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T
he high complexity of native natural
membranes and the diverse coupling
of interactions within these bilayer

structures have inspired the development
of simplifiedmodel systems.1,2 Awidevariety
of approaches including free-standing1,3,4

and tethered vesicles1,5 as well as solid-
supported and planar bilayers6�8 provide
various experimental platforms to study
systematically the physical and chemical
characteristics of individual membrane
components, their interplay, and different
aspects of structure�property relations as
well as the role of interactions with the
environment.9�12 However, functional as-
pects, for example, the transmembrane
transport, are barely accessible to these
model systems. In particular, one of the
most important functions of a living cell is
the selective transport of ions, molecules, or
colloidal particles across the hydrophobic
bilayer from the extracellular environment
to the cell interior mediated by different
endocytic machineries.13 Mechano-chemistry
of such coordinated processes fascinated
scientists for over a century, but we are still
far froma comprehensive description.14,15 The
mechanismsbehindendocytosis are anobject
of intensive theoretical simulations,16�23while
experimental studies are very limited.24,25

The key stage in endocytic processes is
the adherence of a particle on the mem-
brane, followed by an invagination of the
fluid bilayer and complete wrapping of
the target. Subsequently, the membrane-
coated particle is detached from the outer
membrane.13 The growing field of engi-
neered nanosized particles for biomedical
application,26,27 which are mainly uptaken
utilizing endocytic pathways, is still intuitive
due to the lack of detailed understanding
of the incorporationmechanisms.28,29Where-
as in biology endocytosis is a result of a

complex interplay between membrane phy-
sical properties assisted by biofunctional mol-
ecules and/or supplementary energy, re-
cent studies have revealed the existence
of nonendocytotic incorporation mechan-
isms for nanoscaled objects.30�33 Decou-
pling of these mutual interactions is only
possible inside artificial membranes where
one can focus on physical aspects while
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ABSTRACT

Because of the rapidly growing field of nanoparticles in therapeutic applications, under-

standing and controlling the interaction between nanoparticles and membranes is of great

importance. While a membrane is exposed to nanoparticles its behavior is mediated by both

their biological and physical properties. Constant interplay of these biological and physico-

chemical factors makes selective studies of nanoparticles uptake demanding. Artificial model

membranes can serve as a platform to investigate physical parameters of the process in the

absence of any biofunctional molecules and/or supplementary energy. Here we report on

photon- and fluorescence-correlation spectroscopic studies of the uptake of nanosized SiO2
nanoparticles by poly(dimethylsiloxane)-block-poly(2-methyloxazoline) vesicles allowing spe-

cies selectivity. Analogous to the cell membrane, polymeric membrane incorporates particles

using membrane fission and particles wrapping as suggested by cryo-TEM imaging. It is

revealed that the incorporation process can be controlled to a significant extent by changing

nanoparticles size and concentration. Conditions for nanoparticle uptake and controlled filling

of polymersomes are presented.

KEYWORDS: nanoparticles . transport . model membrane . vesicles .
photon correlation spectroscopy . fluorescence correlation spectroscopy
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biochemical processes are missing. Therefore, we de-
veloped aminimalmodel systembased on amphiphilic
block copolymer vesicles moving freely in solution,
which allows the uncoupling of all involved interac-
tions and processes.25 Requirements for this purpose
are long-term stability, and subtle balance between
rigidity and elasticity of the model membrane.34 Phos-
pholipids, the natural constitutive units of membranes,
which spontaneously form liposomes35,36 when cer-
tain lipids are dispersed in aqueous medium, are
mostly used as building blocks in the aforementioned
approaches.1�8 The major drawbacks of lipid mem-
branes are the long-term instability and the limited
chemical stability caused by oxidation processes of
unsaturated fatty acids and the hydrolysis of ester
bonds.34 One promising alternative are amphiphilic
block copolymers, which also self-assemble under
certain conditions into vesicles (polymersomes).9

Both polymersome and liposome properties are
strongly influenced by the characteristics of amphiphi-
lic molecules.37�39 In contrast to liposomes where lipid
propertiesmanipulation is limited, the thickness, bend-
ing and stretching moduli, and the permeability of the
polymeric membrane can be easily tuned by changing
the block copolymer molecular characteristics. Poly-
mer molecular mass, polydispersity, and the structure
of building blocks are the key parameters responsible
for the polymeric bilayer performance.37,38,40 A library
of amphiphilic molecules which are able to self-
assemble into vesicular structures41,42 has expanded
due to the progress in living polymerization methods
opening new ways to manipulate the features of the
polymersomes.
We have recently reported on the experimental

observation of transmembrane transport of spherical
polystyrene (PS) as well as silica (SiO2) nanoparticles
(NPs) into polymeric vesicles via an internalization
process.25 Here, curvature-mediated attractive interac-
tions (strong adhesion) between NPs and poly-
mersomes triggered membrane deformation and sub-
sequent fission of the bilayer.19,22,25 In this case of the
absence of biofunctional molecules and/or supple-
mentary energy, the process can involve four steps:
(i) NP adsorption at the vesicle surface, (ii) engulfing of
NPs by wrapping and the formation of necks, (iii) entire
coverage of NPs by the membrane, and (iv) complete
internalization of NPs. This particular identification
is based on a single size and ratio of the geometric
radii of the NPs to the polymersomes at a constant
concentration.
On the theoretical side a balance between fluidity of

the artificial membrane and short-ranged adhesive
potential, given by a crucial size ratio is necessary for
a successful incorporation process. In addition, the NP
size should play an important role since the existence
of a threshold particle size,23 below which single NPs
could not be internalized by a flexible membrane,

has been proposed19�22 and observed in cellular
systems.43�48 Nanoparticles below a certain size are
simply not able to reduce the curvature energy of the
membrane which is necessary for the nanoparticle
engulfment. Therefore, the motivation for this work
is 2-fold: to examine the size and concentration-
dependent incorporation of spherical SiO2 nanoparti-
cles by polymeric modelmembranes and to determine
conditions for NP uptake thereby creating the missing
phenomenology. The variation of the NP mutual
separation via change of particle concentration can
help understanding the origin of differentmechanisms
of the incorporation process. For a selective probing of
the dynamics of both interacting species we have
combined photon (PCS) and fluorescence correlation
(FCS) spectroscopy complemented by cryogenic trans-
mission electron microscopy (cryo-TEM). From a de-
tailed understanding of the complex interactions of
NPs with polymeric model membranes benefits to the
cellular particle uptake are anticipated.

RESULTS AND DISCUSSION

To investigate the size and concentration-
dependent incorporation of SiO2 NPs performed by
poly(dimethylsiloxane)-block-poly(2-methyloxazoline)
(PDMS-b-PMOXA) polymersomes (with a z-average
hydrodynamic radius RhP = 110 ( 3 nm), a dilute
aqueous vesicle solution with a polymer concentration
of cP = 4.5 � 10�2 g L�1 was mixed with four different
sizes of SiO2 NPs (Rh NP = (14 ( 1), (25 ( 2), (36 ( 2),
and (57 ( 2) nm) at four different nanoparticle con-
centrations (cNP = 0.05, 0.1, 0.15, and 0.2 g L�1). Hence,
the molar ratio of SiO2 NPs to polymersomes ranges
between 1300:1 and 4:1. These systems were char-
acterized using PCS, FCS, and cryo-TEM allowing spe-
cies selectivity. Because of the large optical contrast
between water, polymersomes, and SiO2 NPs the
application of PCS to study the influences of different
NP sizes and concentrations on the internalization
process is optimal. The inner and outer refractive index
of polymersomes formed in aqueous media (nIN = n0)
are equal to that of water (nH2O = 1.333). Refractive
index changes in the interior of the polymersomes (nIN)
caused by an internalization of SiO2 NPs with nSiO2

=
1.45, which is different from that of pure water, result
in strongly altered total light scattering intensity Rvv-
(q) of the investigated samples. Further, the combina-
tion of the large optical contrast and a core�shell
architecture of the polymersomeswill render both the
form factor P(q) and the scattering wave vector q

dependence on the translational diffusion coefficient
D(q).25

Threshold Concentration. The influence of the NP size
on the experimental Rvv(q) as a function of q at a con-
stant nanoparticle concentration of cNP = 0.2 g L�1 is
depicted in Figure 1; the molar ratio of SiO2 NPs to
polymersomes in these experiments ranges from
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1260:1 for the smallest (Rh NP = 14 nm) to 16:1 for the
largest NPs (Rh NP = 57 nm). The light scattering
intensity for all NP containing samples is much higher
than the sum of the individual component contribu-
tions (see Figure S1 in Supporting Information), indi-
cating strong interactions of NPs with polymersomes.
In comparison to the scattering intensity of solutions
containing polymeric vesicles in the absence of NPs
called, empty vesicles, Rvv(q) values of SiO2/polymer-
some samples increase with increasing NP sizes. The
overall sizes of the resulting objects remain almost
constant as indicated by the similar shape of the Rvv(q)
patterns. Since the contribution of the silica NPs to the
total scattering intensity at low q values is negligible
(see Figure S1 in Supporting Information), the ob-
served increase of the forward scattering Rvv(q f 0)
is associated to increasing values of nIN due to NP
internalization into the interior of the polymersomes as
illustrated by the red arrow in Figure 1. This is fortuitous
because the z-average hydrodynamic radius RhP
and the size polydispersity of the SiO2/polymersome
systems reveal only moderate changes.49 In fact the
pattern of D(q) (see Figure 2 and Figure 5 below)
obtained from the experimental concentration re-
laxation functions C(q, t) in PCS experiments indi-
cates no significant change in the value of RhP and
polydispersity (PDI) compared to the solutions con-
taining empty vesicles. Therefore, mainly the in-
crease of nIN, relative to that of pure water, boosts
the intensity Rvv(q f 0) as confirmed by fit model
calculations of P(q) with increasing nIN (described
later).

The inset of Figure 1 presents the increase of Rvv(q)
for the SiO2 (Rh NP = 14 nm)/polymersomes system at
cNP = 0.1 g L�1 while the intensity pattern of the poly-
mersome solution with large SiO2 NPs (Rh NP = 57 nm)
at the same cNP reveals a different shape, which implies

scattering from larger moieties. This notion is corrobo-
rated by the relaxation function C(q, t) of Figure 2
displaying a single translational diffusion D(q) (inverse
triangles) which is significantly slower than both empty
polymersomes and vesicles occupied by the small silica
particles. The experimental C(q, t) were represented by
a stretched exponential function (see Methods for
details) with a shape parameter (eq 1) βKWW = 0.95
and D(q) = Γ(q)/q2 (see inset in Figure 2 obtained from
the relaxation rate Γ(q). Hence the size of the diffusing
objects increases significantly in case of SiO2 (Rh NP =
57 nm)/polymersomes with cNP = 0.1 g L�1 due to
cluster formation. A decrease of cNP down to 0.05 g L�1

causes agglomeration in the SiO2/polymersome mix-
ture not only with Rh NP = 57 nmbut alsowith Rh NP =
36 nm (not shown) at SiO2/polymersomes ratio 4:1 and
16:1, respectively.

This pertinent observation suggests the existence
of a threshold particle concentration above which
particle incorporation can occur. Such a threshold
concentration is probably related to the surface area
ratio between polymersomes and NPs50 necessary for
a successful particle adhesion to the outer vesicle
membrane and further internalization. Changing cNP
results in the variation of the overall nanoparticles
surface area (single nanoparticle surface area is
constant). Estimation of the surface area ratio between
polymersomes and NPs suggests to the conclusion
that the overall surface area of the latter should be
at least two times higher (see Table S1 in Supporting
Information). For the two smallest NP sizes (Rh NP =
14 and 25 nm), the calculated threshold particle
concentration should be less than the lowest inves-
tigated concentration of cNP = 0.05 g L�1; rough
estimates amount to 0.025 g L�1 and 0.04 g L�1,
respectively.

Concentration Dependence. Figure 3 shows the ex-
perimental total light scattering intensity Rvv(q) as a
function of the scattering wave vector q for a SiO2

Figure 2. Relaxation functions C(q, t) for the concentration
fluctuations in SiO2/polymersomes systems with Rh NP =
14 nm (circles) and 57 nm (inverse triangles) at cNP = 0.1 g L�1

and cP = 4.5� 10�2 g L�1 for q = 2.4� 10�2 nm�1 at T = 20 �C
along with the translational diffusion D(q) vs q2 shown in
the inset. The dashed lines represent polymersomes in
the absence of NPs and the arrow points at the C(q, t) yielding
the slow translational diffusion (inverse triangles) of big
clusters.

Figure 1. Absolute Rayleigh intensity Rvv(q) as a function of
the scattering wave vector q at T = 20 �C for polymersomes
in the absence (solid circles) and in the presence of SiO2

nanoparticles with different sizes; Rh NP = 14 nm (circles),
25 nm (triangles), 36 nm (squares), and 57 nm (inverse
triangles) at cNP = 0.2 g L�1 and cP = 4.5� 10�2 g L�1. Inset:
Rvv(q) as a function q at T= 20 �C for the SiO2/polymersomes
systems with Rh NP = 14 nm (circles) and Rh NP = 57 nm
(inverse triangles) at cP = 4.5� 10�2 g L�1 and cNP = 0.1 g L�1;
the dashed line represents polymersomes in the absence
of NPs.
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(Rh NP = 14 nm) /polymersome system at three differ-
ent NP concentrations at a constant polymer concen-
tration. The forward scattering intensity Rvv(q f 0)
increases with cNP while the scattering Rvv(q) patterns
are similar and distinct from the empty polymersomes
(at high q-values). The increase of the refractive index
in the interior of polymersomes nIN (above the value of
water) as a result of particle incorporation is the main
parameter accounting for the forward scattering pro-
vided that the polymersome size remains insensitive to
cNP. A concurrent representation of the Rvv(q) pattern
intensity and the translational diffusion D(q) is ob-
tained by the corresponding theoretical expressions25

(see Supporting Information) and calculated values of
the polymersome radius, Rn, apparent weight-average
molar mass, Mw app, of the objects, system polydis-
persity, PDI, and nIN are listed in Table 1. Assuming a
linear dependence of nIN(φ) on particle volume fraction
(in the interior of a polymersome) φ, the number x of
incorporated nanoparticles increases from about 7 at
cNP = 0.1 g L�1 to 11 for cNP = 0.2 g L�1 in the initial
solution. Note that maximum filling of the particular
polymersomes with SiO2 (Rh NP = 14 nm) would
correspond to x = 43 incorporated particles assuming
individual incorporation of particles; calculations
based on group incorporation would lead to a higher
number of incorporated particles (see Figure 6 below).
In fact, cryo-TEM imaging25 (Figure 6) and recent
simulations21 suggest incorporation of clusters of in-
dividual particles in some cases; PCS cannot distinguish
between the two cases.

The incorporation of the particles is associated with
shrinking of thepolymersomes as indicatedby the value
of their radii listed in Table 1. To engulf and encapsu-
late nanoparticles membrane material is consumed.24

The observed shrinking of about 18% is less than the

estimated value of 24%, on the basis of the average
number of the incorporated nanoparticles. This devia-
tion can be partially attributed to the polydispersity
(PDI in Table 1), not uniform filling, and probably bilayer
stretching/vesicle swelling.51 Internalization of the small
SiO2 beads occurs above 0.05 g L

�1, and their incorpora-
tion by the present polymersomes depends on the
nanoparticle concentration in thebulk solution. Particles
with Rh NP = 25 nm retain this internalization behavior
(see Table S2 in Supporting Information).

Size Dependence. For the SiO2/polymersome systems,
samples with nanoparticle sizes of Rh NP = 36 and
57 nmwere prepared; interactions are observed above
the threshold particle concentrations cNP > 0.05 and
0.1 g L�1, respectively. Above these critical concentra-
tions, themixtures exhibit Rvv(q) beyond the sumof the
individual components contributions (as described
above). A peculiarity of these larger particles, how-
ever, is the strong contribution to Rvv(q) at high q

values and consequently to the relaxation function
C(q, t). For the investigation of the particle incorpora-
tion of these systems, both contributions should be
properly accounted in order to enable an unambig-
uous discrimination between filled (NPs incorporated)
versus decorated vesicles (NPs attached to outer poly-
mersome surface).25 An independent information
on nanoparticles internalization would therefore
facilitate the analysis of Rvv(q) and D(q) of the PCS
experiment.

Fluorescence correlation spectroscopy is utilized by
fluorescent labeling both interacting species, SiO2 NPs
(Rh NP = 57 nm) and polymersomes. In a FCS experi-
ment, the intensity fluctuations caused by the tracer
diffusion of the fluorescent species through the focus
of a confocal microscope are monitored and recorded.
The correlation analysis of these fluctuations can yield
information on both the size (Rh) and the concentra-
tion of the labeled species from the decay of the
autocorrelation curve (diffusion time) and its plateau
value at short lag times, respectively. Yet, labeling
polymersomes and SiO2 NPs with different fluorescent
dyes and using two excitation lasers and appropriate
emission filters (see Methods for details) permits se-
lective probing through the utilization of the two FCS
detection channels. The “blue” channel monitors only

TABLE 1. Characteristics of Polymersomes in the Absence

and Presence of SiO2 NPs with Rh NP = 15 nm

polymersomes SiO2/polymersomes

cNP (g L
�1) 0 0.1 0.15 0.2

Rvv(q f 0) � 103 (cm�1) 6.35 14.24 11.64 21.6
Mw app � 10�9 (g mol�1) 3.3 1.7 1.8 1.8
Rn (nm) 110 87 89 89
PDI 1.07 1.13 1.13 1.13
nIN 1.333 1.367 1.373 1.382
x 0 7 9 11

Figure 3. Absolute Rayleigh intensity Rvv(q) pattern at T =
20 �C for polymersomes in the absence of NPs (solid black
circles) and the SiO2 (Rh NP = 14 nm)/polymersome system
at three different NP concentrations; cNP = 0.1 g L�1 (blue
triangles), 0.15 g L�1 (red circles), 0.2 g L�1 (green squares)
represented by the corresponding theoretical expressions
(solid lines), (see eq. S1 in Supporting Information). The
increasing nanoparticle population inside the polymer-
somes with cNP is schematically shown for the four systems.
The inset depicts the corresponding translational diffusion
coefficients D(q) vs q2 for the three different SiO2/polymer-
some systems (solid symbols) and polymersomes in the
absence of NPs (black line).
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the fluorescent signal originating from the labeled SiO2

NPs while the “red” channel detects the signal from the
labeled polymersomes. Figure 4 presents fluorescence
intensity autocorrelation curves G(t) recorded in both
channels before (circles) and after (inverse triangles)
mixing polymersomes with SiO2 beads at cP = 4.5 3
10�2 gL�1 and cNP = 0.2 g L�1. As can be seen in
Figure 4b, the correlation function for the polymer-
somes diffusion practically does not change upon
mixing indicating either the absence of interactions
or particle incorporation into the polymersomes. In-
deed, if the nanoparticles were attached to the surface
or trapped in the hydrophobic bilayer their relatively
large size would cause a change in the overall diffusion
coefficient of the polymersomes and therefore shift the
decay of G(t) to longer times. In the absence of such
shift, the G(t) recorded in the “red” channel for labeled
polymersomes both with (inverse triangles) and with-
out (solid red line in Figure 4b) nanoparticles can be
fitted with eq 2 yielding RhP = 145 ( 15 nm for the
polymersome hydrodynamic radius. At a first sight, the
insensitivity of G(t) to the presence of SiO2 suggests
robust polymersomes of average size.

Complementary information on the polymersome/
NPs interactions is obtained from the fluorescence
correlation function G(t) of the labeled SiO2 NPs seen
in the “blue” FCS channel. Prior to their mixing with the
polymersomes, G(t) is well represented by a single

diffusive decay in eq 2 (with i = 1) yielding Rh NP =
55( 5 nm for the SiO2 NPs in agreement with the PCS
experiment. After mixing with the polymersomes, the
experimental G(t) shifts significantly toward longer lag
times (blue inverse triangles) and deviates from a
single diffusion in eq 2, instead, G(t) is well represented
eq 2 assuming two diffusive decays (i = 2). The first fast
decay represents the freely diffusing, noninteracting
SiO2 beads, whereas the slow decay corresponds to the
diffusion ofmuch slower specieswith Rh = 155( 25 nm
being very close to the value for the polymersomes.
Since only labeled SiO2 NPs are probed, the slow
process in G(t) demonstrates internalization of the
large SiO2 particles (Rh NP = 57 nm). Yet the relative
contribution of the slow decay, normalized to the
inherent fluorescence intensities of the pure labeled
solutions (SiO2 NPs and polymersomes, see Methods)
confirms this particle incorporation amounting to
about two SiO2 NPs per polymersome.

We turn now to the PCS information on large
particle internalization addressed in Figure 5. Both
Rvv(q) and D(q) patterns for SiO2 (Rh NP = 57 nm)/
polymersomes are well represented for an incorpora-
tion ratio 2:1 (red solid line) including the contribution
of free particles in solution (blue solid lines) as sche-
matically shown in Figure 5a. The necessity of a two
component fit to Rvv(q) and D(q) is also implied by the

Figure 4. Normalized fluorescence intensity autocorrela-
tion functions G(t) for (a) distinctly labeled SiO2 nanoparti-
cleswithRhNP = 57nm (blue symbols) and (b) polymersomes
(red symbols) recorded before (circles in panel a and dotted
black line in panel b) and after their mixing (inverse
triangles). Solid lines in panel a represent fits of eq 2 to
the experimental G(t) assuming either a single diffusion
(i=1) beforemixing or a double diffusion (i=2) aftermixing,
whereas the solid red line in panel b denotes a single
diffusion (i = 1) fit to the G(t) (inverse triangles) for the
SiO2/labeled polymersome solution and the dotted black
line represents G(t) of empty vesicles.

Figure 5. Absolute Rayleigh intensity Rvv(q) at T = 20 �C of
polymersomes in the absenceofNPs (solid black circles) and
the SiO2/polymersome systems with (a) Rh NP = 57 nm
(inverse triangles) and (b) Rh NP = 36 nm (squares) at cNP =
0.2 g L�1 represented by the corresponding theoretical
expressions (solid lines) along with the corresponding
translational diffusion coefficient D(q) vs q2 (insets). The
red line in panel a denotes the contribution of the filled
polymersomes only (left scheme), whereas the total Rvv(q)
includes also the scattering from the free NPs (blue line) as
shown in the right scheme of the figure. For the details of
PCS data evaluation see the Supporting Information.
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fast diffusion at the highest q values (not included in
the inset to Figure 5a) due the contribution of the free
SiO2 NPs to the scattering event. For comparison,
Figure 5b shows the experimental Rvv(q) and D(q) for
the same SiO2/polymersomes system with Rh NP =
36 nm at cNP = 0.2 g L�1. Here, the contribution of the
free SiO2 beads to the experimental Rvv(q) and D(q) is
smaller but still significant. The characteristics of the
internalization process for these two nanoparticles are
summarized in Table 2.

The NP loading incorporation rate decreases com-
pared to that of the smallest nanoparticle (see Table 1).
For comparison, complete filling of the interior of the
polymersome would correspond to x = 7 for Rh NP =
36 nm and x = 3 for Rh NP = 57 nm. In this context it
should bementioned that with a further increase of cNP
above the concentration necessary for the maximum
filling of polymersomes no more changes of the sys-
tems are observed (no polymersomes rapture).

The two correlation spectroscopic techniques de-
monstrate that NPs reside inside the polymersomes
but cannot provide information on the internal struc-
ture and in an indirect way (through the small size
shrinkage) supports NP wrapping with polymeric bi-
layer. Alternatively, cryo-TEM imaging yields direct
snapshots of a relatively small number of individual
structures. The poor statistics can be, however, com-
pensated by precise imaging with nanometer scale
resolution. Figure 6 shows cryo-TEM images of the
polymersomes containing SiO2 NPs with two different
sizes. Both types of particles are internalized into
PDMS-b-PMOXA vesicles (for details see Figure S3 in
Supporting Information). The incorporation mechan-
ism derived from PCS and FCS results (vide supra)
includes the complete engulfment and wrapping of
NPs (see Figure S4 and S5 in Supporting Information).
The number-average diameter of the wall thickness of
the nanoparticles supported bilayer, as obtained by
statistical analysis of several TEM micrographs, con-
firms the value of the membrane thickness of poly-
mersomes (∼16 nm). Albeit these two systems display
very similar Rvv(q) and D(q), Figure 6a and 6b reveal
size-dependent internalization mechanisms. SiO2 NPs
with Rh NP = 14 nm were incorporated as clusters of

particles rather than single wrapped particles which
appears to be the case for the larger SiO2 nanoparticles
(Rh NP = 25 nm). For the larger sized particles the cryo-
TEM preparations failed despite several repetitions.
Only undefined collapsed objects together with the
silica nanoparticles were found. This might be attrib-
uted to decreased vesicle stability after uptake of those
larger silica particles.

Nanoparticle uptake by cells was very recently
addressed by dissipative particle dynamics (DPD) si-
mulation. It has shown that the mechanism of nano-
particle incorporation depends on the size, membrane
tension, and nanoparticles concentration.21 Small
neighboring particlesmight cluster prior to internaliza-
tion in order to reduce curvature energy of the mem-
brane. An increase of the nanoparticle size would
weaken the curvature-mediated interactions since
large nanoparticle sizes reduce the perturbation of
the membrane curvature. Thus the delicate balance
of interactions renders different assemblies for small
and large nanoparticles. These simulation results,
although designed for cellular uptake of nanoparticles,
bear strong resemblance with the cryo-TEM images in
Figure 6 for the present artificial polymeric model
system. The different properties of lipid and polymeric
membranes such as in the thickness, however, render a
direct comparison of nanoparticles ambiguous. Never-
theless, comparison is justified in viewof the importance
of surface curvature. Moreover, cryo-TEM images for the
smaller silicananoparticles (Rh NP= 14and25nm)were
taken at about eight times higher concentration (but
same ratio of NPs to polymersomes) than investigated
by PCS and FCS. Because of the different solution
compositions the quantitative comparison of the popu-
lation of the incorporated particles observed in PCS
and cryo-TEM is not straightforward.

TABLE 2. Characteristics of Polymersomes in the Absence

and Presence of SiO2 NPs with Rh NP = 36 and 57 nm

SiO2/polymersomes

Rh NP (nm) 36 57
cNP (g L

�1) 0.2 0.2
Rvv(q f 0) � 103 (cm�1) 44.7 83.2
Mw app � 10�9 (gmol�1) 2.0 3.1
Rn (nm) 93 100
PDI 1.2 1.17
nIN 1.396 1.417
x 3�4 2�3

Figure 6. Cryo-TEMmicrographs of incorporated SiO2 nano-
particles into PDMS-b-PMOXA polymersomes. (a) Inter-
nalized groups of SiO2 NPs with Rh NP = 14 nm and (b)
internalized single SiO2 NPs with Rh NP = 25 nm. The two
schematic representations illustrate the different internali-
zation mechanisms.
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CONCLUSIONS

The successful implementation of two complementary
optical techniques: photon correlation and fluorescence
correlation spectroscopies confirm strong adhesive inter-
actions between polymersomes and nanoparticles
through the selective probing of the involved species.
Rapid internalization of the particles by polymersomes is
observed only above a critical threshold particles con-
centration. The nanoparticles concentration affects the
strength of the polymersomes/nanoparticles interactions
and thus the number of incorporated particles can be
tunedby a proper selection of their initial concentration. In
addition to the effect of the concentration the phenom-
enon of nanosized particles incorporation by polymeric
model membranes is found to be also strongly size-
dependent as it is known from cellular systems. In this
respect, the analogue behavior of the present artificial
model system underlines the important role of physical

parameters to trigger nanoparticles uptake even when all
biofunctionalmolecules and/or supplementary energy are
missing. Over a certain range of nanoparticles concentra-
tions polymersomes were able to incorporate SiO2 nano-
particles with sizes ranging from Rh NP = 14 to 57 nm via

an invagination and subsequent fission of the bilayer
membrane.
Utilization of such artificial model systems and char-

acterization methods has important implications for
studies of physical and chemical aspects of transmem-
brane transport processes. Such investigations hardly
implemented on natural membranes can be per-
formed in simple model systems, yielding important
insights on the parameters and pathways for nanopar-
ticles uptake. The present experimental findings help
create the missing phenomenology necessary for a
detailed understanding of a phenomenon with great
relevance in transmembrane transport.

METHODS

Materials. The poly(dimethylsiloxane)-block-poly(2-methyl-
oxazoline) copolymer (PDMS68-b-PMOXA11), where the num-
bers refer to the number-average degree of polymerization,
with piperazyl functionality at the hydrophilic end was synthe-
tized as described elsewhere.52 Silica nanoparticles (SiO2 NPs)
with Rh NP = (14 ( 1), (25 ( 2), (36 ( 2), and (57 ( 2) nm,
respectively, were ordered from Kisker Biotech GmbH & Co. The
fluorescent dye Nile Blue (Acros Organics) was used without
further purification. Ethanol (g99.5%) was ordered form Sigma
Aldrich. All experiments were performed in aqueous solutions
(Millipore, Milli-Q water with a conductivity < 18.2 MΩ 3 cm)
without any additives. The zeta-potentials of silica nanoparticles
as well as polymersomes in aqueous solutions were determined
by MALVERN Zetasizer Nano Z (see Supporting Information).

Sample Preparation. Polymersomes of PDMS-b-PMOXA were
prepared using a film rehydratation method followed by extru-
sion process as described in the literature.53 The copolymer was
placed in a small (10 mL) round-bottom flask and solved in
ethanol. Ethanol was evaporated using the rotary evaporator
under reduced pressure at a temperature of T = 40 �C. The final
thin polymer film that formed on the wall of the flask was dried
under vacuum for 1 h at room temperature. Ultrapure water
(Millipore, Milli-Q water with a conductivity < 18.2 MΩ 3 cm) was
added and the sample was stirred overnight using a magnetic
stirrer. Subsequently, the resulting polymersome suspension
was extruded 11 times through a polycarbonate membrane
(Avestin, 0.2 μm pore size) to homogenize the final vesicle size
of Rh P≈ 110 nm. The Nile Blue labeling of polymersomes was
achieved by the addition of the dye to the initial copolymer/
ethanol solution. Samples for size-dependent nanoparticles
incorporation experiments were prepared one day prior
the measurement by the addition of SiO2 nanoparticles of
desired size to the dilute aqueous vesicle suspensions (cP =
4.5 � 10�2 g L�1). Samples with different nanoparticle concen-
trations (cNP = 0.05, 0.1, 0.15, and 0.2 g L�1) were prepared
according to the same procedure by varying the final nanopar-
ticle concentrations in the mixture.

Photon Correlation Spectroscopy (PCS). Static (SLS) and dynamic
light scattering (DLS) experiments were performed on a com-
mercially available instrument from ALV GmbH consisting of a
goniometer and an ALV-5004 multiple-tau full-digital correlator
(320 channels), which allows measurements of the intensity
autocorrelation function g(q, t) over a time range 107 e t e 103 s
and an angular range from 20� to 150�. A He�Ne laser (Uniphase

with a single mode intensity of 25 mW operating at a laser
wavelength of λ0 = 632.8 nm) was used as the light source. All
measurements were carried out at temperature T = 20 �C. Dust-
free solutions for light scattering experiments were obtained by
filtration through PTFE membrane filters with a pore size of 5 μm
(Millipore, Millex-LS) into silica glass light scattering cuvettes
(Hellma, inner diameter L = 10 mm), which were cleaned prior
to the procedure with acetone in a Thurmont-apparatus. The
theoretical details of the experiments are given elsewhere.54 DLS
data evaluationwasperformedbyusing the stretched exponential
Kohlrausch�Williams�Watts (KWW) function.55,56 This method
assumed that for single but nonexponential decay, the computed
(from g(q, t)) relaxation function C(q, t) can be represented by

C(q, t) ¼ exp[�(t=τKWW�(q))βKWW ] (1)

where τKWW is the relaxation timeandβKWW is the shapeparameter
ranging as 0 e βKWW e 1 characterizing the distribution of
relaxation times. The form factor description for polymersomes
in solution and its application to detect refractive index changes in
the interior of polymersomes can be found in the literature.49,25

Fluorescence Correlation Spectroscopy (FCS). The experiments
were performed on a semicommercial setup based on an
inverted microscope IX70 (Olympus, Japan) combined with
the FluoView300 confocal laser scanning unit (Olympus, Japan)
and an FCS upgrade kit (PicoQuant, Germany). The latter is fiber
coupled to the FluoView300 and has two detection channels
separated by a dichroic mirror and possessing separate emis-
sion filters and a Single Photon Avalanche Diode (τ-SPAD)
detectors (PicoQuant, Germany). A TimeHarp 200 time-correlated
single-photon counting card in combination with the software
package SymPhoTime (both PicoQuant, Germany) is used for
data acquisition and analysis. An Olympus UPLSAPO 60XW,
60�/NA 1.2 water immersion objective was used in all studies.
The fluorescently labeled silica nanoparticles were excited by
an argon-ion laser at λ = 488 nm and their emission was
detected after filtering with a BP525/50 band-pass filter. The
Nile Blue labeled polymersomes were excited by a helium�
neon laser at λ = 633 nm and the emission was detected after
filtering through a LP635R long-pass filter. An eight-well, poly-
styrene-chambered cover glass (Laboratory-Tek, Nalge Nunc
International) was used as sample cell. For each sample a
series of 10 measurements with a total duration of 5 min
were performed. The fluctuations of the fluorescence intensity
F(t) caused by the diffusion of the silica nanoparticles or the
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polymersomes through the confocal detection volume were sepa-
ratelymonitored in the respectivedetectionchannelsandevaluated
in terms of an autocorrelation function G(t) = ÆF(�t)F(tþ �t)æ/ÆF(�t)æ2.

As has been shown theoretically for an ensemble of m
different types of freely diffusing fluorescence species, G(t) has
the following analytical form:57

G(t) ¼ 1þ 1
N ∑

m

i¼ 1

fi

1þ t

tDi

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ t

S2tDi

r (2)

Here, N is the average number of diffusing fluorescence species
in the observation volume, τDi is the diffusion time of the ith
species, fi is the fraction of component i, and S is the so-called
structure parameter, S= z0/r0, where z0 and r0 represent the axial
and radial dimensions of the confocal volume V, respectively.
Furthermore the diffusion time, τDi, is related to the respective
diffusion coefficient,Di, throughDi= (r0

2þ Rh,i
2)/4τi, where Rh,i is

the hydrodynamic radius, which is also connected to the
diffusion coefficient through the Stokes�Einstein-relationship.
Thus a fit of an experimental autocorrelation function with eq 1
provides, the overall concentration of the fluorescent species
c = N/V, as well as the hydrodynamic radius Rh,i and the number
fraction fi of each diffusing component.

However, as the size of the observation volume V depends
strongly on the specific characteristics of the optical setup and
the refractive index of the studied samples a suitable calibra-
tion, relying on the measurement of the characteristic diffusion
time of a fluorescent tracer with known diffusion coefficient, is
needed. Here we used Alexa Fluor 488 and Alexa Fluor 647
(Invitrogen), for calibration of the two detection channels,
respectively.

Cryogenic Transmission Electron Microscopy (cryo-TEM). TEM mea-
surements were performed using a Tecnai F20 transmission
electron microscope from FEI Co. with integrated electron
energy-loss spectrometer, operated at a 200 kV acceleration
voltage. The aqueous solutionwas dropped onto a quantifoil (R)
grid followed by blotting off of the excess amount with filter
paper. Subsequently, the sample was frozen in liquid ethane at
T = �178 �C and transferred to the TEM instrument for further
inspection.
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