Schematic representations of Cy1EG, (odd-numbered) and
C10EG,, (even-numbered) films on Si(111).
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close proximity of the H-Si(111) substrate to the alkene droplet
placed in the small quartz cell,*®* the Si-H surface is easily
contaminated during the degassing process by the volatile
reactive impurities such as H,0 and O,. Second, the size (<1
cm?) of the silicon sample was limited by the size of the avail-
able quartz cells. Third, the manipulation of the sample was
difficult to master, and flipping of the samples often occurred.
To address these drawbacks, we designed the second-
generation apparatus for photo-activated grafting of thin films
(Fig. 1). The new apparatus has the following improvements.
First, during the degassing step, the H-Si substrate surface is
located above the outlet to the vacuum and is far away from the
alkene droplet, thus reducing the possibility of contamination.
Second, only the quartz window needs to be cleaned before each
use. Finally, the apparatus is easy to use, and can handle larger
samples (up to 2 x 2 cm?). Most importantly, the vacuum was
improved from 0.05 mbar to 10> mbar. On the basis of the
above results, we expected that the improvement of the vacuum
conditions would greatly increase the packing density of the
OEG-terminated films and thus enhance the protein-resistance
and long-term stability of the films. The above study identified
C0EG, as the best adsorbate, also because we observed
substantial evaporation of EG,-alkenes with n < 6 during
deposition under such a high vacuum condition, resulting in
poor quality film. Therefore, we focused on the study of the
C10EG; films prepared using the new apparatus under high
vacuum (10> mbar).

The resultant C;oEG; films on silicon (111) were character-
ized by contact angle goniometry, ellipsometry, and AFM. As
shown in Fig. 6, the AFM contact mode image of a C;0EG; film
revealed the underlying atomic steps of the silicon substrate,
indicating that the film was ultraflat. The advancing and
receding water contact angles were 51°/49° with a low hysteresis
A = 2°, also indicating a homogeneous surface. The ellipso-
metric thickness of the film was increased from 36 A to 40 1 A,
reaches the molecular length of C;,EG; (38.7 10&). This ellipso-
metric thickness was in agreement with the thickness of 39.5 A
measured by variable angle XPS (see ESI, Fig. S2t). These results

Fig. 6 An AFM contact mode image (1 x 1 um?, 5 nm contrast) of
C10EG; monolayer on Si(111).

This journal is © The Royal Society of Chemistry 2017
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indicated that the molecules on the surfaces were densely
packed.

Protein resistance and stability of the C;,EG, films prepared
under high vacuum conditions

The stability of the films on silicon substrates was evaluated by
incubation of the samples in PBS or cell culture media at 37 °C
for the specified period of time, followed by the fibrinogen
adsorption experiment. The amount of the adsorbed proteins
was determined by the N 1s signal from XPS using eqn (1). As
shown by the N 1s region of the XPS spectrum in Fig. 7, freshly
prepared C40EG; films did not adsorb protein to the detection
limit of N 1s XPS (0.8% monolayer of fibrinogen). Even after
storage for 14 d under ambient conditions or 28 d in PBS (pH
7.4) at 37 °C, the C;0EG; coated silicon surfaces remained
protein resistant, with no N 1s signal was detected after the
fibrinogen adsorption experiment. Furthermore, the protein-
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Fig. 7 High resolution N 1s spectra after the fibrinogen adsorption
experiments for H-Si(111) (V¥), and C10EG; films on Si(111) surfaces,
which were freshly-prepared (H), or maintained in ambient conditions
for 14 d (@), or in PBS at 37 °C for 28 d (A).
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Fig. 8 High resolution N 1s spectra of a monolayer of fibrinogen on
H-Si(111) (¥) and C40EGy films on Si(111) in MC3T3-E1 cell culture for
17 d (M), «MEM with 10% FBS for 12 d (@), D1 cell culture for 7 d (A)
and DMEM with 10% FBS for 5 d ().
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resistance and stability of the C,;4EG; films on silicon was
tested with cell culture media (aMEM for MC3T3-E1 cells and
DMEM for D1 cells) and cell cultures with 10% fetal bovine
serum (FBS), which contained a rich variety of proteins. As
shown in Fig. 8, the amount of protein adsorbed onto the
C10EG- surfaces were 2.0% =+ 0.8% ML after 12 d in «MEM with
10% FBS, 2.8% =+ 0.8% ML after 17 d in MC3T3-E1 cell culture,
1.4% =+ 0.8% ML after 5 d in DMEM with 10% FBS, and 1.2% +
0.8% ML after 7 d in D1 cell culture.

Conclusion

Protein-resistant films derived from a series of a-oligo(ethylene
glycol)-w-alkenes (Cp42EG,, m = 8, 9, n = 3-7) with odd and
even numbers of methylene chains (m) and various numbers of
EG units (n) were prepared on H-Si(111) surfaces by photo-
induced hydrosilylation under low (~1 mbar) and medium
(~0.05 mbar) vacuum conditions. All films generally exhibited
a low hysteresis of water contact angles, indicating a high
homogeneity. Both the film thickness and resistance to protein
adsorption were improved when the films were prepared at
improved vacuum conditions. Under the same vacuum condi-
tions, the even-numbered C;0EG, films exhibit both higher
thickness and better resistance to protein adsorption than the
odd-numbered C;,EG,, films with the equal number of EG units.
Furthermore, the films derived from C;EG,, with n = 5 and
C10EG,, with n = 4 reduced the adsorption of fibrinogen to <3%
monolayer as they were prepared at medium vacuum condi-
tions. The optimal film C;44EG; on Si(111) prepared at a high
vacuum (10> mbar) showed no protein adsorption, and good
stability in various media including cell culture media.
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