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Tethered bilayer lipid membranes (tBLMs) are versatile platforms for
the analysis of biochemical and biophysical processes at biological
membranes. To control the stability and functional properties of these
artificial constructions, molecular-level knowledge on the organization
and structure is required. We used surface-enhanced infrared absorp-
tion spectroscopy (SEIRAS) to elucidate the in situ formation of tBLMs
on a gold substrate. The alkyl chains of long-chain anchoring thiol in
a mixed self-assembled monolayer after 60 min of incubation in an
adsorption methanol-d, solution was found to be in a disordered state.
Spectroscopic data revealed the complete formation of a bilayer after
60 min of incubation of a mixed anchoring monolayer in a phosphate
buffer solution containing vesicles formed from partially deuterated li-
pid DPPC-d,, and cholesterol-d.. The temporal evolution of absorption
bands from the lipid, anchoring mixed monolayer thiol, and water with
increasing the bilayer formation time in the phosphate buffer solution
containing vesicles revealed a two-stage process. Firstly, the adsorption
of lipid molecules with a simultaneous withdrawal of water takes place
at the interface. Secondly, the transformation of alkyl chains of the an-
choring monolayer due to the insertion and interaction of lipids with
the monolayer proceeds.
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INTRODUCTION

the incorporation and stability of transmembrane
proteins @ ]. In addition, the separation of bi-

Tethered bilayer lipid membranes (tBLMs) assem-
bled on a gold substrate serve as a versatile platform
to mimic biochemical and biophysical processes
at biological membranes []. Such structures
are also promising for the construction of biosen-
sors and biomedical screening applications [@].
The important advantage of these membranes,
compared with other constructs, is the presence
of an exchangeable solution reservoir between
the solid substrate (gold electrode) and the bilay-
er [@]. The presence of such reservoir ensures
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layer from the solid substrate by a flexible and hy-
drophilic layer with water assures the mobility of
inserted proteins required for their function. Usu-
ally, a tBLM structure is designed in two steps. First,
the bilayer anchoring layer on the solid substrate is
formed from polar peptides, carbohydrates, poly-
mers, or self-assembled monolayers (SAMs) of thi-
ol molecules [E, E, ]. Secondly, the lipid vesi-
cles fuse on the layer of tethered compounds and
arrange a planar lipid bilayer. The SAM approach
offers advantages due to the ease of preparation,
reproducibility, a low defect density, and the con-
trol of bilayer fluidity. In this case, the convenient
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solid substrate is gold because of its strong affin-
ity to a sulfur atom and the formation of a robust
Au-S bond. To establish a water reservoir between
the electrode and bilayer, the mixed SAM consti-
tuted by a short thiol with a terminal hydroxyl
functional group and long-chain lipid anchoring
thiol is formed on the gold substrate [E, E].

The stability and functional properties of tBLM
rely toughly on the composition and structure of
anchoring SAM [@, ]. However, the mo-
lecular level knowledge on the structure and for-
mation of a mixed monolayer in a solution still
remains scarce largely because of a limited num-
ber of available techniques providing molecular
information from the electrode/solution interface.
Surface-enhanced infrared absorption spectrosco-
py (SEIRAY) is one of the most promising tools for
probing the structure, adsorption peculiarities, and
the orientation of adsorbed molecules at the elec-
trochemical interface with molecular specificity
and submonolayer sensitivity [@, @]. The analy-
sis of a secondary structure of adsorbed peptides,
the conformation of self-assembled monolayers,
and the function of surface attached biosensors
were successfully accomplished by employing of
the in situ SEIRAS approach [@, p1-23].

The present work has been aimed at in situ SEI-
RAS probing the development of an anchoring
monolayer and the formation of a bilayer at a gold
electrode.

EXPERIMENTAL

Materials

Chemical reagents and solvents such as acetone
(99.9%), CH,COONa (98.5%), H,0, (30%), Na,SO,
(98%), NH,CI (99.5%), NH,F (98%), HF (48%),
Na,$.0,-5H,0 (ACS grade) and NaAuCl-2H,O
(99%) were purchased from Sigma-Aldrich
(St. Louis, MO, USA), Fluka (Buchs, Switzer-
land) and Merck (Darmstadt, Germany). Aque-
ous solutions were prepared using deionized water
(18.2 MQ-cm) from the Direct-Q 3UV purification
system (Merck, Germany). The silicon crystal for
SEIRAS was bought from Pike Technologies (USA).

SEIRAS measurement

SEIRAS substrate preparation and experiment de-
tails have been described elsewhere [R2]. In short,
the polished face-angled Si crystal was reduced

with 1 mL HF (2 wt%) and then coated with an
Au film by applying a plating mixture for 4 min
at room temperature. Then the film was etched
with a concentrated aqua regia solution, which
was followed by the second Au plating step. Such
an approach results in an increased mechani-
cal resistance of the gold layer [@]. The Au plat-
ing solution comprised equal volumes of the so-
lutions: 1) 0.15 M Na,SO,, 0.05 M Na,S.O, and
0.05 M NH,Cl, 2) NH,F (20 wt%), 3) HF (2 wt%)
and 4) NaAuCl, (0.03 M). The gold layer was ad-
ditionally cleaned and activated by electropolish-
ing in a N -purged pH 5.8 sodium acetate solu-
tion (0.1 M). Cyclic voltammetry (CV) scans were
performed using a PGSTAT101 potentiostat (Me-
throm, USA) starting from +200 mV of the open
circuit potential (OCP) at 20 mV/s speed. The up-
per potential limit was increased by 100 mV every
three full cycles until the gold oxidation at around
1.0 V. SEIRAS measurements were carried out
using a spectrometer Vertex 80v (Bruker, Germa-
ny) equipped with a liquid nitrogen-cooled nar-
row-band LN-MCT (HgCdTe) detector. The spec-
tral resolution was set to 4 cm™!, the aperture to
2 mm, 50 sample scans and 100 background scans
were co-added. The freshly prepared SEIRAS sub-
strate was assembled into a VeeMax III accessory
with a Jackfish cell J1F (Pike Technologies, USA).
The incident angle for an ATR unit was set to 63
degrees. The spectrometer was purged with dry
air overnight.

SAM and tBLM formation

Approximately 0.2 mL of either WC14
(20-(tetradecyloxy)-3,6,9,12,15,18,22-heptaoxa-
hexatriacontane-1-thiol; synthesized in-house), ME
(2-mercaptoethanol), or WC14/ME (30/70 mol%)
thiol solution in ethanol or methanol-d, (0.2 mM)
were injected into the cell and SEIRAS spectra were
measured immediately every 15-120 s. After a cou-
ple of hours, the cell was thoroughly rinsed with
ethanol or methanol-d, and then with a phosphate
buffer solution (PBS, 0.05 M with 0.1 M Na SO,,
pH 4.5). The tBLM was formed by injecting approx-
imately 0.2 mL of a multilamellar vesicle solution
(1 mM) of 1,2-dipalmitoyl-d62-sn-glycero-3-phos-
phocholine and cholesterol-d, mixture DPPC-d_/
cholesterol-d, (Avanti Polar Lipids, Inc., USA)
according to the procedure detailed in Ref. [@]
and immediately followed by SEIRAS.
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RESULTS AND DISCUSSION

Formation of mixed anchoring SAM on gold

Figure [l shows the molecular structure of long
chain (WC14) and short chain (ME) thiols used for
the construction of bilayer anchoring mixed SAM.
In such a way assembled tBLM was previously used
for the analysis of the structure and function of
pore-forming toxins [@, @] and the interaction of
proteins with a membrane [E]. The optimal com-
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HS o O O

O O

HS ME
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o

position of the adsorption solution for the self-as-
sembly of the anchoring monolayer was found to
be WC14/ME (30/70 mol%) [[Ld].

Figure @ shows the development of SEIRAS
spectra during the self-assembly of mixed bilay-
er-anchoring monolayer from the methanol-d,
(CD,-OD) solution due to the introduction of
thiol molecules WC14/ME (30/70 mol%). After
60 min of incubation, strong bands at 1464, 1350
and 1157 cm™ appeared in the fingerprint spectral

O
O

Fig. 1. Chemical structures of mixed SAM forming thiols, WC14 (20-(tetradecyloxy)-3,6,9,12,15,18,22-heptaoxahexatriacon-

tane-1-thiol) and ME (2-mercaptoethanol)
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Fig. 2. SEIRAS spectra captured at different times during the formation of mixed SAM (WC14/ME, 30/70
mol%) from methanol-d, (CD,~0D) solution in the fingerprint spectral region (a) (1080-1520 cm™') and
(b) the C—H stretching frequency region (2750—3050 cm™"). The reference spectrum was obtained in pure
methanol-d, before the introduction of thiol molecules in the working solution. (¢, d) The infrared spectra
of solid state WC14, bulk ME and solvent methanol-d, in the corresponding spectral regions
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region (Fig. a). The band near 1464 cm™ belongs
to the predominant CH, scissoring deformation vi-
bration of alkyl chains. The band is broad because
of some contribution from ethylene glycol (EG,
-CH,-CH,-O-) units in the gauche conformation
and EG groups in an amorphous structure expect-
ed at 1463-1465 and 1460 cm™, respectively [@].
The intense feature near 1350 cm™ was assigned
to the wagging vibration of the CH, groups of EG
units in the gauche conformation [R§]. The broad
and intense absorption band at 1157 cm™ belongs to
the characteristic asymmetric stretching vibrational
mode of C-O-C group, v_(C-O-C) | ﬁ@, ].
It should be noted that the shape of this peak can be
affected by a strong IR absorption of the Si prism at
wavenumbers below 1000 cm™ [B€]. The peak posi-
tion of this mode provides information on the struc-
ture of the poly(ethylene glycol) (PEG) part of
the molecule [@, ]. A relatively high frequen-
cy value observed in this work indicates the presence
of a predominantly amorphous structure [@, @].
However, the width of this band in the surface spec-
trum is considerably smaller compared with the cor-
responding band of WC14 in the solid state infrared
spectrum near 1114/1147 cm™ (Fig. @c). This indi-
cates the prevalence of one relatively uniform con-
formational form of PEG chains in the monolayer. It
was previously demonstrated that such amorphous
structure of the PEG chain in oligo(ethylene glycol)-
terminated SAMs is highly solvated by water and
able to prevent adsorption of proteins in contrast
to the ‘all-trans’ conformation [R§]. The formation
of mixed SAM presented in Fig. P| was performed
in a methanol-d, (CD,-OD) solution. Only one
intense band near 1124 cm™ belongs to the sol-
vent molecules in the investigated spectral region
(Fig. @c) Thus, some spectral perturbations are ex-
pected in the vicinity of C-O-C stretching band due
to the adsorption/desorption of solvent molecules
during the self-assembly. In the high frequency re-
gion (Fig. b), the absorption bands due to the CH,
symmetric [v (CH,)] and asymmetric [v_(CH,)]
stretching V1brat10ns of methylene chains are vis-
ible near 2856 and 2927 cm™, respectively [ @ .

The position of an asymmetric stretching band pro-
vides information on the ordering of alkyl chains.
Thus, highly ordered SAMs exhibit the v _(CH,)
band in the frequency region 2917-2919 cm™! [@
@] while disordering results in the frequency up-
shift. The peak positions of both bands in the sur-

face spectra are higher by several wavenumbers
compared with the solid state spectrum of WC14
(Fig. d) indicating a relatively disordered structure
of the alkyl chains in the mixed monolayer. All bands
observed in the SEIRAS spectra were assigned to
the adsorbed WC14 compound; no spectral features
for adsorbed ME were obtained. The prominent ME
bands near 1416 and 2875 cm- (Flg Ic, d) are not
visible in the surface spectra (F1g a, b). The time-
dependent spectral changes 1nd1cate an increase in
the relative intensity of the v (C-O-C) band near
1157 cm™ of the PEG segment compared with
the scissoring deformat1on band of CH, groups near
1464 cm™ (Fig. a) This indicates the reorlentatlon
of molecules during the self-assembly process. Pre-
vious reflection-absorption infrared spectroscopy
(RAIRS) studies revealed that the relative intensifi-
cation of v, (C-O-C) mode reflects the more verti-
cal ahgnment of WC14 molecule [ l

Formation of a bilayer on a mixed anchoring
monolayer on gold

Figure gshows the changes in the SEIRAS spec-
tra during the formation of bilayer on mixed SAM
in the spectral region from 2000 to 3700 cm™.
The positive-going bands indicate the adsorption
process, while the negative-going bands denote
the withdrawal of the corresponding compounds
from the interface. For the construction of bilayer,
the multilamellar vesicle solution of deuterated
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Fig. 3. SEIRAS-difference spectra captured at different times dur-
ing the formation of the second layer (DPPC-d_/cholesterol-d,,
60/40 mol%) on mixed SAM (WC14/ME, 30/70 mol%) in an aqueous
solution
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phospholipid and cholesterol (DPPC-d_/choles-
terol-d,) in the phosphate buffer solution was em-
ployed. The low intensity positive-going band near
2979 cm™ due to the asymmetric stretching vibra-
tion of CH, group is visible after 15 s of bilayer for-
mation. This band might be related to the orientation
changes of the terminal methyl group of adsorbed
WC14. Simultaneously, a broad negative-going band
near 3546 cm™' due to the O-H stretching vibration
appears in the SEIRAS spectrum.

After 300 s of incubation, four positive-going
bands due to the stretching vibrations of the CD,
and CD, groups of DPPC-d, appear at 2071,
2098, 2197 and 2218 cm™. The bands at 2071 and
2218 cm™ were previously assigned to symmetric
and asymmetric CD; stretching vibrations, respec-
tively [v (CD,) and v_(CD,)], while the bands at 2098
and 2197 cm™ were attributed to the symmetric and
asymmetric stretching modes of CD, group, respec-
tively [v (CD,) and v_(CD,)] []. Figure H dis-
plays the infrared absorption spectra of bulk chol-
d, and DPPC-d_,. Compared with the bulk infrared
spectrum, the intensities of CD, vibrational modes
are enhanced in the surface spectrum. In addition,
some contribution from cholesterol-d, may take
place for the observed 2218 cm™ band in the SEI-

Absorbance

2200 2600

Wavenumber, cm™

3000

Fig. 4. Infrared absorption spectra of the bulk compounds employed
for the formation of bilayer: cholesterol-d, (Chol-d ) and DPPC-d

RAS spectrum (Fig. E). The increase of incubation
time (60 min) results in the relative intensification of
2071, 2218 cm™ and 2966 cm™ bands and the nega-
tive-going water absorption feature near 3479 cm™.
Importantly, the peak position of negative-going
water band shifts to lower wavenumbers with in-
creasing incubation time, indicating that during the
first few minutes, water molecules characterized by
fewer hydrogen bonds leave the interface. This is fol-
lowed by water molecules with a higher quantity of
hydrogen bonds at a later stage of tBLM formation.
The relative intensification of CD, stretching bands
might be related with the penetration of CD, group
close to the surface and changes in the alignment of
the alkyl chains of DPPC-d,. In addition, the nega-
tive-going features are visible at 2854 [v (CH,)] and
2924 cm™ [v_(CH,)] after 60 min of bilayer forma-
tion. These bands are associated with the changes in
the alignment of the alkyl chains of adsorbed WC14
molecules. Lowering relative intensity and the shift
to the lower wavenumbers of stretching CH, bands
indicate the more perpendicular with respect to
the surface orientation of WC14 alkyl chains and
the increase in ordering, respectively].

The temporal evolution of the parameters of SEI-
RAS bands with increasing the bilayer formation
time is displayed in Fig. E One can see that during
the first 20 min, the temporal behaviour of spectral
bands related with the DPPC-d_ v_(CD,) mode and
the anchoring monolayer v_(CH,) band is different.
The water withdrawing from the surface behaviour
is similar with the DPPC-d_, changes. For more
quantitative analysis, the experimental data were fit-
ted with the Boltzmann model

Al — Az
1+ e(x—xo)/dx

where A and A, are initial and final values, and x, is
the time of process midpoint. The x, was found to be
6.0 £ 0.35 min and 4.5 + 0.11 min for Iv_(CD,) and
Av(OH) alterations, respectively, and 9.9 + 0.31 min
for Iv_(CH,) changes. Thus, the SEIRAS data indi-
cate that the formation of bilayer proceeds through
the two-step mechanism. The adsorption of DPPC-
d,/cholesterol-d, lipid bilayer at the mixed anchor-
ing monolayer takes place at the first stage with
a simultaneous withdrawal of water from the inter-
face, while the transformation of the alkyl chains
of WC14 in the monolayer due to the insertion and
interaction of bilayer proceeds at the second stage.

y(x)= +4,, (1)
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Fig. 5. (a) Temporal evolution of the spectral mode intensities related to the DPPC-d_, adsorption and reorientation on a sur-
face [Ivas(CD3)] and the reorientation of anchoring molecules [Ivas((Hz)] during the tBLM formation for the first 20 min and (b)
during the period of 105 min. (c) Temporal evolution of the v(OH) integral intensity related to the removal of water molecules
from the surface during the tBLM formation for the first 20 min and (d) during the period of 105 min. Red lines represent the fit-
ting of the experimental data with the Boltzmann model, which yields the 50% process threshold at 6.0 + 0.35 min [Iv_(CD,)],

9.9+0.3Tmin [Ivas((Hz)] and 4.5 +0.11 min [Av(OH)]

Figures Eb and d show that after approximately
60 min the spectral changes due to the formation of
bilayer are essentially complete.

CONCLUSIONS

In this study, we used surface-enhanced infrared
absorption spectroscopy (SEIRAS) to monitor two
processes related to the construction of tethered bi-
layer lipid membranes (tBLMs) on the gold substrate:
the formation of the anchoring mixed self-assembled
monolayer and the development of the lipid bilayer
at mixed SAM. We found that the ethyleneglycol
chains of long-chain thiol in SAM are in the pre-
dominant amorphous state, while the alkyl chains
are in the disordered state providing the required
flexibility for the formation of bilayer. The bilayer li-
pid formation process takes place through the two
stages: the adsorption of lipids with the simultane-
ous desorption of water from the interface and inser-
tion/interaction of lipids with the monolayer result-
ing in the structural changes of the alkyl chains of
SAM. We found that the development of lipid bi-
layer ends after about 60 min after the introduction

of the vesicles composed of the mixture of partially
deuterated compounds DPPC-d_/cholesterol-d..
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