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Multivalent Protein-Loaded pH-Stable Polymersomes: First
Step toward Protein Targeted Therapeutics

Silvia Moreno,* Susanne Boye, Hane George Al Ajeilat, Susanne Michen, Stefanie Tietze,
Brigitte Voit, Albena Lederer, Achim Temme, and Dietmar Appelhans*

Synthetic platforms for mimicking artificial organelles or for designing
multivalent protein therapeutics for targeting cell surface, extracellular matrix,
and tissues are in the focus of this study. Furthermore, the availability of a
multi-functionalized and stimuli-responsive carrier system is required that can
be used for sequential in situ and/or post loading of different proteins
combined with post-functionalization steps. Until now, polymersomes exhibit
excellent key characteristics to fulfill those requirements, which allow specific
transport of proteins and the integration of proteins in different locations of
polymeric vesicles. Herein, different approaches to fabricate multivalent
protein-loaded, pH-responsive, and pH-stable polymersomes are shown,
where a combination of therapeutic action and targeting can be achieved, by
first choosing two model proteins such as human serum albumin and avidin.
Validation of the molecular parameters of the multivalent biohybrids is
performed by dynamic light scattering, cryo-TEM, fluorescence spectroscopy,
and asymmetrical flow-field flow fractionation combined with light scattering
techniques. To demonstrate targeting functions of protein-loaded
polymersomes, avidin post-functionalized polymersomes are used for the
molecular recognition of biotinylated cell surface receptors. These versatile
protein-loaded polymersomes present new opportunities for designing
sophisticated biomolecular nanoobjects in the field of (extracellular matrix)
protein therapeutics.
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1. Introduction

Self-assembled systems of amphiphilic
macromolecules, mostly based on am-
phiphilic block copolymers, are nowadays
applied as drug and protein delivery ve-
hicles, nanomotors, and/or nanoreactors,
since they are biocompatible and can
transport hydrophilic and hydrophobic
cargoes.[1–6]

Several technologies have been used to
regulate the size, shape (preferred vesicles
and other), surface activity, loading effi-
ciency of cargo, and stimuli-responsiveness
membrane of these engineered polymeric
vehicles.[2–4,7–20] Additionally, more so-
phisticated polymeric vesicles have been
equipped, for example, with antibodies,
peptides, proteins, or aptamers to obtain
desired additional properties such as a
prolonged blood circulation time or selec-
tive targeting to cells or tissues.[10,17,19,21,22]

Attaching targeting ligands on the sur-
face of smart polymeric nanocontainers
which are capable to deliver therapeutic
bio(macro)molecules to the tissues of in-
terest is the key request for a controlled
transport of the drug.[1,23]
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These ligands are usually chemically attached to the vesi-
cles through the interaction of reactive groups on the polymer-
somes’ surface and specific groups, which are present in the lig-
ands. For this purpose, the direct modification of various types
of block copolymers is often applied to introduce functional
groups.[21,24–27] However, the use of such pre-functionalized
block copolymers is not advisable when the functional groups
should only be present on the outer vesicle surface or when
the self-assembly of the vesicle structure is disturbed by the
chemical modification of a block copolymer component. There-
fore, a robust method is needed to enable bio-orthogonal and
highly specific functionalization of the vesicle surfaces after the
self-assembly process. Moreover, the proposed functionalization
strategy should allow for reliable surface characterization and
precise reaction control, which is challenging for preformed self-
assembled polymersome systems.[19,22,28–30]

For a convenient and reliable coupling of different functional
moieties, click chemistry is widely used due to its unique reac-
tion properties: the procedure is very efficient at mild conditions
and can be carried out in aqueous environment. Click chem-
istry became rapidly a popular tool to functionalize the surface of
biomacromolecules, including viruses, DNA, peptides, antibod-
ies, liposomes, micelles, and nanoparticles with a wide variety
of conjugates.[31–39] One of the well-established bio-orthogonal
coupling approaches is the alkyne-azide cycloaddition (SPAAC)
where the use of Cu(I) as a catalyst is avoided (a great advantage
regarding the known undesired effects associated with copper in
cell-based studies).[40,41]

In terms of stability and chemical diversity, polymeric vesi-
cles are superior to currently marketed liposomes, however it
is still necessary to improve their modification for targeting
approaches, stimuli-responsiveness, and multifunctionality.[8,9]

Previous own studies were focused on pH- and/or temperature-
responsive, but also on light-responsive enzyme-loaded nanore-
actors based on photo-crosslinked polymersomes (Psomes), hol-
low capsules, and their multicompartments.[42–46] For most of
these reactive enzymes they were mainly enclosed into the in-
ner cavity of the polymeric vesicles during their formation pro-
cess (in situ loading),[42–44,46] that is similar to formation pro-
cesses of other enzymatic nanoreactors using (non-)crosslinked
Psomes.[14,28,47,48] Further own works also demonstrated i) the
ability of loading and release of therapeutic hormone such as
insulin,[49] ii) the loading of enzymes in Psomes through a post
loading process of swollen Psomes,[50] and iii) the ability to equip
the Psomes´ surface with reactive groups (azido or adaman-
tane groups) that allow a more controlled post-(=surface)-
functionalization.[51,52] A subsequent post-functionalization of
the Psomes surface was achieved using covalent azide-alkyne
click reaction, functionalized pH-responsive Psomes with folate
targeting antennae were also reported,[15] promoting drug release
in the acidified endosomal compartment.

Based on the achieved multifunctionality, co-encapsulated
drugs in polymeric vesicles have shown the improvement of ther-
apeutic action.[53–55] Similarly, the combination of two different
proteins/enzymes using different locations in polymeric com-
partments could also offer a synergic therapeutic effect. There-
fore, the aim of our study was to contribute to broaden the
methodology to achieve multifunctionality in polymersome car-

riers based on different loading strategies such as covalent sur-
face functionalization, non-covalent surface and/or membrane
loading, and in situ loading (Figure 1).[56–58] Using proteins
with different polarity and surface charge, this study offers
valuable information on location of entrapment/encapsulation,
loading efficiency, and finally targeting properties dependent
on the physical and chemical properties of the protein or of
protein combinations. Adequate characterization of the loading
characteristics of our polymeric compartments in the nanome-
ter dimensions provides the needed information for placing
enzymes, proteins, and antibodies at different locations in
the carrier which will enhance their availability and action in
potential (extracellular matrix) protein therapeutics. Changing
the positioning in the carrier will provide, as needed, protec-
tion of the loaded cargo, targeting of the desired pathologi-
cal site, selected activation, or can offer a double therapeutic
action.[2,59]

For this study the biomacromolecules, anionic human serum
albumin (HSA) and cationic avidin, were used as model proteins
to clarify the high versatility of azido-modified Psomes. Avidin is
known as an excellent binding moiety for recognition systems
and for the functionalization of other materials through the
non-covalent conjugation of avidin and their derivatives with
biotinylated components,[60–62] while HSA as blood plasma
protein outlines a high tendency to stick on pathogenic par-
ticles in blood.[63] Post-functionalization of Psomes surfaces
with HSA and avidin was used to validate the efficiency and
selectivity of SPAAC versus nonspecific interactions between
PEG chains and 𝛽-cyclodextrin. Versatile asymmetrical flow-field
flow fractionation (AF4) combined with light scattering devices
(static light scattering and dynamic light scattering (DLS);
AF4-LS) was used to thoroughly characterize the differently
loaded Psomes and the precursors, azido-functionalized Psomes
for SPAAC conversions as previously established for complex
structures.[64] Moreover, main locations of proteins were pref-
erentially determined by the results of the multidetector AF4
and fluorescence spectroscopy.[65] Finally, the availability of
avidin post-functionalized Psomes biohybrids as recognition
unit (Figure 4) was verified using a HEK293ThuBirA-DAP12-KiBAP
cell line expressing a biotinylated surface receptor
(Figure 5).

2. Experimental Section

2.1. Materials

If not stated otherwise, all chemicals were used as received. All
chemicals, anhydrous tetrahydrofuran (THF, Sigma Aldrich),
anhydrous 2-butanone (Fluka), and triethylamine (Fluka) were
stored over a molecular sieve. Avidin (egg white, ThermoFisher
Scientific), Biotin-DOOA*HCl (IrishBiotec), poly(ethylene gly-
col) methyl ether (MeO-PEG-OH; Mn = 2000 g mol−1; Mw/Mn
= 1.05), azide-terminated poly(ethylene glycol) (N3PEG-OH;
Mn = 2700 g.mol−1), albumin from human serum (HSA), 2-
(N,N′diethylamino)ethyl methacrylate (DEAEM), 2,2-′bipyridine,
2-bromoisobutyryl bromide, 2-aminoethanol, 4-aminobutanol,
methacryloylic chloride, copper-I-bromide, aluminum ox-
ide (neutral, activated), phosphate buffered saline (tablet),
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Figure 1. Scheme representation ofdifferent loading and functionalization approaches for the fabrication of protein-loaded and -decorated Psomes as
protein therapeutics and diverse cell biomimetics. A) In situ and post loading of azido-(N3)-modified Psomes using native proteins (HSA or avidin); B)
post-functionalization of azido-modified Psomes using modified proteins (𝛽COD or avidin/bPEGCOD by SPAAC; HSA-𝛽-CD by non-covalently driven
interactions).

(1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-ylmethyl N-succinimidyl
carbonate (COD), fluorescein-5(6)-isothiocyanat (FITC), sodium
hydroxide, and magnesium sulfate were purchased from Sigma
Aldrich. 3,4-Dimethylmaleic acid anhydride, THF, toluene,
chloroform-d, and ethyl acetate were purchased from Acros
Organics. From Merck (Germany) n-hexane, hydrochloric
acid (37%) and silica gel were purchased. 6-Monodeoxy-6-
monoamino-𝛽-cyclodextrin was purchased from Cyclodextrin
Shop (Division of AraChem, Netherlands). AlamarBlue (cell
viability reagent) and avidin (egg white) were obtained from
Thermo Fisher Scientific.

2.2. Methods

All analytical methods and devices used for all characterization
are presented in the Supporting Information.

2.3. Fabrication of Materials

Details about the syntheses and characterization of used
block copolymers, preparation of empty polymersomes (Empty-
Psomes) and modified proteins can be found in the Supporting
Information (Figure S1, Table S1, Supporting Information).[43,65]

2.3.1. Fabrication of Protein-Loaded Psomes Using Post and In Situ
Loading

Protein (avidin or HSA) In Situ Loaded Psomes, Using Psomes C
Composition (20% N3 = BCP2): For the in situ loading of pro-
tein the method of Gräfe et al. was adopted and modified for HSA
or avidin.[43] 10.5 mg of BCP1 was dissolved in 10.5 mL of 10 mm
hydrochloric acid (pH 2) (CBCP1 = 1 mg mL−1) and 3 mg BCP2 in
1.5 mL in 10 mm hydrochloric acid (pH 2) (2 μg mL−1 pH 2). Both
solutions were combined after complete dissolving and after pass
through a 0.2 μm nylon filter. Then, 9.8 mL of BCP1, 1.2 mL of
BCP2, and 1 mL of protein solution (1.2 mg mL−1). Then, the
pH was adjusted to pH 9 by adding NaOH slowly. The final block
copolymer concentration must be of 1 mg mL−1 and the protein
concentration of 0.1 mg mL−1. Then, the solution was stirred for
3 days. To receive crosslinked Psomes, the solution was placed
in the UV-chamber which was irradiated for 180 s. The result-
ing solution was cleaned from non-enclosed protein using HFF
(1 mm PBS buffer at pH 8, MWCO of 500 kDa, Vwaste = 150 mL,
150 mbar). This protocol was used for HSA, Avidin, HSA-FITC,
and Avidin/bFITC.

Protein (avidin or HSA) Post Loaded Psomes, Using Psomes C
Composition: 6 mL of N3-modified polymersome (1 mg BCP per
mL) was added to 5.5 mL of 2 mm PBS. The pH was adjusted to
pH 6. Then, 0.5 mL of protein solution (CStock = 1.2 mg mL−1)
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was added and the mixture was stirred overnight at room temper-
ature (0.5 mg BCP per mL Psome + 0.1 mg mL−1 protein). Sub-
sequently, the purification was performed by using HFF (1 mm
PBS buffer at pH 8, MWCO of 500 kDa, Vwaste = 150 mL, 150
mbar).

2.3.2. Sequential Approach: i) In Situ Loading of HSA-𝛽CD and
Then ii) Post-Functionalization of the Outer Psomes Surface with
Avidin/bPEGCOD

HSA-𝛽CD-FITC In Situ Loaded Psomes, Using Psomes C Com-
position: For in situ loading of HSA-𝛽CD-FITC the method of
Gräfe et al. was adopted.[43] 10.5 mg of BCP1 was dissolved in
10.5 mL of 10 mm hydrochloric acid (pH 2) (CBCP1 = 1 mg mL−1)
and 3 mg BCP2 in 1.5 mL in 10 mm hydrochloric acid (pH 2; 2 mg
mL−1 pH 2). After complete dissolving and after pass through
a 0.2 μm nylon filter for both solutions, 9.8 mL of BCP1 and
1.2 mL of BCP2 were mixed, and 1 mL of HSA-𝛽CD-FITC (1.1 mg
mL−1) were added to the freshly prepared BCP solution. Then,
the pH was adjusted to pH 9 by adding NaOH slowly. The fi-
nal block copolymer concentration must be of 1 mg mL−1 and
the HSA-𝛽CD-FITC concentration of 0.1 mg mL−1. Then, the so-
lution was stirred for 3 days. To receive crosslinked HSA-𝛽CD-
FITC in situ loaded Psomes, the solution was placed in the UV-
chamber which was irradiated for 180 s. The resulting solution
was cleaned from non-enclosed enzyme using HFF. The pH of
the Psomes solution was changed into pH 8 then excess amount
of 𝛽-cyclodextrin in pH 8 PBS buffer (75 μL from 𝛽-CD stock so-
lution (10 mg mL−1)) was added to displace the HSA-𝛽CD-FITC
in the outer surface of Psomes. Again, the mixture was stirred
for 2 h then the purification was performed with HFF at pH 8.
Two cycles were carried out. Subsequently, the purification of un-
bounded protein was performed by using HFF (1 mm PBS buffer
at pH 8, MWCO of 500 kDa, Vwaste = 150 mL, 150 mbar).

HSA-Psomes-APEG3kDa—Post-Functionalization of HSA-𝛽CD-
FITC In Situ Loaded Psomes with Avidin/bPEGCOD3kDa by SPAAC
Method: 6 mL of the previous solution (HSA-𝛽CD-FITC in situ
loaded Psomes) were added 1 mL of to 1 mm of PBS. The pH
was adjusted to pH 8. Then, 2 mL of Avidin/bPEGCOD3kDa solu-
tion (1.65 mg) was added and the mixture was stirred overnight at
room temperature. Subsequently, the purification of unbounded
Avidin/bPEGCOD3kDa was performed by using HFF (1 mm PBS
buffer at pH 8, MWCO of 500 kDa, Vwaste = 150 mL, 150 mbar).

HSA-Psomes-APEG500Da—Post-Functionalization of HSA-𝛽CD-
FITC In Situ Loaded Psomes with Avidin/bPEGCOD500Da by
SPAAC Method: 6 mL of the previous solution (HSA-𝛽CD-FITC
in situ loaded Psomes) were added 1 mL of to 1 mm of PBS. The
pH was adjusted to pH 8. Then, 2 mL of Avidin/bPEGCOD500Da
solution (1.65 mg) was added and the mixture was stirred
overnight at room temperature. Subsequently, the purification of
unbounded Avidin/bPEGCOD500Da was performed by using HFF
(1 mm PBS buffer at pH 8, MWCO of 500 kDa, Vwaste = 150 mL,
150 mbar).

2.4. Study of Protein-Loaded Psomes by AF4-LS

The vast majority of the samples were analyzed using AF4, the
preparation of the samples is described in detail in Supporting

Information. All samples were analyzed under the same condi-
tions: 0.25 mg BCP per mL at 1 mm PBS at pH 8.

2.5. Biological Methods

All the experiments with cell cultures were performed in lam-
inar flow work bench Laminair HB2472 (Heraeus Instruments
GmbH). Cells were kept in the BBD 6220 CO2 incubator (Thermo
Scientific Heraeus) under constant conditions at 37 °C in 5% CO2
atmosphere (further details in Supporting Information).

2.5.1. Biocompatibility

The biocompatibility of the structures was validated using the
AlamarBlue proliferation assay. HEK293Twt and YTSwt cells were
seeded in a 96-well plate at an initial density of 2 × 104 cells per
well in 100 μL of complete medium. All compounds were indi-
vidually evaluated by treating YTSwt and HEK293Twt cells with
different concentrations (25–0.1 μg mL−1) of the corresponding
samples for 24 h. AlamarBlue reagent (10% v/v) was added to
each well and cells were further incubated for 4 h at 37 °C. Fi-
nally, the fluorescence intensities were recorded by a microplate
reader. 20% dimethyl sulfoxide (Sigma Aldrich) was used as pos-
itive control of cellular death. Each experiment was performed by
triplicate and the data are shown as the mean value plus standard
deviation (SD). Fluorescence intensities in the cytotoxicity exper-
iments were recorded on Synergy 2 Multi Mode Reader (BioTek
Instruments) at room temperature (25 °C).

2.5.2. Cellular Uptake Study

Cellular Uptake Study for Different Incubations Times: In order
to demonstrate the ability for selective targeting, the Psomes were
quantitatively evaluated using flow cytometry analysis. Cells were
seeded at density of 2 × 105 cells per well in 1.5 mL of complete
medium in a 12-well plate and incubated for 24 h. Then, 60 μL
of the corresponding FITC-labeled system (CF = 0.01 mg mL−1,
stock solution in PBS) were added, the cells were incubated at
37 °C in a humidified 5% CO2 incubator for different incubation
times (0, 4, and 24 h). After desired incubation time, cells were
washed with PBS and 0.1% heparin (in order to remove com-
pounds that were attached on the surface but not internalized)
followed by centrifugation at 300 × g for 5 min at 4 °C. The re-
sulting pellets were suspended in 200 μL PBS and analyzed by
flow cytometry.

Inhibition with Neutravidin: In order to demonstrate the abil-
ity for selective targeting, an inhibition experiment with neutra-
vidin was carried out. HEK293ThuBirA-DAP12-KiBAP (at density of 2 ×
105 cells per well in 1.5 mL of complete medium) were seeded
in a 12-well plate and incubated for 24 h. Next, the medium was
removed, and 1.5 mL of new medium (without FBS) was added.
Later, the cells were treated with 0.01 mg mL−1 of neutravidin
and incubated for 30 min. Afterward, 60 μL of the corresponding
FITC-labeled system (CF = 0.01 mg mL−1, stock solution in PBS)
were added, the cells were incubated at 37 °C in a humidified 5%
CO2 incubator for different incubation times (0, 2, 4, and 6 h).
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Figure 2. General approach for preparing protein-loaded polymersomes (Psomes). Conditions: 1 mg BCP per mL + 0.1 mg mL−1 protein. Characteriza-
tion by fluorescence spectroscopy (HSA-FITC or Avidin/bPEGFITC), DLS, and Cryo-TEM. Psomes C composition [80% BCP1 (X = methoxy end group) +
20% BCP2 (X = azido end group)] used for preparing protein in situ and post loaded Psomes. ∅ = diameter. MT = membrane thickness. The % loading
efficiency was calculated by fluorescence intensity after purification divided by fluorescence intensity before purification.

After desired incubation time, cells were washed with PBS and
0.1% heparin followed by centrifugation at 300 × g for 5 min at
4 °C. The resulting pellets were suspended in 200 μL PBS and
analyzed by flow cytometry.

2.6. Statistical Analysis and Figures

The main figures were represented using Origin 2016 soft-
ware. The statistical analysis, including the calculation of the
mean, standard deviation, and p-values, was performed using the
Mann–Whitney U nonparametric test. The significance level was
set as p ≤ 0.05. GraphPad Prism 5.0 software was used. All data
were generated from duplicate or triplicate wells in at least three
independent experiments.

3. Results and Discussion

3.1. Formation and Characterization of Azido-Modified-Psomes

pH-responsive and photo-crosslinked Psomes decorated with
azide groups were prepared by mixed self-assembly of methoxy-
and azido-modified block copolymers (Figure 2).[15,51] The cor-
responding block copolymers (BCP1 and BCP2, Figure 2) were
synthesized by atom transfer radical polymerization using a
previously published approach.[51,52] Both block copolymers
are characterized by a methoxy end group (BCP1) or a azide
end group (BCP2) in the hydrophilic poly(ethylene glycol)
(PEG) segment, while their hydrophobic part consists of pH-
sensitive 2-(N,N′-diethylamino)ethyl methacrylate (DEAEM) and
photo-crosslinker, 3,4-dimethyl maleic imidobutyl methacrylate.
The Psomes were fabricated by the self-assembly of different
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mixtures of BCP1 and BCP2 (Psomes A = 100% BCP1; Psomes
B = 90% BCP1 + 10% BCP2, and Psomes C = 80% BCP1 + 20%
BCP2) using the so-called pH switch method.[51,52] Afterward
Psomes were crosslinked by UV irradiation for 180 s. The
obtained Psomes A-C were characterized by DLS (size, polydis-
persity, and swelling-shrinking cycles of vesicles). The average
size of Psomes A-C at pH = 8 is around 85–95 nm, while at pH
= 5 the average size of them is around 135–160 nm depending of
the percentage of BCP2 (Table S3, Supporting Information). Due
to the photo-crosslinking process Psomes A–C exhibit the desired
enhanced mechanical stability and repeated swelling and shrink-
ing of Psomes membrane even in a high number of pH cycles
(Figure S8, Supporting Information) as known from previous
studies.[65] To investigate the controlled post-functionalization of
azido-modified Psomes by SPAAC, Psomes C with the highest
azido block copolymer percentage (20% N3) was chosen for
the following studies, because of the presence of enough azido
groups on the exterior surface of Psomes.[51] Previously, our pH-
responsive Psomes were thoroughly studied by AF4-LS, leading
to a better understanding of scaling parameters (e.g., shape
and density).[65] Therefore, the influence of the incorporation of
BCP2 in azido-modified Psomes on the scaling parameter was
studied by AF4-LS using different percentages of BCP2 (0%,
5%, 10%, and 20% N3) (Figure S10, Supporting Information,
top). The resulting scaling parameter 𝜈 (0.39–0.43) at different
BCP2 ratios is quite similar, showing a conformation close to a
spherical shape (ideal sphere 𝜈 = 0.33). Considering the apparent
density of all Psomes in Figure S10, Supporting Information
(middle), the apparent density significantly drops at the highest
percentage (20% N3), due to increase of Rg for Psomes with 20%
N3 (Figure S10, Supporting Information, middle). In addition,
the 𝜌 parameters (Rg/Rh) were determined to be 1.1–1.4 (Figure
S10, Supporting Information, bottom). The highest value (1.4)
was found for the highest percentage (20% N3) corresponding to
a more heterogeneous particle surface for Psomes with 20% N3
(Psomes C composition). This might be due to the high amount
of BCP2 in Psomes which contains a longer PEG chain com-
pared to BCP1, leading to a more irregular surface and deviation
of 𝜌 parameters from the ideal value for hollow capsules (𝜌 = 1).

3.2. Formation and Characterization of Protein-Loaded Psomes
Using Post and In Situ Loading Approaches

The first study was to investigate the loading efficiency of these
Psomes of two proteins such as avidin and HSA by in situ (dur-
ing the formation) and post (after formation at acidic pH) load-
ing (Figure 2). Both proteins possess similar sizes (≈66 kDa)
but an opposite surface charge under the conditions studied
(range pH 6–8; HSA (pI = 4.9, negative charge); Avidin (pI =
10, positive charge)). Additionally, both proteins present differ-
ent hydrophilic/hydrophobic character. Avidin presents a more
hydrophilic character than HSA due to a higher percentage of
polar amino acids (≈60%) and also the presence of carbohydrates
at the protein surface. This difference could highly contribute to
the interaction with the Psomes, but also to the location and load-
ing efficiency of both proteins. Previous studies demonstrated
that in situ loading of enzymes into our Psomes is useful to con-
struct nanoreactors with “on and off”-switchable enzymatic cas-

cade reactions.[43,44,46] Further studies extended these results to
the post loading approach.[65,66] For both loading approaches, the
same amount of proteins was used (1 mg BCP per mL + 0.1 mg
mL−1 protein). Successful loading by the Psomes was proven by
fluorescence spectroscopy using labeled proteins (HSA-FITC or
Avidin/bFITC, Supporting Information). Free protein within the
protein-loaded Psomes (HSA-Psomes and Avidin-Psomes) solu-
tion was removed by hollow fiber filtration (HFF) purification
(Figure 2). By fluorescence spectroscopy, a large difference in the
loading efficiency for the two proteins is observed (HSA ≈26%,
Avidin ≈8%). However, the difference in loading efficiency is
negligible, when considering the loading method for each pro-
tein (Figure 2). Without doubt, the large loading difference of
both proteins is attributed to the opposite surface charge, and hy-
drophilic/hydrophobic character, favoring the interaction of HSA
with the positively charged surface of the Psomes at acidic pH
and hydrophobic membrane interaction at basic pH.

Regarding the loading by the two different loading methods,
the cargo location depending on the type of cargo has also to be
considered, even though the loading efficiency was the same. Us-
ing in situ loading, the protein will be mainly found inside and
anchored in the membrane.[46,66] Using post loading, the mem-
brane and surface of Psomes will be more favored.[50,65] Thus,
the choice of loading approach will depend on the subsequent
application of those protein-loaded Psomes desired.[43,44,65,66] Fur-
thermore, the presence of proteins in HSA-Psomes and Avidin-
Psomes results in slightly larger membrane thicknesses com-
pared to the reference, Empty-Psomes (Figure 2). This is simi-
lar to results found in other studies with membrane-integrated
enzymes in Psomes.[65,66]

To validate the aforementioned possible locations of proteins
in HSA-Psomes and Avidin-Psomes, once more an in-depth char-
acterization by AF4-LS was carried out (Figure 3). For this AF4-LS
study, no purification step was performed to in situ and post load-
ing solutions; thus, free protein and Protein-Psomes were coex-
isting in the sample solution (Figure S13, Supporting Informa-
tion). AF4-LS conditions are 0.25 mg BCP per mL with/without
0.025 mg mL−1 protein in 1 mm PBS at pH 8 (further details about
the fabrication of Protein-Psomes and Empty-Psomes are in the
Supporting Information).

The resulting scaling parameters 𝜈 show spherical shape for
all Protein-Psomes with very tiny differences (𝜈 = 0.3–0.4). Simi-
lar structural parameters to previous studies with Avidin-Psomes
without azide groups were found. The corresponding apparent
density of Protein-Psomes drops significantly in all cases except
for Avidin-Psomes-in situ. The high apparent density of Avidin-
Psomes-in situ can be explained that in this case with i) the more
favored lumen than the membrane location of avidin or ii) lower
loading efficiency surface in comparison with the rest of the sam-
ples. This affects the Rg too, leading to smaller Rg (Figure 3).

Moreover, the 𝜌 parameters (Rg/Rh) were determined (Fig-
ure 3; Table S5, Supporting Information). The value of Avidin-
Psomes-post (0.83) corresponds to a state which can be described
as hard sphere-like conformation differently (Figure 3, bottom
right) than for Empty-Psomes (0.99). Based on previous stud-
ies, post loaded avidin cannot cross the membrane due to its
size.[66] This leads to the conclusion, that different membrane
locations are preferred by avidin giving different segments for
Rg and causing the observed 𝜌 parameters changes. However, all
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Figure 3. AF4 conformation studies: (Top) Postulation of avidin and HSA’s locations after each used loading method. (Bottom-left) Conformation plot
of polymersomes (Psomes) measured at pH 8. (Bottom-middle) Determination of the apparent density calculated according to molar mass and radius
(Rg). (Bottom-right) LS signal and 𝜌-parameter (Rg/Rh) versus elution time. Conditions: 0.25 mg BCP per mL + 0.025 mg mL−1 avidin or HSA. Apparent
density calculated for Psomes: Empty and in situ and post loaded with protein. Using Psomes C composition (80% BCP1 + 20% BCP2) for preparing
protein in situ and post loaded Psomes. Equations for the determination of different parameters by AF4-LS presented in Supporting Information.

parameters are very similar to Empty-Psomes for Avidin-Psomes-
in situ (0.99). Thus, in combination with other studies, avidin is
mainly found in the lumen, in the hydrophilic part, but due to
the low level of efficiency, the 𝜌 parameter is similar to Empty-
Psomes. The different protein-filling scenarios of both samples
are additionally supported by the observed density trends.

At the same time, the 𝜌 value in the case of HSA-Psomes-post
indicates a hollow sphere shape for the post loaded sample. This
allows us to postulate that the HSA post location is focused in the
membrane or on the surface of the Psomes, corroborating again
that the HSA prefers the hydrophobic region. In contrast, HSA-
Psomes-in situ sample shows higher 𝜌 parameter corresponding
to more irregular structure with inclusion of HSA into the lumen
(high density at low molar masses) with the tendency to aggrega-
tion to some extent, also confirmed by the decreasing density at
higher molar masses.

The most surprising results within the AF4-LS study are the
different 𝜌 values for HSA-Psomes-post and Avidin-Psomes-post,
when starting from the same Empty-Psomes. This implies a dif-
ferent protein-filling state for both post loaded Psomes (Figure 3,
top left). The different behavior may be the combination of dif-
ferent parameters such as: a) the opposite surface charge, b) the
different hydrophobic/hydrophilic balance, and c) the presence
of azide groups and heterogeneous inner and outer PEG shells
generating additional interactions as well.

In contrast to the high shear-force applied during HFF,[66,67]

the forces applied during AF4 separation are too weak to break
the interaction between the vesicle surface and the cargo. Unfor-
tunately, a direct quantification of loaded avidin is not possible
due to some interaction with the membrane in the AF4-channel
(low mass recovery, Table S4, Supporting Information). In con-
trast, a separation and quantification in the case of HSA is pos-
sible. The correlation of the UV signal areas varied with concen-
tration series of the individual proteins enables us to quantify
the free protein and to calculate the amount of loaded protein
in the Psomes (Figures S12, S13, Table S5, Supporting Informa-
tion). Using this well-established protocol,[66,68] a corrected load-
ing efficiency of 31% for HSA in situ (22 Protein:Psomes) and
42% for HSA post loading (30 Protein:Psomes). It can be ob-
served that the values are higher from those listed in the table
in Figure 2 (26% for HSA in situ and 28% for HSA post, puri-
fied by HFF), which is a result of the high shearing forces ap-
plied by HFF in comparison to AF4 as discussed above. Based
on the AF4 results without the use of high shear forces, a higher
number of HSA biomacromolecules is loaded using post loading.
Thus, it might be that using this strategy preferred electrostatic
interactions are promoted raising the loading efficiency, which
provides a valuable information for other bio(macro)molecules.
For instance, in case a protein release is necessary for a thera-
peutic action, a post loading approach would be more efficient
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Figure 4. (Top) Fabrication of HSA in situ loaded and avidin post-functionalized polymersomes, HSA-Psomes-APEG500Da, and HSA-Psomes-APEG3kDa
(HSA-Psomes-APEG). First step, in situ loading: 1 mg BCP per mL + 0.2 mg mL−1 HSA-𝛽-CD-FITC. The HSA on the surface is displaced by excess
of 𝛽-CD. Second step, post-functionalization: 0.25 mg BCP per mL + 0.1 mg mL−1 Avidin/bPEG3kDa/500DaCOD. (Bottom) Characterization of HSA in
situ loaded and avidin post-functionalized polymersomes. pH-dependent DLS measurements determination of pH* (half-power of Psomes swelling) of
protein-loaded Psomes (0.25 mg BCP per mL in 1 mm PBS). Monitoring the sequential approach by fluorescence intensity.

for biomacromolecules with properties (charge and size) similar
to HSA.

3.3. Post-Functionalization Reactions on the Psomes with
Surface-Modified HSA

Next step was the post-functionalization on the Psomes sur-
face in the state of collapsed membrane (Figure 4) by apply-
ing SPAAC reaction using the azide groups on the Psomes sur-
face and cyclooctyne-(COD)-modified HSA protein and to com-
pare this post-functionalization with the unspecific interactions
between 𝛽-CD groups and PEG chains in the case of HSA-𝛽-
CD. Therefore, surface-modified proteins such as HSA-COD and
HSA-𝛽-CD and their labeled analogues were prepared and char-
acterized (details in the Supporting Information).[68] To avoid
aggregation processes under SPAAC and non-covalent interac-
tion conditions, the reaction between N3-modified Psomes and
surface-modified HSA was carried out under dilute conditions
(0.25 mg mL−1 of Psomes) and at pH 8 to ensure the desired post-
functionalization on Psomes surface. The reaction mixture was
stirred overnight and the resulting post-functionalized Psomes
were purified by HFF and characterized by UV–vis and fluores-
cence spectroscopy (Figures S14, S15, Supporting Information).

First, non-specific interactions (Figure S15, Supporting Infor-
mation) are observed in the case of HSA-𝛽-CD (≈30%), but a

higher functionalization is obtained in the case of HSA-COD
(≈50%) without aggregation processes (details in Supporting In-
formation). Over time the HSA post-modified Psomes showed
a small amount of aggregation once they are stored at 4 °C
for several days. However, these specific dye-labeled HSA post-
functionalized Psomes could not be used for cellular uptake
study. They resulted in very high, non-specific cellular uptakes
(data not shown), due to the presence of high number of FITC
groups of HSA on the Psomes´ surface. Therefore, these sam-
ples were discarded for further biological studies. Though, the
study showed that the combination of a protein loading of
Psomes with a protein post-functionalization process for the fab-
rication of a potential drug delivery system can be in princi-
ple achieved. The final post-functionalization on Psomes surface
with collapsed membrane at pH 8 avoids the loading of any pro-
teins in the lumen or in the Psomes membrane as known from
post loading processes.[65]

3.4. HSA-Loaded Psomes with Avidin as Recognition Unit at the
Outer Psomes Surface for a First Molecular Recognition Study

The second method consisted of a sequential approach (Fig-
ure 4): i) in situ loading of HSA-𝛽-CD-FITC and then ii)
post-functionalization of the outer Psomes´ surface with
avidin/bPEGCOD using different PEG spacers (500 Da
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Figure 5. Cellular uptake and competition studies of protein in situ loaded and post-functionalized Psomes, HSA-Psomes-APEG500Da, and HSA-Psomes-
APEG3kDa (10 μg BCP per mL). A. HEK293Twt cell line was used as negative control; B. HEK293ThuBirA-DAP12-KiBAP cell line was used to prove the successful
interaction between Avidin post-modified Psomes nanoobjects and biotinylated cell surface receptor; C. HEK293ThuBirA-DAP12-KiBAP cell line in presence
of neutravidin was used for competition studies.

(PEG500Da) and 3000 Da (PEG3kDa)) (details on the synthe-
sis and characterization in Supporting Information). Post-
functionalization of Psomes surface with avidin/bPEGCOD
was carried out under the same experimental conditions of
SPAAC as described above for HSA post-modified Psomes. The
polymeric vesicles were characterized by DLS and zeta-potential
(Figure 4; Figure S16, Supporting Information), and the post-
functionalization and purification processes were monitored by
fluorescence spectroscopy indicating the successful loading of
HSA-𝛽-CD-FITC, preferentially located in the lumen of Psomes,
and the successful post-functionalization of avidin/bPEGCOD
on the Psomes surface (Figure 4).

Due to the high loading efficiency of HSA by in situ loading
(Figure 2) and presence of some HSA biomacromolecules on

Psomes´ surface, as mentioned above, it is very important
to remove the HSA-𝛽-CD-FITC from the surface for subse-
quent cellular uptake experiments. To do this, two cycles of
treatment with excess 𝛽-CD were carried out to displace the
HSA-𝛽-CD-FITC on the surface obtaining the desired system
(Figure S9, Supporting Information) before carrying out final
post-functionalization of Psomes-loaded HSA-𝛽-CD-FITC (HSA-
Psomes; Figure 4). With the fabrication of avidin/bPEG500DaCOD
and avidin/bPEG3kDaCOD post-modified HSA-Psomes (HSA-
Psomes-APEG500Da and HSA-Psomes-APEG3kDa), we were able
to validate their first recognition potential through biotin ligand-
carrying cell surfaces (Figure 5). Previously, we evaluated the
tendency for particle aggregation/stability of Empty-Psomes
and protein-loaded Psomes in different cell media. Briefly,
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Empty-Psomes (0.25 mg BCP per mL), HSA-Psomes (0.25 mg
BCP per mL) and HSA-Psomes-Avidin (0.125 mg BCP per mL)
were incubated at 37 °C in three different solutions: a) 1 mm
PBS, b) serum-free DMEM, and c) 10% FBS DMEM. All samples
were analyzed by DLS after different time points of incubation
(0, 2, 4, 6, and 24 h). The results are shown in the Table S6
and Figure S17, Supporting Information. This strategy could
be extended to a therapeutic protein/enzyme with properties
similar to HSA, which could be activated or released under
specific conditions, combined with targeting properties.

3.5. In-Vitro Study

For biological approaches protein-loaded nanocarriers need to
be nontoxic, non-immunogenic, and biocompatible.[69] To study
Psomes biocompatibility, human embryonic kidney carcinoma
cell line (HEK293Twt) and NK-cell leukemia cell line (YTSwt; Ta-
ble S6, Supporting Information) were treated for 24 h with differ-
ent concentrations of HSA-Psomes-APEG500Da or HSA-Psomes-
APEG3kDa (0.1–25 μg mL−1). As shown in Figure S18, Support-
ing Information both Psomes exhibit similar toxicities. The max-
imum nontoxic concentration in YTSwt is 25 μg mL−1 compared
to 10 μg mL−1 in HEK293Twt. This difference can be attributed
to the different characteristics of the cell lines. To avoid toxicity, a
concentration of 10 μg mL−1 of HSA-Psomes-APEG500Da or HSA-
Psomes-APEG3kDa was used for further studies.

Next, we analyzed specific uptake of avidin post-functionalized
HSA-Psomes into biotinylated target cells. Therefore
YTShuBirA-DAP12-KiBAP and HEK293ThuBirA-DAP12-KiBAP, expressing
biotinylated DAP12 receptor on their cell surface were incubated
with 60 μL of PBS containing the corresponding FITC-labeled
HSA-Psomes-APEG systems (CF = 0.01 mg mL−1) at 37 °C for
different incubation times (0, 4, and 24 h). As negative control,
HEK293Twt and YTSwt were used. After different incubation
times, cells were washed with PBS and 0.1% heparin in order
to remove HSA-Psomes-APEG500Da and HSA-Psomes-APEG3kDa
that are attached on the cell surface. The resulting pellets were
suspended in 200 μL PBS and analyzed by flow cytometry
(Figure 5; Figure S20, Supporting Information).

As depicted in Figure S22, Supporting Information HSA-
Psomes-APEG500Da are internalized independently of the biotiny-
lated surface receptor in YTS cell lines after 24 h incubation
time. In comparison HSA-Psomes-APEG500Da are internalized
specifically by biotinylated DAP12 expressing HEK293T cells.
The specific uptake is even detectable after 24 h. However,
HEK293Twt, that do not express biotinylated DAP12 receptor on
their cell surface, also internalizes HSA-Psomes-APEG500Da non-
specifically to some extent. In addition, we performed a competi-
tion assay to analyze whether specific cellular uptake of avidin
post-functionalized HSA-Psomes can be inhibited by block-
ing biotinylated cell surface receptors with neutravidin. There-
fore, HEK293ThuBirA-DAP12-KiBAP was treated with HSA-Psomes-
APEG500Da or HSA-Psomes-APEG3kDa in presence and absence
of neutravidin. Hek293Twt served as negative control (Figure 5).

As shown Figure 5, both HSA-Psomes-APEG500Da and
HSA-Psomes-APEG3kDa are specifically internalized by
HEK293ThuBirA-DAP12-KiBAP, expressing biotinylated DAP12

receptor on their cell surface. In comparison, blocking
the receptor with neutravidin inhibits the specific uptake
of HSA-Psomes-APEG500Da and HSA-Psomes-APEG3kDa by
HEK293ThuBirA-DAP12-KiBAP cells. In the presence of neutravidin,
cellular uptake is comparable to the non-specific internaliza-
tion of HSA-Psomes-APEG500Da and HSA-Psomes-APEG3kDa
by HEK293Twt, which do not express a biotinylated receptor
on their cell surface. These results indicate that avidin post-
functionalized HSA-Psomes are an attractive targeted drug
delivery system, regardless of the length of the PEG chain used.
The described protein in situ loaded and post-functionalized
Psomes possess the capability to bind specifically biotinylated
receptors on the cell surface of cancer cells. Moreover, they can
be specifically internalized by these cells. To further improve
specific cellular uptake and reduce unspecific cell binding of our
Psomes biohybrids, it might be better to combine the concept of
freely dangling targeting ligand with neutravidin on Psomes´
surface. Compared to avidin, neutravidin is free of sugar units
and has a neutral isoelectric point, which minimizes non-specific
binding to cell membranes.[70]

4. Conclusion

This study provides deeper insights into the establishment
of multiple protein-loaded Psomes based on the use of
pH-responsive and azido-modified Psomes with the focus
on the structural characterization and loading and post-
functionalization possibilities. The following issues were evalu-
ated: a) different loading processes (in situ and post) with their
corresponding loading efficiency; b) two types of proteins for
loading with similar size but different surface charge and polar-
ity (HSA and avidin); c) structural parameters of azido-modified
Psomes in the presence and absence of loaded proteins; and
d) the ability of Psomes as selective recognition systems using
SPAAC for post-functionalization on Psomes surface. The con-
sideration of the structural parameters (Figure 3) and cryo-TEM
results (Figure 2) allowed us to suggest different potential protein
locations in Protein-Psomes (Figure 3, top).

It has to be emphasized that the present work differs strongly
from recently published results that describe the docking and dif-
fusion processes of biotinylated cargo on/in Avidin-Psomes, pre-
pared by in situ loading and avidin-biotin conjugation process.[66]

Moreover, matrix metalloproteinase-1 post loaded Psomes with
PEG shell outline promising benefits for the treatment of early
liver fibrosis, leading to the degradation of extracellular collagen-
1.[50] Our azido-modified, biocompatible, and pH-responsive
azido-modified Psomes, post-functionalized, and/or loaded with
proteins/enzymes, can be further post-functionalized with other
bio(macro)molecules such as antibodies, peptides, or enzymes
by click chemistry or by biotin-avidin (derivative) interaction.
The current work paves the way to the fabrication of nano-
compartments with multiple functions, while the location of ac-
tive bio(macro)molecules will be selected and determined by its
therapeutic action, size, and polarity. The highly versatile azido-
modified Psomes system offers new opportunities for the design
of targeting protein therapeutics, targeting therapeutics nanore-
actors, and as diverse cell biomimetics.
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