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ABSTRACT: We present a method to selectively (bio)-
functionalize nanoscale features with the same materials chemistry.
It was successfully combined with nanosphere lithography to
fabricate and functionalize solid-state nanopores with PEG-brushes,
supported lipid membranes, and functional proteins over large
areas. The method is inexpensive, can be performed without specialized equipment, and can be applied to both topographic and
planar surface modification.
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Engineered nanopores fabricated in free-standing mem-
branes, also called solid-state nanopores, have been used as

models to study mimics of DNA translocation through the
nuclear pore complex and other biological channels1,2 and as a
tool to study protein−ligand interactions at the single-molecule
level.3 Nanopores are of high interest for ultrafiltration.4,5 They
are considered to have enormous potential for biosensing
applications,4,6 especially to efficiently funnel analytes to optical
biosensor elements.7,8 All applications to complex biomolecular
solutions require that the pore is made specifically interacting
with the analyte. The top surface should therefore be
completely nonfouling and differ in functionality from the
pore to maximize sensitivity, prevent clogging, and give high
signal-to-noise. Such orthogonal surface (bio)functionalization
of topographic 3D structures still requires new methods to be
developed.4,9 Several approaches for selective silanization of the
inside and outside of nanopores have been proposed.10 They
are typically complex processes with high failure rates,4,9,10

relying on phenomena that are difficult to control accurately,
such as surface wetting,11 electrospraying,12 plasma polymer-
ization,13 or other methods specific to processing conditions
during the anodization of porous alumina.14 Our work
addresses this need for the flexible and robust fabrication of a
large range of structures and applications; it extends beyond
silanization to physisorbed, self-assembled molecular surface
modifications of common use in biosensor surface modification.
Fabrication of nanopore arrays can be accomplished by ion-

beam or by nanoscale lithography followed by anisotropic
etching. Because of its serial nature, focused ion beam is too
slow and expensive to create a large number of pores on
multiple biosensor substrates. Metal-mask-assisted etching is a
well-established technique to create high aspect ratio
nanostructures.15 The lithographic step can be performed by,
e.g., electron-beam or nanoimprint lithography. Nanosphere
(NS) lithography is an alternative method to create nano-
patterns that has been used to create nanopore arrays in Si3N4
and other supports.8,16,17 It is a low-cost alternative to directly
create a nanohole metal mask, but limited to arrays of nanoscale

features while arbitrary patterns cannot be produced. The
process encompasses the deposition of a metal layer, e.g., Cr,
onto a Si3N4 surface bearing a monolayer of polystyrene NS
deposited randomly18 or ordered.19 After removal of the NS,
the underlying substrate is anisotropically etched using reactive
ion etching through the apertures of the metal mask.8,16,19

Dissolving the Cr mask leaves a clean substrate perforated with
nanopores. We have in previous work demonstrated the
regularity of the formed pores, which are routinely obtained
with straight and smooth walls and the uniform dimensions
given by the colloids used for the original mask.
Specific functionalization of the nanopores is challenging

because of the small dimensions and the lack of material
contrast between inside and topside. One strategy used for this
purpose is the sequential deposition and etching of thin layers
of distinct materials on the substrate, such as gold on Si3N4 for
nanoplasmonic hole sensors.7,20,21 Responsive polymer brushes
were also patterned using radical polymerization in nanopores
masked by a Cr film onto which vapor-deposited silane-
anchored initiators did not bind.22 The use of orthogonal
binding chemistry, e.g., silanes and thiols, to modify a patterned
surface is often referred to as selective molecular assembly
patterning (SMAP).23 This method risks physisorption of
molecules on the part of the pattern where they are not
supposed to bind.
Alternatively, one part of the surface can first be patterned

using a mask.24 The unmasked pattern can be subsequently
functionalized by molecular self-assembly if the mask can be
lifted off without disturbing the assembled molecular layer. An
example of this approach on the micron scale is the molecular
assembly photolithographic lift-off (MAPL) approach.25 The
main advantage of MAPL is that the surface to be patterned in
the second step is fully protected during the first functionaliza-
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tion step and that the entire surface can have the same surface
chemistry. The original MAPL approach has not been
successfully downscaled to the nanoscale or applied to weakly
self-assembled systems such as lipid membranes. However,
Steinem et al. recently extended the concept to hydrophobic
silanization of aluminum oxide membranes masked by an Au
film.10 It was shown that the top surface could be rendered
hydrophobic to assemble lipid monolayers, whereas the
hydrophilic interior of the pores repelled lipid adsorption. In
a recent alternative approach, a PDMS stamp masked one side
of a nanoporous chip during vapor deposition of an initiator,
which resulted in polymerization only in the nanopores and on
one side of the chip.26

We present a MAPL-related strategy that goes substantially
beyond current state-of-the-art. A Cr mask defined by NS
lithography is used to control the etching of nanopores (100,
200, and 500 nm in diameter) into a Si3N4 membrane. Our
objective is to create polymer brushes that suppress nonspecific
biomolecular adsorption on either or both the top and inner
surfaces of the nanopores, which can have different selective
interactions with biological molecules. The brush functionaliza-
tion of the nanopores is integrated in the lithography process
before the removal of the Cr mask. A second type of polymer
brush or, for example, a supported lipid bilayer, can be created
through self-assembly after mask removal.
Nanopores were generated by NS lithography first in 300 nm

thick Si3N4 layers deposited on glass, as published previously
(Figure 1Ai-iv; see the Supporting Information for AFM and

SEM images of substrates).8,19 A 15 nm thick metallic Cr mask
was used in the masking step. The concentration of nanopores
on the surface was tuned by adjusting the concentration of NS
and the incubation time. Samples with mixed pore sizes were
obtained by mixing colloidal dispersions; these were used to
compare directly the dependence of the molecular self-assembly
on the nanopore size. Functionalization of the pores was
performed before the removal of the Cr mask used for the pore
etching (Figure 1Av). The Cr mask thus also masks the surface
from adsorption of polymer and other contaminations during
the nanopore functionalization. Cr mask removal will lift off all
molecules adhering to it after the functionalization step and
leave a pristine surface for further functionalization, but the
etching can also affect the integrity of the polymer adsorbed
inside the nanopores. XPS measurements were performed in
order to determine the minimal time required to completely
remove the Cr mask. After 5 min the Cr layer cannot be
observed by optical inspection, but XPS revealed that traces
remain on the surface for etching times up to 25 min. The
complete removal of all metal traces is important because they
affect the wettability and charge of the surface, as well as
toxicity when performing biological assays. A 30 min Cr etch
was henceforth used to ensure the complete removal of the
metal mask (see the Supporting Information for XPS
measurements).
Poly-L-lysine-graf t-poly(ethylene glycol) (PLL-g-PEG) and

PLL-g-PEG-biotin were chosen first for nanopore functionaliza-
tion.27,28 The cationic polylysine (PLL) polymer backbone of

Figure 1. (Ai−vi) Schematic of the process to fabricate and functionalize nanopores in 300 nm Si3N4 layers supported on glass. The process results
in nanopores coated with protein-resistant PLL-g-PEG and a clean Si3N4 top surface. (B). TInAS results for the effect of Cr-etching on PLL-g-PEG
thickness. (C) XPS results for the effect of Cr-etching on PLL-g-PEG mass for two samples etched for 5 and 30 min, respectively. Integration of the
C 1s peak yields a reduction of 50% after 5 min, which was unchanged after 30 min exposure.
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this graft copolymer adsorbs rapidly on freshly UV or plasma
activated oxide surfaces due to electrostatic interactions.27,28

Self-assembly of a well-known nonfouling polymer coating has
the advantage over surface-initiated polymerization that it is a
one-step, nonchemical process providing a well-characterized
polymer brush structure. The optimized graft-copolymer
architecture ensures the formation of a dense and stable PEG
brush that screens further interactions of the surface with, for
example, proteins. The ability of PLL-g-PEG to suppress
adsorption of many different types of proteins, including serum
(albumin), fibrinogen, fibronectin, and cell culture media,
liposomes, bacteria, and cells has been amply demonstra-
ted.29,30 Exposing first the free patterned surface to PLL-g-PEG-
biotin allows for adding biomolecular functionality on an inert
PEGylated background to the inner nanopore walls through the
specific bond of biotin to avidin. Via avidin binding, any
biotinylated biomolecule, such as antibodies and DNA, can be
coupled to the surface.25,27 Backfilling the entire chip with PLL-
g-PEG after mask lift off creates a nanoscale biofunctional
pattern. A simple assay can be made using fluorescently-labeled
neutravidin to image specific nanopore (bio)functionalization.
Neutravidin was primarily chosen because of its engineered
lower nonspecific interactions compared to native avidin or
streptavidin; this is useful if the substrates should be exposed to
complex media. Streptavidin was also tested with the same
result for controlling specific lipid and protein adsorption as
described below.
Investigation of the brush structure inside a nanopore is

beyond current experimental capabilities. The stability and
integrity of PLL-g-PEG adsorbed on Si3N4 during exposure to
the Cr etching solution was therefore evaluated by means of
both transmission interferometric adsorption sensor TInAS31

and XPS on planar substrates (Figure 1B−C). After 5 min the
thickness of the polymer layer as fitted by a one-layer PEG
model was reduced by 20%. No further loss of polymer
thickness was observed when the etching time was extended
stepwise to 30 min. The remaining PLL-g-PEG can be removed
with a commercial glass or anionic cleaning solution, e.g.,
Roche COBAS cleaner (Figure 1B). XPS was used to further
quantify the changes in terms of polymer film mass by
monitoring changes to the C 1s peak area as a function of Cr
etch exposure. Again, a rapid loss of polymer mass over the first
minutes was observed. Close to 50% of the PLL-g-PEG was lost
after 5 min. XPS confirmed that 30 min-incubation did not
result in additional loss of polymer.
The substantial loss of polymer could reduce the protein

repelling property of the PEG brush. It is also possible that the
biotin functionality is lost, which would prevent further
functionalization. Whether the localized biotin functionality
remained or not was tested by binding fluorescently labeled
neutravidin to nanopores that had undergone the full process
described in Figure 1A. Before exposure to neutravidin the chip
was incubated with PLL-g-PEG to pacify the top surface and to
fill defects on the nanopore walls. Figure 2A shows neutravidin
(green fluorescence) selectively captured within PLL-g-PEG-
biotin functionalized nanopores with diameters of 100, 200, and
500 nm. Nanopore functionalization was accomplished on
100% of the inspected pores (Figure 2B). Comparison of the
fluorescence signal of samples etched 5 and 30 min revealed no
significant difference; the average intensity signals were 54 ±
8a.u. and 45 ± 5a.u., respectively.
The loss of PLL-g-PEG-biotin mass during the etching step

could be due to either partial decomposition of the polymer or
by reduced surface affinity of the polymer to the surface leading

Figure 2. Neutravidin fluorescently labeled with Oregon green (green channel) was selectively bound to surfaces functionalized with a PLL-g-PEG-
biotin brush on a background functionalized with PEG (dark areas). (A) 100, 200, and 500 nm nanopores functionalized with PLL-g-PEG-biotin,
backfilled with PLL-g-PEG, and exposed to fluorescently-labeled neutravidin. (B) 200 nm nanopores functionalized with PLL-g-PEG-biotin and
backfilled with PLL-g-PEG. C) 200 nm pores functionalized with silane-PEG and the substrate subsequently exposed to PLL-g-PEG-biotin. (Di)
Schematic of the PEG-functionalized, nonfouling nanopore circumvented by a spontaneously formed supported lipid bilayer. (Dii) The
homogeneous red fluorescence demonstrates the formation of a SLB circumventing the 200 nm nanopores functionalized with PLL-g-PEG. (E) This
selective assembly around the pores contrasts the observation on nonfunctionalized pores where the SLB spreads into the nanopores to produce
higher fluorescence from the nanopores.32 (F) Fluorescence micrograph superimposed on phase contrast image of 200 nm nanopores specifically
functionalized with streptavidin capturing liposomes containing a fraction of lipids with biotinylated headgroups; this demonstrates multistep
biofunctionalization of the nanopores on a PLL-g-PEG nonfouling substrate as well as the possible substitution of neutravidin for streptavidin.
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to desorption. The latter is more likely, because the loss occurs
through an initial reduction of polymer with no further
decomposition upon longer exposure. The affinity of PLL-g-
PEG is reduced by large changes in pH and the presence of
anionic detergents, but after adsorption it is not very sensitive
to ionic strength. Desorption could be avoided by covalent
binding of the PEG to the substrate using, e.g., silane-PEG to
the activated Si3N4 surface. Silane-PEG was therefore tested for
nanopore functionalization from toluene and the surface
backfilled with PLL-g-PEG-biotin to create the functional
mirror image of the samples functionalized with PLL-g-PEG-
biotin in the nanopores. Both specific and nonspecific binding
of fluorescent neutravidin within the pores can then occur if the
coating in the nanopore is damaged by the Cr lift off process,
because the PLL-g-PEG-biotin can adsorb onto large defects in
the silane-PEG coating on the nanopore walls. Figure 2C
demonstrates that the silane-PEG coating was not affected by
the Cr etching; no neutravidin binding is observed within the
nanopores.
Although the silane-PEG approach might be more robust,

Figure 2A, B demonstrates that the PLL-g-PEG nanopore
coating is also sufficient for selective protein capture. PLL-g-
PEG is easier to handle for surface functionalization because
silane-PEG requires water-free conditions. Additionally, sam-
ples with pores functionalized with PLL-g-PEG could be
regenerated for Cr-masking and functionalization by cleaning
with, for example, cleaning detergent (Figure 1B). Samples
containing 100, 200, and 500 nm pores were reused multiple
times with this method without reduction in fluorescence
contrast between nanopores and background. Functionalized
pore substrates were used for weeks after coating without
noticeable differences in results, although PLL-g-PEG coated
substrates are sensitive to reuse if cleaned in oxidizing
environments or by anionic detergents. Silane-PEG substrates
could be reused by detergent cleaning with the functionaliza-
tion intact. Although not directly investigated, the long-term
stability even of the PLL-g-PEG coating is expected to be a

month even if in full media environments as shown, for
example, in recent cell studies.33

A challenging test is whether the self-assembly of molecules
sensitive to the surface composition can proceed after Cr mask
removal. The formation of supported lipid bilayers (SLBs)
through liposome rupture on the reactivated Si3N4 surface is
very sensitive to minute amounts of surface contaminations. Cr
arrests the rupture of adsorbed liposomes to SLBs.34 Figure 2D
shows a substrate comprising 200 nm PLL-g-PEG function-
alized nanopores exposed to phosphocholine liposomes after
the Cr mask was removed. Adsorption of the liposomes led to
formation of a continuous and fluid SLB that does not enter the
pores (see also the Supporting Information, Video 1, where the
adsorption and rupture of individual liposomes was moni-
tored). The uniform fluorescence intensity demonstrates the
formation of a SLB through vesicle fusion. Fluorescence
recovery after bleaching further demonstrated that SLB was
fluid with a mobile fraction of ∼85−95% and a diffusion
coefficient calculated to be ∼1.5 μm2/s using the method of
Soumpasis35 (see the Supporting Information, Video 2). The
nanopore surface coating with PLL-g-PEG prevents membrane
surface attachment and spreading into the nanopores, which
otherwise would take place for pores of this size.32 The same
result was observed when SLB formation experiments were
performed on silane-PEG functionalizated nanopores. Figure
2E shows how nonfunctionalized pores have higher fluo-
rescence than the background due to the higher projected
amount of lipids within them.32 As expected, reduced liposome
adsorption and absence of SLB formation was observed if the
Cr etching time was reduced to 5 min. Finally, in Figure 2F, we
demonstrate that the PLL-g-PEG-biotin nanopore functional-
ization in a PLL-g-PEG passivated chip is not limited to one-
step specific capture of neutravidin. Streptavidin was used to
further capture liposomes with a fraction of lipids with
biotinylated headgroups. A high yield of liposome function-
alized pores was achieved with no indication of streptavidin or
liposomes adsorbing nonspecifically to the PEGylated surface.

Figure 3. (A) Schematic of the Cr lift-off method to functionalize nanopores on Si3N4 membrane sensor chips. (B) 200 and (C) 500 nm PLL-g-
PEG-biotin-neutravidin functionalized nanoapertures in the Si3N4 membrane chip passivated with PLL-g-PEG outside the pores. The background
signal from the Si3N4 membrane around the nanopores is due to scattering (see the Supporting Information, Figure S3). Scale bar 3 μm.
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The selective nanopore functionalization process was also
applied to chips with free-standing Si3N4 membranes
containing nanopores; these chips were developed for
membrane sensing by Porenix AB (Sweden). Large area arrays
of quasi-hexagonally ordered nanopores were created on the
chips using SALI NS lithography,19 which leaves a 15 nm Cr
mask on the remaining surface that can be used as lift off mask
for the selective nanoaperture functionalization (Figure 3). An
additional layer of Cr was deposited on the back of the Si3N4
membrane to avoid PLL-g-PEG-biotin adsorption to this side.
Figures 3B, C show chips with, respectively, 200 and 500 nm
nanopores. The fluorescence images show the samples after
functionalization with PLL-g-PEG-biotin within the nanopores,
passivation with PLL-g-PEG after Cr lift-off for 30 min and
exposure to fluorescently-labeled neutravidin. The successful
passivation outside of the pores is demonstrated by the lack of
top-side fluorescence. Scattering from the pores produced the
high window background signal, which was shown by the lack
of fluorescence on the Si3N4 areas surrounding the Si3N4
window (see Supporting Information).
We have demonstrated a convenient method to (bio)-

functionalize selective nanoscale features with the same
materials chemistry using a metal mask lift-off strategy. The
method was successfully combined with inexpensive NS
lithography. The retained nonfouling, specific biomolecule
capture in nanopores and self-assembly of lipid membranes at
the pores allowed us to demonstrate potential application to
both affinity and membrane biosensing with fluorescence or
electrochemical readout.
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