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In biology the control of transmembrane transport is funda-
mental to functionality. The complexity of biological mem-
branes and the diverse coupling of interactions, however,
make direct investigations very difficult. Therefore the
construction of synthetic artificial model membranes to
study systematically their physical and chemical character-
istics, and to find out how membrane functions can be
modified and tuned, is of fundamental interest. Here we
present a novel minimal model system, which allows the
uncoupling of all interactions and processes. The model
system is based on a vesicle-forming copolymer, and we
report on the experimental observation of nanoparticles
transport into polymersomes. A combination of photon and
fluorescence correlation spectroscopies is used to study the
internalization in detail. These techniques provide informa-
tion about the kinetics and dynamics of this process in real
time. The resulting picture is supported by cryo-TEM
imaging. The new possibility of studying nanoparticle inter-
nalization processes on the basis of an artificial model system
presented here opens a new pathway for the fundamental
understanding, and hence control, of nanoparticle uptake
processes in living cells.!!

Transport of molecules and colloidal particles from the
extracellular environment to the cell interior is mediated by
different endocytotic machineries” and is of fundamental
importance in drug delivery, nanotoxicology, and disease
diagnosis.’! Whereas in biology the term endocytosis refers to
mechanisms of incorporation of molecules and particles by an
invagination process assisted by biofunctional molecules and/
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or supplementary energy, recent studies have revealed the
existence of non-endocytotic pathways for nanoscaled
objects.”! In spite of the large effort to distinguish all the
factors playing a role during particle incorporation,””! the
successful description of the coordinated process is still
elusive."®! The key-stage of endocytosis is the invagination
of the cell membrane, followed by wrapping and pinching off
the particle into the interior of the cell. During this process,
cells generate significant mechanical force, leading to mem-
brane deformation.

The mechanisms behind endocytotic processes are an
object of intensive theoretical studies,” while experimental
work is missing because of the complexity of the cellular
system and paucity of powerful techniques. One simple
theoretical model was based on the interactions of unilamelar
vesicles with colloidal particles.’! This almost over-simplified
model was able to mimic a particle internalization process
driven by adhesion and mechanical properties of the bilayer,
that is, fluidity and elastic moduli. The size ratio of the vesicle
and internalized nanoparticle appears crucial for successful
incorporation, as indicated by experiments performed on
both living cells and liposomes.” The uptake of nanoparticles
was reported to be strictly size- and shape-dependent,®1”
and moreover, the curvature of the bilayer strongly influences
the internalization process.

Here we go one step further, demonstrating particle
incorporation by artificial membranes, thus providing novel
characterization possibilities of the system. We demonstrate
that many detailed studies can be performed in much less
complex systems than the cell. Detailed investigations of the
size, shape, and surface dependence of the particle uptake can
be carried out using this artificial platform and then applied in
living systems. Using polymeric vesicles (polymersomes) as
a cell model, we demonstrate the incorporation of polystyrene
(PS) and silica (SiO,) nanoparticles in a system free of any
biofunctional molecule and/or supplementary energy.

Polymeric vesicles composed of poly(dimethylsiloxane)-
block-poly(2-methyloxazoline) (PDMS-b-PMOXA)™M! were
chosen as a model system of an unspecified cell membrane
(Figure 1). These polymersomes are an ideal model system, as
the physical properties of their building blocks (polymer
chains) are similar to phospholipids. Based on the values of
the Young modulus (around 17 MPa) and the bending energy
(around 7x107'®J), they provide the necessary fluidity of
a membrane and concurrently ensure excellent mechanical
stability. The latter is due to the slow exchange of polymer
chains between aggregates compared to the experimental
time scale (kinetically trapped or “frozen” structures). In
addition, polymersomes can be easily modified in both
biological and chemical respects for further investigations.
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Figure 1. The chemical primary structure of poly(dimethylsiloxane)-
block-poly (2-methyloxazoline) (PDMS-b-PMOXA) forming the secon-
dary structure, polymersomes (large blue spheres), in aqueous solu-
tion. Polymersomes in the absence (left) and the presence of nano-
particles symbolized by orange spheres (right). Refractive indices of
the solvent (water, no), diblock copolymer bilayer (ng), and polymer-
some interior (n). p and m refer to the degree of polymerization
(p=68 m=11).

By using an extrusion technique'? polymersomes with
a hydrodynamic radius, Ry, of around 100 nm were deliber-
ately prepared to optimally use the present techniques. This
vesicle size leads to a low polydispersity, resulting in a better
control of the system. These polymersomes combined with PS
nanoparticles of R, =(16+1) nm or SiO, nanoparticles with
R,=(14+1) nm constituted the minimal model system for
the investigation of adsorption and transmembrane transport.
The experiments were performed in aqueous solution without
any additives, allowing the vesicle—particle interactions to be
exclusively studied.

To visualize adsorption and internalization of nanoparti-
cles by polymeric vesicles, cryogenic transmission electron
microscopy (cryo-TEM) images of the polymersome solu-
tions containing either PS or SiO, nanoparticles were
acquired (Figure2). As shown in Figure2, PDMS-b-
PMOXA polymersomes incorporate both types of nano-
particles through an invagination process by membrane

Figure 2. Cryo-TEM micrographs of nanoparticles inside PDMS-b-
PMOXA polymersomes. a—c) Internalization of PS nanoparticles
R,=16 nm (a, b) and SiO, nanoparticles R,=14 nm (c). d) Schematic
illustration of nanoparticle internalization into polymersome. The
nanoparticles are first absorbed, then wrapped by the polymeric
membrane (red arrow), and finally completely incorporated.
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deformation and subsequent fission of the bilayer membrane.
This process can be described in four steps: 1) nanoparticle
adsorption at the vesicle surface (Figure 2a), 2) engulfing of
single nanoparticles or groups of particles (Figure 2b and c)
by wrapping and formation of necks, 3) entire coverage of the
nanoparticles by the bilayer membrane (Figure 2b), and
4) complete internalization (Figure 2a and c) driven by the
antagonistic effects of the bending and adhesion energies; an
additional contribution might arise from the entropy gain
through release of water from the nanoparticle surface.!
Figure 2d is a schematic description of this process.

Cryo-TEM imaging provides a direct static picture of the
system. However, as the sample is investigated in a frozen
state, information on the dynamics of the process is lost.
Furthermore, in the TEM studies shown above, only a rela-
tively small number of individual structures can be evaluated
statistically. To overcome these limitations, we favored
photon correlation spectroscopy (PCS), a noninvasive light
scattering technique with broad spatiotemporal range.' In
contrast to TEM, PCS measurements integrate over a large
number of scattering centers. The application of PCS to the
present system is optimal due to the mesoscopic lengths of the
involved species and the large optical contrast between them
and the solvent. Polymeric vesicles suspended in water have
an inner and outer refractive index (n,y = n,) equal to water
(n=1.333). As illustrated in Figure 1 however, the invagina-
tion of particles (nps=1.59 and ng,0, =1.45) will significantly
change the refractive index of the polymersome interior nyy,
and hence the total light scattering intensity. Further, the
combination of large optical contrast and a core—shell
architecture of the polymersomes will render both the form
factor P(q) and the translational diffusion D(q) sensitive
indices of the uptake process. The variation of the excess
absolute time-average scattered intensity, known as the
Rayleigh ratio R, (q) (around P(q)) and D(q) with the
probing wave vector ¢, fully characterizes the polymersome
dilute solution with a z-average radius R, = (112 £ 3) nm, size
polydisdipersity PD = 1.1, and a bilayer thickness d of 14 nm
(Figure 3).

For the particle internalization experiments, a dilute
aqueous polymersome solution (polymer concentration c¢p =
45%x102¢gL™") was mixed with a nanoparticle dispersion
(nanoparticle concentration cyp = 0.1 gL ™") at a number ratio
1:50 and then immediately probed by PCS (Figure 3). The
initially low light scattering intensity (at g =0.024 nm™')
jumped to a much higher level, displaying strong fluctuations
with elapsed time, and finally reached a plateau, as seen in
Figure 3a for the PS (R,=16 nm) and Figure 3d for SiO,
(R,=14nm) nanoparticles. For both mixtures, the final
scattering intensity is much higher than the sum of the
scattering intensity contributions from the individual compo-
nents and was significantly higher in the case of the PS/
polymersome system (around 10 times higher) compared to
SiO,/polymersome system (around 2 times higher) as seen in
Figure 3 (Figure S2 in the Supporting Information for details).
The equilibration time was much shorter in the case of the
SiO, nanoparticles (around 8 min), suggesting much faster
internalization kinetics than in the case of the PS nano-
particles (around 15 min) with a similar size (Figure 3a and

Angew. Chem. 2012, 124, 4691-4695



PS/Polymersome System SiO./Polymersome System

Ll b) d) e)
$ 1.0 oz 1.0 w15
2 > of [isagh
27 ) hl“ﬁ - Z 4 !”"ﬂ““ & /
@ (' 05 = 5 I S 05 Jr N
= 3 1 I* .lI (&} 5 0 8 B 4 *g 5] 4 O 5 A4
\r In(z) /s - ",LU In(z)/s
1} 0.0 = 0 0.0 S L
0 1 2 10°  10° 10° 0 1 2 10* 107 10°
tis tis tis tis
c) f)
10" -
i T, @ 1104
e e v‘”—-&é & -
8 107 % = 53
T i 3 L6
5 2 210°{ &
3 |E 2 e
* 10°42, o i
o "uﬂ - B
o 4x10"  Bx10" 4x10  #x10
4 g fcm” - q /cm”
10 : 10 v
0.01 001
q/nm'— g/nm' —

Figure 3. Nanoparticle incorporation into PDMS-b-PMOXA polymersomes measured by PCS. a) Total light
scattering intensity at a scattering wave vector g=0.024 nm™" as a function of time after the addition of a PS
nanoparticle suspension to the aqueous polymersome solution. Within the colored sections the dynamic state
of the mixture was probed. b) Normalized field autocorrelation functions C(q,t) of the PS/polymersome
system at a scattering wave vector g =0.024 nm~' (diffusion length around 260 nm) along with the
corresponding distribution of relaxation times L(In7) recorded after 2 h. c) Absolute light scattering intensity
(black triangles: empty polymersomes, blue inverse triangles: PS/polymersome system) and the D(q) (filled
symbols) fitted by the corresponding form factor function (solid lines). d—f) The equivalent plots for the SiO,/
polymersome system (empty and filled red circles, black triangles: empty polymersomes). The state of the
examined solution is schematically indicated in the insets of (c) and (f).
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the inhomogenity of the
moieties which comprises
different filled vesicles
(number of internalized par-
ticles) and freely diffusing
PS nanoparticles; in the
case of SiO, nanoparticles
(with lower optical contrast)
this contribution of system
polydispersity and free
nanoparticles is suppressed
(Figure 3 f).

The simultaneous
description of both R, (q)
and D(q) depends sensi-
tively on the refractive
index npy in the interior of
the polymersomes, in addi-
tion to their average radius
and size polydispersity.
Since the latter two do not
change significantly com-
pared to the empty poly-
mersomes, it is mainly the
increase of np above the
pure water value that boosts
the intensity R,(0) as
shown in Figure 3. From
the data representation by

d). We assume the same uptake mechanism (Figure 2) for
both particles possessing, however, a distinct surface chemis-
try. Therefore, the disparity in the internalization kinetics can
be related to the different strengths of the particle-membrane
adhesive interactions.

The experimental R,,(q) and D(q) values were obtained
from the concentration relaxation functions C(q,t) which
were represented by a unimodal distribution function L(Int)
as seen in Figure 3b and e. Freely diffusing nanoparticles were
observed (weak peak in L(Int) of Figure 3b) only in the PS/
polymersome system because of the much larger optical
contrast of PS compared to the SiO, nanoparticles. The single
diffusional decay rate, I'(q) = D(q)q’, corresponding to the
main peak of L(Int), was used to compute the effective D(q)
shown in the insets of Figure 3¢ and f for the two different
systems. Assuming that polymersomes are filled with nano-
particles (schematically shown in Figure 1), both experimen-
tal quantities, R,,(q¢) and D(q), were well represented by an
appropriate form factor termed filled vesicle model (see the
Methods Section in the Supporting Information for details).
An alternative model of a decorated vesicle (the particles are
attached to the outer surface of the polymersomes) fails to
describe the experimental intensity pattern (see the Support-
ing Information for details). Therefore, it appears that after
an equilibration time most of the polymersomes internalized
nanoparticles. The moderate representation of the experi-
mental Ryvy(q) for the PS/polymersome system at the highest
q values (Figure 3c) by the filled vesicle model is ascribed to
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the filled vesicle model, the

values ny=1.38+0.01, for
polymersomes filled with SiO, (R, =14 nm) and ny=1.41=+
0.01, for polymersomes filled with PS (R, =16 nm) nano-
particles, correspond to about 40 and 30 % particle loading of
the vesicles interior, respectively. The average size of loaded
polymersomes was found to be about 10% smaller than the
unloaded species corresponding to around 20% volume
shrinkage. This is in accord with the average number of
internalized particles and the associate membrane consump-
tion (Figure 2).

A comparison with the extent of the internalization
observed by cryo-TEM (Figure 2) is not straightforward
because of the strong concentration dependence of the
internalization process. The very low concentrations in PCS
experiments are not sufficient for cryo-TEM imaging which
required a much higher nanoparticle/polymersome concen-
tration. Instead, we employed fluorescence correlation spec-
troscopy (FCS) under PCS experimental conditions and used
labeled nanoparticles.

In a FCS experiment, the fluorescent intensity fluctua-
tions caused by the diffusion of fluorescent species through
a very small observation volume (the focus of a confocal
microscope) are monitored. Correlation analysis of these
fluctuations yields information on the hydrodynamic radius of
the species, their concentration, and fluorescent brightness
(see the Methods Section in the Supporting Information for
details). Figure 4 presents typical fluorescence intensity
autocorrelation functions G(f) recorded at different times
after the injection of the fluorescent PS nanoparticle suspen-
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Figure 4. Kinetics of the loading of PS nanoparticles into PDMS-b-
PMOXA polymersomes probed by FCS. The experimental autocorrela-
tion functions (symbols) recorded by fluorescence correlation spec-
troscopy (FCS) at different times (2 min-2 h) after mixing the PS
(R,=16 nm) nanoparticles and polymersome solutions are given
(solid lines) by Equation (5) in the Supporting Information, using
either a one component diffusing model (black and green curves) or
a two component model (red and blue).

sion into the polymersome solution. Clearly, the autocorre-
lation curves progressively shift to longer diffusion times,
indicating larger species with increased exposure time. FCS
monitors only the fluorescently labeled PS beads, either freely
diffusing or incorporated in the larger polymer vesicles. The
early and late stage curves (Figure 4, black and green
symbols) are well represented by a single diffusing moiety
(see the Methods Section in the Supporting Information) with
R, =16 and 95 nm, respectively. These radii correspond to the
free PS nanoparticles in the initial stage (2 min) and to the
polymer vesicles loaded with PS nanoparticles at the late
stage (around 2 h) of the loading process. From the average
fluorescent brightness of the PS beads and the loaded
polymersomes we estimated a loading of about 16 incorpo-
rated particles per polymeric vesicle, which is in agreement
with the PCS value. The experimental G(¢) recorded after 10
and 30 min (Figure 4, red and blue symbols) can be repre-
sented by two diffusive decays (see the Methods Section in
the Supporting Information), corresponding to freely diffus-
ing PS beads with R, =16 nm and loaded polymer vesicles
with R, =95 nm. The latter value is similar to the radius
obtained using PCS. From the relative contributions of the
two decays to G(t), the number ratio of these two species is
estimated as 4 and 0.8 after 10 and 30 min of loading,
respectively. At the latest state the contribution from
individual particles is hardly resolved mainly because of the
much higher fluorescent brightness of the loaded vesicles
relative to the free nanoparticles. Thus FCS is a suitable
complementary technique to follow the kinetics of particle
loading into polymersomes smaller than the probing area, and
possibly to follow particle motion inside the polymeric
vesicles (Figure 1) for larger polymersome sizes.
Transmembrane transport of nanoparticles can be imi-
tated by an artificial polymeric membrane system with
suitably designed physical parameters. The process itself can
be driven by physical parameters of the system even when cell
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membrane proteins and other bioactive components as well
as supplementary energy are missing. Here, because of the
absence of any external stimuli, curvature-mediated attrac-
tive interactions (strong adhesive interactions) between
nanoparticles and polymersomes are assumed to be the
driving force for this process. A balance between the fluidity
of the membrane and a short-ranged adhesive potential, given
by the critical ratio of the geometric radii of the nanoparticles
and polymersomes, is of importance. The fact that trans-
membrane transport of nanoparticles can be performed by
artificial model system without any additional stimuli has
a fundamental impact on the understanding, not only of the
nanoparticle invagination process but also of the interaction
of nanoparticles with biological as well as polymeric mem-
branes. The designed minimal model system will be further
modified and specialized to finally provide a generic platform
for fundamental understanding, and an efficient tool for the
preparation of smart nanoscaled systems for biomedical
applications and nanotoxicology research.
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