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Abstract

Background: Hollow vesicles formed from block copolymers, so-called polymersomes, have been extensively stud-
ied in the last decade for their various applications in drug delivery, in diagnostics and as nanoreactors. The immo-
bilization of proteins on the polymersomes’surface can aid in cell targeting, lead to functional biosensors or add an
additional reaction space for multistep syntheses. In almost all surface functionalization strategies to date, a chemical
pre-conjugation of the polymer with a reactive group or ligand and the functionalization of the protein are required.
To avoid chemical pre-conjugation, we investigated the simple and quick functionalization of preformed poly(2-
methyloxazoline)-poly(dimethylsiloxane)-poly(2-methyloxazoline) (PMOXA-PDMS-PMOXA) polymersomes through
the spontaneous insertion of four hydrophobic, non-antibacterial peptide anchors into the membrane to display
enhanced green fluorescent protein (eGFP) on the polymersomes’surface.

Results: Three of the four hydrophobic peptides, the transmembrane domains of a eukaryotic cytochrome b, of the
viral lysis protein L and of the yeast syntaxin VAM3 could be recombinantly expressed as soluble eGFP-fusion proteins
and spontaneously inserted into the polymeric membrane. Characterization of the surface functionalization revealed
that peptide insertion was linearly dependent on the protein concentration and possible at a broad temperature
range of 4-42 °C. Up to 2320 + 280 eGFP molecules were immobilized on a single polymersome, which is in agree-
ment with the calculated maximum loading capacity. The peptide insertion was stable without disrupting membrane
integrity as shown in calcein leakage experiments and the functionalized polymersomes remained stable for at least
6 weeks.

Conclusion: The surface functionalization of polymersomes with hydrophilic proteins can be mediated by several
peptide anchors in a spontaneous process at extremely mild insertion conditions and without the need of pre-conju-
gating polymers.

Keywords: Block copolymer, Hydrophobic peptide anchor, PMOXA-PDMS-PMOXA, Polymersomes, Surface
functionalization, Non-antibacterial peptide

Background

Block copolymers made of hydrophilic and hydropho-
bic blocks are capable of spontaneously forming hollow
vesicles, so called polymersomes, when added to aqueous
solutions. Due to their strong resemblance to liposomes
[1] and their versatility, polymersomes have been stud-
ied for medical applications as drug delivery systems
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[2-4] or biosensors [5] or for biochemical applications
as nano-scale membrane reactors [6, 7]. The vast vari-
ety of available polymers and the use of various different
polymer chain lengths allow polymersomes to be tuned
for desired characteristics. The ABA triblock copolymer
poly(2-methyloxazoline)-poly(dimethylsiloxane)-poly(2-
methyloxazoline) (PMOXA-PDMS-PMOXA) is a fre-
quently used amphiphilic polymer in recent literature
[8-11]. PMOXA-PDMS-PMOXA polymersomes show
great stability and lower permeability than liposomes [1]
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while being biocompatible and low protein binding [9, 11,
12]. These characteristics allow retaining encapsulated
drugs or enzymes within the vesicles, while the low pro-
tein binding properties are required to evade the immune
system or prevent unspecific protein adsorption to the
polymersomes’ surface.

The presentation of molecules on the surface is desired
in all polymersome applications. In medical applications,
surface functionalization can aid in the specific targeting,
cellular uptake or controlled degradation of the polym-
ersomes, thus allowing a controllable distribution within
the body [3]. In biochemical applications, surface func-
tionalization can make the outer reaction space avail-
able for compartmentalized multistep syntheses, which
may be not or only partially compatible, while retaining
the possibility to recover the catalytic species as a whole
entity [7].

So far, numerous approaches have been pursued to
functionalize the surface of polymer membranes, indi-
cating the need for quick and simple strategies to immo-
bilize proteins on polymersome surfaces. Focus has
been laid on chemical conjugation [6, 7, 13-16] and on
non-covalent binding using the interaction of biotin and
streptavidin [9, 17-19]. These methods require the pre-
conjugation of the polymer and the protein with reactive
groups, e.g., azides and alkynes, or interaction partners,
e.g., biotin and streptavidin, thereby adding multi-
ple additional steps to the surface functionalization of
polymersomes.

The polymersomes’ resemblance to liposomes allows
biological transmembrane domains to span the inner
membrane. The general feasibility of spontaneously
inserting proteins into PMOXA-PDMS-PMOXA poly-
mersomes has already been demonstrated for various
transmembrane channels [11, 17, 20-26] and antibacte-
rial, pore forming peptides [5, 26-29]. Recently, Noor
et al. have presented the immobilization of enhanced
green fluorescent protein (eGFP) on the surface of
poly(isobutylene)-poly(ethylene glycol)-poly(isobutylene)
(PIB-PEG-PIB) polymersomes with the antibacterial pep-
tide cecropin A (CecA) [30]. This strategy offers a strong
interaction between the polymer and the protein at mild
conditions and is not constrained to pre-conjugated poly-
mers [30].

Because the polymersomes are to be used as drug
carriers, in diagnostics or as bioreactors, uncontrolled
diffusion across the polymer membrane may be det-
rimental, making antibacterial peptides not applica-
ble for surface functionalization due to their potential
to disrupt membrane integrity and cause leakage of
entrapped molecules. Although Noor et al. stress that
CecA does not form pores in PIB-PEG-PIB polymer-
somes, other antibacterial peptides such as alamethicin
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[26] and gramicidin [5] readily insert into and destabilize
PMOXA 5-PDMS,;-PMOXA,; and PMOXA.-PDMS,,-
PMOXA, membranes, respectively, suggesting sufficient
membrane compressibility and fluidity as well as peptide
solvation for pore assembly [8, 10, 24, 30, 31].

Natural peptide anchors exist which tether their adja-
cent protein or enzyme to membranes but do not form
pores or disintegrate lipid membranes. These peptide
anchors, of which the most common member is the
C-terminal domain of the cytochrome b, do not require
a signal recognition particle or translocation apparatus
for membrane insertion, but insert into preformed lipid
bilayers spontaneously [32].

To avoid chemical conjugation and circumvent prob-
lems with membrane integrity, we focused on the
functionalization of PMOXA;-PDMS,-PMOXA 5 poly-
mersomes with four peptide anchors that differ in length
and hydrophobicity and are not expected to destabilize or
rupture biological membranes. The four peptide anchors
comprised the transmembrane domain of the rabbit
cytochrome bg (Cytbs) [33-35], the transmembrane
domain of the viral lysis protein L (L) of the bacterio-
phage MS2 [36, 37], the transmembrane domain of the
yeast syntaxin VAM3 (Vam3p’) [38] and an artificial pep-
tide consisting of an alpha-helical repetition of alanines
and leucines (PolyAL) [39]. In this study, we demonstrate
that the surface functionalization of polymer membranes
is not limited to antibacterial peptides and integral mem-
brane proteins, but can be performed with a variety of
natural peptide anchors which are capable of immobiliz-
ing proteins on the polymersome surface and are espe-
cially suitable for the functionalization of polymersomes
for medical and biotechnological applications.

Results

For the determination of the insertion behavior of the
non-antibacterial peptide anchors Cytb/, L, Vam3p’
and PolyAL and their ability to immobilize protein on
PMOXA 5-PDMS;-PMOXA | ; membranes, each peptide
anchor was genetically fused to eGFP. This allowed for
an easy detection and quantification of the insertion via
fluorescence intensity. Cytb,/, I’ and vam3p’ were cloned
C-terminal of egfp while polyAL was cloned N-terminal
of egfp, resulting in the fusion proteins eGFP-Cytb/,
eGFP-L/, eGFP-Vam3p’ and PolyAL-eGFP (Fig. 1). As a
reference peptide, the gene of the antibacterial CecA was
cloned N-terminal of egfp (CecA-eGFP) according to
Noor et al. [30]. The properties of the peptide anchors are
summarized in Table 1. With a content of hydrophobic
amino acids of 96 %, PolyAL represents the most hydro-
phobic peptide anchor, followed by Vam3p’ with 84 %
and Cytb,/, L' and CecA’ with approximately 50 % each.
The peptide lengths range from 19 to 55 amino acids.
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Fig. 1 Schematic depiction of eGFP-fused peptide anchors and func-
tionalized polymersomes. a Fusion proteins with eGFP (green), the
respective peptide anchor (red) and a decaalanine linker (black). The
hexahistidine tag (Hiss) was cloned opposite of the peptide anchor to
not interfere with peptide insertion. b Functionalized polymersomes

with the same color code

Expression and purification

The fusion proteins eGFP-Cytb,’, eGFP-L’, e GFP-Vam3p/,
PolyAL-eGFP and CecA-eGFP were recombinantly
expressed in E. coli BL21(DE3). Because the hydrophobic
peptide anchors were expected to insert and tether the
protein to the cytosolic membrane after expression, an
additional membrane solubilization step was introduced
after cell lysis to solubilize the membrane-bound protein.
With the detergent nonident P-40 (NP-40), the target
protein yield could be increased up to sixfold, resulting
in isolated yields of 2.7 mg eGFP-Cytb/, 5.5 mg eGFP-
L’ and 2.1 mg eGFP-Vam3p’ per liter expression culture
(Table 1). Isolated yields of CecA-eGFP were 1.2 mg per
liter expression culture.

Because NP-40 strongly affects the membrane integrity
of PMOXA ;-PDMS¢-PMOXA |5 polymersomes (Addi-
tional file 1: Fig. S1), no detergent was used during the
purification steps to reduce residual detergent to a mini-
mum. Typical protein concentrations after purification
ranged from 50 to 500 pug mL™!. Interestingly, high salt
concentrations (500 mM NaCl, 270 mM imidazole) sta-
bilized the hydrophobic peptide anchors in solution and
prevented protein precipitation during storage. Especially
eGFP-Vam3p’ quickly precipitated when dialyzed against
low salt buffers (0.1 M Tris—HCI, pH 8.0). Except for
eGFP-Vam3p/, the fusion proteins were stable for weeks at
protein concentrations of up to 500 ug mL ™! when stored

Table 1 Properties of the peptide anchors
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in high salt buffers, making Cytb//, L’ and CecA most suit-
able for application in terms of storage stability.

No detectable fluorescence was measured when
expressing PolyAL-eGFP, indicating that the extremely
hydrophobic PolyAL-eGFP was not expressed in func-
tional form. SDS-PAGE revealed that small amounts of
PolyAL-eGFP were present in the insoluble cell debris,
however, treatment with NP-40 led to no increase in
fluorescence or protein yield. Since we observed a solu-
bilization of the other peptide anchors upon NP-40
treatment, the low protein yield suggests that the hydro-
phobic peptide PolyAL is not inserted into the mem-
brane but strongly aggregates to inclusion bodies. To
prevent the peptide anchor from aggregating, or insert-
ing into the membrane, the solubility-enhancing maltose
binding protein (MBP), including a tobacco etch virus
(TEV) protease cleavage site, was cloned N-terminal of
PolyAL-eGFP, leading to a cleavable MBP-TEV-PolyAL-
eGFP fusion protein (Additional file 1). Unfortunately,
the MBP-TEV moiety did not render the protein more
soluble as judged by SDS-PAGE and fluorescence meas-
urements. Thus, due to its strong hydrophobicity, PolyAL
could not be expressed in soluble form and was therefore
not further considered a suitable peptide anchor for the
spontaneous insertion into polymer membranes and no
further attempts to express the protein were performed.

Influence on eGFP fluorescence

To assess the influence of the peptide anchors on the cor-
rect folding of eGFP, the fluorescence intensity of each
purified fusion protein was compared to eGFP without
peptide anchor (Table 1). EGFP retained full fluorescence
when fused to Cytb,’ and L” with 103 &+ 6 and 103 & 10 %
relative fluorescence. CecA-eGFP and eGFP-Vam3p’ had
relative fluorescence intensities of 38 + 4 and 27 + 6 %,
respectively, indicating a negative effect of CecA and
Vam3p’ on protein folding and chromophore formation.

Peptide insertion into polymersomes
Since adding fusion protein during the polymersome
formation would presumably lead to a nondirectional

Cytb,’ L Vam3p’ PolyAL CecA
Length, # amino acids 43 55 19 31 37
Hydrophobicity, % hydrophobic amino acids 56 47 84 96 46
Isolated yield, mg L™ 2.7 5.5 2.1 n/a 12
Relative fluorescence, % 103+6 103+ 10 27+£6 n/a 38+4
Inserted molecules per polymersome per uM initial protein® 20.7 £0.7 48402 37+£04 n/a 1.6 £0.1

n/a not available
2 At 37 °C for 4 h with 0.5 % w/v polymersomes
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integration of the peptide anchor, yielding eGFP on the
outer and the inner surface of the membrane, the inser-
tion of the peptide anchors into PMOXA,;-PDMSg,-
PMOXA,; membranes was studied by adding CecA-eGEFP,
eGFP-Cytb/, eGFP-L' and eGFP-Vam3p’ to preformed
polymersomes. PMOXA ;-PDMS¢-PMOXA,; polym-
ersomes were thus formed by self-assembly in 12 mL-
stirred tank reactors under vigorous stirring according
to the method of Poschenrieder et al. until a particle size
distribution with a polydispersity index below 0.2 was
reached [40]. After addition of the fusion proteins to
the preformed polymersomes and subsequent incuba-
tion for 4 h at 37 °C, functionalized polymersomes were
separated from free protein by size-exclusion chroma-
tography (SEC). The polymersomes were detected by
measuring the absorbance at 350 nm, which resulted
in a defined polymersome peak at a retention volume of
0.6 mL (Fig. 2, black, dashed), whereas eGFP was detected
by measuring the fluorescence intensity (green, solid).
Without peptide anchor, eGFP was separated from the
polymersomes at high resolution, indicating no unspe-
cific interactions between the eGFP moiety and the poly-
mersomes (Fig. 2a). Figure 2b—e depict the absorbance
and fluorescence chromatograms of polymersomes func-
tionalized with eGFP-Cytb,/, eGFP-L/, eGFP-Vam3p’ and
CecA-eGFP, respectively. Successful insertion of the pep-
tide anchors into the polymer membrane was detected
for each peptide anchor by measuring fluorescence in
the fractions containing polymersomes and thus a co-
localization of the absorbance peak and the fluorescence
peak, demonstrating that each peptide anchor is capable
of tethering eGFP to the polymersomes’ surface. The lack
of interaction between the eGFP moiety and the polym-
ersomes validates that adhesion of eGFP to the polymer-
somes is indeed conferred by the peptide anchors.

Re-loading of functionalized polymersomes onto SEC
columns, as exemplarily shown for eGFP-Cytb, in Fig. 2b
(red), led to a single fluorescence peak co-localized with
the absorbance peak of the polymersomes without the
presence of free eGFP-Cytb,/. The decrease in fluores-
cence and absorbance results from a reduced sample
loading due to dilution effects of the SEC. No dissocia-
tion of the hydrophobic peptide anchors from the mem-
brane was observed within the measured time span of
6 weeks of storage, which clearly demonstrates a strong
hydrophobic interaction between the peptide anchors
and the membrane core and a high stability of immobi-
lized eGFP.

To visualize the adhesion of eGFP to the polymer-
somes, confocal microscopy images of polymersomes
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Fig. 2 Size-exclusion chromatography of PMOXA 5-PDMS¢e-PMOXA 5
polymersomes. a eGFP, b eGFP-Cytb’, ¢ eGFP-L’, d eGFP-Vam3p’ and
e CecA-eGFP after surface functionalization for 4 h at 37 °C. Polym-
ersomes were quantified by measuring light absorbance at 350 nm
(black, dashed), the presence of eGFP was verified by fluorescence
signal (green, solid). A re-loading of functionalized polymersomes after
6 weeks of storage is exemplarily shown for eGFP-Cytb,’ (red). Each
run is the mean of a triplicate determination
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before and after functionalization with peptide anchors
were taken. A clustering of the fluorescence to the
polymersomes was observed after functionalization with
peptide anchor-fused eGFP only, further demonstrating
peptide insertion and eGFP immobilization on the poly-
mersome surfaces (Fig. 3).

Qualitative comparison of the peptide anchors
revealed that approximately 26 % of the total amount of
eGFP-Cytb,’ inserted into the polymersomes. Employ-
ing Vam3p’ as peptide anchor, approximately 10 % of
the fluorescence was measured in the fractions contain-
ing polymersomes, whereas for CecA-eGFP and eGFP-
L/, approximately 6 % of the total fluorescence were
co-localized with the polymersomes, indicating that a
majority of the protein remains in solution. The data sug-
gest that a certain hydrophobicity of the peptide anchor
is required for spontaneous peptide insertion, as CecA
and L' are the least hydrophobic peptides. Furthermore,
peptide length may influence the peptide insertion effi-
ciency due to mismatch phenomena. This mismatch
between peptide length and membrane thickness arises
from the larger thickness of the polymer membrane of
approximately 10-15 nm compared to the thickness of
natural lipid bilayers of 5-6 nm. Although it has been
demonstrated that polymer membranes are highly com-
pressible [10, 31], naturally occurring membrane pep-
tides and integral membrane proteins are evolutionarily
optimized to span natural bilayers, which in turn may
impose a negative effect on peptide insertion into the
polymer membrane [31]. However, the length of the pep-
tide anchors had no clear effect on membrane insertion,
despite covering a broad range of 19-55 amino acids.
Each peptide anchor was capable of anchoring eGFP to
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the polymersomes’ surface, regardless of the differences
in hydrophobicity and peptide length, establishing a
general feasibility of spontaneously inserting non-anti-
bacterial peptide anchors into polymer membranes and
suggesting that other non-antibacterial peptides, which
have not been covered in this study, also integrate into
polymer membranes.

Insertion behavior of peptide anchors
A detailed characterization of the insertion behavior
revealed that the peptide anchors inserted spontane-
ously into the polymer membrane at temperatures rang-
ing from 4 to 42 °C, as exemplarily shown in Fig. 4a for
eGFP-Cytb,/. Cytb,’ and L' showed maximum insertion
into the polymersomes within 3-7 h at 37 and 42 °C.
Incubation for more than 12 h led to a decrease in fluo-
rescence, which is more prominent at 42 °C and may be
due to heat denaturation of eGFP. At 4 °C, maximum
insertion was reached after approximately 48 h. Pro-
longed incubation led to no further insertion, indicat-
ing that peptide insertion is equilibrium controlled. In
contrast Vam3p’ showed a strongly reduced insertion at
37 °C, which was mainly due to instability of the fusion
protein in solution above room temperature. With a glass
transition temperature of the PDMS block of —123 °C
[41], no glass transition of the hydrophobic block occurs
between 4 and 42 °C and we expect that the increase in
the time required for insertion at lower temperatures is
mainly due to reduced Brownian motion rather than a
more condensed membrane structure.

To obtain a quantitative measure of the peptide inser-
tion, the amount of immobilized eGFP was quantified
from the obtained fluorescence intensities using linear

anchor. The scale baris 10 um

Fig. 3 Confocal microscopy images. a Non-functionalized polymersomes. b Purified, eGFP-functionalized polymersomes using Cytb’ as peptide
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Fig. 4 Insertion behavior of peptide anchors. The presented values are the mean = SD of at least three experiments. a Relative insertion of eGFP-
Cytb, into preformed PMOXA, s-PDMS44-PMOXA, 5 polymersomes at 4 °C (white), 37 °C (black) and 42 °C (gray). b Concentration dependent peptide
insertion into 0.5 % w/v PMOXA,5-PDMS¢s-PMOXA, 5 polymersomes after 4 h at 37 °C, exemplarily shown for eGFP-Cytbs’ (black), eGFP-L’ (gray)
and CecA-eGFP (white). ¢ Dependence of the amount of immobilized eGFP on the polymersome concentration, exemplarily shown for an initially
applied 130 ug mL~" eGFP-Cytb,/. Insertion follows saturation kinetics (dashed line). d Log-log plot of eGFP-Cytbs’ molecules per polymersome that
can be inserted at various polymersome concentrations

standards (Additional file 1: Figs. S2—-S4). The number of
polymersomes per liter was estimated from the mass per-
cent concentration of the polymersome dispersion, the
molar mass of the copolymer and the average aggregation
number of 43,000 polymers per polymersome [40]. At a
constant polymersome concentration, a linear increase
of immobilized eGFP per polymersome was observed
with increasing protein concentration (Fig. 4b). At 0.5 %
w/v polymersomes, eGFP-Cytb,/ showed the highest
insertion efficiency of 20.7 £ 0.7 eGFP-Cytb,’ molecules
per polymersome per micromolar applied protein, fol-
lowed by eGFP-L/, eGFP-Vam3p’ and CecA-eGFP with

insertion efficiencies of 4.8 £+ 0.2, 3.7 & 0.4 and 1.6 + 0.1
molecules per polymersome per micromolar applied
protein, respectively. Thus, by doubling the protein con-
centration, double the amount of eGFP was immobilized
on the polymersomes’ surface. This implies a constant
ratio between immobilized and free protein. Re-applying
non-bound protein to unloaded polymersomes led to
the same ratio of immobilized to free protein. Similarly,
applying protein to already functionalized polymersomes
also led to the same ratio between immobilized and free
protein, demonstrating an equilibrium controlled inser-
tion. However, desorption of inserted peptide anchors
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was not observed when applying functionalized polymer-
somes to a protein-free solution.

At the highest protein concentration of 7.1 pM eGFP-
Cytb{/, Cytby immobilized approximately 150 eGFP
molecules per polymersome with a total of 9.2 x 10%
polymersomes per litre (0.5 % w/v), whereas up to 27
eGFP-L’, 16 eGFP-Vam3p’ and 10 CecA-eGFP molecules
were immobilized per polymersome at slightly lower ini-
tial protein concentrations of 5.6 uM eGFP-L/, 4.6 pM
eGFP-Vam3p’ and 6.4 pM CecA-eGFP.

In contrast to changing the applied protein concentra-
tion, increasing or decreasing the polymersome concen-
tration, which is equivalent to a change in the available
surface area for peptide insertion, had no effect on the
absolute amount of eGFP that was immobilized at a con-
stant applied protein concentration. The absolute amount
of immobilized eGFP per polymersome concentration
followed an apparent saturation kinetics with a maxi-
mum of 38 pug mL~! immobilized eGFP-Cyth, at an ini-
tially applied 130 pg mL™! eGFP-Cyth.’ (Fig. 4c). Thus,
peptide insertion seems to be controlled by an equilib-
rium between immobilized and free protein independ-
ent of the available surface area. In log—log scale (Fig. 4d)
this behavior is represented by an inversely proportional
dependency of the immobilized eGFP molecules per pol-
ymersome with increasing polymersome concentration.
Below 0.05 % w/v, the polymersome surface area becomes
limiting, resulting in a constant amount of immobilized
eGFP molecules per polymersome of 2320 £ 280. This
value is in perfect agreement with the theoretical maxi-
mum loading capacity of 2254 eGFP molecules that can
be presented on a single polymersome without steric
hindrance (Fig. 5). The maximal loading capacity was

Fig.5 Schematic depiction of the radii used for the calculation of the
theoretical maximum loading capacity of polymersomes. The radius rs
was used for calculating the available surface area with re = rp + r.qp,
where r, is the radius of the polymersome and r,p is the hydrody-
namic radius of eGFP
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calculated from the available surface area Ag of a single
polymersome (Eq. 1) and the largest two-dimensional
area A,qpp that is occupied by each eGFP on the surface,
which can be calculated from any plane going through
the center of a globular protein according to Eq. 2.

Ag =4m -r? (1)

AeGEp = T - 2gpp 2)

For the case of the eGFP molecules lying directly on
the polymersome’s surface, the radius rg determines the
available surface area and must be extended by the dis-
tance from the polymersome’s surface to the protein core
according to Eq. 3.

dp
rs =1p + reGEP = > + reGEP 3)

Thus, the radius rg was derived from the number-
based mean diameter of the polymersomes dj, of 110 nm,
which was measured by dynamic light scattering, and
the hydrodynamic radius r,gp of eGFP of 2.3 nm [42].
At the highest-density hexagonal packing arrangement
of equal circles, 90.7 % of the available surface area Ag
(90.7 % Ag = 37,422.8 nm?) can be covered by the circular
areas occupied by eGFP (A4, = 16.6 nm?), resulting in
a maximum loading capacity of 2254 eGFP molecules per
polymersome.

Membrane integrity during peptide insertion
Because membrane integrity is crucial for polymersome
applications, calcein leakage experiments were per-
formed to investigate membrane integrity during pep-
tide anchor insertion. Polymersomes were loaded with
calcein at a self-quenching concentration and the calcein
release during peptide insertion was monitored via an
increase in fluorescence. As expected, no calcein leak-
age was detected within 12 h of incubation of each pep-
tide anchor with calcein-loaded polymersomes at 37 °C
(Fig. 6). Thus, none of the peptides substantially desta-
bilized or formed pores within the polymer membrane.
Notably, the insertion of CecA, which is known to form
pores in lipid membranes, led to no calcein leakage when
added at a peptide-to-polymer ratio of 1:200. Although
CecA-induced calcein release is concentration depend-
ent, calcein release from liposomes has been demon-
strated for peptide-to-lipid ratios of 1:280 and lower [43],
indicating that either polymersomes are more stable than
liposomes, pore formation is sterically hampered by the
hydrophilic eGFP moiety or CecA insertion is not as effi-
cient as in lipid membranes.

Because membrane integrity is of high priority when
it comes to the use of polymersomes in medical or bio-
chemical applications, membrane integrity during the
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Fig. 6 Calcein leakage experiments. Calcein release during insertion
of Cytby’ (red), L' (orange), Vam3p' (green) and CecA (blue) into calcein-
loaded polymersomes. A reduction in membrane integrity leads to
the release of self-quenched calcein from the polymersome interior
and a subsequent increase in fluorescence and was only observed
for the positive control, which was treated with 3 % triton X-100 to
rupture the polymer membrane (black, dashed)

functionalization of the polymersome surface is of essen-
tial importance. With Cytb//, L' and Vam3p’, we identi-
fied three peptide anchors that are not known to form
pores in biological membranes and did not form pores in
polymersomes.

Discussion

In this study, we demonstrated that the hydrophobic,
non-antibacterial peptide anchors Cytb//, L’ and Vam3p'
readily insert into preformed PMOXA, .-PDMS-
PMOXA,; polymersomes in a similar manner to the
various membrane proteins [20, 22, 23, 25, 26] and anti-
bacterial peptides [26, 27, 29, 30] that have been incor-
porated into polymer membranes in the recent years.
Peptide insertion occurred immediately after addition of
the peptide anchors to the polymer vesicles, which is evi-
dence that the hydrophobic driving force of non-antibac-
terial peptides is strong enough to penetrate and insert
into polymeric membranes despite being soluble in aque-
ous solution.

Remarkably, the insertion kinetics of the peptide
anchor Cytb/’ into polymersomes are strikingly similar to
full length Cytb, insertion into liposomes despite the dif-
ferences in membrane composition and thickness. Rog-
ers and Strittmatter obtained a maximum Cytb; insertion
within 50 h at 4 °C and within 10 h at 32 °C [34] which is
in congruence with a maximum insertion obtained after
48 h at 4 °C and within 7 h at 37 °C for peptide anchor
insertion into polymersomes. The similar behavior of
polymersomal and liposomal integration of hydropho-
bic peptides is supported by a recent study by Itel et al.
who report that the lateral diffusion of proteins within
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polymer membranes is intriguingly similar to lipid mem-
branes and that the polymer compressibility allows the
incorporation of hydrophobic peptides, regardless of size
and structure [10].

Furthermore, a concentration dependent increase in
peptide insertion for Cytb; into liposomes with a maxi-
mum loading capacity of 244 molecules per liposome
was observed, which is equivalent to a peptide-to-lipid
ratio of 1:11 [34]. Using polymer vesicles, we were able
to achieve a similar insertion with a peptide-to-poly-
mer ratio of 1:17 at the maximum loading capacity of
2320 + 280 molecules per polymersome. With an average
number-based mean diameter of 110 nm of the polym-
ersomes and a hydrodynamic radius of eGFP of 2.3 nm,
a theoretical 2254 molecules can be presented on a sin-
gle polymersome at the highest-density hexagonal pack-
ing arrangement of equal circles, thus validating that the
results are in good agreement with the theoretical maxi-
mum degree of functionalization per polymersome.

For the potential use of polymersomes in medical and
biotechnological applications, the surface functionaliza-
tion of polymer membranes plays a major role, which is
reflected in the many different strategies that have been
proposed for immobilizing proteins and other ligands
on polymer surfaces. These include non-covalent inter-
actions of biotinylated polymers and ligands [44], non-
covalent interactions of Ni>*-NTA-conjugated polymers
with Hisg-tagged proteins [45], chemical conjugation
using click-chemistry [15], and genetic fusion of antibac-
terial peptides [30] to the target protein.

Although several immobilization strategies have been
investigated, only few data exist that allow for a quan-
titative comparison. Noor et al,, who have investigated
the immobilization of eGFP using the antibacterial pep-
tide CecA, unfortunately give no quantified data on
the immobilization events. However, the non-covalent
immobilization ~employing Ni*"-NTA-functionalized
PB-PEO polymersomes report a maximum of 24 immo-
bilized red fluorescent protein molecules per polymer-
some [45], which is in range with our measurements
with 0.5 % w/v polymersomes harboring up to 16—150
eGFP molecules depending on the peptide anchor.
With a maximum loading capacity of 2320 &+ 280 eGFP
molecules that could be immobilized using the pep-
tide anchor Cytb per single polymersome, the use of
non-antibacterial peptides for surface functionalization
reaches similar values as the maximum loading capacity
of biotinylated PMOXA-PDMS diblock polymersomes
of 1921 + 357 fluorescently labled avidin molecules [44].
In contrast, Egli et al. have reported the immobilization
of 57 molecules of the fluorescent dye Alexa Fluor 633
but only five enhanced yellow fluorescent protein mol-
ecules per polymersome using chemical conjugation of
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4-formylbenzoate-conjugated PMOXA-PDMS diblock
polymersomes to 6-hydrazinonicotinate acetone hydra-
zine, suggesting that the accessibility of the pre-conju-
gated polymer may be a problem when immobilizing
proteins compared to significantly smaller fluorescent
dyes.

Thus, the surface functionalization of polymersomes
with hydrophobic, non-pore forming peptide anchors
performs extremely well compared to other, more com-
plex immobilization techniques. The simplicity of the
protein immobilization elevates the surface functionali-
zation using hydrophobic peptide anchors to an easy to
use, versatile and simple surface functionalization tool
that can be performed at extremely mild conditions (e.g.,
4 °C, neutral pH) and does not require tedious chemical
pre-conjugation of the polymer.

The main challenge for using peptide anchors to immo-
bilize target proteins on polymer surfaces is not the
insertion of the peptide into the membrane but find-
ing a peptide anchor with sufficient amphiphilicity to
be recombinantly expressible in soluble form, have little
effect on the target protein and exhibit enough hydro-
phobic force to spontaneously insert into the membrane.
With Cytbs’ and L/, we identified two peptide anchors
that readily insert into PMOXA,;-PDMSg;-PMOXA ;5
polymersomes, have no effect on eGFP fluorescence and
are stable in aqueous solution after recombinant expres-
sion in E. coli. The transferability to other proteins or
enzymes is currently under investigation to extend the
scope of possible applications.

Conclusion

In this study we show that the surface functionaliza-
tion of polymersomes with a hydrophilic protein can be
mediated by several hydrophobic peptide anchors and is
not limited to antibacterial peptides or pre-conjugated
polymers. The purified eGFP-coupled peptide anchors
Cytb{/, L' and Vam3p’ spontaneously inserted into
PMOXA 5-PDMS;-PMOXA | ; membranes in a concen-
tration dependent manner at a broad temperature range
from 4 to 42 °C. Up to 2320 £ 280 eGFP-Cytb;’ mole-
cules were immobilized per polymersome with an aver-
age of 9.2 x 10'® polymersomes per litre. This exceeds
the largest amount of protein that has been immobilized
on a single polymersome found in literature by a 100-
fold. Furthermore, the peptide insertion is not limited to
antibacterial peptides, which are amphiphilic by nature
to be both soluble in aqueous solution and to insert
spontaneously into membranes, but could be performed
with eukaryotic and viral peptides that are not capable of
pore formation. Since the capability of pore formation is
an intrinsic property of the peptide, no pore formation
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is expected for Cytb,/, L' and Vam3p’ in any polymeric
membrane, regardless of the peptide concentration and
the thickness, compressibility and fluidity of the mem-
brane, making these peptide anchors universally applica-
ble for any type of polymersome.

Methods

Materials

PMOXA5-PDMS-PMOXA s (My/My = 1.23; My
mass-average molecular mass; My: number-average
molecular mass) was purchased from Polymer Source
Inc. (Dorval, Canada). Enzymes used for DNA work were
obtained from New England Biolabs (Frankfurt, Ger-
many). Oligonucleotides were purchased from biomers.
net (Ulm, Germany) and Eurofins Genomics (Ebersberg,
Germany). All other chemicals were of analytical grade
from various suppliers.

Molecular cloning

Details on the DNA sequences encoding the peptide
anchors and the cloning procedures are given in the
supplementary information (Additional file 1: Table
S1). In short, the egfp gene was cloned into pET28a(+)
and pET2la(+) vectors (Novagen, Madison, USA). The
genes coding for cytbs’, I’ and vam3p’ were inserted
C-terminal to the egfp gene into pET28a(+)-eGFP. Ceca
and polyAL were inserted N-terminal to the egfp gene
into pET21a(+)-eGFP. The egfp gene and the respective
anchor sequence were separated by an oligonucleotide
encoding a decaalanine linker. The pET28a(+4) vec-
tor constructs included an N-terminal, the pET21a(+)
vector constructs included a C-terminal hexahistidine
(Hisg)-tag in frame with the cloned genes. All plasmids
were sequenced by Eurofins Genomics (Ebersberg, Ger-
many) and transformed into E. coli BL21(DE3) (Novagen,
Madison, USA) for protein expression.

Protein expression and purification

Protein expression was performed as described previ-
ously [46] with the sole exception of using terrific broth
during expression. The cells were harvested by centrifu-
gation and resuspended in 5 mL binding buffer (20 mM
sodium phosphate buffer, pH 7.4, 500 mM NaCl, 40 mM
imidazole) per gram cell wet weight. The cells were lysed
by sonication (245-260 pum amplitude, 0.5 s pulses)
(Sonoplus HD 2070 equipped with sonotrode MS73;
Bandelin, Berlin, Germany) for 3 min and the lysate was
solubilized in 2 % v/v NP-40 for 1 h at room tempera-
ture in a rotary shaker. After centrifugation (50,000xg,
30 min), the fusion protein was purified using a 1-mL
HisTrap FF column (GE Healthcare, Uppsala, Sweden)
according to Groher and Hoelsch [47]. The collected
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protein was polished using a HiTrap Butyl FF column
(GE Healthcare). The column was equilibrated with 3 M
NaCl. Protein was applied in the elution buffer (20 mM
phosphate buffer, pH 7.4, 0.5 M NaCl, 270 mM imida-
zole) and the column was washed with 10 mL washing
buffer (40 mM phosphate buffer, pH 7.4). Anchor pep-
tides fused to eGFP were eluted with bidistilled water and
dialyzed against elution buffer. CecA-eGFP was washed
with 1 M NaCl and eluted in elution buffer. Protein purity
was judged by SDS-PAGE stained with Coomassie. Pro-
tein concentrations were determined with the bicin-
choninic acid assay (Pierce, Rockford, USA) using bovine
serum albumin as standard.

Polymersome preparation

PMOXA 5-PDMSg-PMOXA 5 was solubilized in ethanol
(99.8 %) to obtain a 20 % w/v polymer solution. The poly-
mer solution was added to deionized water in a 1:20 ratio
to obtain a 1 % w/v polymersome dispersion and stirred
in 12 mL-stirred tank reactors at 4000 rpm with an S-type
stirrer for 1.25 h according to the method of Poschen-
rieder et al. [40]. The polydispersity index, the intensity-
based diameter (z-average) and the number-based mean
diameter (dp) of the polymersomes were measured via
dynamic light scattering on a ZetaSizer Nano-S (Malvern
Instruments, Malvern, UK). For each polymersome prep-
aration, the polydispersity index was <0.2 with a z-aver-
age of approximately 185 nm in a narrow, monomodal
size distribution and a dp of 110 nm. The average aggre-
gation number has been determined to 43,000 polymer
chains per polymersome [40]. Polymersome concentra-
tions above 1 % w/v were obtained by concentrating the
polymersome dispersion in 10 kDa Vivaspin 20 ultrafiltra-
tion units (Sartorius, Gottingen, Germany).

Peptide anchor insertion

Peptide insertion was performed at various temperatures
in 10 mM phosphate buffer, pH 7.4, 250 mM NaCl and
135 mM imidazole at 600 rpm in a thermal shaker. The
protein concentration was varied from 5 to 250 pg mL ™},
the polymersome concentration was varied from 0.001 to
4 % wiv.

Size-exclusion chromatography

Immobilized protein was separated from free protein by
size exclusion chromatography. Samples (0.1 mL, 4 % of
total bed volume) were applied on 2.5 mL laboratory col-
umns (MoBiTec, Goéttingen, Germany). 3.7 mL running
buffer (0.1 M Tris—HCI, pH 8.14) were added in 100 pL
increments, allowed to pass through the column by gravi-
tational force, and collected in microcentrifuge tubes.
The eGFP and polymersome concentration was deter-
mined in each fraction.
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Absorbance and fluorescence measurements
Polymersomes were detected and quantified by absorb-
ance at 350 nm. The fractions that contained polym-
ersomes were qualitatively analyzed via dynamic light
scattering.

EGFP fluorescence was measured with an Infinite
M200 microplate reader (Tecan, Miannedorf, Switzer-
land) using 96 well, half area, black polystyrene assay
plates (Corning Inc., Corning, USA) and excitation and
emission wavelengths of 485 and 515 nm, respectively.

To calculate the amount of eGFP molecules that were
immobilized per vesicle, linear standards of each fusion
protein (0-50 pg mL™!) at varying polymersome con-
centrations (0-0.5 % w/v) were prepared to account for
absorbance and light scattering of the polymersomes at
485 and 515 nm and the resulting decrease in total fluo-
rescence (Additional file 1: Figs. S2—-S4).

Confocal microscopy

Confocal microscopy images were taken on a FV-1000/
IX81 confocal laser scanning microscope equipped with
GaAsP detectors, an UPlanSApo x60/1.20 objective and
a 488 nm laser (Olympus, Tokyo, Japan). Exposure time
was set to 2 ps/pixel, the laser was set to 500 /v with a
gain of 1 and 3 % offset.

Calcein leakage experiments

For leakage experiments, calcein (25 mM) was dissolved
in 0.1 M Tris—HCI, pH 8.14 and the polymersomes were
formed in the calcein solution according to the method
described above. Polymersomes and free calcein were
separated on a 140 mL SEC column packed with Sepha-
rose 4B (GE Healthcare). Fifty microlitre of the purified
polymersome dispersion were added to 50 uL of the pro-
tein solution in 96 well, chimney, black polystyrene assay
plates (Greiner bio-one, Kremsmiinster, Austria) imme-
diately before fluorescence measurements. The sample
fluorescence was measured for 12 h in an Infinite M200
microplate reader. Measurements were taken every
5 min with excitation and emission wavelengths of 485
and 515 nm, respectively. Negative controls were always
included to differentiate between eGFP fluorescence and
calcein fluorescence. The positive control included 3 %
triton X-100 to disintegrate the polymersomes and force
calcein release.

Additional file

Additional file 1. Supplementary information on 1. Calcein leakage
experiments in the presence of NP-40 and cholate,2. Cloning of the
MBP-TEV-PolyAL-eGFP fusion protein, 3. Correction of eGFP fluorescence
in presence of polymersomes including linear standards, 4. Molecular
cloning of the fusion proteins.



http://dx.doi.org/10.1186/s12951-016-0205-x

Klermund et al. J Nanobiotechnol (2016) 14:48

Abbreviations

PMOXA: poly(2-methyloxazoline); PDMS: poly(dimethylsiloxane); CecA: cecro-
pin A; Cytbs': hydrophobic anchor of cytochrome bg; L: hydrophobic anchor
of lysis protein L; Vam3p': hydrophobic anchor of syntaxin VAM3; PolyAL:
poly(alanine-leucine); NP-40: nonident P-40.

Authors’ contributions

LK led the experiments and drafted the manuscript. SP was responsible for
polymersome production and handling. KC conceived of the study, and par-
ticipated in its design and coordination and helped to draft the manuscript.
All authors read and approved the final manuscript.

Acknowledgements

We thank the BMBF (German Ministry for Research and Education), Grant-No.
031A178 for funding. This work was supported by the German Research Foun-
dation (DFG) and the Technical University of Munich (TUM) in the framework
of the Open Access Publishing Program. The support of Ludwig Klermund and
Sarah Poschenrieder by the TUM Graduate School is acknowledged as well.
The authors thank Dr. Carina Klermund (Department of Plant Systems Biology,
Technische Universitdt Minchen, Freising, Germany) for her assistance with
confocal imaging and Florian Sedimaier for his assistance in the laboratory.
The authors gratefully acknowledge the excellent support of this work by Prof.
Dirk Weuster-Botz (Institute of Biochemical Engineering, Technische Univer-
sitdt MUnchen, Garching, Germany).

Competing interests
The authors declare that they have no competing interests.

Received: 26 January 2016 Accepted: 14 June 2016
Published online: 22 June 2016

References

1. Discher DE, Eisenberg A. Polymer vesicles. Science. 2002;297(5583):967—
73.doi:10.1126/science.1074972.

2. Christian DA, Cai S, Bowen DM, Kim'Y, Pajerowski JD, Discher DE. Polymer-
some carriers: from self-assembly to siRNA and protein therapeutics. Eur J
Pharm Biopharm. 2009;71(3):463-74. doi:10.1016/j.ejpb.2008.09.025.

3. Discher DE, Ortiz V, Srinivas G, Klein ML, KimY, Christian D, et al. Emerging
applications of polymersomes in delivery: from molecular dynamics to
shrinkage of tumors. Prog Polym Sci. 2007;32(8-9):838-57. doi:10.1016/j.
progpolymsci.2007.05.011.

4. Jain JB, Ayen WY, Kumar N. Self assembling polymers as polymersomes for
drug delivery. Curr Pharm Des. 2011;17(1):65-79.

5. Gonzalez-Perez A, Stibius KB, Vissing T, Nielsen CH, Mouritsen OG. Biomi-
metic triblock copolymer membrane arrays: a stable template for func-
tional membrane proteins. Langmuir. 2009;25(18):10447-50. doi:10.1021/
12902417m.

6. van Dongen SFM, Nallani M, Cornelissen JLLM, Nolte RJM, van Hest
JCM. A three-enzyme cascade reaction through positional assembly of
enzymes in a polymersome nanoreactor. Chemistry. 2009;15(5):1107-14.

7. van Dongen SFM, Nallani M, Schoffelen S, Cornelissen JILM, Nolte RJIM,
van Hest JCM. A block copolymer for functionalisation of polymersome
surfaces. Macromol Rapid Commun. 2008;29(4):321-5.

8. Baumann P, Tanner P, Onaca O, Palivan CG. Bio-decorated polymer
membranes: a new approach in diagnostics and therapeutics. Polymers.
2011;3(1):173-92.

9. Broz P, Benito SM, Saw C, Burger P, Heider H, Pfisterer M, et al. Cell
targeting by a generic receptor-targeted polymer nanocontainer
platform. J Control Release. 2005;102(2):475-88. doi:10.1016/j.
jconrel.2004.10.014.

10. Itel F, Najer A, Palivan CG, Meier W. Dynamics of membrane proteins
within synthetic polymer membranes with large hydrophobic mismatch.
Nano Lett. 2015;15(6):3871-8. doi:10.1021/acs.nanolett.5b00699.

11. Ranquin A, Versees W, Meier W, Steyaert J, Van Gelder P. Therapeutic nano-
reactors: combining chemistry and biology in a novel triblock copoly-
mer drug delivery system. Nano Lett. 2005;5(11):2220-4. doi:10.1021/
nl051523d.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33

Page 11 of 12

. Woodle MC, Engbers CM, Zalipsky S. New amphipatic polymer lipid

conjugates forming long-circulating reticuloendothelial system-evading
liposomes. Bioconjug Chem. 1994;5(6):493-6. doi:10.1021/bc00030a001.

. Christian NA, Milone MC, Ranka SS, Li GZ, Frail PR, Davis KP, et al. Tat-

functionalized near-infrared emissive polymersomes for dendritic cell
labeling. Bioconjug Chem. 2007;18(1):31-40.

. Debets MF, Leenders WP, Verrijp K, Zonjee M, Meeuwissen SA, Otte-Holler

I, et al. Nanobody-functionalized polymersomes for tumor-vessel target-
ing. Macromol Biosci. 2013;13(7):938-45. doi:10.1002/mabi.201300039.

. Egli S, Nussbaumer MG, Balasubramanian V, Chami M, Bruns N, Palivan C,

et al. Biocompatible functionalization of polymersome surfaces: a new
approach to surface immobilization and cell targeting using polymer-
somes. J Am Chem Soc. 2011;133(12):4476-83. doi:10.1021/ja110275f.

. Opsteen JA, Brinkhuis RP, Teeuwen RL, Lowik DW, van Hest JC. “Clickable”

polymersomes. Chem Commun (Camb). 2007;30:3136-8. doi:10.1039/
b704568a.

. Grzelakowski M, Onaca O, Rigler P Kumar M, Meier W. Immobilized

protein-polymer nanoreactors. Small. 2009;5(22):2545-8. doi:10.1002/
smll.200900603.

. Hammer DA, Robbins GP, Haun JB, Lin JJ, Qi W, Smith LA, et al. Leuko-

polymersomes. Faraday Discuss. 2008;139:129-41 (discussion 213-28,
419-20).

. Lin JJ, Ghoroghchian PP, Zhang Y, Hammer DA. Adhesion of antibody-

functionalized polymersomes. Langmuir. 2006;22(9):3975-9. doi:10.1021/
la052445c.

Graff A, Fraysse-Ailhas C, Palivan CG, Grzelakowski M, Friedrich T, Vebert
C, et al. Amphiphilic copolymer membranes promote NADH: ubiquinone
oxidoreductase activity: towards an electron-transfer nanodevice. Macro-
mol Chem Phys. 2010;211(2):229-38.

Graff A, Sauer M, Van Gelder P, Meier W. Virus-assisted loading of polymer
nanocontainer. Proc Natl Acad Sci USA. 2002;99(8):5064-8. doi:10.1073/
pnas.062654499.

Kumar M, Grzelakowski M, Zilles J, Clark M, Meier W. Highly perme-

able polymeric membranes based on the incorporation of the

functional water channel protein aquaporin Z. Proc Natl Acad Sci USA.
2007;104(52):20719-24. doi:10.1073/pnas.0708762104.

Nallani M, Andreasson-Ochsner M, Tan CW, Sinner EK, Wisantoso Y,
Geifman-Shochat S, et al. Proteopolymersomes: in vitro production

of a membrane protein in polymersome membranes. Biointerphases.
2011,6(4):153-7.doi:10.1116/1.3644384.

Nardin C, Thoeni S, Widmer J, Winterhalter M, Meier W. Nanoreactors
based on (polymerized) ABA-triblock copolymer vesicles. Chem Com-
mun. 2000;15:1433-4.

Onaca O, Enea R, Hughes DW, Meier W. Stimuli-responsive polymer-
somes as nanocarriers for drug and gene delivery. Macromol Biosci.
2009;9(2):129-39. doi:10.1002/mabi.200800248.

Wong D, Jeon TJ, Schmidt J. Single molecule measurements of channel
proteins incorporated into biomimetic polymer membranes. Nanotech-
nology. 2006;17(15):3710-7.

Haefele T, Kita-Tokarczyk K, Meier W. Phase behavior of mixed Langmuir
monolayers from amphiphilic block copolymers and an antimicrobial
peptide. Langmuir. 2006;22(3):1164-72. doi:10.1021/1a0524216.
Kita-Tokarczyk K, Grumelard J, Haefele T, Meier W. Block copolymer vesi-
cles—using concepts from polymer chemistry to mimic biomembranes.
Polymer. 2005;46(11):3540-63.

Vijayan K, Discher DE, Lal J, Janmey P, Goulian M. Interactions of
membrane-active peptides with thick, neutral, nonzwitterionic bilayers. J
Phys Chem B. 2005;109(30):14356-64. doi:10.1021/jp050060x.

Noor M, Dworeck T, Schenk A, Shinde P, Fioroni M, Schwaneberg U. Poly-
mersome surface decoration by an EGFP fusion protein employing cecro-
pin A as peptide "anchor”. J Biotechnol. 2012;157(1):31-7. doi:10.1016/j.
jbiotec.2011.10.005.

. PataV, Dan N.The effect of chain length on protein solubilization in

polymer-based vesicles (polymersomes). Biophys J. 2003;85(4):2111-8.
doi:10.1016/S0006-3495(03)74639-6.

Kutay U, Hartmann E, Rapoport TA. A class of membrane proteins with a
C-terminal anchor. Trends Cell Biol. 1993;3(3):72-5.

George SK, Najera L, Sandoval RP, Countryman C, Davis RW, Ihler GM.
The hydrophobic domain of cytochrome b5 is capable of anchor-

ing beta-galactosidase in Escherichia coli membranes. J Bacteriol.
1989;171(9):4569-76.


http://dx.doi.org/10.1126/science.1074972
http://dx.doi.org/10.1016/j.ejpb.2008.09.025
http://dx.doi.org/10.1016/j.progpolymsci.2007.05.011
http://dx.doi.org/10.1016/j.progpolymsci.2007.05.011
http://dx.doi.org/10.1021/la902417m
http://dx.doi.org/10.1021/la902417m
http://dx.doi.org/10.1016/j.jconrel.2004.10.014
http://dx.doi.org/10.1016/j.jconrel.2004.10.014
http://dx.doi.org/10.1021/acs.nanolett.5b00699
http://dx.doi.org/10.1021/nl051523d
http://dx.doi.org/10.1021/nl051523d
http://dx.doi.org/10.1021/bc00030a001
http://dx.doi.org/10.1002/mabi.201300039
http://dx.doi.org/10.1021/ja110275f
http://dx.doi.org/10.1039/b704568a
http://dx.doi.org/10.1039/b704568a
http://dx.doi.org/10.1002/smll.200900603
http://dx.doi.org/10.1002/smll.200900603
http://dx.doi.org/10.1021/la052445c
http://dx.doi.org/10.1021/la052445c
http://dx.doi.org/10.1073/pnas.062654499
http://dx.doi.org/10.1073/pnas.062654499
http://dx.doi.org/10.1073/pnas.0708762104
http://dx.doi.org/10.1116/1.3644384
http://dx.doi.org/10.1002/mabi.200800248
http://dx.doi.org/10.1021/la0524216
http://dx.doi.org/10.1021/jp050060x
http://dx.doi.org/10.1016/j.jbiotec.2011.10.005
http://dx.doi.org/10.1016/j.jbiotec.2011.10.005
http://dx.doi.org/10.1016/S0006-3495(03)74639-6

Klermund et al. J Nanobiotechnol (2016) 14:48

34

35.

36.

37.

38.

39.

40.

41.

Rogers MJ, Strittmatter P. The interaction of NADH-cytochrome b5 reduc-
tase and cytochrome b5 bound to egg lecithin liposomes. J Biol Chem.
1975;250(14):5713-8.

Strittmatter P, Rogers MJ, Spatz L. The binding of cytochrome b 5 to liver
microsomes. J Biol Chem. 1972,247(22):7188-94.

Szostak MP. Hensel A, Eko FO, Klein R, Auer T, Mader H, et al. Bacterial
ghosts: non-living candidate vaccines. J Biotechnol. 1996;44(1-3):161-70.
doi:10.1016/0168-1656(95)00123-9.

Harkness RE, Lubitz W. Construction and properties of a chimeric
bacteriophage lysis gene. FEMS Microbiol Lett. 1987,48(1-2):19-24.
doi:10.1111/).1574-6968.1987 tb02508 x.

Hofmann MW, Peplowska K, Rohde J, Poschner BC, Ungermann C, Lan-
gosch D. Self-interaction of a SNARE transmembrane domain promotes
the hemifusion-to-fusion transition. J Mol Biol. 2006;364(5):1048-60.
doi:10.1016/jjmb.2006.09.077.

Whitley P, Nilsson I, von Heijne G. De novo design of integral membrane
proteins. Nat Struct Biol. 1994;1(12):858-62.

Poschenrieder ST, Wagner SG, Castiglione K. Efficient production of
uniform nanometer-sized polymer vesicles in stirred-tank reactors. J Appl
Polym Sci. 2016. doi:10.1002/app.43274.

Prinos J, Panayiotou C. Glass-transition temperature in hydrogen-bonded
polymer mixtures. Polymer. 1995;36(6):1223-7.

42.

43.

44,

45.

46.

47.

Page 12 of 12

Hink MA, Griep RA, Borst JW, van Hoek A, Eppink MHM, Schots A, et al.
Structural dynamics of gfp alone and fused with a single chain Fv protein.
J Biol Chem. 2000;275(23):17556. doi:10.1074/jbc.M001348200.

Silvestro L, Gupta K, Weiser JN, Axelsen PH. The concentration-dependent
membrane activity of cecropin A. Biochemistry. 1997;36(38):11452-60.
doi:10.1021/bi9630826.

Rigler P, Meier W. Encapsulation of fluorescent molecules by functional-
ized polymeric nanocontainers: investigation by confocal fluorescence
Imaging and fluorescence correlation spectroscopy. J Am Chem Soc.
2006;128(1):367-73.

Nehring R, Palivan CG, Moreno-Flores S, Mantion A, Tanner P, Toca-Herrera
JL, et al. Protein decorated membranes by specific molecular interactions.
Soft Matter. 2010;6(12):2815-24.

Klermund L, Groher A, Castiglione K. New N-acyl-p-glucosamine 2-epime-
rases from cyanobacteria with high activity in the absence of ATP and
low inhibition by pyruvate. J Biotechnol. 2013;168(3):256-63.

Groher A, Hoelsch K. Mechanistic model for the synthesis of N-acetylneu-
raminic acid using N-acetylneuraminate lyase from Escherichia coli K12. J
Mol Catal B Enzym. 2012;83:1-7.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



http://dx.doi.org/10.1016/0168-1656(95)00123-9
http://dx.doi.org/10.1111/j.1574-6968.1987.tb02508.x
http://dx.doi.org/10.1016/j.jmb.2006.09.077
http://dx.doi.org/10.1002/app.43274
http://dx.doi.org/10.1074/jbc.M001348200
http://dx.doi.org/10.1021/bi9630826

	Simple surface functionalization of polymersomes using non-antibacterial peptide anchors
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Expression and purification
	Influence on eGFP fluorescence
	Peptide insertion into polymersomes
	Insertion behavior of peptide anchors
	Membrane integrity during peptide insertion

	Discussion
	Conclusion
	Methods
	Materials
	Molecular cloning
	Protein expression and purification
	Polymersome preparation
	Peptide anchor insertion
	Size-exclusion chromatography
	Absorbance and fluorescence measurements
	Confocal microscopy
	Calcein leakage experiments

	Authors’ contributions
	References




