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R
esearch in understanding the interac-
tion between functional surface-mod-
ified nanoparticles with lipid or poly-

mer membranes has grown significantly
over the past years,1�3 aiming to use nano-
particle/lipid hybrid systems for broad bio-
medical applications and nanotechnology
and as therapeutic agents with minimal
cytotoxicity. These applications can be achi-
eved only with a tailored control over nano-
particles' interaction with lipid or polymer
membranes. Thus, the nanoparticles' sur-
face chemistry plays an important role
together with other unique nanoparticle
properties such as size, shape, surface charge,
and chemical composition.1,4�7

Both vesicular lipidmembranes (liposomes8)
and polymer membranes (polymersomes9)
feature a membrane bilayer that differenti-
ates the hydrophilic properties inside their
aqueous cavity from the hydrophobic prop-
erties within their bilayer interior.10 This
clear-cut difference provides possibilities of
selective location, dispersing or concentra-
tion of nanoparticles via encapsulation, bind-
ing, or specific interfacial interactions. Lipo-
somes are a construct of naturally occurring
phospholipids with low molecular weight,
whereas polymersomes in contrast are con-
structed solely from amphiphilic diblock co-
polymers with a molecular weight up to 100
kg/mol, thus offering a chance to tune the
dimensions as well as the chemical proper-
ties of the membrane. As a result, polymer-
somes showahighermechanical and thermal
stability within their curved membrane and
have thusgainedsignificantuse inbiomedical
applications.9,11,12

Hydrophobicity13,14 in particular plays a
very important role when dealing with the
interaction between NPs and liposomes, as

nanoparticle assembly and lipid stabiliza-
tion are essentially driven by hydrophobic/
hydrophilic (interfacial) effects,15 entrap-
ping nanoparticles within the aqueous ve-
sicle core or into the hydrophobic part of
the lipid bilayer. Embedding functional hy-
drophobic nanoparticles provides a plethora
of different applications for controlling bilayer
permeability, biocompatibility, and liposomal
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ABSTRACT Surface hydrophobicity plays

a significant role in controlling the interac-

tions between nanoparticles and lipid mem-

branes. In principle, a nanoparticle can be

encapsulated into a liposome, either being incorporated into the hydrophobic bilayer interior

or trapped within the aqueous vesicle core. In this paper, we demonstrate the preparation and

characterization of polymer-functionalized CdSe NPs, tuning their interaction with mixed lipid/

polymer membranes from 1,2-dipalmitoyl-sn-glycero-3-phophocholine and PIB87-b-PEO17
block copolymer by varying their surface hydrophobicity. It is observed that hydrophobic

PIB-modified CdSe NPs can be selectively located within polymer domains in a mixed lipid/

polymer monolayer at the air/water interface, changing their typical domain morphologies,

while amphiphilic PIB-PEO-modified CdSe NPs showed no specific localization in phase-

separated lipid/polymer films. In addition, hydrophilic water-soluble CdSe NPs can readily

adsorb onto spread monolayers, showing a larger effect on the molecule packing at the air/

water interface in the case of pure lipid films compared to mixed monolayers. Furthermore,

the incorporation of PIB-modified CdSe NPs into hybrid lipid/polymer GUVs is demonstrated

with respect to the prevailing phase state of the hybrid membrane. Monitoring fluorescent-

labeled PIB-CdSe NPs embedded into phase-separated vesicles, it is demonstrated that they

are enriched in one specific phase, thus probing their selective incorporation into the

hydrophobic portion of PIB87-b-PEO17 BCP-rich domains. Thus, the formation of biocompatible

hybrid GUVs with selectively incorporated nanoparticles opens a new perspective for subtle

engineering of membranes together with their (nano-) phase structure serving as a model

system in designing functional nanomaterials for effective nanomedicine or drug delivery.

KEYWORDS: nanoparticles . mixed lipid/polymer membrane . diblock
copolymer . localization . hydrophobicity . hybrid GUVs . selective incorporation
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release, also useful for investigating biochemical reac-
tions in vitro. In order to embed NPs into the hydro-
phobic membrane interior of a lipid bilayer, the nano-
particle must fulfill two requirements: first, it must be
small enough (diameter less than 8 nm) to fit within the
lipid bilayer dimension (∼4 nm), and second, it must
possess a hydrophobic surface. Thus, a plethora of hydro-
phobic nanoparticles such as fullerene (C60),

16,17 gold,1,18

silver,19,20 SiO2,
21 and quantum dots2,22�24 have been

comfortably embedded within lipid bilayers without
significantly compromising the liposome structure. The
enrichment of surface-functionalized hydrophobic nano-
particles within the lipid bilayer interior has been ex-
plained by Korgel et al.25 as a result of NP interactionwith
the hydrophobic tail of the lipid molecules. Thus, hydro-
phobic nanoparticles can cause the bilayer to “unzip”
when they are located at the center, leading to changes
in lipid packing and disruption of lipid�lipid interactions
between the lipid head groups and/or the lipid alkyl tails.
This unzipping creates void space around the nanopar-
ticles, resulting in nanoparticle clustering and minimiza-
tion of the free energy of deformation. The incorporation
of nanoparticles forming a hydrophobic or hydrophilic
shell has been further reported in the literature to induce
some secondary effects such as reduced lipid ordering
with increasing nanoparticle loading,26 formation of
holes,27 curving effects to or from the membrane,28,29

and fission and budding of vesicles.30

The interaction of surface-functionalized nanoparti-
cles with block copolymer (BCP) vesicles (polymer-
somes) has been shown to offer a convenient way of
controlling the arrangement of nanoparticles in poly-
mer vesicles by segregating nanoparticles into a more
favorable interacting polymer domain or at the inter-
face between two polymers.31,5 Polymer�nanoparticle
interactions can induce a morphological change of
block copolymer assemblies,32,33 thus enabling the
segregation of the NPs into the central hydrophobic
position of either the membrane or its interface.34

Eisenberg et al.35 have shown that nanoparticles can
selectively be incorporated into the central portion of
block copolymer vesicle walls by coating the particles
with a diblock copolymer having a similar structure to
that of the diblock copolymers used in forming the
polymersomal membrane. This allows the particles to
be preferentially localized in the central portion of the
membrane wall. The localization of surface-functiona-
lized nanoparticles into a specific portion of the poly-
mersomal membrane has also been shown to induce
vesicle aggregation.36,37

Recently, we have demonstrated the formation of
truly biocompatible hybrid mono- and bilayer mem-
branes38 composed of an amphiphilic PIB87-b-PEO17

BCP (PIB = poly(isobutylene); PEO = poly(ethylene
oxide)) and a natural lipid (1,2-dipalmitoyl-sn-glycero-
3-phophocholine, DPPC). In general, the incorporation
of such amphiphilic polymers into lipid membranes

has been shown to influence transport properties, mem-
brane stability and curvature and that they induce chan-
nels in the lipidmembranes.6,39Only a fewexamples40�43

have been reported in the literature until now demon-
strating a mixture between amphiphilic block copoly-
mers and biological phospholipids within a bilayer
membrane. It was observed that the incorporation of
biocompatible polymers into DPPC monolayers using
different amphiphilic PIB-PEO BCPs to DPPC ratios
leads to remarkable effects on the lipid bilayer organi-
zation (i.e., the formation of a demixed system forming
lipid- and polymer-rich domains from 20 to 28mol%of
the diblock copolymer). Thus, we were interested in
investigating the selective localization of hydrophobic/
hydrophilic surface-functionalized nanoparticles in this
demixed system, which may open a new prospec-
tive for subtle engineering of membranes and their
nanoporosity, nanophased structure, and mechanical
properties, serving as a model system in designing
functional nanomaterials for effective nanomedicine
or drug delivery.
In the present paper, we report the synthesis of

polymer-grafted, hydrophobic, hydrophilic, and am-
phiphilic surface-functionalized CdSe NPs aiming at
controlling their selective localization in a binary lipid/
polymer mixture via a direct assembly method on a
Langmuir monolayer (see Figure 1). As the now con-
trollable interaction between the nanoparticle surfaces
and the lipid/polymer part should allow a selective
location, the synthesis of appropriately surface-func-
tionalized nanoparticles with grafted polymer chains
was envisioned. In order to further investigate the
nanoparticle location within the monolayer, atomic
force microscopy (AFM) and fluorescence monolayer
studies were performed, also probing the selective
interaction of the water-soluble hydrophilic NPs in
the binary mixed system via adsorption measurements.
The selective interactionbetween functionalizedNPs and
polymer domains in mixed monolayers can enhance the
incorporation and localization of hydrophobic NPs into
hybrid bilayermembranes. Furthermore, wewere able to
demonstrate the selective incorporation of PIB-modified
CdSe NPs into the BCP phase of the phase-separated
hybrid bilayer membrane composed of DPPC and the
PIB87-b-PEO17 BCP.

RESULT AND DISCUSSION

As part of the concept to investigate the controlled
nanoparticle location in mixed lipid/polymer mem-
branes, different nanoparticles with grafted polymer
chains were investigated, featuring either purely hy-
drophobic, purely hydrophilic, or amphiphilic surface
properties. As quantum dots can be prepared easily
and their ligand exchange has been investigated
intensely, CdSe nanoparticles (sized ∼2 nm) were
chosen as inorganic cores, together with phosphine
oxides as ligands binding tightly but still exchangeable
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onto the quantum-dot surface. With poly(isobutylene)
as hydrophobic and poly(ethylene oxide) as hydro-
philic polymer a simple methodology of generating all
three types of nanoparticles can be executed, using
block copolymers composed of PIB-PEO in the case of
amphiphilic nanoparticles. The following parts describe
the synthesis of such polymer-covered quantum dots, as
well as their interactionwith lipidmonolayers in different,
mixed, or phase-separated conditions.

Synthesis of Polymer-Functionalized CdSe NPs. CdSe NPs,
covered with either hydrophobic PIB57 (NP3), hydro-
philic PEO47 (NP4), or the amphiphilic block copolymer
PIB57-b-PEO12 (NP5) were synthesized by exchanging
the passivating trioctylphosphine oxide (TOPO) on
NP1 with a weak bonding pyridine to furnish NP2,
followed by ligand exchange with either R-phosphine-
oxide-γ-bromo telechelic PIB (Mn(GPC) = 3200 g/mol;
Mw/Mn = 1.3) (1), R-phosphineoxide-γ-methylene tel-
echelic PEO (Mn(GPC) = 2100 g/mol,Mw/Mn = 1.2) (3), or
R-phosphineoxide-γ-poly(ethylene oxide) telechelic
polyisobutylene (Mn(GPC) = 3560 g/mol; Mw/Mn = 1.3)
(4),44 yielding polymer-functionalized nanoparticles
NP3, NP4, and NP5, respectively (see Scheme 1 and
Scheme 2). All polymers were prepared via living
polymerization methods, thus ensuring low polydis-
persity and controlled molecular weights, and subse-
quently attached to the nanoparticles via the phos-
phine oxide ligand as explained in the literature,44

forming a highly stable bond. UV�vis measurements
of the TOPO (NP1) and polymer-covered nanoparticles

(NP3, NP4, and NP5) were conducted to ensure that
no oxidation or aggregation had taken place during
the pyridine treatment45 (see Supporting Information
Figure S1). According to the size and wavelength
equation proposed by Peng et al.,46 the first exciton
peak at 512 nmcorresponds to a 2.4 nm core diameter of
the nanoparticles. After ligand exchange with polymers
1, 3, and 4, the first exciton peak ofNP1 still remained at
around 512 nm, indicating the absence of aggregation
or oxidation of the NPs during the process of ligand
exchange. NMR spectroscopy showed that the signals
coming from the part of the ligands being in the direct
neighborhood or bound to the NP surface were strongly
broadened or shifted in comparison to the free un-
bounded ligand. This can especially be observed in the
broadening of the proton peak at 1.6�2.2 ppm in the
phosphine oxide ligand bound to the NP surface (see
Supporting Information Figure S2), which is in agreement
with literature values.47�49 The IR spectrum ofNP3, NP4,
and NP5 showed peaks matching all the polymer peaks
in frequency and relative intensity, except for the P�O
stretching vibration in the region 1200�900 cm�1, which
is shifted about 20 cm�1 and broadened, confirming the
direct attachment of the polymer to the NP surface (see
Supporting Information Figure S5). These results are in
good agreement with IR measurements performed on
triphenylphosphine oxide ligand complexing to CdI2 and
other metal salts,50 which typically show a shift in the
P�O vibrational frequency between 20 and 60 cm�1

upon complexation.

Figure 1. General concept for the location of polymer-functionalized CdSe nanoparticles in mixed DPPC/PIB87-b-PEO17 BCP
monolayers. (A) Specific location of hydrophobically modified NPs on top of the polymer domains, (B) interaction of water-
soluble NPs with mixed lipid/polymer monolayers within the subphase, and (C) unspecific location of amphiphilic NPs in
mixed monolayers at the air/water interface.
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The change in size of the nanoparticles as a
result of replacing the TOPO ligand in NP1 with
the polymer 1, 3, or 4 was monitored by dynamic
light scattering (DLS), which shows that replacing
TOPO with R-phosphineoxide-γ-bromotelechelic
PIB (PO-PIB56-Br) (1), R-phosphineoxide-γ-methy-
lene telechelic PEO (PO-PEO47) (3), or R-phosphine-
oxide-γ-polyethylene oxide telechelic PO-PIB57-
PEO12 (4) induced an increase in the hydrodynamic
diameter from 2.4 nm to 6.4 nm for the hydrophobic
PO-PIB56-Br-covered CdSe-NPs (NP3), to 9.9 nm for the
hydrophilic PO-PEO47-covered CdSe NPs (NP4), and
to about 11 nm for the amphiphilic PO-PIB57-b-PEO12

(NP5) (see Table 1).
Thermogravimetric (TGA) measurements were con-

ducted to evaluate the amount of polymer chains
attached to the nanoparticles' surface. Thus, the graft-
ing density of chains was obtained by relating the
weight loss to the NP surface area using equation S1
according to ref 51 (see Supporting Information), result-
ing in a grafting density of 0.5 chains/nm2 for the

hydrophobic PIB57-covered CdSe nanoparticles (NP3),
0.47 chains/nm2 for the hydrophilic PEO47-covered CdSe
NPs (NP4), and 0.53 chains/nm2 for the amphiphilic PO-
PIB57-PEO12-covered nanoparticles (NP5).

According to UV�vis measurements, we calculated
an average of three chains of rhodamine-B-labeled PIB
(2) were attached to each nanoparticle, furnishing the
fluorescent-labeled NP6. The UV�vis intensity at a
known concentration of rhodamine-B-labeled PIB (2)
was compared with that of a known concentration of
the labeled NP6. As the amount of NPs at this con-
centration is known, the amount of polymer equaling
the number of polymer chains attached to each nano-
particle was easily determined (see Supporting Infor-
mation Figure S10).

Interaction and Location of Hydrophobic CdSe NPs (NP3) in
Hybrid Monolayers. Effects of differently surface-modi-
fied NPs (NP3 and NP5) on the phase behavior of
mixed DPPC:PIB87-b-PEO17 monolayers were exten-
sively studied by Langmuir monolayer measure-
ments, serving as amodel for half a bilayer membrane.

Scheme 1. Phosphine oxide (PO) ligands 1�4 used for the nanoparticle functionalization.

Scheme 2. Synthesis of polymer-functionalized CdSe nanoparticles.
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In comparison to the isotherms of the pure DPPC and
PIB87-b-PEO17 BCP, which have been reported in the
literature,38,52 the first significant increase in surface
pressure of the hydrophobic PIB-covered CdSe NPs
(NP3) was observed at a mean molecular area (mmA)
of 1900 Å2 (see Figure 2A, black curve). In an attempt to
generate the full nanoparticle isotherm, increased
amounts of NP were deposited at the air/water inter-
face. Regardless of the amount of material deposited,
we did not observe any monolayer collapse in which
particlemovement out of themonolayer was apparent.
In all cases the barrier moved into the minimum area

position without the monolayer showing any collapse
point. This demonstrates that the particles are unable
to form a two-dimensional rigid phase, which would
break upon sufficient compression. Such behavior
might be a result of a NP multilayer stack forma-
tion, which could be clearly seen by comparing the
AFM height image of a transferred NP monolayer at
30 mN m�1 with that at 20 mN m�1 (see Supporting
Information Figure S6).

The interaction of hydrophobic PIB-covered CdSe
NPs (NP3) with mixed DPPC:PIB87-b-PEO17 (80:20 or
60:40mol %)membranes was first investigated using a

TABLE 1. Characterization Data for NP3, NP4, NP5, and NP6 via DLS, TGA, and UV�Vis and Fluorescence Spectroscopy

NP

size before ligand

exchange (nm)

size after ligand

exchange (nm)a

grafting density

(chains/nm2)b

absorption maximum after

ligand exchange (nm)c

emission maximum after

ligand exchange (nm)c

NP3 2.4 6.4 0.5 513 625
NP4 2.4 9.9 0.47 513 570
NP5 2.4 11 0.53 513 540
NP6 2.4 6.3 0.52 513 585

a Determined by DLS. b Determined by TGA. c Determined by fluorescence spectroscopy.

Figure 2. Langmuir monolayer isotherms of pure NPs and DPPC:PIB87-b-PEO17 mixtures with NPs. (A) Hydrophobic PIB57-
covered CdSe NPs (NP3) (black curve) and PIB57-b-PEO12-covered CdSe NPs (NP5) (red curve). (B) Mixture of DPPC:PIB87-b-
PEO17 in the ratio 80:20 mol %with hydrophobic PIB-covered CdSe NPs (NP3) at different ratios. (C) Mixture of DPPC:PIB87-b-
PEO17 in the ratio 60:40 mol % with hydrophobic PIB-covered CdSe NPs (NP3) at different ratios.
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monolayer that mimics half a bilayer membrane. The
effect of an increased nanoparticle loading on mixed
DPPC:PIB87-b-PEO17 monolayers was investigated, as
shown in Figure 2B and C. In the 80:20 mol % mixture
without nanoparticles (red curve), it can be seen that
the amphiphilic PIB87-b-PEO17 copolymer molecule
impacts the rearrangement behavior of the lipid mol-
ecules at the air/water interface, which results in the
disturbance of the lipid packing, leading to a shift of
the LE/LC transition plateau of DPPC to higher surface
pressures (compare DPPC isotherm, black curve). A
flattening of the isotherm of the 80:20 mol % mixture
was observed in the low-pressure region between 0
and 8 mN m�1, as the BCP chains support the persis-
tence of the expanded phase of the lipid monolayer.

In the 80:20 mol % mixture with increasing amount
of nanoparticles, 1:1000 (blue), 1:500 (green), and 1:50
(purple), with respect to PIB87-b-PEO17, the nanoparti-
cles shift the isotherm of the 80:20 mixture to higher
areas per molecule. This indicates that the incorpora-
tion of the polyisobutylene-covered CdSe NPs (NP3)
into the 80:20mol%mixedmonolayer reduces the free
area of the DPPC and PIB87-b-PEO17, showing a lift-off
at higher areas per molecule. As a result of the NP
penetration into the mixed monolayer, the lift-off in
the isotherm related to the compression of the liquid-
expanded (LE) phase occurs at a higher area per
molecule as the amount of nanoparticles increases.
Considering the LE/liquid-condensed (LC) coexistence
phase, incorporation of the PIB-covered CdSe NPs
makes the LE/LC coexistence phase less flattened with
increasing NP amounts. This might be interpreted as a
result of hindering of the phase transition. A similar
behavior was observed for the hydrophobic nanopar-
ticles (NP3) interacting with mixed 60:40 mol %mono-
layer (see Figure 2C).

In order to locate the position of the hydrophobic
NPs (NP3) in phase-separated DPPC:PIB87-b-PEO17

monolayers,38 where we know that the copolymer
domains are getting larger with increasing copolymer
content, AFM investigations were performed using the
Langmuir�Blodgett (LB) technique. Thus, monolayers
of DPPC:PIB87-b-PEO17 80:20 or 60:40 mol % with
hydrophobic PIB-covered CdSe NPs (NP3) (NP/PIB87-
b-PEO17 = 1:1000) were transferred onto silicon sub-
strates at 30 mN m�1 (comparable to the internal
pressure of biological membranes).53 Interestingly,
the 80:20 mol % mixture without nanoparticles shows
cylindrical-shaped mesomorphic PIB domains sur-
rounded by the lipid monolayer, mostly dominated
with a height of ∼11 nm, which scales exactly with a
single-folded PIB chain, and other columns with a
∼22 nm height, corresponding to a fully stretched
PIB chain, as explained in the litrature54 (see Figure
3A). The incorporation ofNP3 induces amorphological
change of the cylindrical-shaped PIB columns into a
cone-like structure with increased total heights up to
∼65 nm. These findings match with a hierarchical
assembly in which the NPs are found to be selectively
located on top of the PIB columns, forming three to
eight NP stacks, as illustrated in Figure 3B. In contrast,
the observed cone-like polymer domains in a 60:40
mixture (Figure 4) (DPPC:PIB87-b-PEO17) have heights
up to ∼130 nm. A change in height of about 100 nm
observed in the 60:40 mol % DPPC:PIB87-b-PEO17 mix-
tures can be explained by the higher absolute amount
of polymer in comparison to the 80:20 mixture. As the
domain sizes and the number of domains are the same
in both mixtures (80:20 and 60:40) and the fraction of
the NPs/polymer stays constant (1:1000), the forma-
tion of higher NP stacks in comparison to the 80:20
mixture (DPPC:PIB87-b-PEO17) results. Additional inter-
facial effects could be responsible for the samenumber
of domains in both cases.

Interaction and Location of Amphiphilic CdSe NPs (NP5) in
Hybrid Monolayers. When compared to the isotherm of

Figure 3. AFM height image of a mixed DPPC:PIB87-b-PEO17 monolayer in the ratio 80:20 mol % transferred at a surface
pressure of 30 mNm�1 (A) without NPs and (B) with hydrophobic PIB-covered CdSe NPs (NP3). Scale bar represents 2.5 μm.
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PIB-covered CdSe NPs (NP3), the isotherms of the
amphiphilic PIB57-b-PEO12-covered CdSe NPs (NP5)
showed a first significant rise in surface pressure at
mmA of 2800 Å2, which might be considered as a gas-
to-liquid transition or sponge phase, followed by a
continuous increase in the surface pressure and a
pseudoplateau at 30 mN m�1 (Figure 2A (red)). The
isotherm also did not show any collapse as the barrier
moved into the minimum area position without the
monolayer showing any collapse point.

Incorporation of amphiphilic nanoparticles (NP5)
into mixed DPPC:PIB87-b-PEO17 (80:20 or 60:40 mol %)
membranes resulted in a significant disturbance of the
lipid packing, shifting the isotherms of both the 80:20
and the 60:40 mol % mixtures to higher areas per
molecule with increasing NP5 ratio. This favors an
earlier molecule packing at higher mmA values. The
LE/LC coexistence region was less pronounced and

shifted to higher surface pressure with increased NP5
ratio as observed before in the case of NP3 (see Figure
5A and B). This can be explained by the fact that the
PEO block length (12 units) of the amphiphilic NP5 is
able to anchor the NPs to the air/water interface, but is
not long enough to induce further effects on the phase
transition state of the mixed monolayer, thus leading
to a similar isothermal behavior when using NP3.

A monolayer of the ternary mixture of 80:20 mol %
DPPC:PIB87-b-PEO17 and amphiphilic NPs (NP5) was
transferred onto silicon substrates and scanned with
AFM. The AFM result (Figure 6B) revealed that amphi-
philic NPs (NP5) induce amorphological change of the
cylindrical-shaped PIB columns into cone-like structures
with height increases from∼24 nm up to 51 nm, similar
to that observed for NP3. It should be noticed that the
amphiphilic covered CdSe NPs could be located in the
polymer-rich areas as well as in the lipid-rich areas of

Figure 4. (A) AFM height image of a mixed DPPC:PIB87-b-PEO17 monolayer in the ratio 60:40 mol % transferred at a surface
pressure of 30 mN m�1 (A) without NPs and (B) with hydrophobic PIB-covered CdSe NPs (NP3). Scale bar represents 2.5 μm.

Figure 5. Langmuirmonolayer isotherms of DPPC:PIB87-b-PEO17 mixtures with NPs. (A) mixture of DPPC:PIB87-b-PEO17 in the
ratio 80:20mol%with amphiphilic PIB57-b-PEO12-covered CdSeNPs (NP5) at different ratios. (B) Mixture of DPPC and PIB87-b-
PEO17 in the ratio 60:40 with amphiphilic PIB57-b-PEO12-covered CdSe NPs (NP5) at different ratios.
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the monolayer. The small cone-like domains, as seen in
the 3D height image of Figure 6B, are nearly homo-
geneously distributed in the transferred monolayer,
which might be nanoscopic stacks of amphiphilic NPs
being anchored to the silicon substrate by their short
PEO chains.

Fluorescence Microscopy of Hydrophobic Rhodamine-B-
Labeled CdSe NPs (NP6) within Hybrid Monolayers. To prove
the AFM results of transferred hybrid monolayers
(composed of lipid, polymer and functionalized NPs),
the morphology of these ternary mixed monolayers at
the air/water interface was monitored by fluorescence
microscopy using fluorescent-labeled hydrophobic CdSe
NPs, similar to the morphology studies of binary mixed
monolayers consisting of DPPC and PIB87-b-PEO17 BCP,
which was reported previously.38 It was shown that
mixed monolayers from 10 to 40 mol % of the diblock
copolymer component demonstrate phase separation
phenomena over the whole compression range.

Initially, at low surface pressures (π e 4 mN m�1)
polymer-rich domains appeared completely round
surrounded by the LE phase of DPPC showing a uni-
form fluorescence intensity signal of the rhodamine-B
labeled lipid. Further compression of the film passing
the well-known plateau region of DPPC (LE/LC transi-
tion)52 forms pure LC domains of the lipid molecules.
An increase in the polymer content of mixed mono-
layers showed that the DPPC transition plateau was
shifted to higher surface pressures, attributed to the
BCP molecules, which support the persistence of
the liquid-expanded phase of the lipid monolayer.
Typically with increasing polymer content, we also
observed that the separation process between the
lipid and polymer molecules led to an increase in size
of the polymer-rich domains.38 In the present study,
the goal of our work was to investigate the location of

functionalized NPs in phase-separated lipid/polymer
films depending on the monolayer compression state.
We therefore have labeled hydrophobic NPs (NP3)
with rhodamine-B, thus generating NP6, which al-
lowed the simultaneous monitoring of the localization
of the labeled NPs in the phase-separated film. Fluo-
rescence monolayer microcopy of lipid/polymer mix-
tures (80:20 mol %) treated with fluorescent-labeled
hydrophobic NPs (NP6) (NP to polymer ratio of 1 to
1000) revealed essentially the same hierarchical mor-
phologies as observedby transferredmonolayers (AFM
studies). Figure 7 presents fluorescence microcopy
images of ternary mixed monolayers recorded at dif-
ferent surface pressures.

At low surface pressures (below 6 mN m�1), we
found only slight differences in the grayscale level of
themonolayer images, corresponding to the formation
of round polymer-rich domains (dark gray spots) in the
liquid-expanded DPPC film (light gray). The observed
small differences in brightness indicate that the NPs
are nearly homogenously distributed in the lipid/poly-
mer monolayer, showing no preferential location at
low compression states of the films. With further
compression of the monolayer passing the LC/LE
phase transition of DPPC the nucleation and growth
of pure DPPC LC domains occurred (see Figure 7C�E).
These completely black-colored domains indicate a
change of the NP miscibility with the lipid-rich areas
so that the NPs are excluded from the LC monolayer
regions. At higher surface pressures (above 12mNm�1)
the NPs start to move on top of the polymer-rich
domains, as clearly visible in Figure 7F, by displaying
a very bright edge of the polymer domains. Obviously,
the attractive interaction between the PIB columns
formed by the PIB87-b-PEO17 and the PIB corona of
the NPs leads to such hierarchical ordering at the

Figure 6. AFM height image of mixed DPPC:PIB87-b-PEO17 monolayers in the ratio 80:20 mol % transferred at a surface
pressure of 30 mN m�1 (A) without NPs and (B) with amphiphilic PIB57-b-PEO12-covered CdSe NPs (NP5) transferred at a
surface pressure of 30 mN m�1. Scale bar represents 2.5 μm.
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air/water interface. Fluorescencemicroscopy images at
higher compression states of the ternary mixed mono-
layers (∼30mNm�1) demonstrated that the NPs (NP6)
are selectively located on top of the polymer-rich
domains, showing a nearly homogeneous fluores-
cence intensity signal (polymer domains perceptibly
increased in brightness; Figure 5H). The initial homo-
geneous distribution of hydrophobic NPs in lipid/poly-
mermonolayers varies strongly with increasing surface
pressure. As mentioned earlier, the formation of pure
DPPC (LC phase) domains already in the low surface
pressure region (∼12 mN m�1) leads to the selective
location of the hydrophobic NPs in the polymer-rich
areas of the phase-separated film, which demonstrates
their attractive interaction. The final increase in bright-
ness of the polymer domains at high surface pressures
(30 mN m�1 and above), indicated by a nearly homo-
genously bright color of the polymer domains, con-
firms the result of our AFM studies revealing the
hierarchical ordering of the NPs on top of the BCP
chains at the air/water interface.

Monolayer Adsorption Experiments of Hydrophilic CdSe NPs
(NP4) on Pure and Mixed DPPC:PIB87-b-PEO17 Monolayers. Since
the interaction of hydrophilic PEO-covered NPs (NP4)
with the mixed DPPC:PIB87-b-PEO17 BCP monolayer
could not be investigated via Langmuir film balance
measurements due to their excellent water solubility
preventing any determination of a stable Langmuir
isotherm, we have decided to investigate the effect of
water-soluble CdSe NPs on pure DPPC, pure PIB87-b-
PEO17 BCP, and mixed DPPC/PIB87-b-PEO17 monolayers
by conducting monolayer adsorption measurements.
Changes in the surface pressure as a function of time
after injecting hydrophilic PEO-covered CdSe NPs (NP4)

into the subphase below the spread monolayers of
pure DPPC (black curve) (see Figure 8), pure PIB87-b-
PEO17 BCP (red curve), or binary mixtures (DPPC:PIB87-
b-PEO17 with 20 mol % (blue curve) or 40 mol % BCP
(green curve)) caused by the surface adsorption ofNP4
are shown in Figure 6. The starting surface pressure (π0)
values were determined at time zero, which corre-
sponds to the injection time of the NPs into the sub-
phase. From the adsorptionmeasurement, it is obvious
that immediately after injection of the PEO-covered
CdSe NPs (NP4) the surface pressure starts to increase
until an equilibrium value (πeq) is reached, where a
significant increase in the surface pressure could no
longer be observed. The change in the surface pressure
(Δπ (Δπ = πeq � π0)) of all samples indicates that the
PEO-covered NPs (NP4) were rapidly adsorbed onto
the hydrophilic portion of the monolayer at the air/
water interface (i.e., displaying surface activity), where
they can interact with the DPPC head groups and
compete for area to occupy.

Changes in surface pressure, Δπ, that were ob-
served for pure PIB87-b-PEO17 BCP monolayers were
not as large as compared to pure DPPC films at the
same starting surface pressure, π0. This could be
explained by the fact that the PEO chains of the BCPs
are dissolved and stretched into the subphase, which
forms a barrier, thus preventing the hydrophilic NPs
from coming up to the interface, which has an effect on
the rearrangement behavior of the BCP chains (see
schematic illustrations in Figure 8).

Interestingly, the binary mixture of DPPC and the
PIB87-b-PEO17 BCP using either 20 or 40 mol % of the
polymer component showed thatwith increasing poly-
mer content the changes in the surface pressure (Δπ)

Figure 7. Fluorescence microscopy images of mixed DPPC:PIB87-b-PEO17 monolayers 80:20 mol % at the air/water interface
(20 �C)mixedwith fluorescent-labeled NPs (NP6) tomonitor their location and behavior depending on the compression state
of the film. The imageswere recorded at surface pressures of 2.7mNm�1 (A), 6.1mNm�1 (B), 8.2mNm�1 (C), 8.7mNm�1 (D),
9.4 mN m�1 (E), 11.5 mN m�1 (F), 12.4 mN m�1 (G), and 30.1 mN m�1 (H). Scale bars represent 16 μm.
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decrease drastically, which implies less interaction of
the NPs with the molecules at the interface. This is in
good agreement with the observations as obtained for
pure polymer films, which showed minimal influence
on the molecule organization by surface-adsorbed
NP4, demonstrating attractive interactions between
the PEO chains of the BCP and the functionalized NP
shell, which keep the water-soluble NPs away from the
air/water interface. The high affinity of the PEO-func-
tionalized NPs (NP4) towards the hydrophilic portion
of the BCP molecules is clearly seen by comparing the
changes in surface pressure with increasing polymer
content (see Supporting Information Table S1), assum-
ing that the PEO chains of the BCP in phase-separated
lipid/polymer monolayers submerged into the sub-
phase might serve as an attractive barrier for the
PEO-covered NPs (NP4), preventing interactions
with DPPC domains. The starting pressure at which
the NPs were injected (compare Figure 8, measure-
ments at 10 and 20 mN m�1) influences the magni-
tude of surface pressure changes (Δπ) when nano-
particles were injected, demonstrating that the
molecule packing density at the air/water interface
regulates the penetration ability of the hydrophilic
CdSe NPs.

Bilayer Investigations: Incorporation of Hydrophobic NPs into
Hybrid Bilayer Membranes. As the monolayer studies of
hydrophobic (PIB), hydrophilic (PEO), and amphiphilic
(PIB-PEO) functionalized CdSe NPs with mixed lipid/
polymer membranes composed of DPPC and the

PIB87-b-PEO17 block copolymer have shown selective
interactions depending on the NP surface hydropho-
bicity, the controlled localization of hydrophobic PIB-
modified CdSe NPs within the polymer domains was
extended into a bilayer system using giant unilamellar
vesicles (GUVs) consisting of DPPC and the PIB87-b-
PEO17 BCP. Such a designed amphiphilic block copo-
lymer, when incorporated into gel-phase vesicles of
DPPC, has been shown to induce different membrane
morphologies by varying the lipid to polymer com-
position.38 Themembranemorphology of these hybrid
vesicles appears uniformwhenprepared frommixtures
below 20 mol % and above 30 mol % of the BCP com-
ponent. In contrast, we have observed a phase-separated
membrane morphology in the narrow compositional
range between 20 and 28 mol % of BCP, resulting in
the formation of lipid- and polymer-rich domains. Since
NPs with diameters smaller than 8 nm are not expected
to induce disruption of DPPC bilayer membranes,6,13 we
investigated the incorporation of hydrophobic CdSe NPs
into our well-investigated hybrid membrane system,
addressing the specific NP location with respect to the
lipid/polymer mixing ratio and the resulting membrane
morphology. Additionally, the size (~ 6 nm) of the NPs
was expected further to drive a selective localization of
the NPs into the BCP phase.

Hybrid GUVs with incorporated NP6 were formed
by a modified electroformation method as originally
reported by Angelova et al.55 using a NP to lipid ratio of
1 to 1500. Since we expected that the incorporation of

Figure 8. Time-dependent Langmuir adsorption isotherms of NP4 injected into the subphase at 20 �C of monolayers of pure
DPPC (black curve), pure PIB87-b-PEO17 (red curve), and mixtures of DPPC:PIB87-b-PEO17 at 20 mol % (blue) and 40 mol %
(green) PIB87-b-PEO17 BCP at initial surface pressures of (A) approximately 10 mN m�1 and (B) 20 mN m�1.
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hydrophobic NPs will basically depend on the prevail-
ing membrane morphology, a selective incorporation
of the PIB-modified NPs into the polymer-rich phases
should be observed. Therefore, we have chosen two
different lipid/polymer mixing ratios, one showing a
mixed (16mol% BCP) and the other a phase-separated
membrane morphology (20 mol % BCP), as shown in
Figure 9.

For the 84:16 mol % mixture of lipid with BCP, the
obtained hybrid GUVs with incorporated hydrophobic
NPs (NP to lipid ratio = 1 to 1500) clearly demonstrate a
uniformmembranemorphology, which is visualized by
monitoring the excited NP6 (excited at a wavelength
of 561 nm). The obtained hybrid GUVs remain stable,
and no disruption of the bilayer membrane was
observed for this NP to lipid ratio. As depicted in
Figure 9B andC, the PIB-modifiedCdSeNPs are uniformly
embedded within the whole hybrid bilayer, showing a
single-phase membrane.

In contrast, we observed for the 80:20 mol % mix-
ture of DPPC with PIB87-b-PEO17 upon cooling to room
temperature the formation of phase-separated mem-
brane morphologies (Figure 9D�F). Monitoring the
fluorescent-labeled NPs (NP6), which are preferentially
incorporated into one of the two prevailing phases

(green-coloreddomains; seeoverview image inFigure9D)
we can attribute these domains to the polymer-rich
phases. This is most likely, considering the fact that
the polymer-functionalized NPs (6) exhibit a brush of
polyisobutylene chains on their surface and should
therefore be selectively incorporated into the poly-
mer-rich domains.

Consequently, we drew the conclusion that the
dark domain in the hybrid GUV membrane, as shown
in Figure 9F, is the lipid-rich phase showing no fluo-
rescence signal of the NP6. These domains appear
upon cooling to room temperature below the transi-
tion temperature of DPPC (Tm=41.6 �C), indicating that
at room temperature (RT) the demixing process leads
to the formation of more ordered lipid-rich domains,56

which are depleted of polymer molecules. In contrast,
at high temperatures (above Tm of DPPC) the hybrid
bilayer is in a fluid state showing complete mixing.

CONCLUSION

We have thoroughly investigated the interaction of
surface-grafted nanoparticles (CdSe, size 2 nm) with
mixed monolayers, thus probing the different states of
interaction between nanoparticles and mixed lipid/
polymer membranes. As surface hydrophobicity plays

Figure 9. Confocal microscopy images of mixed (A�C) and phase-separated hybrid GUVs (D�F) composed of DPPC and the
PIB87-b-PEO17 BCP with incorporated hydrophobic CdSe NPs (NP6) (NP to lipid ratio of 1 to 1500), demonstrating differences
in the phase labeling behavior of the monitored fluorescent-labeled NPs by varying the lipid to BCP composition. Panels (A),
(B), and (C) show an overview and single GUV images of mixed hybrid GUVs at RT, which were obtained from a 84:16 mol %
mixture of DPPC with BCP, proving that the incorporated fluorescent CdSe NPs (NP6) (green, excited at 561 nm) are localized
in the whole vesicle membrane. In panel (C), the 3D reconstruction of an axial series of confocal slices from the single GUV in
(B) clearly demonstrates the uniform fluorescent intensity signal of the labeled NPs (green) in the hybrid GUV membrane.
Panels (D), (E), and (F) depict an overview and single GUV images of phase-separated hybrid GUVs at RT obtained from a 80:20
mol%mixture of DPPCwith BCP,monitoring the fluorescent-labeledNPs. The fluorescent CdSeNPs preferentially partition into
one of the twoprevailing phases (black andgreenpatches), as clearly shown in the 3D recontruction of a single GUV in panel (F).
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a significant role in controlling the interaction between
nanoparticles and lipid membranes, we demonstrate
the preparation and characterization of polymer-func-
tionalized CdSe NPs, based on ligand exchange of
pyridine-covered CdSe nanoparticles with end group-
functionalized polymers, bearing phosphine oxide
ligands for polymer chain attachment. As proven by
DLS, TGA, NMR, and IR experiments, grafting of either
hydrophobic (PIB), hydrophilic (PEO), or amphiphilic
(PEO-PIB) chains onto the nanoparticles with grafting
densities of ∼0.5 chains/nm2 can be achieved. Thus,
the selective interaction of nanoparticles with mixed
lipid/polymer membranes from 1,2-dipalmitoyl-sn-gly-
cero-3-phophocholine and PIB87-b-PEO17 block copo-
lymer was demonstrated, depending purely on the
type of NP surface. It was observed that hydrophobic
PIB-modified CdSe NPs can be selectively located with-
in polymer domains in a mixed lipid/polymer mono-
layer at the air/water interface by changing their typical
domain morphology, while amphiphilic PIB-PEO-mod-
ified CdSe NPs showed no specific localization in
phase-separated lipid/polymer films. As a result, AFM
experiments of transferred monolayers could clearly
demonstrate the specific “piling up” of the nanoparti-
cles NP3 on top of the separated PIB columns formed
upon compression of themixedmonolayer. In addition,
hydrophilic water-soluble PEO-modified CdSe NPs can
readily adsorb onto spreadmonolayers, showing a larger

effect on the molecular packing at the air/water inter-
face in the case of pure lipid films compared to mixed
monolayers. On the basis of attractive interactions
between the polymer shell of the NPs and the hydro-
philic block copolymer chains, the NPs were shielded
from lipid domains being merged with the BCP PEO
chains in the subphase. Bilayer investigations using
hybrid GUVs demonstrate that PIB-modified CdSe NPs
were selectively incorporated into polymer-rich phases
when incorporated into a DPPC:PIB87-b-PEO17 mixture,
which by itself initially formed phase-separated mem-
brane morphologies. Preferential incorporation is a
result of the formation of PIB brushes on the poly-
mer-functionalized NP surfaces (NP6), which leads to
the specific location within the PIB phase of the BCP.
Consequently, we could prove that the selective inter-
actions between functionalized NPs and polymer
domains in mixed lipid/polymer mono- and bilayers
are possible by simply tuning the appropriate inter-
facial energies between the NP surfaces and the inter-
acting membrane components. Thus, understanding
the incorporation of nanoparticles into specific parts of
bilayer membranes. The achieved results open a new
prospect for subtle engineering of membranes, their
nanoporosity, (nano-) domain structure, andmechanical
properties serving as a model system in designing
functional nanomaterials for effective nanomedicine or
drug delivery.

EXPERIMENTAL SECTION

Materials. Solvent and Reagents. All chemicals were pur-
chased from Sigma-Aldrich (Schnelldorf, Germany) and were
used as received unless otherwise stated. All solvents, which
were used for the synthesis of the diblock copolymer and
workup procedures, were distilled prior to use. Toluene and
tetrahydrofuran (THF) were predried over potassium hydroxide
for several days, refluxed over sodium/benzophenone, and
freshly distilled under an argon atmosphere. The PIB-PEO
diblock copolymer (PIB87-b-PEO17; Mn(NMR) = 5900 g/mol deter-
mined by 1H NMR) with a minimal polydispersity (PDI e 1.2),
used in this study, was synthesized in our laboratories via a
combination of a living carbocationic polymerization method
and the approach of the azide/alkyne “click” reaction, as reported
previously.38 1,2-Dipalmitoyl-sn-glycero-3-phophocholine (Mn =
734.05 g/mol) was purchased fromAvanti Polar Lipids (Alabaster,
AL, USA) and used without further purifications.

Measurements. Langmuir Film Technique. Surface pressure
(π) measurements of the pure compounds and of different
binary mixed systems of PIB-PEO BCP, DPPC, and NPs at the air/
water interface were performed using a Langmuir trough
system (KSV, Helsinki, Finland) with a maximum available sur-
face of 76.800 mm2. To minimize dust, the trough was kept in a
closed box. The used subphase (water) was purified by a Purelab
Option system (ELGA Ltd., Celle, Germany). Before each mea-
surement was started the trough was purified four times with
distilled water and two times with ultrapure water (total organic
carbon <5 ppm; conductivity <0.055 μS/cm). All compression
measurements were performed at a constant temperature
(20 �C) achieved by a circulating water bath system. The investi-
gated mixture of copolymers, DPPC, and NPs was dissolved in
chloroform (HPLC grade, Sigma Aldrich, Schnelldorf Germany)
at a concentration of 1 mM. Defined amounts of the prepared

solutions (different molar ratios of DPPC to BCP and NPs) were
spread on the subphase using a digital microsyringe (Hamilton,
Schnelldorf Germany). Afterward, each surface pressure mea-
surement using a compression rate of 5mm/min was started 15
min after spreading to ensure full evaporation of the solvent
and a uniform monolayer formation.

Fluorescence Microscopy Monolayer Investigations. Fluores-
cencemicroscopy imaging of monolayers at the air/water inter-
face was performed using an “Axio Scope.A1 Vario” epifluores-
cence microscope (Carl Zeiss MicroImaging, Jena, Germany).
The microscope was equipped with a Langmuir Teflon trough
with a maximum area of 264 cm2 and two symmetrically move-
able computer-controlled Teflon barriers (Riegler & Kirstein,
Berlin, Germany). The trough was positioned on an x-y stage
(Märzhäuser, Wetzlar, Germany) to be able to move the film
balancewith respect to the objective lens to any desired surface
position. The x-y-zmotion control was managed by a MAC5000
system (Ludl Electronic Products, Hawthorne, NY, USA). The
troughwas enclosedwith a home-built Plexiglas hood to ensure
a dust-free environment, the temperature of 20 �C was main-
tained with a circulating water bath, and the whole setup was
placed on a vibration-damped optical table (Newport, Darm-
stadt, Germany). The air/water surface was illuminated using a
100 W mercury arc lamp with a long-distance objective (LD EC
Epiplan-NEOFLUAR 50�), and the respective wavelengths were
selected with a filter/beam splitter combination, which is
appropriate for the excitation and detection of Rh-DHPE
(Zeiss filter set 20: excitation band-pass BP 546/12 nm, beam
splitter FT 560 nm, emission band-pass BP 575�640 nm).
Images were recorded using an EMCCD camera (Image EM
C9100-13, Hamamatsu, Herrsching, Germany). Image analysis
and data acquisition was done using AxioVision software (Carl
ZeissMicroImaging, Jena, Germany). All presented images show
areas of individually contrast-adjusted raw data. Monolayer
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films of DPPC/BCP/NPs mixtures and pure compounds were
prepared with an entire spreading concentration of 1 mM in
chloroform (HPLC-grade, Carl Roth, Karlsruhe, Germany). The
concentration of the fluorescent-labeled rhodamine�DHPE in
the spreading solution was 0.01 mol % and was used for all
measurements. Microscopy images were taken during com-
pression of the monolayer using a compression speed of
4.6 cm2/min.

UV�Vis Measurements. UV�vis spectra were recorded
using a PerkinElmer Lambda 18 UV�vis spectrometer. The
samples were dissolved in CHCl3 (HPLC-grade purchased from
VWR Darmstadt Germany) in a concentration of 0.5 mg/mL.

Adsorption Measurements. Adsorption experiments at the
air/water interface were carried out at 20 �C at different initial
surface pressures of pure DPPC, pure PIB87-b-PEO17 block
copolymer, and a mixture of DPPC: PIB87-b-PEO17 block copo-
lymer (with diblock copolymer amounts of 20 and 40 mol %)
monolayers on a circular Langmuir trough with a diameter of
3 cm, a depth of 1.39 cm, and a subphase volume of 10.25 mL
(Riegler & Kirstein, Berlin, Germany). For preparation of the pure
and mixed monolayers, a defined amount in HPLC-grade CHCl3
was spread with a digital Hamilton microsyringe onto the water
subphase of Millipore quality (total organic carbon <5 ppm;
conductivity <0.055 μS/cm). After waiting for 20 min for com-
plete solvent evaporation and uniform dispersion of the mono-
layer molecules at the air/water interface, 10 μL of the water-
soluble hydrophilic CdSe nanoparticles (25 or 5 mg/mL) was
injected into the subphase below the monolayers through a
channel located at the bottom of the Langmuir trough. In order
to ensure a homogeneous bulk concentration of NPs in the
subphase and in order to avoid large perturbations at the air/
water interface, the subphasewasgently stirredwith a small rolling
sphere. The changes of surface pressure (mN/m) at the air/water
interface caused by the injected aqueous solution of NP were
monitored as a function of time (seconds) bymeasuring initial and
final surface pressure using a filter paper as a Wilhelmy plate.

Atomic Force Microscopy. Surface topography of LB films
was studied using an atomic force microscope working in
tapping mode with silicon cantilevers. Cantilevers were of type
TESPA (NanoWorld, Switzerland) and had a nominal resonance
frequency of about 285 kHz and an average spring constant of
about 42 N/m.

Dynamic Light Scattering. DLS measurements were per-
formed in chloroform solutions of the NPs after dilution by
∼1/50 with pure solvent on a Viscotek 802 using OmniSIZE
software.

FTIRMeasurement. Infraredmeasurementswere performed
on a Bruker Vertex 70 FT-IR spectrometer (Bruker, Leipzig,
Germany) from3500 to 1000 cm�1 using anATR diamond crystal.

Thermogravimetric Analysis. TGA was conducted on a Met-
tler Toledo (DSC-H22) instrument. The sample was heated in a
platinum pan under a nitrogen atmosphere over a temperature
range of 25�800 �C with a heating rate of 10 K min�1.

Hybrid GUV Formation. The formation of DPPC/PIB87-b-
PEO17 BCP hybrid GUVs with incorporated PIB-functionalized
CdSe NPs (NP6) was achieved as described previously38 using
an electroformation method originally reported by Angelova
et al.55 Water that was used for the study was purified via
passage through a filtering system by Purelab Option system
(ELGA Ltd., Celle, Germany), yielding ultrapure water. Briefly, all
lipid/polymer mixtures varying in their compositions were
additionally mixed with NP6 using a NP to BCP ratio of 1 to
1500. The lipid/polymer mixtures containing NP6 were pre-
pared in chloroform (HPLC grade, Sigma Aldrich, Schnelldorf,
Germany), dried under a continuous N2-stream, anddissolved in
a defined solvent volume, reaching a total concentration of 10
mg/mL. The final mixtures were used to generate a homo-
geneous thin film on optically transparent indium�tin-oxide
(ITO)-coated coverslips (electrodes) via a spin-coating method.
Afterward, the coverslips were placed in a capacitor-type con-
figuration at a distance of 2 mm using a home-built flow-
chamber. Finally, the flow-chamber was filled with water and
the electroformation process started as reported previously.38

Giant Vesicle Analysis by Confocal Laser ScanningMicroscopy.
Confocal microscopy images were obtained on a commercially

available confocal laser scanning microscope (LSM 710/Con-
foCor 3; Carl-Zeiss, Germany) using a C-Apochromat 40�/1.2 NA
water immersion objective. The hydrophobically functionalized
NPs, which were fluorescently labeled with rhodamine B (NP6),
were excited with a DPSS laser at 561 nm. All GUV imaging
studies, monitoring the incorporation of CdSe NPs into hybrid
GUVs in the case of either a mixed or phase-separated mem-
brane morphology, were performed after cooling to room
temperature (20 �C).

Synthesis of Polymer-Covered CdSe Nanoparticles (NP3, NP4, and
NP5). Trioctylphosphine oxide-covered CdSe NPs (NP1) were
synthesized by the conventional hot injection method accord-
ing to ref 44. Ligand exchange of the relatively stable passivat-
ing TOPO on the CdSe nanoparticle surface with polymers 1, 3,
and 4, whose synthesis has been reported elsewhere,57 was
conducted according to Emrick et al.58 as follows, yielding the
nanoparticles NP3, NP4, and NP5, respectively. The TOPO
ligand in NP1 was replaced with a relatively weak pyridine
ligand in other to facilitate the ligand exchange, and the
pyridine-covered CdSe nanoparticles NP2 (50 mg) were subse-
quently treated with R-phosphineoxide-γ-bromo telechelic
polyisobutylene (1) PO-PIB57-Br (Mn(GPC) = 3200 g/mol;Mw/Mn =
1.3) (273 mg, 0.000 086 mmol) for hydrophobic PIB-covered
CdSe nanoparticle (NP3). The hydrophilic water-soluble PEO-
covered CdSe nanoparticle (NP4) and amphiphilic PIB57-b-
PEO12-covered CdSe nanoparticle (NP5) were synthesized in a
similar manner using R-phosphineoxide-γ-methylene teleche-
lic PEO (3) PO-PEO47 (180 mg, 0.000 086 mmol) and R-phosphi-
neoxide-γ-polyethylene oxide telechelic polyisobutylene (4)
PO-PIB57-b-PEO12 (292 mg, 0.000 086 mmol), respectively. The
nanoparticles were dissolved in 10 mL of freshly distilled
anhydrous toluene. The resulting mixture was stirred for 48 h at
70 �C. Toluenewas evaporated under reduced pressure, and the
polymer-covered NPs (NP3, NP4, and NP5) were precipitated
three times in 20 mL of hexane followed by centrifugation to
separate the free unbound polymer from the polymer-covered
nanoparticles.

Synthesis of Polymer-Covered and Rhodamine-B-Labeled CdSe Nano-
particles (NP6). In order to easily locate hydrophobic PIB-covered
CdSe NPs (NP3) in the DPPC:PIB87-b-PEO17 mixed monolayer at
the air/water interface using fluorescence spectroscopy, NPs
were labeled with rhodamine-B as follows: a 80 to 20 wt %
mixture of ligand 1 and 2 was dissolved in toluene and sub-
sequently added to 50 mg of NP2. The mixture was heated at
70 �C for 48 h. Toluene was evaporated under reduced pressure,
and the rhodamine-B-labeled NPs (NP6) were precipitated
three times in 20 mL of hexane followed by centrifugation
to separate the free polymer from the polymer-covered
nanoparticle.
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