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ABSTRACT: Electron beam lithography (EBL) is of major importance for
ultraminiaturized biohybrid system fabrication, as it allows combining biomolecular
patterning and mechanical structure definition on the nanoscale. Existing methods are
limited by multistep biomolecule immobilization procedures, harsh processing
conditions that are harmful to sensitive biomolecules, or the structural properties
of the resulting protein monolayers or hydrogel-based resists. This work introduces a
thiol−ene EBL resist with chemically reactive thiol groups on its native surface that
allow the direct and selective “click” immobilization of biomolecules under benign
processing conditions. We constructed EBL structured features of size down to 20
nm, and direct functionalized the nanostructures with a sandwich of biotin and
streptavidin. The facile combination of polymer nanostructuring with biomolecule
immobilization enables mechanically robust biohybrid components of interest for
nanoscale biomedical, electronic, photonic, and robotic applications.
KEYWORDS: protein patterning, e-beam, thiol−ene, biohybrid, nanoscale, resist, NEMS

The emerging field of biohybrid systems combines
biological and synthetic structural elements for
biomedical or robotic applications.1,2 The constituting

elements of bionanoelectromechanical systems (BioNEMS)
are of nanoscale size, for example, DNA, proteins, or
nanostructured mechanical parts. This work reports the facile
top-down nanostructuring of polymers to create cross-linked
and mechanically robust nanostructures that are subsequently
functionalized with proteins.
Electron beam lithography (EBL)-based methods allow the

direct-write patterning of matter with sub-10 nm resolution. E-
beam patterning of protein monolayers, for example, by direct-
write inactivation of proteins,3 results in planar structures
unsuited as mechanical elements. One strategy toward 3D
biofunctionalized nanostructures is the incorporation of
proteins in hydrogel-based e-beam resists. Kolodziej and
Maynard4 review EBL-based patterning of biomolecules with
poly(ethylene glycol) (PEG)-based resists. However, these
methods suffer from either requirement of complex, multistep
surface modification or exposure of proteins to high vacuum
and electron radiation conditions not suited for molecules that
are prone to denaturation. Bat et al.5 describe hydrogel resists
of mixtures containing trehalose glycopolymer and proteins,
which allow direct-write patterning of multiple proteins by
EBL while protecting the proteins from the harsh processing
conditions. However, whereas hydrogel resists might be of
interest for cell anchoring or cell proliferation applications,
they result in poor mechanical properties and make structuring
below 100 nm difficult.

A variety of different applications in organic electronics,
optics, and biomedicine utilize thiol−ene alternating copoly-
mers because of their tunable mechanical properties, low-
stress, low shrinkage, and fast curing process.6,7 Previous
nanostructuring of thiol−enes, using nanocontact molding,8

soft imprint lithography,9 step and flash imprint lithography,10

or UV nanoimprint lithography,11 requires a cumbersome
master stamp or mold fabrication and suffers from residual
polymer layers and processing imperfections intrinsic to
contact-mode processes.12,13

Off-stoichiometric thiol−ene polymers (OSTE)14 feature
reactive thiol groups on their native surface, which can be
exploited for rapid one-step microscale surface patterning of
biomolecules.15 Previous OSTE-based devices were shown to
be biocompatible16 and suitable as a substrate for cell growth.17

The off-stoichiometric formulation also significantly reduces
pattern broadening during photostructuring due to diffusion-
induced monomer depletion.18

This work extends direct-write OSTE structuring from
photostructured microscale features to e-beam structured
nanoscale features with maintained surface reactivity, and
demonstrates the direct immobilization of biotin−streptavidin
complexes on the native nanostructured surfaces (see Figure
1).
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Thus, this work introduces three technical key advances.
First, direct nanostructuring of thiol−ene copolymers using
EBL. Second, e-beam resist that features a chemically reactive
surface after patterning. Third, direct covalent (click)
biofunctionalization of e-beam resist. The importance of our
method lies in the nature of the thiol functionality and its
spatial control. Thiol-click chemistry in combination with
nanostructuring can be used to achieve an outstanding control
of bottom up chemical synthesis,19 biomolecule immobiliza-
tion,15,20 and nanoscale self-assembly21 in a geometrically
highly controlled manner. Due to the nature of thiol-click
chemistry most processes are performed under benign
conditions6,19,22 that are compatible with proteins,15,20 nucleic
acids,23 and cell cultures.17,24,25 The facile structuring and
biomolecule immobilization is important for building bio-
nanoelectromechanical structures (Bio-NEMS) that can be
implemented as, for example, ultraminiaturized sensors or
biophotonic transducers.

RESULTS AND DISCUSSION

Figure 2 shows atomic force microscopy (AFM) measurement
results of 33 nm thick EBL-structured OSTE resist. The
exposed patterns consisted of discs with equidistant diameter
and interdistance of 500 and 50 nm, and of lines with
equidistant width and interdistance of 250, 100, 50, 30, and 20
nm.
The line edge roughness (LER) increases with decreasing

lateral feature size. For feature interdistances of 250 nm or
higher, the structure height equals the full OSTE layer
thickness and the nonexposed resist is successfully removed
from the substrate surface. For smaller interdistances, the
structure height is reduced, although features as small as 20 nm
remain easily distinguishable. These features are the smallest
and most dense reported for thiol−ene polymer networks,
regardless of nanopatterning method.
E-beam curing of thiol−ene systems can proceed via free

radical polymerization without the use of initiators.6,22

However, to achieve micrometer-scale or smaller resolution
requires the combination of a high thiol−ene off-stoichiometry

Figure 1. Schematic of the e-beam patterning and direct functionalization of OSTE. (a) Spin coating of OSTE resist. (b) E-beam curing
reactions. (c) OSTE structures after patterning expose thiol functional groups on their surfaces. (d) Biotin linkers bind spontaneously to the
unreacted thiols on the OSTE surface via thiol-maleimide Michael addition. (e) Fluorescently labeled streptavidin conjugate binds
spontaneously to the biotin. OSTE, off-stoichiometric thiol−ene.
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and the addition of inhibitor in the resist formulation.
Photostructuring of off-stoichiometric thiol−ene prepolymer
mixture depletes the deficient monomer in the nonexposed
region immediately adjacent to the exposed prepolymer, which
suppresses gelation caused by radical diffusion in that region.18

We hypothesize that a similar effect occurs during e-beam
exposure. The addition of inhibitor compound further
prohibits the broadening of features by scavenging radicals in
nonexposed areas. The high feature density shown in Figure 2
confirms the prevention of feature broadening in the thiol−ene
network.
Figure 3 shows a light microscopy image of 5 μm square

OSTE resist features after EBL exposure to doses between 100
and 2325 μC/cm2, followed by development, demonstrating
that OSTE EBL resist offers a wide dose window leading to a
wide process window, high robustness, and reproducibility. For
features of lateral size above 500 nm, the demanded exposure
dose ranges from 100 to 500 μC/cm2. Smaller features require

higher doses of 500−1000 μC/cm2, which is comparable to the
900−1000 μC/cm2 dose needed for the widely used negative
tone resist HSQ.
Figure S1 shows XPS spectra and elemental states measured

on exposed and nonexposed areas of the e-beam resist after
development. For exposed areas, resonance peaks at the
characteristic binding energy of 163 eV indicate that in average
4.6% of the surface consists of thiol groups.26 We attribute the
relatively high nitrogen, high sulfur and low chromium content,
when compared to nonexposed areas, to the presence of the
thiol monomer C18H27N3O9S3 in exposed areas, and the
uncovering of the underlying substrate in nonexposed
areas during development.
The developed e-beam resist has an e-modulus of 3 GPa

(Figure S2). This is the highest reported stiffness for off-
stoichiometry thiol−enes,27 and substantially stiffer than the
respective 130 and 60 MPa stiffness of similar stoichiometric

Figure 2. AFM images of gratings and mesa structures of different size, patterned in OSTE via EBL, in which the color bars represent the
height of the structures. (a) Circular pillars of 500 nm diameter and half-pitch (left), gratings of 250 nm width and half-pitch (middle), and
gratings of 100 nm width and half-pitch (right). (b) Gratings of 50 nm width and half-pitch (left) and circular pillars of 50 nm diameter and
half-pitch (right). The dotted white line indicates where the cross-section lays. (c) Gratings of 30 nm width and half-pitch. (d) Gratings of 20
nm width and half-pitch. AFM, atomic force microscopy; EBL, e-beam lithography; OSTE, off-stoichiometric thiol-ene.
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and off-stoichiometric thiol−ene formulations that were UV-
cured.
We speculate that the high degree of stiffening in the e-beam

versus UV cured formulations is due to cross-linking via
hydrogen abstraction and subsequent bond formation via
radical−radical coupling reactions.
Figure 4 shows fluorescence microscopy images of the

OSTE resist after EBL, followed by biofunctionalization with
biotin and streptavidin−Alexa Fluor 488 conjugate. The
exposed patterns consisted of a fractal tree that features a
100 μm wide trunk and twigs of width as small as 100 nm;
gratings and arrays of squares and discs of 10 μm line size and
diameter; and line structures of 50 μm length and 250, 500 nm
width with interspacing of 2.5 and 25, 1 and 50 μm,
respectively.
The fluorescence signal intensity from the OSTE structures

is 7.4× higher than that of the control surface (green channel,
analyzed by ImageJ). The high fluorescence intensity following
the biofunctionalization demonstrates that the thiol−ene resist
features chemically reactive thiols on its surface. Thiol reactive
groups enable diverse types of biofunctionalization, for
example, thiol−gold, thiol−ene, and thiol−Michael addition
(click) reactions, with the latter including thiol−maleimide,
thiol−vinyl sulfone, thiol−(meth)acrylate, and thiol−yne
interactions.28 Here, biotin moieties bind directly and

Figure 3. Light microscopy image of 5 × 5 μm2 squares of the
OSTE resist after dose testing. The numbers indicate the exposure
dose in μC/cm2.

Figure 4. Fluorescence microscopy images of EBL nanopatterned OSTE structures of different size after incubation with biotin and
fluorescently labeled streptavidin. (a) Fractal tree shape with microtrunk of width 100 μm and branches as small as 100 nm. (b) Dot and line
structures with size, line width, and interspacing of 10 μm. (c) Line structures of 50 μm length, with 250 nm width and 2.5 μm pitch. (d)
Line structures of 50 μm length, with 500 nm width and 1 μm pitch. (e) Line structures of 50 μm length with 250 nm width and 25 μm pitch
(left); and 500 nm width and 50 μm pitch (right). EBL, e-beam lithography; OSTE, off-stoichiometric thiol−ene.
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covalently to the e-beam structured OSTE resist surface via a
spontaneous thiol−maleimide Michael addition reaction. The
subsequent attachment of streptavidin to the immobilized
biotin constitutes a full bioassay on top of the e-beam
patterned resist.
The lower limit to the protein patterned feature size in this

work, 250 nm, is attributed to the requirement of a very fine
process window in the development procedure for dense
structures. Figure 2 shows the creation of smaller geometrical
features, albeit with reduced structural height. This leads us to
hypothesize that smaller protein features may be feasible
during EBL of thinner OSTE layers, with a thickness
comparable to the structural height variations obtained for
these smaller line width structures. In addition, tuning the
development process with regards to temperature, time and
solvent chemistry, along with using higher e-beam energies,
may enable more distinct sub-250 nm features.
Our approach has a number of advantages over previous

EBL-based in situ protein patterning techniques. We do not
expose proteins to the demanding processing conditions inside
the e-beam chamber, such as ultrahigh vacuum and high
electron energy, widening the possibility of EBL protein
patterning to more sensitive proteins. Moreover, our approach
obviates multistep surface modifications, such as building SAM
layers on top of an e-beam resist or on the underlying
substrate.
OSTE is also mechanically more robust, with an E-modulus

∼3 GPa, compared to the E-moduli of hydrogels, <100 kPa.
Due to the nature of thiol-click chemistry most processes can
be performed under benign conditions that are compatible
with proteins, nucleic acids, and cell cultures. This enables life-
science applications, such as the straightforward nanoscale
patterning of sensitive biomolecules and small footprint
bioassay immobilization.
We hypothesize that in a broader perspective, this work will

also enable combining other specific features of OSTE with
nanoscale structures, such as the use of thiol-click reactions for
direct metal coating, for example, via thiol-gold chemistry,29

grafting of functional layers,30 layer bonding,31 or component
self-assembly; the tuning of the mechanical stiffness, where the
previous and current work show E-moduli in the range 2.8
MPa to 3 GPa;27,32 and the high and tunable refractive index.33

The combination of these properties may further lead to
potential applications in nanoscale electronic, photonic and
robotic systems.

CONCLUSIONS
In conclusion, this work introduces off-stoichiometric thiol−
ene copolymers as a new class of e-beam resist. The native
surfaces, including the side walls, of the mechanically robust
resist structures act as sites for direct and covalent biomolecule
immobilization. The results presented here hold specific
promises for life-science applications. Combining these results
with other features of OSTE materials may further lead to
ultraminiaturized biohybrid electronic, photonic and robotic
systems.

METHODS
Substrates. As substrate materials, both silicon and fused silica

chips coated with 20 nm chromium were used. The thin Cr
conductive layer reduces electron charge accumulation in the resist
while minimizing the electron backscattering and its subsequent
proximity effect.

Preparation of Thiol−Ene Based Precursor Formulations.
(1) The OSTE EBL resist was prepared in three steps. First, 83.2%
wt/wt of the tr i funct ional thiol monomer tr i s[2-(3-
mercaptopropionyloxy)ethyl] isocyanurate (BOC Sciences, USA)
and 16.8% wt/wt of the tetra-functional allyl monomer glyoxal
bis(diallyl acetal) (Sigma-Aldrich, Germany) were thoroughly mixed
using a speed-mixer (Hauschild Engineering, Germany), resulting in a
monomer composition with functional group molar ratio trithiol:te-
tra-allyl of 1.8:1. Second, the thiol−ene resist was diluted in propylene
glycol monomethyl ether acetate (Sigma-Aldrich, Germany) to create
a solution of concentration 5% wt/wt. Finally, 0.67% wt/wt of an
inhibitor solution was added, consisting of 15% wt/wt of Q-1301
(Wako Chemical Inc., Japan) dissolved in tetrahydrofuran (Sigma-
Aldrich, Germany). The OSTE EBL resist solution was stored in a
dark environment at +4 °C until used.

(2) A new precursor formulation of OSTE for UV curing purposes
was prepared by addition of 0.5% wt/wt of 1-hydroxycyclohexyl
phenyl ketone (IRG) photoinitiator (Irgacure 184, BASF, Ger-
many) to the same 1.8:1 thiol−ene blend and dilution in the same
solvent to obtain a final 5% wt/wt thiol−ene solution.

(3) An on-stoichiometric thiol−ene (ONSTE) formulation for UV
curing was prepared by 73.4% wt/wt of the thiolmonomer mixed with
26.6% wt/wt of the allyl monomer. The resulting 1:1 functional group
ratio blend was mixed with 0.5% wt/wt of the photoinitiator and
diluted in the solvent to reach a 5% wt/wt thiol−ene solution.

The thiol−ene based solutions were stored in a dark environment
at +4 °C until used.

Substrate Preparation by Spin-Coating. Thin films of thiol−
ene based resists were spin-coated on the substrates at 4000 rpm, with
an acceleration of 3000 rpm/s, for 5 s resulting in a 30−50 nm resist
thickness, as measured by using a stylus profiler (KLA-Tencor P-15,
Milpitas). The high spin acceleration rate was used to ensure a
uniform film coating of OSTE.

E-Beam Patterning. E-beam writing was performed (Raith 150,
Germany) at an exposure voltage of 25 keV. Different exposure doses
in the range 100−2325 μC/cm2 were applied, depending on the
targeted resolution.

Different features were e-beam patterned, including gratings and
arrays of circular and square pillars with feature size between 20 nm
and 10 μm. We also patterned a single fractal structure containing
features of size ranging from 100 nm to 100 μm.

UV Curing. The precursors adapted for UV curing were exposed
to collimated (3° collimation half angle) near UV short-arc mercury
lamp (OAI, Milpitas) at 10.5 mW cm−2 for 10 S.

Development. Samples were developed by immersion into hexyl
acetate (Sigma-Aldrich, Germany) for 30 s at room temperature.

XPS Analysis. To measure the relative concentration of the thiol
functional group next to the e-beam exposure, an e-beam structured
chip containing OSTE patterns was characterized by XPS
(VersaProbeIII Scanning XPS microprobe, monochromatic Al Kα
source (hv = 1486.6 eV), Beam size: 50 μm). Five positions on both
e-beam structured and nonexposed areas were selected for XPS
analysis (see Figure S2).

Protein Functionalization. A solution of 10 mM maleimide-
PEG2-biotin (ThermoFisher, Sweden) in PBS (ThermoFisher,
Sweden) was incubated on the structured OSTE surface for 10
min, followed by rinsing with PBS containing 0.05% Tween 20 (VWR
Chemicals, Sweden). Thereafter, streptavidin solution (Alexa Fluor
488 conjugate, 12 μM in PBS, ThermoFisher, Sweden) was incubated
on the sample for 10 min, followed by rinsing with PBS containing
0.05% Tween 20 and pure PBS in sequence, and drying at room
temperature.

Microscopy. Structures were evaluated by light microscopy,
atomic force microscopy (AFM, from Bruker ICON) using
noncontact mode, and fluorescence microscopy (Nikon, Japan).

Elastic Modulus Analysis. Two samples entirely coated by thin
films of UV cured on-stoichiometric thiol−ene and OSTE 80%, along
with an additional sample containing e-beam structured patterns of
OSTE 80% were quantitatively inspected using the same AFM
microscopy equipped with a multifrequency lock-in amplifier (MLA
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hardware) and Intermodulation AFM software suite (Intermodulation
Products AB, Sweden). E-modulus quantification was done through
DMT-EXP model.34
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