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Solid-supported lipid membranes are important for their roles in fundamental biophysical research as well
as in applications such as biosensors. In our study, lipopolymers containing alkyl side chains were synthesized
and a mixture of the lipopolymer and free lipids was preorganized at thewvater interface and then
transferred to a solid substrate using the LangmBiodgett technique. A photochemical reaction between

a substrate-functionalized benzophenone antHCbhonds on the lipopolymer was used to attach the
lipopolymers to the substrate. The final assembly of the membrane was completed by vesicle fusion. Langmuir
film experiments at the airwater interface indicate tighter molecular packing for the lipopolymers with 28
mol % alkyl side chains than for the ones with 22 mol %. Atomic force microscopy images point to phase
separation of lipopolymers on the substrates due to their dewetting from hydrophobic surfaces. However, a
mixture of lipopolymers and free lipids formed a smooth film on the same substrate. After the addition of
the second lipid layer on the lipopolymer/free lipid layer, the fluorescence images of the polymer-supported
bilayer suggested that the distal lipid layer is homogeneous on the micrometer scale. The relaxation of the
fluorescent probe lipids was analyzed after application of an electric field to determine their diffusion
coefficient; the distal lipid layer was mobile with an average diffusion coefficient@fl um?/s. Moreover,

the immobile fraction of the lipids in the distal layer was estimated to be around 15%.

Introduction substrate. This polymer layer is intended to create enough
. _ S . separation between the membrane and the hard substrate so
The coupling of functional lipid bilayers to solid substrates that large integral membrane proteins may be accommodated

has been a widely studied topic in recent yéatghe planar  in the supported lipid bilayer. Furthermore, the polymer layer
configuration of these supported membranes allows easycan potentially stabilize the whole assembly.

access to study biological systems. A supported membrane

) . . . One strategy for creating a polymer-supported lipid bilayer
was first used to investigate cellular immune respofises; 9y gapoy PP P Y

ther studi fund tal biophvsical ph is the spontaneous self-assembly of organic molecules
many oth€r studies on fundamental blopnhysical PhEeNOMENa, ¢ e from solution onto a variety of solid surfaces. Self-

have then followed.The possibility of combmmg artificial _assembly systems based on low-molar-mass organic com-
membranes and natural membrane proteins on technologi-

gounds can be readily extended to assemblies that involve
cally relevant substrates has also been explored to create olvmers. The two most popular svstems are organic
novel class of biosensofd.ipid bilayers that are directly POy ; pop Y 9

.ddisuh‘ides}l thiols'? and sulfide¥® on gold surfaces and
supported on glass or quartz are separated from the solid_.

surface by a thin (1620 A) lubricating layer of watet This silanes**on various (_)X'd? surfaces. , .
water layer seems to be sufficient to support the lateral Polymer systems with different designs have been previ-
mobility of lipids in both layers. However, if one deposits a ©USly incorporated into the supported bilayers. In one
lipid bilayer containing transmembrane proteins directly onto @PProach, either a telechelic or multifunctional terpolymer
the solid substrate, the substrate can interact with the protein$SYSteém can be used to form tethered lipid monolayfehs.
due to insufficient separation between the lipids and solids. @0ther approach, the polymer-supported lipid bilayer is built
In turn, this may result in loss of protein lateral mobilify. ~ ©nto the substrate in a stepwise fashiofihis starts with
To circumvent this problem and still use phospholipids as the modification of the solid substrate by attaching an
the binding matrix for the proteins, a hydrophilic polymer anchoring molecule. The anchor is usually_ _b|fu_nct|eﬂal
cushion may be inserted between the lipids and the solid ON€ end to be used during the surface modification and the
other one to be available for the chemisorption of the
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Figure 1. Overview of the assembly process.

This involves assembling the necessary components at the CisHs)

air—water interface and transferring the preorganized films )': 0

onto a solid substrate. Compared to self-assembly, LB /P\ /H/N\J/E\ /ﬂ\
techniques are relatively time-consuming and require elabo- N m n N 0

rate instrumentation; however, they offer considerable control I|{ KLO

over the state of organization of the polymers and lipids.

The amphiphilic nature of the lipids and properly designed rigure 2. Poly(ethyloxazoline-co-ethyleneimine-co-pentadecanyl-
polymers can be exploited to preorganize them at the air oxazoline). In lipopolymer #1, m = 41%, n = 22%, o = 37%; in
water interface before they are transferred to the substrate/iPopolymer #2, m = 30%, n = 28%, 0 = 42%.

Many factors need to be considered before the incorporation. . .
of any transmembrane proteins into the polymer-supported'nVOIV'ng benzophenonone gives us great control over the

bilayer: polymer thickness, interaction between polymers tlrr_lllg_g and thg eXt?‘;t ththe reactgnln. ¢ | d
and lipids, and lateral mobility of the lipid bilayers are of IS paper describes the assembly of & polymer-supporte

upmost importance to the success of the concept. LB lipid bilayer architecture on benzophenone-modified sub-

. : - strates. The properties of the polymer cushion and lipid
techniques and carefully designed polymipid systems . . ! : :
can d?rectly influence i/he pglymerp Ia);/ermthickﬁess and bilayers will be discussed. We will be focusing on polymer

S . . . thickness, polymer morphology on solid substrates, the
polymerlipid interaction. These two factors will determine swelling behavior during water uptake. the homoaeneity of
the lateral mobility and the general fluidity of the membrane. g 9 P ' g y

) the lipid bilayer, and the diffusion behavior of the lipids in
In this study, we have created a tethered polymer- iha distal layer.

supported lipid monolayer on a solid substrate utilizing LB
techniques. Vesicle fusiéhwas used to add the second lipid
layer and to complete the assembly (Figure 1). Lipopolymers
consisting of a poly(ethyloxazolines-ethyleneimine) (PEOX-
PEI) backbone and alkyl-chain side groups were synthesized

PEOX-PEI was chosen because of its hydrophilicity, non- in this study is shown in Figure 2. The synthesis of the
toxicity, and well-characterized physical properties. The alkyl lipopolymer began with commercially available poly(ethyl-
side chains were covalently attached to the polymer baCkbO”eoxazoline) (PEOX) with MW of 50 000 (polydispersity 1.9)
via active ester chemistry, which involves the reaction 5,4 MW of 500 000 (polydispersity 3.4); both polymers are
betweerN-hydroxysuccinimide (NHS) functional groups on - from Aldrich Chemical, Milwaukee, WI. The PEOX was first
the alkyl chain and the secondary amine group provided by partially hydrolyze@® to render a copolymer with both
the ethyleneimine units on the polymers. The mixture of ethyloxazoline and ethyleneimine units. The ethyleneimine
lipopolymer and free phospholipid was oriented at the-air  «comonomer” units of the polymer were then reacted with
water interface, with the expectation that the alkyl chains pentadecanyN-hydroxysuccimide, utilizing active ester
would dispersively interact with the free lipids in the chemistry23to yield the final lipopolymers. Lipopolymer #1
proximal layer to promote the stability of the polymer- has side-group alkyl chains on 22% of the polymeric units;
supported lipid bilayer. The preorganized lipopolymer/ lipopolymer #2 has 27.5% alkyl-chain-containing units.
phospholipid mixture is then transferred onto substrates Dimyristoylphosphatidylcholine (DMPC) (Avanti Polar
modified by a molecule containing a benzophenone func- Lipids, Alabaster, AL) was used as the free lipid in the
tional group. The light-induced reaction between the benzo- proximal layer. Small unilamellar vesicles (SUVs) composed
phenone and €H bonds was employed for the covalent of L-a-phosphatidylcholine from egg (egg-PC) (Avanti Polar
attachment of polymers to the substrates. This system waslipids, Alabaster, AL) with 1 mol % of the fluorescent probe
chosen because it is well-kno#and because benzophenone N-(Texas Red sulfonyl)-1,2-dihexadecansylglycero-3-
attaches to €H bonds in a large number of chemical phosphoethanolamine triethylammonium salt (Texas Red
environments. In addition to the efficiency and the speed of DHPC) (Molecular Probes, Eugene, OR) were made accord-
the reaction, the inertness of the photochemical reactioning to the Barenholz procedur&si-(3-Chlorodimethylsilyl)-

Experimental Section

Materials. The structure of the lipopolymer, poly(ethyl-
‘oxazolineeo-ethyleneiminezo-pentadecanyloxazoline), used
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Figure 3. 4-(3'-Chlorodimethylsilyl)propyloxybenzophenone) and its structure after immobilization on the silicon oxide surfaces.

propyloxybenzophenone (see structure in Figure 3) was usedchainsfrom DMPC and from the lipopolymers is 18:1. The
to modify the silicon oxide surfaces. This molecule can be spreading solution was added dropwise onto the water surface
prepared by a two-step synthetic roéfte. using a microsyringe. After a-510 min waiting period to
Substrate Cleaning.Three types of substrates were used allow for solvent evaporation, the barriers were compressed
in this study, depending on the experiment. For ellipsometry at a constant rate of 10 mm/min. The surface pressure was
and atomic force microscopy (AFM), silicon wafers were measured using the Wilhelmy plate methbdvith an
used. The wafers were treated with Piranha solution (70% experimental error of approximatefy0.1 mN/m. The films
sulfuric acid and 30% hydrogen peroxide, v/v) for 3 h. of lipopolymerDMPC mixture were transferred onto ben-
Milli-Q water was used to rinse the substrates extensively zophenone-modified silicon oxide surfaces during the vertical
before they were dried under nitrogen. BK7 glass slides werewithdrawal of substrates out of the water subphase. The
used as substrates for surface plasmon spectroscopy. Silvetransfer was carried out at constant pressure of 30 mN/m
(~50 nm) and silicon dioxide 430 nm) films were with transfer rate of 0.51 mm/min.
evaporated onto the glass slides before the benzophenone gpin-casting Polymer Films onto BP-silane Modified
modification. SiQ layers were prepared by thermal evapora- gypstrates.Spin-casting was used to deposit thick polymer
tion of SiO in a partial pressure of,@f ca. 10 Torr. Glass overcoats ¥ 100 nm) of poly(ethyloxazoline) (MW of 50 000
cover slips were used for fluorescence experiments. They ,r 500 000) and poly(ethyloxazolires-ethyleneimine) onto
were pretreated in 7X cleaning solution (Costa Mesa, CA) the silicon substrates modified with benzophenesitane
with 1:4 dilution in water at 85°C for 10 min, then  mglecules. Typically, a spin speed of 2000 rpm was used
extensively rinsed with Milli-Q water, and finally baked at  tor 1 min during the spin-casting (the concentrations of the
400°C for 4 h. At room temperature, there are about €ight ,4ymer solutions range from 0.5 to 1 mg/mL). The samples
hydroxyl groups per 100 Zof surface?® With the substrates  \yere dried in air and irradiated with UV light & 340 nm)

heated to 400°C, the surface is partially dehydrated; o 5 min. They were then extracted in a Soxhlet apparatus
however, it still retains a little more than half of the hydroxyl \yith methanol for at least 10 h to remove polymers not
groups?® Furthermore, the dehydration is completely revers- covalently bonded to the substrates.

ible up to 400°C. The surface will most likely regenerate
the —OH groups through exposure to the moisture in the
air; hydroxyl groups will thus be available for the substrate
modification step.

Substrate Modification. The benzophenonssilane solu-
tion with a concentration of 25 g/L was prepared in dry
toluene. The immobilization of benzophenone on the,SiO
surface was carried out in benzophenesigane solution for
~12 h at room temperature. Freshly distilled triethylamine
(Aldrich Chemical, Milwaukee, WI) was added to the
solution as a catalyst and acid scavenger (2 mL of triethyl-
amine for every 25 mL of benzophenongilane solution).

The substrates were rinsed extensively with dry toluene after i
immobilization and dried under vacuum. The immobilization ~ The thickness of transferred polymer layer after photo-
step is shown in Figure 3. immobilization was measured by ellipsometry and surface

Transfer. A 50 cm x 15 cm symmetric-compression KSV- extraction. The numbers obtained from both cases are very
5000 Langmuir-Blodgett trough (KSV, Helsinki) was used s_imilar. The LB deposition only_ tr_an;fers monolayer-thick
for the isotherm measurements. The subphase was deionize§ilms onto the substrates, and it is likely that most of the
water, purified with the Milli-Q system (Millipore Corp.) polymers are covalently attached to the surface after im-
and he'd at a constant temperature Of‘)%to W|th|n +0.2 mob”ization. SOXh|et extraCtiOI’l was not Used fOI’ the LB
°C. Solutions of approximately 1 mg/mL of lipopolymer and films composed of both lipopolymers and lipid, because the
mixtures of lipopolymers and DMPC in HPLC grade oOrganic solvent (methanol) used in Soxhlet extraction may
chloroform were prepared for spreading. The molar ratio remove lipids that only interact with the lipopolymers through
between the DMPC and the alkyl side chains on the hydrophobic means.

lipopolymer is 9:1; however, since each DMPC molecule  Surface Plasmon Spectroscopylhe glass slide with the
has two hydrocarbon tails, the actual molar ratio ofaheyl silver and silicon dioxide films and lipopolymers on top of

Photochemical Attachment. After Langmuir-Blodgett
transfer, the lipopolymers were covalently linked to the solid
substrate under illumination with UV ligh(> 340 nm)
for 5 min. Benzophenone triplets are extremely reactive
toward CH bonds: however carrying out the reaction in
ambient atmosphere should not cause any problems. The light
source is a low-pressure mercury UV lamp (200 W, Oriel).
The photochemical linkage is based on the reaction between
the benzophenone functional group and theHCbonds in
the polymer backbon®.Figure 4 depicts the attachment of
the benzophenone to a polymer chain leading to the covalent
attachment of the chains to the substrate surface.
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Figure 4. Photochemical reaction involves the benzophenone moiety

and a C—H bond. have been shown to function as effective barriers to lipid

it was refractive index matched to a®9@lass prism used as lateral diffusion®®
a surface plasmon coupler in the Kretschmann configura- Fluorescence ExperimentsAfter use of vesicle fusion
tion.?° Resonant excitation of the surface mode, which is very to add the second lipid layer, which contains the fluorescently
sensitive to the actual interfacial architecture, was then labeled lipids, the polymer-supported lipid bilayer was
monitored by recording the totally internally reflected light assembled into a sandwich with another cover slip. Mem-
from a He-Ne laser { = 633 nm) as a function of the angle branes were observed in a temperature-controlled room (21
of incidence. An SPS holder with a humidity chamber was °C) with an epifluorescence microscope (Zeiss, Oberkochen,
used during the swelling experiment. The relative humidity Germany) using 18 and 40« objectives. For electrophoresis
was controlled by placing different concentrated salt solutions experiments, the cover slip sandwich was mounted in a
in the chamber and allowing the equilibrium water vapor membrane electrophoresis ééland a field strength of 60
pressure to develop above these solutions. The polymer filmsV/cm was applied. Typical currents during the electrophoresis
were initially dried to 0% relative humidity with potassium were less than 4A, which keeps the resistive heating at a
hydroxide. Saturated potassium carbonate and ammoniumminimum. The electric field was turned off after the
chloride solutions were used to obtain relative humidities of formation of an appreciable fluorescence gradient between
43% and 79%, respectively. Finally, 100% relative humidity scratches. Images of the bilayers between the barriers taken
was reached by placing pure deionized water in the humidity during the relaxation process after electrophoresis were
chamber. The time-dependent response of the film to variousanalyzed to yield the diffusion coefficient of the lipids in
relative humidities was measured by fixing the angle of the distal layer of the polymer-supported bilayer.
incidence and recording the change of reflectivity as a
function of time. The reflectivity is measured at a fixed angle
during the swelling experiment; this angle is usually slightly
lower than the resonance angle of the film in ambient BP—Silane Modification of Substrates.The film thick-
humidity. The resonance angle of the film will shift upon ness of the benzophenone modifier was measured by both
changing in the humidity, causing the reflectivity to increase ellipsometry and surface plasmon spectroscopy; typical
or decrease, depending on the shift direction. The change invalues of &t 2 A were obtained, assuming a refractive index
reflectivity shows whether the films gained water or lost of n = 1.5. The modification process of the substrates was
water. The final thickness is calculated by performing a monitored by measuring the advancing water contact angle
Fresnel fit on the entire surface plasmon spectrum. of the substrate at different times during the process (Figure
Atomic Force Microscopy. The samples were imaged 5).
using a Nanoscope Il scanning probe microscope (Digital Before modification, the substrates were very hydrophilic
Instruments, Santa Barbara, CA) in the tapping mode. All with negligible advancing contact angle® { 5°); within
roughness data were obtained from sectional analyses.  the first 5 min in benzophenonrssilane solution, however,
Bilayer Formation. The second lipid layer was introduced the contact angle of the substrate reached T@e surface
by placing the substrate with lipopolymers and lipids over modification seems to be completed in the first2Lh with
and in contact with a 5QL drop of vesicle suspension ina the contact angle leveling off around 80
Petri dish for 10 min. The substrate was washed by three Polymer Spin-Coating.To verify the covalent attachment
injections of 500uL buffered salt solution (5 mM tris-  of a polymer layer to the benzophenone-modified surfaces,
hydroxymethylaminomethane hydrochloride, pH 8.0, 50 mM we spin-coated thick polymer overcoats on the substrates
NaCl) underneath the substrate. Distilled water was carefully followed by UV irradiation for 10 min. After Soxhlet
added to the Petri dish, and scratches were made on theextraction, we employed ellipsometric measurement to
supported bilayer with a pair of tweezers. These scratchesdetermine the final dry thickness of the polymer layers.

Results and Discussion
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Figure 6. Pressure—area isotherms of the mixtures of lipopolymers and free DMPC lipids, pure lipopolymers, and pure DMPC lipids. The
experiments were conducted at 26 °C. The phase transition temperature of DMPC is just below 24 °C.

Several different polymer solutions were prepared for the isotherms of the mixtures for both lipopolymers as well as
spin-coating. They are PEOX (MW 50 000 and MW= the isotherm for pure DMPC are shown in Figure 6. All
500 000) solutions with concentration of 1 mg/mL in isotherms in Figure 6 have similar shape and comparable
methanol, PEOX (MW= 500 000) with concentration of collapse pressure. However, the mean molecular area of the
0.5 mg/mL, and PEOX-PEI copolymer solution (concentra- mixtures of lipopolymer/DMPC is about 1024reater than
tion = 1 mg/mL, MW = 500 000). Previous research has those of pure DMPC molecules; the difference in the area
indicated that both the molecular weight of the polyfher presumably comes from the polymgsolymer interaction
and the concentration of the polymer solutm spin- in the water subphase.
coating influence the outcome of the experiment significantly. ~ The mixture preoriented at the aiwater interface was
The ellipsometric results from our study showed that transferred to the substrate under constant pressure of 30 mN/
reducing the MW of the polymer and lowering the concen- m, which is slightly below the collapse pressure. As a result
tration of the polymer solution both decrease the final dry of the film deposition being at relatively high surface
thickness of the polymer layer. The thickness of the PEOX pressure, the conformation of the polymers is fairly extended;
layer (MW = 500 000, concentratiosr 1 mg/mL) is 43 A. this may create more separation between lipids and sub-
The thickness of the film was reduced to 11 A if the strate than depositing at low surface pressure where the
molecular weight of the polymer was changed to 50 000. If polymers are not as compressed. The transfer ratio during
the spin-coating solution concentration was decreased fromthe Langmuir-Blodgett deposition varied between 0.7 and
1 to 0.5 mg/mL, the thickness of the polymer film was 13 0.9.
A. Finally, PEOX with MW of 500000 was partially AFM Images. The polymer film morphology has been
hydrolyzed (35% hydrolysis) to yield a copolymer of poly- shown to be important for the formation of a second lipid
(ethyloxazolineco-ethyleneimine) (PEOX-PEI). PEOX-PEI bilayer via vesicle fusion. A smooth surface can significantly
is more relevant to the lipopolymers used in this study. The increase the quality of the fused lipid bilayer. AFM images
thickness of the PEOXPEI copolymer layer is 61 A,  of the silicon wafer were taken in the height mode beginning
compared to 43 A for PEOX homopolymer layer of prior to treatment and after the photochemical reaction
comparable molecular weight and spin-coating solution between benzophenone and polymer (see Figure 7). Figure
concentration. The polymer spin-coating experiment dem- 7a is taken from the clean silicon wafer. The average
onstrates that PEOX and PEGXREI can both be success- roughness of the clean silicon wafer is 0.15 nm, which is
fully attached to the silicon oxide surfaces using the typical for this type of substrate. Figure 7b indicates that
photochemical reaction between the polymers and thethe modification of the solid with benzophenoerslane
benzophenone moiety on the substrates. modifier did not change the surface dramatically; the average
Langmuir Isotherms. The LB isotherms of the pure roughness increased only slightly to 0.18 nm.
lipopolymers #1 and #2 are very similar (Figure 6). The mean  An interesting morphology was observed in Figure 7(c)
molecular area of alkyl side chains on the 28 mol % when pure lipopolymers (28% alkyl-substituted polymer)
lipopolymer is slightly smaller than the ones on the 22 mol were grafted to the substrate. A line profile of the image
% lipopolymer. This indicates that lipopolymers with higher was taken and the results are shown in Figure 8.
lipid content pack tighter at the aiwater interface. Lipo- It is evident that the features in Figure 7c separate into
polymers were then mixed with pure DMPC lipids; the two distinct heights; the peaks and valleys differ by ap-
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Figure 7. All images were taken in the height mode: (a) clean silicon wafer substrate, R, = 0.15 nm (R, is the average roughness obtained
from the sectional analysis); (b) after benzophenone (BP) modification, R, = 0.18 nm; (c) pure lipopolymer (28%) transferred onto BP-modified

silicon wafer by LB deposition and covalently attached to the surface, R, = 1.39 nm; (d) mixture of lipopolymer: free lipids (1:9) on BP-modified
silicon wafer, Ry = 0.15 nm.

proximately 4 nm. The hydrophilic polymers are very the clean substrate. Even though AFM images such as Figure
different from the hydrophobic benzophenone-modified 7c can be used to determine the microphase separation of
substrates in surface energy; this mismatch in surface energyhe film, information on the polymer/lipid arrangement on a
may induce lipopolymers to dewet on the substrate and resultmolecular level cannot be inferred from AFM images.
in the morphology observed in Figure 7c. When the same However, since smooth surfaces (on micrometer scales) have
lipopolymer was transferred onto the hydrophilic, clean been shown to promote good bilayer formation during vesicle
(water contact angle<5°) silicon wafers instead of hydro-  fusion, the mixture of free lipids and lipopolymers was
phobic, benzophenone-modified (water contact angi6°) chosen to create the polymer-supported lipidnolayeron
silicon substrates, a smooth film was obtained when imagedthe solid substrates.
with tapping mode AFM R, = 0.23 nm, image not shown). Swelling of Polymer Layers. The swellability of the
The dramatic difference in AFM images for polymers polymer film is an important property in the assembly; it is
deposited on silicon wafers with different surface energy directly related to the amount of separation attainable
indicates that the hydrophobicity/hydrophilicity of the sub- between the lipid bilayer and the solid substrate. The polymer
strates is closely related to the film morphology. The film layers were placed under different relative humidities, and
was also examined in the phase mode and a similarsurface plasmon spectroscopy was employed to monitor the
morphology was observed (image not shown). The similarity change in layer thickness as a function of time. The
between the images taken in the height and phase modedipopolymers covalently attached to the silicon oxide sub-
suggests that the regions of different topography are alsostrates were first dried above KOH for 1 h. The dry polymers
very different in their viscoelastic properties. It is plausible were then placed under relative humidities of 0%, 40%, 80%,
that the brighter regions in Figure 7c taken in the height mode and 100%. Figure 9 shows the kinetic measurement of
are the lipopolymer aggregates on the substrate and the darkelipopolymer with 28 mol % alkyl side chains covalently
regions could simply represent the bare substrate. There existtinked to the silicon oxide substrate during swelling. When-
a certain connectivity in the higher region, which can be ever there is an increase in relative humidity, the layer
important in preventing protein denaturation when trans- thickness increases sharply within a very short period of time
membrane proteins are eventually incorporated into the (~1—2 min). This initial sharp increase is followed by a
polymer-supported lipid bilayer assembly. gradual increase until the layer thickness plateaus. At 0%
When the mixture of lipopolymer (10 mol %) and free relative humidity, the lipopolymers have a thickness of 14
lipids (90 mol %) was transferred to the surface by LB A. The thickness jumps to 21 A in 40% relative humidity,
deposition, the film observed under the AFM became smooth representing an increase of 50%. In 80% relative humidity,
again in Figure 7d. The average roughness of the mixturethe layer thickness increased to 25 A. Finally, the polymer
on the silicon waferR, = 0.15 nm) is identical to that of  layers swell to around 30 A in 100% relative humidity. This
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Figure 9. Kinetic measurement during the swelling experiments of
the lipopolymer with 28 mol % alkyl side chains covalently linked to
the silicon oxide surface.

performing the vesicle fusion of small unilamellar vesicles
(SUVs) made from egg-PC containing 1 mol % Texas Red
DHPC on a plain glass cover slip. The membrane on the
substrate was dissolved off the surface with a buffer solution
(50 mM Tris) containing 0.19,N-dimethyldodecylamine
N-oxide (LDAO). The fluorescence intensity of the Texas-
Red DHPC was measured at 608 nm with a fluorimeter. The
result from this control experiment compares favorably to
that obtained from a previous publicatiéh.

The same resolubilization/fluorimeter experiments were
carried out for the lipid layers assembled on a polymer
cushion of the same area. The fluorescence intensity was
almost half (-~45%) of that obtained from the control system.
Since only the distal lipid was made up of egg-PC and the
dye molecules in the polymer-supported system, one would
expect the fluorescence intensity to be half of that from the
bilayers on plain glass, which were deposited entirely by
the vesicle fusion. Thus, the experimental result agrees

can be used as a conservative estimate for the polymer layegualitatively with the schematics proposed in Figure 1 of
thickness in water.

Fluorimetric Measurement of the Distal Lipid Layer.
A quantitative fluorescence measurement was used toments.Figure 10 shows a number of pictures taken during
determine the amount of lipids added to the assembly by the electrophoresis experiments as well as from the relaxation
vesicle fusion. A control experiment was conducted by first of the lipids after the electric field was turned off. The dark

this paper.
Fluorescence Microscopy and Electrophoresis Experi-
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Figure 10. All images were taken for samples on glass cover slips. (a) Epifluorescence image of the lipid in the absence of electric field. The
fluorescence is from 1 mol % Texas Red-PE doped in egg-PC. (b, ¢) Epifluorescence images taken during the electrophoresis experiment (total
time of electrophoresis is 25 min) under an applied field of 60 V/cm. The negatively charged component has built-up concentration gradients
toward the positive end. (d) Image of the membrane 120 min after the electric field was turned off.

lines are scratches made by a pair of normal tweezers ondiffusion coefficient of the distal lipid layer in the polymer-

the bilayer surface. These scratches function as barriers andupported bilayer is around 04m?s. Even though this

prevent lipids from moving across. The first image was taken number is +1.5 orders of magnitude lower than the

without the application of an electric field; the fluorescence diffusion coefficient of lipid bilayers on plain glass (typically

intensity is fairly uniform. This suggests that the second lipid ranging from 4 to 8&m?s*), this result still shows that some

layer (distal layer) was successfully added to the polymer- lipid mobility is associated with our system.

supported monolayer and that the distal lipid layer appears In addition to the diffusion coefficient, the lateral mobility

homogeneous. of the polymer-supported bilayer can be further characterized
The fluorescence image (Figure 11a) of the distal lipid by estimating the immobile fraction of the lipids. Under

layer before electrophoresis indicates uniform distribution normal conditions, the electric-field-induced molecular re-

of the lipid molecules. A line profile from the picture was organization and the thermal energy of the dye molecule

taken (the dashed line), and the fluorescence signal alongresult in a smooth distribution of fluorescence intensity

that line is shown in Figure 11b. Except for the two dips between the two barriers after reaching the steady $tate.

from the scratches, the intensity of the signal stays fairly The fluorescence signal at the barrier closer to the cathode

constant on the micrometer scale. (negative end) should be negligible, if all lipids in the distal
When an electric field was applied to the lipid bilayer, layer are mobile. However, it appears that there is a

the negatively charged Texas Red fluorophores should significant immobile fraction in the polymer-supported lipid

migrate toward the positive end of the field if the lipids are layers.

mobile. Several minutes after the beginning of the electro- The following formula can be used to approximate the

phoresis, depletion of lipids on one side and enrichment of fraction of immobility

lipids on the other side were evident. Aftef30 min, the

field was turned off. The image after the electrophoresis immobile fraction=

shows the relaxation of the lipids and partial recovery of (intensity after electrophoresis) (dark noise)

the original state. A diffusion coefficient can be calculated (intensity before electrophoresis)

from the images taken during the relaxation by spatial Fourier

analysis of the fluorescence intensity distribution. The Fluorescence intensity was measured at the scratch closer

analysis was loosely based on the method outlined by Stelzleto the cathode.

et al. although the electrophoretic contribution was not ~ The immobile fraction in Figure 10c was calculated using

included in our fitting. The fit was performed with the the above equation. The percentage of immaobile fraction for

Levenberg-Marquardt algorithm. It was determined that the lipids in the distal layer for that particular system (the first
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Figure 11. (a) Image reproduced from Figure 10a. (b) Line profile

taken from the dash line in the image.

lipid layer is composed of 10% lipopolymer and 90%
DMPC) was estimated to bel5%. Naumann et al. reported
that the immobile fraction of the lipids in a similar systém
was 20% from FRAP measureméntt is possible that the
alkyl chains on lipopolymer penetrate into the distal layer
of the polymer-supported membrane; the interaction between
the two lipid layers may introduce obstacles for lipids in the
distal layer and result in the significant fraction of immobile
lipids.

It should be noted that the fluorescence experiments were
conducted on distal lipid layers that are composed of mainly
egg-PC, which has a phase transition temperature X
°C. However, the asymmetry of the lipid bilayer, with egg-
PC in the distal layer and DMPC in the proximal layer, is
an important issue to address. The coupling of the two layers
may influence the fluidity of the distal layer, potentially due
to the rigidity of the underlying DMPC layer at room
temperature. This is an area we intend to explore further in
future studies.

Summary

We have demonstrated in this paper the successful
assembly of a polymer-supported lipid membrane on a solid

substrate. The photochemical reaction of benzophenone

Shen et al.

proved to be an easy, efficient, and versatile way to
covalently link the polymer layer to the solid support. The
monolayer of lipopolymer and free lipid mixture oriented at
the air-water interface was transferred onto various solid
substrates; AFM images showed that the monolayer was quite
smooth on the micrometer scale. By introducing a small
degree of covalent interaction between lipid layer and the
polymer layer, the overall stability of the tethered lipid
membrane can be improved. Finally, the distal lipid layer
was incorporated successfully via vesicle fusion. To study
cellular activities in vitro and to create biosensors, the lipids
on solid supports should ideally retain as many of their
biological properties as possible. We have attempted to study
one of the properties, the fluidity of the membrane. The
diffusion coefficient calculated from the relaxation of the
probe lipid molecules after electrophoresis can be related to
the lipid fluidity. The distal lipid layer of the polymer-
supported membrane in our system vyielded a diffusion
coefficient of 0.1um?s. The strategy of inserting a hydro-
philic polymer cushion between lipid membrane and solid
substrates is a feasible approach toward a better understand-
ing of many biophysical phenomena and the creation of a
novel class of biosensors.

Acknowledgment. The authors thank Professor Juergen
Ruehe from IMTEK Freiburg, Germany, and Christoph
Naumann from Stanford University for many helpful dis-
cussions. We are also grateful to Caroline Ajo for her help
in fluorescence experiments. Finally, we acknowledge an
NSF Graduate Fellowship for W. Shen, NIH Biotechnology
Training Grant for W. Shen, and the NSF-MRSEC program
administered by the Center on Polymer Interfaces and
Macromolecular Assemblies (CPIMA) for financial support.

References and Notes

(1) Dietrich, C.; Tampe, RBiochim. Biophys. Actd995 1238 183.

(2) Uto, M.; Araki, M.; Taniguchi, T.; Hoshi, S.; Inoue, @nal. Sci
1994 10, 943

(3) Naumann, R.; Jonczyk, A.; Kopp, R.; Esch, J.; Ringsdof, H.; Knoll,
W. Grébner, P.Angew. Chem1995 107, 2168.

(4) Heyse, S.; Vogel, H.; $gr, M.; Sigrist, H.Protein Sci.1995 4,
2532.

(5) Groves, J. T.; Ulman, N.; Boxer, Sciencel997, 275 651.

(6) McConnell, H. M.; Watts, T. H.; Weis, R. M.; Brian, A. Riochim.
Biophys. Actal986 864, 95.

(7) Sackmann, ESciencel996 271, 43.

(8) Cornell, B. A.; Braac-Maksvytis, V. L. B.; King, L.; Raguse, P. D.
J.; Wieczorek, L.; Pace, R. Blature 1997, 387, 580.

(9) Tamm, L. K.; McConnell, H. MBiophys. J.1985 47, 105.

(10) Salafsky, J.; Groves, J. T.; Boxer, S.Biochemistryl 996 35, 14773.

(11) Nuzzo, R. G.; Fusco, F. A,; Allara, D. U. Am. Chem. S0d.987,
109, 2358.

(12) Nuzzo, R. G.; Dubais, L. H.; Allara, D. LJ. Am. Chem. S0d.990Q
112 558.

(13) Allara, D. L.; Nuzzo, R. GLangmuir1985 1, 45.

(14) Maoz, R.; Sagiv, J.angmuir1987 3, 1034.

(15) Tillman, N.; Ulman, A.; Penner, T. lLLangmuir1989 5, 101.

(16) (a) Erdelen, C.; Hsssling, L.; Naumann, R.; Ringsdorf, H.; Wolf,
H.; Yang, J.; Liley, M.; Spinke, J.; Knoll, WLangmuir1994 10,
1246. (b) Spinke, J.; Yang, J.; Wolf, H.; Liley, M.; Knoll, VBiophys.
J. 1992 63, 1667.

(17) Wong, J. Y.; Majewski, J.; Seitz, M.; Park, C. K.; Israelachvili, J.
N.; Smith, G. SBiophys. J.1999 77, 1445.

(18) Mohwald, H.Angew. Chem. Ad Mater. 1988 100, 750.

(19) Ulman, A. An Introduction to Ultrathin Organic Films; From
Langmuir-Blodgett to self-assemblicademic Press: Boston, MA,
1991.



Polymer-Supported Lipid Bilayers

(20) Brian, A.; McConnell, H. M.Proc. Natl. Acad. Sci. U.S.AL984
81, 6159.

(21) Turro, N. JModern Molecular Photochemistriniversity Science
Books: Mill Valley, CA, 1991.

(22) Saegusa, T.; Kobayashi, Bolymeric Amine and Ammonium Salts
Goethals, E. J., Ed.; Pergamon Press: Elmsfor, NY, 1980; p 55.

(23) (a) Cline, G. W.; Hanna, S. B. Org. Chem1988 53, 3583. (b)
Cline, G. W.; Hanna, S. BJ. Am. Chem. S0d.987, 109, 3087.

(24) Barenhholz, Y.; Gibbes, D.; Litman, B. J.; GollBlochemistry1977,
16, 2806.

(25) Prucker, O.; Naumann, C.;'Re, J.; Knoll, W.; Frank, C. WJ. Am.
Chem. Soc1999 121, 8766.

(26) Hair, M. Infrared Spectroscopy in Surface Chemistiyiarcel
Dekker: New York, 1967; Chapter 4.

(27) Gaines, G. L., Jinsoluble Monolayers at LiquidGas Interfaces
Interscience Publishers: New York, 1966.

(28) Dorman, G.; Prestwich, G. Biochemistry1994 33, 5661.

(29) Kretschmann, EOpt. Commun1983 6, 185.

Biomacromolecules, Vol. 2, No. 1, 2001 79

(30) Groves, J. T.; Boxer, S. @iophys. J1995 69, 1972.

(31) Groves, J. T.; Wuelfing, C.; Boxer, S. Biophys. J1996 71, 2716.

(32) Ballard, D. G.; Wignall, G. D.; Schelten, Bur. Polym. J1973 9,

965.

(33) Stelzle, M.; Miehlich, R.; Sackmann, Biophys. J1992 63, 1346.

(34) Gennis, R. BBiomembrangSpringer-Verlag: New York, 1989.

(35) Groves, J. T.; Boxer, S. G.; McConnell, H.. roc. Natl. Acad.

Sci U.S.A.1997, 94, 13390.

(36) The lipopolymer used in the paper by Naumann et al. contains a
dioctadecylamine (DODA) anchor; DODA is terminally attached to
the poly(ethyloxazoline) chain of 85 units.

(37) Naumann, C. A.; Prucker, O.; Ruehe, J.; Knoll, W.; Frank, C. W.
Polymer-Supported Phospholipid Bilayer: Tethering as a New
Approach Toward Substrate-Membrane Stabilization. The paper is
currently in preparation.

BMO005581Z



