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T
he organization of proteins at sur-
faces is necessary for applications in
array-based biosensor technology,1�4

and for fundamental work that aims to ex-
amine the relationship between the spatial
organization of biological molecules and
diverse phenomena including tissue cell
attachment,5�8 actin filament formation,9

neuronal guidance, membrane protein func-
tion, biological recognition and energy trans-
fer in light-harvesting complexes.10,11 There
has been a great deal of interest in the
development of techniques for the organiza-
tion of proteins on nanometer length scales,
but to date, there have been few reports of
methods that provide control over protein

organization on sub-100 nm length scales.
Protein patterning is highly challenging be-
cause proteins adsorb strongly and irrever-
sibly to most surfaces; rigorous control of
nonspecific adsorption is required simulta-
neouslywith the definition of protein-binding
regions. Examples to date include the use of
microcontact printing,12 colloidal self-assembly,
dip-pen nanolithography,13,14 nanoshaving,15

electron-beam lithography16,17 and near-field
optical techniques.18�20 However, local probe
and electron-beam techniques are serial in
nature and thus not well suited to large area
fabrication. Moreover, samples fabricated
in this way are “single-use” materials that
cannot be reused with a different biological

* Address correspondence to
karen-chong@imre.a-star.edu.sg,
Graham.Leggett@sheffield.ac.uk.

Received for review March 16, 2015
and accepted June 4, 2015.

Published online
10.1021/acsnano.5b01636

ABSTRACT The photocatalytic self-cleaning characteristics of titania

facilitate the fabrication of reuseable templates for protein nanopattern-

ing. Titania nanostructures were fabricated over square centimeter areas

by interferometric lithography (IL) and nanoimprint lithography (NIL).

With the use of a Lloyd's mirror two-beam interferometer, self-assembled

monolayers of alkylphosphonates adsorbed on the native oxide of a Ti film

were patterned by photocatalytic nanolithography. In regions exposed to

a maximum in the interferogram, the monolayer was removed by

photocatalytic oxidation. In regions exposed to an intensity minimum,

the monolayer remained intact. After exposure, the sample was etched in piranha solution to yield Ti nanostructures with widths as small as 30 nm. NIL

was performed by using a silicon stamp to imprint a spin-cast film of titanium dioxide resin; after calcination and reactive ion etching, TiO2 nanopillars were

formed. For both fabrication techniques, subsequent adsorption of an oligo(ethylene glycol) functionalized trichlorosilane yielded an entirely passive,

protein-resistant surface. Near-UV exposure caused removal of this protein-resistant film from the titania regions by photocatalytic degradation, leaving

the passivating silane film intact on the silicon dioxide regions. Proteins labeled with fluorescent dyes were adsorbed to the titanium dioxide regions,

yielding nanopatterns with bright fluorescence. Subsequent near-UV irradiation of the samples removed the protein from the titanium dioxide

nanostructures by photocatalytic degradation facilitating the adsorption of a different protein. The process was repeated multiple times. These simple

methods appear to yield durable, reuseable samples that may be of value to laboratories that require nanostructured biological interfaces but do not have

access to the infrastructure required for nanofabrication.

KEYWORDS: nanofabrication . photolithography . nanoimprint lithography . interferometric lithography . titania . photocatalysis .
protein arrays
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adsorbate. Recently, interferometric lithography (IL)
has been used to fabricate protein nanopatterns over
macroscopic (cm2) areas byphotochemical degradation
of novel protein-resistant poly(cysteine methacrylate)
brushes21 and by degradation of protein-resistant
silanes,22 with a feature size of 30 nm reported in the
latter case. Such methods are attractive because they
enable rapid, inexpensive fabricationofmacroscopically
extended arrays of nanostructured biomolecules, but
they are still subject to the limitation that fresh sub-
strates must be fabricated for each experiment.
The photocatalytic properties of titania are well-

documented.23�25 Irradiation by photons with ener-
gies larger than the band gap leads to the formation of
electron�hole pairs, with the consequence that ex-
cited oxygen species are formed, leading to the oxida-
tive degradation of organic matter at the surface.
Photocatalytic degradation processes have been used
to pattern organic resist layers including films of
siloxanes,26 alkylphosphonates,27�31 alkylthiolates27

and graphene.32 Gradient structures have been fabri-
cated, by using a grayscale mask to carry out ex-
posure,27 and combination of photocatalysis with a
local probe has enabled nanofabrication to be
attempted.33 Recently, a titania-coated AFM probe
was used to write 70 nm protein structures in a
protein-resistant silane film,34 by exploiting the photo-
catalytic properties of the oxide film to cause localized
degradation of a protein-resistant silane film, render-
ing it adhesive.
For laboratories that are interested in the organiza-

tion of proteins on nanometer length scales, but do not
possess extensive infrastructure for nanofabrication,
the availability of reuseable templates for protein
adsorption, in which features are formed with high
fidelity over large areas (ca. 0.1�1.0 cm2), would be
highly attractive. In this work, we demonstrate that
titania nanostructures, formed by either interfero-
metric lithography (IL)35 of a self-assembledmonolayer
(SAM) of alkylphosphonates36�42 or by nanoimprint
lithography (NIL) of a novel titania resin, may be
utilized in combination with the adsorption of pro-
tein-resistant silanes to produce nanometer-scale pro-
tein patterns (Figure 1). The photocatalytic properties
of the titania templatesmean that theymay be cleaned
by UV exposure, and degradation products simply
rinsed away prior to reuse for adsorption of a different
protein.

RESULTS AND DISCUSSION

Photolithographic Fabrication of Micro- and Nanostructures.
Micrometer- and nanometer-scale titanium structures
were fabricated as shown in Figure 1a by photocataly-
tic patterning of an alkylphosphonates SAM as resist.
Exposure through a mask caused photocatalytic de-
gradation of the monolayer in exposed regions, while
the monolayer remained intact in masked regions. To

create nanostructures, light from a frequency-doubled
argon ion laser (244 nm) was directed into a Lloyd's
mirror interferometer consisting of a sample and mir-
ror set at an angle 2θ to each other; half the incident
beamwas directed onto the sample, and the other half
was reflected from the mirror onto the sample, where
it interfered with the first half of the beam to yield a
pattern of alternating bands of constructive and de-
structive interference, with period λ/2 sin θ. In regions
where the sample was exposed to a maximum of
intensity, the adsorbates were photocatalytically de-
graded, but in areas exposed to a minimum in the
interferogram, modification was limited. Conse-
quently, when the samples were etched, using piranha
solution, the titanium was removed from regions ex-
posed to a maximum in the interferogram, but in
regions where the sample was exposed to a band of
destructive interference, the SAM remained intact and
thus masked the titanium from the etch solution.

Figure 2 shows Ti nanostructures fabricated in this
fashion. The period and full width at half-maximum

Figure 1. Schematic diagram showing the fabrication
and functionalization of titanium dioxide nanostructures.
(a) Photocatalytic nanopatterning of an alkylphosphonate
self-assembledmonolayer on titaniumdioxide, by exposure
to UV light in a Lloyd's mirror interferometer or through a
mask, leads to selective removal of the adsorbates facilitat-
ing selective etching of the titanium dioxide film using
piranha solution. (b) Nanoimprint lithography of a resin
layer formed by spin-coating TiO2 resin containing mixture
of monomers onto a silicon wafer, followed by calcination,
yields TiO2 nanostructures. (c) Arrays of titania nanostruc-
tures fabricatedbybothapproaches arecoatedbyadsorption
of an oligo(ethylene glycol) functionalized trichlorosilanes,
rendering themprotein-resistant. Exposure of the samples to
near-UV light causes photocatalytic cleaning of titania re-
gions, facilitating protein adsorption. Further cycles of near-
UV exposure and protein adsorption may be carried out,
enabling multiple reuse of samples.
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height (fwhm) of the Ti nanostructures may be varied
by changing the angle 2θ between the two interfering
beams in the interferometer and by varying the etch
time. In Figure 2a, structures with a fwhm of 250 nm
have been formed at a 900 nm period, while in
Figure 2b, structures with a fwhm of 30 nm have been
formed at a 150 nm period. To facilitate efficient
photocatalysis in subsequent protein patterning work,
titanium dioxide was annealed by heating to 550 �C. It
was found that annealed samples yielded higher rates
of photocatalytic degradation than the as-prepared
films, an observation that was attributed to the forma-
tion of the photocatalytically active anatase phase.
While the titania surface used in the initial lithographic
stepwas likely amixture of anatase and rutile, it proved
straightforward to pattern the SAMs because of the
high energy of the photons (244 nm). After annealing,
the titanium structures became resistant to etching in

piranha solution; it was thus important that calcination
was carried out after the nanofabrication process had
been completed, and not beforehand.

TiO2 micro- or nanostructures were immersed
in a solution of [methoxy(polyethyleneoxy)propyl]-tri-
chlorosilane (CH3O(C2H4O)6�9 (CH2)3Cl3Si, henceforth
OEG-silane) in toluene, to form a film of protein-
resistant silane across the entire surface. Ellipsometry
indicated a thickness of ca. 2 nm, similar to the
expected thickness of a monolayer of adsorbate,
although the thickness of the film is likely variable
and ellipsometry alone cannot provide confirmation of
monolayer formation. The samplewas then exposed to
UV light from the HeCd laser (325 nm), causing photo-
catalytic degradation of the OEG-silane molecules
attached to the titania surface and rendering those
regions adhesive to proteins.

The modification of the silane film was character-
ized by using X-ray photoelectron spectroscopy to
analyze unpatterned films of OEG-silane formed on
titanium and silicon oxide surfaces (Figure 3). The
as-prepared films on both substrates yield a strong
ether component in the C 1s spectrum at 286.7 eV,
together with a second component at 285.0 eV that
corresponds to hydrocarbon. After exposure of the film
on titanium dioxide to a UV dose of 1.53 J cm�2 at
325 nm, the ether peak was observed to be signifi-
cantly reduced, and new peaks were observed at
287.8 and 289.1 eV corresponding to aldehyde and
carboxylic acid products of the photocatalytic degra-
dation process. In contrast, the C 1s spectra of the films
formed by adsorption of OEG-silane on silicon dioxide
surfaces showed no signs of change even after an
exposure as high as 48 J cm�2 (Figure 3e).

After selective removal of OEG-silane from Ti
microstructures, the samples were immersed in a solu-
tion of FITC-labeled immunoglobulin G (FITC-IgG) in

Figure 2. Tapping mode (a) and contact mode (b) AFM
height images, together with representative line sections,
of titanium nanowires formed by interferometric lithogra-
phy. Exposure of an octadecylphosphonate SAM on the
native oxide layer of a thin film of titanium was followed by
etching in piranha solution.

Figure 3. XPS C 1s spectra for films of OEG-silane formed on titanium dioxide (a�c) and silicon dioxide (d and e) after various
UV exposures at a wavelength of 325 nm.
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phosphate-buffered saline (PBS) solution. Protein ad-
sorbed to titanium dioxide coated regions in which the
surface was not protected by OEG-silane. The sample
was imaged by confocal fluorescence microscopy
(Figure 4a). Bright green fluorescencemay be observed
from the TiO2 regions (bars), but the square regions,
which consist of OEG-silane-coated silicon dioxide,
remain dark because the oligo(ethylene glycol) groups
are highly protein resistant and remained intact in
those regions.

A further exposure was carried out using the HeCd
laser, to cause photocatalytic degradation of protein
attached to titania. The sample was immersed in a
solution of Cy3-labeled streptavidin, and imaged by
confocal fluorescence microscopy (Figure 4b). Bright
fluorescence was observed at 543 nm from the TiO2

regions (bars), but theOEG-silane functionalized silicon
dioxide regions (squares) remained dark, confirming
that the streptavidin had adsorbed only to the titania
surface. Finally, the sample was cleaned by exposure at
325 nm, leading to photocatalytic breakdown of the
streptavidin, and the surface was refunctionalized by
adsorption of FITC-IgG (Figure 4c).

Protein nanopatterns were formed on structures
fabricated by interferometric lithography. To enable
the resulting patterns to be resolved by confocal fluo-
rescence microscopy, a period of 589 nmwas selected,
larger than the point spread function of the imaging
system. For these samples (Figure 5a), a fwhm of
209 nm was measured. Given that some broadening
of the features is expected in the micrographs, these

dimensions are close to the lower limit that is feasible if
protein adsorption is to be detected by fluorescence
microscopy. After adsorption of green fluorescent
protein (GFP), clear bands of green fluorescence were
observed from the TiO2 structures (Figure 5c). The
protein bands, while broadened because of the intrin-
sic limitations of the imaging system, could clearly be
resolved from the dark regions between the TiO2

nanostructures that were passivated with OEG-silane.
The sample was photocatalytically cleaned, by expo-
sure to light from the HeCd laser, and immersed in a
solution of yellow fluorescent protein (YFP). The YFP
adsorbed to the clean surfaces of the TiO2 nanostruc-
tures, and again, the protein nanolines could be re-
solved from the dark, OEG-passivated lines separating
them (Figure 5d). These data demonstrate that TiO2

nanostructures may be utilized to fabricate protein
nanopatterns, yielding excellent contrast in fluores-
cence microscopy. They also demonstrate that such
structures may be reused by exploiting the photoca-
talytic self-cleaning characteristics of titanium dioxide,
with no loss of protein-resistance in neighboring sili-
con dioxide regions that have been passivated with
OEG-silane.

After exposure to the HeCd laser, both micrometer-
and nanometer-scale titania patterns appeared com-
pletely dark in confocal microscopy images. In an effort
to quantify the removal of protein in the photocatalytic
step, a simple control experimentwas performed using
an unpatterned film that had been treated in all other
respects in the same way as the patterned samples

Figure 4. Confocal fluorescence microscopy images of Ti microstructures following repeated cycles of photocatalytic
cleaning and adsorption of (a) FITC-IgG, (b) Cy3-streptavidin, and (c) FITC-IgG.

Figure 5. (a) Tappingmode AFMheight image of TiO2 nanostructures fabricated for protein nanopatterning experiments. (b)
Line section showing a period of 589 nm and fwhm of 209 nm. (c) Confocal fluorescence micrograph after adsorption of GFP
onto the sample shown in (a). (d) Fluorescencemicrograph of the sample shown in (c) after photocatalytic cleaning of the TiO2

nanostructures followed by adsorption of YFP.
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were. Because of the small size of the nanostructures,
and the comparatively low levels of fluorescence de-
tected even when they were coated with protein, a
macroscopic control specimen was judged to be a
more accurate means by which to determine the
efficiency of photocatalytic cleaning. Figure 6 shows
fluorescence images acquired under identical gain
conditions for a specimen before and after exposure
to UV light. The mean fluorescence intensity at each
pixel was determined. Before exposure, the mean
intensity was 64.7 arbitrary units (AU); after exposure,
it was 2.2 AU. In ourmicroscope, the background signal
is never exactly zero, and the intensity after UV ex-
posure, which was ca. 3% of the intensity beforehand,
likely reflects the background noise level in the fluo-
rescence experiment, supporting the qualitative ob-
servation that protein fluorescence was undetectable
after photocatalytic cleaning.

Fabrication of Protein Nanostructures by Nanoimprint Litho-
graphy. Titania nanostructures were also fabricated by
nanoimprint lithography. IL and NIL are somewhat
different fabrication methods, and our goal was to
determine whether titania nanofabrication provided
a generically useful approach to the fabrication of
reusable templates for protein patterning. While NIL
requires more sophisticated infrastructure than IL, it is
not restricted to the fabrication of periodic structures,
as is the case for IL, offering greater freedom in the
design of nanostructures.

Titanium dioxide pillars were fabricated using NIL.
The process is shown schematically in Figure 1b. TiO2

resin was spin-coated onto a glass substrate, and the
film was patterned by NIL. Figure 7a shows a cross-
sectional image acquired by scanning electron micro-
scopy (SEM) for a representative sample. The resulting
structures were calcined to remove the organic com-
ponents in the imprinted film, which resulted in a
60�70% shrinkage in the dimensions of the structures
(Figure 7b). A thin residual film remained between the
nanostructures. It was difficult to resolve by SEM, but if
left intact, yielded a continuous thin film of titania
between the nanostructures defined by NIL. The resi-
dual layer was removed by reactive ion etching (RIE) in

an SF6 and Ar gasmixture. Figure 7c shows the finished
structures. A highmagnification image of a single pillar
is shown in Figure 7d. This micrograph shows clearly
the interface between the TiO2 pillar and the SiO2 be-
low and surrounding it. A clear interface to the TiO2

may be seen, confirming that it is an isolated structure.
After fabrication of the array of TiO2 pillars, OEG-

silane was adsorbed onto the entire sample, creating a
protein-resistant layer. The sample was flooded with
near-UV radiation, causing photocatalytic degradation
of OEG-silane molecules on the TiO2 pillars. Protein
patterns were prepared by immersing the sample in a
solution of fluorescein-conjugated wheat germ agglu-
tinin (FITC-WGA). Figure 8 shows confocal fluorescence
microscopy images of FITC-WGA adsorbed onto three
different TiO2 structures fabricated by NIL. In Figure 8,
panels a and b show arrays of TiO2 dots with diameters
of 600 and 200 nm, respectively, and periods of 12 and
1 μm, respectively. Figure 8c shows an array of TiO2

lines with awidth of ca. 250 nmand a period of 5 μm. In
each case, the TiO2 nanostructures exhibit bright fluo-
rescence, and the oxide regions between them, wich
have been passivated using OEG-silane, exhibit dark
contrast, suggesting that nonspecific adsorption of
proteins is negligible. These data confirm the effective-
ness of using TiO2 nanofabrication, combined with the
photocatalytic properties of the titanium dioxide sur-
face, to control protein adsorption.

Samples were subjected to repeated cycles of pro-
tein adsorption and photocatalytic cleaning. Figure 9
shows data for a sample that consisted of 200 nm TiO2

dots at a period of 1000 nm. The sample was treated
with OEG-silane, to render it protein-resistant, and then
exposed to UV light to remove the silane from the TiO2

dots by photocatalytic degradation. The sample was
then immersed in a solution of Cy5-labeled streptavidin
(henceforth Cy5�streptavidin) in buffer overnight and
then rinsed and imaged by confocal fluorescence

Figure 6. Confocal fluorescence micrographs of an unpat-
terned control sample, onto which a monolayer of GFP has
been adsorbed, before (a) and after (b) photocatalytic
cleaning. The mean grayscale intensity of each pixel was
64.7 AU in (a) and 2.2 AU in (b).

Figure 7. SEM cross-sectional images of (a) an array of
imprinted TiO2 resin pillars; (b) a similar structure after
calcination at 550 �C; (c) the finished TiO2 structure after
reactive ion etching with SF6 and Ar gases; and (d) a high
magnification image showing complete removal of the TiO2

residual layer.
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microscopy (Figure 9a). The Cy5�streptavidin coated
TiO2 nanodots are resolved clearly. The surrounding
OEG-silane passivated regions are dark, confirming that
they remained protein-resistant. The cross section
through thefluorescence image exhibits negligible fluo-
rescence from these regions.

The sample was cleaned by exposure to UV light,
and immersed in a solution of FITC-WGA in buffer. The
sample was rinsed and imaged by confocal fluores-
cence microscopy (Figure 9b). Strong fluorescence is
observed from the TiO2 nanodots, and again, the cross
section through the fluorescence micrograph shows
that the fluorescence intensity from the OEG-silane
regions between the dots remains negligible.

The process was repeated further times. The sample
was, on each occasion, cleaned by exposure to UV light
and then immersed in solutions of Cy5�streptavidin
(odd numbered cycles) and FITC-WGA (even num-
bered cycles). Figure 9c shows a fluorescence image
of the sample after the sixth cycle. Despite repeated
cycles of protein adsorption and photocatalytic clean-
ing, the fluorescence remains negligible on the regions

between the TiO2 nanodots, confirming that the OEG-
silane is resilient under near-UV exposure, and the
fluorescence on the nanodots remains bright, confirm-
ing that the protein-adhesive surface is successfully
regenerated by UV exposure.

CONCLUSIONS

The photocatalytic self-cleaning characteristics of
titania surfaces provide a simple means to fabricate
reuseable templates for protein nanopatterning.
Titanium nanostructures may be fabricated by inter-
ferometric lithography, using a simple dual-beam
Lloyd's mirror interferometer to pattern a self-as-
sembled monolayer of alkylphosphonates on the na-
tive oxide layer of a Ti thin film by photocatalytic
degradation. The modified surface is etched with
piranha solution to yield Ti nanostructures with full
widths at half-maximum as small as 30 nm. Alterna-
tively, nanoimprint lithographymay be used to pattern
a spin-cast film of titanium dioxide resin that was
subsequently calcined and treated by reactive ion
etching to remove residual layer from between the

Figure 8. Confocal fluorescence microscopy images showing FITC-WGA adsorbed to TiO2 patterns consisting of (a) 0.6 μm
dots, (b) 0.2 μm dots, and (c) 0.25 μm lines.

Figure 9. Confocal fluorescence microscopy images of a single 0.2 μm TiO2 dot array sample following repeated cycles of
protein adsorption and photocatalytic cleaning. (a) Image acquired after the first cycle, showing Cy5�streptavidin adsorbed
onto an array of TiO2; (b) image acquired after a second cycle, showing ITC-WGA adsorbed to titania pillars following
photocatalytic cleaning of the sample shown in (a); (c) image acquired after a sixth cycle showing FITC-WGA adsorbed to
titania pillars following consecutive adsorption and removal of FITC-WGA and Cy5�streptavidin proteins.
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imprinted structures. In both cases, the silicon oxide
regions between the TiO2 structuresmay be passivated
with an oligo(ethylene glycol) terminated silane,
rendering them resistant to protein adsorption. In
both cases, protein can be selectively adsorbed to the

TiO2 nanostructures, and subsequently removed by
exposure to near-UV radiation, with negligible degra-
dation of the passivating silane film between the TiO2

nanostructures. This facilitates multiple reuse of the
TiO2 structures as templates for protein nanopatterning.

METHODS

SAM Preparation. Glass coverslips (Menzel-Glaser, 22 mm �
60 mm, no. 2 thickness) and silicon (100) wafers (Pi-Kem,
Tamworth, U.K.) were initially cleaned with fuming piranha
solution, which is amixture of 30%H2O2 and 98% concentration
sulfuric acid (both purchased from Fisher scientific) in the ratio
3:7 for 40 min. (Caution!: Piranha solution is a strong oxidizing
agent, which has been known to detonate spontaneously upon
contact with organic material, and should be handled with
extreme care.) The substrates were rinsed excessively with
deionized water and dried in an oven at 120 �C overnight.
Titanium dioxide substrates were prepared by evaporating
a 15�20 nm of titanium onto the glass slides at a rate of
0.03 nm s�1 using an Edwards Auto306 vacuum coating system.
The evaporator was allowed to cool before venting to dry
nitrogen. To allow the formation of the native oxide layer, the
slides were exposed to the laboratory atmosphere for 20 min.
SAMs were formed on the titanium dioxide substrate by
immersing them in a solution of 1 mM octadecylphosphonic
acid (Alfa Aesar, Heysham, U.K., 97%) in toluene for 12�48 h.
Following the formation of the SAM, the samples were rinsed
with toluene and ethanol and dried under a stream of nitrogen.

Micropatterning. SAMs of ODPA on titanium were exposed in
air to light from a frequency-doubled argon ion laser emitting at
244 nm (Coherent FreD 300C). The laser power wasmeasured at
33.7mWcm�2. Patternswere produced by exposing the sample
through a Cu TEM grid. The photopatterned samples were
immersed in cold piranha solution and kept at 30 �C using a
water bath for approximately 25 min. The end point of the
etching was roughly determined by eye and then later con-
firmed by AFM, ensuring the height of the titanium features
were similar to the initial evaporated thickness. After etching,
the samples were rinsed thoroughly with deionized water and
ethanol. The samples were calcined at 550 �C for 1 h.

SAMs of OEG-silane were formed on the etched samples by
placing them in a 1mM solution of 2-[methoxy(polyethyleneoxy)-
propyl]-trichlorosilane (OEG-silane, Fluorochem, Hadfield, U.K.)
in toluene for 2 h. To remove the OEG-silane from the titanium
dioxide, the samples were exposed to a 325 nm UV laser
(Kimmon model IK3202R-D, HeCd) at a dose of 8.65 J cm�2

and then rinsed with ethanol and water. Protein adsorption was
carried out by immersing the samples in 10 μL mL�1 of
Streptavidin�Cy3 or IgG-FITC, pH 7.4, 10 mM phosphate buf-
fered saline solution overnight. The samples were rinsed with
deionized water and then dried under a stream of nitrogen
before imaging with confocal microscopy. Subsequent removal
of the protein was achieved by irradiating the sample at 325 nm
wavelengths with a dose of 14.4 J cm�2.

IL. Interference lithography was carried out using a Lloyd's
mirror interferometer in conjunction with the frequency-
doubled argon ion laser. The angle between the mirror and
the sample in the interferometer was varied depending on the
period of the pattern required. Samples were patterned using
the IL with a dose of between 1.68 and 3.93 J cm�1. Following
photopatterning, the samples were rinsed with ethanol and the
titanium substrates were etched by placing in warm piranha
solution (40 �C) for 4�6min. The samples were then rinsed with
deionized water and calcined in an oven at 550 �C for 1 h.

SAMs of OEG-silane were formed on the etched samples by
placing them in a 1 mM solution of OEG-silane in toluene for
2 h. To remove the OEG-silane from titania, the samples were
exposed to the HeCd laser at a dose of 8.65 J cm�2 and then
rinsed with ethanol and water. Protein adsorption was carried
out by immersing the samples in 20 μg mL �1 of GFP or YFP in

pH 7.4, 100 mM ammonium acetate buffer solution overnight.
The samples were rinsed with deionized water and then
dried under a stream of nitrogen before imaging with confocal
microscopy.

NIL. Titanium(IV) n-butoxide (97%), 2-(methacryloyloxy)
ethyl acetoacetate (95%) and ethylene glycol dimethacrylate
(98%) were purchased from Sigma-Aldrich and used as re-
ceived. Benzoyl peroxide (BPO) was supplied by Sinopharm
Chemical Reagent. 2-[Methoxy(polyethyleneoxy)propyl]-tri-
chlorosilane (OEG-silane) was supplied by Fluorochem. Abso-
lute ethanol (99.8þ%) was supplied by Fisher Scientific.

All glassware and silicon wafers used were first cleaned by
submersion in piranha solution, a mixture of 30% hydrogen
peroxide and 95% concentrated sulfuric acid in the ratio 3:7 for
at least 40 min. (Caution!: Piranha solution is an extremely strong

oxidizing agent which has been known to detonate sponta-
neously upon contact with organic material.) The glassware
was rinsed thoroughly with deionized water (Elgar Nanopure,
18.2 MΩ) a minimum of six times and then sonicated for 10 min
before being placed in the oven (approximately 80 �C) and left
overnight to dry.

A titanium dioxide resin was made by combining titanium-
(IV) n -butoxide with 2-(methacryloyloxy) ethyl acetoacetate in
1:2 molar ratio inside a glovebox (<5% relative humidity) to
form the chelated precursor with an alcohol as by product.
Then, ethylene glycol dimethacrylate as a cross-linker was
added to the chelated precursor followed by benzoyl peroxide
(BPO), an initiator for thermal free radical polymerization.43

The titanium dioxide resin was spin-coated onto glass
substrates at 3000 rpm for 30 s. The monomer film was
imprinted with silicon molds using an Eitre 6 (Obducat) nano-
imprinting system. Samples were imprinted at 35 bar, and for
the first 300 s, the temperature was set at 30 �C, then the
temperature was raised to 135 �C and the samples cured for
600 s before the pressure was released and the mold removed.
After the imprinting step, the samples were calcined in an oven
at 550 �C for 1 h. The residual layer was removed by an RIE
process using a Plasmalab 80 Plus (Oxford Instruments). The
pressure and power were set at 80 mTorr and 125 W, respec-
tively. SF6 and Ar gas were supplied at flow rates of 30 and
10 sccm, respectively, for an etch time of 1 min. The samples
were then cleanedwith fumingpiranha solution and rinsedwith
ultrapure DI water. SAMs of OEG-silane were formed on
the etched samples by placing them in a 1 mM solution
of OEG-silane in toluene for 2 h. The samples were then
irradiated by a UV-A lamp emitting wavelengths in the range
320 �400 nm for 3 min to remove the OEG-silane molecules
bound to the TiO2 structures. Protein adsorptionwas carried out
by immersing the samples overnight in 10 μL mL�1 of strepta-
vidin�Cy5 or wheat germ agglutinin-fluorescein (WGA-FITC),
pH 7.4, 10 mM phosphate buffered saline solution. The samples
were rinsedwith deionizedwater and thendried under a stream
of nitrogen before imaging with confocal microscopy. Subse-
quent removal of the protein was achieved analogous to the
removal of the PEG-silane, by irradiating the sample with a UV-A
lamp for 3 min.

Preparation of GFP and YFP. The gene sequence of yellow
fluorescent protein (YFP) was amplified by PCR from pCS2-
Venus vector (a kind gift from Dr. Atsushi Miyawaki, RIKEN Brain
Science Institute, Japan). The resulting Nde I /BamHI fragment
was cloned into a pET14b expression vector (Novagen). Intro-
ducing the combined F64L, S65T, V68L, S72A, M153T, V163A,
S175G, A206 K mutations into the YFP gene resulted in en-
hanced green fluorescent protein (GFP) gene.44 Both His6-YFP
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and His6-GFP proteins were produced by heterologous expres-
sion in Escherichia coli (BL21); cells were grown to an OD680 of
0.6 at 37 �C, then induced using IPTG (0.4 mM) for 12 h at 25 �C.
Pelleted cells (19 000g/20min) were lysed by sonication and the
resulting lysate was clarified by a further spin (33 000g/30 min).
Both His-tagged fluorescent proteins were purified to homo-
geneity from clarified lysate using a Chelating Sepharose Fast
Flow Ni-NTA gravity flow column (GE Healthcare) as detailed in
the manufacturer's instructions. Protein purity was assessed by
gel electrophoresis (SDS�PAGE).

Characterization. XPS measurements were made using a
Kratos Axis Ultra X-ray photoelectron spectrometer, equipped
with a delay-line detector and operating at a base pressure of
1 � 10�9 mbar. Survey spectra were acquired at pass energy of
160 eV, and high resolution spectra at pass energy of 20 eV. All
XPS spectra were analyzed and curve-fitted using the Casa XPS
software, and were corrected relative to the C 1s signal at
binding energy (B.E.) = 285.0 eV.

Tapping AFM measurements were made using a Bruker
Nanoscope IV Multimode atomic force microscope. RTESP
probes with a nominal tip radius 8 nm and TESP-SS series
ultrasharp silicon probes (Bruker), with resonance frequency
of 320�350 kHz and an average tip radius of 2 nm, were used.

Fluorescence images were acquired with a LSM 510 Meta
laser scanning confocal microscope (Carl Zeiss, Welwyn Garden
City, U.K.). The samples were mounted in a glycerol/PBS-based
antifade solution (Citifluor AF1, Agar Scientific, U.K.) and ob-
served with 40� and 63� oil immersion objectives (numerical
apertures of 1.30 and 1.40, respectively). A small drop of
immersion oil (Immersol 518 F, Zeiss) was placed on the slide
in the center of the lighted area. All fluorescence images were
analyzed using Zeiss LSM image browser software.
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