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The curvature of lipid membranes plays a key role in many relevant biological processes such as mem-

brane trafficking, vesicular budding and host–virus interactions. In vitro studies on the membrane curva-

ture of simplified biomimetic models in the nanometer range are challenging, due to their complicated

nanofabrication processes. In this work, we propose a simple and low-cost platform for curvature sensi-

tive protein screening, prepared through scanning probe lithography (SPL) methods, where lipid bilayer

patches of different compositions can be multiplexed onto substrate areas with tailored local curvature.

The curvature is imposed by anchoring nanoparticles of the desired size to the substrate prior to lithogra-

phy. As a proof of principle, we demonstrate that a positive curvature membrane sensitive protein derived

from the BAR domain of Nadrin2 binds selectively to lipid patches patterned on substrate areas coated

with 100 nm nanoparticles. The platform opens up a path for screening curvature-dependent protein–

membrane interaction studies by providing a flexible and easy to prepare substrate with control over lipid

composition and membrane curvature.

Introduction

Lipid bilayers constitute 5–7 nanometer thick selectively per-
meable barriers of self-assembled amphiphilic molecules that
separate intracellular components from the external environ-
ment. Cell membranes play an important role in cell signal-
ing1 although this functionality was long believed to be solely
endowed by the membrane proteins embedded into them.2

However, many recent studies point out the relevance of the
chemical lipid composition and their curvature, which are
claimed to be synergized parameters,3 mediating many rele-
vant biological processes such as membrane trafficking, ves-
icular budding, viral interactions, mitosis, and membrane
fusion.4,5

The BAR domain proteins are a good example of a family of
proteins extensively involved in these processes.6 They feature
a three helix coiled coil core that results in a positively charged
banana-shaped surface, with high binding affinity towards

negatively charged lipids. Based on their nanometer scale cur-
vature preferences, proteins of this family are selectively
enriched at either highly curved positive membrane defor-
mations (i.e. N-BAR), shallow positive deformations (i.e.
F-BAR), or negative membrane deformations (i.e. I-BAR).
However, although the curvature-selectivity of individual pro-
teins is well established, their lipid-selectivity remains
elusive.4 Hence, despite their high biomedical relevance,7 the
molecular mechanisms driving selectivity during sensing,
generation and stabilization of curved structures in living cells
are not fully understood.

A ubiquitous approach to study cell membranes with
reduced complexity is to build bottom-up in vitro models that
mimic naturally occurring mechanisms. In this regard, tubula-
tion assays carried out by different groups have provided valu-
able insights into membrane deformation mechanisms.8,9

However, these methods are usually quite time consuming, as
the generation of tubules is performed individually at a speed
range of a few microns per second.10 Amongst other bio-
mimetic membrane types, supported lipid bilayers (SLB) offer
a solid platform where phospholipid vesicles form substrate
stabilized membranes by vesicle fusion and permit incubation
of the targeted proteins or conducting thorough characteriz-
ation via surface sensitive techniques.11,12

Despite SLB being originally conceived to be built on
planar substrates, some studies have already recreated curva-
ture by patterning lipids or directly depositing cells onto pre-
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viously lithographed substrates, though mainly in the micron
range.13–16 The creation of local curvature effects at the nano-
scale is particularly challenging due to the needed resolution
and high cost of the available lithography techniques. Thus,
the experimental works addressing this topic remain scarce.
The use of nanoparticles (NPs) as a source of local curvature
has proven to be a cost effective way to overcome this
problem,17 as phospholipid molecules can form a layer
around silica NPs.18 Nonetheless, the number of works lever-
aging the use of nanoparticles for this purpose are still scarce
and these studies rely on vesicle fusion-based techniques,19

which do not yield lipid patches in the desired shape or
precise control over spatial resolution as is desirable for
screening applications.

Hence, the vesicle fusion approach does not allow multi-
plexing or patterning lipid patches of different compositions
close to each other. In contrast, scanning probe lithography
(SPL) derived techniques enable phospholipids to be deposited
with a very high spatial resolution by transferring them from a
sharp probe to the desired region of the substrate.20

There is an increasing trend in biophysics to add complex-
ity to artificially created biomimetic models that, for instance,
recreate a more realistic cell microenvironment,21 or reliably
replicate the behaviour of natural membranes.22 Establishing
such complex synthetic systems, however, critically relies on a
profound understanding of the fundamental interaction pro-
perties of their components. These, however, are to date still
missing for curvature-dependent protein–membrane inter-
actions. In this work, we present a convenient approach for the
fabrication of multiplexed phospholipid patches onto surfaces
with tuned specific nanoscale curvature, on the way to build-
ing more realistic membrane models. We conceive an in vitro
platform for the screening of curvature sensing proteins,
using dip-pen nanolithography with phospholipids (L-DPN),
similar to the one depicted in Fig. 1.23,24 In this manuscript,
however, different configurations of the same idea are pre-
sented, with the aim to optimize conditions for each particular
experiment.

Results and discussion

The generation of a curvature-dependent screening platform
requires addressing several critical aspects that arise during
the different steps of this bottom-up fabrication process, as
well as testing its functionality. Most experiments were carried
out using 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
admixed with 1 mol% 1,2-dioleoyl-sn-glycero-3-phosphoethano-
lamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt)
for visualization, unless otherwise stated. This is a commonly
used fluid phase phospholipid ink (at room temperature) for
DPN patterning.

Tuning curvature by nanoparticle coating

As discussed above, the use of nanoparticle coated substrates
as a source of local curvature represents a cost effective alterna-
tive to conventional nanolithography approaches. Due to the
many different applications that rely on gold nanoparticle
coating ranging from sensing of biomolecules,26 to plasmo-
nics27 or the enhancement of the Raman signals,28 different
methods seeking to immobilize the NPs on a surface have
been extensively reported in the literature.29,30 A widely used
protocol for NP coating typically starts with the functionali-
zation of the substrate with (3-aminopropyl)triethoxysilane
(APTMS) and subsequent exposure of the substrate to a gold
NP suspension.31 As patterning phospholipid patches via
L-DPN relies on dragging a low force constant cantilever (typi-
cally about 0.1 N m−1) AFM probe covered with the desired
phospholipid mixture ink on the tip edge over the substrate
(Fig. 1), the forces affecting the bound NPs must be con-
sidered. For regular L-DPN, the process is usually carried out
on planar substrates, where the combination of the high
lateral friction forces exerted by the tip and the ink viscosity
do not constitute a problem for the integrity of the substrate.
In the initial experiments, it turned out that the widely
adopted method of NP immobilization30 (gold NPs on an
amine functionalized surface, see section 1 of the ESI†) was
not stable enough for use in L-DPN. After coating the whole
substrates with NPs, square lipid patches were patterned via
L-DPN as detailed in the Experimental section. Subsequent
atomic force microscopy (AFM) imaging showed that DPN on
gold NPs led to NP detachment during the patterning process.

Conversely, the application of an inverted approach (amine
carrying silica NPs on a gold coated substrate, see Fig. 2a) pro-
vided sufficient binding strength to allow successful patterning
of the phospholipid patches without affecting the NP coating
(Fig. 2b and c). The topographic image and profile (Fig. 2d)
show a square lipid patch of approximately 9 nm thickness on
average (one and a half bilayers), successfully printed over the
nanoparticle coated substrate.

These results show that in processes with higher lateral
forces exerted on NPs such as L-DPN, the binding method can
be critical. Fig. 3 describes the four steps followed to obtain
strong NP–substrate binding: (1) a 5 nm chromium layer is
sputtered onto a silicon substrate to ensure good adhesion, fol-
lowed by an 80 nm thick gold layer (Fig. 3a). (2) The gold layer

Fig. 1 Schematic representation of a platform for the multiplexing of
lipid patches via dip-pen nanolithography onto locally curved surfaces.
The inset shows a schematic of a curvature sensitive protein binding to a
tailored curved phospholipid bilayer (adapted with permission from ref.
25).
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is then rinsed and treated with O2 plasma, which leaves the
gold clean of any organic residue remaining (Fig. 3b). As
shown in section 2 of the ESI,† this step is crucial for the suc-
cessful binding of NPs. (3) The amine functionalized silica
NPs are incubated on the substrate in a deionized (DI) water
colloidal suspension, allowing them to bind to the gold film
(Fig. 3c).32,33 (4) Phospholipid patches with the desired
mixture composition and feature shape are patterned with
L-DPN, under controlled humidity (Fig. 3d). Further details
can be found in the Experimental section.

This simple yet critical change of strategy (using amine
group functionalized NPs rather than amine functionalized
substrates) makes it possible to successfully write lipid patches
using a DOPC phospholipid ink on the NP coated surface
without nanoparticle detachment. Furthermore, by lowering
the scanning rate to 0.1 microns per second, we optimized
writing conditions to minimize damage caused by friction.

Quality assessment of lipid membranes by AFM

AFM imaging is a well-established nanoscale characterization
technique, particularly capable of simultaneously providing
topographic and compositional information even for soft
matter (such as lipid membranes).34,35 In the amplitude
modulation mode (AM-AFM), the amplitude is kept constant

through force-feedback and the topographic and compo-
sitional information is therefore decoupled into amplitude
and phase shift channels.

Thus, the oscillation phase image is commonly used as an
indicator of compositional differences in multicomponent
systems. In our system, the highly different mechanical and
compositional properties between silica NPs and the phospho-
lipid membrane make it a particularly good system to observe
notable material contrast in the phase channel. For the pro-
posed platform, the assessment of the sample quality through
AFM is of great importance to ensure that the phospholipid
membrane is successfully curved, or in other words, to assess
whether the NPs are well covered by one or more phospholipid
bilayers. Fig. 4 shows AFM images of two samples with the
same layout prepared under different lipid writing conditions
on substrates fully covered with NPs leading to either a fully
formed membrane or single lipid lines (the sample shown in
Fig. 4a–d was patterned at 35% RH and the sample in Fig. 4e–
h was patterned under 25% RH, leading to less lipid depo-
sition36). Interestingly, due to the elastic nature of the phos-
pholipids, the patterned lipid patches display a similar rough-
ness to that of the bare NP coated substrate (see section 3 of
the ESI† for further details). Fig. 4b shows a fully lipid covered
part on the area on the left. Its corresponding phase image
(Fig. 4c), depicted in the green scale, shows a rather homo-
geneous dark contrast in this same area, as compared to the
bare NP part on the right.

Fig. 4f shows the thinner printed lines that have not suc-
cessfully merged into a continuous membrane (as they were
written under L-DPN conditions depositing less lipid
material.36 Here, the non-covered NPs can be distinguished in
all areas of the phase image (Fig. 4g) clearly sticking out of the
surrounding lipid membrane by their phase contrast.

Another notable difference between the examples shown in
Fig. 4b and f is the nanoparticle density. It has been reported
that in lipids patterned on NP decorated surfaces, beyond
22 nm NP diameter, holes can form37 which can become criti-
cal if we try to cover bigger nanoparticles.

A reliable way to avoid NPs puncturing through the mem-
brane was thus (I) the deposition of a sufficient amount of
lipid material during L-DPN, and (II) maintaining a high NP
density, leaving no room for gaps. See section 4 of the ESI† for
more details.

Fig. 2 (a) Sketch of the chosen NP anchoring method. (b) AFM topographic image together with the corresponding phase shift image in (c) of suc-
cessfully patterned square shape lipid patches on a gold substrate fully covered with aminated silica nanoparticles. (d) The corresponding topo-
graphic profile shows a deposited lipid patch of approximately 9 nm thickness. Scale bar is 5 μm.

Fig. 3 Steps for the sample fabrication. (a) Sputtering of a chromium
and gold layer. (b) Surface O2 plasma activation. (c) Coating with ami-
nated silica nanoparticles. (d) Patterning of lipid patches using dip-pen
nanolithography.
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Stability of lipid patches in aqueous solution

As the L-DPN process takes place in the air under ambient con-
ditions, for protein binding experiments, the substrates need to be
transferred into liquid. Upon immersion into liquid, reorganiz-
ation of the lipid membranes takes place to accommodate the
energetically most favourable configuration.38,39 Thus, new
samples were prepared (similarly to the one shown in Fig. 2f or
4b) to trial the stability of the system proposed in this work during
the immersion process. For this purpose, a sample with a mixture
of DOPC with Rhod-PE patches was fabricated onto a surface
homogeneously coated with 25 nm diameter NPs and later
imaged before and during immersion into deionized water. Fig. 5
shows that the patches remain in place, although the exposure
time was slightly elevated for the image in liquid, due to the
expected loss of excess bilayers that are washed away in the pres-
ence of water and dampening of the light intensity in the liquid.

To further characterize the system, the ability of the lipid
membranes to protect the sample surface from unspecific
protein adhesion was trialed. Here, the integrity of membrane
patches in buffer (phosphate buffered saline, PBS) was demon-
strated by incubating the sample with fluorescently labelled
BSA to block the sample areas where no lipids were previously
deposited (see section 5 of the ESI†). The green fluorescence is
only observed on the bare substrate around the lipid patches,
while the patches themselves remain dark. These results
unequivocally demonstrate the stability of the membrane
structures on the NPs for experimentation in liquid.

Towards a multiplexed platform for curvature sensing

As pointed out in the Introduction, one aim of this highly ver-
satile platform is to screen for curvature-dependent protein–
membrane interactions. In order to create such systems, it is

highly desirable not only to harness the multiplexing capa-
bility of DPN itself but also to be able to create regions with a
specific nanoscale curvature in different areas of the same sub-
strate (see Fig. 6a). This was possible to achieve using micro-
channel cantilever spotting (µCS)40 (Fig. 6b) to deposit the NP
suspension (adding 20% glycerol to prevent evaporation in the
spotting tip). Subsequent AFM imaging (Fig. 6c) shows the
obtained result after solvent evaporation, using 100 nm nano-
particles. Despite the high boiling point of glycerol, when the
sample is taken out from the controlled humidity chamber,
the water and glycerol mixture evaporates within a few minutes
with no need for further heating because of their small (femto-
liter) volume. The same experiment was repeated spotting

Fig. 4 Schematic layout of the two samples, with the lipid patch patterned on the left side and uncovered nanoparticles on the right side patterned
at (a) RH = 35% and (e) RH = 25%. (b) and (f) Corresponding topography, (c) and (d) phase images and (d) and (h) phase image profile of both
samples. Scale bars are 500 nm.

Fig. 5 Fluorescently labelled lipid patches were imaged (a) first in the
air (as prepared) and then (b) during immersion into water, showing the
stability of the written structures.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2021 Nanoscale, 2021, 13, 12642–12650 | 12645

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 7
:0

3:
38

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nr01133b


25 nm NPs (see section 6 of the ESI†) and should be extensible
to other particle sizes in the nanoscale range.

Additionally, functional lipids of varying compositions can
be patterned with very high spatial control on the locally
curved substrates. Leveraging the multiplexing capability of
DPN as shown in Fig. 6d, where we combine 3 different lipid
mixtures, namely pure DOPC, biotinylated DOPC (DOPC
admixed with 5 mol% 1-oleoyl-2-(12-biotinyl(aminododeca-
noyl))-sn-glycero-3-phosphoethanolamine) and fluorescently
labelled DOPC (with 1 mol% 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-(lissamine rhodamine B sulfonyl)
(ammonium salt)), multiplexed lipid patch arrays can be
created, which demonstrates the possibilities that DPN offers
to build a protein screening platform, with lipid patches of
varying compositions in close proximity. On incubation with
fluorescently labelled streptavidin, which binds selectively to
the biotinylated DOPC patches, a clear distinctive fluorescence
pattern occurs (a green signal on biotinylated patches and a
red signal on Rhod-PE containing patches) proving the func-
tionality of the lipids on the nanoparticle coated substrate. In
principle, the combination of multiplexed L-DPN with µCS can
generate arrays of NPs of different sizes enabling a very flexible
choice of curvature and membrane composition within one
microarray for protein screening applications.

Binding of curvature sensitive proteins

Finally, to showcase the functionality of the locally curved
lipid patches for curvature sensitive protein binding, experi-

ments were conducted using the BAR domain of Nadrin2
labelled with the yellow fluorescent protein (YFP). For this,
lipid patches deposited onto substrates covered with 100 nm
NPs were incubated with the protein extract. This particular
protein (Nadrin 2) is expected to bind to the curved mem-
branes on NPs of approximately 100 nm diameter.6 The experi-
ments shown in this part were carried out on 3 × 3 grids of
lipid patches patterned on substrates fully covered with
100 nm NPs.

As previously explained, in spite of the existing evidence of
the interplay between membrane curvature and composition,
whether curvature alone is sufficient to promote BAR domain
binding is still unknown. Our results, however, suggest that
pure DOPC (electrically neutral lipids) patches are not
sufficient to assist protein enrichment at curved membrane
sections. Fig. 7 shows the results of binding experiments on
lipid patches of neutral DOPC with the minor addition of Rho-
PE as the fluorescent label (Fig. 7a). If curvature alone is not
sufficient for BAR domain binding, no binding events would
be detected on the neutral DOPC/Rho-PE curved lipid patches
(as indicated in the “model” row). The quantification of the
corresponding binding events is shown in Fig. 7c. Here, cumu-
lative intensity distributions are shown for the rhodamine
signal (red, indicating the Rho-PE to unambiguously identify
the patch positions) and the YFP signal (green, indicating the
presence of the curvature sensitive protein receptor), respect-
ively. Compared to the area surrounding the patches (black
curve), the rhodamine signal from the lipid patches (red curve)

Fig. 6 (a) Sketch showing multiplexed substrate areas displaying NPs of increasing size. (b) Microscopy image of an array of water–glycerol based
100 nm nanoparticle dispersion ink droplets, produced by microchannel cantilever spotting (μCS). The µCS tip is hovering above the substrate
(therefore slightly out of focus) in the position to deposit the next type of NP ink (cf. ESI Fig. S6† for the completed 100 nm/25 nm multiplexed
array). Scale bar is 50 μm. (c) AFM image of 100 nm nanoparticles spotted with µCS, after evaporation of the solvent. Scale bar is 5 μm. (d) Example
of a multiplexed array of phospholipid patches (three different compositions in columns), patterned onto a substrate fully covered with nano-
particles. Scale bar is 50 μm.
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displays a shift of the intensity distribution curve towards
higher values (indicated by a +35.4% increase in the intensity
on the patches relative to the off-patch positions). In contrast,
there is no intensity increase in the protein signal on the
patch positions (green curve) compared to off-patch positions
(black curve). Intriguingly, there is even a slight decrease in
the signal of the curvature sensitive protein on the patches
(−3.6%), indicating reduced fluorescence transmission
through the lipid bilayer or a better blocking of unspecific
adhesion on the lipid membranes compared to the surround-
ing substrate area (n = 84 lipid dots from N = 2 glass plates;
rhodamine: +35.4%, P = 3.0 × 10−29; Nadrin2: −3.6%, P = 2.3 ×
10−11). P values refer to the measure of significance by the
rank-sum test in MATLAB.

Considering that binding for the BAR protein relies not
only on membrane curvature but also on the strength of
electrostatic interactions with individual lipids in the mem-
brane, we performed additional experiments with negatively
charged lipids added to the mixture, namely 30 mol% (1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (sodium salt))
POPS. The corresponding experiments are shown in section 7
of the ESI,† where a shift in the intensity profiles of the fluo-
rescence images suggests that there is indeed protein receptor
binding as a result of the combined effect of membrane curva-
ture and the negative charge. These results are, however,
obscured by the crosstalk of the rhodamine added to the lipids

in the green fluorescent channel used to screen protein
binding. Therefore, the experiments were repeated using the
same DOPC : POPS mixture (70 : 30) on 100 nm NPs, but in the
absence of Rho-PE (Fig. 7b). Here, no signal in the rhodamine
channel is expected (as no Rho-PE is present in the patches),
while specific protein binding should be indicated by a signal
in the YFP channel, as exemplified in the “model” row. The
quantification of the experimental results with the cumulative
intensity distributions (Fig. 7d) reveals the expected results: no
increase in intensity is observed for the rhodamine signal
between on and off patch positions (red curve vs. black curve).
However, a clear shift towards higher fluorescence intensity
(+3.8%) on the lipid patches relative to the off-patch positions
can be seen on the charged lipid patches with curvature (n =
90 dots from N = 2 glass plates; rhodamine = −2.9%; P = 4.5 ×
10−16 and protein = +3.8%, p = 8.2 × 10−22). To ensure that
negative charge alone does not promote binding, a negative
control with charged lipid patches on a flat gold surface was
conducted. As expected, no protein receptor enrichment was
found in this case (see section 8 of the ESI†). Summarizing the
above results, the curved membranes along with the negatively
charged lipids are crucial for facilitating the recruitment of
curvature sensing protein receptors at these sites. Besides
showing the functionality of the proposed method to screen
curvature sensing proteins, we can conclude from these results
that the binding of curvature-sensing proteins requires both,

Fig. 7 Model and experimental results of lipid patches patterned on 100 nm NP coated substrates, showing fluorescence images under the red
channel (rhodamine signal), YFP channel (protein signal, excitation peak is 513 nm and emission peak is 527 nm) and the overlay of the two. The
lipid patches are composed of (a) DOPC with 5% mol Rho-PE (rhodamine) lipid ink and (b) a negatively charged DOPC : POPS (70 : 30) mixture. Scale
bars equal 3 µm. The cumulative pixel/signal intensity distribution of the channels for the DOPC/Rho-PE carrying sample given in (c) reveals a shift
to a higher fluorescence intensity in the rhodamine channel on the lipid patches (red curve) vs. off patches (black curve), indicating the presence of
the Rho-PE and ensuring that the right positions are labelled as on patches for the analysis of the YFP signal, which shows even a slightly decreased
signal intensity on the patches (green curve) as compared to off patch (black curve), indicating that no specific binding of the Nadrin 2 protein takes
place. The same analysis of the DOPC : POPS lipid patches (d) reveals no significant intensity difference in the rhodamine channel between on patch
and off patch positions (as expected with no Rho-PE present) but an increased fluorescence intensity in the YFP channel on the lipid patches (green
curve) vs. off the lipid patches (black curve) indicating enrichment of the Nadrin 2 protein on the lipid patches.
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appropriate lipid bilayer curvature combined with specific
lipid composition.

Conclusions

In this work, we present a facile and reliable method for the
fabrication of biomimetic membrane models with tailored cur-
vature. The use of NPs for the creation of membrane curvature
implies a highly desirable degree of freedom to select the
required curvature for specific experiments eluding time con-
suming and expensive cleanroom nanolithography processes.
Our results demonstrate that the patterning of phospholipid
patches on NPs can be achieved without damaging the NP
coating, by choosing a suitable surface functionalization that
ensures their anchoring to the substrate. Importantly, the pat-
terned bilayer remains stable upon immersion into water or
buffer.

This versatile platform is well suited to further grow our
understanding of membrane curvature mediated processes
and curvature sensitive proteins, such as the BAR family pro-
teins. The versatility of the proposed method will, for instance,
enable detailed studies with different membrane curvatures
and variations in the composition of the lipids.

In summary, the use of SPL methods for the fabrication of
the curvature sensitive protein screening platform allows com-
bining the multiplexing of both NPs of different sizes, creating
substrate areas with different membrane curvatures, as well as
phospholipid patches with different compositions, with very
high spatial control which in turn can lead to in-depth studies
of the interplay between membrane composition and curva-
ture in cellular processes.

Experimental section
Sample fabrication

Preparation of the substrates: Route 1: Glass substrates were
cleaned by immersion in 20 vol% H2O2/80 vol% H2SO4 for
30 min and then by rinsing 3 times with DI water. They were
dipped in APTMS solution for 30 minutes and rinsed sub-
sequently with ethanol. The substrates were left in a gold
nanoparticle suspension for 24 hours and then rinsed with DI
water. Route 2: Glass substrates were cleaned in a sonication
bath using acetone, ethanol and DI water sequentially. An
80 nm gold layer was sputtered on the glass substrates.
Subsequently, the substrates were activated with O2 plasma for
2 minutes (after storage time exceeding a week, cleaning time
was extended to 5 minutes). Silica nanoparticles functiona-
lized with amine head-groups in aqueous solution were pur-
chased from Creative Diagnosis (NY, USA). The substrates were
covered with the nanoparticle suspension for 3 hours (25 nm
NPs) and 20 hours (100 nm NPs) and then rinsed with DI
water and dried under a nitrogen flow.

Preparation of phospholipid mixtures: The phospholipids,
dissolved in a chloroform solution, were purchased from

Avanti Polar Lipids (USA). Three different phospholipid mix-
tures were prepared with DOPC (1,2-dioleoyl-sn-glycero-3-phos-
phocholine) as a carrier solution in all cases. (1) Fluorescently
labelled Liss Rhod PE was admixed to obtain 1 mol% concen-
tration. (2) The biotinylated Biotinyl Cap PE was added to
obtain 5 mol%. (3) For the Nadrin2 protein binding experi-
ments, DOPC : POPS (70 : 30) mol% mixtures were prepared,
with and without Liss Rhod PE contents. All the mixtures were
sonicated for a few minutes to improve homogeneity. Dip-pen
nanolithography writing: The lipid writing was performed using
an NLP2000 system (NanoInk, USA) with F-type one-dimen-
sional cantilever arrays (NanoInk). Matching inkwells were
loaded with 1 µL of each of the prepared mixtures and then
allowed to dry in air for a few minutes. To ink the types, the
cantilever ends were left in contact with the loaded inkwells
for 15 minutes at high humidity (70% RH). Before writing on
the substrates, the excess ink was removed from the tips by
writing on a sacrificial area. The lipid patches lithographed on
the prepared substrates were typically written keeping the rela-
tive humidity at 30%, with a line pitch of 100 nm and a writing
speed of 0.1 µm s−1 to avoid nanoparticle detachment due to
high lateral force. Nanoparticle multiplexing via μCS: In order to
create different nanoscale curvatures on the same surface, the
commercially purchased nanoparticle aqueous solutions were
admixed with 25% volume glycerol to prevent evaporation
during spotting. The spotting process was performed on a
nanolithography platform (NLP 2000 system, NanoInk, USA)
using surface patterning cantilevers (SPT-S-C10S, Bioforce
Nanosciences). 2 μL of NP ink was deposited on the pen. A
probe dwell time of 10 s was chosen, to ensure that the
amount of nanoparticles transferred to the surface is large.
Spotting was performed at a relative humidity of 80%.

Protein binding experiments

Preparing cell lysates: 70% confluent HEK cells were transfected
with the Nadrin 2 BAR domain using Lipofectamine 2000
(Invitrogen, 11668-019) according to the manufacturer’s
instructions. 24 hours post transfection, the cells were lysed
with IP Lysis buffer (Pierce, 87787) supplemented with
Protease inhibitors (Cytoskeleton, PIC02), followed by sedi-
mentation on a table-top centrifuge (12 000 rpm). Only the
supernatant was used for the experiment. Nadrin2 protein
binding: The coverslips were activated with 1× PBS (Gibco,
1891-2014), followed by short incubation with 1 mg ml−1 BSA
(Sigma, A90885) and biotinylated BSA (Pierce, 29130) (1 : 1).
Excess BSA was removed by rinsing with 1× PBS, and the cover-
slips were exposed to cell lysates containing the curvature-sen-
sitive BAR domain of Nadrin2 (AA1-256).41 Streptavidin binding
to biotinylated lipid patches: To prevent non-specific binding,
the samples were incubated in a solution of 1% Bovine Serum
Albumin (BSA) for 15 minutes. Subsequently, the BSA solution
was removed and the sample was washed several times. The
sample was then incubated for 15 minutes with a solution of
1 : 200 streptavidin-cy3 (Sigma-Aldrich, Germany) in PBS and
washed again.
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Sample characterization

Atomic force microscopy imaging: AFM images were recorded on
a Dimension Icon system (Bruker, Germany). Measurements in
the air were done in amplitude modulation with a 40 N m−1

probe from Nanosensors, with a typical oscillation amplitude
of 10 nm. Fluorescence imaging: Fluorescence microscopy
images were obtained on a Zeiss set-up equipped with SARFUS
Software (Nanolane) or a Zeiss upright Axio Imager confocal
microscope or an inverted Nikon Eclipse Ti, equipped with a
confocal spinning disk unit and EMCCD camera using 10×,
20× or 60× objectives. Line scans of lipid patches were
acquired using ImageJ.42 Relative intensities of the peak vs.
adjacent shoulders were plotted and statistically probed (rank-
sum test) in Matlab.

All procedures were done at room temperature.
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