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We describe a technique to form a biotin-containing phospholipid vesicle layer on a self-assem-
bled monolayer (SAM) deposited on a gold surface to immobilize biotinylated receptor proteins
for a surface plasmon resonance (SPR) biosensor. The adsorption of vesicle of 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) was examined by SPR on the SAMs of dithiobis(1-deoxy-glucitol-
1-carbamoyl pentane) (DDGP), 11-mercaptoundecanoic acid, 11-mercaptoundecanol, 11-amino-
1-undecanethiol, and 12-mercaptododecane, and it was found that the DOPC vesicle rapidly ad-
sorbed on the DDGP SAM to achieve the highest coverage of the surface. By quartz crystal mi-
crobalance with dissipation monitoring (QCM-D), the DOPC layer formed on the DDGP SAM was
shown to be a vesicle layer, in which intact DOPC vesicles physisorbed on the SAM surface. To
immobilize a biotinylated receptor protein, one of three biotinylated phospholipids, 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(biotinyl) (biotin-DOPE), N-((6-(biotinoyl)amino)hexanoyl)-
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (biotin-X-DHPE) and N-(biotinoyl)-1,2-di-
hexadecanoyl-sn-glycero-3-phosphoethanolamine (biotin-DHPE), was mixed with DOPC to form
a biotin-containing vesicle layer on the DDGP SAM. A comparative binding study of NeutrAvidin
and the biotin-containing vesicle layers showed that the use of biotin-X-DHPE achieved the most
rapid immobilization of NeutrAvidin on the vesicle layer at the highest surface density. Further-
more, biotinylated protein A, as a receptor protein, could be immobilized through NeutrAvidin on
the vesicle layer containing DOPC and biotin-X-DHPE, and its reaction with immunoglobulin G,
as an analyte, was successfully observed by SPR. The results demonstrate that the biotin-contain-
ing vesicle layer on the DDGP SAM must be a useful component for SPR biosensor surfaces.

[Key words: phospholipid, vesicle, saccharide, biotin, surface plasmon resonance, biosensor, self-assembled 
monolayer, protein immobilization]

Biosensor chips typically contain receptor molecules that
are immobilized on a solid substrate, and the binding of
analyte molecules to the receptors is measured using sur-
face-specific analytical techniques such as surface plasmon
resonance (SPR) and quartz crystal microbalance (QCM)
(1). SPR is widely used for detecting biomolecular interac-
tions on the sensor chip. SPR biosensor devices generally
use the Kretschmann configuration, in which the refractive

index of a layer on a noble metal film can be measured using
attenuated total reflection spectroscopy (2, 3). Techniques
for immobilizing receptor molecules and preventing non-
specific protein adsorption on the noble metal film have
been extensively developed and investigated for biosensors
(4).
Phospholipids are major components of biological mem-

branes that compartmentalize cells and organelles. Deposit-
ing phospholipid layers on gold surfaces is of particular in-
terest for SPR biosensors. Supported lipid membranes are
one type of phospholipid self-assembly that has been exten-
sively investigated (5–8). Typically, supported lipid mem-
branes are prepared by applying the aqueous suspensions of
phospholipid unilamellar vesicles onto solid substrates such
as glasses, inducing the fusion of vesicles on the surface (9–
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11). The formation of planar membranes on bare gold sur-
faces by the vesicle fusion method has been reported to be
rather difficult (12, 13), although there are some instances of
successful vesicle fusion (14). Alternatively, several attempts
to deposit supported lipid membranes on gold using organic
self-assembled monolayers (15–20), glasslike layers (21, 22),
and polymer cushions (23–25) have been reported. How-
ever, the formation of supported lipid membrane may not
necessarily be essential for the surface of the SPR sensor
chip, as long as the surface is resistant to nonspecific protein
adsorption and capable of immobilizing specific receptor
proteins without loss of their function. Some lines of re-
search have exploited this possibility (26–30).
In this paper, we present a rather detailed study of the

vesicle-based immobilization of receptor proteins for ana-
lyzing the interactions between receptor and analyte pro-
teins by SPR (Fig. 1). To form a stable phospholipid vesicle
layer on gold, we synthesized a new type of saccharide-ter-
minated alkyl disulfide, dithiobis(1-deoxy-D-glucitol-1-car-
bamoyl pentane) (DDGP), and modified the gold-coated
sensor surface with a hydrophilic self-assembled monolayer
(SAM). SPR and QCM with dissipation monitoring (QCM-

D) revealed that unilamellar vesicles of 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) adsorbed on the DDGP
SAM, and the vesicle layer was stable even under the flow
of a buffer solution with full coverage of the sensor chip
surface. Mixed vesicles of a biotinylated phospholipid and
DOPC were also found to form a vesicle layer on the DDGP
SAM in a similar manner. The biotin-containing vesicle layer
was able to specifically immobilize a biotinylated receptor
protein through the biotin-avidin-biotin linkage and detect
the interaction of analyte proteins with the receptor. We dis-
cuss several factors in the immobilization steps that are crit-
ical for the biosensing outcome.

MATERIALS AND METHODS

Materials 11-Mercaptoundecanoic acid (MUA) and 11-mer-
captoundecanol (MUO) were purchased from Aldrich (St. Louis,
MO, USA). 11-Amino-1-undecanethiol (AUT), dithiobis(succin-
imidyl hexanoate) (DSH) and sulfosuccinimidyl N-(D-biotinyl)-
6-aminohexanoate (biotin-AC

5
-Sulfo-OSu) were purchased from

Dojindo Laboratories (Kumamoto). 12-Mercaptododecane (MDD)
and 1-amino-1-deoxy-D-glucitol (D-glucamine) were obtained from
Tokyo Kasei Kogyo (Tokyo). Anti-bovine serum albumin antibody
produced in rabbit was purchased from Sigma (St. Louis, MO,
USA). Tris(hydroxymethyl)aminomethane (Tris) and protein A were
purchased from Nacalai Tesque (Kyoto). DOPC, 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(biotinyl) (biotin-DOPE) were
from Avanti Polar (Alabaster, AL, USA). N-((6-(Biotinoyl)amino)
hexanoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
(biotin-X-DHPE) and N-(biotinoyl)-1,2-dihexadecanoyl-sn-glycero-
3-phosphoethanolamine (biotin-DHPE) were from Invitrogen
(Carlsbad, CA, USA). NeutrAvidin was from Pierce (Rockford, IL,
USA). Ultrapure water was prepared using a Milli-Q Synthesis
system (Millipore, Billerica, MA, USA).

Synthesis of DDGP A reaction to produce DDGP is shown
in Fig. 2. DSH (100 mg) and D-glucamine (150 mg) were dissolved
in 40 ml of N-dimethylformamide and 10 ml of ultrapure water, re-
spectively. The solutions and 0.7ml of N-ethyldiisoproylamine were
then mixed and stirred at room temperature for 2 h, resulting in the
reaction between the N-hydroxysuccinimidyl ester and the primary
amino groups of DSH and D-glucamine, respectively. After the re-
action, acetic acid (0.7 ml), ultrapure water (50 ml) and cation-ex-
change resin (Dowex 50WX8; Muromachi Chemicals, Fukuoka)
(50 g) were added to the solution, which was gently stirred at room
temperature for 30 min. The mixture was filtered and dried with a
rotary evaporator. The residual solid was dissolved in 20 ml of a
solvent composed of water and acetonitrile (5:1, v/v), and the solu-

FIG. 1. Schematic diagram of SPR sensing of analyte proteins
using a biotin-containing phospholipid vesicle layer.

FIG. 2. Reaction scheme of the synthesis of DDGP.
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tion was subjected to reverse-phase chromatography with a 626LC
HPLC system (Waters, Milford, MA, USA). DDGP was isocrati-
cally eluted using a mobile phase composed of acetonitrile, water
and trifluoroacetic acid (22:78:0.1, v/v) at a flow rate of 4 mlmin–1

with a Sunfire Prep C18 OBD 5-µm column (φ19×100mm; Waters).
The peak containing DDGP was collected and dried with a rotary
evaporator. The dried DDGP was stored at −30°C. NMR spectra
were measured with an Inova-600 Unityplus spectrometer (Varian,
Palo Alto, CA, USA) at 25°C in DMSO-d

6
 with tetramethylsilane
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Vesicle preparation The desired phospholipid(s) dissolved
in chloroform were transferred into an evaporation flask and dried
with a rotary evaporator coupled to a vacuum pump for more than
2 h. The residual was suspended in an aqueous buffer containing
0.15M NaCl, 10 mM Tris–HCl (pH 7.4) and 2 mM CaCl

2
 to obtain

a total phospholipid concentration of 1 mg ml–1. Unilamellar vesi-
cles were formed from the suspension by an extrusion method (31)
with a small-volume extrusion apparatus (number of passes through
a poly(carbonate) 0.05-µm filter, 19 times) (Avestin, Ontario, Can-
ada). The vesicle suspension was stored on ice and used within
48 h.

Deposition of self-assembled monolayers on gold-coated
substrates The surface of the gold-coated sensor chip (SIA Kit
Au; Biacore, Uppsala, Sweden) was subjected to O

2
-plasma treat-

ment with a PICO UHP instrument (Diener Electric, Nagold, Ger-
many) at a 30% maximal generator power for 30 s to remove or-
ganic contamination on the gold surface. A self-assembled mono-
layer was formed by immersing the substrate in a 1 mM solution of
a thiol or disulfide derivative for more than 40 h at room tempera-
ture. The DDGP was dissolved in a mixture of acetonitrile and
water (50:50, v/v) and the other derivatives were in pure ethanol.
Just before use, the sensor chip was thoroughly rinsed with the sol-
vent, ultrasonicated for 5 s with the solvent using an ultrasonication
bath (W-113; Honda Electronics, Toyohashi, Aichi) at 100 kHz,
rinsed with ultrapure water, and then dried under a gentle stream of
class 1000 clean air.

Biotinylation of protein A Protein A was dissolved in a 0.1M
Hepes–NaOH buffer (pH 8.5) to yield a concentration of 10mgml–1,
and a 3-fold molar excess of biotin-AC

5
-Sulfo-OSu, an amine-

reactive biotinylation reagent, was added to the solution, which was
gently stirred at room temperature for 3 h. The mixture was then
applied to a NAP-5 column (Amersham Biosciences, Buckingham-
shire, UK) equilibrated with a 20 mM Hepes–NaOH buffer (pH
7.0), and the fraction containing protein A was collected. The frac-
tion was dialyzed against an aqueous solution containing 0.15M
NaCl, 10mM Tris–HCl (pH 7.4) and 2mM CaCl

2
. The biotinylated

protein A solution was frozen in liquid nitrogen and stored at −80°C.
The molar ratio of bound biotin to protein A was 2.1, as measured
by the HABA method (32).

SPR measurement SPR measurement was performed on a
Biacore X instrument with a 100 µl sample loop at 25.0°C using a
running buffer solution composed of 0.15M NaCl, 10 mM Tris–
HCl (pH 7.4), and 2 mM CaCl

2
. Samples were injected at a flow

rate of 5 µl min–1. In the case of vesicles, the injection was fol-
lowed by rinsing at a high flow rate of 1.5 ml min–1 for 10 s and,
subsequently, a low flow rate of 5 µl min–1. All the samples were
dialyzed against or diluted with the running buffer to minimize the
change in the refractive index of the mobile phase upon injection
of samples. Before injection, the injection port and the sample loop

were flushed with the running buffer solution and the samples were
prewarmed to room temperature.

QCM-D measurements QCM-D measurements were per-
formed using a Q-Sense D300 system with a QAFC 302 axial flow
chamber (Q-Sense, Västra Frölunda, Sweden). The QCM sensor
crystal was oscillated at its resonance frequency of 5 MHz and at
three harmonics (15, 25, and 35MHz), and the shifts in frequency
(∆f) and dissipation (∆D) were monitored. The interval for data
acquisition was 0.4 s. The clean surface of a gold-coated sensor
crystal (QSX 301; Q-Sense) was treated with a solution of 1 mM
DDGP in acetonitrile/water solution (50:50, v/v), similarly to the
treatment of the gold-coated SPR sensor chips as described earlier
(see Deposition of self-assembled monolayers on gold-coated sub-
strates).

Nonlinear least-square estimation The SPR signal curves
of NeutrAvidin binding were fitted with a function,

y
0
−A

1
exp(−k

1
(t− t

0
))−A

2
exp(−k

2
(t− t

0
)) (1)

where y
0
 is an SPR signal when the binding of NeutrAvidin reaches

a plateau, t
0
 is the time when the injection of NeutrAvidin was

started, and A
1
 and A

2
 are the increases in the SPR signal due to the

binding of NeutrAvidin to the biotin-containing vesicle layers at
rate constants of k

1
 and k

2
, respectively. The nonlinear least-square

fitting was performed using Origin software, ver. 7J (OriginLab,
Northampton, MA, USA).

RESULTS

Adsorption of vesicles onto SAMs We examined the
adsorption of the DOPC vesicle on the SAMs of disulfide
and thiol derivatives: DDGP, MUO, MUA, AUT and MDD
with glucitol, hydroxyl, carboxyl, amino and methyl terminal
groups, respectively (Fig. 3A). A gold-coated SPR sensor
chip was treated with a solution of one of the reagents to
form a SAM on the chip surface. After the sensor chip sub-
strate was mounted on the Biacore SPR instrument, the
DOPC vesicle suspension was injected, and the SPR signal
was recorded as a function of time. During injection, the
SPR signal increased owing to its adsorption on the SAM
(Fig. 3B). The SPR signal rapidly increased and reached a
plateau when the DOPC vesicle was applied to the sensor
chips of DDGP, MUO and MUA SAMs. In contrast, the
SPR signal increased more slowly when the DOPC vesicle
was applied to the sensor chips of MDD and AUT SAMs.
Following the injection of the DOPC vesicle, the sensor chip
surface was rinsed with the running buffer at a high flow
rate of 1.5 ml min–1 for 10 s and, subsequently, at a low flow
rate of 5 µl min–1. SPR signals for the SAMs of DDGP, MUO
and MUA were unaffected by the rinses, but the SPR sig-
nals for the SAMs of MDD and AUT rapidly decreased dur-
ing the high-flow-rate rinse and then gradually decreased
during the low-flow-rate rinse. Furthermore, the SPR signal
after the end of the DOPC vesicle injection for DDGP SAM
is higher than those for MUO and MUA SAMs (Fig. 3B),
suggesting the highest coverage of DOPC for the DDGP
SAM.
The adsorption of the DOPC vesicle on the DDGP SAM

was investigated by QCM-D. The DOPC vesicle suspension
was applied to the DDGP SAM deposited on a gold-coated
sensor crystal, and the shifts in both resonance frequency
and dissipation were measured as functions of time. After
the injection of the DOPC vesicle, the shifts in both reso-
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nance frequency and dissipation reached saturation within 20
min, and consequently, the resonance frequency decreased by
139 Hz and the dissipation increased by 17 ×10–6 (Fig. 3C).
The temporal changes in the resonance frequency and dis-
sipation are very similar to those for the formation of the
phospholipid vesicle layer on oxidized gold surface such
that the intact phospholipid vesicle adsorbs on the surface as
reported previously (12). Moreover, the saturation of both

values suggests that a full coverage of DDGP SAM by the
DOPC vesicle should occur within tens of minutes after the
DOPC vesicle injection, and further adsorption of the DOPC
vesicle would be prohibited by the full coverage. In addi-
tion, the standard deviation of the SPR signal during rinsing
with the running buffer was 1.63 RU within the interval of
1000 s, which is 0.015% of the SPR signal value at satura-
tion 11,000 RU suggesting that the DOPC vesicle layer is

FIG. 3. (A) Chemical structures of thiol and disulfide derivatives to form SAMs on Biacore SIA Au sensor chips. DDGP, dithiobis(1-deoxy-
D-glucitol-1-carbamoyl pentane); MUO, 11-mercaptoundecanol; MUA, 11-mercaptoundecanoic acid; AUT, 11-amino-1-undecanethiol; MDD,
12-mercaptododecane. (B) Time courses of SPR signal due to adsorption of DOPC vesicle on SAMs. At injection, 100 µl of 1 mg ml–1 DOPC uni-
lamellar vesicle was applied at a flow rate of 5 µl min–1. Just after the injection ended, the sensor surface was rinsed with a running buffer com-
posed of 0.15M NaCl, 10mM Tris–HCl (pH 7.4) and 2mM CaCl2 at a flow rate of 1.5ml min–1 for 10 s and, subsequently, a flow rate of 5 µl min–1.
Temperature, 25.0°C. (C) Temporal changes in shifts in normalized resonance frequency and dissipation due to adsorption of DOPC and POPC
vesicles on DDGP SAM. An aqueous suspension of 0.1 mg ml–1 DOPC or POPC suspended in the running buffer was applied to the flow chamber
of the QCM-D instrument. Temperature: 25.0°C.
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very stable under the flow of the running buffer. Moreover,
the adsorption of the vesicle of POPC, another widely used
phospholipid in supported lipid membrane studies, was also
examined by QCM-D for comparison. In contrast with DOPC,
the shifts in the resonance frequency and dissipation for the
injection of the POPC vesicle seem not to reach plateaus
during the observation time of 40 min (Fig. 3C).
Biotin-containing phospholipid vesicle layer for bio-

sensing The vesicle layer of a mixture of biotinylated
phospholipid and DOPC was prepared on the DDGP SAM,
and the binding of NeutrAvidin to the vesicle layer was in-
vestigated by SPR. A suspension of unilamellar vesicle was
prepared from 3 mol% biotin-X-DHPE, biotin-DHPE or
biotin-DOPE (Fig. 4A) mixed with DOPC. The resulting vesi-
cle suspension was applied to DDGP SAM to form biotin-

X-DHPE/DOPC, biotin-DHPE/DOPC or biotin-DOPE/DOPC
vesicle layer, and the binding of NeutrAvidin with the biotin-
containing phospholipid vesicle layer was monitored by SPR.
Figure 4B shows that these biotinylated phospholipid/DOPC
mixture vesicles adsorb on the DDGP SAM with SPR sig-
nal increases comparable to that of DOPC alone (Fig. 3B),
suggesting that the vesicle layers of the mixtures are likely
to be formed on the DDGP SAM in a manner similar to the
DOPC vesicle layer. Additionally, it was observed that
NeutrAvidin bound to these biotin-containing vesicle layers
(Fig. 4B).
The change in the SPR signal responsible for the binding

of NeutrAvidin to the biotin-containing vesicle layer was
found to be dependent on the type of biotinylated phopho-
lipid mixed with DOPC. To investigate the binding, the time

FIG. 4. Binding of NeutrAvidin to biotin-containing vesicle layers. (A) Chemical structures of biotinylated phospholipids mixed in DOPC to
form vesicle layers on DDGP SAM. (B) Time courses of SPR signal change due to sequential injections of vesicle containing biotinylated phos-
pholipid and NeutrAvidin. One of the three biotinylated phospholipids shown in panel A was mixed at a molar fraction of 3% in DOPC to obtain a
biotin-containing vesicle suspension at a concentration of 1 mg ml–1 phospholipid. After the injection of 50 µl of the vesicle suspension, 100 µl of
1 mgml–1 NeutrAvidin was injected. Temperature: 25.0°C. (C) Nonlinear least-square fitting of SPR signal changes with a bi-exponential function.
The SPR signal curve was fitted with a function, y0−A1 exp(−k1(t−t0))−A2 exp(−k2(t−t0)), where y0 is an SPR signal when the binding of NeutrAvidin
reaches a plateau, t0 is the time when the injection of NeutrAvidin was started, and A1 and A2 are the increases in SPR signal due to the binding of
NeutrAvidin to the biotin-containing vesicle layer at rate constants of k1 and k2, respectively. (D) SPR signal changes due to injection of vesicle sus-
pension of 3 mol% biotin-X-DHPE mixed in DOPC (indicated as 3 mol% Biotin-X-DHPE) or DOPC without biotin-X-DHPE (indicated as
0 mol% Biotin-X-DHPE), followed by sequential injections of NeutrAvidin, biotinylated protein A, and IgG. The injections were made with 50 µl
of 1 mg ml–1 phospholipid vesicle, 1 mg ml–1 NeutrAvidin, 0.1 mg ml–1 biotinylated protein A, and 0.1 mg ml–1 IgG. Temperature: 25.0°C.
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course of the SPR signal was analyzed by a nonlinear least-
square method with exponential functions. The changes in
the SPR signal for the three biotin-containing phospholipid
vesicle layers were fit well with a bi-exponential function
(Fig. 4C), whereas the fit with a single exponential was
poor. The bi-exponential nature of NeutrAvidin binding in-
dicates that the binding of NeutrAvidin to the biotin-con-
taining phospholipid vesicle layers occurs at two binding
rates. The binding rate constants and the corresponding in-
creases in the SPR signal derived by the nonlinear least-
square estimation are summarized in Table 1. The parame-
ters of k

1
 and k

2
 are pseudo-first-order rate constants of the

binding of NeutrAvidin to the biotinylated phospholipid mea-
sured at 1 mg ml–1 NeutrAvidin. The increases in the SPR
signal, A

1
 and A

2
, must relate to the amount of NeutrAvidin

that binds to the biotin-containing vesicle layer at the rate
constants of k

1
 and k

2
, respectively. For the biotin-X-DHPE/

DOPC vesicle layer, the rapid binding phase is dominant
in that A

1
 is 2-fold higher than A

2
, whereas for the biotin-

DHPE/DOPC and biotin-DOPE/DOPC vesicle layers, the
slow binding phase is dominant, because their A

1
 values are

much lower than their A
2
 values. Moreover, the SPR signal

increases in the total NeutrAvidin binding, (A
1
+A

2
), for the

biotin-DHPE/DOPC and biotin-DOPE/DOPC vesicle layers
are substantially lower than that of biotin-X-DHPE/DOPC
layers. Thus, the present investigation demonstrates that the
use of biotin-X-DHPE achieves a more rapid immobiliza-
tion of NeutrAvidin on the phospholipid vesicle layer at a
higher surface density, and biotin-X-DHPE must be more
suitable for high-throughput and highly sensitive biosensing
applications than biotin-DHPE and biotin-DOPE.
Furthermore, on the NeutrAvidin-bound biotin-X-DHPE/

DOPC vesicle layer prepared as mentioned above, a bio-
tinylated receptor protein was immobilized by the biotin-
avidin chemistry, and the reaction between the receptor and
an analyte protein was examined by SPR. As a model system,
we used biotinylated protein A and immunoglobulin G (IgG)
for the receptor and analyte proteins, respectively (Fig. 1).
Figure 4D shows the SPR signal changes of 6600, 1800 and
4900 RU for sequential injections of NeutrAvidin, biotiny-
lated protein A and IgG, respectively. The amounts of pro-
teins bound to the sensor chip surface are computed as 660,
180 and 490 ng/cm2, respectively, if we can use a correlation
coefficient of 0.1 ng/cm2/RU between the SPR signal change
and the amount of bound protein (33). In contrast, for the
DOPC membrane devoid of biotin-X-DHPE, the SPR signal
increases for the injections of NeutrAvidin, biotinylated
protein A and IgG were significantly lower: 230, 93 and 430
RU, respectively (Fig. 4D). The SPR signal changes roughly
correspond to 23, 9.3 and 43 ng/cm2, respectively. These
results demonstrate that the protein molecules can be im-

mobilized on the biotin-X-DHPE/DOPC vesicle layer almost
through specific interaction, and the vesicle layer is resistant
to nonspecific protein adsorption.
Optimization of biotin-X-DHPE content To optimize

the biotin-X-DHPE/DOPC vesicle layer for the immobiliza-
tion of the biotinylated receptor protein on the layer, we ex-
amined the molar fraction of biotin-X-DHPE contained in
the vesicle layer on the DDGP SAM. Unilamellar vesicles
of 0–100 mol% biotin-X-DHPE mixed with DOPC were
prepared and applied onto DDGP SAM. The binding reac-
tions of NeutrAvidin, biotinylated protein A and then IgG
on the biotin-containing vesicle layer were measured using
SPR similarly to Fig. 4D. The increases in the SPR signal due
to binding are summarized in Fig. 5. As the biotin-X-DHPE
fraction increases up to 3 mol%, the SPR signal changes for
the binding of the three proteins rapidly increases. However,
the SPR signal increases are less affected in the range of 3–
30 mol% biotin-X-DHPE. Thus, these results indicate that
biotin-X-DHPE of a fraction of approximately 3 mol% is
necessary for maximizing the surface densities of the immo-
bilized proteins and thereby obtaining a high sensitivity for
the detection of the analyte protein. Additionally, the SPR
signal change due to the adsorption of biotin-X-DHPE/DOPC
vesicle decreases as the biotin-X-DHPE fraction increases,
and the vesicle of 100 mol% biotin-X-DHPE fails to adsorb
onto the DDGP SAM (Fig. 5). This decrease in the SPR sig-
nal might suggest an increase in the number of defects in the
phospholipid vesicle layer with the increased fraction of
biotin-X-DHPE. Thus, the biotin-X-DHPE fraction of ap-
proximately 3 mol% may be the optimum condition for the
biotin-X-DHPE/DOPC vesicle layer on the DDGP SAM for
SPR biosensing, although the sensitivity for detecting the
proteins was observed to be insignificantly affected in the

TABLE 1. Kinetic parameters of binding of NeutrAvidin to biotin-containing vesicle layers calculated
by nonlinear least-square estimation with a bi-exponential function

Biotinylated phospholipid
mixed in DOPC

Rapid binding Slow binding

k1 (min–1) A1 (RU) k2 (min–1) A2 (RU)

Biotin-X-DHPE 3.7 4150 0.22 2040
Biotin-DHPE 1.1 553 0.085 3200
Biotin-DOPE 1.5 749 0.089 2900

FIG. 5. Profile of SPR signal increases due to the injections of
vesicles, NeutrAvidin, biotinylated protein A and IgG as functions of
molar percentage of biotin-X-DHPE mixed in DOPC.
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range of 3–30mol% biotin-X-DHPE. Similarly to the present
study, it has been reported that the binding of streptavidin
to a mixed SAM of MUO and a biotinylated thiolate is de-
pendent on the molar fraction of the biotinylated thiolate, and
was found to be optimum at 15 mol% biotinylated thiolate
(34).

DISCUSSION

In the study, we demonstrated the method of immobiliz-
ing biotinylated protein A on the SPR sensor chip using the
biotin-containing phospholipid vesicle layer through the
biotin-avidin-biotin linkage. Additionally, IgG was allowed
to bind to the protein A on the vesicle layer, i.e., IgG was
immobilized through the biotinylated protein A. Moreover,
it should be noted that the vesicle layer exhibited resistance
to nonspecific protein adsorption. Therefore, the present
method should be useful for producing the surface layer of an
antibody SPR biosensor containing IgG on the sensor surface.
Otherwise, immunoglobulin labeled with a biotinylation
reagent can be directly immobilized on the NeutrAvidin-
bound biotin-containing vesicle layer.
As a further application, the phospholipid vesicle layers

on the gold surface can be combined with fluorescence
measurement. The fluorescence of fluorescent molecules in
the vicinity of the gold surface is known to be substantially
quenched owing to the energy transfer from the dyes to gold
(21), and this would often be problematic when observing
the SPR-enhanced fluorescence of the dyes. However, if a
phospholipid vesicle layer is formed on the surface of an
SPR biosensor, the fluorescent analyte and/or receptor mol-
ecules will be separated from the gold surface, thereby de-
creasing the quenching effect. Thus, by using the phospho-
lipid vesicle layer, simultaneous measurements of fluores-
cence and SPR (21, 35) would be achieved with a high sen-
sitivity. In fact, SPR can be used to measure protein-protein
interactions with a high sensitivity, but does not have suffi-
cient sensitivity for measuring the binding of small-molecule
ligands, e.g., ATP, GTP, cyclic AMP, acetylcholine and pep-
tide hormones, to receptor proteins. However, if the small-
molecule ligands are fluorescently labeled, the SPR-enhanced
fluorescence measurement can enable the detection of the
binding of the small-molecule ligands to proteins at a high
sensitivity. Thus, with the phospholipid vesicle layer formed
on the surface of the SPR sensor chip, the simultaneous mea-
surements of SPR and SPR-enhanced fluorescence would
be useful for analyzing protein-protein interactions that are
dependent on small-molecule ligands.
The kinetics of the adsorption of phospholipid vesicle on

the SAMs was observed to be dependent on the chemical
species constituting the SAM. By the injection of the DOPC
vesicle, the SPR signal reached a plateau rapidly for the
SAMs of DDGP, MUO and MUA (Fig. 3B). Considering
that the DOPC vesicle layer was formed on the DDGP SAM
and the SPR signal changes due to the injection of the DOPC
vesicle for the SAMs of DDGP, MUO and MUA were simi-
lar, the DOPC vesicle layer is most likely to be formed also
on the surfaces of the MUO and MUA SAMs. However, the
SPR signal for the DDGP SAM was the highest among the
three SAMs, and this suggested that the highest coverage of

the sensor chip surface with the DOPC vesicle layer may be
achieved on the DDGP SAM. Thus, the DDGP SAM was
chosen for this study.
QCM-D measurement showed that both resonance fre-

quency and dissipation exhibited plateaus after the injection
of the DOPC vesicle (Fig. 3C). The temporal changes in the
signals indicated that the DOPC vesicle did not accumulate
on the DOPC vesicle layer, after the vesicle layer formed on
the DDGP SAM. In contrast, the resonance frequency and
dissipation for the injection of the POPC vesicle did not
reach saturation within the interval (40 min) of the QCM-D
experiment (Fig. 3C). These results suggest that the DOPC
vesicle interacts more strongly with the surface of the DDGP
SAM and less favorably with the DOPC vesicles them-
selves than the POPC vesicle does. Because of the proper-
ties of the DOPC vesicle, DOPC, rather than POPC, was
chosen for preparing the phospholipid vesicle layer on the
DDGP SAM in this study.
A plateau of the amount of NeutrAvidin bound to biotin-

X-DHPE/DOPC vesicle layer was observed for ≥3 mol%
biotin-X-DHPE (Fig. 5). This may arise from the saturation
of the bound NeutrAvidin molecule on the vesicle layer sur-
face. If we use the correlation coefficient of 0.1 ng/cm2 pro-
tein adsorption per 1 RU (33), although its measurement con-
dition was not the same as that of the present study, the
number of NeutrAvidin molecules per square area of the
side length of 10 nm on the sensor chip surface is computed
from the SPR signal of 6600 RU at 3 mol% biotin-X-DHPE
(Fig. 5) as

× (10×10–7)2× 6.02× 1023

= 6.6 (molecules/100 nm2) (2)

where 60,000 is the molecular weight of NeutrAvidin. To
examine the surface area of the phospholipid vesicle acces-
sible to NeutrAvidin, by an approximation, we consider a
close-packed layer of spherical phospholipid vesicle with a
radius r. If we assume that the vesicle is not deformed not-
withstanding its adsorption on the SAM surface and that
NeutrAvidin is accessible to the upper half of the vesicle,
the total surface area of the phospholipid vesicles accessible
from NeutrAvidin in the square region of the sensor chip
surface with a side length L is expressed as

× = =1.57 L 2 (3)

This indicates that, in this approximation, the surface area
of vesicles accessible from NeutrAvidin in a square region
of the sensor chip surface is not dependent on the vesicle
radius and only 1.57 times the area of the square region.
Thus, the surface density of the NeutrAvidin molecule on the
phospholipid vesicle surface will be 6.6/1.57= 4.2 molecules/
100 nm2. If we consider the diameter of NeutrAvidin as ap-
proximately 5 nm, the NeutrAvidin molecules on the biotin-
containing vesicle layer would be near by close-packed.
Furthermore, an SPR signal of 1 RU was reported to corre-
spond to 0.092 ng/cm2 of adsorbed egg phosphatidylcholine
(36), and, if this correlation is used for the biotin-X-DHPE/
DOPC vesicle layer by a crude estimation, the surface den-
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sity of the biotin-X-DHPE molecule on the sensor chip sur-
face for the biotin-X-DHPE/DOPC vesicle layer of 3 mol%
biotin-X-DHPE is calculated as

0.25× 0.03×

× (10× 10–7)2×6.02× 1023= 4.3 (molecules/100 nm2)

(4)

where the values of 1023.43 and 786.11 are the molecular
weights of biotin-X-DHPE and DOPC, respectively, and
the value of 8300 is the SPR signal change corresponding
to the vesicle adsorption (Fig. 5). The factor of 0.25 arises
from the assumption that only the outer surface of the upper
half of the spherical phospholipid vesicle is accessible to
NeutrAvidin. According to the approximation stated above,
the density of the biotin-X-DHPE molecule accessible to
NeutrAvidin with regard to the phospholipid vesicle surface
will be 4.3/1.57=2.8molecules/100 nm2. This estimated value
is in the same order as that of NeutrAvidin notwithstanding
such crude estimation. Considering these calculations, the
plateau of the amount of bound NeutrAvidin for ≥3 mol%
biotin-X-DHPE (Fig. 5) is likely to be due to the close pack-
ing of NeutrAvidin on the surface of biotin-X-DHPE/DOPC
vesicle layer.
The kinetic parameters of the NeutrAvidin binding for the

biotin-DHPE/DOPC and biotin-DOPE/DOPC vesicle layers
were very similar to each other, but different from that for
the biotin-X-DHPE/DOPC vesicle layer (Table 1). Biotin-
X-DHPE and biotin-DHPE have the same hydrocarbon tail
chains, and biotin-DHPE and biotin-DOPE have the same
polar head group (Fig. 4A). However, the 6-amino-hexano-
ate moiety is inserted between the biotin and ethanolamine
in the polar portion of biotin-X-DHPE, unlike in the case of
biotin-DHPE and biotin-DOPE. Considering the structures
of the biotinylated phospholipids and the kinetic properties,
it is suggested that the linker length between the phosphor
atom and biotinyl group would have a primary effect on the
binding of NeutrAvidin to the biotinylated phospholipid.
Furthermore, the linker length may have an effect on the
motional freedom of the NeutrAvidin molecules bound to
the biotin-containing vesicle layer, and the motional free-
dom of NeutrAvidin may affect the packing of NeutrAvidin
molecules, resulting in the lower surface density of the
NeutrAvidin molecule on the biotin-DHPE/DOPC and biotin-
DOPE/DOPC vesicle layers, and thus, the lower value of the
SPR signal at saturation, i.e., (A

1
+A

2
). In fact, the density of

the bound NeutrAvidin molecule on the vesicle layer sur-
face at saturation was estimated to be near by close-packed,
as discussed above. Moreover, the lower reaction rates of
NeutrAvidin binding, k

1
 and k

2
, for biotin-DHPE and biotin-

DOPE than for biotin-X-DHPE may be due to an electric
or steric repulsion force exerting between the NeutrAvidin
molecule and vesicle surface because of their shorter linker
between the biotinyl group and phosphor atom.
The binding of NeutrAvidin to the biotin-containing phos-

pholipid vesicle layers was observed to occur with the bi-
exponential kinetics (Fig. 4C). To the best of our knowl-
edge, the bi-exponential kinetics of avidin-class proteins to
the biotin-containing substrate surfaces has not been reported,

although the dissociation of streptavidin from a mixed SAM
of MUO and a biotinylated thiolate has been reported to fol-
low a bi-exponential kinetics, suggesting that this arose from
the multivalence of streptavidin for biotin binding (34, 37).
As computed from Table 1, the ratios of A

1
/A

2
 for biotin-X-

DHPE/DOPC, biotin-DHPE/DOPC and biotin-DOPE/DOPC
vesicle layers are 2.0, 0.17 and 0.25, respectively, and thus,
the amounts of NeutrAvidin that react through the slow and
fast binding phases strongly depend on the linker length be-
tween the biotinyl group and phosphor atom. Although the
mechanism of the bi-exponential kinetics is still unknown at
present, the results suggest that the bi-exponential kinetics
of NeutrAvidin binding observed in this study is related
closely to the linker length, rather than the multivalence of
biotin binding for NeutrAvidin or the geometry of phspho-
lipid vesicles adsorbed on the DDGP SAM. As the binding
of NeutrAvidin to the biotin-containing vesicle layer pro-
ceeds, the surface of the vesicle layer will be covered with
NeutrAvidin molecules. The NeutrAvidin binding would
thus be sterically hindered, as the binding reaction pro-
ceeds. Because the motional freedom of NeutrAvidin mole-
cules bound to the biotin-DHPE/DOPC and biotin-DOPE/
DOPC vesicle layers would be lower than that to the bi-
otin-X-DHPE/DOPC vesicle layer; the steric hindrance of
NeutrAvidin binding to the biotin-DHPE/DOPC and biotin-
DOPE/DOPC vesicle layers would be expected to be larger.
In fact, the amount of bound NeutrAvidin through the slow
binding phase (A

2
 in Table 1) is much higher than that

through the fast phase (A
1
 in Table 1) for biotin-DHPE/DOPC

and biotin-DOPE vesicle layers, as expected from the con-
sideration. Thus, the steric crowding effect may account for
the bi-exponential kinetics, although other possibilities may
not be ruled out.
SAMs of saccharide-terminated molecular species on gold

have been described by several research groups. The ter-
minal groups of the alkyl thiols were glucose, mannitol and
galactose, and these SAMs have been shown to be highly
protein-resistant and inert to cells (38–41). In this study, we
synthesized a novel saccharide-terminated alkyl disulfide,
DDGP, and moreover, the DOPC vesicle layer was demon-
strated to be formed on the DDGP SAM. To the best of our
knowledge, this is the first report that demonstrates that
phospholipid vesicle layers can be formed on the SAM of a
saccharide-terminated derivative, and a biomolecular inter-
action that takes place on the vesicle layer can be detected
by SPR.
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