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Phase separation and interactions in mixed monolayers of dipalmitoylphosphatidylglycerol (DPPG) with the
rhodamine B end-labeled double-hydrophilic block copolymer (DHBC), poly(N,N-dimethylacrylamide)-block-poly-
(N,N-diethylacrylamide) (RhB-PDMA207-b-PDEA177), was studied at the air-water interface. Surface pressure versus
area isotherms indicate that both components behave almost independently. Brewster angle microscopy (BAM) images
show a random distribution of liquid condensed (LC) domains ofDPPG in an apparent homogeneousmatrix ofDHBC,
excluding the macroscopic phase separation. The laser scanning confocal fluorescence microscopy (LSCFM) of the
rhodamine dye at the end of the PDMA chain showed how the DHBC is distributed in Langmuir-Blodgett (LB) mixed
monolayers. The high spatial resolution of atomic force microscopy (AFM) combined with the LCSFM images
indicates that DHBC incorporates in the expanded phase of DPPG to form mixed domains, being excluded from the
condensed regions. Upon compression, nanosized LC domains of DPPG nucleate inside the mixed domains corralled in
the nanopatterning of pureDHBC. The negatively charged polar group ofDPPG inhibits rhodamine aggregation, while
the long polymer chains promote the formation of corralled nanodomains of DPPG in two dimensions.

Introduction

Water-soluble polymers are promising drug carriers with
potential to increase drug circulation time, improve drug solubi-
lity, and reduce toxicity.1-5 Additionally, cytotoxic drugs
attached to water-soluble polymers by reversible linkages more
effectively target tumor tissue than the drugs alone. The versatility
of recent polymer synthesis approaches the design of polymers
with the required characteristics in size, flexibility, and architec-
tures to optimize drug delivery and targeted therapy.6 Apart from
improving drug solubility and circulating time, the interaction of
the polymerwith the cellmembrane can enhance the translocation
from the inside to the outside leaflet of the bilayer (flip-flop).7,8

Namely, amphiphilic nonionic polymers accelerate the interleaflet
lipid exchange by embedding their hydrophobic moiety in the
membrane with the consequent increase of membrane fluidity. It

was found that the flippase activity for pluronics and Brij
surfactants depends mainly on the polymer hydrophobicity and
the volume of the hydrophobic moiety.8 Positively charged
polymers bind the membrane by electrostatic interaction via the
negatively charged lipid head groups. This interaction favors the
formation of anionic domains in the outer leaflet and the
translocation of anionic lipids between the membrane leaflets.9

In particular, double-hydrophilic block copolymers (DHBCs),
combining two blocks with different hydrophilicities, whose
balance can be tuned by temperature, are attractive candidates
as drug carriers. They may form random aggregates, micelles, or
even more organized structures such as liposomes in aqueous
media.10-17 These nanoaggregates with core-shell architecture
can provide the safe targeting delivery of low water solubility and
toxic drugs to the required cells.18-20The additionof a fluorescent
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functionality to these polymers allows the possibility of imaging
and to follow the delivery path until reaching the desired target.

Langmuirmonolayers of phospholipids at the air-water inter-
face can be used as a simplemodel for the lipid-aqueous interface
of biomembranes, allowing the study of interfacial processes that
involve chemicals in the water subphase or amphiphiles incorpo-
rated in phospholipid monolayers.21,22 Amphiphilic copolymers
and proteins adsorb to a fluid-like state of phospholipid
monolayers.23 In particular, pluronics (PEO-PPO-PEO triblock
copolymers; PEO = polyethylene oxide, PPO = polypropylene
oxide) insert into monolayers of dipalmitoylphosphatidylcholine
(DPPC) and dipalmitoylphosphatidylglycerol (DPPG) and influ-
ence their membrane-sealing capability, which can be tuned by the
molecular properties and architecture of the copolymer.24 On the
other hand, results on the penetration of β-lactoglobulin into
DPPC monolayers have shown that protein penetration occurs
without any specific interactions with DPPC, remaining unaf-
fected the condensed phase of DPPC.23Moreover, combining the
Langmuir and the Langmuir-Blodgett (LB) techniques, the two-
dimensional arrangements andconformational changesofpolymer-
phospholipid mixed monolayers can be followed and further
characterized by specific and powerful surface techniques, such
as atomic force microscopy (AFM), neutron reflectivity and
scattering, electron microscopy, Fourier transform infrared spec-
troscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS).26,27 The study of mixed monolayers of amphiphilic poly-
mers and/or proteins with phospholipids can provide valuable
information on the polymer-membrane interaction at the molec-

ular level.28-33 Using anionic phospholipids, such as the negatively
charged phosphatidylglycerols (PGs), that are apart from the
phosphatidylcholines (PCs) a major lung surfactant, it was found
that proteins and amphiphilic polymers bind with membranes by
electrostatic and hydrophobic interactions.33-37

In this work we studied the interaction of DPPG, a membrane
mimetic amphiphile, with a fluorescent DHBC composed of a
poly(N,N-diethylacrylamide) block covalently linked to a rhoda-
mine B end-labeled poly(N,N-dimethylacrylamide) block, (RhB-
PDMA207-b-PDEA177) (see Chart 1). The PDMA block is
hydrophilic at room temperature, while the PDEA block is
thermoresponsive, changing from hydrophilic to hydrophobic
at 32 �C.38,39 The phase behavior and interactions in mixed
monolayers of RhB-PDMA207-b-PDEA177 and DPPG were
studied at the air-water interface. Phase separation and mor-
phologic changes occurring by varying the composition were
followed in situ by Brewster angle microscopy (BAM). The
presence of rhodamine B at the end of the PDMA chain allowed
us to follow the distribution of DHBC in LB mixed monolayers
by laser scanning confocal fluorescence microscopy (LSCFM).
The inner structure of phase-separated domains was further
imaged by AFM of mica-supported LB monolayers.

Chart 1. Molecular Structures of DPPG and DHBC
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Experimental Section

Materials.DPPG(1,2-dipalmitoyl-sn-glycero-3-phospho-(10-rac-
glycerol) (sodium salt)) was purchased in powder form from
Avanti Polar Lipids, Inc. (Alabaster, AL) and used without
further purification. The polymer, RhB-Poly(N,N-dimethyl-
acrylamide)-block-poly(N,N-diethylacrylamide) (RhB-PDMA207-
b-PDEA177), was synthesized by sequential reversible addition-
fragmentation chain transfer (RAFT) polymerization. Details
of the synthesis and characterization of these polymers were
described previously.39 The solvent chloroform from Fluka
(puriss. p.a. grade, g 99.8%), was used as purchased. The ultra
pure water used in the subphase was distilled and purified with
the Millipore Milli-Q system (resistivity g 18.2 MΩ cm).

Stock solutions of polymer and pure DPPG (0.5-1.0 mg
mL-1) were prepared in chloroform and a chloroform/methanol
(9:1) mixture, respectively, and from them, mixed spreading
solutions were obtained. The composition of mixtures was
calculated in terms of the number of segments of the polymer,
NDHBC = NDMA þ NDEA, where NDMA and NDEA represent the
number of DMA and DEA segments, respectively. Thus, the total
number of units in the mixture is NT = NDPPG þ NDMA þ NDEA,
where NDPPG represents the number of DPPG molecules. The
“DPPG molar fraction” is then given by XDPPG = NDPPG /NT.

Surface Pressure-Area Measurements. Surface pressure-
area (π-A) isotherms were carried out on aKSV 5000 Langmuir-
Blodgett system (KSV instruments, Helsinki) installed in a laminar
flow hood. Procedures for π-A measurements and cleaning were
described elsewhere.40 In eachmeasurement, 50-100μLof solution
was spread on the pure water subphase with an SGE gastight
microsyringe. After evaporation of the solvent (∼15 min), the
floating layer on the subphase was symmetrically compressed by
two barriers at constant speed (5 mm min-1). The temperature
of the subphase was maintained by a circulating water bath (20 (
0.1 �C). The π-A isotherm does not change with the concentration
of spreading solution in the working interval of concentrations
0.5-1.0 mg mL-1.

LBDeposition. The spreadmonolayers at the air-water inter-
face were transferred onto glass or freshly cleaved mica substrates
by the vertical dipping method. Glass substrates were cleaned by
immersion in concentrated chromic-sulfuric acidmixture for several
minutes, subsequently rinsed and immersed in Milli-Q water, and
finally dried in a nitrogen flow before using. In order to transfer the
film to a single side of the substrate, two substrates were clamped
together parallel to the barriers and immersed in the subphase
before spreading the polymer solution. After evaporation of the
solvent, the floating layer was compressed up to the target surface
pressure. Upon a relaxation period (∼15 min), the deposition was
performedat constant surfacepressure (3 and15mNm-1),with the
ascending speed of 2 mm min-1. The transfer ratios were close to
unity.

BAM.AcommercialBAM2,manufacturedbyNFT(G€ottingen,
Germany), mounted on a KSV Langmuir film balance, was used to
observe the morphology of the monolayer. The light reflected from
the surface is collected by two achromatic lenses and detected with a
CCD camera, which converts the reflectivity signal from the sample
into a video image. The spatial resolution is approximately 2μm.The
characteristics and operational conditions of the BAM system were
previously described.41

LSCFM. LSCFMmeasurements were performed on a Leica
TCS SP5 (Leica Mycrosystems CMS GmbH, Mannheim,
Germany) inverted microscope (DMI6000) with a 63.3 water
immersion apochromatic objective (1.2 numerical aperture).
The 514 nm line of an argon ion laser was used as excitation light.
The laser intensity was controlled by an acoustic-optical filter
system. The rhodamine fluorescence emission was collected from

530 to 700 nm, using the tunable system and beam splitter of the
LeicaTCSSPC5.Laser power andphotomultiplier tubegainwere
constant for all measurements. The offset was chosen such that
the photon counts outside the samplewere negligible. The pinhole
was always set at 1Airy unit to discriminate stray light fromout of
focus plans. To ensure that the observed morphology was typical
of the film as a whole, a large number of different regions were
imaged.

AFM. Noncontact AFM mode was used to obtain the topo-
graphy of the monolayers using a Molecular Imaging (model
5100) system. Silicon cantilevers having a constant force in the
range 25-75 N/m and a resonant frequency between 200-
400 kHz were used. All images were recorded with 250 � 250
pixels resolution. The AFM images were processed using second-
order plane fitting and second-order flattening routines. The
leveling routines were applied in order to remove the z offset
between scan lines and the tilt and bow in each scan line. AllAFM
images were processed using the same leveling procedure with the
final images indicating a flat planar profile. Gwyddion (version
2.9) software was used to process the AFM images.

Results

Langmuir monolayers of RhB-PDMA207-b-PDEA177 with
DPPG spread at the air-water interface were imaged in situ by
BAM and the LB films, transferred at constant surface pressures
onto glass or freshly cleaved mica substrates, were observed by
LSCFM and AFM, respectively.
π-A Isotherms. Figure 1 shows the π-A isotherms of the

double hydrophilic block copolymer (DHBC) and DPPG pure
compounds and threeof theirmixtures (XDPPG=0.2, 0.5 and0.8) at
20 �C at the air-water interface. The π-A isotherm of RhB-
PDMA207-b-PDEA177 (red line) shows the desorption/immersion
of the most hydrophilic block (PDMA) at the plateau t1 (6-7 mN
m-1) and the desorption of the PDEA block at the plateau t2 (25-
26mNm-1).Atπ< t1 bothPDEAandPDMAblocksadsorbat the
interface (C scheme) and behave nearly independently as immiscible
polymers, with an occupied area per repeat unit of approximately
25 Å2 at 5 mN m-1. At π > t1 PDMA forms an immersed layer
anchored by PDEA that remains at the interface up to π= t2.

39

The π-A isotherm of DPPG (black line) appears at larger
molecular areas, in the range 80-40 Å2, from π ≈ 0 until the
collapse at 65 mN m-1. This means that the area occupied per
DPPGmolecule is much higher than the area occupied perDEAor
DMA units because the DHBC conformation is composed of tails,
loops, and surface trains. At 20 �C, the LE-LCphase transition, t3,
in DPPG monolayers occurs at low surface pressures (0-10 mN
m-1). At π> t3 a LCmonolayer forms until the kink transition at
t4≈ 40mNm-1. Atπ> t4, the slope of theπ-A isothermbecomes

Figure 1. π-A isotherms of mixed monolayers of RhB-PDMA207-
b-PDEA177/DPPG on pure water subphase at 20 �C as a function of
the area per DHBC unit or DPPG molecule. Schematic representa-
tion of DPPG molecules (black), PDMA block (light blue), PDEA
block (dark blue), rhodamine (green) on the water surface, at (A)
π> t2, (B) t1< π< t2, and (C) π< t1.

(40) Gonc-alves da Silva, A. M.; Guerreiro, J. C.; Rodrigues, N. G.; Rodrigues,
T. O. Langmuir 1996, 12, 4442–4448.
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almost vertical, which is attributed to the formation of a solid phase
until the collapse. The π-A isotherm of pure DPPG at 20 �C is
consistent with the reported data obtained by Vollhardt et al.42 and
Grigoriev et al.43 under similar conditions.

The shape of π-A isotherms of mixed monolayers changes
quite regularly with the composition showing both the typical
plateaus of DHBC (t1 and t2) and the very steep curve above t2
corresponding to the solid monolayer of DPPG, consistent with
the following monolayer stages during compression: for π< t1 the
PDEA and PDMA blocks and DPPG molecules are adsorbed at
thewater surface (schemeC); atπ=t1, the PDMAblock immerses
in thewater subphase; at t1<π<t2,PDEAandDPPGcoexist at the
interface (schemeB); atπ=t2, PDEAimmerses in the subphase; and
finally for π> t2, DPPG stays alone at the interface (scheme A).

Figure 2 shows the mean area per unit (segment of DHBC or
DPPG molecule) as a function of XDPPG for several surface
pressures. The regular variation of π-A isotherms of mixed
monolayers with the composition is confirmed by the linear
variation of the average area per unit with XDPPG. This trend
(for π< t2, at 5 and 15 mNm-1) can result either from the ideal
behavior or phase separation of the components at the air-water
interface. However, the ideal behavior is not plausible because the
molecular structure of the phospholipid and the diblock copoly-
mer are dissimilar, implying that instead phase separation should
occur. For π > t2, the area occupied per unit at 45 mN m-1 (in
red) is linear with XDPPG with a zero intercept at the origin of the
axis. This means that the contribution of the DHBC is insignif-
icant, leaving the DPPG isolated at the interface. Furthermore,
this strongly evidences that, at surface pressures above t2, the
rhodamine submerges into the water subphase. If rhodamine
remained adsorbed at the air-water interface, a small positive
deviation should appear relatively to the dashed line.
Imaging of Pure Compounds. BAM and AFM images of

DPPG monolayers and LSCFM and AFM images of DHBC
monolayers at 20 �C and surface pressures of 2 and 15 mN m-1

are presented in Figures 3 and 4, respectively. DPPG is not
fluorescent and so can not be visualized by LSCFM, while BAM
images of DHBC were omitted because they are nearly homo-
geneous at 20 �C.
DPPG. BAM (first row) and AFM (second, third, and fifth

rows) images of DPPG obtained at 2 mNm-1 (first column) and
15 mNm-1 (second column) at 20 �C are shown in Figure 3. The
cross-sectional profiles are shown at the bottom of the correspon-
dent images. The BAM image (a) obtained at low pressures,

shows a dense distribution of liquid condensed (LC) domains
coexisting with the liquid expanded (LE) phase in agreement with
the LE-LC phase transition in the π-A isotherm (Figure 1) at
t3= 0-10mNm-1. At 15mNm-1, image b shows an apparently
compact distribution of LC domains (a much more dense
distribution).

At low pressures, the LCdomains and the LE expandedmatrix
ofDPPGappear distinctly in theAFM image (c): large irregularly
fringed and small LC bright domains coexist with an irregular LE
matrix. A higher amplified image in d shows a significant number
of small holes inside the LC domain. The cross sectional profile
(d), at the bottomof the correspondent image, confirms that these
holes (indicated by magenta arrows) are surrounded by eleva-
tions. These holes and elevations result from the flip-flop of the
anionic DPPG molecules repelled by the negative charges at the
mica surface.44 Defects in the form of holes were further used to
measure the thickness of the film. The profile d indicates that the
LCdomains ofDPPGare∼1.5 nmthick at 2mNm-1. This value,
being lower than the length of the DPPG molecule (∼2.5 nm),
indicates that themolecules are tilted to the surface. Furthermore,
the LC domains exhibit a gradual increase of thickness or
elevation at the borders (green arrows). These elevations, referred
as blistering,44 are attributed to the electrostatic repulsion be-
tween the negative polar groups of DPPG and the negative
substrate. The magnification of the matrix in image e and the
correspondent profile e show a rough phase composed of irre-
gular nanodomains (h ≈ 2 nm) or clusters of molecules in a
variable state of aggregation and/or orientation.

By surface pressure increase, the small LC domains coalesce
into large ones as evidenced by the topographic AFM image f
obtained at 15 mN m-1. Defects, holes and peaks, are preferen-
tially located in the junctions of the borders of precursor domains.
Image g shows bright and brown regions and a black hole
(indicated by the magenta arrow). The correspondent cross-
sectional profile g indicates that the brown region with elevations
embedded (bright dots) should correspond to the LE phase that
coexists with the dominant LC phase of DPPG. Image h shows
the magnification of the brown region and the correspondent
cross-sectional profile confirms the presence of elevations (bright
dots, h ≈ 2 nm) induced by the increase of surface pressure.
Interesting is the fact that small holes inside the LC domains are
less frequent at 15 mNm-1 than at 2 mNm-1. Conversely, larger
holes becomemore frequent in the frontiers of domains at 15 mN
m-1 (Figure 3f). The thickness of the LC domains obtained from
the profile g and the height of elevations of profile h are similar
(∼2 nm), supporting one tilted molecule thick of both structures.
As expected, the tilting of molecules decreases with surface
pressure, and the thickness of domains increases accordingly.
DHBC.Figure 4 shows LSCFM(first row) andAFM (second

and third rows) images of DHBC obtained at 2 mN m-1 (first
column) and 15 mN m-1 (second column) at 20 �C. The low
resolution and low contrast of BAM images (omitted) revealed
nearly homogeneous monolayers of DHBC. LSCFM images
(50� 50 μm2, first row) show how the rhodamine dye distributes
over the LB monolayer. At 2 mN m-1, image a shows a low
density of bright domains disperse in a nearly homogeneous
matrix, while image b at 15 mN m-1 exhibits a high density of
bright domains, attributed to rhodamine aggregates.39

The AFM topographic images of DHBC LB monolayers
(second and third rows) show a complex morphology. At low
pressures, image c) shows rods and nearly circular structures of

Figure 2. Mean area per unit as a function ofXDPPG at 20 �C and
several surface pressures: 5, 15, and 45 mNm-1. The dashed lines
represent the linear behavior.

(42) Vollhardt, D.; Fainerman, V. B.; Siegel, S. J. Phys. Chem. B 2000, 104,
4115–4121.
(43) Grigoriev, D.; Miller, R.; W€ustneck, N.; Pison, U.; M€ohwald, H. J. Phys.

Chem. B 2003, 107, 14283–14288.
(44) Rinia, H. A.; Demel, R. A.; van der Eerden, J. P. J. M.; Kruijff, B. Biophys.

J. 1999, 77, 1683–1693.
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variable size coexisting in an apparently homogeneous matrix.
The light nanodomains nucleated in the middle of large circular
domains correspond to the highest peaks, which are related to the

bright domains (rhodamine aggregates) in LCSFM image a. This
pattern is driven by the self-seggregation of the less hydrophilic
PDEA block that form rods and circular domains (condensed

Figure 3. Representative BAM and AFM images of DPPG at 2 mN m-1 (first column) and 15 mN m-1 (second column) at 20 �C: BAM
images (400� 400 μm2, first row); AFM topographic images (20� 20 μm2, second row; 3� 3 μm2, third row; and 1� 1 μm2, fifth row). The
cross-sectional profiles indicated in images of third and fifth rows are presented at the bottom of the correspondent images.
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domains of PDEA) dispersed in the expanded dark matrix of
DHBC. Themagnification of a small area (white square) of image
c is presented in image d, and the cross sectional profile shows the
inner morphology and roughness of the dark matrix.

The increase of surface pressure up toπ=15mNm-1 (above the
plateau t1), induces the bicontinuous morphology of high (PDEA)
and low (PDMA) domains shown in image e. The change of
morphology is a consequence of two interrelated processes: first, the
desorptionof themore hydrophilic PDMAblock from the interface
monolayer into the water subphase, second, the consequent
approximation of PDEA rods and circular domains formed at low
surface pressures drives the lateral merging in two dimensions. It is
worth noting that the high nanodomains of rhodamine nucleating
above the circular domains at low pressures (image c) almost
disappeared at 15 mN m-1 (image e). These observations indicate
that above the plateau t1, most of the rhodamine aggregates should
form in the immersed layer of PDMA below the PDEA domains,
which supports a double layer structure for the LB film transferred

at 15 mN m-1. In accordance with the π-A isotherm in Figure 1,
the first layer corresponds to the PDMA-richmatrix in contactwith
the substrate, and the second layer comprises the higher PDEA rich
domains. The zooming of image (e) until the 1� 1 μm2 of scanned
area is presented in image f. The cross profile f shows the compac-
tion of low (∼1.5 nm) and coarse high (∼2 nm) nanodomains.
Images of Mixed Monolayers. Figures 5, 6, and 7 show

representative BAM, LSCFM, and AFM images of selected
mixtures XDPPG = 0.2, 0.5, and 0.8, obtained at 2 mN m-1

(first column) and 15 mN m-1 (second column) at 20 �C,
respectively.
Mixture of XDPPG = 0.2. The BAM images of the mixed

monolayers (Figure 5, first row) show, at low surface pressures
(image a), nearly circular bright islands of variable size disperse in
a darkmatrix that is apparently homogeneous. The bright islands
are composed of the DPPG LC domains, while the dark matrix
comprises theDHBCmajor component and theDPPGLEphase.
The increase of surface pressure until 15 mN m-1 (image b)

Figure 4. Representative LCSFM and AFM images of DHBC at 2 mN m-1 (first column) and 15 mN m-1 (second column) at 20 �C:
LCSFMimages (50� 50μm2, first row);AFMtopographic images (10� 10 μm2 (c) and 5� 5 μm2 (e), second row, 1� 1μm2, third row). The
cross-sectional profiles indicated in images of the third row are presented at the bottom of the correspondent images.
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Figure 5. Representative BAM, LCSFM, and AFM images of the mixture with XDPPG = 0.2 at 2 mNm-1 (first column) and 15 mNm-1

(second column) at 20 �C: BAM images (400� 400 μm2, first row); LCSFM images (50� 50 μm2, second row); AFM topographic images
(20� 20μm2with insets of 1� 1μm2, third row; 1� 1 μm2, fifth row).The cross-sectional profiles indicated in the images of the third and fifth
rows are presented at the bottom of the correspondent images.
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Figure 6. Representative BAM, LCSFM and AFM images of the mixture with XDPPG = 0.5 at 2 mN m-1 (first column) and 15 mN m-1

(second column) at 20 �C: BAM images (first row, 400� 400 μm2); LCSFM images (50� 50 μm2, second row,); AFM topographic images
(20� 20 μm2, third row; 3� 3 μm2, fifth row). The cross-sectional profiles indicated in the images of the third and fifth rows are presented at
the bottom of the correspondent images.
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Figure 7. Representative BAM, LCSFM and AFM images of the mixture with XDPPG = 0.8 at 2 mN m-1 (first column) and 15 mN m-1

(second column) at 20 �C: BAM images (first row, 400� 400 μm2); LCSFM images (50� 50 μm2, second row,); AFM topographic images
(20� 20 μm2, third row; 1� 1 μm2, fifth row). The cross-sectional profiles indicated in the images of the third and fifth rows are presented at
the bottom of correspondent images.
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increases the density of bright domains without any apparent
change of morphology. This reasoning is confirmed by the
LSCFM images (second row) that resemble a negative of the
amplified BAM images. Indeed, the dark islands correspond now
to the LC domains of DPPG, while the bright fluorescent matrix
is due to the rhodamine B end-labeled DHBC copolymer. The
increase of surface pressure until 15 mNm-1 (image d) promotes
the coalescence of LC domains, into flowered-shaped larger
domains with smooth boundaries, and the matrix compaction.
Additionally, bright dots of rhodamine in the LC domains
indicates that the polymer is entrapped inside the DPPG LC
domains suggesting a possible interaction between the polymer
and DPPG, probably mediated by electrostatic interactions.

The AFM topographic images (e,f) and the correspondent
cross-sectional profiles confirm themorphologies of LSCFMand
BAM images and allow the visualization of the innermorphology
of both the LC domains and thematrix. At low pressures, image e
shows disperse LC domains (clear regions) with irregular borders
coexisting in a coarse brown matrix. The magnification (1 �
1 μm2) of an LCdomain in the inset shows small holes (dark dots,
φ = 50-80 nm, h = 1.25-1.75 nm) as was observed in pure
DPPG(Figure 3e). Thehigher density of holes and their distribution

indicate that the polymer favors the flip-flop of DPPGmolecules all
over the LC domain. The profile e (corresponding to the white line
drawn in the image e) shows that the matrix and the LC domain
differ in height by Δh= 1-1.5 nm. The coarse matrix amplified in
image f and the correspondent cross-sectional profile show a fine
roughness of Δh ≈ 1 nm.

The increase of surface pressure until 15 mN m-1 induces
significant changes of morphology in both the LC domains
(image g) and matrix (image h). The inset of the image g) shows
the LC domain magnification (1 � 1 μm2). Instead of the dark
holes observed in the inset of image e, bright peaks appear inside
the LC domains. This is in accordance with Bassereau and
Pincet45 results that show a decrease in the size of the defects
(holes) with surface pressure increase. When the diameter of the
holes is close to the tip radius (∼30 nm), only the elevations
around the hole are visible. The profile g evidences the high
roughness of thematrix and the significant elevation of the higher
LC domains at the borders (magenta arrows).

The magnification of the matrix (h, 1 � 1 μm2) shows bright
irregularly shaped and nanosized domains in contrast with the

Figure 8. Topographic (first column) and phase (second column) AFM images and the profile indicated in the correspondent image (third
column) at 2 mNm-1 and 20 �C:XDPPG= 0.2 (3� 3 μm2, first row);XDPPG= 0.5 (1� 1 μm2, second row);XDPPG= 0.8 (3� 3 μm2, third
row); and XDPPG = 0.1 (3 � 3 μm2, fourth).

(45) Bassereau, P.; Pincet, F. Langmuir 1997, 13, 7003–7007.
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nearly homogeneous matrix f at low surface pressures. The
morphology of image h compares with the morphology of pure
DHBC (image f) observed in the same conditions, where themost
frequent and brighter domains are due to the self-aggregation of
DHBC. Additionally, a few nanodomains, marked with blue
arrows, which are distinct from the self-segregation of PDEA and
PDMA blocks, appear embedded. Those domains are attributed
to the nucleation of LC domains of DPPG induced by surface
pressure increase. Profile h) crosses two of these domains (blue
arrows) of DPPG, evidencing lower roughness immersed in a
DHBC matrix.
Mixture ofXDPPG= 0.5. The first row of figure 6 shows the

BAM images of the XDPPG = 0.5 mixed monolayers. At low
surface pressures (image a), nearly circular bright islands of
DPPG of variable size, from very small up to large diameters
(∼100 μm), disperse in a dark matrix of DHBC. The inner
structure of those islands suggests that the large domains are
composed of LC domains of DPPG. By increasing the surface
pressure until 15 mN m-1 (image b), the circular bright domains
merge into irregular larger domains.

LSCFM images (Figure 6, second row) show dark islands of
DPPG dispersed in the bright matrix of DHBC. At low surface
pressures (image c) the boundaries of DPPG domains are
irregular, and thematrix is heterogeneous. The increase of surface
pressure until 15mNm-1 (image d) induces the formation of dark
flower-shaped domains with bright dots inside. The compaction
of DPPG domains by an increase in pressure drags traces of the
brightDHBC that become entrapped in the boundaries ofDPPG
domains. Simultaneously, the boundaries become smoother, and
the bright matrix becomes apparently homogeneous.

The AFM topographic images (Figure 6e-h) and the corre-
spondent cross-sectional profiles of the XDPPG= 0.5 mixture are
presented in the third-sixth rows. At low pressures, image e
shows a region of the LB film where very small and large LC
domains (bright regions) coexist in a coarse matrix. As in the pure
DPPG, the small holes inside the large LCdomains are still visible
(seemagnification inFigure 8). The profile e confirms that the LC
domains are frequently higher in the borders. The zoom of the
coarse matrix (image f) shows small elevations of DPPG coexist-
ing with very small holes (dark dots) randomly disperse in the
matrix. These light domains probably represent a bilayer struc-
ture of DPPG formed by the flip-flop of DPPG molecules
excluded from the dark dots. The electrostatic repulsion between
the negative polar groups of DPPG and the negative charges at
the substrate originates an upper layer above the first layer of
DPPG. These domains are nearly flat due to the ordered packing
of DPPG molecules at low surface pressures in an oblique
orientation to the interface (Δh ≈ 1.8 nm < length of DPPG ≈
2.5 nm).

The topographicAFMimage obtained at 15mNm-1 (image g)
confirms the flower-shaped LC domains of DPPG. The magni-
fication of the matrix shows two kinds of nanodomains also
observed for XDPPG = 0.2 (Figure 5h). The self-aggregation of
DHBC forms the larger nanodomains with a nearly bicontinuous
structure (bright domains of PDEA and dark domains of
PDMA). The smaller domains are due to the nucleation ofDPPG
LC domains in the PDMA-rich matrix. These two kinds of
domains are also visible in the cross-sectional profile: DPPG
domains (indicated by blue arrows) are flat in the profile and dark
in the phase image (see Figure 9), while PDEA domains (the
bicontinuous bright structure) appear rough in the profile and
light in the phase image.
Mixture ofXDPPG=0.8.Figure 7a,b show the BAM images

of the XDPPG = 0.8 mixed monolayers. A lacework structure

forms at low surface pressures (image a), composed of bright
regions due to the LC domains of the major component DPPG
that surround the dark background of the expanded state of
DHBC. Upon compression until 15 mN m-1, the lacework
structure becomes more compact (image b), the reflectivity of
the monolayer increases, and the BAM image becomes brighter.

Figures 7c,d show the LSCFM images (50� 50 μm2) where the
fluorescent islands of the minor component DHBC appear
embedded in the dark matrix of DPPG. The round borders of
DPPGdomains forming the darkmatrix are clearlymolded in the
DHBC bright islands. The effect of the surface pressure increase
on LSCFM images of XDPPG = 0.8 is similar to the effect
observed for diluted DPPG compositions. At low surface pres-
sures (Figure 7c), the expanded bright domains of DHBC appear
heterogeneous, and the dark matrix of DPPG is apparently
homogeneous. Contrarily, at 15 mN m-1 (Figue 7d), the bright
domains become compact and homogeneous, while the dark
matrix of flower-shapedDPPGdomains shows bright dots inside.

Figure 7e-h presents the AFM topographic images and the
correspondent cross-sectional profiles of the XDPPG = 0.8 mix-
ture. Images in the third row (20� 20 μm2) show the morphology
of LC domains, while the lower scale images (fourth row, 1 � 1
μm2) allow the visualization of the internal morphology of the
DHBCmatrix. Image 7e (2 mNm-1) shows irregular and nearly
independent LC domains (bright regions) with dark dots inside,
immersed in a heterogeneous brownmatrix. Themagnification of
thematrix (image f) shows a few bright LCnanodomains disperse
in the coarse matrix. Both profiles e and f illustrate the high
irregularity of the DHBC matrix.

Surface pressure increase to 15 mN m-1 (Figure 7g) leads to a
denser packing of the DPPG LC domains. It is worth noting that
similar morphology of DHBC domains were observed by

Figure 9. Topographic (first column) and phase (second column)
AFM images (1 � 1 μm2) at 15 mN m-1 and 20 �C: XDPPG = 0.0
(first row); XDPPG = 0.2 (second row); XDPPG = 0.5 (third row);
and XDPPG = 0.8 (fourth).
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LSCFM (green domain in image d) and AFM (brown domain in
image g). Profile 1 in black evidences the higher roughness of the
brown DHBC matrix. The distribution of the bright peaks (red
profile 2) above the LC domains seems to indicate that they
preferentially nucleate in the borders of merged LC domains.
The zoom of the DHBC brown matrix (image h) shows the
nanodomains of DPPG already observed for XDPPG = 0.2 and
0.5 composition (Figures 5h and 6h, respectively). However, the
nearly bicontinuous structure typical of DHBCwas not observed
for this DPPG rich mixture (XDPPG = 0.8). The profile of image
h) shows that the thickness of both the DPPG nanodomains and
DHBC matrix is similar.

Discussion

The present results demonstrate thatDPPGandDHBCcoexist
in adsorbed monolayers from low to intermediate surface pres-
sures. The additivity of the surface pressure-area measurements,
with the near invariance of the surface pressure of both t1 and t2
plateaus, characteristic of DHBC, with composition, points to
phase separation. BAM images show a random distribution of
LC domains of DPPG in an apparent homogeneous matrix of
DHBC and a regular increase of the relative area occupied by
DPPG bright domains with the increase of the DPPG mole
fraction. However, some morphologic features of monolayers
were found to vary with the surface pressure and composition. In
DHBC-rich mixtures (XDPPG e 0.5), LC circular domains of
DPPG of variable size are dispersed nearly independently in a
dark matrix of DHBC at low surface pressures, coalescing
progressively at intermediate surface pressures. For DPPG rich
compositions, the morphology of mixed monolayers changes.
Circular domains of DPPG dispersed in a DHBC matrix coexist
with the reverse morphology, i.e. circular domains of DHBC
surrounded by amatrix ofDPPGdomains, that can be evenmore
complex as the lacework structure observed at low pressures for
XDPPG = 0.8.

The distribution of the rhodamine B end-labeled DHBC in LB
mixed films was followed byLSCFM. LSCFM images showdark
LC domains of DPPG and the fluorescent domains of DHBC
randomly and mutually distributed, i.e., small dark domains of
DPPG are dispersed in the fluorescent matrix of DHBC at low
XDPPG, while for high XDPPG small fluorescent domains are
dispersed in the dark region of DPPG. This trend excludes the
macroscopic phase separation, and evidences that microphase
separation occurs. This is in accordance with the corralling effect,
driven by interaction mismatch, as proposed by Zang et al.46 for
two-dimensional binary mixtures of small and large particles.
Using Monte Carlo simulations, Frey et al.47 demonstrated that
corralled lipid domains are induced by the size mismatch between
lipid tails and hydrophobic polymer components aswell as a long-
range soft repulsive interaction between the hydrophilic blocks of
the copolymer. It was found that the order in the lipid domains
can be tuned by both the copolymer structure and hydrophobic-
hydrophilic balance, offering guidelines to study the formation of
nanostructures in two dimensions.

LSCFM revealed that the rhodamine dye appears dispersed in
the matrix but also as bright dots inside the dark domains of
DPPG. This is probably caused by electrostatic interactions
between the anionic group of DPPG and the cationic part of
rhodamine. Additional support of these interactions comes from

the disappearance of the bright rhodamine nanodomains of pure
DHBC (Figure 4a,b) in the matrix of mixed films. The absence of
such fluorescent aggregates in matrices of mixed films supports
the preferential interactionbetween rhodamine andDPPG,which
prevents the rhodamine aggregation. Although important, these
interactions do not disturb significantly the phase behavior of the
DPPG-DHBC system, because the amount of RhB in the
mixtures is very small (XRhB < 3 � 10-3).

The AFM images reveal the inner morphology of both the
DPPG and DHBC domains. AFM images of large scanned areas
(20 � 20 μm2, third row of Figures 3, 5, 6, and 7) show that the
morphology of LC domains in pure DPPG or when mixed with
DHBC does not change significantly. This is in accordance with
the study on the penetration of β-lactoglobulin into DPPC
monolayers, in which LC domains remain unaffected.23 LC
domains of DPPG exhibit irregularly fringed borders at low
pressures and become flower-shaped at 15 mN m-1. Figure 8
shows AFM topographic (first column), phase images (second
column) and the correspondent cross-sectional profiles (third
column) of pure DPPG and mixed LB monolayers at 2 mN
m-1. All the LC domains show small holes (green arrows) that
appear as black dots in the topographic images, and as bright dots
in phase images in accordance with the respective cross-sectional
profile. The sharp increase of thickness <2 nm around the small
internal holes (see second row, 1 � 1 μm2) probably reflect the
formation of a local second layer of DPPG molecules excluded
from the holes by the repulsive interaction with negative charges
at themica surface. These hole and elevation defects generated by
the flip-flopmechanismwere observed either inLBmonolayers of
pure DPPG or in LB monolayers of mixtures. However, a
particularly high density and regular distribution of holes was
detected for the DHBC-rich mixture (XDPPG= 0.2) at π=2mN
m-1. In LB films transferred at π =15 mN m-1, only show the
sharp peaks (h≈ 2 nm) inside theLCdomains (inset ofFigure 5g).
The vacant space is probably refilled due to the molecular
reorganization and the holes that are not discernible because
their size is lower than the tip resolution. The thickness of LC
domains gradually increases at the external borders (blistering or
elevation, indicated by magenta arrows in Figure 8), also due to
the electrostatic repulsion between the negative polar groups of
DPPG and the negative substrate. This is in agreement with the
molecular model of the Rinia et al.44 proposed to explain the
blistering of LB films of anionic phospholipids.

The lower scale AFM images (1� 1 μm2, the second row from
the bottom of Figures 4-7) show that the morphology of DHBC
domains is partially influenced by the presence of DPPG. At low
surface pressures, DHBC rich domains appear as a coarse matrix
with few small domains of DPPG embedded, which is distinct
from the structure of rods and circular domains observed in pure
DHBC (Figure 4). This is particularly evident in Figure 5f, for
XDPPG = 0.2, which indicates that DHBC partially mixes with
DPPG in the liquid phase at low surface pressures. At surface
pressures above the t1 plateau (Figure 5h), LC nanodomains of
DPPG (blue arrows) appear regularly corralled inside the typical
morphology of DHBC (Figure 4f). This means that the entropi-
cally driven solubility ofDPPG in theDHBCmatrix decreases by
pressure increase (above the LE-LC phase transition of DPPG),
leading to the nucleation of LC nanodomains of DPPG.

Figure 9 compares topographic and phase AFM images (1 �
1 μm2) of pure DHBC and mixed matrices at 15 mN m-1. The
pattern of mixed monolayers shown in images of Figure 9
confirms the nucleation of LC nanodomains of DPPG (dark
domains in the phase image) embedded in the DHBC matrix in
the whole composition range. DHBC (large particles) apparently

(46) Zhang, D.; Carignano, M. A.; Szleifer, I. Phy. Rev. Lett. 2006, 96,
028701–4.
(47) Frey, S. L.; Zhang, D.; Carignano,M. A.; Szleifer, I.; Lee, K.Y. C. J. Chem.

Phys. 2007, 127, 114904–12.
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dissolves in the fluid like state of DPPG (small particles) at low
surface pressures. Upon compression above the LE-LC phase
transition ofDPPG,which occurs at t3=0-10mNm-1 at 20 �C,
DPPG is segregated into small LC domains corralled by DHBC.
This is in close agreement with the experimental observation that
amphiphilic polymers or proteins penetrate in the expanded state
of phospholipids, being expelled at high surface pressures.23,29,30

Conclusion

In this work we studied the interaction of DPPG, a membrane
mimetic amphiphile, with the fluorescent thermoresponsive RhB-
PDMA207-b-PDEA177 copolymer at constant temperature (20 �C),
below the lower critical solution temperature (LCST) of PDEA at
which both PDEA and PDMA blocks are hydrophilic. The
thermodynamic analysis of π-A measurements of mixed mono-
layers is consistentwith the phase separation of both components at
low surface pressures. The macro phase separation of the mixture
was excluded by the BAM images that show similarly shaped and
sized microdomains randomly distributed over the monolayer.

The LCSFM of the rhodamine B allows the unequivocal
identification of fluorescent domains in accordance with the
morphology of the monolayers at the air-water interface
observed in situ by BAM. DPPG inhibits the formation of
rhodamine aggregates, recently observed in LB films of pure
DHBC at 20 �C. The high spatial resolution of AFM combined
with LCSFM images show that the fluorescent DHBC incorporates

in the expanded phase of DPPG to form mixed domains, being
excluded from the LC domains that maintain the morphology of
pure DPPG LC domains. Upon compression, nanosized LC
domains of DPPG nucleate inside the mixed domains corralled
in the nanopatterning of pure DHBC.

The use of three imaging techniques with different spatial
resolution has shown that the negatively charged polar group of
DPPG inhibits rhodamine aggregation in the core of the diblock
aggregates, while the long chains of DHBC promote the forma-
tion of nanodomains or clusters ofDPPG in two dimensions. The
combination of different techniques allows the study of the
interactions and the morphologic structures developed at the
air-water interface, with relevance to understanding the interac-
tions between biological membranes and biocompatible synthetic
polymers. In the futurewe plan to study the interactionwith drugs
and the effect of temperature above the LCST of PDEA, at which
the diblock copolymer becomes amphiphilic enabling its use as a
potential drug delivery system.

Acknowledgment. CQE, IT- Instituto de Telecomunicac-~oes,
CQFM and IN-Institute of Nanosciences and Nanotechnlogy
acknowledge the financial support fromFundac-~ao para aCîencia
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