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Abstract: Langmuir monolayers (monolayers of insoluble molecules formed at the surface of water), and
associated Langmuir—Blodgett/Schaefer monolayers prepared by transfer of Langmuir films to the surfaces
of solids, are widely used in studies aimed at understanding the physicochemical properties of biological
and synthetic molecules at interfaces. In this article, we report a general and facile procedure that permits
transfer of Langmuir monolayers from the surface of water onto microscopic and planar interfaces between
oil and aqueous phases. In these experiments, a metallic grid supported on a hydrophobic solid is used to
form oil films with thicknesses of 20 um and interfacial areas of 280 um x 280 um. Passage of the supported
oil films through a Langmuir monolayer is shown to lead to quantitative transfer of insoluble amphiphiles
onto the oil—water interfaces. The amphiphile-decorated oil—water interfaces hosted within the metallic
grids (i) are approximately planar, (i) are sufficiently robust mechanically so as to permit further
characterization of the interfaces outside of the Langmuir trough, (iii) can be prepared with prescribed and
well-defined densities of amphiphiles, and (iv) require only ~200 nL of oil to prepare. The utility of this
method is illustrated for the case of the liquid crystalline oil 4-pentyl-4'-cyanobiphenyl (5CB). Transfer of
monolayers of either dilauroyl- or dipalmitoylphosphatidylcholine (DLPC and DPPC, respectively) to the
nematic 5CB-aqueous interface is demonstrated by epifluorescence imaging of fluorescently labeled lipid
and polarized light imaging of the orientational order within the thin film of nematic 5CB. Interfaces prepared
in this manner are used to reveal key differences between the density-dependent phase properties of DLPC
and DPPC monolayers formed at air—water as compared to that of nematic 5CB—aqueous interfaces.
The methodology described in this article should be broadly useful in advancing studies of the interfacial
behavior of synthetic and biological molecules at liquid—liquid interfaces.

Introduction transferred from the surface of water to the surfaces of a variety

The Langmuir film balance method, in which insoluble of solids,.via vertical (LangmuflfBIodgett)B‘“ or horizpntal
molecules are spread onto the surface of water and then(Langmwr—Schaefer’}lﬁ deposition. The resulting solid-sup-
compressed into a monolayer by lateral movement of a barrier ported films have been used to fabricate interfacial structures

i —20
that passes through the surface of the water, has led to a@nd device§ 20 and have also been used to enable further
remarkable range of insights into the equations of state and characterization of the structure and properties of monolayer
morphologies of interfacial phases that can be formed by films by allowing transfer of the films to instruments for surface
polymerst~* amphiphilic molecule&$ proteins! and nano-
particles®~12 Langmuir monolayers of molecules have also been (10) Henrichs, S.; Collier, C. P.; Saykally, R. J.; Shen, Y. R.; Heath, J. R.

Am. Chem. So00Q 122, 4077-4083.
(11) Guo, S.; Konopny, L.; Popovitz-Biro, R.; Cohen, H.; Porteanu, H.; Lifshitz,

(1) Kumaki, J.; Kawauchi, T.; Yashima, E. Am. Chem. So2005 127, 5788- H.; Lahav, M.J. Am. Chem. S0d.999 121, 9589-9598.
. (12) Park, J.l.; Lee, W. R.; Bae, S. S.; Kim, Y. J.; Yoo, K. H.; Cheon, J.; Kim,

(2) Wijekoon, W. M. K. P.; Wijaya, S. K.; Bhawalkar, J. D.; Prasad, P. N.; S.J. Phys. Chem. B005 109, 13119-13123.
Penner, T. L.; Armstrong, N. J.; Ezenyilimba, M. C.; Williams, D.JJ. (13) Boussaad, S.; Dziri, L.; Arechabaleta, R.; Tao, N. J.; Leblanc, R. M.
Am. Chem. Sod996 118 4480-4483. Langmuir1998 14, 6215-6219.

(3) Qian, P.; Matsuda, M.; Miyashita, 3. Am. Chem. S04993 115 5624 (14) Conboy, J. C.; Liu, S. C.; O'Brien, D. F.; Saavedra, 8i8macromolecules

628. 2003 4, 841—849.

(4) Reitzel, N.; Greve, D. R.; Kjaer, K.; Howes, P. B.; Jayaraman, M.; Savoy, (15) Ebato, H.; Gentry, C. A.; Herron, J. N.; Muller, W.; Okahata, Y.; Ringsdorf,
S.; McCullough, R. D.; McDevitt, J. T.; Bjornholm, T. Am. Chem. Soc. H.; Suci, P. A.Anal. Chem1994 66, 1683-1689.
200Q 122 5788-5800. (16) von Tscharner, V.; McConnell, H. MBiophys. J.1981, 36, 421—-427.

(5) Modhwald, H.Annu. Re. Phys. Chem199Q 41, 441-476. (17) Kim, H. W.; Lee, H. S.; Kim, J. DLiq. Cryst.2002 29, 413-420.

(6) Kaganer, V. M.; Mbdiwald, H.; Dutta, PRev. Mod. Phys1999 71, 779— (18) Wang, G. M.; Wan, J.; Houng, Q.; Qian, S. X.; Lu, X. Z.Phys. D:
819. Appl. Phys.1999 32, 84—86.

(7) Ding, J.; Doudevski, I.; Warriner, H. E.; Alig, T.; Zasadzinski, J. A. (19) Yam, V. W. W,; Li, B.; Yang, Y.; Chu, B. W. K.; Wong, K. M. C.; Cheung,
Langmuir2003 19, 1539-1550. K. K. Eur. J. Inorg. Chem2003 4035-4042.

(8) Guo, Q.; Teng, X.; Rahman, S.; Yang, H.Am. Chem. So2003 125 (20) Baldwin, J. W.; Amaresh, R. R.; Peterson, I. R.; Shumate, W. J.; Cava, M.
630-631. P.; Amiri, M. A.; Hamilton, R.; Ashwell, G. J.; Metzger, R. M. Phys.

(9) Kim, J.; Lee, D.J. Am. Chem. SoQ006 128 4518-4519. Chem. B2002 106, 12158-12164.
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analysis (e.g., scanning probe instrumettg}:22In this article, elucidated, however, such as the influence of the ordering of
we report that it is possible to adapt the LangmiBchaefer the LCs on interfacial organization of the lipids, including their
technique to allow insoluble amphiphiles assembled at the phase behavior. The methodology reported in this article
surface of water in well-defined thermodynamic states within provides an avenue to such studies.
a Langmuir trough to be transferred to microscopic, planar, and  Prior studies have revealed that a diverse range of interfacial
mechanically robust oitwater interfaces. This procedure phenomena involving surfactar®?© lipids34-36:38 pro-
provides a general and facile method to prepare-witer teins$43537:3%nd polymerd! can occur at aqueoud.C inter-
interfaces decorated with prescribed and well-defined densitiesfaces. Advances in this area, and more generally advances in
of amphiphilic molecules, thus enabling the study of these buried understanding the behaviors of molecules assembled -at oil
interfaces. We illustrate the utility of this approach by demon- water interfaces, however, have been limited by the absence of
strating quantitative transfer of phospholipids from the surface general methods that permit the preparation of these interfaces
of water onto the interface between a2®-thick film of liquid with defined densities of molecules in ways that enable their
crystalline oil and an aqueous phase, thereby providing insightscharacterization. For example, although the Langmuir film
into the phase behavior of the lipids at this interface as well as balance has been used to preparewihter interface4?-44 these
the coupling that occurs between the lipids and the orientational interfaces are confined to the Langmuir trough (limiting the
ordering of the liquid crystal. range of surface analytic methods that can be used to study
Monolayer films of phospholipids have been widely used as these interfaces), they are large in area (emcm) and
biological membrane analogues to enable physicochemicalmechanically fragile, and they require the use of large volumes
studies of biomolecular interactions that occur at membrane of oils (>mL). In addition, when working with liquid crystalline
surface$:623-25 |n particular, measurements employing mono- oils, it is very difficult (we did not succeetfto prepare stable
layers prepared using the Langmuir balance technique at thefilms of liquid crystalline oils that are sufficiently thin<(100
air—aqueous interface have provided important insights into a um) to preserve orientational ordering of the LC across the entire
range of complex lipid behaviors, such as the formation of lipid thickness of the film. The procedure reported in this article is
domains and lipie-protein complexe3326-33 Recently, inter- based on oil films that are hosted within microwells defined by
faces formed between aqueous phases and water-immisciblea metallic grid supported on a hydrophobic solid. Passage of
liquid crystalline oils have been identified as a novel and the supported oil film through a Langmuir monolayer is shown
potentially useful subclass of interfaces for the study of to lead to quantitative transfer of amphiphiles onto the-oil
biological membrane mimic¥3° The orientational ordering  water interface. These interfaces are approximately planar,
of the liquid crystal (LC) has been found to couple to the sufficiently robust mechanically so as to permit transfer of the
presence and organization of the lipids at this interface. Becauseinterfaces out of the Langmuir trough, and can be prepared with
the orientational ordering of molecules within liquid crystalline prescribed and well-defined densities of amphiphiles. In addi-
phases is highly cooperative and can extend over distances otion, only small guantities of oil200 nL) are required to
tens of micrometers, the LC provides a means to amplify prepare the interfaces. The utility of this method is illustrated
nanoscopic events into the optical domain. These prior studiesfor the case of a liquid crystalline oil 4-pentyl-dyanobiphenyl
also reveal that both protein binding events as well as enzymatic(5CB). The amphiphiles used in the study are phospholipids,
processing of the lipids can trigger ordering transitions in the and the transfer of phospholipids at temperatures above and

liquid crystal that are readily observed by polarized light
microscopy?*3>37.39Many fundamental issues remain to be

(21) Hirata, Y.; Inoue, T.; Yokoyama, H.; Mizutani, Mol. Cryst. Lig. Cryst.
1999 327, 249-252.

(22) Horiuchi, Y.; Yagi, K.; Hosokawa, T.; Yamamoto, N.; Muramatsu, H.;
Fujihira, M. J. Microsc. (Oxford, UK)1999 194, 467—471.

(23) Dahmen-Levison, U.; Brezesinski, G.; Mohwald,THin Solid Films1998
327-329, 616-620.

(24) Phang, T. L.; Liao, Y. C.; Franses, Eangmuir2004 20, 4004-4010.

(25) Cornell, B. A.; Braach-Makswytis, V. L. B.; King, L. G.; Osman, P. D. J.;
Raguse, B.; Wieczorek, L.; Pace, R.Nature 1997 387, 580-583.

(26) Radhakrishnan, A.; Anderson, T. G.; McConnell, H.Rdoc. Natl. Acad.
Sci. U.S.A200Q 97, 12422-12427.

(27) Brezesinski, G.; Miowald, H.Adv. Colloid Interface Sci2003 100-102
563-584.

(28) Miller, C. E.; Majewski, J.; Faller, R.; Satija, S.; Kuhl, T. Biophys. J.
2004 86, 3700-3708.

(29) Oliveira, R. G.; Tanaka, M.; Maggio, B. Struct. Biol.2005 149, 158-
169

(30) Rosetti, C. M.; Oliveira, R. G.; Maggio, Bangmuir2003 19, 377—384.

(31) Sanchez, J.; Badia, Ahin Solid Films2003 440, 223-239.

(32) Thuren, T.; Virtanen, J. A.; Kinnunen, P. K.GQhem. Phys. Lipid499Q
53, 129-139.

(33) Yuan, C.; Johnston, L. Biophys. J.200Q 79, 2768-2781.

(34) Brake, J. M.; Daschner, M. K.; Luk, Y.-Y.; Abbott, N. IScience2003
302 2094-2097.

(35) Brake, J. M.; Abbott, N. LLangmuir2007, 23, 8497-8507.

(36) Brake, J. M.; Daschner, M. K.; Abbott, N. Langmuir2005 21, 2218~
2228.

(37) Park, J. S.; Teren, S.; Tepp, W. H.; Beebe, D. J.; Johnson, E. A.; Abbott,
N. L. Chem. Mater2006 18, 6147-6151.

(38) Lockwood, N. A.; Abbott, N. LCurr. Opin. Colloid Interface Sci2005
10, 111-120.

(39) Lockwood, N. A.; Mohr, J. C.; Ji, L.; Murphy, C. J.; Palecek, S. P.; de
Pablo, J. J.; Abbott, N. LAdv. Funct. Mater.2006 16, 618-624.

below their bilayer melting temperaturég,f is shown to enable
studies of lipid phase behavior at this novel-alqueous
interface. In this article, we also demonstrate the applicability
of this methodology to oils other than LCs, thus establishing
generality.

Materials and Methods

Materials. L-DLPC andL.-DPPC were purchased from Avanti Polar
Lipids, Inc. Head group-labeled Texas Red-DPPE (Texas Red 1,2-
dihexadecanoysnglycero-3-phosphatidylethanolamine, TR-DPPE) was
obtained from Invitrogen. The LC 5CB (K15) was obtained from EMD
Chemicals. Tris(hydroxymethyl)aminomethane (Tris), hydrochloric acid,
sodium chloride, and octadecyltrichlorosilane (OTS) were obtained from
Sigma-Aldrich. Chloroform (HPLC grade), hexadecane, and Fisher's
Finest glass microscope slides were obtained from Fisher Scientific.
Methanol and anhydrous ethanol were purchased from Aaper Alcohol
and Chemical Co. Nondrying microscopy immersion oil (type B) was
purchased from Cargille Labs. All chemicals were used as received.
Deionization of a distilled water source was performed using a Milli-Q
system (Millipore), yielding water with a resistivity of 18.2® Gold

(40) Brake, J. M.; Abbott, N. LLangmuir2002 18, 6101-6109.

(41) Kinsinger, M. I.; Sun, B.; Abbott, N. L.; Lynn, D. MAdv. Mater. 2007,
19, 3951-3955.

(42) Thoma, M.; Mdwwald, H. Colloids Surf., A1995 95, 193-200.

(43) Cannan, S.; Zhang, J.; Grunfeld, F.; Unwin, PL&xgmuir2004 20, 701~
707.

(44) Adalsteinsson, T.; Yu, H.angmuir200Q 16, 9410-9413.
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specimen grids (2@m thickness, 75 mesh, with square holes 288
x 283 um) were obtained from Electron Microscopy Sciences.
Preparation of LC-Filled Specimen Grids. Glass slides were
cleaned fo 1 h at~80 °C in piranha solution: 70% (v/v) sulfuric acid
and 30% (v/v) hydrogen peroxidev@rning: piranha solution reacts

1394 ORCA-ER-CCD camera interfaced to a computer using Sim-
plePCI software (Compix, Inc.). Quantitative fluorescence imaging was
performed at 1& magnification with an exposure time of 0.3 s.

Background fluorescence intensity was determined using a lipid
monolayer that did not contain TR-DPPE. Fluorescence intensity was

strongly with organic compounds and should be handled with extreme measured away from the edges of the grids. Polarized light microscopy

caution. Do not store in closed container§he slides were rinsed
with deionized water and methanol and dried for 12 h at ®20The
glass slides were then functionalized with OTS according to published
procedured?®

was performed on the same microscope, using cross-polarizers in
transmission mode and plane-polarized white light.

Preparation of Vesicles. Vesicles were prepared according to
published procedure,as briefly described below. Texas Red-DPPE

Gold specimen grids were placed onto the OTS-treated glass slides.from the stock solution used to prepare Langmiichaefer films was

The grids were filled with approximately 200 nL of 5CB using a blunt-
tipped syringe, such that the grid was evenly filled with LC. Care was
taken to fill the grids to the appropriate level such that a flat film of
LC was obtained with reproducible thickness (see Supporting Informa-
tion for a more detailed description). The LCs (and other oils described
below) were held within the grids by capillary forces and not gravity.
The grids could be inverted without loss of LCs (oil) from the grids.

Langmuir Film Preparation and Langmuir —Schaefer Transfer.
Materials were wrapped in aluminum foil and kept in the dark
throughout the following procedure. All phospholipids were stored as
powders at-8 °C, and solutions were prepared from powder and used
for up to 3 days before being discarded. To make quantitative
comparisons of the fluorescence intensity of lipid films prepared via
Langmuir-Schaefer transfer and vesicle adsorption (as described
below), we found it necessary to treat the lipid solutions in a similar
fashion for both experiments, as handling of the TR-DPPE probe led
to changes in the emission intensity of the dye (likely due to
photobleaching). Therefore, before spreading a Langmuir &ldamM
TR-DPPE-doped DLPC solution was first dried under a gentle stream
of nitrogen gas until it formed a thin film along the inner walls of the
glass vial. The lipid film was then dried under vacuum for at least 2 h,
before redissolving in chloroform for the formation of the Langmuir
film. Langmuir films were prepared using a KSV Minimicro film
balance equipped with a platinum Wilhelmy plate for surface pressure
measurements. Ten microliterfa 1 mM chloroform solution of the
phospholipids (DLPC, DLPC doped with 0.02% (mol) TR-DPPE, or
DPPC doped with 0.1% TR-DPPE) was spread at the-waater
interface in ca. 0.2%L droplets at 40C. The solvent was allowed to
evaporate for 20 min at 40C and then 40 min at 2%C before film
compression was initiated. Spreading of the 0.02% TR-DPPE/DLPC
film from chloroform solution and subsequent solvent evaporation at

used in the preparation of the vesicles (to address batch-to-batch
variations in concentration and fluorescence activity of TR-DPPE).
Phospholipids (and mixtures of phospholipids and 5CB) were dissolved
in chloroform (250 mg/mL) and dispensed into brown glass vials in
volumes that led to a final concentration of 0.1 mM phospholipid upon
resuspension. Before resuspension, the lipid was dried under a gentle
stream of N (g) until it formed a thin film along the inner walls of the
glass vial. The lipid was then dried under vacuum for at least 2 h. The
dried lipid was hydrated by incubation in the aqueous phase (water or
buffer) for at leas1 h and vortexed for 1 min. Subsequent sonication
of the lipid suspension using a probe ultrasonicatok (83 min at 8-9

W, with intermittent cooling to maintain the solution temperature below
~60°C) resulted in a clear solution. The solutions were extruded three
times through a 0.22m pore filter (Millipore) before use. The vesicles
were used within 24 h of their preparation.

Lipid Film Formation via Vesicle Fusion. The LC-filled grids were
submerged inte~2.5-mL wells containing 1 mL of the aqueous phase
(water or TRIS buffer). An aliquot of the 10@M phospholipid
dispersion was added to the aqueous phase to yield a final concentration
of 50 uM. The LC-filled grids were allowed to incubate in the lipid
dispersion for 2 h. Epifluorescence measurements revealed no further
change in fluorescence of the TR-DPPE-doped lipid-ladenrr&ftieous
interface after the first hour of lipid adsorption to the 5€E&jueous
interface. To stop lipid adsorption, the entire vessel was submerged
into 1 L of lipid-free aqueous phase for 5 min. The LC-filled grids
were then transferred into the aqueous subphase of the Langmuir trough
and positioned at the same location used for imaging of samples
prepared by LangmuirSchaefer transfer.

Fluorescence Spectroscopy of Vesicle Dispersiorduorescence
spectra were obtained using a Jobin Yvon Horiba Fluoromax-3
spectrometer. An excitation wavelength of 560 nm was used, and

40 °C resulted in a homogeneously mixed monolayer, as determined €mission intensity was recorded in 0.5-nm increments.

by fluorescence microscopy. In contrast, spreading and drying at 25

°C resulted in inhomogeneous mixing with TR-rich and TR-poor
regions. Here we also note that initial experiments were performed with
BODIPY-labeled DPPE-doped films (0.5%) of DLPC at the-airater
interface (Supporting Information). However, a nonlinear trend in

fluorescence intensity as a function of area density was observed when.

using the BODIPY-labeled DPPE, likely a result of excimer formation
and self-quenching at high area densitieSymmetric film compression
was performed at a rate of 5.0 mm/min (8.3-#ol-min~1). Once a

Results

Transfer of Lipids and Characterization by Epifluores-
cence. The experimental setup used to decorate-wihter
interfaces with well-defined densities of amphiphiles is shown
in Figure 1. In the first series of experiments described in this
article, the oil is the nematic liquid crystal 5CB, and it is hosted
within a gold specimen grid that is supported on a hydrophobic

desired surface pressure was reached, the LC-filled grids (supportedglass surface (OTS-treated glass, Figure 1A). We note here that

on OTS-treated glass) were lowered into horizontal contact with the
air—water interface using tweezers and immediately submerged into

direct application of the Langmuir balance technique to inter-
faces between liquid crystalline oils and water is not possible,

the subphase for fluorescence and polarized light measurements. Theas elastic stresses present in a liquid crystalline film will exert

lipid remaining at the airwater interface was removed by aspiration
before imaging of the LEwater interface.

Imaging of the Phospholipid Films. The phospholipid films were
imaged at the airwater and waterLC interface by epifluorescence
microscopy using an Olympus IX71 inverted microscope equipped with
a 100 W mercury lamp and filter cube with 560-nm excitation filter
and 645-nm emission filter. Images were collected with a Hamamatsu

(45) Dahim, M.; Mizuno, N. K.; Li, X.-M.; Momsen, W. E.; Momsen, M. M.;
Brockman, H. L.Biophys. J.2002 83, 1511-1524.
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additional forces on a Wilhelmy plate and thus contribute to
the measurement of an apparent surface pressure. Before
attempting transfer of DLPC from the aiwater interface to

the aqueousLC interface, we verified the surface pressurg (
versus area (A) isotherms at the-aivater interface. Figure 2
shows representativa—A isotherms obtained using either
DLPC (dashed line) or DLPC doped with 0.02% (mol) Texas
Red-DPPE (solid line). These isotherms correspond to a lipid
film in the liquid-expanded state throughout the compression
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Figure 1. Experimental setup used to create stable, flat, thin films of
thermotropic liquid crystal 5CB for LangmuiiSchaefer transfer. Polarized
light micrographs (B, C) and corresponding schematic side views of 5CB
(D, E) confined to a gold grid in contact with air (B, D) or an aqueous
phase (C, E). (A, F) Schematic representation of LC-filled grids (A) and
configuration used for LangmuirSchaefer transfer (F).

range, as is typically observed for DLPC monolayers at@5

at the air-water interfacé*4%47 Collapse of the film was
observed at surface pressures in the range ef482mN/m,
corresponding to a mean molecular area of#48 A2, while

the onset of surface pressure was observed in the range of 105
115+ 8 A2 The effect of the 0.02% (mol) TR-DPPE on the
isothermal compression of DLPC was found to be minimal
(inspection of Figure 2A reveals the isotherms of DLPC and
TR-DPPE-doped DLPC to be almost co-incident).

We next sought to determine if it was possible to quantita-
tively transfer lipid from the airwater interface to the LE
aqueous interface. We used a method modified from that
described previously for the transfer of monolayers to a silanize
glass substrat®. We found that LangmuirSchaefer transfer
(from above the airwater interface) onto a fluid support, such

as an oil or LC film, required the rapid and continuous passage

of the support through the aiwater interface. A slow passage,
as well as attempts to hold the LC film in contact with the
Langmuir film, resulted in the spreading of LC onto the-air

(46) Mingotaud, A. F.; Mingotaud, C.; Patterson, L.Handbook of Monolayers;
Academic Press: San Diego, CA, 1993.

(47) Pinazo, A.; Infante, M. R.; Park, S. Y.; Franses, ECalloids Surf., B
1996 8, 1-11.
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Figure 2. (A) Surface pressurerf—area density isotherms at 2& for

pure DLPC monolayer (dashed line) and a DLPC monolayer doped with
0.02% TR-DPPE (solid line). (Inset)—Area isotherms. (B) Fluorescence
intensity of 0.02%TR-DPPE/DLPC films measured at the—aiater
interface @) and at the LC-water interface 4) with corresponding linear
regressions of = 38x + 36 andr? = 0.9812 andy = 14x — 3.1 andr2 =
0.9479, respectively. The horizontal regions correspond to the range of
fluorescence values observed on OTS glass (top, hatched bar) and on 5CB
(bottom, solid bar) after exposure to a BB vesicle solution fo 2 h a.u.

= arbitrary units.

water interface. The optimal transfer speed and angle at contact
were estimated to be10—20 cm/s and within $of horizontal
contact, respectivelyin situ epifluorescent microscopy of the
lipid film before and after transfer from the aiwater interface

to the LC-aqueous interface was performed to assess the effect
of Langmuir—Schaefer transfer on the area density of the film.

g At the air—water interface, DLPC doped with 0.02% TR-DPPE

gave rise to a linear fluorescence intensity with increasing area
density until monolayer collapse at 47 fcigure 2B). The linear
trend persisted for the films on the E@vater interface,
consistent with transfer of lipid from the aiwater interface to
the LC—water interface. We note, however, that the intensity
of fluorescence was found to be substantially lower at the-LC
water interface, a point that we return to below.

Optical Microscopy of the LC Films after Langmuir —
Schaefer Transfer. Past studies by Braket al. have found
that spontaneous adsorption of lipid monolayer films from

J. AM. CHEM. SOC. = VOL. 130, NO. 13, 2008 4329
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Figure 3. Optical micrographs (cross-polars) of DLPC films at+®ater

(A, B) and LC-aqueous (Tris buffer) interfaces (C). Lipid area densities
corresponding to (Ax 1.7 DLPC molecules/n#ttilted/planar LC anchor-
ing), (B) >1.8 DLPC molecules/nf{homeotropic), and (C) 1-31.7 DLPC
molecules/nr (mixed planar/homeotropic). Scale bar corresponds to 200
um.

aqueous suspensions of lipid onto the-t&jueous interface
leads to orientational ordering transitions in the LC film that

Emission (CPS)

x=0.3

x=0.5
» ————

570 595 620 645 670 695 720
Wavelength (nm)

Figure 4. Fluorescence emission spectra (560-nm excitation) corresponding
to 0.02%TR-DPPE/DLPC vesicles containing mole fractiafsof 5CB
ranging fromx = 0 to x = 0.5. Spectra have been offset for clarity.

vesicles from bulk aqueous solutions, as reported previdfsly.
We compared the fluorescence intensity of lipid-laden aqueous
LC interfaces prepared by vesicle fusion to that measured using
Langmuir-Schaefer transfer (Figure 2B). Inspection of Figure
2B reveals close agreement in the overall fluorescence intensity

can be readily observed by the transmission of polarized light obtained from the lipid films prepared by the two methods. This

through the LC*36 The assembly of lipid at the L€aqueous

interface resulted in a reorientation of the LC at the interface
from an initially near-planar orientation (parallel to the interface)
to a homeotropic orientation (perpendicular to the interface).

agreement, as well as the agreement in the resulting orientations
of the LC films, suggests that the final lipid density prepared
from the two methods is the same. The fluorescence intensity
of the lipid films prepared via both LangmtiSchaefer transfer

Here we report on the optical appearance of the LC by polarized and vesicle fusion was also measured on the OTS-glass adjacent

light microscopy (transmission mode) to provide further evi-
dence of lipid transfer from the aiwater interface to the LE

to the LC-filled grids. In both cases, it was found that the net
fluorescence measured on OTS-glass was slightly greater (

aqueous interface. Transmission of polarized light (cross-polars)a.u.) than that measured on the £&queous interface (Figure
through the lipid-laden LC films revealed the optical appearance 2B), and much less than that measured at theveater interface

of the LC with area density of lipid less than 170.2 DLPC/
nn? (Figure 3A) to be similar to lipid-free films of LC in pure
water (Figure 1C). Within these films of LC, the tilt angle of

(~75 a.u.). We hypothesized that the differences in fluorescent
intensity arose from the microenvironment of the Texas Red
(TR), which has been reported to affect the net fluorescence of

5CB, relative to the surface normal, increases continuously fromthe TR (see below). To provide further insight into this

~0° (homeotropic orientation) at the OFSCB interface, to
~9( (planar orientation) at the 5CBaqueous interface through
bend and splay distortions of the LC (Figure 1E). Variation in
the azimuthal orientation of the 5CB results in dark brush
patterns within the grid squares. When Langmuir films with
densities close to monolayer collapse (2:10.2 DLPC/nnd)
were transferred to the L€aqueous interface, the LC was
observed to orient homeotropically (Figure 3B; same LC director
profile as shown in Figure 1D). In these samples, optical
microscopy (cross-polars) revealed a uniformly dark region
within the grid squares, with bright edges arising from 5CB
interactions with the Au grid® These results, when combined,
provide additional evidence for LangmuiSchaefer transfer of
DLPC from the air-water to the LC-aqueous interface.
Epifluorescence and Optical Microscopy of Lipid Films
Prepared by Vesicle FusionA surprising result emerging from

proposition, in the next section we report an investigation of
the influence of the microenvironment created by 5CB on
fluorescence of TR-DPPE.

Effect of 5CB on TR-DPPE FluorescenceTo investigate
the effect of 5CB on the local microenvironment of the TR-
DPPE, we measured the fluorescence emission spectra of
aqueous dispersions of DLPC vesicles with 0.02% (mol) TR-
DPPE that were doped with 5CB (Figure 4).

Figure 4 shows that without incorporation of 5CB, TR-DPPE
in DLPC vesicles exhibits emission peaks located at 602 and
660 nm (shoulder). Upon incorporation of 5CB into the vesicles,
we observe that the two emission peaks are dramatically reduced
in intensity, indicating quenching of the TR emission. The peak
intensity is reduced by one-half upon incorporation of 5CB into
the vesicles at a mole fraction of 0.5, indicating that quenching
upon incorporation of 5CB into the vesicles is significant. This

the above-described fluorescence microscopy (Figure 2B) wasresult is consistent with the loss in fluorescence intensity

that the intensity of fluorescence at the aqueduS interface
was substantially lower than that at the-avater interface. To
provide insight into this observation, we prepared DLPC-laden
(doped with 0.02% TR-DPPE) interfaces of 5CB by fusion of

(48) Occasionally, a few domains of LC with a planar orientation were observed
within what was primarily £ 90% area) a homeotropically aligned LC film.
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observed in Figure 2B upon transfer of TR-DPPE from the-air
water interface to the 5CBaqueous interface.

The interpretation of results obtained using fluorescent labels
requires consideration of the inherent sensitivity of fluorophores
toward changes in microenvironment (i.e., pH, ionic strength,
solvent polarity) and their propensity to form aggregates that
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may exhibit little to no fluorescence. The results shown in Figure caused uniformly homeotropic LC orientations. This result is
4 indicate that 5CB is likely promoting fluorescence quenching an interesting one because DLPC has not been reported
via the formation of nonfluorescent aggregates, a phenomenonpreviously to phase separate within monolayers formed at air
that has been observed for Texas Red and other dyes incorpowater and isotropic oil interfacé$.The result suggests that the
rated into lipid monolayers or bilayef34%% Texas Red, phase behavior of lipids at aqueetlsC interfaces can be
although considered to have relatively low sensitivity toward substantially different from the interfaces of isotropic phases,
changes in solvent polarity and charge, does exhibit a tendencya proposition that is supported by the experiment described
to form aggregated species even at low surface concentrationsbelow.

Duttaet al. have reported a 23 nm shift in the TR-DPPE®  preparation of Oil—Water Interfaces Decorated with
emission band, and the emergence of a shoulder band, when i jyigs with High Bilayer Melting Temperatures. The devel-
was mixed into DPPC monolayers at the-aivater interface  gpment of the LangmuirSchaefer method to prepare lipid-
(as compared to its emission in chioroform soluti#iJhe shift ~ jaden Lc-aqueous interfaces, as reported in this article, was
was determined to arise from the formation of (fluorescent) motivated by the observation that methods based on vesicle
J-aggregates organized laterally within the monolayer. The f,sjon do not provide a means to specify in advance the area
intensity of the emission bands was found to decrease as theyensity of lipid deposited onto the LC interfa¥e® In addition,

film was compressed to higher surface pressure (higher areaye comment here that the preparation of lipid films at the-LC
density), indicating quenching via the effective energy transfer ,q,e0us interface via vesicle fusion is not applicable to all types

to a nonfluorescent aggregated state. In another study, Biadasz lipids and is complicated by the phase state of the lipid
et al. fou.nd that mixing nap_hthalene-basgd.fluorgscent dyes in \ agicles?®36 Unlike DLPC, which forms vesicles with bilayers
LangmuwBIodgett (LB) f||m§ of arachidic acid a“q the in the liquid crystalline phase at room temperature, DPPC within
nematic LC 4-octyl-4cyanobiphenyl (8CB) led to highly ¢ pijaver of a vesicle is in a gel phase (solid-like) at room
quenched fluorescence emission due to aggregate formationyemnerature. DPPC films formed at the £@queous interface
along with a slightly red-shifted emission wavelenéfth. via vesicle fusion at room temperature possess a heterogeneous
Phase Properties of Lipid Films at the LC-Aqueous appearance when viewed by fluorescence microsédphese

Interface. The above-described results obtained using fluores- agyits suggest that the fusion of lipid vesicles to the-LC
cence measurements (linear rise in fluorescence intensity to aaqueous interface is dependent upon the lipid-phase state. In
value corresponding to saturation coverage, Figure 2B) indicate”ght of this observation, we next sought to determine if the
quantitative transfer of lipid from the aqueetair interface onto | angmuirSchaefer transfer method described in this article
the aqueous_I__C interface. T_he guantitative transfer_ oflipid at  ~ou1d be used to prepare homogeneous and reproducible DPPC-
known densities onto the interfaces of LCs provides a new |54en interfaces of LC. The preparation of DPPC monolayers

experimental capability with which to investigate density- ;a | angmuir-Schaefer transfer from the aiwater interface
dependent phase properties of these monolayer systems. Previj,oq performed at densities of 0.83, 1.1, and 2.5 DPP&(om

ous reports of submonolayer DLPC films adsorbed to theLC 159 90 and 40 ADPPC respectively). As shown in Figure
aqueous interface (Tris buffer, pH 8.9, 100 mM NaCl) describe 5 hese area densities correspond to the liquid expandgd (L
formation (_)f I|p|d-poqr domains _durln_g film growth_ and  gexistence (k—Ls), and condensed f). phase of the DPPC

corresponding patterning of the orientation of the ®rice jsotherm at the airwater interface, respectively. A higher
and Schwartz have subsequently reported domains of similar ., ~antration of TR-DPPE (0.1%), which partitions to the L

optical abpearance when using fatty acids at the-Bqueous  jhase gyer the Lphase, was added to the DPPC to more readily
interface>! Although domains of lipid and associated patterning observe the phase-separated domains associated with, the L

Orf the _or_len:latmns of IHCS have beeln Ebsfervekcli, |nS|hghts N0 | coexistence regime by epifluorescence microscopy. In each
]E el orllglnsf ?v%bfglen n;dkered by a acd 0 mgt ods th attpcermlt case, transfer of the monolayer of DPPC to theHdaQueous
ormation of lipid films of known area densities at the interface resulted in a film with homogeneous appearance when

agqueous interface. !n this context, we sought tq |IIu§tratg the imaged by epifluorescence and polarized light microscopy. The
utility of the Langmuir-Schaefer method reported in this article lower area density films of DPPC at the L@queous interface

b% p:‘eparlr]rgRlI)é_PbCfl:lms att)vErlous de(rj]st|t|es ?t th&a?#eou?_l gave rise to planar orientation of the LC (Figure 5B,C), while
interface ( uffer subphase) and transferring these films the highest area density lipid film transferred gave rise to a

:o :}h? LC—Laqueou.sllntttra]rfacg via t.k(‘je dl_.ansgn tEBcthaeﬁe:c perpendicular (homeotropic) LC orientation (Figure 5H,I).
ec .nlque( angmuirisotherm 1S provided in supporting fnior= Interestingly, the phase-separated DPPC films corresponding
mation). After transfer, the films were allowed to equilibrate - ; . :

to coexisting l,—Ls phases at the aiwater interface (Figure

for 2 h and were found to be stable for up to at least 12 h. .
. . . . . 5D) also becambomogeneou®f a single phase) upon transfer
These investigations revealed that films of lipid with area . '
to the LC-water interface. In contrast, the same films, when

densities ranging from 1.3 to 1.7 DLPC/Aformed lipid-poor transferred to OTS-treated glass, still exhibited the phase-

domains and led to associated patterning of the orientation of . . )
the LC (Figure 3C). Lipid films with area densities less than separated domains (Figure 5E). These results, when combined
: with those obtained using DLPC films at the E@queous

1.'3 DLE’C/nrﬁ causeql .“”'fom."y_ planar LC orientations, while interface described earlier, indicate that the phospholipid phase
films with area densities of lipid greater than 1.7 DLPC?nm . : . :

behavior at aqueoud.C interfaces differs in complex ways
from the phase behavior at the-awater interface. These results

(49) Biadasz, A.; Labuszewska, K.; Chrzumnicka, E.; Michalowski, E.; Mar-

tynski, T.; Bauman, DDyes Pigm2007, 74, 598-607. also confirm that the LE€lipid interactions leading to the
(50) Dutta, A. K.; Lavoie, H.; Ohta, K.; Salesse, Kangmuir1997, 13, 801 orientational ordering of the LC at its aqueous interface are
(51) Price, A. D.; Schwartz, D. KJ. Phys. Chem. B007, 111, 1007-1015. highly dependent on lipid area density.
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60 ] LC—aqueous interface leads to lipitlC interactions that differ
50 from those at lipid monolayer-decorated surfaces of solids.
£ 40 i The results reported in this article also indicate that the lipid
5 g phase behavior at the l-€aqueous interface is markedly
3 30 different from that observed at the aiwater interface and air
e 20 | glass interface. This conclusion is supported by the prior reports
10 | by Kilhnauet al. using Langmuir monolayers of DPPC mixed
0 with 5CB, where condensed phases of DPPC in the-(Ly)
0 20 40 60 80 100 120 140 coexistence regime were lost upon incorporation of 5CB in the
Area per DPPC (A?) monolayer? Méhwald and co-workers have also reported
significant changes in the phase behavior of DPPC Langmuir

B : ; monolayers in contact with films of isotropic oft&>7 Although

a detailed description of the phase behavior of DLPC and DPPC
monolayers at the LEaqueous interface is beyond the scope
of this study, our results suggest that systematic measurement
of lipid phase behavior at the l-€aqueous interface is required

to shed light on the nature of L@ipid interactions leading to

the orientational ordering of LCs at aqueedsC interfaces.

The generality of the LangmuitSchaefer method for preparing
lipid monolayers at the LEaqueous interface should enable
the pursuit of these and other studies.

Transfer onto Isotropic Oil —Water Interfaces. We end this
article by demonstrating that the methodology we report for
preparing lipid-laden interfaces is generally applicable to a range
of oil—water interfaces, including isotropic oils. To this end,
monolayers containing 0.02% TR-DPPE/DLPC at an area
density 2.1 DLPC/nrhwere transferred onto two isotropic oil
films having different viscosities: hexadecang= 3.0 mPa
s) and immersion oili{ = 1.2 Pas). The oils were hosted in
20 um-thick gold grids and supported on the same OTS glass
slide to permit direct comparison with 5CB. Fluorescence
imaging of the lipid films at the hexadecanwater and
immersion oit-water interfaces yielded intensities of fluores-
cence that were greater<30 a.u., see Figure 2) than those
Figure 5. (A) 7—Area isotherm at 25C for a DPPC monolayer doped ~ Measured at the 5CBvater interface but comparable within
with 0.1% TR-DPPE. Arrows depict area densities corresponding to experimental error£5 a.u.) to those measured on the GTS
Eongit:g)”'szlSgiesfc‘év:cig}rkgnggﬂg;‘%c{;ﬁfsfsggé‘;‘gp""%rgg:ggﬁzfs- ((Bj o glass interface. These results indicate that fluorescence quench-
the a’iﬁwater interface, andgafter tre'ms;erto thet®ater interfacey(B, F, Ing Is occurring at thgse mterface;, _as discussed above.ln the
H) and to OTS glass (E). Corresponding polarized light micrographs (C, context of 5CB-water interfaces. Similar results were obtained
G, 1) of films at the LC-water interface. The area densities of the DPPC  for films prepared by vesicle fusion with these interfaces. From

Lo

f"r:“S areslzcl’ ('Ephase)' 90 (Lg'-tﬁ coexistence), and 40%Amolecule (4 these results, we conclude that the Langm@@ichaefer transfer

phase). Scale bar corresponds to 200 method described in this article can also be used to transfer
Prior studies by Khinau and co-worket353as well as Hiltrop ~ iPids onto aqueous interfaces of isotropic oils.

and Stegemey®t>® investigated the orientational ordering of Conclusions

nematic 5CB on LB films of phospholipids supported on glass.

These studies also identified the lipid area density as a key The results reported in this article define a general and facile
parameter influencing the orientational ordering of LCs at lipid- method to prepare planar, sihqueous interfaces that can be
laden interfaces. In contrast to our studies, however, Hiltrop decorated with prescribed densities of insoluble amphiphiles.
and Stegemeyer reported that homeotropic anchoring was onlyThe method exploits the use of the Langmuir film balance to
observed for LB films of phosphatidylcholine lipids transferred preorganize monolayers of molecules at the surface of water at
in the L, phase, while those in the condensed phaseekult well-defined densities and thermodynamic states, and the
in either tilted or planar LC orientatiot:> Our results, when Langmuir-Shaefer method to transfer these monolayers to
compared to these past studies of lipids supported on solid microscopic oit-water interfaces stabilized within microwells.
surfaces, suggest that the mobile and deformable nature of theWe have demonstrated the general applicability of the meth-
odology by using several oils and by preparing—oilater

(52) [ﬁg’_"g‘;’sf-;9“3“;"33451%2’1“%?“ S. Rapp, G.; Schmiedel, Hol. Cryst. interfaces decorated with amphiphiles that do not readily transfer
(53) gghg%l_ 5U85 Petrov, A. G.; Klose, G.; Schmiedel, Phys. Re. E 1999 to the interface via spontaneous adsorption. The method is

(54) Hiltrop, K.; Stegemeyer, HBer. Bunsen-Ges. Phys. ChelB7§ 82, 884—
889. (56) Brezesinski, G.; Thoma, M.; Struth, B.; Meald, H.J. Phys. Chenl996
(55) Hiltrop, K.; Stegemeyer, HBer. Bunsen-Ges. Phys. ChetB81, 85, 582— 100, 3126-3130.
588. (57) Thoma, M.; Pfohl, T.; Mbwald, H.Langmuir1995 11, 2881-2888.
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shown to be particularly well-suited to the study of interfaces the National Institutes of Health (CA108467), and the Fonds
of liquid crystalline oils because the sample volumes required québecois de la recherche sur la nature et les technologies
are small ¢200 nL) and the thickness of the film of oil can be  (M.V.M.). We thank J.-S. Park for images describing the LC
controlled in the 2Qum range, thus defining the orientation of  grid filling protocol described in the Supporting Information.
the LC across the entire film. By transferring DLPC and DPPC

onto LC—aqueous interfaces at defined interfacial densities, we  Supporting Information Available: Additional experimental
reveal that the area-dependent phase behaviors of these lipidsletails regarding the preparation of LC-filled grids, the fluo-
are substantially altered in the presence of the LC. In summary, rescence of BODIPY-doped DLPC monolayers, anditharea
the methodology presented this article enables quantitativeisotherm for DLPC obtained using an aqueous solution of Tris
studies of interfacial molecular assemblies formed by synthetic buffer. This material is available free of charge via the Internet
and biological molecules at liquidliquid interfaces. at http://pubs.acs.org.
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