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Making Protein Patterns by Writing in a Protein-Repelling Matrix**
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One of the challenges of modern nanotechnology is the
development of reliable, efficient, and flexible methods for
the fabrication of ordered and complex patterns of proteins.
Such patterns are of importance for biology and medical
science: examples are proteomics, panel immunoassays, cell
research, pharmaceutical screening for potential drugs, med-
ical diagnostics, and encoding directional biological informa-
tion. An essential element of almost all the available
techniques!'™ is a protein-repelling background matrix
which surrounds the active protein-adsorbing areas and
prevents adsorption of proteins beyond these areas. Such a
matrix is usually comprised of oligo- or poly(ethylene glycol)-
based materials, polymers, or self-assembled monolayers
(SAMs), and is generally prepared by a backfilling procedure
after the fabrication of the protein-attracting patterns. Herein
we present an alternative approach, showing that the protein-
repelling films, both SAM- and polymer-like, can be used as a
primary matrix for direct electron-beam writing of both non-
specific and specific protein patterns of any shape, including
gradient ones, on a variable length scale. These factors make
the approach quite flexible, which is additionally strength-
ened by the intrinsic versatility of electron-beam lithography
(EBL), a wide range of suitable electron energies, the broad
availability of commercial oligoethylene glycol (OEG) com-
pounds, variable substrate material, and the wide choice of
the target proteins.

The approach is schematically illustrated in Figure 1. We
used protein-repelling SAMs of OEG-substituted alkane-
thiols, HO(CH,CH,0),(CH,),;SH with n=3 (EG3) and 7
(EG7), on evaporated Au(111) substrates.

Generally, the first step (or steps) to fabricate a protein
pattern is to prepare a SAM-based chemical template. Such
templates can be made by a combination of direct writing
(molecules with specific binding groups to attract or bind
proteins or intermediate moieties) and backfilling (OEG-
based molecules) as in microcontact printing or dip-pen
lithography.'*” In EBL, fabrication of a chemical template
suitable for protein adsorption can be performed either by
transformation of specific tail groups of an aromatic SAMP1*!
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or by the irradiation-promoted exchange reaction (IPER)
between a primary aliphatic SAM and a molecular substitu-
ent! The transformation of specific SAM tail groups
however, requires an additional exchange-reaction-mediated
backfilling of non-irradiated areas by OEG-based molecules,
which is a slow process.”’) The possibilities of IPER are limited
as well, because of its low efficiency in the case of long-chain
OEG-based SAMs.'"” Therefore, only inverse protein pat-
terns (protein-repelling features on a protein-adsorbing
background) have been fabricated by the IPER method to
date.")

In view of these problems, patterning aliphatic SAMs
directly, similar to the aromatic films, could be considered.
However, in contrast to aromatic films, a tail group of an
aliphatic SAM usually cannot be specifically modified by
electron irradiation without severe damage to the entire film,
which deteriorates the overall quality of the template.!'! We
found, however, that this behavior does not occur in the case
of OEG-terminated SAMs. According to X-ray photoelec-
tron spectroscopy (XPS) data (see Figure 2a and Figure SI1
in the Supporting Information), the OEG part of such films is
extremely sensitive to electron irradiation (similar behavior
was previously observed for UV-light exposure).™ It is
modified to a severe extent even at very low doses
(£1mCcm™), but both the aliphatic part and thiolate
anchor of the SAM remain mostly intact, maintaining a
thorough coupling of the molecules to the substrate.'” As a
result of the electron-induced decomposition of the OEG
chain, the effective thickness of the OEG SAM progressively
decreases in the course of irradiation (Figure 2b).

Along with the thickness reduction, the cleavage of the C—
O bonds within the ethylene glycol (EG) units leads to the
generation of chemically active sites for subsequent non-
specific binding of different moieties. The amount of adsor-
bate is governed by the density of these sites, that is, by the
primary irradiation dose. As shown in Figure 2b (see also
Figure SI2 in the Supporting Information), progressive irra-
diation of the EG7 and EG3 SAMs results in a progressive
increase in protein affinity until saturation (an affinity which
is 100% that of a dodecanthiolate (DDT) SAM) at higher
doses. Extensive adsorption of proteins occurs even at small
thickness reduction, especially for EG3/Au, thus it is the
newly formed chemically active sites that are responsible for
the protein attachment and not “holes” in the primary film
which occur during the thickness reduction.!”) The selection
of an appropriate dose allows a precise tuning of the protein
coverage from zero to the values typical for surfaces with high
protein affinity (DDT SAMs).

By combining this approach with lithography, it is possible
to fabricate any desired protein pattern, including gradient-
like ones. An example is given in Figure 3a, where an AFM
image of a gradient-like fibrinogen pattern surrounded by the
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Figure 1. lllustration of the approach. A chemical template for the protein pattern is directly written by EBL in the primary OEG-based SAM or
polymer film (a). This template can be either directly used for non-specific attachment of any proteins (b) or exposed to a protein carrying a
specific binding site for subsequent specific adsorption of another protein (c). The specifically modified template does not adsorb any proteins (d)
except for the target one (). In all cases, the extent of protein adsorption is governed by the primary irradiation dose. As an example, a thiolate
SAM on Au substrate is shown; however, the approach is believed to be applicable to any OEG-based SAM- or polymer-like film on any substrate

as long as the primary film is protein repelling.
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Figure 2. a) C1s XPS spectra of the pristine and electron-beam-modi-
fied EG7/Au SAMs. The spectra are deconvoluted in two peaks related
to the OEG (black) and alkane (gray) parts of the EG7 molecules. The
dose is marked at the spectra. b) Thickness of the EG7/Au (black) and
EG3/Au (gray) films (open symbols) and portion of the adsorbed
globulin on the electron-beam-modified EG7/Au (black) and EG3/
Au (gray) SAMs (filled symbols) as functions of irradiation dose. The
globulin coverage was referenced to the 1 monolayer (ML) film on a
DDT/Au SAM, which was set as 100%.

pristine protein-repelling EG7 matrix is shown; the height
profiles along the stripes (Figure 3b) reflect different varia-
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tions of irradiation dose. According to these profiles, all three
gradients are well defined and the protein coverage correlates
precisely with the irradiation dose. The gradient profiles agree
well with the protein coverage curves in Figure 2b, reproduc-
ing for example, the specific, slow onset at low doses. In
addition, protein coverage varies gradually along the stripe I,
but achieves saturation for the steeper gradients, stripes II
and III (see Figure 3).

The saturation dose is approximately 0.5 mCcm ?; the
difference from the analogous value in Figure2b (ca.
1.25 mCcm™) is related to the different kinetic energies of
electrons used for the large-area spectroscopic experiments
(10 eV) and patterning (1 keV).'! Note also that in contrast
to many other techniques, ' not only linear or radial
gradients but gradient-like patterns of any shape can be
prepared by EBL.” Simple, array-like patterns can be
prepared as well. An example of such a pattern is given in
Figure 3¢ in which the respective optical micrographs are
shown. This pattern was written in a EG7/Au SAM, which was
afterwards exposed to the AlexaFluor 488 conjugate of
human serum albumin (HSA).

A chemical OEG-based pattern fabricated by EBL can be
directly used for the non-specific adsorption of any protein. In
addition, the pattern can be easily transformed to a specific
template by attachment of a protein carrying a binding site for
subsequent specific adsorption of another protein. To dem-
onstrate this concept we took the well-established biotin—
avidin combination which is frequently used in screening
assays.’!] The respective data are shown in Figure 4a. To
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Figure 3. a) An AFM image of the protein gradient pattern taken after
the adsorption of fibrinogen on the electron-beam-engineered EG7/Au
SAM. The irradiation dose along the stripes was gradually varied from
0to 0.5, 1.0, and 3.0 mCcm™2 for the stripes |, II, and Ill, respectively.
b) Height profiles along the stripes. The extent of the fibrinogen
adsorption clearly follows the primary irradiation dose. c) An optical
micrograph of the dot pattern formed after adsorption of an Alexa-
Fluor488/HSA conjugate on the electron-beam-engineered EG7/Au
SAM. d) An optical micrograph of the dot pattern formed after
adsorption of AlexaFluor546 conjugate of streptavidin onto the above
template treated preliminary with Biotin-BSA.

monitor protein adsorption we measured the N1s XPS peak
characteristic of proteins. As a primary matrix, EG7/Au was
used; it shows zero affinity to all the proteins used in our
study. In the first step, EG7/Au was irradiated with electrons
(1 mCcm™?) and exposed to biotin-labeled bovine serum
albumin (Biotin-BSA), which resulted in a characteristic N1s
XPS signal. A subsequent exposure of the modified template
to a non-specific protein, such as for example, bovine serum
albumin (BSA), did not lead to any change of the XPS
spectrum, which means, as expected, that no further protein
adsorption occurred. In contrast, the immersion of the same
template into the solution of a specifically binding protein
(avidin) resulted in a significant increase of the N1s intensity,
showing the specific adsorption event. This result is supported
by the fluorescence microscopy data in Figure 3d, in which a
dot pattern of an AlexaFluor 546 conjugate of streptavidin on
the Biotin-BSA-EG7/Au template is shown. Note that this
selective attachment can also be performed the other way
around, that is, non-specific adsorption of avidin and sub-
sequent specific adsorption of Biotin-BSA (Figure SI3 in the
Supporting Information).

The approach is not limited to SAMs on gold substrates
but can also be applied to any OEG-based films, including
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Figure 4. a) N1s XPS spectra after either direct or sequential adsorp-
tion of Biotin-BSA, BSA, and avidin on the pristine and electron-beam-
modified EG7/Au SAM. b) NTs XPS spectra after adsorption of BSA on
the pristine and electron-beam-modified EG-silane/Si film. c) N1s XPS
spectra after adsorption of avidin onto pristine and the electron-beam-
modified EG-polymer/Si film.

SAM-like and polymer-like films on silicon or glass. To
demonstrate this, we took films of OEG-substituted trichlor-
osilanes with OEG parts of different lengths. In one case
(EG6-silane), this part contained only six EG units; the film
was SAM-like and repelled only some proteins, including
BSA, which was therefore chosen for the experiments (for a
silicon substrate more than six EG units are necessary for
complete repelling of proteins).”? In another case (EG-
polymer), the OEG part contained about 2000 units so that
the film can be considered to be a polymer film rather than a
SAM. This film repelled all proteins we tested, including
avidin which was then used as a test molecule. As shown in
Figures 4b and c, electron irradiation of both EG6-silane and
EG-polymer films promoted protein adsorption: while no
characteristic N1s XPS signal was observed for non-irradiated
films exposed either to BSA or avidin, a significant signal
appeared after the electron irradiation. This suggests that all
above results for the EG3/Au and EG7/Au SAMs are also
applicable to other OEG-based films on different substrates.
Such general behavior is a clear indication that proteins bind
directly to the modified OEG matrix; this binding is
presumably mediated by chemically active sites created by
electron irradiation. The bonding is quite robust; the protein
patterns remain intact after extensive washing and subse-
quent handling.

In conclusion, we have presented a universal and simple
approach to the preparation of protein patterns. It involves
one-step fabrication of a chemical template for non-specific
protein adsorption—by direct electron beam writing in an
OEG-based, protein-repelling primary film. This film can be
both SAM- and polymer-like, with a broad choice of
substrates. The required irradiation dose is smaller by two
orders of magnitude than for an alternative, multi-step EBL
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approach.”'”! The non-specific template can be easily con-
verted into a specific one by adsorption of a mediator protein
with specific binding sites for the secondary target protein.

The EBL allows the generation of patterns over a length
scale ranging from centimeters to nanometers,'*?*%! with no
limitations to the pattern shape, including complex, gradient-
like assays.””! Such patterns can become an important tool for
mimicking natural biological interfaces which frequently
possess gradient character—a typical way of encoding and
displaying directional biological information. Such model
surfaces can be used as versatile assays to study, for example,
cell growth, differentiation, and migration® or bacteria
adhesion.”!

Whereas complicated patterns can only be written by a
focused electron beam, for example, with a commercially
available lithography setup,”®’ less complex patterns can be
prepared in proximity printing geometry using quite simple
equipment.’! The approach can also be extended to X-ray®’!
or deep UVP? lithography, which allows interferometric
techniques to be implemented; these techniques are suitable
for the fabrication of arbitrary large arrays with a nanometer-
scale precision.”*

Experimental Section

EG7 and EG-silane compounds were synthesized in analogy to
previously described methods. The SAMs were prepared by immer-
sion procedures, following standard methods. They were either
homogeneously irradiated (10eV electrons) or patterned with
either 10 eV (dot patterns) or 1keV (gradient patterns) electrons.
The effect of electron irradiation was monitored by XPS; for which
homogeneously irradiated SAM samples were used. The adsorption
of proteins on these samples and on SAM patterns was performed
according to standard methods. The adsorption was monitored by
XPS, using the characteristic N1s emission. The protein patterns were
imaged by atomic force microscopy and fluorescence microscopy. For
details and further references, see the Supporting Information.
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