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Abstract

Non-specific adsorption and specific interaction between a chimeric green fluorescent protein (GFP) carrying metal-binding
region and the immobilized zinc ions on artificial solid-supported lipid membranes was investigated using the quartz crystal
microbalance technique and the atomic force microscopy (AFM). Supported lipid bilayer, composed of octanethiol and 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine/1,2-dioleoyl-sn-glycero-3-[N-(5-amino-1-carboxypentyl iminodiacetic acid)succinyl] (NTA-
DOGS)-Zn2+, was formed on the gold electrode of quartz resonator (5 MHz). Binding of the chimeric GFP to zinc ions resulted in
a rapid decrease of resonance frequency. Reversibility of the process was demonstrated via the removal of metal ions by EDTA.Nano-
scale structural orientation of the chimeric GFP on the membrane was imaged by AFM. Association constant of the specific binding
to metal ions was 2- to 3-fold higher than that of the non-specific adsorption, which was caused by the fluidization effect of the
metal-chelating lipid molecules as well as the steric hindrance effect. This infers a possibility for a further development of biofunction-
alized membrane. However, maximization is needed in order to attain closer advancement to a membrane-based sensor device.
� 2004 Elsevier Inc. All rights reserved.
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Functionalized membranes are extensively applied as
biological devices, templates for structural determina-
tion, and model to study molecular recognition and
transport processes. Lipid is suitable as coating material
owing to its homogeneity and stability. Self-organiza-
tion into monolayer or bilayer of the lipid reveals a fea-
sibility of developing membrane-based sensor device.
Furthermore, it can be transferred onto various kinds
of solid support by Langmuir–Blodgett technique or
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vesicle fusion. Lipid interfaces can be functionalized by
reconstitution of membrane proteins or incorporation of
reactive compounds via covalent coupling or specific
ligand–receptor binding [1–3].

In recent decade, binding interaction between ligands
and receptors on an artificial membrane has come into
an attention in various aspects aiming to gain further
application on biological recognition and molecular
engineering. For instance, the specific binding of avidin
to biotin containing lipid lamella surfaces has thor-
oughly been investigated [4]. Binding of annexin to
lipid membranes containing anionic phospholipids in
a calcium-dependent manner has extensively been
reported [5–7]. The high affinity binding of histidine
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residues to immobilized divalent cations on chelating li-
pid membrane opens up a potential approach for revers-
ible immobilization of proteins [1,8,9]. Two-dimensional
crystallization of many kinds of proteins has been ob-
tained by specific binding on the lipid layer [10,11].

Green fluorescent protein (GFP) is an autofluores-
cent protein isolated from the jellyfish, Aequorea victo-

ria. The GFP has been progressively applied for both
in vivo and in vitro studies of cellular processes, e.g.,
as reporters of localization, gene expression, protein
trafficking, and protein–protein interaction [12–17]. Re-
cently, a combination of GFP with highly sensitive tech-
niques has revolutionized the membrane-based sensor
[18–20]. However, it remains necessary to perceive more
of the binding interaction between the GFP and other
biomolecules especially various kinds of lipids. Associa-
tion and organization of the chimeric GFPs to lipid
membrane has individually been investigated via various
biophysical techniques [8,9,21]. However, more detail of
their quantitative interaction is needed to be explored
for further application.

Quartz crystal microbalance (QCM) is known as a
simple and low-cost mass sensing technique basing on
the piezoelectric effect. The QCM has extensively been
applied as a powerful device to study adsorption pro-
cesses at solid–liquid interfaces in both chemical and
biological research [22–25]. This technique provides a
wide range of detection. It can detect not only surface
coverage by small molecules or polymer films but it is
also capable of determining much larger masses bound
to the surface including complex arrays of biopolymers,
biomacromolecules or whole cells. As compared to other
systems, the QCM offers a rapid response while obviat-
ing the need for additive labeling reagents and permits
direct conversion of a frequency signal into mass accu-
mulation. Among other measurements, atomic force
microscopy (AFM) is a powerful technique for high res-
olution surface studies of biological macromolecules
(e.g., DNA and proteins). It can be operated under
aqueous condition so that real time monitoring can be
performed [26]. However, Langmuir film balance is a
biophysical technique used for analysis and manipula-
tion of monomolecular organic layers such as amphi-
philic molecules, fatty acids, and lipids [27].

Therefore, in this study, we use the QCM to study the
molecular interaction of the chimeric GFP with artificial
solid-supported bilayer membrane. This biomimetic
material has been applied as a model to study adsorp-
tion behavior of the GFP to lipid membrane. Adsorp-
tion of the protein on the lipid monolayer has also
been determined by film balance measurement for com-
parison. In parallel, specific recognition of the chimeric
GFP carrying hexapolyhistidine to metal portion immo-
bilized onto the membrane has been identified. Specific
orientation on the desired membrane has been visualized
via AFM in corresponding to the adsorption character-
istic. Furthermore, association constant between the chi-
meric His6GFP and immobilized metal ions has been
calculated in order to explore the feasibility of applying
the biofunctionalized membrane-based analytical de-
vices for future metal determination.
Materials and methods

Lipid and chemicals. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) and 1,2-dioleoyl-sn-glycero-3-[N-(5-amino-1-carboxypentyl
iminodiacetic acid)succinyl] (NTA-DOGS) were purchased from
Avanti Polar Lipids (Alabaster, AL, USA). Octanethiol was from
Fluka (Neu Ulm, FRG). Water was first purified through a Millipore
water purification Milli-Q RO 10 Plus (Millipore GmbH, Eschborn,
FRG) and then finally with the Millipore ultrapure systemMilli-Q Plus
185 (18.2 MX cm�1). The 5 MHz overtone polished AT-cut quartz
crystals (plano–plano) were obtained from KVG (Niederbischofsheim,
FRG), the silver conductive adhesive was from Epoxy-GmbH (Fürth/
Odenwald, FRG), and the silicon glue (Elchsiegel) was from Rhône
Poulenc (Leverkusen, FRG). Gold (99.99% purity) applied for the gold
electrodes was a generous gift from DEGUSSA (Hanau, FRG), while
the chromium was purchased from Bal-Tec (Balzers, Liechtenstein).
For all experiments, phosphate-buffered saline (50 mM Na2HPO4,
0.3 M NaCl, pH 7.4; PBS) was used. Lipid stock solution was prepared
by dissolving powdered lipid in chloroform.

Proteins. Chimeric green fluorescent protein carrying hexapolyh-
istidine (His6GFP) was expressed in Escherichia coli strain TG1 and
further purified to homogeneity via immobilized metal affinity chro-
matography (IMAC) charged with zinc ions as previously described
[28,29]. Protein concentration was determined by UV absorption with
e395 nm = 27,000 M�1 cm�1 and protein purity was analyzed by SDS–
PAGE.

Vesicle preparation. Lipid film of mixed DPPC with various
amounts of the NTA-DOGS was prepared by drying the lipids dis-
solved in chloroform under nitrogen stream followed by 2 h incubation
under vacuum at 50 �C. The lipid film was stored at 4 �C until use.
Multilamellar vesicles (MLVs) were prepared by first swelling the lipid
film in PBS followed by periodically vortexing for 30 s for 4–5 times.
The resulting MLVs were subsequently converted into large unila-
mellar vesicles (LUVs) by pressing the MLVs through a polycarbonate
membrane (100 nm pore diameter) via a miniextruder (LiposoFast:
Avestin, Ottawa, Canada).

Impedance analysis. The electrochemical cell consisted of a quartz
crystal with one gold electrode serving as working electrode and a
platinum wire as counter electrode. AC impedance spectroscopy was
carried out with an impedance gain/phase analyzer SI 1260 from
Solartron instruments (Farnborough, Great Britain). The magnitude
of the impedance |Z(f)| as well as the phase angle F(f) was recorded in
the frequency range of 10�1–106 Hz with an AC amplitude of 30 and
0 mV DC offset potential. Quantitative analysis of the spectra was
performed by fitting all the parameters of the equivalent circuit to the
data by a nonlinear-least squares fit using the Levenberg–Marquardt
algorithm. The equivalent circuit used for the fitting procedure simply
consisted of a resistance in series with a capacitance. The resistance
represented the ohmic nature of the electrolyte and the capacitance
represented the electrical behavior of the membrane. The resistances of
monolayer and bilayer were not detectable in the applied frequency
range and were therefore neglected in the analysis.

Preparation of solid-supported bilayer on gold electrode. Gold elec-
trodes with an area of 0.265 cm2 were deposited on each side of a
quartz plate by means of an evaporation unit (E 306, Edwards, UK),
by using a suitable mask design. After application of a layer of chro-
mium (10 ± 20 nm) to improve the adhesion of gold, the gold layer was
subsequently deposited with a final thickness of about 200 nm. Prior to
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use, they were cleaned in both of the piranha solution (60 ml conc.
H2SO4, 20 ml of 30% H2O2) and high-energy argon plasma (plasma
cleaner, Harrick, USA) for 5–10 min before placing the quartz plate in
the teflon chamber. The quartz surface was then immersed for 30 min
in an ethanolic solution containing 1 mM octanethiol. Subsequently,
the electrode was extensively rinsed several times with ethanol to
remove remaining thiols and then at least five times with buffer to
remove ethanol. Formation of the first monolayer was verified via
impedance analysis. The bilayer was formed by adding the preformed
vesicles of either pure DPPC or mixture of DPPC:NTA-DOGS to the
hydrophobic monolayer of octanethiol in PBS for 1 h at 50 �C to in-
duce fusion process. The electrodes were subsequently stored at room
temperature for overnight to achieve a complete fusion. Remaining
vesicles were removed by rinsing the electrode surface several times
with buffer solution. Finally, the impedance spectroscopy was again
applied to ensure proper formation of an insulating phospholipid
monolayer.

Quartz crystal microbalance measurement. Experimental setup for
the QCM measurement used in this study is depicted schematically in
Fig. 1A. Basically, it consisted of the quartz resonator, a flow system,
and the oscillator circuit. The gold electrodes were connected to the
oscillator circuit via thin silver wires, which were fixed on the gold
electrodes by a conductive adhesive. The quartz plates were mounted
into a teflon holder designed to allow the aqueous solution to contact
only with the gold-coated surface of the quartz crystal. An inlet and
outlet allowed for a continuous buffer flow as well as protein addition
by using a peristaltic pump. The whole flow system included a volume
of 2 ml pumped with a flow rate of 1.36 ml min�1 through the quartz
chamber. The crystal and the oscillator circuit were placed in a tem-
Fig. 1. (A) Experimental setup of the quartz crystal microbalance based on
binding of chimeric His6GFP onto a functionalized quartz surface with an i
physisorbed metal-chelating lipid monolayer (DPPC:NTA-DOGS).
perature-controlled chamber, which served as a water-jacketed Fara-
day cage for maintaining the temperature constant at 20 �C. The
oscillator circuit consisted of an integrated circuit SN74LS124N from
Texas Instruments connected to a frequency counter from Hewlett
Packard (HP 53181 A). The frequency signal was transferred to the
personal computer via the data acquisition board (DAQ; National
Instruments, München, FRG).

Film balance measurement. Film balance measurement was per-
formed as previously described [8]. Briefly, phospholipid films of
DPPC or DPPC:NTA-DOGS at various ratios were prepared from a
lipid stock solution by carefully spreading via a microsyringe at the air/
liquid interface. After an equilibration time of 10 min, the film was
compressed until the final surface pressure reached 25 mN m�1. The
interface was allowed to equilibrate for at least 45 min, at which point
no further barrier movement was required to maintain constant pres-
sure. The chimeric His6GFP dissolved in PBS was then injected into
the subphase underneath the monolayer to yield subphase concentra-
tion of 72 nM. Changes of the lateral pressure after injection were
measured at constant interfacial area and recorded for a minimum of
60 min.

Preparation of Langmuir–Blodgett bilayer on mica. Langmuir–
Blodgett (LB) films were prepared as previously described [9]. DPPC
was spread on the buffer subphase and the lipid film was compressed to
a surface pressure of 45 mN m�1 at the subphase temperature of 20 �C.
The DPPC monolayer was transferred to a freshly cleaved mica sheet.
The monolayer film was allowed to dry in air for overnight. Second
monolayer composed of DPPC, DPPC/NTA-DOGS or DPPC/NTA-
DOGS-Zn2+ at various ratios was compressed to 30 mN m�1 and then
the His6GFP was injected underneath the lipid monolayer to yield the
the flow injection system. (B) Schematic representation of a specific
mmobilized lipid bilayer composed of an octanethiol monolayer and a
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subphase concentration of 72 nM. The lipid–protein mixture was
subsequently deposited onto the first hydrophobic DPPC monolayer at
the desired pressure, and the mica sheet was transferred into an open
fluid cell under buffer solution.

Atomic force microscopy measurement. Topographical images of
solid-supported membranes were obtained via an atomic force micro-
scope (Nanoscope IIIa Bioscope: Digital Instruments, Santa Barbara,
USA) operating in contact mode as described in detail elsewhere [9].
Multiple cross-sections of the individual protein images by AFM were
performed and the mean height of protein domain was analyzed by the
WSxM software (Nanotec Electronica, Madrid, Spain).
Results and discussion

The GFP has extensively been applied in an attempt
to develop artificial membrane-based fluorescent sensor
in several studies [8,18]. Even though nanoscale orienta-
tion has been explored by our group upon the interac-
tion between chimeric metal-binding GFP and lipid
membrane [9]. However, we herein report for the first
time on the interaction of the chimeric GFP onto artifi-
cial solid-supported lipid membrane using a combina-
tion of QCM, Langmuir film balance, and AFM.

Formation of solid-supported membrane on quartz crystal

Solid-supported lipid bilayer has extensively been uti-
lized in fundamental biophysical research and biosensor
applications [30–33]. In this study, the solid-supported
membrane was created and further investigated for
lipid–protein interaction via the quartz resonator. The
monolayer of octanethiols (OT) was coated onto the
gold electrode via self-assembled monolayers (SAMs)
Fig. 2. Impedance spectra of a chemisorbed monolayer of octanethiol (OT) a
DPPC or DPPC:NTA-DOGS. The solid lines are the results of the fitting p
following parameters: COT = 2.5 lF cm�2, COT/DPPC:NTA-DOGS = 1.2 lF cm
evaluation. Cm represents the capacitance of the octanethiol monolayer and th
and Re represents the Ohmic resistance of the electrolyte and the wire conne
technique. The closely packed hydrocarbon chains of
OT promoted attachment of a second lipid layer onto
the hydrophobic surface achieving a bilayer membrane.
Therefore, mixtures of DPPC and metal-chelating lipid
(NTA-DOGS) at various ratios were successfully physi-
sorbed on top of the OT-layer by vesicle fusion (Fig.
1B). Characteristic of electrical parameters of the OT
monolayer as well as the lipid bilayer was verified by
means of impedance spectroscopy. Fig. 2 demonstrates
typical impedance spectra of the monolayer and bilayer
formation. The equivalent circuit composed of a capac-
itance (Cm; represented the OT monolayer and the
phospholipid bilayer), in series to an Ohmic resistance
(Re; represented the bulk resistance and the wire connec-
tions). This equivalent circuit is valid, since the OT
forms almost defect-free monolayer, leading to a sole
capacitive behavior in the observed frequency range
[32]. The solid lines denote the fitting results according
to the equivalent circuit. Mean capacitance of the OT-
monolayer and the OT/DPPC:NTA-DOGS was 2.5
and 1.2 lF cm�2, respectively. This ensures that the met-
al-chelating lipid membrane has been successfully
deposited on the surface of quartz resonator with 95%
surface coverage [32].

Fluidization effect of metal-chelating lipid on adsorption

of the chimeric His6GFP to lipid monolayer and bilayer

The QCM was applied to monitor both the adsorp-
tion of the His6GFP onto lipid membrane and the spe-
cific binding to metal ions with high resolution basing
on the piezoelectric effect. Fig. 3 illustrates the time
nd a bilayer consisting of OT and a second physisorbed monolayer of
rocedure according to the Levenberg–Marquardt algorithm with the
�2. The equivalent circuit in the inset was used for impedance data
e bilayer composed of the octanethiol and a phospholipid, respectively,
ctions.



Fig. 3. Time course of the resonance frequency shift upon adsorption
of the chimeric His6GFP onto a bilayer of OT and DPPC:NTA-
DOGS (line B) or DPPC (line A).
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course of the shift of resonance frequency upon adsorp-
tion of the His6GFP to the lipid mixture (DPPC:NTA-
Fig. 4. (A) Resonance frequency change (Df) upon adsorption of chimeric
DPPC and NTA-DOGS immobilized on quartz surface. (B) Increasing of de
DPPC:NTA-DOGS monolayers determined by film balance measurement.
His6GFP onto DPPC:NTA-DOGS membranes at ratios of 2:1 (C), 6:1 (D),
DOGS; 4:1). At a constant resonance frequency, protein
solution was injected into a small vessel and the fre-
quency change was monitored. Adsorption of the
His6GFP (0.165 nM) to the metal-chelating lipid mem-
brane revealed a rapid decrease of the frequency up to
82 Hz while no frequency change was observed on the
DPPC membrane. This shows the low adsorptivity of
the protein to the rigid domain of DPPC. Contrarily,
the fluidization effect caused by the metal-chelating lipid
facilitates non-specific protein adsorption.

Question was arisen whether the NTA-DOGS con-
tent, which influenced fluidity of the membrane, would
affect the adsorption of His6GFP. Various ratios of lipid
mixture of the lipid bilayer were formed on the quartz
plates. Fig. 4A shows the relation between the frequency
changes and the metal-chelating lipid contents. Increase
of frequency change corresponding to the amount of
NTA-DOGS peaked at the ratio of 6:1, generating the
highest frequency change of 105 Hz. Further addition
of NTA-DOGS resulted in a gradual decrease of
response.
His6GFP onto lipid bilayer membrane composed of various ratios of
lta pressure upon adsorption of chimeric His6GFP on various ratios of
(C–E) Topographical images of non-specific adsorption of chimeric
and pure DPPC (E).



Fig. 5. Time course of the resonance frequency shift after binding of
the chimeric His6GFP onto a bilayer of OT and DPPC:NTA-DOGS
(4:1) charged with zinc ions. The first and second arrows indicate the
time of protein addition and injection of EDTA solution, respectively.

Fig. 6. Binding isotherm of the chimeric His6GFP on the metal-
chelating lipid (NTA-DOGS) immobilized onto the quartz crystal
resonator in the absence (open circle) or presence (filled circle) of zinc
ions. The solid lines represent the fitting results according to the
Langmuir adsorption isotherm with the following parameters: (s)
Ka = (13.5 ± 4.11 · 109) M�1, Dfmax = �(111.62 ± 8.67) Hz, (d)
Ka = (33.7 ± 9.9 · 109) M�1, Dfmax = �(124.3 ± 10.1) Hz.
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To test whether such adsorption phenomenon would
be generated on the lipid monolayer, film balance tech-
nique was then applied for investigation. The lipid mix-
ture was prepared and lateral pressure was kept constant
at 25 mN m�1. The His6GFP (72 nM) was then injected
beneath the monolayer membrane. At the desired pres-
sure, degree of adsorption was monitored by increasing
interfacial pressure with time. Change in magnitude of
the interfacial pressure was corresponding to the
amount of NTA-DOGS (Fig. 4B). Increasing of NTA-
DOGS resulted in high fluidization of the lipid mem-
brane, which in turn enhanced the multilayer protein
adsorption. This adsorption provoked an enlargement
of interfacial pressure (Fig. 4B) while the protein lost
the fluorescence property upon exposure to the high sur-
face pressure at the air/water interface [1,8].

The correspondence between adsorption of the
His6GFP and amount of NTA-DOGS was directly con-
firmed as shown by the AFM (Figs. 4C–E). Individual
lipid mixture at ratios of 6:1, 2:1, and pure DPPC was
spread onto the buffer subphase and the interfacial pres-
sure was compressed until 30 mN m�1. The His6GFP
was injected into the subphase underneath the lipid
monolayer to yield a final concentration of 72 nM.
The lipid–protein mixture was subsequently transferred
to the DPPC-coated mica sheet and investigated under
the AFM. Fig. 4C shows the topographic images of
non-specific adsorption of the His6GFP onto the lipid
mixture at a ratio of 2:1. The non-homogeneous distri-
bution of the knobs appeared on the flat surface was re-
vealed. The height of these knobs composed of two
groups with equal distribution was 1–3.5 and 6–18 nm.
It is noteworthy that this small surface coverage was
attributable to the steric hindrance effect of protein–pro-
tein interaction [4,34]. Meanwhile, marked increase of
knob with the height approximately 2.5–5 nm (>95%)
was perceived in the case of lipid mixture of 6:1 (Fig.
4D). Small amount of protein adsorption with the
height of 2–3 nm was observed on the pure DPPC mem-
brane (Fig. 4E). Such findings were correspondingly in
agreement with the drop of frequency of QCM measure-
ment (Fig. 4A).

Specific binding of the chimeric His6GFP onto

immobilized metal ions on lipid bilayer membrane

To test whether by standing of metal ions on the
NTA-DOGS membrane provided a specific binding to
the His6GFP, zinc ions were loaded onto the immobi-
lized lipid membrane on the QCM. Excess amount of
zinc ions was removed by washing with phosphate buf-
fer. Fig. 5 represents the time course of resonance fre-
quency shift upon binding of the His6GFP. A rapid
decrease of frequency was detected after injection of
the His6GFP with a typical exponential decay. In addi-
tion, the metal-binding complex provided a stable signal
change as compared to the non-specific adsorption (data
not shown). After equilibrium was reached, EDTA con-
taining buffer was then added to displace the zinc ions.
This chelation effect regained the frequency up to
90 Hz indicating that 85% decrease of the initial fre-
quency was caused by the specific binding of the protein.

To further obtain the association constant between
protein and lipid membrane, the changes of resonance
frequency were detected under various concentrations
of His6GFP. Fig. 6 shows a binding isotherm of the
His6GFP to immobilized zinc ions on the lipid mem-
brane compared with non-specific adsorption. The solid
lines are the results of the fitting procedures. In the pres-
ence of 0.05 nmol of His6GFP, the frequency changes
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were at 80 and 42 Hz for the specific binding to zinc and
non-specific adsorption, respectively. Gradual increase
of frequency change corresponding to the increase of chi-
meric protein until saturation was observed. The associa-
tion constant was calculated by fitting the data to the
Langmuir adsorption isotherm. The association constant
of the immobilized zinc ions and the His6GFP was
33.7 ± 9.9 · 10�9 M, which was 2- to 3-fold higher than
that of the non-specific adsorption (Ka = 13.5 ± 4.11 ·
10�9 M). Such evidences indicate stronger binding of spe-
cific polyhistidine to the chelated lipid membrane, which
can be reversed by the chelating effect of EDTA. This spe-
cific association infers a potential of the chimeric GFP for
a biofunctionalized membrane and development of
sensor.

Molecular orientation of the chimeric GFP on the
membrane was further observed via the AFM (Fig. 7).
In the absence of zinc, the His6GFP tended to aggregate
to form multilayer adsorption as evidenced by the non-
spherical knob shape and heterogeneous scattering of
the protein on the membrane (Fig. 7A). By contrast,
the His6GFP preferentially bound to the immobilized
zinc in a specific manner rather than aggregation. This
was evidenced by distribution of the round-shaped
knobs on the membrane (Fig. 7B). Furthermore, the
height of the knob was approximately 4–5 nm, which
corresponded to the height of the end on the side of
green fluorescent protein (�4.2 nm). More importantly,
Fig. 7. Topographical images of a DPPC-DPPC:NTA-DOGS (4:1) Langmu
after addition of 72 nM His6GFP onto the lipid bilayer in the absence (A) a
interaction between hexahistidine and metal portion
promotes a specific orientation and lateral organization
in which strong fluorescence emission has been observed
even under high interfacial pressure. This fluorescence
rapidly disappears upon chelation of the metal by
EDTA [8].

Further perspectives are needed to be taken into ac-
count for the significance of specific binding of only 2-
to 3-fold higher of the His6GFP and the immobilized
zinc as compared to the non-specific adsorption. First,
small surface area of quartz crystal limits the amount
of zinc ions on the NTA-DOGS (�1.96 · 10�11 mol),
which directly affects the low amount of the His6GFP
to the ligand. Second, the protein-binding cavity calcu-
lated per lipid molecule restrains the specific binding
to metal ions owing to the steric hindrance effect. Third,
the non-specific binding can easily be potentiated by the
charged macromolecular amphiphilic nature of the pro-
tein, which provides a tendency to migrate and to ad-
sorb onto the QCM surface [35]. Fourth, fluidity of
chelating lipid promotes a remarkable protein adsorp-
tion, which in turn raises the background binding con-
stant up to nanomolar level. This level is 1000-fold
higher than that of the binding constant between
His6GFP and nickel ions determined by surface plas-
mon resonance [1]. However, the two latter effects may
possibly circumvent by the future development of the
metal-chelating lipid in the part of solid or rigid domain.
ir–Blodgett bilayer obtained in contact mode AFM and height analysis
nd presence (B) of zinc ions. The image size was 1 · 1 lm2.
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Therefore, further optimization of the system needs to
be performed in order to achieve not only the high bind-
ing constant but also explore more feasibility to further
develop a membrane-based sensor device, particularly
on metal determination [36–38].
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