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While it is well-known that oligoethylene glycol (OEG)
terminated self-assembled monolayers (SAMs) can be
deteriorated by UV irradiation in air, we now report that the
analogous modification can also be performed in water,
opening the opportunity for in situ tuning of biorepulsive
properties. Surprisingly, this deterioration also takes place
even in the absence of molecular oxygen, resulting in a very
selective process.

Control of surface properties in terms of biocompatibility and
biorepulsivity are primary challenges for a variety of frontier
technologies, including fabrication of biosensors, medicine,
marine biofouling, etc.' A popular approach in this regard is
surface functionalisation with oligoethylene (OEG) based
materials, which can either be deposited as OEG brushes by so-
called “grafting to® or “grafting from“* methods or as OEG
terminated self-assembled monolayers (SAMs).> The biorepulsive
properties of the latter systems depend on the amount of the OEG
material so that they can be adjusted to some extent by molecular
design.? An alternative way for such an adjustment is the
exposure of OEG terminated surfaces to electrons’ or UV light®,
resulting in a predominant damage of the OEG segments. This
approach is particularly attractive since the irradiation treatment
can be performed in a lithographic way, resulting in complex
bioaffinity patterns imbedded into biorepulsive backgrounds.’
The bioaffinity, which is initially non-specific, can then be easily
turned into a specific one by a subsequent exchange reaction of
the electron/UV damaged SAM constituents with the moieties
bearing specific receptors for target biomolecules.® This approach
represents a promising alternative to the standard methodology,
viz. the preparation of bioaffinity patterns on bare substrates with
subsequent backfilling by suitable OEG terminated SAMs.®

In comparison, the tuning of biorepulsive properties by UV light
is preferable over the use of electrons because the former is much
simpler and requires less expensive experimental setups, in
particular because no vacuum is needed. Moreover,
implementation of advanced patterning approaches’ and the
possibility to modify OEG materials at relatively long
wavelengths (up to 390 nm)° enable the use of well-developed
standard optics and commercial patterning strategies.

So far the modification of OEG terminated SAMs by UV light
was only performed at ambient conditions since it is generally
accepted that the involved chemical reactions require oxygen as
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co-reactant or mediator.'® It would be, however, of advantage, to
perform this process in aqueous environment, which is the natural
medium for biomolecules. A combination of suitable microfluidic
setup and UV-based lithographic equipment would then enable
the preparation and characterisation of complex biological
assemblies and patterns within a single experimental platform.
Here we provide a basis for such future developments, reporting
that the terminal OEG segments of the SAM constituents can be
modified by UV light in an aqueous environment. We also show
that this photo-process is even possible in the absence of oxygen,
which, as mentioned above, was up to now always considered as
the main reactant in the photolysis of OEG materials.

As test system we used SAMs of hexaethyleneglycol terminated
undecanethiol (abbreviated as EG6, see Figure 1a) on gold. These
films are well known to degrade if exposed to ambient light'' and
can also be modified in a controlled manner by UV light in air.®
Under these conditions, the degradation of the OEG chain closely
follows the mechanism observed for the analogous bulk
materials, including chain scission and formation of esters and
aldehydes.'” In addition, a partial deterioration of the alkane
chain as well as of the anchoring group has been found, including
the formation of sulfone and sulfoxide species,® in agreement
with the behaviour of non-substituted alkanethiol (NSAT)
SAMs.? Such oxidised species are only weakly bound to the
substrate and can be easily washed away or exchanged for other
moieties.> To test the possibility to modify OEG terminated
monolayers under aqueous conditions and to clarify the role of
oxygen in related reactions and processes, we performed the
irradiation treatment of the EG6 monolayers in a custom designed
cell with a quartz window, filling the gap (~ 0.2 mm) between the
sample and window with either air-containing or oxygen-free
water. The irradiation was carried out with a conventional,
mercury-vapor based laboratory fluorescence lamp (254 nm,
1.1mW cm? at 5cm distance). In the case of air-containing
water, the thickness of the EG6 SAM, starting at ~ 2.9 nm as
determined by ellipsometry, became nearly as quickly reduced as
upon irradiation in air (Figure 1b, blue vs. red). X-ray
photoelectron spectroscopy (XPS) data (Supporting Information)
show that this reduction occurred predominantly on the expense
of the OEG part, but also the normalized signals of the sulphur
atoms (Figure 1d) and the alkyl part (C—C at 284.6 eV, Figure le)
exhibited progressive decrease with UV dose. The material loss
was accompanied by extensive oxidation of the residual OEG
segments, as follows from the infrared reflection absorption
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Figure 1. Data obtained for the irradiation of EG6 SAMs with UV light of 254 nm wavelength under different conditions: In air (red), in air-containing
water (blue), and in oxygen-free water (green). (a) Structure of the EG6 molecule. (b) Decrease of the monolayer thickness with increasing irradiation
dose. In deoxygenated water, the process stops after a loss of about 1.3 nm. The lines are guides to the eye. (c) IRRA spectra of the EG6 SAMs after
irradiation with 20 J cm™. In the absence of oxygen, no signal for carbonyl groups (1730 cm™) could be found. The shift in the asymmetric CH; stretch
vibration at around 2920 cm™ indicates the different degrees of (dis)order in the systems. (d) S 2p/Au 4f XPS intensity ratio and (e) C 1s/Au 4f XPS
intensity ratio, with only the signal of the alkane segments included, indicating a partial damage of the alkanethiolate linkers during irradiation in the
presence of oxygen. (f) IRRA spectra of EG6 SAMs irradiated with different doses in oxygen-free water in comparison with the spectrum of a MUD SAM
(lowest trace). The insert demonstrates that the order in the alkane part of the SAMs is not altered, as indicated by the CH, vibration at 2919 cm™.

(IRRA) spectra (Figure 1c), which exhibited a significant C=O
signal at 1730 cm™ for both air and air-containing water samples.
The main difference was the appearance of an additional band at
1380 cm™ in the former sample, assigned to formic esters, which,
presumably, became hydrolysed in water. The results suggest that
the oxygen content of the water, which under ambient conditions
amounts to 8-9 mg/dm*,' is sufficient to mediate a comparable
extent of photo-induced degradation as in air.

However, to our great surprise, the reduction of the EG6
thickness occurred even under exclusion of molecular oxygen
(Figure 1b, green), suggesting that the latter is not necessary for
the photolysis of the OEG substituted SAMs. Interestingly, the
thickness was not reduced continuously with increasing dose as
in the presence of oxygen but exhibited a levelling-off behaviour
at doses above 12 J cm™. Also, spectroscopy revealed significant
differences between the UV effect in air-containing and oxygen-
free environment: In the latter case, only tiny amounts of oxidised
carbon species, which are mostly expected to show up in the EG
part,'® could be detected in the IRRA and XP spectra (Figure 1c
and Supporting Information) of EG6 even after high UV doses.
Moreover, neither the XP signal related to the sulphur atoms nor
that associated with the alkyl chain became decreased upon
irradiation (Figure 1d,e, green, the slight increase is caused by the
noticeably different kinetic energies of the Cls and Au4f
photoelectrons), indicating that the alkane thiolate part of the
monolayer remains basically unaffected. This is in pronounced
contrast to the above observations in air or in air-containing
water, where the modification of the OEG segments is
accompanied by a partial loss of the alkane thiolate linkers by
40 oxidation of the anchoring group. Thus, under exclusion of
molecular oxygen, the sulphur-gold bond stays intact, leaving the
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alkane chains in place resulting in a layer with a final thickness of
about 1.6 nm after extensive UV exposure. Such a value would
be expected for an ordered undecane thiolate SAM possibly
terminated by hydroxyl groups. This assumption is supported by
the IRRA spectra of EG6 SAM in oxygen-free water upon
exposure to UV light (Figure 1f): Whereas the band assigned to
the symmetric stretching mode of the alkyl segments at 2919 cm™
does not shift upon irradiation (see insert in Figure 1f) indicating
that these segments are not altered and stay well ordered, the
band characteristic of the helical conformation of the OEG
segments (at 2892 cm™)? disappears already at small doses
(17 cm™®), manifesting a disturbance of this segment. All other
bands typical of the OEG segments (964, 1244, 1348, 1463, and
in particular 1120 cm™)* disappear gradually during the
irradiation process (Figure 1f and Supporting Information). At a
dose of 20 Jem™? the IRRA spectrum of the irradiated EG6
monolayer resembles that of a highly ordered SAM of 11-
mercaptoundecanol (MUD, in Figure 1f), with only about 4% of
the intensity of the OEG signal at 1120 cm™ remaining, This
indicates a clean scission of the OEG part, while the rest of the
SAM stays basically unaltered.

The loss of the OEG part should result in a loss of biorepulsivity.

Several studies report that proteins adhere to MUD SAMs,

6 although not as strong as to NSAT SAMs (CH; termination).'> As

test protein we used bovine serum albumin (BSA), which forms

layers of about 1.3 nm thickness on MUD SAMs. We therefore

exposed EG6 SAMs, which have been irradiated with different
UV doses, to BSA and determined the amount of adsorbed

70 proteins by ellipsometry and XPS (see Supporting Information).
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Figure 2. (a) Dose-dependent loss of biorepulsivity, as determined by the
adhesion of BSA. In the case of the oxygen-free system (green) the
protein adhesion is similar to that on a MUD monolayer (dotted line),
while in the two other cases (air: red, oxygen-containing water: blue) the
adhesivity becomes similar to that of a NSAT SAM. (b) SEM image of an
EG6 surface patterned by irradiation through a mask followed by protein
adhesion. The dark areas correspond to adherent BSA. For comparison,
an image of the mask is provided in the insert.

8 %QQQ

Figure 3. Outline of the observations: In the absence of oxygen, only the
OEG part of the monolayer becomes decomposed, while in the presence
of oxygen all parts of the SAM are affected. The former case allows for a
better and finer control of the biorepulsivity.

As can be seen in Figure 2a (green), up to a dose of ~3 J cm™
enough EG units remain in the layer to render it biorepulsive. At
higher doses, the EG6 film progressively loses its biorepulsivity
and more and more BSA molecules become deposited until the
protein layer thickness levels off at doses above 15 J cm™ The
respective value of 1.3 nm corresponds to the BSA layer
thickness obtained on a MUD SAM (horizontal dotted line in
Figure 2a). For comparison, also the data for the samples
irradiated in air-containing water (blue) and in air (red) are
depicted. In both cases the protein layer thickness increases up to
1.9nm, a value that can be compared to the BSA thickness
obtained on a NSAT SAM (horizontal dashed line in Figure 2a).
It can then be assumed that the EG6 SAMs, exposed to high UV
doses in air or air-containing water, are mostly comprised of
distorted alkyl chains which act as effective adsorption sites for
proteins as shown in Figure 3, addressing also the oxygen-free
case.

As mentioned above, UV treatment of OEG terminated SAMs in
aqueous environment can also be performed in a lithographic
fashion, which is one of the major advantages of the approach. As
a principal test, EG6 SAM was irradiated (10Jcm?) in
deoxygenated water in a simple proximity printing geometry
using a 2000 mesh metal grid as mask. After exposure to BSA
solution, the selective deposition of the protein became visible in
the scanning electron microscope as a contrast between the
protein-covered (dark) and protein-free (light) areas (Figure 2b).
Note that this result is only a principal proof of the approach: It
can be expected that advanced lithographic tools will permit the
formation of much more complex protein-affinity patterns.
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Conclusions

The presented photo-chemically induced modification of the
OEG terminated monolayers in water opens the opportunity for in
situ adjustment of the layer properties, above all biorepulsivity.
The observation that the presence/absence of oxygen results in
different surface chemistries permits a further fine tuning. The
exploitation of these observations as well as mechanistic studies
are currently under way in our laboratories and will establish a
new tool for performing in situ biochemical experiments at
surfaces.
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