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In this work, a simple yet robust method to prepare lipid-based biosensing interfaces on gold using
common lipids (a phospholipid and cholesterol) and an alkanethiol is reported. The lipids were carefully
chosen to tailor the biophysical properties of the bilayer. The simplicity of the method relies on the incor-
poration of a small percentage of decanethiol in the lipid vesicles for a direct formation of a thiol-linked
supported lipid bilayer, which is advantageous in several respects. It prevents the use of specially synthe-
sized thiolipids and preserves the natural fluidity and dynamics of the lipids. As a consequence the whole
arrangement is extremely stable regarding ionic strength changes and solution flow during surface plas-
mon resonance experiments. Moreover, we show that this interface is very effective on suppressing the
nonspecific adsorption of proteins on the surface, and enables the covalent attachment of the recognition
antibody. The subsequent detection of specific interaction toward antigen was monitored in real-time
by SPR and confirmed by ellipsometric measurements. This lipid-based biosensing platform is versatile
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and can be adapted to the biorecognition reaction of interest.
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1. Introduction

The development of new and enhanced biosensing devices is
challenging, and the use of lipid-based platforms is a highly promis-
ing approach since they provide a biomembane-like environment.
It is biocompatible, prevents denaturation of the transducing pro-
tein through contact with the metal surface, and may inhibit
nonspecific binding [1-8]. The formation of planar lipid-based
biomimetic platforms on gold surfaces has aroused the interest
of many researchers [9-12]. One of the most limiting features of
this type of assemblies has been the stability of the supported
lipid bilayer (SLB) on gold which has led to complex approaches
that require especially synthesized molecules, namely polyethy-
lene glycol (PEG)-derivatives [13,14], thiolipids [6,15], biotinylated
lipids [14-17] or other tether layers [18,19]. In this work we
describe an alternative approach that takes full advantage of
both the biophysical and the chemical properties of lipids in
order to build a simple and efficient immunosensing platform.
A binary mixture of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC)/cholesterol (Chol) (70:30) was employed. The phase dia-
gram for this mixture shows that at the lipid molar proportions

* Corresponding author.
E-mail address: anaviana@fc.ul.pt (A.S. Viana).
T These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.colsurfb.2015.10.048
0927-7765/© 2015 Elsevier B.V. All rights reserved.

used the system is in the liquid ordered phase [20-23], which
presents high mechanical resistance [24]| and molecular packing
but at the same time is fluid. This fluidity will not only allow for
the proper functional dynamics of the biosensing proteins but also
facilitate the formation of a planar and continuous lipid bilayer from
lipid vesicles. The liquid ordered phase is the most representative
of plasma membrane in human cells and is very stable regarding
temperature and pressure changes [25]. The lipid vesicles contain
also 5% of decanethiol in order to promote a strong attachment
of the lipid bilayer to the gold surface (Fig. 1). Once the SLB is
formed, the direct activation of the phosphate groups, presentin the
lipids’ polar head group, enables their covalent coupling to human
immunoglobulin G (IgG) (Fig. 1) through amine groups, using N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) coupling agents as previously
used to activate phosphate groups in double-stranded DNA [26].
The performance of the interface was assessed using the well-
established anti-IgG / IgG biorecognition.

2. Experimental

2.1. Chemicals

DPPC was purchased from Avanti Polar Lipids (Alabaster, AL).
Chol, minimum 99%, 11-mercaptoundecanoic acid (MUA), min-
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Fig. 1. Pictorial view of the supramolecular assemblies used in this work (the liposome and SLB molar proportions are DPPC/Chol/decanethiol 65:30:5). The pictorial
representations of the platforms are not to scale. Considering the high affinity of thiol groups toward metal surfaces, in particular gold, it is reasonable to assume that
although decanethiol is symmetrically distributed among the two bilayer leaflet in liposomes, in the SLB most of the decanethiol present in the top leaflet is transferred to
the bottom leaflet. For simplicity all the antibodies were represented with the same relative orientation.

imum 95%, 1-decanethiol, minimum 96%, NHS, minimum 98%,
EDC, minimum 98%, and all other reagents, analytical grade, were
acquired from Sigma-Aldrich. The 10 mM Hepes, 150 mM NaCl
buffer was prepared with ultrapure Milli-Q water (18.2 M2.cm)
and used for hydration of lipid and deposition of vesicles. Phosphate
buffer saline (PBS): 8.0 mM NayHPO4, 1.14 mM KH;PO4, 138 mM
NaCl, and 2.7 mM KCl, pH 7.4, with or without 0.05% (v/v) of Tween
20, prepared with ultrapure Milli-Q water was used for the prepa-
ration of protein solutions and as a washing solution directly in SPR
experiments.

Antibodies forimmunosensing, polyclonal human IgG and poly-
clonal anti-human IgG (H+L) secondary antibody from goat, as
other proteins, such as bovine serum albumin (BSA), and casein
blocking buffer (BB) were obtained from Sigma-Aldrich and used
without further purification.

2.2. Preparation of gold surfaces

In this work, two types of gold have been used, since for SPR
measurements only polycrystalline gold substrates (with a granu-
lar morphology) are available, whereas for atomic force microscopy
(AFM) atomically flat Au(111) should be employed in order to
clearly depict small details in the topography of the films under
study.

For SPR experiments, thin layer gold (50nm) coated glass
slides were purchased from Analytical p-Systems. Prior to use
the slides were rinsed with water and ethanol and cleaned in
a UV chamber for 45min. For ellipsometry and AFM analysis,
gold substrates manufactured by Arrandee consisting of a thin
film (200 nm) of gold on borosilicate glass (1.1 x 1.1 cm?) with a
chromium undercoat (2-4 nm) were used and cleaned in piranha
solution (H,SO4/H,0, =3:1, v/v) and in a UV chamber for 45 min as
described elsewhere [5,27]. These latter substrates were also flame-
annealed after which they acquired a preferential (111) orientation,
as proved by scanning tunneling microscopy measurements [28].

2.3. Gold modification with MUA and decanethiol self-assembled
monolayers (SAMs)

SAMs composed of MUA or decanethiol, were tested against the
nonspecific binding of proteins. MUA SAM was also used to prepare
a SLB, since the terminal COOH groups provide a hydrophilic inter-
face suitable for phospholipid deposition. In this work, decanethiol
was also employed as a constituent of liposomes for the ready
preparation of SLB on bare gold.

SAMs on gold were formed through immersion of the gold slides
in a 1 mM solution of each thiol (MUA or decanethiol) in ethanol
for 18 h, followed by abundant rinsing of the modified substrates
with ethanol and Milli-Q water in order to remove excess thiol
molecules.

2.4. Formation of DPPC/Chol (70:30 mol%) SLB on gold previously
modified with MUA SAM

2.4.1. Preparation of vesicles

Lipids, initially in chloroform, were dried under a nitrogen flow
and then overnight vacuum. Subsequently, they were hydrated
with Hepes buffer to a final concentration of 1mM. The large
unilamellar vesicles (LUV) suspension was prepared as previously
reported [29], by the extrusion method using polycarbonate filters
with 400 nm diameter pores (Nuclepore, Whatman).

2.4.2. Vesicles deposition

For the formation of the SLB, 150 wL of LUV suspension were
deposited on the MUA-modified gold, prepared as described above,
incubated for 1 hour at 60 °C and left to cool down at room temper-
ature (23 °C) for 1 h. Then they were washed several times at room
temperature with Hepes buffer.

2.5. Preparation of DPPC/cholesterol/decanethiol (65:30:5 mol%)
SLB on bare gold

A stock solution of decanethiol in ethanol was also used and
the required amount was mixed with the lipid solutions and dried
together. The subsequent procedure to prepare and deposit LUV
was identical to the one described above, except that this time bare
gold instead of MUA-modified substrate was employed.

2.6. Preparation of the activated surface

After the lipid bilayer (DPPC/cholesterol/decanethiol) had been
assembled, the substrate was submerged into a 0.2M EDC and
0.05 M NHS solution for one hour and then rinsed with Hepes buffer.

2.7. Ellipsometry

Ellipsometric measurements were performed in air at an
incidence angle of 70° using a SE 400 Ellipsometer (Sentech Instru-
ments) equipped with a He-Ne laser (632.8 nm). The thickness of
the lipid film was estimated as reported in the literature [5,27] fix-
ing the real part of the refractive index at 1.5 [29,30]. The very low
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extinction coefficient values (k) obtained in this work ranged from
0.03 to 0.11, which indicates nearly transparent films, as expected
for thin organic layers [27]. A thorough rinse with buffer and water
(and ethanol in the case of MUA SAM deposition) and ellipsomet-
ric measurements were done between each modification step. SLB
modified surfaces were incubated with 0.1 mg/mLIgG in PBS for 1 h
at room temperature. Finally, the gold substrates were immersed
in 0.1 mg/mL anti-IgG in PBS for another hour.

2.8. Surface plasmon resonance

SPR measurements were carried out in a BIOSUPLAR 400 T com-
pact SPR sensor manufactured by “Analytical p-Systems” coupled
to a peristaltic pump from ISMATEC at a flow of 50 pL/min.

After phosphate group activation, the gold slide was mounted
onto the SPR equipment and 0.1 mg/mL IgG was pumped into the
system and left to incubate for, approximately, one hour. After PBS
washing, 0.1 mg/mL anti-IgG was delivered into the cell. SPR exper-
iments were conducted after a stable baseline was acquired. Data
shown are the representative behavior of at least 3 independent
experiments and are presented as absolute differences in resonance
units (RUs). The signal noise level was determined to be <1RU.

2.9. Atomic force microscopy

AFM measurements were performed in air at 23+ 1°C using a
Multimode Nanoscope Illa microscope (Digital Instruments, Veeco)
in tapping mode at a scan rate close to 1.7 Hz. For this purpose,
etched silicon probes (TESP, with a resonance frequency close to
300kHz, Bruker) were used. All images were obtained after thor-
oughly rinsing with buffer solution and water and drying under
N, flow. Au(111) substrates modified with DPPC/Chol/decanethiol
(65:30:5mol%) SLB were imaged after incubation with 0.1 mg/mL
IgG (one hour) and 0.1 mg/mL anti-IgG (one hour). A set of, at least,
three independent experiments was performed for each system.

3. Results and discussion

3.1. Performance of SLB (DPPC/Chol. 70:30 mol%) deposited onto
a MUA SAM as a sensing interface

A lipid bilayer was deposited on gold surfaces modified with
MUA, the SAM typically used for these purposes [5,29,31], and its
ability to prevent the nonspecific adsorption of BSA and IgG was
tested. MUA SAM alone, as expected, did not prevent nonspecific
adsorption of IgG (Fig. 2a), and in these circumstances a protein
film with an estimated thickness (d), by ellipsometry, of ~3.4nm
was formed (Table 1). Nonspecific adsorption of IgG occurs also on
bare gold but in a lower extent ~2.1 nm [32]. However, SPR results
show that the SLB (DPPC/Chol, 70:30) prepared on MUA-modified
gold clearly inhibited the nonspecific adsorption of proteins (IgG
and BSA) (Fig. 2b). Also, by ellipsometry, a thickness of ~5.2 nm
was estimated for the SLB, which is in good agreement with the one
expected [29]. Moreover, ellipsometry also shows that only a neg-
ligible amount of IgG adsorbed on the SLB (Table 1). These results
demonstrate that the liquid ordered lipid bilayer is very efficient
in preventing undesired physical adsorption without the need of
using blocking buffer or other agents. It has been reported a partial
ability of a lipid film to suppress nonspecific adsorption of proteins
[33,34] in other substrates, namely poly(dimethylsiloxane) [35],
poly(methyl methacrylate) [33], silicon [34] and even gold [36].
However, the extent of suppression of the liquid ordered bilayer
used is virtually complete.

Another crucial feature of lipid-based platforms is their stability
and some authors found that the lipid film is removed upon rins-
ing with PBS buffer [33]. The stability of the bilayer (DPPC/Chol.

(70:30) on MUA-modified gold) illustrated in Fig. 2c was also com-
promised when high protein concentration solutions were used, as
observed for casein-based BB. A great decrease in SPR signal was
detected after BB is passed through the channel, which points to
the removal of the SLB formed onto MUA-modified gold. The main
forces mediating the attachment of the SLB to the MUA-modified
gold are electrostatic interactions, which may be disrupted upon
BB solution is added.

3.2. Immunosensing interface on decanethiol-containing lipid
membrane

To increase the stability of the SLB, 5mol% of decanethiol
(DPPC/Chol/decanethiol 65:30:5mol%) was incorporated in the
liposomes that were deposited on the substrate, allowing to form
directly on bare gold a thiol-anchored SLB (Fig. 3). In this situation,
the decanethiol molecules diluted in the membrane can establish
a strong Au—S bond to the gold surface in addition to the van der
Waals interactions with adjacent lipid molecules, promoting a sta-
ble adhesion of the SLB to the metal surface. In Fig. 3a it is shown
that a pure decanethiol SAM per se does not prevent nonspecific
adsorption of IgG, as proved by ellipsometry (d ~ 3.6 nm, Table 1).In
the supported lipid bilayer assembly decanethiol molecules should
be present mostly in the bottom leaflet due to the high affinity of
thiol groups for gold, thus most of the decanethiol present in the
top leaflet in the vesicles should be transferred to the bottom one.
This assumption is supported by the effective protection of this
three-component bilayer interface against undesired nonspecific
interactions with proteins (IgG and BB) (Fig. 3b). Even when BB is
added, the change in the SPR signal was insignificant, after wash-
ing with PBS. Again, ellipsometry corroborates SPR data since only
an irrelevant change in thickness was detected (Table 1). This rein-
forces the ability of the SLB to prevent nonspecific interactions, and
also its strong stability against both a continuous flow and highly
concentrated protein solutions.

With this method of lipid deposition, a continuous, planar and
compact lipid bilayer on a gold substrate was readily formed. In
fact, the lipid film thickness estimated was 5.5nm (Table 1), in
excellent agreement with the values previously obtained by us
for gold-supported lipid bilayers [5,29]. It also matches the data
reported for a liquid ordered phase of DPPC/Chol [37,38]. More-
over, the inhibition of protein nonspecific adsorption points to a
fully covered gold surface, without the need of previous surface
modification or of thiolipids. Concurrently, AFM images showed the
formation of planar and defect-free lipid films on the gold surfaces
used for both SPR (Fig. 4a,b) and ellipsometric (Fig. 4c,d) exper-
iments and the absence of unfused vesicles. The gold substrates
used in these experiments display distinct morphological prop-
erties. The thin layer gold (200 nm) with a predominant Au(111)
crystallographic orientation, used for AFM and ellipsometry, has
already proved to be suitable for SLB preparation [9,29], and is char-
acterized by the presence of flat areas with monoatomic terraces,
whereas 50 nm thick SPR gold is comprised of small (15-20 nm)
globular grains [4]. Despite the different morphologies of the two
gold substrates, which in the case of SPR type of substrates has
been reported to hinder the formation of SLB from lipid vesicles,
uniform, continuous and defect-free SLB were formed on both gold
surfaces (Fig. 4). On the rougher SPR gold it is clear that the grain
boundaries of gold become less evident proving the deposition of
the lipid layer. The absence of unfused vesicles in any of the sur-
faces, together with the estimated thickness and SPR performance,
as inhibiting protein non-specific adsorption, are consistent with
the formation of a uniform and planar lipid bilayer.

The three-component lipid platform was then evaluated regard-
ing its ability as an immunosensing interface. To this end, the
phosphate groups of the phospholipids were activated taking
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Fig. 2. Real-time SPR curves of the interaction of (a) IgG with Au/MUA; (b) IgG or BSA and (c) BB with DPPC/Chol (70:30) SLB deposited on Au/MUA.

Table 1

Estimated thicknesses (d) and extinction coefficient (k) values obtained for Au(111) modified with pure SAM, SLB (DPPC/Chol 70:30) formed on MUA SAM and decanethiol-
containing SLB (DPPC/Chol/decanethiol 65:30:5). The variation in thickness after IgG incubation is also shown for each platform and anti-IgG interaction is provided for

activated SLB (DPPC/Chol/decanethiol 65:30:5).

Surface Ellipsometry

SLB IgG Anti-IgG

d (nm) k Ad (nm) k Ad (nm) k
Au-MUA 0.8 + 0.1 0.05+£0.02 34+05 0.09-+£0.02 - -
Au-decanethiol 0.6+0.1 0.06 +£0.04 3.6+0.7 0.11+0.02 - -
Au-MUA/SLB (DPPC/Chol) 52 +09 0.04+0.02 0.2+0.1 0.03+0.02 - -
Au-DPPC/Chol/decanethiol No activation 5.5 +0.6 0.03+0.03 0.1+0.1 0.03+0.02 - -
Au-DPPC/Chol/decanethiol Activation 55+0.6 0.03+0.03 35+06 0.03+0.01 7.0+0.6 0.03+0.01
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Fig. 3. Real-time SPR curves showing the interaction of (a) IgG with decanethiol-modified gold and (b) IgG or blocking buffer (BB) with Au/SLB (DPPC/Chol/decanethiol

65:30:5).

advantage of EDC and NHS chemistry, a similar approach to that
already employed by Zhao and co-workers [26] to covalently attach
double-stranded DNA to amine terminated SAMs. To the best of our
knowledge this is the first time that this coupling agents are used
to activate phosphate groups in lipids for immunosensing. After
this reaction, modified phosphate groups become reactive toward
amine groups, enabling the covalent coupling between lipid head
and antibodies. The modified gold substrate was then mounted
in the SPR cell and a solution containing the antibody IgG was
delivered into the system. In contrast with the observations in the
absence of the activation step (Fig. 3b), after the EDC/NHS activa-

tion, a strong and stable change in SPR signal occurred (ARU =186,
Fig. 5a; versus ARU~ 0, Fig. 3b) evolving to a plateau (Fig. 5a).
The SPR signal remained unaltered after the usual washing step
with PBS buffer, showing that IgG is stably linked to the lipid sur-
face. Subsequent pumping of 0.1 mg/mL of anti-IgG into the system
generated a great response in SPR signal (ARU =390) due to anti-
body/antigen biorecognition. Importantly, no significant changes
in the SPR signal occur after PBS with 0.05% of Tween 20 is flowed
into the system containing only the SLB interface or anti-IgG/IgG
coupled to the SLB (inset in Fig. 5a). This shows not only that the
SLB assembly is very stable regarding the use of a low percentage of
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surfactant but also that solely specific interactions are established
upon anti-IgG/IgG biorecognition. These results strengthened the
advantage of using liquid ordered bilayers, in particular DPPC/Chol,
which is very stable and much more resistant to detergent solubi-
lization than most fluid lipid bilayers.

The ellipsometric measurements (Fig. 5b,c and Table 1)
performed on modified Au(111) with DPPC/Chol/decanethiol
(65:30:5mol%) further demonstrated the inhibition of nonspe-
cific adsorption, since there was only a negligible variation of the
total thickness (Ad ~ 0.1 nm) after incubation with IgG. However,
upon EDC/NHS activation of phosphate groups of SLB, a change in
thickness of ~3.5nm was obtained after IgG incubation. Further
interaction with anti-IgG promoted a significant variation in ellip-
sometric parameters corresponding to Ad ~ 7 nm, which expresses
the recognition of ca. two anti-IgG molecules per IgG, confirm-
ing the suitability of this platform to monitor antibody-antigen
reactions. In the immunosensing interface we used anti-IgG (H+L)
secondary antibodies, which react with both heavy (H; Fc) and light
(L; F(ab’)2/Fab) portions of the immobilized primary IgG, thus up to
two anti-IgG molecules were expected to bind per immobilized IgG.
The high ratio of anti-IgG/IgG detected by both SPR and ellipsom-
etry confirms such effective, bivalent, binding and also suggests
that the simple methodology employed may favor a preferential
orientation ofimmobilized antibodies. Moreover, the effective mul-
tivalent biding also indicates sufficient spacing between IgG and no
steric hindrance by the constructed layer.

AFM images of modified gold surfaces were also acquired upon
IgG coupling (Fig. 4e) and after anti-IgG specific binding (Fig. 4f).
They show the presence of globular structures with a diameter
~20nm after incubation with IgG and larger aggregates upon anti-
IgG interaction. Thus, AFM data corroborates the high anti-IgG/IgG
ratio already detected by both SPR and ellipsometric measure-

SPR Au

700 x 700 nm?

700X 700 nm?

Au (111)

ments.
Fig. 4. AFM topographic images of (a) bare and (b) modified gold with SLB T(? the best of our knOWIedge this s the first I‘EDf)l‘.t that employs
(DPPC/Chol/decanethiol 65:30:5) used in SPR experiments. AFM images of (c) bare multicomponent vesicles of a common phospholipid, cholesterol
and modified Au(111) with (d) SLB, (e) SLB/IgG and (f) SLB/IgG/anti-IgG. and decanethiol to form a planar and uniform bilayer on gold.
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Fig. 5. (a) Real-time SPR curves showing the interaction of Au/SLB (DPPC/Chol/decanethiol 65:30:5), upon activation with EDC/NHS, with IgG and also its specific binding
to anti-IgG. The inset shows SPR data obtained for two interfaces: A—Au/SLB/IgG/Anti-IgG, and B—Au/SLB, both washed with PBS containing 0.05% Tween 20; (b) graphical
representation of the thickness estimated by ellipsometry for each modification step (mean =+ standard deviation).
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Previously to this work, there was only one attempt to deposit alka-
nethiol containing liposomes on gold [39]. However in that study,
the authors used a binary system composed of a glycolipid and
higher thiol concentration (30 mol%), which lead to vesicle adsorp-
tion and flattening of the vesicles without fusion and concomitant
formation of SLB, as shown by AFM imaging.

4. Conclusions

With this report we present a lipid-based biointerface which
combines a number of important characteristics when developing
a biosensor: (i) biomimetic environment, (ii) use of common and
commercially available reagents, (iii) simple preparation, (iv) abil-
ity to block nonspecific interaction with serum proteins, (v) robust
arrangement regarding a continuous flow of buffer solutions (even
in the presence of surfactant) or highly concentrated protein solu-
tions, very promising when microfluidic devices are envisaged, and
finally, (vi) straightforward activation of lipid bilayers for the cova-
lent coupling of the recognition antibody.

As far as we are concerned this method has not been employed
previously for the covalent attachment between phospholipids and
proteins. Its simplicity, due to the fact that all SLB components are
mixed together and only the usual steps for the preparation of SLB
need to be carried out, without the requirement of previous surface
modification or the addition of extra components such as block-
ing agents, makes this an attractive alternative to other lipid-based
biosensing platforms. In addition, the direct linkage of antibodies
to the lipid head groups further simplify the method, as there is no
need of an extra component within the bilayer (ex. with appended
COOH groups), which can affect the natural lipid organization and
compactness.
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