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’ INTRODUCTION

Because of their considerable potential, nanoscale vesicles
composed of block copolymers, that is, nanovesicles or polymer-
somes, continue to draw wide interest in diverse areas of
nanotechnology and medical research.1,2 In drug delivery, for
example, cargo-carrying polymersomes that target and attach to
specific cells will lead to greater drug efficacy and to fewer side
effects. In the field of biosensing, for example, in ELISA assays,
polymersome-antibody conjugates have, due to their high
loading capacity, the potential to provide a marked advantage
to nanosensor design by providing elevated sensitivities as they
report specific attachment to a variety of antigens, or to com-
plementary species in general.

To achieve their promised potential in areas such as those
indicated above, it is essential that nanovesicles be subject to both
precise control of design and functionality, and that they exhibit
stability. In drug delivery, nanosize vesicles have been shown to
possess far greater load-carrying capacity as compared to simple
drug-polymer conjugates for medicinal therapy.3 This capacity
can be used for direct, site-specific transport of hydrophilic drug
cargos such as doxorubicin4 and pravastatin,5 but also of proteins
and nucleic acids.6-8 Block copolymer vesicles are leading

candidates for such nanosize applications because they feature
superior membrane stability, select impermeability, precise che-
mical control, and a resulting structural versatility that yields a
prodigious variety of possible sizes and functionalities.9

To be effective in drug delivery, nanovesicles must maximize
three essential features: (1) membrane impermeability to a
hydrophilic cargo to prevent loss of drug;3 (2) reduced adhesion
of protein to the outer surface to avoid elimination by the
immune system and thus to increase circulation time in blood;10

and (3) stable attachment of ligands that specifically target
receptors of diseased cells.11 Polymersomes based on poly-
(dimethylsiloxane)-poly(2-methyloxazoline) block copolymers
possess these three properties10,12 and have therefore been used
in ligand-interaction, cell uptake, and nanoreactor studies.11,13,14

To avoid possible interactions between targeting ligands
and cargo (drugs, RNA, etc.) and to prevent interference
with self-assembly, attachment of ligands must take place on the
outer polymersome surface after vesicle formation. Several
approaches to attach ligands have been reported, for example,
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ABSTRACT: Vesicles assembled from amphiphilic block copolymers represent promising
nanomaterials for applications that include drug delivery and surface functionalization. One
essential requirement to guide such polymersomes to a desired site in vivo is conjugation of
active, targeting ligands to the surface of preformed self-assemblies. Such conjugation
chemistry must fulfill criteria of efficiency and selectivity, stability of the resulting bond, and
biocompatibility. We have here developed a new system that achieves these criteria by simple
conjugation of 4-formylbenzoate (4FB) functionalized polymersomes with 6-hydrazinonico-
tinate acetone hydrazone (HyNic) functionalized antibodies in aqueous buffer. The number
of available amino groups on the surface of polymersomes composed of poly-
(dimethylsiloxane)-block-poly(2-methyloxazoline) diblock copolymers was investigated by
reacting hydrophilic succinimidyl-activated fluorescent dye with polymersomes and evaluating
the resulting emission intensity. To prove attachment of biomolecules to polymersomes,
HyNic functionalized enhanced yellow fluorescent protein (eYFP) was attached to 4FB
functionalized polymersomes, resulting in an average number of 5 eYFPmolecules per polymersome. Two different polymersome-
antibody conjugates were produced using either antibiotin IgG or trastuzumab. They showed specific targeting toward biotin-
patterned surfaces and breast cancer cells. Overall, the polymersome-ligand platform appears promising for therapeutic and
diagnostic use.
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biotin-streptavidin binding11,13,15-17 or azide-alkyne click
chemistry.18,19 Although these approaches have proven feasible,
they exhibit problems in terms of application in therapy, includ-
ing human intolerance to streptavidin and toxic effects due to
possible copper residues used to catalyze the alkyne-azide click
reaction. Therefore, the challenge was to devise a biocompatible
conjugation chemistry that would lead not only to precise control
and stable chemical bonding but also to high selectivity while
avoiding disadvantageous reaction additives and catalysts.

Various studies have clearly shown that different species such
as proteins and nucleic acids can be conjugated to each other by a
hydrazinonicotinamide- and a formylbenzamide-counterpart
functionality, resulting in a bis-aryl hydrazone bond.20-24 This
bond is known to be biocompatible,25 stable and selective,20 and
thus fulfilled our requirements. The reaction is efficient under
mild conditions in aqueous buffer at room temperature.20 More-
over, an inherent advantage that follows is the ability to trace and
quantify the formation of the covalent link between conjugated
species due to the absorbance of the formed bis-aryl
hydrazone bond.

To achieve our goal, we synthesized poly(dimethylsiloxane)-
block-poly(2-methyloxazoline) (PDMS-b-PMOXA) diblock co-
polymers with hydroxyl or piperazyl functionalities at the hydro-
philic terminus. The piperazyl group represents a secondary
amine, which can react with amine-targeting linkers. These
diblock copolymers were used to form polymersomes with
surface-exposed amine groups. The number of exposed amines
on the surface was controlled by varying the molar percentage of
piperazyl functional polymer, as shown by attachment of a
succinimidyl ester-activated fluorophore.

We therefore applied this linker chemistry for the first time to
form covalent attachment of biological ligands, such as proteins
and antibodies, to the surface of polymersomes by means of the
bis-aryl hydrazone bond. Using two different polymersome-
antibody conjugates, we also demonstrate the specific targeting
of biotin-functionalized surfaces as well as in vitro targeting of
human epidermal growth factor receptor 2 (HER2),26 which is
expressed by SKBR3 human breast cancer cells.

’RESULTS AND DISCUSSION

Block Copolymer Synthesis and Characterization. We
synthesized PDMS-b-PMOXA diblock copolymers to provide
a polymer with amphiphilic properties suitable for the formation
of polymersomes. As compared to the PMOXA-b-PDMS-b-
PMOXA triblock copolymers previously studied by our group,8

these diblock copolymers have a more defined composition due
to their narrower distribution of molecular weights. Additionally,
the unreacted PDMS can be easily separated from the diblock
copolymer by centrifugation, which makes purification of the
diblock copolymers more efficient.
The polymerization of the hydrophilic PMOXA block from an

activated PDMS was carried out as previously reported.12,27 In
our previous work, the cationic ring-opening polymerization of
2-methyl-2-oxazoline from the preactivated PDMS was ulti-
mately quenched using a KOH solution in methanol, resulting
in a hydroxyl-terminated PMOXA block. We obtained a second-
ary amine-terminated diblock copolymer (AB-NH) using pi-
perazine instead of KOH as the nucleophile to quench the
reaction.28 Additionally, a hydroxyl terminated diblock copoly-
mer (AB-OH) was synthesized. The structures of both are
shown in Scheme 1.

Unreacted piperazine and other low molecular weight impu-
rities were removed by ultrafiltration in ethanol. We calculated
the average composition of the block copolymers from 1H NMR
integral data (Supporting Information, Table S2 and Figures
S1-S3). Accordingly, the hydroxyl-terminated polymer was
shown to be composed of 65 siloxane units and 13 2-methylox-
azoline units, and the piperazinyl-terminated polymer is com-
posed of 68 siloxane units and 11 2-methyloxazoline units. The
yield of piperazine functional groups was calculated as 82%.
These values correspond to a molar mass of 6139 g mol-1 for
AB-OH and 6185 g mol-1 for AB-NH. The polydispersity
index Mw/Mn of the polymers was measured by GPC, where
calculations were based on polystyrene standards. Mw/Mn of
PDMS was found to be 1.10, that of AB-OH was 1.51, and for
AB-NH it was 1.66. These values are slightly lower than those of
triblock copolymers published previously.27,29,30

Polymersome Formation and Characterization. Polymer-
somes were formed using the film hydration method.31 We
determined the dimensions of the extruded polymersomes by
dynamic and static light scattering (DLS, SLS).32 Corresponding
data are shown in Table 1 and as a Guinier plot in Supporting
Information, Figure S5. From these values, we obtain the F-value
given as F = Rg/Rh, which provides information on the internal
structure of our particles in solution.33

Because the F-value for an ideal hollow sphere (i.e., vesicle) is
1.0 and for solid spheres is 0.775,33 the F-values of our samples, at
0.92 for AB-OH and 0.95 for AB-NH, indicate hollow-sphere
morphologies. From the molecular weights of the polymer itself
and of its aggregated structures, we calculated the aggregation
numbers (Nagg) for AB-NH and AB-OH. They agreed well
with those of PMOXA-b-PMDS-b-PMOXA triblock copolymers
published previously.27,34 Transmission electron microscopy
(TEM) and cryo-TEM investigations were performed to confirm
vesicular structures. Collapsed polymersomes can be seen in the
TEM micrograph, and in cryo-TEM images we recognize the
polymersome membrane (Figure 1).
The diameters of polymersomes observed in a cryo-TEM

image are, in most cases, smaller than those found in TEM
images. The reason for this can be attributed to the preparation of
the negative stain TEM sample, which causes drying and thus
flattening of the polymersomes, whereas cryo-TEM conserves
the native structure because the polymersomes are imaged in the
frozen-hydrated state. Inclusions present in some polymersomes
are smaller vesicles and micelles. The average membrane thick-
ness of 50 different polymersomes in cryo-TEM images was
measured as 15.4 ( 0.7 nm, which is more than 3 times thicker
than phospholipid bilayers from liposomes. Thus, we conclude

Scheme 1. PDMS-b-PMOXA Diblock Copolymer Structures,
One Having Hydroxyl (1, AB-OH) and the Other Piperazyl
Functionality (2, AB-NH) at the Hydrophilic End
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that the relatively thick polymer membrane as well as the
inclusions inside the polymersomes (Figure 1b) might explain
the small deviation of F-values calculated from light scattering
data from the ideal F-value for vesicles.
Effects on Polymersome Surface Functionalization. Un-

derstanding and controlling the binding site density of reactive
ligands on polymersome surfaces is of great importance for
applications such as targeted drug delivery.35,36 To investigate
the effects of functional group concentration on polymersome
surface modification, we produced different batches of polymer-
somes consisting of varying molar percentages of the reactive
AB-NH and the AB-OH diblock copolymers. Next, a simple
fluorescent dye was conjugated to the amine end groups. We
decided to use the bright, photostable dye, Alexa Fluor 633
carboxylic acid, activated as succinimidyl ester (A633-NHS), as
the ligand for these binding site studies, due to its excellent
fluorescence quantum yield and good solubility in aqueous
solution. Becausee it was previously shown that such NHS
reactive fluorophores bind to secondary amines,37,38 we assume
that the majority of available AB-NH binding sites are modified
after incubation in a large excess of NHS reactive Alexa dye.
Because the NHS group of the fluorophore hydrolyzes quickly in
aqueous buffer at higher pH values,39 an excess of activated dye
was required to ensure that accessible amines on the polymer-
some surface reacted with the ligand within an appropriate time.
After complete reaction of polymersomes with A633-NHS, the
samples were extensively dialyzed and finally investigated using
fluorescence correlation spectroscopy (FCS). In contrast to
conventional fluorescence spectroscopy, FCS enables the accu-
rate detection of the diffusion time and brightness of single
vesicles.13 Diffusion times τD = 44 ( 4 μs for freely diffusing
A633-NHS and τD = 5.7-9.6 ms for polymersome-A633
conjugates were measured. This indicates successful binding of
A633-NHS to the polymersomes. The brightness of the poly-
mersomes, and thus the degree of ligand functionalization on the
polymersome surface, was derived from the fluorescence inten-
sity trace. Six samples of each AB-NHmol % were measured to
obtain statistical and representative values. By dividing the
average polymersome brightness value by the average brightness

of a single dye molecule, we obtained the average number of
fluorophores per polymersome. In a sample consisting of 100
mol % of AB-OH and 0 mol % of AB-NH polymer, we
measured a fluorescence intensity corresponding to 7.6 ( 0.9
fluorophores per polymersome. We assigned this value to
represent unspecific binding of the polyaromatic fluorophore
to the polymersome membrane and thus subtracted it from all
other values given below. In Figure 2, the interdependence of the
average number of fluorophores per polymersome (NFP) and the
mole percentage of AB-NH (xn, AB-NH) are illustrated.
Values from 0.3 to 10 mol % AB-NH fit a linear function well,

which is shown by NFP = 569.2xn, AB-NH (R2 = 0.991), quan-
titatively describing the number of fluorophores per polymer-
some. Errors in fluorescence intensity (Figure 2) originate
basically with polymersome size distribution. A saturation of
dye attachment to the polymersome was observed at higher
molar percentages of AB-NH, from 10 to 100 mol %. This
saturation can be explained by steric hindrance by dye molecules
that were already attached to the polymersome surface. Additionally,
we assume that at higher xn,AB-NH phase separation of dye-modified
and nonmodified block copolymers in the membrane occurs,40

which enhances steric hindrance to further dye conjugation and
causes fluorescence quenching.41 This assumption is supported by
the observation of some large aggregates (with diameters up to 10
μm) found in laser scanning micrographs (Supporting Informa-
tion, Figure S8) and indicates a destabilization and thus aggrega-
tion of the original self-assemblies. Because the illuminated
sampling volume is rather small, the size-limiting criterion
for FCS measurements being less than 1 μm3,42 as compared to
those aggregates, it was not possible to obtain representative FCS
results for samples containing more than 10 mol % AB-NH.
The yield of the conjugation reaction can be estimated from

the equation above, and theNagg value can be obtained from light
scattering data. Nagg was measured to be 11 200 diblock copol-
mer molecules per polymersome. Thus, about 5600 of them are

Table 1. Light Scattering Data of AB-OH and AB-NH in Aqueous Solution

polymer Rh, nm PDIa Rg, nm Mw, g mol-1 A2, mol dm3 g-2 Nagg F-value

AB-OH 96.5 0.12 89.2( 0.6 1.66� 108 5.51� 10-10 2.70� 104 0.92

AB-NH 96.4 0.09 91.6( 0.4 6.92� 107 3.65� 10-10 1.12� 104 0.95
aThe polydispersity index from light scattering data represents the error of Rh.

Figure 1. TEM (a) and cryo-TEM (b) micrographs of AB-OH
polymersomes in water.

Figure 2. Average number of covalently conjugated fluorophore mole-
cules per polymersome versus the molar percentage of AB-NH. The
data were corrected for unspecific adsorption of fluorophores.
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in the outer part of the polymersome bilayer membrane. In the
linear range up to 10 mol % of AB-NH, the conjugation
efficiency is 10%. At first view, this conjugation efficiency might
be considered poor. However, by taking into account that a large
excess of reagent was used and that some of the functional groups
are presumably concealed in the hydrophilic corona of the
polymersome, this conjugation efficiency in fact represents the
surface-accessible NH-groups.
A further argument in favor of covalent binding of A633-

NHS to AB-NH polymer is given by FCS diffusion measure-
ments of polymersomes dried by lyophilization and redissolved
in ethanol, in which polymersomes disassemble into individual
diblock copolymers. Thus, we determined the τD of free A633-
NHS and of the AB-NH-A633 conjugates. For A633-NHS
(M≈ 1200 gmol-1, 5.3 nM), wemeasured a τD of 91.8( 1.0 μs,
and for the AB-NH-A633 conjugate (0.1 μg mL-1), a τD of
155.8( 2.2μs was found, which results in a theoretical molecular
weight for the AB-NH-A633 conjugate of 5866( 248 g mol-1.
This molecular weight agrees well with Mn of AB-NH diblock
copolymer obtained from 1H NMRmeasurements and indicates
successful covalent bonding. FCS diffusion measurements of a
mixture of A633-NHS (5.3 nM) and AB-OH(0.1μgmL-1) in
ethanol were performed to ensure that the fluorophore was
attached exclusively by covalent bonds and not by nonspecific
interactions with AB-NH. The resulting τD of 104.6 ( 1.4 μs
corresponds to a theoretical molecular weight of 1775 ( 71 g
mol-1, which allowed us to assume that only a few, nonspecific,
noncovalent bindings occurred. These experiments point out
that our polymersomes were covalently functionalized with NHS
reactive fluorophores in aqueous solution in a controlled, repro-
ducible manner. However, because we assumed that phase
separation occurs at a higher molar percentage of modified
AB-NH (g10 mol %), we ultimately used polymersomes that
contained 3 mol % AB-NH in further conjugation reactions.
Covalent Attachment of Enhanced Yellow Fluorescent

Protein to Polymersomes. Simple and efficient attachment of
ligands to preformedmembranes is of great importance. For drug
delivery purposes, not only is the attachment of relatively small
sugars and peptides as targeting moieties of interest, but so is the
conjugation of large proteins and antibodies to the polymersome
surface. We decided to use a conjugation strategy that resulted in
a stable and quantifiable bis-aryl hydrazone bond based on two
complementary heterobifunctional linkers20 (Scheme 2).
As compared to other conjugation techniques, this method

works under mild conditions in aqueous buffers at pH values
between 4.5 and 8.0; more importantly, it does not require the
use of toxic catalysts such as, for example, Cu(I), which is
required for azide-alkyne click chemistry in aqueous
solution.18,19,43 In previous studies, this conjugation chemistry
was used to covalently attach biomolecules such as antibodies
and oligonucleotides to each other.20,44 However, to our knowl-
edge, it has not been used previously to modify polymeric self-
assemblies and, in particular, not for the modification of block
copolymer membranes.
Because of its fluorescent properties, eYFP was used as a

model protein ligand in our experiment. As outlined in Scheme 2,
polymersomes were modified with succinimidyl 4-formylbenzo-
ate (NHS-4FB), and the ligand was modified with succinimidyl
6-hydrazinonicotinate acetone hydrazone (NHS-HyNic). We
did not modify the polymers with 4FB before the self-assembly to
polymersomes, to avoid possible interactions between the fluores-
cent dye and the 4FB group. Also, we kept the percentage of

reactive AB-NH polymer low, at 3 mol %, to avoid the
attachment of more than one polymersome to eYFP. The 4FB
functionalization of polymersomes was confirmed by a colori-
metric reaction with 2-hydrazinopyridine and by gel permeation
chromatography of the polymer, as shown in the Support-
ing Information, Figure S4b and S9. Functional succinimidyl
4-hydrazinonicotinate acetone hydrazone (S-HyNic) groups,
being complementary reactive parts to the 4FB-modified poly-
mersomes, were introduced to the eYFP.20 The two conjugation
partners, the polymersomes and eYFPs, were incubated in
phosphate buffer, pH 6.0, for 16 h. The absorption of the
resulting bis-aryl hydrazone bond between the polymersome
and eYFP was below the detection limit, due to increased
scattering of the polymersomes at lower wavelength, and could
therefore not be detected via ultraviolet-visible (UV-vis)
spectroscopy.
Because eYFP, with it is almost a perfect cylindrical shape of

42 Å by 24 Å,45 is smaller by an order of magnitude than
polymersomes having an average diameter of 193 nm, we used
FCS as a suitable method to investigate the binding of proteins to
polymersomes.13 The average τD for free eYFP in solution was
found to be 93( 3 μs, and for eYFP-polymersome conjugates it
was 3.98( 0.57 ms. This difference in τD is clearly shown in the
shift of the FCS autocorrelation curves (Figure 3).
The FCS autocorrelation curve of the eYFP-polymersome

conjugate was analyzed by a nonlinear least-squares fitting
program,13 assuming one population of fluorescent species. This
indicates binding of eYFP to the polymersome. Using the τD for
eYFP and for polymersome-eYFP conjugates along with the
known diffusion coefficient D of fluorescent GFPs and YFPs,46

the theoretical Rh of the polymersome--eYFP conjugate was
calculated using the relationship between τD and D from FCS13

and the Stokes-Einstein equation. Assuming, in a first approx-
imation, the eYFP and the polymersomes to be spherical, we
calculated an Rh of 2.3 ( 0.1 nm for eYFP, and 98.3 ( 14.1 nm
for the eYFP-polymersome conjugate. A diameter of eYFP-
polymersome conjugates of approximately 200 nm is further
evidence for covalent attachment of eYFP to the polymersomes.
Polymersomes without benzaldehyde functional groups on their
surfaces did not conjugate to eYFP (τD of 93 ( 3 μs). We
calculated the average brightness of freely diffusing eYFP and
compared it to the brightness of eYFP-polymersome conju-
gates. An average number of 5 eYFP per polymersome was

Scheme 2. Conjugation Reaction Scheme of
4-Formylbenzoate-Modified Polymersomes with
6-Hydrazinonicotinate Acetone Hydrazone-Modified
Ligands (e.g., Protein or Antibody) Resulting in a Covalent
and Stable Bis-aryl Hydrazone Bond
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determined, which is significantly lower than the number of, for
example, noncovalently bound streptavidin to biotin-modified
polymeric vesicles.13 As shown above, A633-NHS-modified
polymersomes consisting of the same molar percentage of
AB-NH had, on average, 17 covalently attached dye molecules
per polymersome. The number of eYFP ligands was found lower
by a factor of 3. This could be due to the difference in sizes of the
protein and fluorescent dye.
Polymersome-Antibody Conjugates for Specific Surface

Targeting. Because of their specific, strong binding to proteins
and haptens, antibodies are ideal candidates as targeting
ligands.47 We functionalized antibodies with HyNic moieties
and attached them covalently to 4FB modified polymersomes,
similar to the method as described for polymersome-eYFP
conjugates. In the first trial, HyNic-modified antibiotin IgG was
attached to 4FB-modified polymersomes consisting of 3 wt %
AB-NH and containing the fluorescent dye Alexa Fluor 647
maleimide (A647-M) encapsulated inside the polymersome
cavity. The polymersome-antibody conjugates were incubated
on a glass slide, which was previously patterned with biotinylated
bovine serum albumin (BSA) by a microcontact printing
process.48 To avoid unspecific binding, the glass surface of the
pattern interspaces was passivated with nonbiotinylated BSA.
The surface was imaged by confocal laser scanning microscopy.
As shown in Figure 4, the polymersome-antibody conjugates
bonded specifically to the biotinylated pattern printed on the
glass slide. As control experiments, polymersome-anti-RBC-
IgG conjugates were synthesized and applied to patterned
surfaces (Figure 4c). No specific binding of the polymersomes
to biotinylated surface area was observed.

The packing density of immobilized polymersomes in Figure 4a
and b on the glass substrate was sufficiently low to be able to
recognize dots that possibly represent single immobilized polymer-
somes. This is due to the fact that every antibody exhibits only three
HyNic functionalities on average, which could also be positioned at
the active antibody binding site.49 Therefore, some antibodies
might be covalently attached, with their active binding site facing
the polymersome surface, and thus might not be able to bind to the
biotin-BSA pattern presented on the glass surface. Their specific
antigen targeting properties and their high fluorescence intensities
render polymersome-antibody conjugates ideal candidates for
biosensor applications such as enzyme-linked immunosorbent
assays (ELISA). When employing conventional antibody-dye
conjugates, an optimum in labeling should be found between
underconjugation, resulting in a fluorescence signal that is too
low, and overconjugation, resulting in a change in antigen-binding
characteristics and potentially inactivating the antibody completely
with fluorophores.50 In comparison to those conventional labeled
antibodies, the sensitivity of ELISA should be increased several-fold
by introducing polymersome-antibody conjugates, due to their
high loading capacity with fluorescent molecules.
Targeted Uptake of Polymersome-Trastuzumab Conju-

gates. Targeted polymersomes have been shown to be ideal
candidates to transport drugs specifically to diseased cells.11

Because conjugates of trastuzumab with cytotoxic agents have
been proven to specifically target HER2-positive breast cancer
cells and considerably improve the therapeutic index,51 we
decided to use polymersome-trastuzumab conjugates for cell
targeting. SKBR3 cells incubated for 2 h with sulforhodamine-
B-containing polymersome-trastuzumab conjugates and sulfo-
rhodamine-B-containing polymersomes without trastuzumab, as
the negative control, were analyzed for qualitative uptake with
CLSM (Figure 5). To distinguish the extracellular and intracel-
lular region of the cells, the cell membrane was stained with Deep
Red. We observed polymersome-trastuzumab conjugates
located intracellularly, and fewwere present in the cell membrane
(Figure 5).
Very low uptake of polymersomes without trastuzumab as

compared to polymersome-trastuzumab conjugates was ob-
served under similar conditions. This clearly indicates a fast
and specific targeted uptake of polymersome-trastuzumab
conjugates in SKBR3 cells. The targeting effect mediated by
trastuzumab to HER2 receptors expressed on SKBR3 cell is
significant at short incubation times, for example, 2 h. For a long
incubation time (24 h), the difference between polymersomes
with and without trastuzumab was not distinguishable, due to the
nonspecific uptake of polymersomes without trastuzumab.
The quantitative uptake of sulforhodamine B containing

polymersome-trastuzumab conjugates in SKBR3 cells was

Figure 4. CLSMmicrographs of (a) A647-M containing polymersomes with covalently attached antibiotin IgG, immobilized on a biotin-BSA pattern;
(b) close-up view of (a); and (c) A647-M containing polymersomes with covalently attached antierythrocyte IgG conjugates.

Figure 3. Fitted FCS autocorrelation curve of free eYFP (0) and
polymersome-eYFP conjugate (9).
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analyzed with flow cytometry. The intensity of the fluorescence
channel measured for cells after 1 h incubation with polymer-
some-trastuzumab conjugates was 8%, and it increased up to
13% after 2 h incubation, while for polymersomes without
trastuzumab this was less than 3% even after 2 h. This supports
the specific uptake of the polymersome-trastuzumab conjugates
as being due to the presence of trastuzumab as the targeting
ligand. By subtracting the auto fluorescence of cells, an uptake of
polymersome-trastuzumab conjugates of approximately 10%
was calculated for 2 h incubation (Figure 6).
As expected, uptake of polymersome-trastuzumab conju-

gates is significantly faster than that of polymersomes without
trastuzumab, in agreement with other reported studies.52

Besides, the uniform shift of the histogram in the fluorescent
channel clearly indicates that the uptake is evenly distributed in
the cells.
In Vitro Cell Proliferation Inhibition Activity of Polymer-

some-Trastuzumab Conjugates. Trastuzumab is known to
inhibit proliferation of SKBR3 cells due to its specific binding to
the HER2 receptor on the surface of the cells.53 Therefore, the
effect of polymersome-trastuzumab conjugates on cell prolif-
eration was studied spectroscopically via the formation of a
colored formazan product when MTS was biologically reduced
by metabolically active cells.54 After 24 h incubation, while

polymersomes without trastuzumab induced an inhibition of
7-11%, polymersome-trastuzumab conjugates inhibited the
proliferation in the range of 14-21% (Figure 7).
Under similar conditions, polymersome-trastuzumab conju-

gates were able to inhibit proliferation of SKBR3 by a factor of
almost 2. In addition, polymersome-trastuzumab conjugates
inhibited cell proliferation in a dose-dependent manner
(Figure 7). These findings allow us to consider that the conjuga-
tion to the polymersome did not affect the functionality of the
antibody. The inhibiting effect of polymersome-trastuzumab
conjugates as compared to polymersomes can be further im-
proved by modulation of the number of trastuzumab per poly-
mersome, and in this respect further experiments are ongoing to
optimize the system.

’CONCLUSION

The goal of this work was to design and implement a simple,
efficient, and universal method to covalently attach biological
ligands, such as antibodies, to polymersomes to provide a plat-
form for targeting experiments. New amphiphilic PDMS-b-
PMOXA diblock copolymers comprising hydroxyl or amine
functionalities at their hydrophilic ends were thereby synthesized
and characterized. We were able to control covalent attachment
of NHS-activated fluorescent dye to polymersomes in aqueous
buffer by systematically varying themolar percentage of AB-NH
in the polymersome. Polymersomes and ligands were modified

Figure 5. CLSM micrograph of SKBR3 cells after 2 h incubation with polymersome-trastuzumab conjugate, which encapsulated sulforhodamine B.
(a) Polymersome-trastuzumab located intracellularly and in the cell membrane, shown in the red channel; (b) SKBR3 cell membrane stained with
Deep Red, shown in the green channel; and (c) overlay of the micrographs from the red and green channels.

Figure 6. Flow cytometry analysis. (a) Histogram of SKBR3 cells (red),
SKBR3 cells incubated 2 h with sulforhodamine-B-containing polymer-
somes (green), and SKBR3 cells incubated 2 h with sulforhodamine-
B-containing polymersome-trastuzumab conjugate (blue); and (b) mean
fluorescent intensity of SKBR3 cells, incubated with sulforhodamine-
B-containing polymersomes with and without conjugated trastuzumab
for 1 and 2 h.

Figure 7. MTS assay. Proliferation inhibition effect on SKBR3 cells
with different concentrations of polymersome with (gray) and without
trastuzumab (white) after 24 h incubation.
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with complementary functionalities (4FB and HyNic) to attach
macromolecular ligands, such as eYFP or antibodies, to the
polymersome surface. Successful conjugation of eYFP to polymer-
somes was proven by fluorescence diffusion measurements. In a
subsequent step, we attached HyNic-modified antibodies to poly-
mersomes that were subsequently used to target selected antigens.
With potential applications such as immunoassays (e.g., ELISA) in
mind, polymersome antibiotin-IgG conjugates were shown to
specifically target biotin-patterned glass surfaces with a virtual
absence of nonspecific binding. In addition, polymersome-
trastuzumab conjugates showed specific adherence to the HER2
receptor of SKBR3 breast cancer cells, as demonstrated by LSM
imaging and FACS experiments. The effect of polymer concentra-
tion and incubation times on proliferation of cells was established via
the MTS assay; polymersomes exhibited no significant toxicity. We
do not expect any toxic effect due to the bis-aryl hydrazone bond,
because it was shown elsewhere that PEGylated polyamidoamine
dendrimers with bis-aryl hydrazone linkages induced no obvious
cytotoxic response in HN12 tumor cells over a period of 48 h.55 In
contrast to, for example, copper-catalyzed alkyne-azide click
chemistry, all procedures here, from polymersome formation to
ligand attachment, can be carried out under mild, biocompatible
conditions. This makes this system applicable to therapeutic
application in vivo. However, further investigations on the influence
of the packing density of bulky, macromolecular ligands on the
polymersome surface are ongoing. These should enhance our
understanding of the polymersome-ligand conjugate attachment
and uptake in cells, and thus lead to greater control.

In a nutshell, this polymersome-ligand platform, based on
bis-aryl hydrazone conjugation chemistry that allows multifa-
ceted and stable attachment of targeting ligands (e.g., anti-
bodies), presents new opportunities to make immunoassays
more sensitive and drug administration more effective.
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