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Biological membranes constitute an interface between cells and their surroundings and
form distinct compartments within the cell. They also host a variety of biomolecules
that carry out vital functions including selective transport, signal transduction and
cell-cell communication. Due to the vast complexity and versatility of the different
membranes, there is a critical need for simplified and specific model membrane platforms
to explore the behaviors of individual biomolecules while preserving their intrinsic
function. Information obtained from model membrane platforms should make invaluable
contributions to current and emerging technologies in biotechnology, nanotechnology
and medicine. Amphiphilic block co-polymers are ideal building blocks to create
model membrane platforms with enhanced stability and robustness. They form various
supramolecular assemblies, ranging from three-dimensional structures (e.g., micelles,
nanoparticles, or vesicles) in aqueous solution to planar polymer membranes on solid
supports (e.g., polymer cushioned/tethered membranes,) and membrane-like polymer
brushes. Furthermore, polymer micelles and polymersomes can also be immobilized on
solid supports to take advantage of a wide range of surface sensitive analytical tools. In
this review article, we focus on self-assembled amphiphilic block copolymer platforms
that are hosting biomolecules. We present different strategies for harnessing polymer
platforms with biomolecules either by integrating proteins or peptides into assemblies or
by attaching proteins or DNA to their surface. We will discuss how to obtain synthetic
structures on solid supports and their characterization using different surface sensitive
analytical tools. Finally, we highlight present and future perspectives of polymer micelles
and polymersomes for biomedical applications and those of solid-supported polymer
membranes for biosensing.
Keywords: self-assembly, amphiphilic block copolymers, micelles, polymersomes, supported polymer
membranes, biomolecules conjugation, biomedical applications

INTRODUCTION
Biological membranes are of great importance in life as they play crucial roles in the structure
and function of all living cells. They serve as an interface between cells and their environment and
provide the basis for internal compartmentalization which is essential for controlling many cellular
processes. Membranes also take part in distinct biological processes including selective nutrient
transport, signal transduction, cell-cell recognition, and inter-and intra-cellular communication.
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phospholipid matrix (Singer and Nicolson, 1972). In the past few
decades, much attention has been devoted to developing novel
model biointerfaces that mimic basic functions of biological
membranes.
In a biomimetic approach, naturally occurring lipids,
synthetic lipids, and synthetic block copolymers have been used
to create the membrane backbone (Sackmann, 1996; Mecke et al.,
2006). Polymer-derived synthetic model membrane systems have
several advantages over those made of phospholipids since they
are more stable and more amenable to chemical modifications
(Discher et al., 1999; Discher and Ahmed, 2006; Egli et al., 2011).
To date, a range of simplified model systems including polymer
micelles (Kulthe et al., 2012) and polymersomes (Discher
and Ahmed, 2006), and polymersomes or planar membranes
attached to solid supports have been obtained (Belegrinou
et al., 2011; Rein et al., 2016) (Figure 1). Moreover, an
increased complexity of the synthetic membranes, such as stimuli
responsiveness (Li and Keller, 2009) or permeability (Battaglia
et al., 2006) can be achieved by mixing block copolymers with
different physicochemical properties and chemical modifications.
Biological functions are brought about by combining the
synthetic membranes with a variety of biomolecules including
proteins, peptides, and nucleic acids. These biomolecules can be
conjugated, inserted and encapsulated within three-dimensional
polymer assemblies, whereas they can be conjugated to or
inserted into planar polymer membranes.
In this review, we describe the self-assembly of block
copolymers into micelles and vesicles in aqueous solution.
We selected to focus on nanometer-range vesicles, so called
polymersomes, while details related to vesicles in the micrometer
range, so called giant unilamellar vesicles (GUVs) are reviewed
elsewhere (Howse et al., 2009). The basic criteria underlying the
self-assembly of amphiphilic block copolymers are introduced,
however, without considering the full complexity of the process.
We discuss how to prepare polymer micelles and polymersomes
by the most commonly used methods, and how to equip
them with different biomolecules. We then present procedures
to immobilize polymersomes with and without biomolecules
on solid supports and expand on selected functions obtained
by specific biomolecules. We describe how to prepare planar
polymer membranes on a solid support and how these platforms
turn into biomimetic interfaces by attaching or inserting
biomolecules to the polymer membranes. We conclude with
touching on present and future perspectives of hybrid biopolymer nanosystems in biomedical applications.

Structurally, they consist of many different components, mainly
distinct phospholipids and cell-specific sets of proteins.
While the phospholipid bilayer provides the structural
backbone of the membrane, proteins (e.g., peripheral and
transmembrane proteins) are incorporated in or attached to the
Abbreviations: ao, the contact area of head group; ATRP, (atom transfer
radical polymerization(diisopropyl-amino) ethyl methacrylate); 3-caprolactone;
4F3 NB, 4-fluoro-3-nitrobenzoic acid; 4FB, 4-foramybenzoate; ABTS, 2,2′ azinobis (3-eth-ylbenzothiazoline-6-sulfonic acid); AFM, atomic force
microscopy; ATOTA-COOH 2-(N-methyl-N-2-4-carboxyl butyl amino)
(6,10-bis(N,N-dimethylamino)) trioxatriangulenium chloride; b-anti-ICAM-1,
biotinylated-anti-ICAM-1; BAM, Brewster Angle Microscopy; Biotin–PEG–
DSPE,
biotin-1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl]
(polyethylene glycol); CalB, Candida antarctica lipase B; CGRGS, Thiolcontaining targeting peptides; CLSM, confocal laser scanning microscopy;
Con A, concanavalin A; CMC, critical micellar concentration; CNC,
catalytic nanocompartments; cRGD, cyclic arginine-glycine-aspartic acid;
Cryo-SEM, Cryo-scanning electron microscopy; CuAAC, Cu(I)-catalyzedazide–
alkyne cycloaddition; DACHPt, (1, 2-diaminocyclohexane)platinum; DBCO,
dibenzocyclooctyne; DLS, dynamic light scattering; DoE, Design of experiments;
DOPC,
1,2-dioleoyl-sn-glycero-3-phosphocholine;
DOX,
doxorubicin;
DOX•HCL, hydrophilic doxorubicin; FSM, force spectroscopy mapping;
G1P, glucose-1-phosphate; G6P, glucose-6-phosphate; gA, Gramicidin A; GlpF,
E. coli glycerol facilitator; Gox, , glucose oxidase; GPCRs, G protein-coupled
receptors; GUVs, giant unilamellar vesicles; HRP, horseradish peroxidase; HyNic,
6-hydrazinocotinate acetone hydrazine; LA, lipoic acid; LB, Langmuir Blodgett;
lc length of hydrophobic block; LS, Langmuir Schaefer; LCST, lower critical
solution temperature; m number of monomer type; MDOX, doxorubicin′
loaded micelles; MEO2 MA 2-(2 − methoxyethoxy)ethyl methacrylate; Mn,
number average molecular weight; Mw weight average molecular weight;
n number of monomer; NADPH, Nicotinamide adenine dinucleotide; Nj
degree of polymerization of each monomer; NMP, nitroxide mediated
polymerization; NTA, nitrilotriacetic acid; NVOC, nitroveratryloxycarbonyl;
OEGMA, oligo(ethylene glycol) methacrylate; Omp, outer membrane proteins;
OmpF, outer membrane proteins F; OX26, Mouse-anti-rat monoclonal
antibody; P, packing parameter; PAN, polyacrylonitrile; PAN, poly (5-amino1-naphthol); PB-PEO, polybutadiene-poly(ethylene oxide); PBD-b-PEO,
poly(butadiene)-b-poly(ethylene
oxide);
PDMAEMA-PBMA-PDMAEMA,
poly(2,2-dimethylaminoethyl methacrylate)-block-poly(n-butyl methacrylate)block- poly(2,2-dimethylaminoethyl methacrylate); PDMS, polydimethylsiloxane;
PEE-b-PEO, poly(butadiene)-b-poly(ethylene oxide); PEG, polyethylene
glycol; PEG-PE, polyethylene glycol-phosphatidyl ethanolamine; PEO-bPCL, poly(ethylene oxide)-block-polycaprolactone; PEO-b-PCL-b-PMOXA,
poly(2-methyloxazoline)-b-poly(dimethylsiloxane)-b-poly(2-methyloxazoline);
PEO-PPO-PEO poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide);
PEG-PDLLA,
Poly(ethylene
glycol)-b-poly(D,L-lactide);
PFS,
polyferrocenylsilane; PFS-PDMS, polyferrocenylsilane- polydimethylsiloxane;
PFS-PI, polyferrocenylsilane- polyisoprene; PFS-PMVS, polyferrocenylsilanepolymethylvinylsiloxane; PGM, phosphoglucomutase; PI, polyisoprene;
PICsomes, polyion complex vesicles; PID118-PLA71, poly(N-isopropylacrylmideco-N,N’-dimethylacryl-amide) 118 -b-poly(D,Llactide)71; PK, phosphoglycerate
kinase; P(LA-co -TMCC)-g –PEG poly (D,L -lactide-co−2-methyl-2-carboxy
trimethylene carbonate)-g-poly(ethylene glycol); PM, polymer micelles;
PMAA, poly (methacrylate acid); PMPC–PDPA poly((2-methacryloyloxy)ethyl
phosphorylcholine)block-poly(2-(diisopropyl-amino)ethyl
methacrylate)
′
p(MEO2 MA-OEGMA) poly (2-(2 − methoxyethoxy)ethyl methacrylate)-poly
(oligo(ethylene glycol) methacrylate); PMVS, polymethylvinylsiloxane; PNIPAM,
poly(N-isopropyl acrylamide); PPO, poly(propylene oxide); PR, proteorhodopsin;
PS-b-PIAT, polystyrene-b-poly (l-isocyanoalanine) (2-thio-phen-3-yl-ethyl);
PS-PAA, polystyrene-poly (acrylic acid),; QCM, quartz crystal microbalance;
Rg, radius of gyration, ; Rh, hydrodynamic radius; RAFT, reversible additionfragmentation chain transfer; RCA1 Ricinus communis agglutinin 1; RDH, ribitol
dehydrogenase; SEM, scanning electron microscopy; SLS, static light scattering;
SPAAC, strain-promoted azide–alkyne cycloaaddition; SPR, surface plasmon
resonance; STED, stimulated emission depletion microscopy; TAT, transcriptional
transactivator; TCEP, Tris(2-carboxyethyl)phosphine hydrochloride; TEM,
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CRITERIA FOR SELF-ASSEMBLY OF
AMPHIPHILIC BLOCK COPOLYMERS
Advances in polymer chemistry have brought about many
different strategies for producing amphiphilic block copolymers
with desired numbers (n) and types (m) of monomers, which
transmission electron microscopy; UCST, upper critical solution temperature;
V the volume of the hydrophobic block; VS-PEO-b-PMCL, vinyl sulfone
functionalized- poly (ethylene oxide)-block-poly (g-methyl- caprolactone); Xij the
associated interaction parameters αHL, alpha-hemolysin; -D dispersity.
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FIGURE 1 | Biomolecules turn block co-polymer platforms into functional biointerfaces.

each have distinct hydrophilic and hydrophobic characteristics.
To date, amphiphilic block copolymers are synthesized
through different approaches including atom transfer radical
polymerization (ATRP), reversible addition-fragmentation
chain transfer (RAFT), or nitroxide mediated polymerization
(NMP) (Matyjaszewski and Spanswick, 2005; Feng et al., 2017;
Guo X. et al., 2018; Konishcheva et al., 2018). For example,
synthesis of two chemically distinct monomers (m = 2) leads to
a diblock copolymer (n = 2) whereas synthesis of three different
monomers (m = 2 if two of the monomers are chemically same
or m = 3 if the monomers are chemically distinct) results in
triblock copolymers (n = 3). In general, these block copolymers
are defined as AB diblock copolymers or ABA and ABC triblock
copolymers where A and C are chemically distinct hydrophilic
blocks whereas B represents the hydrophobic block (Figure 2A).
Varying the number of blocks (n) and chemically distinct block
types (m) in polymer synthesis creates a collection of unique
copolymers, where each generates a specific nano-sized structure
in aqueous solution. There are primary and secondary factors
that change the self-assembly properties of block copolymers in
the solution. The main primary factors are number of monomers
(n), number of monomer types (m), degree of polymerization of
each monomer (Ni ), and the associated interaction parameters
(Xij ), where i and j correspond to chemically distinct repeat units.
Secondary factors include block flexibility (e.g., stiff vs. flexible
chains), dispersity (-D) and heterogeneity in block composition.
A detailed discussion on these factors can be found elsewhere
(Bates et al., 2012). In particular, -D is influenced by the ratio of
weight average (Mw) to number average (Mn) molecular weight
(Lynd and Hillmyer, 2005), simply reflecting the molecular
weight distribution. For example, the poly(ethylene oxide)block-polycaprolactone (PEO-PCL) block copolymer with a
polydispersity index of 1.14 yields predominantly polymersomes
(Qi et al., 2013) whereas the PEO-PCL block copolymer with a
polydispersity of 1.42 creates mainly worms (Rajagopal et al.,
2010).

Frontiers in Chemistry | www.frontiersin.org

FIGURE 2 | (A) Illustration representing different obtainable block copolymer
architectures from different synthesis methods, and (B) various self-assemblies
from amphiphilic block copolymers in an aqueous solution, depending on the
packing parameter, p. Reproduced (with adaptations) from Blanazs et al.
(2009) and Beales et al. (2017) with permission of Copyright © 2009
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim and Copyright © 2017 The
Author(s) Paul A. Beales, respectively.

Amphiphilic block copolymers are able to self-assemble a
wide range of nano-sized structures in aqueous solution. The
most prominent examples are nanoparticles, micelles (spherical,
cylindrical, and worm-like), and polymersomes. It is important
to note that obtaining different block copolymer assemblies is
the result of the inherent molecular curvature arising from the
relative size difference between the hydrophilic and hydrophobic
blocks. This principally defines the geometric packing of block
copolymers in the resulting copolymer assemblies in aqueous
solution, which is known as dimensionless packing parameter,
p (Figure 2B). The p is defined as p = v/ao lc , where v is the
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volume of the hydrophobic block, ao is the contact area of
head group and lc is length of hydrophobic block (Israelachvili,
2011). Although p has originally been developed for amphiphiles
in water (Israelachvili et al., 1976), it has also been used for
predicting structures resulting from self-assembly of amphiphilic
block copolymers in aqueous solution (Kita-Tokarczyk et al.,
2005). It corresponds to the ratio of the molecular volume of the
hydrophobic block to the actual volume occupied by the block
copolymer in the resulting assemblies. Depending on the p value,
different polymer structures within aqueous solution have been
predicted. For example, spherical micelles are formed when p ≤
1/3, cylindrical micelles are formed when 1/3 < p ≤ 1/2, and
vesicles are formed when 1/2 ≤ p ≤ 1 (Figure 2B) (Smart et al.,
2008; Blanazs et al., 2009). In addition to primary and secondary
factors which focus on the nature of block copolymers, external
factors such as temperature, ionic strength, and pH also influence
the self-assembly of particular block copolymers (Bae et al., 2003;
Solomatin et al., 2003; Park et al., 2007).
Once desired block copolymer assemblies in an aqueous
solution are obtained, further characterization is required for
these assemblies to qualify for specific biomedical and biosensing
applications. The characterization of the assemblies by a wide
range of microscopy and light scattering techniques mostly
concerns size, size distribution, shape, and surface charge.
For example, optical microscopy has been mainly used for
polymersomes that are bigger than limit of resolution (>200 nm)
whereas transmission electron microscopy (TEM) has been
utilized for high resolution images of both micelles and
polymersomes (Habel et al., 2015; Men et al., 2016; RuizPérez et al., 2016). Static light scattering (SLS) and dynamic
light scattering (DLS) have been employed to obtain radius of
gyration (Rg ) and hydrodynamic radius (Rh ) of both micelles
and polymersomes, respectively (Stauch et al., 2002). Specifically,
if the ratio of Rg to Rh , or shape factor, is ≤ 1, it is indicative
of spherical objects (Brewer and Striegel, 2011) allowing for
a prediction of the predominant morphology of assemblies
in a solution. For example, polymersomes assembled from
poly(ethylene glycol)-b-poly(D,L-lactide) (PEG-PDLLA) had a
ratio close to 1, whereas the PEG-PDLLA elongated tubes
had an average shape factor of 1.5 with all values above 1.3
(Abdelmohsen et al., 2016). In addition, DLS measurements
will reveal the size distribution (e.g., unimodal, bimodal, or
multimodal) of the assemblies (Habel et al., 2015). Apart from
size parameters, zeta potential measurements can be carried out
to determine the surface charge of assemblies (Hu et al., 2017).

prior to the formation of a micellar structure or by physically
entrapping the hydrophobic compound/drug within the
micelle (Kazunori et al., 1993). Moreover, reduced off-target
toxicity and sustainable drug release profiles can be achieved
by polymeric micelle nanocarriers (Jones and Leroux, 1999;
Kataoka et al., 2001; Shin et al., 2016). Cylindrical micelles
lend themselves to flow intense drug delivery applications
(e.g., phage-mimetic drug carriers and micropore delivery)
since they are not only bio-inert and stable, but also very
flexible. In general, size and shape of polymer micelles differ
according to monomer selection, length of block copolymers,
chain architecture, and temperature (Pochan et al., 2004;
Zhulina et al., 2005). To date, a wide range of amphiphilic block
copolymers have been employed in order to create copolymer
micelles. Chitosan (e.g., chitosan graft poly(ε-caprolactone
(PCL), N-octly-N, O-carboxymethyl chitosan), polyacrylate [e.g.,
poly(2-ethylhexyl acrylate)-b-poly(acrylic acid)], polycaprolactone [e.g., polyethylene oxide (PEO)-b-PCL], polylactide
[e.g., poly(D,L-lactide)-b-poly(ethylene oxide) (KríŽ et al., 1999;
Lim Soo et al., 2002; Štěpánek et al., 2009; Duan et al., 2010;
Huo et al., 2011) and many more examples are listed in the
review by Kulthe et al. (2012). Most of these block copolymers
assemble into spherical micelles whereas only a small portion
of block copolymers are able to form cylindrical micelles. For
example, cylindrical micelles have been produced in appropriate
organic solution by self-assembly of block copolymers having
either crystallizable or amorphous blocks (Nazemi et al., 2016).
Polyferrocenylsilane (PFS) based block copolymers [e.g., PFSpolyisoprene (PFS-PI), PFS-polydimethyl-siloxane (PFS-PDMS)
and PFS-polymethylvinylsiloxane (PFS-PMVS)]] with PFS
as a crystallizable block, favor formation of well-defined,
monodisperse cylindrical micelles with controllable length over
a wide range of block ratios (Zhang and Eisenberg, 1995; Won
et al., 1999; Cui et al., 2007; Wang et al., 2007). On the other
hand, formation of cylindrical micelles by amorphous blocks is
restricted to a small fraction of block copolymer compositions. In
addition, resulting micelles are polydisperse and confounded by
the coexistence of other types of assemblies (Nazemi et al., 2016).
However, the formation of cylindrical micelles is challenging and
thus, the experimental data on cylindrical micelles are limited.
Therefore, in this review, we mainly focus on spherical micelles.
Micelles are produced via different methods; direct dissolution
and solvent switch (Riess, 2003; Letchford and Burt, 2007).
When the block copolymers are relatively water-soluble, micelles
are prepared by direct dissolution of the copolymer in water:
the block copolymers are simply added to aqueous solutions
at a concentration above the CMC, which induces the selfassembly of copolymers into micelles (Kabanov and Alakhov,
2002; Karayianni and Pispas, 2016). When the block copolymer
is not water soluble, it is dissolved in a water miscible, volatile
solvent, followed by removal of the organic solvent by dialysis
against water (Kim et al., 1998).
Polymer assemblies (micelles or polymersomes) can be
engineered to respond to various internal stimuli (pH, redox
potential, and enzymes) or external stimuli (light, magnetic
field, and ultrasound), leading to the formation of responsive or
“smart” polymer assemblies. Depending on the applied stimulus,

POLYMER MICELLES
Copolymer micelles are nano-sized assemblies formed by
amphiphilic block copolymers in dilute solution when the
concentration of a polymer is above the critical micellar
concentration (CMC). The main two types of polymer micelles
in aqueous solution are spherical and cylindrical micelles.
Spherical micelles in particular have been excellent candidates
for novel drug delivery vehicles because they solubilize agents
either by covalently attaching them to block copolymers

Frontiers in Chemistry | www.frontiersin.org
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hydrophobic part (core) of the micelles. Functionalization of the
shell by biomolecules modifies the overall physicochemical and
biological properties of the micelles, leading to the design of novel
nanocarriers for targeted drug delivery applications (Blanazs
et al., 2009).
To harness polymeric micelles with biomolecules two basic
approaches apply. The first involves the physical entrapment
of hydrophobic biomolecules or drugs like DOX in the core
(Kataoka et al., 2012). This occurs by adding the molecule
of interest during the micelle formation. The addition of
the hydrophobic biomolecule does not interfere with the
integrity and the stability of the micelles (Cabral and Kataoka,
2014). The alternative is the direct chemical conjugation or
surface decoration of the micelle with a biomolecule provided
the surface-exposed polymer block and the biomolecule bear
functional groups that allow a chemical reaction. There are
many combinations of polymer micelle-biomolecule conjugates.
For instance, polymer-based micelles containing deprotected
aldehyde groups were able to chemically bind RGD peptides
(Duong et al., 2010). In this case the chemical conjugation
of micelles with peptides not only does not affect negatively
their self-assembly, but also enhances their biocompatibility and
eases their uptake from mammalian cells (Ukawala et al., 2011;
Han et al., 2017). Furthermore, this strategy applies also to the
use of polymer micelles for siRNA delivery and micelle-protein
conjugates (Amjad et al., 2017; Han et al., 2017).
To date, many distinct biomolecules have been conjugated
to block copolymer micelles. The most commonly used
biomolecules include proteins (Torchilin, 2004; Holliger
and Hudson, 2005; Zeng et al., 2006; Skidan et al., 2009;
Sawant et al., 2013; Fan et al., 2017), peptides (Kamaly et al.,
2012), and sugar moieties (Yasugi et al., 1999; Nagasaki
et al., 2001; Jule et al., 2003; Oishi et al., 2006). In some
cases, they function as targeting ligands that specifically
recognize antigens or receptors that are overexpressed on
cancer cells, leading to active targeting in cancer therapy.
For example, antibodies to cell-specific surface molecules
are conjugated to polymer micelles to mediate a specific
localization of the carrier (Torchilin, 2004; Holliger and
Hudson, 2005). More specifically, the doxorubicin-loaded
polyethylene glycol-phosphatidyl ethanolamine (PEG-PE)
micelles were decorated with a monoclonal 2C5 antibody,
and were shown to recognize several types of tumor cells
(Perche et al., 2012). Targeting of these “immunomicelles”
(2C5-MDOX) was evaluated using an ovarian cancer cell
spheroid model. The superior accumulation of 2C5-MDOX
compared to free doxorubicin or untargeted MDOX in
spheroids revealed itself by a more efficient penetration of the
tumor and an increase in cytotoxicity. In another example,
two anti-cancer drugs, paclitaxel and campthothecin, were
specifically loaded to 2C5 conjugated, mixed PEG-PE/vitamin
E micelles and their cytotoxicity was tested in cancer cells
in vitro (Sawant et al., 2008). The vitamin E increased drug
loading efficiency due to its ability to solubilize hydrophobic
molecules within the mixed micelles. Correspondingly, drug
loaded mixed immunomicelles were more cytotoxic. In another
example, anti-Her2 antibody Fab fragment conjugated to

observed responses (e.g., disruption of polymer assemblies,
changes in shape, volume, permeation rate, and conformation)
vary. One of the most investigated stimulus is pH, since
changes in pH in cells and tissues are associated with specific
physiological and pathological conditions. For instance, the
pH in tumors (pH 5.7 to 7.2) is usually reduced compared
to normal tissues (pH 7.4) (Tannock and Rotin, 1989). The
most prominent pH sensitive polymer micelles are composed of
poly (acrylic acid) (PAA) and its derivative poly (methacrylate
acid) (PMAA) (James et al., 2014). These two polymers are
hydrophilic at pH 7.4 and they become hydrophobic under acidic
conditions. This feature can be exploited in the design of drug
delivery vehicles. Other widely investigated and applied smart
micelles are thermo-responsive polymer micelles (Torchilin,
2009). Principally, thermo-responsive micelles are obtained from
thermo-sensitive polymers such as poly(N-isopropyl acrylamide)
(PNIPAM) (Dimitrov et al., 2007; Lang et al., 2018). This
specific polymer exhibits a lower critical solution temperature
(LCST) of around 32◦ C in aqueous based solutions (Gorelov
et al., 1997). Below its LCST, PNIPAM in water exists in an
expanded coil like conformation, which gives a transparent
homogenous solution. At T>LCST, PNIPAM undergoes a
hydrophobic collapse marked by a conformational change to
a globule state which leads to the cloudiness of the solution
(Wu and Wang, 1998; Zhang and Wu, 2001). Over the
last decade, new families of thermo-sensitive polymers with
LCST or upper critical solution temperature (UCST) different
to PNIPAM have emerged (Lutz et al., 2006; Hoogenboom
et al., 2008; Glatzel et al., 2010). Examples include that
are based on polyethylene glycol (PEG) and oligo(ethylene
glycol) methacrylate (OEGMA) and 2-(2− methoxyethoxy)ethyl
methacrylate (MEO2 MA) (Lutz and Hoth, 2006; Lutz, 2011).
In particular, poly(MEO2 MA), PMEO2 MA, shows an LCST of
around 26◦ C in water, which limits applications in vivo, whereas
the LCST of poly(OEGMA), POEGMA, is around 90◦ C (Han
et al., 2003; Mertoglu et al., 2005). Therefore, p(MEO2 MAOEGMA) is expected to have an LCST above 26◦ C and below
90◦ C. Indeed, an LCST of 37◦ -39◦ C has been obtained with
8 or 10 % of OEGMA in the initial polymer mixture (Lutz
and Hoth, 2006). P(MEO2 MA-OEGMA) copolymer exhibits an
expanded coil state when it is hydrated well below the LCST.
With increasing temperature, the co-polymer undergoes a coil
to globe transition (Santos et al., 2018). Further approaches
for designing responsive polymer micelles have been reviewed
elsewhere (Schmaljohann, 2006; Stuart et al., 2010; Felber et al.,
2012; Li et al., 2013; Jhaveri and Torchilin, 2014; Bordat et al.,
2018).

Polymer Micelles Equipped With
Biomolecules
In order to create bio-functional polymer micelles, a variety
of biomolecules including proteins, peptides, nucleic acids, and
phospholipids can be chemically conjugated to or physically
entrapped in the micelles. Principally, depending on their nature,
biomolecules can be either conjugated to the hydrophilic part
(also known as shell or corona) or incorporated into the

Frontiers in Chemistry | www.frontiersin.org
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above with stimulus-responsive block copolymers into a single
nanocarrier. It is expected that such multifunctional micelles
can improve the efficacy of current carriers, not only for
delivering small molecules, but also for other biologics including
therapeutic genes and antibodies.

temperature-responsive, poly(N-isopropylacrylmide-co-N,N’dimethylacryl-amide)118 -b-poly(D,L -lactide)71 (PID118 -PLA71 )
micelles lead to the formation of immunomicelles with dual
targeting function (Li et al., 2012). Experimental data showed
that the cooperative effects of both temperature and Fab
moiety significantly enhanced the cytotoxicity in vitro. These
immunomicelles also showed elevated stability and intratumor
accumulation in tumor bearing mice and finally, significant in
vivo tumor inhibition.
The transferrin receptor is a very attractive target protein
since it is over-expressed in many cancer cells (Singh, 1999).
Accordingly, polymer micelles have been modified with either
transferrin, the endogenous ligand, or antibodies against the
transferrin receptor. Compared to non-conjugated micelles and
free R547, transferrin conjugated PEG2000-PE micelles loaded
with R547 showed increased in vitro interaction with ovarian
carcinoma cells that highly express transferrin receptors (Sawant
et al., 2013). Transferrin-conjugated micelles also showed
enhanced cytotoxicity in vitro and an appreciable inhibition
of tumor growth compared to drug loaded micelles lacking
transferrin on their surface. Furthermore, polymer micelles
have been armed with tumor necrosis factor related apoptosis
inducing ligand (TRAIL) (Skidan et al., 2009) and epidermal
growth factor (EGF) (Zeng et al., 2006) as targeting moiety.
Peptides are smaller targeting ligands with lower
immunogenicity and better in vivo stability (Kamaly et al.,
2012). For example, cyclic arginine-glycine-aspartic acid (cRGD)
conjugated polymer micelles (PMs) made from PEG-b-poly
(L -glutamic acid) and (1, 2-diaminocyclohexane) platinum
(II) (DACHPt) have been used for the delivery of anti-cancer
drugs to gliobastoma (Miura et al., 2013). Compared with the
corresponding PMs bearing non-targeted, “cyclic-RAD” (cRAD)
ligand, cRGD-PMs achieved more efficient drug delivery to
tumors in the mouse model of U87MG human glioblastoma.
Intravital confocal laser scanning microscopy revealed that
the cRGD-linked PMs had high permeability from vessels
into the tumor parenchyma where they rapidly accumulated.
In another example, RGD peptide conjugated to the surface
of poly(ethylene oxide)-b-poly(ε-caprolactone) (PEO-b-PCL)
micelles mediated targeting of the drug delivery by binding to
the integrins overexpressed on the surface of metastatic cancer
cells (Xiong et al., 2007). Other peptides used to modify PMs
include Lyp-1 (Cys-Gly-Asn-Lys-Arg-Thr-Arg-Gly-Cys) (Wang
Z. et al., 2012) cell penetrating peptides, the transcriptional
transactivator (TAT) from HIV-1 (Kanazawa et al., 2012), and
the somatostatin mimic octreotide (Xu et al., 2013). Sugars,
e.g., glucose and galactose (Yasugi et al., 1999), linked to PMs
have also been reported to target drug delivery, in particular
to immune cells. In a later study, 1-O-substituted lactose and
mannose were also successfully conjugated to poly(ethylene
glycol)–poly(D,L-lactide) (PEG-PLA) micelles (Nagasaki et al.,
2001). Both, galactose and lactose mediated the interaction of
PEG-PLA micelles with Ricinus communis agglutinin 1 (RCA-1)
lectin, whereas binding to concanavalin A (Con A) lectin was
mediated only by the specific ligand mannose.
The growing trend is to design multifunctional polymer
micelles that combine several of the biomolecules described
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POLYMERSOMES
Polymersomes are membrane-enclosed 3D supramolecular
structures formed by self-assembly of corresponding amphiphilic
block copolymers in aqueous solutions (Discher et al., 1999).
They have a similar membrane morphology to liposomes
(phospholipid vesicles). However, they have several advantages
over liposomes, partially owing to the larger molecular weight
of the block copolymer. Notably, the synthetic nature of
amphiphilic block copolymers enables controlling the properties
of the polymersomes produced (Discher and Eisenberg, 2002),
such as membrane thickness and fluidity (Discher and Ahmed,
2006; Itel et al., 2014), permeability (Battaglia et al., 2006;
Rodríguez-García et al., 2011), and stability (Rodríguez-García
et al., 2011). For example, the membrane thickness of liposomes
is typically 3–5 nm whereas polymersome membranes can be
tuned in the range of ∼8–21 nm (Bermudez et al., 2002).
More specifically, the membrane thickness of polymersome
depends on the molecular weight of polymers and degree of
polymerization, principally hydrophobic blocks (Winzen et al.,
2013). In terms of diameter, liposomes and polymersomes can
both form nanometer sized vesicles or giant vesicles (>1 µm)
depending on the methods applied for vesicle preparations
(Kita-Tokarczyk et al., 2005). Polymersomes are predominantly
prepared by: (i) film rehydration, (ii) solvent switch, and (iii)
direct dissolution. In the film rehydration method, the block
copolymers are first dissolved in appropriate organic solvent
which is then evaporated either with a stream of nitrogen or
by applying a vacuum in a rotary evaporator. The resulting
thin copolymer film is rehydrated by addition of an aqueous
solution under continuous stirring. Solvent switch and direct
dissolution methods correspond to those described above for the
preparation of micelles. These commonly used methods as well
as electroformation, double emulsion and microfluidics methods
have also been applied to prepare GUVs from block copolymers
(Discher et al., 1999; Thiele et al., 2010), but these micron sized
vesicles are not discussed in this review.
Based on membrane thickness and vesicle size, the internal
volumes of both lipid and polymer vesicles have been compared
(Rideau et al., 2018). For small and large lipid vesicles, the
internal volume is small (>10–9 µL) whereas for polymersomes
the variations in internal volume is high due to difference
in membrane thickness. However, membrane thickness is less
affective for internal volume of the small and large lipid vesicles
compared to vesicle size. For giant lipid and polymer vesicles, the
effect of membrane thickness on internal volume is negligible.
negligible. In contrast to liposomes whose lipids are subject
to oxidation, polymersomes are more stable and can have a
significantly longer shelf live (Discher et al., 2007). The intrinsic
membrane properties of polymersomes and liposomes have
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or functional end groups such as hydroxyl, amine and Nhydroxlsuccimidyl esters are first introduced to the end of
the hydrophilic domain of the block copolymer during its
synthesis. To form polymersomes, the end-functionalized block
copolymer is mixed with a non-functionalized one since the
end-functionalization changes the packing parameter of the
block copolymer and thus, their self-assembly characteristics in
aqueous solution.
So far, the covalent attachment of biomolecules to
polymersomes has been achieved by various methods, such
as by click chemistry based on azide–alkyne cycloaddition (van
Dongen et al., 2009; Deng et al., 2016; Anajafi et al., 2017),
vinyl sulfonyl coupling with amines (Petersen et al., 2010),
coupling of N-hydroxysuccinimidyl esters with primary amines
(Christian et al., 2007; Egli et al., 2011), and maleimide with
thiol groups (Pang et al., 2008; Lu et al., 2017). Inspired by
nature, polymer based catalytic nanocompartments (CNCs) can
be designed to carry out chemical, enzymatic, and even cascade
reactions. Polymersomes are especially suited to constitute a
nanocompartment since the bounding polymer membrane
protects the encapsulated enzymes and helps to maintain
their activity. For example, horseradish peroxidase (HRP) was
linked to the surface of polymersomes through azide–alkyne
cycloaddition click chemistry by using a polystyrene-b-poly
(l-isocyanoalanine (2-thio-phen-3-yl-ethyl) amide) (PS-b-PIAT)
block copolymer and a block copolymer with an acetylenefunctionalized hydrophilic terminus (Figure 3; van Dongen
et al., 2009). Another two enzymes were combined with different
parts of the HRP-polymersomes, Candida antarctica lipase
B (CalB) was incorporated into the membrane, and glucose
oxidase (GOx) was encapsulated inside the cavity. These
enzymes sequentially converted glucose acetate to glucose which
was further oxidized to gluconolactone. The hydrogen peroxide
produced in this reaction was detoxified by HRP mediated
oxidation of 2,2′ -azinobis (3-ethylbenzothiazoline-6-sulfonic
acid (ABTS) to ABTS+ (van Dongen et al., 2009).
In another example, vinyl sulfone functionalized
poly(ethylene
oxide)-b-poly
(g-methyl-3-caprolactone),
VS-PEO-b-PMCL, block copolymers self-assembled into
polymersomes to which thiol-containing CGRGS targeting
peptides were conjugated under mild conditions in the absence
of a catalyst (Petersen et al., 2010). Peptide coupling did not
change the morphology of the polymersomes. Furthermore,
6-hydrazinocotinate acetone hydrazone (HyNic) modified
Trastuzumab antibodies were conjugated to the surface of
4-foramybenzoate (4FB) functionalized PDMS-b-PMOXA
polymersomes by coupling of N-hydroxysuccinimidyl esters
with primary amines (Egli et al., 2011). In a similar concept,
thiolated mouse anti-rat monoclonal antibody (OX26) was
covalently attached to the surface of maleimide-functionalized
poly(ethylene glycol)-b-poly (ε-caprolactone) (PEG-b-PCL)
polymersomes (Pang et al., 2008).
Strategies for the non-covalent attachment of biomolecules
on polymersome surfaces include biotin-avidin interactions (Lin
et al., 2004, 2006; BroŽ et al., 2005; Hammer et al., 2008),
metal/nitrilotriacetic acid (NTA)–histidine interaction (Nehring
et al., 2008, 2010; Tanner et al., 2012), and host-guest inclusion

been extensively studied and compared (Le Meins et al., 2011).
Moreover, there are special, recently developed polymersomes
based on a polyion complex, named PICsomes (Koide et al.,
2006) and capsosomes (Städler et al., 2009). PICsomes are formed
by simply mixing oppositely charged block copolymers in an
aqueous solution (Koide et al., 2006). They are prepared by
mixing for example anionic PEG-poly(α,β-aspartic acid) and
cationic PEG-poly([2-aminoethyl]-α,β-aspartamide) in aqueous
solution (Anraku et al., 2010). PICsomes have also been loaded
with enzymes (e.g., l-asparaginase or βgalactosidase) for enzyme
delivery (Anraku et al., 2016; Sueyoshi et al., 2017).
Capsosomes are polymer carrier capsules containing
liposomal subcompartments. They are formed by the layerby-layer deposition of polymers and liposomes on sacrificial
template particles (e.g., silica) followed by removal of the
template particles (Maina et al., 2015). Specifically, a polymer
precursor layer [e.g., poly(L-lysine) (PLL) or poly (methacrylic
acid)-co-(cholesteryl methacrylate) (PMAc ) or mixture of
both] and liposomes [e.g., zwitterionic 1,2,-dioleoyl-snglycero-3-phosphocholine (DOPC) liposomes] are deposited
on the template, followed by the alternating deposition of
separation layers and liposomes until the desired number
of layers is reached (Chandrawati et al., 2010; Hosta-Rigau
et al., 2014). Capsosomes have been functionalized either by
incorporating a small hydrophobic model peptide into the
membrane of subcompartments or by encapsulating enzymes
into subcompartments (Hosta-Rigau et al., 2014). However,
details of PICsomes and capsosomes and their biomolecule
conjugation will not be addressed in this review.
To date, many different amphiphilic block copolymers
have been synthetized that form polymersomes. Some of
the most commonly used block copolymers are poly(ethyl
ethylene)-b-poly(ethylene oxide) (PEE-b-PEO) (Bermudez et al.,
2004), poly(butadiene)-b-poly(ethylene oxide) (PBD-b-PEO)
(Discher and Eisenberg, 2002), poly(styrene)-b-poly(acrylic
acid) (PS-PAA) (Burke et al., 2001; Discher and Eisenberg,
2002),
poly(2-methyloxazoline)-b-poly(dimethylsiloxane)b-poly(2-methyloxazoline)
(PMOXA-b-PDMS-b-PMOXA)
(Taubert et al., 2004), commercially available poly(propylene
oxide)-based (PPO) architectures (PEO-b-PPO-b-PEO,
pluronics) (Rodríguez-García et al., 2011), and poly(ethylene
oxide)-b-polycaprolactone-b-poly(2-methyl-2-oxazoline)
(PEO-b-PCL-b-PMOXA) (Konishcheva et al., 2017).

Polymersomes Equipped With
Biomolecules
A variety of biomolecules have been combined with
polymersomes either by conjugating them to the outer surface of
polymersomes, by inserting them into the polymeric membrane
or by encapsulating them inside the polymersome cavity. A large
diversity of chemical functionalization can be realized by the
control of block copolymer synthesis. Conjugating biomolecules
to the outer surface of polymersomes can be achieved by covalent
or non-covalent attachment using conventional immobilization
techniques. For covalent attachment of biomolecules, reactive
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FIGURE 3 | Positional assembly of enzymes in a polymersome. (A) A mixture of PS-PIAT and anchor is lyophilized with CalB and then dissolved in THF. This mixture is
then injected into an aqueous buffer containing GOx, encapsulating it in the inner compartment and subsequently trapping CalB in the polymeric bilayer. A third
enzyme, HRP, is immobilized on the polymersomal perimeter though a covalent linkage to an anchor, creating an outer shell of enzymes. (B) Schematic representation
of the multi-step reaction, and (C) Progress curve for the three enzyme cascade reaction. Reproduced from van Dongen et al. (2009) with permission of Copyright ©
2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

attached to the surface of Cu2+ -Tris-NTA containing PB-b-PEO
polymersomes to mediate targeting (Tanner et al., 2012).
In the case of host-guest inclusion complexation, host groups
[e.g., β-cyclodextrin (β-CD)] and guest groups are included
at both ends of block copolymers that self-assemble into
polymersomes. More specifically, the building blocks of polyether
imide (PI) with β-CD at both ends (CD-PI-CD) self-assembled
into polymersomes. The presence of β-CD at the surface of
polymersomes enabled the formation of inclusion complexes
with adamantane-ended polyethylene glycol (PEG) (Guo et al.,
2008). In another example, polystyrene (PS) appended with βCD formed polymersomes to which HRP molecules that were
modified with adamantane groups through a PEG spacer were
conjugated (Felici et al., 2008). Enzyme activity assays showed
that HRP preserved its catalytic activity after the attachment to
the polymersomes.
Besides
conjugating
biomolecules
to
preformed
functionalized polymersomes, block copolymers were
co-synthesized together with biomolecules such as the
green-fluorescent protein variant amilFP497 (Wong et al.,
2015) and heparin (Najer et al., 2014). More specifically,
amilFP497 was linked to thermo-responsive poly(N isopropyl
acrylamide) (PNIPAM) and heparin was linked to PDMS. The
protein-polymer bioconjugates were then mixed with block
copolymers to form biomolecule-decorated polymersomes.

complexation between β-cyclodextrin and adamantane (Felici
et al., 2008; Guo et al., 2008). For example, the terminal end
of OB29 block copolymer was functionalized with 4-fluoro3-nitrobenzoic acid (4F3 NB) followed by the addition of
biotin (Hammer et al., 2008). By functionalizing the outer
shell of the polymersome with biotin, the modular avidin–
biotin chemistry has been used to bind NeutrAvidin, which
served to attach the biotinylated cell adhesion molecules, selectin
and integrin. Alternatively, NeutrAvidin-coated polymersomes
served to bind biotinylated-sLex , biotinylated-anti-ICAM-1(banti-ICAM-1), or a mixture of the two. Binding studies on
surfaces bearing only ICAM-1/Fc, ICAM-1/Fc and P-selectin/Fc,
or P-selectin/Fc alone revealed that vesicles bearing both
ligands showed superior adhesion. Another approach of surface
attachment was reported for PB-b-PEO block copolymer-based
polymersomes with terminal lysine-NTA functional groups
which were treated with metal ions such as Cu2+ and
Ni2+ to attract polyhistidine-tagged proteins before their selfassembly into polymersomes (Nehring et al., 2008). Then,
polyhistidine-tagged proteins such as fluorescently labeled
maltose binding protein (His10 -MBP-FITC), polyhistidinetagged enhanced green fluorescent protein (His6 -EGFP) and
polyhistidine-tagged red fluorescent protein (His6 -RFP) were
coupled to metal-NTA functionalized polymersomes. Similarly,
fluorescently labeled histidine-tagged peptides were selectively
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in response to a pH change in the local environment and
a reversible on/off switching of HRP activity in the cavity
of the polymersomes was observed (Edlinger et al., 2017).
More recently, fungal uricase and HRP were combined to
function in sequence by encapsulating each of the two enzymes
in separate nanocompartments that were both equipped with
OmpF as a gateway for substrates and products (Belluati
et al., 2018). When these catalytic nanocompartments (CNCs)
were added to cells exposed to uric acid, detoxification of
uric acid occurred by fungal uricase through the presence of
hydrogen peroxide (H2 O2 ). Combining distinct enzymes in
separate nanocompartments opens new doors to mimic complex
enzymatic pathways in a controlled fashion with a high potential
in diagnostics and therapeutics.

With this approach, an enhanced coupling efficiency was
achieved. Other block copolymers were grafted to nucleotide
sequences and the resulting DNA-block copolymers formed
polymersomes (Cottenye et al., 2012; Kedracki et al., 2014).
Alternatively, DNA was attached to the surface of polymersomes
based on a mixture of PMOXA-PDMS-PMOXA and azide
functionalized PMOXA-PDMS-PEG-N3 (Liu et al., 2016). The
functional azide groups enabled coupling of dibenzocyclooctyne
(DBCO)-derivatized single stranded DNA or its complementary
oligonucleotide to the surface of polymersomes. Hybridization
of complementary DNA strands was exploited as driving force
to self-organize polymersomes. Specifically, polymersomes
were connected via single stranded DNA molecules of 12nm
length creating “polymersome clusters” (Figure 4). Conceivably,
these polymersome clusters may serve as a general platform for
applications such as enzyme cascade reactions.
If the biomolecule is a membrane protein, it is normally
associated with the hydrophobic part of the polymersome, i.e.,
tends to insert into the membrane. In case the biomolecule
is hydrophilic, it will either locate to the aqueous cavity
of the polymersome (i.e., be encapsulated) or to the inner
and/or outer surface of the polymersome membrane. When
inserting membrane proteins into synthetic membranes, it is
critical to preserve their functionality. Recently, the functional
reconstitution of proteorhodopsin (PR) was achieved (Goers
et al., 2018). The detergent n-octyl-β-D-glucopyranoside
(OG) was used to destabilize the membrane of preformed
polymersomes and thereby enable the entry of PR while
preserving its intrinsic functionality. To optimize this system,
a comprehensive analysis of parameters underlying the
reconstitution process was carried out. This study provides the
basis for exploring a general mechanism of membrane protein
reconstitution into synthetic membranes (Figure 5).
Impermeable polymersome membranes can be rendered
permeable by the insertion of natural ion channels such as alphahemolysin (αHL), the carboxylic acid ionophore ionomycin
(Lomora et al., 2015), or gramicidin A (gA). Permeabilization
enables transport of ions and small molecules across the
polymersome membrane, e.g., enzyme substrate and product
diffusion to and from the polymersome cavity. For example,
phosphoglucomutase (PGM), which catalyzes the conversion of
glucose-1-phosphate (G1P) to glucose-6-phosphate (G6P), that
was encapsulated in PMOXA-PDMS-PMOXA polymersomes
was able to act inside because the membrane was permealized
with aHL (Lomora et al., 2017). Alternatively, to allow the passage
of larger substrates and products, bacterial outer membrane
proteins (Omp) and more specifically, the porin OmpF, which
forms pores for molecules with a molecular mass up to
∼600 Da (Koebnik et al., 2000), have been inserted in the
membrane of polymersomes (Einfalt et al., 2015). To achieve
membrane insertion, OmpF can be combined with the block
copolymer before film formation or it can be added to the
rehydration solution before polymersome self-assembly. Pore
functionality was demonstrated by loading the hydrophilic cavity
with horseradish peroxidase (HRP) and testing for enzymatic
activity on externally added substrates. Likewise, the molecular
flow through OmpF pores rendered pH-sensitive was triggered
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Polymersomes Immobilized on a Surface
Solid supported polymer-based nanoscale structures can be
described as block copolymer assemblies, e.g., polymersomes or
micelles that are immobilized via specific methods on a solid
support. The resulting surfaces hold a tremendous potential
for applications in fundamental material sciences and, when
equipped with the corresponding biomolecules, as a new type of
interface with which enhanced catalysis can be achieved. We will
first discuss from a fundamental physical chemistry point of view
how immobilization of polymersomes on solid supports such as
glass, mica and silica can be achieved. We then move to more
advanced systems where polymersomes are not only immobilized
on a surface, but they are also able to carry out distinct functions
and respond to external stimuli due to their conjugation with
corresponding biomolecules.
Immobilization of polymersomes on a solid support not only
creates a more robust system but also offers the possibility to
control topology. Toward this goal, click chemistry has been
predominantly employed to immobilize polymersomes on solid
supports. Click chemistry refers to organic reactions that allow
the connection of two synthetic molecular building blocks or to
bioconjugation if at least one of the partners is a biomolecule.
Click chemistry involves some of the most common reactions
of modern organic and polymer chemistry, such as Diels–
Alder, Michael addition, pyridylsulfide reaction, oxyme, thiolene,
strain-promoted azide–alkyne cycloaaddition (SPAAC), and
Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC) (Castro
et al., 2015).
The use of click chemistry for the attachment of
polymersomes on a solid support requires a functionalized
polymer to expose specific molecular groups and a chemically
treated surface. A recent example reports immobilization
of polymer vesicles assembled from a triblock copolymer
poly(2-methyloxazoline)-poly(dimethylsiloxane)-poly(2methyloxazoline) (PMOXA-PDMS-PMOXA) terminated with
either carboxylate- or amino groups, on click-functionalized
porous polyacrylonitrile (PAN) membranes (Rein et al., 2016).
The coupling of the polymersomes on the PAN surfaces
involves the azide functionalization of the polymersomes
followed by the surface conversion of the alkyne groups of
the substrate to triazoles, which then results in a chemical
bond between the solid support and the polymersomes
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FIGURE 4 | Self-organization of complementary ssDNA-polymersomes. (A) Schematic representation of distinct spatial topology resulting from mixing differently sized
complementary ssDNA-polymersomes. TEM and CLSM micrographs of chain-like (B,C) and satellite-like polymersome clusters (D,E). The scale bar for TEM
micrographs is 1,000 and 200 nm in the inset; in CLSM micrographs it is 2 and 1 µm in the inset. Reproduced from Liu et al. (2016) with permission from Copyright
(2016) American Chemical Society.

FIGURE 5 | Contour plots. (A) The contour plot visualizes the proteoliposome size, modeled from the first round of experiments depending on the LPR and OG
concentration, whereas the pH value is fixed at 7. The color gradient indicates different sizes and shows a trend toward a region within the design space which yields
homogeneous, large proteoliposomes (highlighted by the red box). (B) This region of interest applies to all three responses as shown in the stacked contour plots for
both membrane types. Red boxes encompass the subregions of the design space which was subsequently screened for proteovesicles with functioning PR-GFP.
Reproduced from Goers et al. (2018) with permission of https://creativecommons.org/licenses/by/4.0/.

(Cryo-SEM), and fluorescence microscopy. In addition to
revealing the topography of surface-attached polymersomes in
buffer with minimal perturbation, AFM allows for measuring

(Figure 6). Polymersomes immobilized on solid substrates can
be monitored by several microscopy techniques including atomic
force microscopy (AFM), cryo-scanning electron microscopy
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FIGURE 6 | Polymersome attachment on the alkyne modified PAN membrane surface. (A) Cryo-SEM images of membrane supported immobilized polymersomes
after extensive washing. Top, Amine-terminated ABA polymersomes on hydrolyzed PAN membranes. The membrane pores are visible. Bottom, Azide-terminated ABA
polymersomes on alkyne-functionalized PAN. A continuous layer of collapsed polymersomes can be observed. (B) Schematic representation of polymersome-clicking
on the alkyne modified PAN membrane surface. (C) left, AFM of a PAN membrane covered with polymersomes immobilized by CuAAC on alkyne-functionalized PAN.
A partially covered area was selected to determine the layer thickness and the shape of assembled polymersomes. AFM cross section (green line) is shown on the
right. Reproduced (with adaptations) from Rein et al. (2016) with permission of Copyright © 2016 Wiley Periodicals, Inc.

were immobilized on thiol-functionalized surfaces with or
without with polyethyleneglycol (PEG) spacers in presence
of Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) as a
catalyst.
Another method for the immobilization of polymersomes
on a solid support is by taking advantage of electrostatic
interactions. For example, polymersomes have negatively
charged functional groups and the substrate is positively charged
or vice versa. Accordingly, polymersomes based on pluronic
L121 triblock copolymers (PEO5-PPO68-PEO5) were mixed
with high molecular weight poly(acrylic acid) (PAA), which
is negatively charged at neutral pH, for immobilization onto
a glass or mica surface (Li et al., 2008). The immobilization
was achieved by Mg2+ -mediated electrostatic interactions
between the polymersomes and the solid support. Noticeably,
the polymersomes “gently” attached to the surface at room
temperature and detached from the surface with increasing
temperature. In a similar approach, amine-functionalized
polymersomes assembled from poly(lactide-b-ethylene oxide)
(PLA-PEO), poly(capro-lactone-b-ethylene oxide) (PCL-PEO),
and poly(isoprene-b-ethy-leneoxide) (PI-PEO). PLA-PEO
and PCL-PEO were attached to aldehyde-functionalized glass
surfaces (Domes et al., 2010). The different chemical composition
of the polymers led to different physical and chemical properties
of the polymersomes. The PCL-PEO polymersomes were stiffer
than PI-PEO, because they remain glassy at room temperature
(Tg = 60◦ C). These differences affected not only the shape of the
polymersomes but were also reflected in the footprint area, i.e.,
the contact area between the polymersome and the solid support.

the thickness of the vesicle-based layer. The Cryo-SEM was
used to characterize the vesicle adlayer on the surface as a
complementary method to AFM, but due to the harsh sample
preparation conditions (platinum coating, high vacuum etc.),
the morphology of the polymersomes was mostly disrupted.
Nevertheless, a high coverage of the substrate with polymersomes
was observed when the PAN surface and the polymersomes were
modified with alkyne and azide functional groups, respectively.
Consistent with the presence of available alkyne-groups,
fluorescence microscopy of PAN coated substrates stained with
an azido-coumarin dye revealed an increase of the fluorescence
signal after modification. By encapsulating the fluorescent
dye 2-(N-methyl-N-2-4-carboxyl butyl amino (6,10-bis(N,Ndimethylamino) trioxatriangulenium chloride (ATOTA-COOH)
in the polymersomes, immobilization on the alkyne-modified
PAN surfaces has been demonstrated. Recently, by using a
combination of SPAAC and thiol-ene reactions, different
polymersomes and mixtures of polymersomes and micelles have
been co-immobilized on a solid support (Rigo et al., 2018).
PDMS-based polymersomes served as an ink for creating locally
defined patterns on glass, leading to multifunctional surfaces
with controlled properties.
A general procedure for the immobilization of polymersomes
on solid silica substrates via a biocompatible thiol–ene
reaction has recently been developed (Gunkel-Grabole
et al., 2017). This reaction takes place with copper-free
catalysis to avoid the cytotoxicity of transition metals
(Cortizo and De Mele, 2004). Methacrylate end group
functionalized
PMOXA-PDMS-PMOXA
polymersomes
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Bound PEO-PCL polymersomes showed a small, deformed
footprint area and a barrel-type shape while the high bilayer
flexibility of PI-PEO resulted in a larger footprint area and a
hollow spherical structure without significant deformation.
Yet another approach for immobilizing polymer based
nanostructures on a solid substrate is based on streptavidinbiotin interaction (González et al., 1997). Streptavidin adsorbed
to a glass substrate was shown to interact with biotinylated triblock copolymer vesicles made from PMOXA-PDMS-PMOXA
(Figure 7) (Rosenkranz et al., 2009).
A corresponding method for polymersome immobilization
on streptavidin-coated silicon wafers and petri dishes has

been reported via two distinct pathways (Battaglia et al.,
2011). One pathway involved blending commercially available
biotin-1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N[biotinyl (polyethylene glycol)-2000] (Biotin–PEG–DSPE) with
an amphiphilic block copolymer mixture to introduce the
biotin to the polymersomes. The second pathway was based
on the chemical functionalization of the block copolymer
with biotin. In both cases, surface functionalization of
poly((2-methacryloyloxy)ethyl phosphoryl choline)-b-poly(2(diisopropyl-amino)ethyl methacrylate) (PMPC–PDPA) diblock
copolymers with biotin was achieved (Figure 8). The surfaces
were characterized at high-resolution in liquid using advanced

FIGURE 7 | (A) Wide-field fluorescence image of surface-tethered polymersomes containing Atto655-labeled PGK. (B) Single-step, and (C) two-step photobleaching
events are presented as time courses of fluorescence emission intensities, as obtained by integrating individual spots. Reproduced from Rosenkranz et al. (2009) with
permission of Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

FIGURE 8 | (A) Schematics of the biotinylated polymersome binding to a streptavidin coated surface. (B) STED and CSLM imaging of fluorescent (ATTO640-loaded)
polymersomes immobilized by biotinylated PEG–phospholipid. Comparison of the intensity profiles confirms the enhanced resolution by STED (scale bar = 500 nm).
Reproduced from Battaglia et al. (2011)with permission of Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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techniques including stimulated emission depletion microscopy
(STED), AFM, and force spectroscopy mapping (FSM). In
particular, these methods allowed the characterization of
neutral polymersomes at the nanoscale without the artifacts
caused by the drying or freezing of samples. STED and AFM
studies confirmed that the polymersomes can be immobilized
at a surface and imaged in situ under native conditions. The
enhanced spatial resolution offered by STED revealed that

ATTO640 dye-loaded polymersomes clustered, and that the
mean diameter of individual polymersomes is about half of the
diameter suggested by conventional CLSM.
Attachment of multifunctional, responsive, and photo crosslinked polymersomes to solid substrates was also accomplish
by exploiting strong adamantane–β-cyclodextrin host–guest
interactions (Figure 9) (Iyisan et al., 2016). To reduce nonspecific binding and better retain spherical shape, the level

FIGURE 9 | Top, Schematic overview of the polymersome immobilization by adamantane–β-cyclodextrin host–guest complexation and further modifications of the
resulting surface. Middle, Peak force tapping mode liquid AFM height image of (A) PS1-S3 and (C) PS1-S2 polymersomes at pH 7.4 condition; (B) three-dimensional
(3D) image of the marked region of the PS1-S3 polymersomes. Bottom, Height vs diameter relationship for (D) PS1-S2 and (E) PS1-S3 polymersomes. Reproduced
from Iyisan et al. (2016)with permission of Copyright (2016) American Chemical Society.
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of attractive forces acting on the polymersomes was tuned
through both PEG passivation and a decrease of β-cyclodextrin
on the corresponding substrates. In addition, polymersomes
were pH responsive: they swelled under acidic conditions
in situ. Apart from pH responsiveness, light responsiveness
was achieved by modifying the polymersome surface with
nitroveratryloxycarbonyl (NVOC) protected amine molecules as
photo-cleavable groups prior to immobilization.
The most important techniques for the characterization of the
immobilization of polymersomes on a solid support are SEM,
AFM, CLSM, STED, and QCM-D. The AFM, especially AFM
in liquid, can provide structural information, for example the
corrugation of the modified surface, and details regarding the
mechanical properties, e.g., stiffness of the polymersomes, at
nanoscale resolution. SEM on the other hand, allows an overview
of the system albeit the samples are dried under vacuum and
require usually coating with platinum. With CLSM, one can
obtain microscopy of the immobilized polymersomes or the solid
support alone provided that at least one of them is fluorescent. In
this case, higher resolution images recorded by STED can reveal
more details than conventional fluorescence microscopy. QCMD provides information about the amount of mass deposited on
the solid substrate and simultaneously reveals conformational
changes of the polymersomes upon immobilization (intact shape,
rupture, strength of the attachment on the surface).

FIGURE 10 | (A) Concept of a pH-responsive surface. Polymer
nanocompartments containing a pH-sensitive dye are immobilized on a glass
surface. Signaling consists of either an increase or quenching of fluorescence.
(B) Nanocompartment pH response in solution. Decrease in fluorescent signal
upon addition of lactic acid (measured pH range 8 – 6) (right). Increase in
fluorescence upon addition of ethylenediamine, a biogenic amine (measured
pH range 6 – 8) (n = 3) (left). Reproduced from Craciun et al. (2018) with
permission of Copyright © 2018 Wiley-VHCA AG, Zurich, Switzerland.

Polymersomes Equipped With
Biomolecules Turn Supports Into “Smart”
Surfaces

Moreover, surface-immobilized nanocompartments can
contain an encapsulated biocatalyst, such as penicillin acylase
that produces antibiotics (Figure 11) (Langowska et al., 2014).
The diffusion of the substrate and antibiotics to and from
the polymersomes was possible by the insertion of OmpF
into the polymeric membranes. These surface-immobilized
nanocompartments were enzymatically active and stable
over days, producing antibiotics that efficiently inhibited
bacterial growth. SEM was used to examine the growth
of microorganisms that had been exposed to the surfaceimmobilized nanoreactors. The number of E. coli cells was three
to four times lower on substrates with immobilized OmpFequipped nanocompartments compared to bare silicon surfaces
or to substrates with immobilized nanocompartments lacking
OmpF pores.

Polymer-based catalytic nanocompartments on solid supports
are complex systems which consist of polymersomes equipped
with functional biomolecules such as encapsulated enzymes
and/or proteins incorporated into the polymer membrane that
have been chemically immobilized on a solid substrate to obtain
specific geometries and/or additional stability (Grzelakowski
et al., 2009). One example is the creation of a “smart surface” for
pH reporting (Craciun et al., 2018). Using the copper-free click
chemistry, a layer of polymersomes loaded with pH-sensitive
dye was immobilized on a solid substrate, and reported pH
changes in the external environment by a change in pyranine
fluorescence (Figure 10). This concept can be widely applied
to rapidly detect pH changes, and is thus of particular interest
to the food industry. Another example involves polymersomes
self-assembled from a mixture of non-functionalized copolymers
(PMOXA6 -b-PDMS42 -b-PMOXA6 ) and copolymers (PMOXA7
-b-PDMS44 -b-PMOXA7 ) functionalized with aldehyde end
groups that were attached via an aldehyde-amino reaction to
a glass surface that has been chemically modified with amino
groups (Zhang et al., 2016). E. coli glycerol facilitator (GlpF)
was functionally reconstituted into the polymersome membranes
that allowed the selective diffusion of sugar alcohols to the cavity
of the polymersomes, where encapsulated ribitol dehydrogenase
(RDH) served as biosensing entity. This is a model of a nanosized
sensor for selectively detecting sugar alcohols. Encapsulating the
enzymes inside polymersomes protects them from a potentially
harmful environment whilst preserving their catalytic activity.

Frontiers in Chemistry | www.frontiersin.org

SUPPORTED POLYMER MEMBRANES
Amphiphilic block copolymers can form planar membranes on
solid supports, so-called supported polymer membranes. The
advantage of planar polymer membranes on solid supports
is the possibility to use a wide range of surface sensitive
characterization tools, which allows quantifying membrane
associated processes based on membrane-protein and proteinprotein interactions. To date, different strategies have been
applied to create the polymer membranes on solid supports from
different amphiphilic block copolymers (Table 1): vesicle fusion,
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FIGURE 11 | Schematic representation surface-immobilized nanoreactors producing antibiotics by encapsulated enzymes (above) SEM images of E. coli attached to:
(a) silanized silicon surface; (b) surface with immobilized non-permeable polymersomes encapsulating enzyme; (c) surface with immobilized nanoreactors. Scale bar:
10 mm (below). Reproduced from Langowska et al. (2014) with permission with The Royal Society of Chemistry.

TABLE 1 | Block copolymers reported to produce supported polymer membranes.
Membrane composition

Method of preparation

Solid support

Protein combined

References

PMOXA-b-PDMS-b-PMOXA

Vesicle fusion

Porous alumina

AqpZ

Duong et al., 2012

PDMS-b-PMOXA

LB,LS transfer

Gold, silica

MIoK1

Kowal et al., 2014

PDMAEMA-b-PBMA-b-PDMAEMA

Vesicle fusion

Mica, silica, HOPG

PEG-b-PMCL-b-PMAEMA

LB transfer

Silica

Laccase, tyrosinase

Draghici et al., 2014, 2018

PB-b-PEO

LB, LS transfer

Gold

α-hemolysin

Belegrinou et al., 2011; Zhang et al., 2013

transfer by Langmuir Blodgett (LB) and Langmuir Schaefer (LS)
methods (Figure 12).
The vesicle fusion method involves a complex sequence
of processes including adsorption of vesicles onto a solid
support, followed by their rupture and spreading to form a
continuous membrane. This method is of great interest because
it is a spontaneous event based on vesicle-solid support and
vesicle-vesicle interactions, which does not require any special
equipment. However, to date, the vesicle fusion method has
mostly been used to create supported lipid bilayers. Therefore,
the role of a variety of experimental parameters such as the
nature of the substrate, vesicle size, osmotic pressure, freezethaw pre-treatment, and lipid composition, has been studied
for the formation of reproducible supported lipid bilayers
(Reimhult et al., 2002, 2003; Jackman et al., 2009, 2013, 2014;
Kim M. C. et al., 2016). The vesicle fusion method to produce
supported polymer membranes is in its infancy and many
parameters still need to be explored. It has been shown only
recently that substrate charge density and hydrophobicity play
a role on deformation and rupture of PBD-PEO polymersomes

Frontiers in Chemistry | www.frontiersin.org

Rakhmatullina and Meier, 2008

(Bartenstein et al., 2018). However, whether corresponding
parameters have similar effects in the formation of supported
block copolymer membranes by vesicle fusion remains to be
elucidated. Testing the membrane properties of liposomes
and polymersomes by atomic force microscopy (Jaskiewicz
et al., 2012) revealed that PDMS-b-PMOXA exhibit an
about five to seven times higher bending modulus compared
to DPPC liposomes, while the Young’s modulus was even
lower. The higher bending modulus is related to the higher
membrane thickness of PDMS-b-PMOXA polymersomes
(16 nm) compared to liposomes (∼5 nm). The balance between
mechanical stability on one hand and bending rigidity is
reflected in the different adsorption behavior on silica and
mica. PDMS-b-PMOXA polymersomes appeared stable on
silica but rupture and fuse on mica. First and foremost, the
enhanced stability of polymersomes compared to lipid vesicles
prevents them from rupturing on the solid support under
the same conditions. Thus, rupturing conditions have to be
established for each polymer. Conceivably, structural properties
of resulting block copolymer membranes including electrical
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FIGURE 12 | Planar membranes from amphiphilic di- and triblock copolymers on solid supports obtained by different procedures: (A) vesicle fusion, (B) monolayer
transfer of triblock copolymers by Langmuir Blodgett (LB), (C) monolayer transfer of triblock copolymer by Langmuir Schaefer (LS), and (D) bilayer formation by
sequential LB (left) and LS (right) transfers of monolayers made of diblock copolymers.

sealing and lateral mobility will change depending on the
membrane thickness. Based on work examining polymersomes
with different membrane thickness (Battaglia et al., 2006; Itel
et al., 2014, 2015), it can be assumed that polymer membranes
with higher thickness on a solid support have lower lateral
mobility and higher electrical sealing properties. The first
example of polymer membrane formation on solid support
by vesicle fusion method is based on positively-charged
poly(2,2-dimethylaminoethyl
methacrylate)-b-poly(n-butyl
methacrylate)-b-poly(2,2-dimethylaminoethylmethacrylate)
(PDMAEMA4 -PBMA66 -PDMAEMA4 ) vesicles added to
three different substrates, highly ordered pyrolytic graphite
(HOPG), silicon oxide and mica. On mica, strong electrostatic
interactions between the negatively charged mica and the
positively charged polymer vesicles induced vesicle fusion
that yielded a continuous polymer membrane whereas HOPG
and silicon oxide caused the formation of inhomogeneous
polymer membranes (Rakhmatullina and Meier, 2008). Vesicles
based on poly (butadiene)-b-poly (ethylene oxide) (PB-b-PEO)
diblock copolymer spread out on hydrophilic glass and ultrasmooth gold substrates at high NaCl concentrations (1.5 M)
and at elevated temperature (42–45◦ C) (Dorn et al., 2011).
A planar polymer membrane on glass was also formed by
spreading hydroxyl containing polymer vesicles. However, to
spread on gold surfaces, functionalization of polymer selfassemblies with sulfur contained lipoic acid (LA) groups was
required. Overall, we need to improve our understanding of the
interactions between polymer vesicles and different substrates
in order to reliably obtain continuous and defect free polymer
membranes.
Compared to the vesicle fusion method, monolayer transfers
from LB and LS methods are more commonly employed to
prepare solid-supported polymer membranes (Figure 12). Here,
the polymer membrane is transferred to a solid support after

Frontiers in Chemistry | www.frontiersin.org

determination of the surface pressure-area (π-A) isotherm of
the monolayer which is known as “Langmuir isotherm.” The
latter is obtained by compression of the polymer monolayer
formed at the air-water interface until it collapses (KitaTokarczyk and Meier, 2008). To visualize the organization of the
monolayer at the air-water interface, Brewster Angle Microscopy
(BAM) was carried out in parallel. With this technique, the
homogeneity of the surface layer is evaluated. After obtaining
the Langmuir isotherm for a particular block copolymer, the
polymer monolayer is transferred to a solid substrate by LB
or LS methods (Figure 12). In LB, the substrate is vertically
immersed in and removed from the aqueous subphase and the
polymer membrane is transferred to the solid support during
uplifting or down dipping. The LS transfer involves a horizontal
and slow approach of the substrate. Both methods have the
capability of producing highly ordered mono- and multi-layers,
with a defined architecture and fewer defects than those obtained
with the vesicle fusion method. For example, the conductive
organic polymer poly(5-amino-1-naphthol) (PAN) was deposited
onto hydrophilic silicon substrates by LB and LS transfer
techniques (Rubinger et al., 2006). AFM characterization of the
resulting monolayers revealed that monolayers produced by LS
transfer were homogeneous and had fewer defects than those
obtained by the LB transfer. Similarly, a solid-supported polymer
membrane consisting of poly(butadiene)-b-poly(ethylene oxide)
(PB-b-PEO) diblock copolymers has been produced by LB and
LS transfer. First, a self-assembled monolayer of lipoic-acid
terminated polybutadiene-polyethylene oxide block copolymers
were immobilized on a gold support by LB transfer. Then, the
solid-supported PB-b-PEO membrane was oriented horizontally
and a second monolayer was transferred onto the first monolayer
by the LS technique. This combined approach allows creating
asymmetric membrane structures composed of two chemically
different polymer monolayers. Surface plasmon resonance (SPR)
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performed by AFM, which is also a useful tool to further
analyze morphology, homogeneity, and structural defects of
membranes. Confocal Laser Scanning Microscopy (CLSM) offers
the possibility of detecting multiple fluorophores, which allows
distinguishing differentially labeled membrane constituents.

and AFM measurements confirmed that the mono- as well as the
bilayer on gold is continuous and well stable in air for about 2 h.
This air stability has not been achieved with lipid membranes
on solid supports since air contact immediately destroyed the
lipid membranes (Holden et al., 2004; Albertorio et al., 2005).
In a recent example, LB and LS transfers have been used for
the deposition of triblock copolymers monolayers which lend
themselves to the insertion and attachment of membrane protein
(see below) (Draghici et al., 2014, 2018). Although these methods
have successfully yielded a number of polymer membranes on a
variety of substrates, they still have some drawbacks including the
slow deposition of monolayers on the substrates and a limited
resistance of the membranes to high temperatures.
Although solid supported membranes are stable and
reproducible, a big disadvantage is that the membrane is in
direct contact with the support, which restricts mobility. For
the insertion of transmembrane proteins, the creation of space
between the membrane and the solid support is of critical
importance. Not only is the membrane mobility increased but
also interactions of the proteins with the support, which could
lead to protein denaturation, are avoided. A space of several
nanometres between the membrane and substrate is usually
obtained by using tethers, cushions or brushes (Sackmann and
Tanaka, 2000; Smith et al., 2009; Jackman et al., 2012; Rebaud
et al., 2014; Garni et al., 2017). Brushes are polymer chains
that are directly attached to a surface and thus act as spacers.
Brushes are obtained by the so-called “grafting—from” method,
which involves the building of the polymer layer at a surface
by covalent attachment of initiator molecules on the surface,
followed by chain propagation through monomer addition.
Another approach, called “grafting—to,” is based on the covalent
attachment of preformed polymer chains on the surface. Overall,
the grafting-from method is more efficient due to less steric
hindrance of diffusion of the monomers in comparison to
preformed, larger polymer chains. On the other hand, the
preformed polymer chains used in the grafting-to method can
be more easily characterized (Wang et al., 2011). However,
supported membranes combined with tethers, cushions and
polymer brushes are reviewed elsewhere (Sinner and Knoll, 2001;
Smith et al., 2009; Zoppe et al., 2017).
A wealth of surface-sensitive characterization techniques is
now available for quantitative characterization of supported
model membranes and their interactions with a variety of
proteins. These techniques are in general based on optical,
acoustic, electrochemical or fluorescent measurement principles,
which reveal the structural and functional properties of model
membranes as well as the functional properties of inserted or
attached proteins. One of the most important surface-sensitive
techniques for polymer membranes has been ellipsometry, which
can measure the optical thickness of membranes on a substrate
(Richter and Brisson, 2005). More recently applied nanoscale
tools include Quartz Crystal Microbalance with Dissipation
monitoring (QCM-D), which enables analyzing the self-assembly
of model membrane platforms in a label-free format in realtime and measuring the interactions of proteins, surfactants
and cells with these surfaces in liquid (Cho et al., 2010). A
direct measurement of polymer membrane thickness can be

Frontiers in Chemistry | www.frontiersin.org

Combination of Biomolecules and Planar
Membranes
Biomolecules are combined with model planar membranes to
generate functional biointerfaces. The strategy of combining
biomolecules with polymer membranes changes depending on
the nature of the biomolecules in terms of their hydrophobic or
hydrophilic characteristics. To date, the majority of biomolecules
have been combined with polymeric membrane by either
attaching them to the hydrophilic part membrane surface or
by inserting them into the hydrophobic part of the membrane.
More specifically, the biomolecules can attach to the surface of
planar membranes via (i) physisorption and (ii) chemisorption
with modified end-groups of the amphiphilic block copolymers
forming the membranes. These two approaches principally differ
with regard to the binding energy. Specifically, physisorption
is based on a non-specific and reversible interaction of the
biomolecules with the membrane whereas chemisorption is
based on irreversible chemical binding of the biomolecules to
the membrane. Upon attachment, the biomolecules may change
conformation which in turn may affect their function or activity
(Liu et al., 2013; Peng et al., 2014).
So far, synthetic membranes were decorated with distinct
enzymes such as laccase, glucose oxidase, and horseradish
peroxide to create functional surfaces (Lane et al., 2011;
Draghici et al., 2014; Welch et al., 2015). For example,
PEG-PMCL-PDMAEMA amphiphilic triblock copolymers were
employed to create solid supported asymmetric membranes
(Draghici et al., 2014, 2018). First, Langmuir isotherms of
PEG-PMCL-PDMAEMA monolayers with different ratios of
hydrophilic (PDMAEMA) and hydrophobic (PMCL) domains
were obtained at the air-water interface. In PEG-PMCLPDMAEMA monolayers, PEG was oriented toward the water
subphase while PDMAEMA was facing the air. Then, the
monolayer was transferred to a silica substrate via LB method
to obtain a solid-supported membrane. Due to the different
ratios of hydrophilic and hydrophobic domains, the properties
of the resulting membranes differed in terms of membrane
thickness, wettability, roughness and topography as assessed
by ellipsometry, AFM, and contact angle measurements.
Furthermore, laccase was incorporated into the polymer
membrane through either immersion of the solid-supported
ABC monolayer in the enzyme solution or by LB transfer of
a mixed PEG-PMCL-DMAEMA amphiphilic block copolymer
laccase film to a silica substrate. In both cases, laccase was
stably immobilized through physical adsorption and retained
its activity. More recently, PEG-PMCL-DMAEMA asymmetric
monolayer and bilayer membranes were created on silica by the
LB method (Draghici et al., 2014). Then, laccase and tyrosinase
were adsorbed to the membranes to generate functional surfaces
for phenol sensing. Depending on the membrane properties, the
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(Aderibigbe, 2017; Liu et al., 2017) and the fight against biofilms
(Liu et al., 2018), and in regenerative medicine (Torabinejad et al.,
2014; Mota et al., 2015; Raisin et al., 2016; Susanna et al., 2017;
Rey-Rico and Cucchiarini, 2018).
Block copolymers, if appropriately selected are well-suited
to fulfill key requirements of biomedical applications including
biocompatibility, stability, controllable size, robustness and
tunable surface chemistry. For in vivo applications, in particular
therapeutic applications, block copolymer-based nanomedicines
should stably circulate in the vascular system while avoiding
unspecific interactions with blood components, specifically
extravasate at the site of disease, followed by an efficient uptake
and eventually target-specific release of the cargo. Ideally, the
design of the nanovehicles should entail controllable drug release,
increase of drug bioavailability, and reduction of adverse effects.
Other appealing features of polymer nanoassemblies include
the ability to host a large range of molecules. Either in their cavity
if cargoes are hydrophilic e.g., small molecule drugs (hydrophilic
doxorubicin, DOX•HCL) (Simon-Gracia et al., 2016), proteins
(Wang L. G. et al., 2012), nucleic acids (Lomas et al., 2011; Kim
H. J. et al., 2016), and imaging agents (Canton and Battaglia,
2013), and within polymersome membranes (e.g., paclitaxel;
doxorubicin base, DOX; Xu et al., 2014) and polymer micelles
if the compounds are hydrophobic (Anraku et al., 2010; SimonGracia et al., 2016). A real advantage of the polymersome
architecture is the possibility of a simultaneous loading with
hydrophilic and hydrophobic molecules.
As the ability to respond to environmental conditions is
crucial for many biomedical applications, considerable efforts
have been directed to the development of “smart” polymer
nanoassemblies that respond to stimuli (physical, such as pH,
temperature, light, magnetic field, or chemical, as for example the
presence of specific molecules). Stimuli-sensitive polymersomes
have emerged as delivery systems where the release of the
encapsulated contents can be modulated by the stimulus
(Alsuraifi et al., 2018; Kalhapure and Renukuntla, 2018; Rao
et al., 2018; Wang et al., 2018a). Conceivably, stimuli-responsive
release may result in significantly enhanced therapeutic efficacy
and minimized side effects in clinical applications (Alsuraifi et al.,
2018; Yang et al., 2018).
The past two decades have seen a boost in the development
of polymer based drug and gene delivery systems and their
rapid increase in in cancer diagnosis and treatment (Duncan,
2003; Biswas et al., 2016; Varela-Moreira et al., 2017; Zhao et al.,
2017; Cabral et al., 2018). Both tasks can be combined into
one modality by dual-use “theranostic” nanocarriers engineered
to simultaneously deliver therapeutic and imaging cargoes
(Nishiyama et al., 2016; Quader and Kataoka, 2017; Cabral et al.,
2018). A variety of micellar and vesicular nanocarriers have been
designed to deliver nucleic acids to specific sites in vitro and
in vivo (Raisin et al., 2016, 2017). Specifically, multifunctional
polymer gene vectors are highly promising for siRNA delivery to
tumor cells and tissues (Sun et al., 2012; Du et al., 2017; Lee et al.,
2017). Recent examples include polymeric micelles for the codelivery of siRNA and hydrophobic drugs (Lee et al., 2017), and a
multifunctional siRNA delivery system with high gene silencing
efficiency and antimicrobial ability (Zhou et al., 2018). Similarly,

level of enzymatic activity changed. In addition, PEG-PMCLDMAEMA bilayer membranes provided enhanced stability and
enzymatic activity compared to monolayer membranes.
Membrane proteins can be inserted into polymer membranes
either during the membrane formation process or after the
membrane is formed. For example, alpha hemolysin has been
successfully inserted into supported polymer membranes made
of PB-b-PEO diblock copolymers (Figure 13) (Zhang et al.,
2013). The insertion of alpha hemolysin into the membrane
was mediated by voltage destabilization. This approach allowed
a permanent and functional insertion of alpha hemolysin, as
confirmed by a flow of ions across the membrane. However,
specific conditions are required including (i) a homogenous and
stable polymer membrane, (ii) sufficient membrane fluidity to
host the proteins, (iii) a spacer between membrane and solid
support to create a reservoir for ion flux and to inhibit substrate
interactions of the protein that might lead to denaturation.
Biobeads mediated membrane protein insertion has been
also applied for protein insertion into supported membranes
(Kowal et al., 2014). More specifically, PDMS-b-PMOXA diblock
copolymers were used to create membranes on silica and gold
surfaces using both LB and LS techniques. To achieve functional
insertion of the membrane protein MloK1, a cyclic nucleotidemodulated potassium channel from Mesorhizobium loti, both
the protein and the polymer membrane were destabilized by
biobeads. In this particular study, the biobeads provided the
driving force for the insertion of the membrane protein into the
polymer membrane. The functionality of inserted proteins was
investigated by measuring the electrical conductance (Figure 14).
The conductance increased only when protein incorporation
into the membrane was carried out in the presence of biobeads. Another method to prepare planar protein-polymer
hybrid membranes is by rupturing polymersomes equipped with
membrane proteins with the aid of covalent bonding of the
polymer to gold substrates (Duong et al., 2012). For example,
Aquaporin Z (Aqp Z) transmembrane water channels were first
incorporated into disulfide functionalized PMOXA-b-PDMS-bPMOXA polymersomes. Then, polymersomes with and without
aquaporin-Z induced to spread on gold-coated solid substrates
by the covalent bonding of disulfide groups to the gold, yielding a
highly permeable membrane that allows passive diffusion of small
solutes such as ions, nutrients or antibiotics.

PRESENT AND FUTURE PERSPECTIVES
ON BIOMEDICAL APPLICATIONS
The combination of biomolecules with block copolymers turns
the nanoassemblies reviewed in this article into prime candidates
for a broad range of biomedical applications, notably as
biosensors (Islam et al., 2014; Sun et al., 2015; Idrissi et al., 2018),
in diagnostic imaging (Choi et al., 2012; Mi et al., 2017; Quader
and Kataoka, 2017), as drug/gene delivery systems, mainly in
the context of cancer treatment (Nishiyama et al., 2016; Quader
and Kataoka, 2017; Varela-Moreira et al., 2017; Cabral et al.,
2018; Cheng et al., 2018; Mukerabigwi et al., 2018; Wang et al.,
2018a; Wang J. et al., 2018), in the treatment of infectious disease
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FIGURE 13 | Schematic representation (A) PB-PEO-OH and PB-PEO-LA diblock copolymers were transferred onto gold substrates by LB-LS technique to form a
polymer TSSBM, which is suitable for α-hemolysin insertion (B). Reproduced from Zhang et al. (2013) with permission of https://creativecommons.org/licenses/bync-nd/3.0/.

FIGURE 14 | (A) Schematic representation of the setup used for conductance measurements through polymer membranes (S-M – source-meter, PDMS –
poly(2-methyl-2-oxazoline) stamp). (B) Time course for conductance of solid-supported polymer bilayer (black line) and solid-supported polymer bilayer with
incorporated MloK1 (red line). (C) Conductance measured at a constant applied voltage of 40 mV (Au – gold substrate, BB – Bio-Beads). Reproduced from Kowal
et al. (2014) with permission of Copyright © 2014 Elsevier Ltd.

polymersomes that transformed to polymeric micelles at acidic
pH also showed successful gene transfection ability as nonviral
vectors in human cell lines (Laskar et al., 2017).
In the following we will first address the main biomedical
applications of polymeric micelles before pointing out where
polymersome characteristics broaden these applications. Finally,
we will look into how planar supported polymer-biomolecule
assemblies are used as biosensing platforms.
Polymeric micelles (PMs) have become one of the most
promising nano-delivery systems for the treatment of cancers
(Nishiyama et al., 2016; Cabral et al., 2018; Wang J. et al.,

Frontiers in Chemistry | www.frontiersin.org

2018). Their size of below 100 nm enables them to effectively
overcome biological barriers. PMs have been used for the
delivery of many different cargoes, including conventional
chemotherapeutic drugs, photosensitizers, immunomodulators,
and biological macromolecules, such as proteins and genes.
In particular, PEG-PLA micelles have been intensely studied
because their PEG shell prevents the unspecific adsorption
of plasma proteins and the interactions with phagocytes
while the PLA core can effectively encapsulate a variety of
therapeutics. Furthermore, biocompatible poly(ethylene oxide)poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO)
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polymeric core and shell and the introduction of electrostatic
interactions have contributed to PM stabilization.
The in vivo fate of PM delivery systems is also governed
by the ability to create an immune response. Polymeric
micelles are widely considered non-immunogenic although
studies directly addressing the immunogenicity of micelles
assembled from amphiphilic block copolymers are scarce
(Shiraishi et al., 2016). Immunogenicity of different PEO-bPCL micelles measured in terms of promoting the phenotype
maturation and cytokine secretion by dendritic cells showed that
irrespective of the micellar core structure, all tested micelles were
non-immunogenic in bone marrow-derived dendritic cells (Garg
et al., 2015).
Nevertheless, drug loading efficiency, prevention of rapid
clearance, maintenance of the nanocarrier integrity in the
circulation, and the controlled disassembly for drug release at
specific target sites remain challenges that need to be met by
engineering next generation polymers.
Besides primary passive targeting through the enhanced
permeability and retention (EPR) effect, polymeric micelles have
been propitious for site-specific cargo delivery either through
adjustment of their properties in response to particular local
stimuli (such as the slight increase in temperature or acidity in
the tumor microenvironment) and/or by active targeting through
conjugation to targeting moieties (ligands, antibodies), which
may modulate the activity of the loaded drugs at the targeted
sites, even at the subcellular level (Yao et al., 2017; Yi et al., 2018).
Moreover, recent applications also show a clear trend toward the
utilization of multiple responsive micelles with more than one
type of therapeutic payload (Deng et al., 2018; Wang J. et al.,
2018).
A distinct advantage of polymersomes over micelles (both
polymer and lipid) is their large watery cavity which is ideal
for loading and shielding water-soluble agents (Alibolandi et al.,
2017). This is of particular interest as many proteins (e.g.,
antibodies, Herceptin, IFN-γ) have striking anticancer activities
and, when formulated with properly designed nanovehicles, are
emerging as novel nanomedicines in cancer therapy (Cheng et al.,
2018). Strategies to overcome the low protein loading efficiency
often associated with common polymers are being intensely
pursued. In addition, encapsulation of hydrophilic biomolecules
protects them from proteolytic attack and thereby increases their
life-time in the blood circulation. The presence of a surfaceexposed hydrophilic PEG domain of polymersomes is known to
decrease immune reactivity (stealthiness), which also helps to
prolong circulation time.
Moreover, the versatility of membrane thickness and
permeability render polymersomes promising candidates for
drug delivery and biosensing, especially when membrane
engineering confers stimuli-responsiveness upon the vesicles
which further adds to the controlled release of its cargo (Lee
and Feijen, 2012). Last but not least, polymersomes can be
armed with targeting moieties that aid in tumor specificity.
Functionalized polymersomes have been used for theranostic
purposes in animal models for different diseases such as cancers,
inflammations and brain-related disorders (Sarkar and Paira,
2018; Wang et al., 2018b).

triblock co-polymers have been used as carriers for the IV
injection of the anti-inflammatory agent (methylprednisolone)
(Chen et al., 2008) and DOX (Gao et al., 2005), as well as oral nonviral gene delivery systems (Chang et al., 2004), intramuscular
sustained release formulations (Wenzel et al., 2002), and transdermal patch or inhalation applications (Liaw and Lin, 2000;
Chao et al., 2007).
By now, several polymeric micelles are in clinical trials,
predominantly in cancer therapy, with the aim to achieve better
patient outcome based on the advantages offered by block
copolymers (Thakor and Gambhir, 2013; Kim et al., 2014; Kim
H. J. et al., 2016; Nishiyama et al., 2016; Mukai et al., 2017; Park
et al., 2017; Rao et al., 2018).
Among the limitations of polymeric micelles in clinical
applications, poor micelle stability and/or insufficient drug
retention, both of which lower drug targeting efficiency, are
most critical. The dilution of polymeric micelles after intravenous
injection and/or interactions between polymer building blocks
and blood components reduce the blood circulation of
polymeric micelles by promoting micelle dissociation or
enhanced clearance. For example, the adsorption of opsonins
present in the plasma to the surface of polymeric nanostructures
affects their in vivo stability and leads to their early removal
from the circulation. So far, little work has been done on the
influence of PM core chemistry on protein adsorption (Toncheva
et al., 2003; Garg et al., 2015). Moreover, insufficiently shielded
drug loads also interact with blood components (e.g., plasma
proteins, cells) during circulation which leads to rapid clearance
or off-target effects.
The nature of the hydrophilic shell plays a crucial role
in the protection of the core. For a variety of biomedical
applications, formulations with poly (ethylene glycol) (PEG)
as the hydrophilic block have been the polymer of choice.
With the graft copolymer, poly (D,L -lactide-co−2-methyl-2carboxytrimethylenecarbonate)-g-poly(ethylene glycol) (P(LAco -TMCC)-g -PEG), it was shown that increasing the PEG
density improves PM stability of the resulting self-assembled
micelle. Amongst the many methods that have been studied
to control protein adsorption to PMs, coating the nanoparticle
surface with polyethylene glycol (PEGylation) is the most
prominent and well-documented in the literature (Lu et al.,
2011; Mishra et al., 2016; Suk et al., 2016). A further advantage
of PEGylation is that PEG is widely accepted to be a nontoxic, non-immunogenic polymer, although evidence to the
contrary exists (Garay and Labaune, 2011; Schellekens et al.,
2013). Similarly, poly (ethylene oxide)-based hydrophilic shells
were shown to have little protein adsorption (Garg et al.,
2015). However, protein adsorption increased with increase of
the hydrophobicity and molecular weight of the core-forming
block.
To enhance PM stability, strategies involving physicochemical modifications of polymers are also intensely pursued
(Jiang et al., 2007; Shi et al., 2017). For example, π-π
stacking, stereocomplexation, hydrogen bonding, host-guest
complexation, free radical polymerization, click chemistry,
disulfide and hydrazone bonding have improved the stability
of polymeric micelles. In particular, covalent cross-linking of
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methacrylate) (PnBMA-b-PDMAEMA), and choline oxidase
were used to obtain bilayer films on conductive surfaces
at different pH-values (Sigolaeva et al., 2014). Sequential
electrostatic adsorption of diblock copolymer micelles combined
with the additional possibility of crosslinking enzymes within
such films produced highly active and stable biosensor coatings.
Self-assembled polymer layers with an immobilized enzyme
placed on an electrode is an established approach for fabricating
implantable biosensors in medical diagnostics (Rothwell et al.,
2010). Examples include glucose sensing in the context of
diabetes (Zhang et al., 2010) and the detection of uric acid in
the diagnosis and treatment of hyperuricemia and gout (Spieker
et al., 2002). Another example indicates that porous polystyreneb-poly(4-vinyl pyridine) (PS-b-P4VP) block copolymer films are
a good matrix for the immobilization of glucose oxidase (Guo T.
et al., 2018). The enzyme film retained its native structure and
bioactivity in PS-b-P4VP films, and the direct electron transfer
between the enzyme and the electrode was enhanced compared
to other glucose biosensors.
The plethora of biomolecules that can be inserted in, or
attached to polymer membranes enables the rational design
of biointerfaces as substrates for cells and tissues. To date,
studies exploiting this application are limited (Zhang et al., 2012;
Sterner et al., 2014; Kilicay et al., 2016). The design of new
types of polymer-based biointerfaces, for example antimicrobial
coatings from hybrid polymer micelles (Galvão et al., 2018) or
planar membranes with anti-microbial properties as coatings
for medical devices, will hopefully provide innovative preventive
and therapeutic measures that open new avenues in regenerative
medicine.
Despite continuing challenges of incorporating and
observing membrane proteins in polymer membranes,
the ability to harness polymeric membranes improves.
It is likely that the future generations of model polymer
membranes will involve more complex assembly compositions
(proteins and lipids) and combinations (networks), leading
to insights into essential biological processes that help
us understand and fight pathological conditions. Future
developments in block copolymer assemblies are expected
to improve and expand biomedical applications and
significantly advance the treatment of cancer and many other
diseases.

A preclinical study in a murine colon cancer model using
doxorubicin encapsulated in PEG-PLGA polymersomes has
shown that the polymersomal formulation of DOX is as
therapeutically effective as the clinically approved liposome
based drug carrier Doxil-mimic but at a lower administrated
dose (Alibolandi et al., 2017). The polymersomal formulation
of DOX can potentially limit off-site effects of Doxil due to
its biodegradability and sustained release properties without
compromising on the safety features.
However, despite the improved structural properties of
polymersomes, the FDA has so far not approved their
clinical application. Limitations that need to be overcome
for drug delivery purposes include insufficient knowledge
on biocompatibility, biodistribution, and pharmacokinetics
of polymersomes. To advance the clinical application of
polymersomal- protein nano carriers, future efforts will have to
aim at improving the biosafety and the control of production of
polymersomes, and at optimizing tumor specificity.
By combining polymersomes with corresponding
biomolecules they can be turned into ideal therapeutic catalytic
nanocompartments (CNCs) with a confined reaction space
where the loaded fragile catalysts are protected, that can be
targeted to a specific site in the body where they are selectively
activated. Similarly, CNCs have been designed that have
antioxidant characteristics (Axthelm et al., 2008) or even act
as artificial organelles inside cells, e.g., in the detoxification
of reactive oxygen species (Tanner et al., 2013; Einfalt et al.,
2018). Therapeutic CNCs which can efficiently produce highly
toxic anticancer drugs in situ from low-toxic prodrugs or some
biomolecules in tumor tissues have recently been proposed as a
novel nanoplatform to treat diseases (Mukerabigwi et al., 2018).
The in situ production of therapeutic agents can maximize the
therapeutic efficacy while lowering systemic toxicity at the same
time.
In light of the global increase of multidrug-resistance, the
biomedical application of polymeric nanocarriers delivering
antimicrobials is rapidly gaining significance (Liu et al., 2017,
2018; Lanzilotto et al., 2018). Recent studies have shown antiinfectious activity of PMs in murine in vivo models (Liu et al.,
2018; Zhou et al., 2018) and the eradication of biofilms in human
ex vivo models (Liu et al., 2018).
Polymer-based membranes are emerging technologies in
drug screening and development as illustrated by G proteincoupled receptors (GPCRs). Recently, the functional insertion
of the GPCR proteorhodopsin in polymersomes has been
reported (Goers et al., 2018), indicating the potential of polymer
membranes to capture GPCRs and to serve as a drug screening
platform.
Biosensors are important in diagnostics because their
sensitivity can be higher compared to normal sensors
due to the specificity of the biomolecules that serve as
active elements. Polymer membrane based biosensors
have been applied in fluids, as detecting surfaces, and in
the form of immobilized nanoreactors on functionalized
surfaces (Turner, 2013). For example, micelles of poly (nbutylmethacrylate)-block-poly
(N,N-dimethylaminoethyl

Frontiers in Chemistry | www.frontiersin.org

AUTHOR CONTRIBUTIONS
SYA, MK, SD, and C-AS did literature research and wrote the
manuscript. WM and CP provided comments and helped in
finalizing the manuscript. All authors reviewed the final version
of the manuscript and approved it for publication.

ACKNOWLEDGMENTS
We gratefully acknowledge the financial support provided by
the Swiss Nanoscience Institute, the Swiss National Science
Foundation, the National Center of Competence in Research—
Molecular Systems Engineering, and the University of Basel.

21

January 2019 | Volume 6 | Article 645

Yorulmaz Avsar et al.

Biomolecule-Copolymer Assemblies

REFERENCES

Biswas, S., Kumari, P., Lakhani, P. M., and Ghosh, B. (2016). Recent advances
in polymeric micelles for anti-cancer drug delivery. Eur. J. Pharm. Sci. 83,
184–202. doi: 10.1016/j.ejps.2015.12.031
Blanazs, A., Armes, S. P., and Ryan, A. J. (2009). Self-assembled block copolymer
aggregates: from micelles to vesicles and their biological applications.
Macromol. Rapid Commun. 30, 267–277. doi: 10.1002/marc.200800713
Bordat, A., Boissenot, T., Nicolas, J., and Tsapis, N. (2018). Thermoresponsive
polymer nanocarriers for biomedical applications. Adv. Drug Deliv. Rev.
doi: 10.1016/j.addr.2018.10.005. [Epub ahead of print].
Brewer, A. K., and Striegel, A. M. (2011). Characterizing the size, shape,
and compactness of a polydisperse prolate ellipsoidal particle via
quadruple-detector hydrodynamic chromatography. Analyst 136, 515–519.
doi: 10.1039/C0AN00738B
BroŽ, P., Benito, S. M., Saw, C., Burger, P., Heider, H., Pfisterer, M., et al. (2005).
Cell targeting by a generic receptor-targeted polymer nanocontainer platform.
J. Control. release 102, 475–488. doi: 10.1016/j.jconrel.2004.10.014
Burke, S., Shen, H., and Eisenberg, A. (2001). “Multiple vesicular morphologies
from block copolymers in solution,” in Macromolecular Symposia, Vol. 175
(Weinheim: Wiley-VCH Verlag GmbH), 273–284.
Cabral, H., and Kataoka, K. (2014). Progress of drug-loaded polymeric
micelles into clinical studies. J. Control. Release 190, 465–476.
doi: 10.1016/j.jconrel.2014.06.042
Cabral, H., Miyata, K., Osada, K., and Kataoka, K. (2018). Block copolymer
micelles in nanomedicine applications. Chem. Rev. 118, 6844–6892.
doi: 10.1021/acs.chemrev.8b00199
Canton, I., and Battaglia, G. (2013). “Polymersomes-mediated delivery of
fluorescent probes for targeted and long-term imaging in live cell microscopy,”
in Cellular and Subcellular Nanotechnology: Methods and Protocols. eds V.
Weissig, T. Elbayoumi, and M. Olsen (Totowa, NJ: Humana Press), 343–351.
Castro, V., Rodríguez, H., and Albericio, F. (2015). CuAAC: an efficient
click chemistry reaction on solid phase. ACS Comb. Sci. 18, 1–14.
doi: 10.1021/acscombsci.5b00087
Chandrawati, R., Hosta-Rigau, L., Vanderstraaten, D., Lokuliyana, S. A., Städler,
B., Albericio, F. et al. (2010). Engineering advanced capsosomes: maximizing
the number of subcompartments, cargo retention, and temperature-triggered
reaction. ACS Nano 4, 1351–1361. doi: 10.1021/nn901843j
Chang, S.-F., Chang, H.-Y., Tong, Y.-C., Chen, S.-H., Hsaio, F.-C., Lu, S.-C., et al.
(2004). Nonionic polymeric micelles for oral gene delivery in vivo. Hum. Gene
Ther. 15, 481–493. doi: 10.1089/10430340460745801
Chao, Y.-C., Chang, S.-F., Lu, S.-C., Hwang, T.-C., Hsieh, W.-H., and
Liaw, J. (2007). Ethanol enhanced in vivo gene delivery with nonionic polymeric micelles inhalation. J. Control. Release 118, 105–117.
doi: 10.1016/j.jconrel.2006.12.007
Chen, C.-L., Chang, S.-F., Lee, D., Yang, L.-Y., Lee, Y.-H., Hsu, C., et al. (2008).
Bioavailability effect of methylprednisolone by polymeric micelles. Pharm. Res.
25, 39–47. doi: 10.1007/s11095-007-9484-0
Cheng, L., Yang, L., Meng, F., and Zhong, Z. (2018). Protein nanotherapeutics
as an emerging modality for cancer therapy. Adv. Healthc. Mater. 7:e1800685.
doi: 10.1002/adhm.201800685
Cho, N.-J., Frank, C. W., Kasemo, B., and Höök, F. (2010). Quartz crystal
microbalance with dissipation monitoring of supported lipid bilayers on
various substrates. Nat. Protoc. 5:1096. doi: 10.1038/nprot.2010.65
Choi, K. Y., Liu, G., Lee, S., and Chen, X. Y. (2012). Theranostic nanoplatforms
for simultaneous cancer imaging and therapy: current approaches and future
perspectives. Nanoscale 4, 330–342. doi: 10.1039/C1NR11277E
Christian, N. A., Milone, M. C., Ranka, S. S., Li, G., Frail, P. R., Davis, K. P., et al.
(2007). Tat-functionalized near-infrared emissive polymersomes for dendritic
cell labeling. Bioconjug. Chem. 18, 31–40. doi: 10.1021/bc0601267
Cortizo, M. C., and De Mele, M. F. L. (2004). Cytotoxicity of copper ions released
from metal. Biol. Trace Elem. Res. 102, 129–141. doi: 10.1385/BTER:102:13:129
Cottenye, N., Syga, M.-I., Nosov, S., Müller, A. H., Ploux, L., and Vebert-Nardin,
C. (2012). Biological-like vesicular structures self-assembled from DNA-block
copolymers. Chem. Commun. 48, 2615–2617. doi: 10.1039/c2cc17487a
Craciun, I., Denes, A. S., Gunkel-Grabole, G., Belluati, A., and Palivan, C. G. (2018).
Surfaces decorated with polymeric nanocompartments for ph reporting. Helv.
Chim. Acta 101:e1700290. doi: 10.1002/hlca.201700290

Abdelmohsen, L. K., Williams, D. S., Pille, J., Ozel, S. G., Rikken, R. S., Wilson,
D. A., et al. (2016). Formation of well-defined, functional nanotubes via
osmotically induced shape transformation of biodegradable polymersomes. J.
Am. Chem. Soc. 138, 9353–9356. doi: 10.1021/jacs.6b03984
Aderibigbe, B. A. (2017). Polymeric therapeutic delivery systems for the treatment
of infectious diseases. Ther. Deliv. 8, 557–576. doi: 10.4155/tde-2017-0008
Albertorio, F., Diaz, A. J., Yang, T., Chapa, V. A., Kataoka, S., Castellana, E. T., et al.
(2005). Fluid and air-stable lipopolymer membranes for biosensor applications.
Langmuir 21, 7476–7482. doi: 10.1021/la050871s
Alibolandi, M., Abnous, K., Mohammadi, M., Hadizadeh, F., Sadeghi, F.,
Taghavi, S., et al. (2017). Extensive preclinical investigation of polymersomal
formulation of doxorubicin versus Doxil-mimic formulation. J. Control. Release
264, 228–236. doi: 10.1016/j.jconrel.2017.08.030
Alsuraifi, A., Curtis, A., Lamprou, D. A., and Hoskins, C. (2018). Stimuli
responsive polymeric systems for cancer therapy. Pharmaceutics 10:136.
doi: 10.3390/pharmaceutics10030136
Amjad, M. W., Kesharwani, P., Amin, M. C. I. M., and Iyer, A. K. (2017). Recent
advances in the design, development, and targeting mechanisms of polymeric
micelles for delivery of siRNA in cancer therapy. Prog. Polym. Sci. 64, 154–181.
doi: 10.1016/j.progpolymsci.2016.09.008
Anajafi, T., Yu, J., Sedigh, A., Haldar, M. K., Muhonen, W. W., Oberlander, S., et al.
(2017). Nuclear localizing peptide-conjugated, redox-sensitive polymersomes
for delivering curcumin and doxorubicin to pancreatic cancer microtumors.
Mol. Pharm. 14, 1916–1928. doi: 10.1021/acs.molpharmaceut.7b00014
Anraku, Y., Kishimura, A., Kamiya, M., Tanaka, S., Nomoto, T., Toh, K., et al.
(2016). Systemically injectable enzyme-loaded polyion complex vesicles as in
vivo nanoreactors functioning in tumors. Angew. Chem. Int. Ed. 55, 560–565.
doi: 10.1002/anie.201508339
Anraku, Y., Kishimura, A., Oba, M., Yamasaki, Y., and Kataoka, K. (2010).
Spontaneous formation of nanosized unilamellar polyion complex vesicles
with tunable size and properties. J. Am. Chem. Soc. 132, 1631–1636.
doi: 10.1021/ja908350e
Axthelm, F., Casse, O., Koppenol, W. H., Nauser, T., Meier, W., and Palivan,
C. G. (2008). Antioxidant nanoreactor based on superoxide dismutase
encapsulated in superoxide-permeable vesicles. J. Phys. Chem. B 112,
8211–8217. doi: 10.1021/jp803032w
Bae, Y., Fukushima, S., Harada, A., and Kataoka, K. (2003). Design of environmentsensitive supramolecular assemblies for intracellular drug delivery: polymeric
micelles that are responsive to intracellular pH change. Angew. Chem. 115,
4788–4791. doi: 10.1002/ange.200250653
Bartenstein, J. E., Liu, X., Lange, K., Claesson, P. M., and Briscoe, W. H.
(2018). Polymersomes at the solid-liquid interface: dynamic morphological
transformation and lubrication. J. Colloid Interface Sci. 512, 260–271.
doi: 10.1016/j.jcis.2017.10.065
Bates, F. S., Hillmyer, M. A., Lodge, T. P., Bates, C. M., Delaney, K. T., and
Fredrickson, G. H. (2012). Multiblock polymers: panacea or Pandora’s box?
Science 336, 434–440. doi: 10.1126/science.1215368
Battaglia, G., LoPresti, C., Massignani, M., Warren, N. J., Madsen, J., Forster, S.,
et al. (2011). Wet nanoscale imaging and testing of polymersomes. Small 7,
2010–2015. doi: 10.1002/smll.201100511
Battaglia, G., Ryan, A. J., and Tomas, S. (2006). Polymeric vesicle permeability: a
facile chemical assay. Langmuir 22, 4910–4913. doi: 10.1021/la060354p
Beales, P. A., Khan, S., Muench, S. P., and Jeuken, L. J. (2017). Durable vesicles for
reconstitution of membrane proteins in biotechnology. Biochem. Soc. Trans. 45,
15–26. doi: 10.1042/BST20160019
Belegrinou, S., Menon, S., Dobrunz, D., and Meier, W. (2011). Solid-supported
polymeric membranes. Soft Matter 7, 2202–2210. doi: 10.1039/C0SM01163K
Belluati, A., Craciun, I., Liu, J., and Palivan, C. G. (2018). Nanoscale enzymatic
compartments in tandem support cascade reactions in vitro. Biomacromolecules
19, 4023–4033. doi: 10.1021/acs.biomac.8b01019
Bermudez, H., Brannan, A. K., Hammer, D. A., Bates, F. S., and Discher, D. E.
(2002). Molecular weight dependence of polymersome membrane structure,
elasticity, and stability. Macromolecules 35, 8203–8208. doi: 10.1021/ma020669l
Bermudez, H., Hammer, D., and Discher, D. (2004). Effect of bilayer thickness on
membrane bending rigidity. Langmuir 20, 540–543. doi: 10.1021/la035497f

Frontiers in Chemistry | www.frontiersin.org

22

January 2019 | Volume 6 | Article 645

Yorulmaz Avsar et al.

Biomolecule-Copolymer Assemblies

Einfalt, T., Witzigmann, D., Edlinger, C., Sieber, S., Goers, R., Najer, A.,
et al. (2018). Biomimetic artificial organelles with in vitro and in vivo
activity triggered by reduction in microenvironment. Nat. Commun. 9:1127.
doi: 10.1038/s41467-018-03560-x
Fan, W., Liu, L., and Zhao, H. (2017). Co-assembly of patchy polymeric
micelles and protein molecules. Angew. Chem. Int. Ed. 56, 8844–8848.
doi: 10.1002/anie.201704955
Felber, A. E., Dufresne, M.-H., and Leroux, J.-C. (2012). pH-sensitive vesicles,
polymeric micelles, and nanospheres prepared with polycarboxylates. Adv.
Drug Deliv. Rev. 64, 979–992. doi: 10.1016/j.addr.2011.09.006
Felici, M., Marzá-Pérez, M., Hatzakis, N. S., Nolte, R. J., and Feiters, M. C.
(2008). β-cyclodextrin-appended giant amphiphile: aggregation to vesicle
polymersomes and immobilisation of enzymes. Chem. Eur. J. 14, 9914–9920.
doi: 10.1002/chem.200801429
Feng, H., Lu, X., Wang, W., Kang, N.-G., and Mays, J. (2017). Block
copolymers: synthesis, self-assembly, and applications. Polymers 9:494.
doi: 10.3390/polym9100494
Galvão, C., Sanches, L., Mathiazzi, B., Ribeiro, R., Petri, D., and Carmona-Ribeiro,
A. (2018). Antimicrobial coatings from hybrid nanoparticles of biocompatible
and antimicrobial polymers. Int. J. Mol. Sci. 19:2965. doi: 10.3390/ijms191
02965
Gao, Z.-G., Fain, H. D., and Rapoport, N. (2005). Controlled and targeted
tumor chemotherapy by micellar-encapsulated drug and ultrasound. J. Control.
Release 102, 203–222. doi: 10.1016/j.jconrel.2004.09.021
Garay, R. P., and Labaune, J. P. (2011). “Immunogenicity of polyethylene
glycol (PEG),” in The Open Conference Proceedings Journal, 46bis,
rue du Marechal Gallieni, Vol. 2 (Villemoisson-sur-Orge), 104–107.
doi: 10.2174/2210289201102010104
Garg, S. M., Vakili, M. R., and Lavasanifar, A. (2015). Polymeric micelles based on
poly(ethylene oxide) and alpha-carbon substituted poly(epsilon-caprolactone):
an in vitro study on the effect of core forming block on polymeric micellar
stability, biocompatibility, and immunogenicity. Colloids Surf. B Biointerfaces
132:161–170. doi: 10.1016/j.colsurfb.2015.05.015
Garni, M., Thamboo, S., Schoenenberger, C.-A., and Palivan, C. G. (2017).
Biopores/membrane proteins in synthetic polymer membranes. Biochim.
Biophys. Acta 1859, 619–638. doi: 10.1016/j.bbamem.2016.10.015
Glatzel, S., Laschewsky, A., and Lutz, J.-F. O. (2010). Well-defined uncharged
polymers with a sharp UCST in water and in physiological milieu.
Macromolecules 44, 413–415. doi: 10.1021/ma102677k
Goers, R., Thoma, J., Ritzmann, N., Di Silvestro, A., Alter, C., Gunkel-Grabole,
G., et al. (2018). Optimized reconstitution of membrane proteins into synthetic
membranes. Commun. Chem. 1:35. doi: 10.1038/s42004-018-0037-8
González, M., Bagatolli, L. A., Echabe, I., Arrondo, J. L., Argaraña, C. E., Cantor,
C. R., et al. (1997). Interaction of biotin with streptavidin thermostability
and conformational changes upon binding. J. Biol. Chem. 272, 11288–11294.
doi: 10.1074/jbc.272.17.11288
Gorelov, A., Du Chesne, A., and Dawson, K. (1997). Phase separation in dilute
solutions of poly (N-isopropylacrylamide). Physica A Stat. Mech. Appl. 240,
443–452. doi: 10.1016/S0378-4371(97)00192-1
Grzelakowski, M., Onaca, O., Rigler, P., Kumar, M., and Meier, W.
(2009). Immobilized protein–polymer nanoreactors. Small 5, 2545–2548.
doi: 10.1002/smll.200900603
Gunkel-Grabole, G., Palivan, C., and Meier, W. (2017). Nanostructured
surfaces through immobilization of self-assembled polymer architectures
using Thiol–Ene chemistry. Macromol. Mater. Eng. 302:1600363.
doi: 10.1002/mame.201600363
Guo, M., Jiang, M., and Zhang, G. (2008). Surface modification of polymeric
vesicles via host– guest inclusion complexation. Langmuir 24, 10583–10586.
doi: 10.1021/la802126w
Guo, T., Gao, J., Qin, X., Zhang, X., and Xue, H. (2018). A novel glucose
biosensor based on hierarchically porous block copolymer film. Polymers
10:723. doi: 10.3390/polym10070723
Guo, X., Choi, B., Feng, A., and Thang, S. H. (2018). Polymer synthesis with more
than one form of living polymerization method. Macromol. Rapid Commun.
39:1800479. doi: 10.1002/marc.201800479
Habel, J., Ogbonna, A., Larsen, N., Cherré, S., Kynde, S., Midtgaard, S. R., et al.
(2015). Selecting analytical tools for characterization of polymersomes

Cui, H., Chen, Z., Zhong, S., Wooley, K. L., and Pochan, D. J. (2007).
Block copolymer assembly via kinetic control. Science 317, 647–650.
doi: 10.1126/science.1141768
Deng, Y., Käfer, F., Chen, T., Jin, Q., Ji, J., and Agarwal, S. (2018). Let there be light:
polymeric micelles with upper critical solution temperature as light-triggered
heat nanogenerators for combating drug-resistant cancer. Small 14:1802420.
doi: 10.1002/smll.201802420
Deng, Z., Qian, Y., Yu, Y., Liu, G., Hu, J., Zhang, G., et al. (2016). Engineering
intracellular delivery nanocarriers and nanoreactors from oxidation-responsive
polymersomes via synchronized bilayer cross-linking and permeabilizing inside
live cells. J. Am. Chem. Soc. 138, 10452–10466. doi: 10.1021/jacs.6b04115
Dimitrov, I., Trzebicka, B., Müller, A. H., Dworak, A., and Tsvetanov,
C. B. (2007). Thermosensitive water-soluble copolymers with doubly
responsive reversibly interacting entities. Prog. Polym. Sci. 32, 1275–1343.
doi: 10.1016/j.progpolymsci.2007.07.001
Discher, B. M., Won, Y.-Y., Ege, D. S., Lee, J. C., Bates, F. S., Discher, D. E., et al.
(1999). Polymersomes: tough vesicles made from diblock copolymers. Science
284, 1143–1146. doi: 10.1126/science.284.5417.1143
Discher, D. E., and Ahmed, F. (2006). Polymersomes. Annu. Rev. Biomed. Eng. 8:
323–341. doi: 10.1146/annurev.bioeng.8.061505.095838
Discher, D. E., and Eisenberg, A. (2002). Polymer vesicles. Science 297, 967–973.
doi: 10.1126/science.1074972
Discher, D. E., Ortiz, V., Srinivas, G., Klein, M. L., Kim, Y., Christian, D.,
et al. (2007). Emerging applications of polymersomes in delivery: from
molecular dynamics to shrinkage of tumors. Prog. Polym. Sci. 32, 838–857.
doi: 10.1016/j.progpolymsci.2007.05.011
Domes, S., Filiz, V., Nitsche, J., Frömsdorf, A., and Förster, S. (2010).
Covalent attachment of polymersomes to surfaces. Langmuir 26, 6927–6931.
doi: 10.1021/la904175u
Dorn, J., Belegrinou, S., Kreiter, M., Sinner, E. K., and Meier, W. (2011). Planar
block copolymer membranes by vesicle spreading. Macromol. Biosci. 11,
514–525. doi: 10.1002/mabi.201000396
Draghici, C., Kowal, J., Darjan, A., Meier, W., and Palivan, C. G. (2014). Active
surfaces formed by immobilization of enzymes on solid-supported polymer
membranes. Langmuir 30, 11660–11669. doi: 10.1021/la502841p
Draghici, C. L., Mikhalevich, V., Gunkel-Grabole, G., Kowal, J., Meier, W.
P., and Palivan, C. G. (2018). Biomimetic planar polymer membranes
decorated with enzymes as functional surfaces. Langmuir 34, 9015–9024.
doi: 10.1021/acs.langmuir.8b00541
Du, L., Zhou, J., Meng, L., Wang, X., Wang, C., Huang, Y., et al. (2017). The
pH-triggered triblock nanocarrier enabled highly efficient siRNA delivery for
cancer therapy. Theranostics 7, 3432–3445. doi: 10.7150/thno.20297
Duan, K., Zhang, X., Tang, X., Yu, J., Liu, S., Wang, D., et al. (2010). Fabrication
of cationic nanomicelle from chitosan-graft-polycaprolactone as the carrier of
7-ethyl-10-hydroxy-camptothecin. Colloids Surf. B Biointerfaces 76, 475–482.
doi: 10.1016/j.colsurfb.2009.12.007
Duncan, R. (2003). The dawning era of polymer therapeutics. Nat. Rev. Drug
Discov. 2, 347–360. doi: 10.1038/nrd1088
Duong, H. T., Nguyen, T. U., and Stenzel, M. H. (2010). Micelles with
surface conjugated RGD peptide and crosslinked polyurea core via RAFT
polymerization. Polym. Chem. 1, 171–182. doi: 10.1039/B9PY00210C
Duong, P. H., Chung, T.-S., Jeyaseelan, K., Armugam, A., Chen, Z., Yang, J.,
et al. (2012). Planar biomimetic aquaporin-incorporated triblock copolymer
membranes on porous alumina supports for nanofiltration. J. Memb. Sci. 409:
34–43. doi: 10.1016/j.memsci.2012.03.004
Edlinger, C., Einfalt, T., Spulber, M., Car, A., Meier, W., and Palivan, C. G.
(2017). Biomimetic strategy to reversibly trigger functionality of catalytic
nanocompartments by the insertion of pH-responsive biovalves. Nano Lett. 17,
5790–5798. doi: 10.1021/acs.nanolett.7b02886
Egli, S., Nussbaumer, M. G., Balasubramanian, V., Chami, M., Bruns, N.,
Palivan, C., et al. (2011). Biocompatible functionalization of polymersome
surfaces: a new approach to surface immobilization and cell targeting using
polymersomes. J. Am. Chem. Soc. 133, 4476–4483. doi: 10.1021/ja110275f
Einfalt, T., Goers, R., Dinu, I. A., Najer, A., Spulber, M., OnacaFischer, O., et al. (2015). Stimuli-triggered activity of nanoreactors by
biomimetic engineering polymer membranes. Nano Lett. 15, 7596–7603.
doi: 10.1021/acs.nanolett.5b03386

Frontiers in Chemistry | www.frontiersin.org

23

January 2019 | Volume 6 | Article 645

Yorulmaz Avsar et al.

Biomolecule-Copolymer Assemblies

Jackman, J. A., Zhao, Z., Zhdanov, V. P., Frank, C. W., and Cho, N.-J. (2014).
Vesicle adhesion and rupture on silicon oxide: influence of freeze–thaw
pretreatment. Langmuir 30, 2152–2160. doi: 10.1021/la404582n
James, H. P., John, R., Alex, A., and Anoop, K. (2014). Smart polymers for the
controlled delivery of drugs–a concise overview. Acta Pharm. Sin. B 4, 120–127.
doi: 10.1016/j.apsb.2014.02.005
Jaskiewicz, K., Makowski, M., Kappl, M., Landfester, K., and Kroeger, A.
(2012). Mechanical properties of poly (dimethylsiloxane)-block-poly (2methyloxazoline) polymersomes probed by atomic force microscopy. Langmuir
28, 12629–12636. doi: 10.1021/la301608k
Jhaveri, A. M., and Torchilin, V. P. (2014). Multifunctional polymeric
micelles for delivery of drugs and siRNA. Front. Pharmacol. 5:77.
doi: 10.3389/fphar.2014.00077
Jiang, J., Qi, B., Lepage, M., and Zhao, Y. (2007). Polymer micelles stabilization on
demand through reversible photo-cross-linking. Macromolecules 40, 790–792.
doi: 10.1021/ma062493j
Jones, M.-C., and Leroux, J.-C. (1999). Polymeric micelles–a new generation
of colloidal drug carriers. Eu. J. Pharm. Biopharm. 48, 101–111.
doi: 10.1016/S0939-6411(99)00039-9
Jule, E., Nagasaki, Y., and Kataoka, K. (2003). Lactose-installed Poly (ethylene
glycol)– Poly (d, l-lactide) block copolymer micelles exhibit fast-rate
binding and high affinity toward a protein bed simulating a cell surface.
A Surface Plasmon Resonance Study. Bioconj. Chem. 14, 177–186.
doi: 10.1021/bc025598+
Kabanov, A. V., and Alakhov, V. Y. (2002). Pluronic R block copolymers
in drug delivery: from micellar nanocontainers to biological
response modifiers. Crit. Rev. Ther. Drug Carrier Syst. 19, 1–72.
doi: 10.1615/CritRevTherDrugCarrierSyst.v19.i1.10
Kalhapure, R. S., and Renukuntla, J. (2018). Thermo- and pH dual responsive
polymeric micelles and nanoparticles. Chem. Biol. Interact. 295, 20–37.
doi: 10.1016/j.cbi.2018.07.016
Kamaly, N., Xiao, Z., Valencia, P. M., Radovic-Moreno, A. F., and Farokhzad, O.
C. (2012). Targeted polymeric therapeutic nanoparticles: design, development
and clinical translation. Chem. Soc. Rev. 41, 2971–3010. doi: 10.1039/c2cs
15344k
Kanazawa, T., Sugawara, K., Tanaka, K., Horiuchi, S., Takashima, Y., and Okada,
H. (2012). Suppression of tumor growth by systemic delivery of anti-VEGF
siRNA with cell-penetrating peptide-modified MPEG–PCL nanomicelles. Eur.
J. Pharm. Biopharm. 81, 470–477. doi: 10.1016/j.ejpb.2012.04.021
Karayianni, M., and Pispas, S. (2016). “Self-assembly of amphiphilic block
copolymers in selective solvents,” in Fluorescence Studies of Polymer Containing
Systems, Springer Series on Fluorescence (Methods and Applications), Vol. 16, ed
K. Procházka (Cham: Springer), 27–63. doi: 10.1007/978-3-319-26788-3_2
Kataoka, K., Harada, A., and Nagasaki, Y. (2001). Block copolymer micelles for
drug delivery: design, characterization and biological significance. Adv. Drug
Deliv. Rev. 47, 113–131. doi: 10.1016/S0169-409X(00)00124-1
Kataoka, K., Harada, A., and Nagasaki, Y. (2012). Block copolymer micelles for
drug delivery: design, characterization and biological significance. Adv. Drug
Deliv. Rev. 64: 37–48. doi: 10.1016/j.addr.2012.09.013
Kazunori, K., Masayuki, Y., Teruo, O., and Yasuhisa, S. (1993). Block copolymer
micelles as vehicles for drug delivery. J. Control. Release 24, 119–132.
doi: 10.1016/0168-3659(93)90172-2
Kedracki, D., Maroni, P., Schlaad, H., and Vebert-Nardin, C. (2014). Polymer–
Aptamer hybrid emulsion templating yields bioresponsive nanocapsules. Adv.
Funct. Mater. 24, 1133–1139. doi: 10.1002/adfm.201302475
Kilicay, E., Erdal, E., Hazer, B., Türk, M., and Denkbas, E. B. (2016).
Antisense oligonucleotide delivery to cancer cell lines for the treatment
of different cancer types. Artif. Cells Nanomed. Biotechnol. 44, 1938–1948.
doi: 10.3109/21691401.2015.1115409
Kim, H. J., Kim, A., Miyata, K., and Kataoka, K. (2016). Recent progress in
development of siRNA delivery vehicles for cancer therapy. Adv. Drug Deliv.
Rev. 104:61–77. doi: 10.1016/j.addr.2016.06.011
Kim, H. J., Miyata, K., Nomoto, T., Zheng, M., Kim, A., Liu, X.,
et al. (2014). siRNA delivery from triblock copolymer micelles
with spatially-ordered compartments of PEG shell, siRNA-loaded
intermediate layer, and hydrophobic core. Biomaterials 35, 4548–4556.
doi: 10.1016/j.biomaterials.2014.02.016

in aqueous solution. RSC Adv. 5, 79924–79946. doi: 10.1039/C5RA
16403F
Hammer, D. A., Robbins, G. P., Haun, J. B., Lin, J. J., Qi, W., Smith,
L. A., et al. (2008). Leuko-polymersomes. Faraday Discuss. 139:129–141.
doi: 10.1039/b717821b
Han, G., Wang, J.-T., Ji, X., Liu, L., and Zhao, H. (2017). Nanoscale proteinosomes
fabricated by self-assembly of a supramolecular protein–polymer conjugate.
Bioconjug. Chem. 28, 636–641. doi: 10.1021/acs.bioconjchem.6b00704
Han, S., Hagiwara, M., and Ishizone, T. (2003). Synthesis of thermally sensitive
water-soluble polymethacrylates by living anionic polymerizations of oligo
(ethylene glycol) methyl ether methacrylates. Macromolecules 36, 8312–8319.
doi: 10.1021/ma0347971
Holden, M. A., Jung, S.-Y., Yang, T., Castellana, E. T., and Cremer, P. S. (2004).
Creating fluid and air-stable solid supported lipid bilayers. J. Am. Chem. Soc.
126, 6512–6513. doi: 10.1021/ja048504a
Holliger, P., and Hudson, P. J. (2005). Engineered antibody fragments and the rise
of single domains. Nat. Biotechnol. 23:1126. doi: 10.1038/nbt1142
Hoogenboom, R., Thijs, H. M., Jochems, M. J., van Lankvelt, B. M., Fijten,
M. W., and Schubert, U. S. (2008). Tuning the LCST of poly (2-oxazoline)
s by varying composition and molecular weight: alternatives to poly (Nisopropylacrylamide)? Chem. Commun. 30, 5758–5760. doi: 10.1039/b813140f
Hosta-Rigau, L., York-Duran, M. J., Zhang, Y., Goldie, K. N., and Städler,
B. (2014). Confined multiple enzymatic (cascade) reactions within poly
(dopamine)-based capsosomes. ACS Appl. Mater. Interfaces 6, 12771–12779.
doi: 10.1021/am502743z
Howse, J. R., Jones, R. A. L., Battaglia, G., Ducker, R. E., Leggett, G. J., and Ryan,
A. J. (2009). Templated formation of giant polymer vesicles with controlled size
distributions. Nat. Mater. 8:507. doi: 10.1038/nmat2446
Hu, C., Chen, Z., Wu, S., Han, Y., Wang, H., Sun, H., et al. (2017). Micelle
or polymersome formation by PCL-PEG-PCL copolymers as drug delivery
systems. Chin. Chem. Lett. 28, 1905–1909. doi: 10.1016/j.cclet.2017.07.020
Huo, M., Zhang, Y., Zhou, J., Zou, A., and Li, J. (2011). Formation, microstructure,
biodistribution and absence of toxicity of polymeric micelles formed by
N-octyl-N, O-carboxymethyl chitosan. Carbohydr. Polym. 83, 1959–1969.
doi: 10.1016/j.carbpol.2010.10.073
Idrissi, M. E., Meyer, C. E., Zartner, L., and Meier, W. (2018). Nanosensors
based on polymer vesicles and planar membranes: a short review. J.
Nanobiotechnol.16:63. doi: 10.1186/s12951-018-0393-7
Islam, M. R., Gao, Y. F., Li, X., and Serpe, M. J. (2014). Responsive polymers
for biosensing and protein delivery. J. Mater. Chem. B 2, 2444–2451.
doi: 10.1039/C3TB21657H
Israelachvili, J. N. (2011). Intermolecular and Surface Forces: Revised 3rd Edn. Santa
Barbara, CA: University of California
Israelachvili, J. N., Mitchell, D. J., and Ninham, B. W. (1976). Theory of selfassembly of hydrocarbon amphiphiles into micelles and bilayers. J. Chem. Soc.
Faraday Trans. 72, 1525–1568.
Itel, F., Chami, M., Najer, A., Lörcher, S., Wu, D., Dinu, I. A. et al. (2014). Molecular
organization and dynamics in polymersome membranes: a lateral diffusion
study. Macromolecules 47, 7588–7596. doi: 10.1021/ma5015403
Itel, F., Najer, A., Palivan, C. G., and Meier, W. (2015). Dynamics of membrane
proteins within synthetic polymer membranes with large hydrophobic
mismatch. Nano Lett. 15, 3871–3878. doi: 10.1021/acs.nanolett.5b00699
Iyisan, B., Janke, A., Reichenbach, P., Eng, L. M., Appelhans, D., and Voit, B.
(2016). Immobilized multifunctional polymersomes on solid surfaces: infrared
light-induced selective photochemical reactions, pH responsive behavior, and
probing mechanical properties under liquid phase. ACS Appl. Mater. Interfaces
8, 15788–15801. doi: 10.1021/acsami.6b03525
Jackman, J. A., Cho, N.-J., Duran, R. S., and Frank, C. W. (2009). Interfacial
binding dynamics of bee venom phospholipase A2 investigated by dynamic
light scattering and quartz crystal microbalance. Langmuir 26, 4103–4112.
doi: 10.1021/la903117x
Jackman, J. A., Choi, J.-H., Zhdanov, V. P., and Cho, N.-J. (2013). Influence of
osmotic pressure on adhesion of lipid vesicles to solid supports. Langmuir 29,
11375–11384. doi: 10.1021/la4017992
Jackman, J. A., Knoll, W., and Cho, N.-J. (2012). Biotechnology
applications of tethered lipid bilayer membranes. Materials 5, 2637–2657.
doi: 10.3390/ma5122637

Frontiers in Chemistry | www.frontiersin.org

24

January 2019 | Volume 6 | Article 645

Yorulmaz Avsar et al.

Biomolecule-Copolymer Assemblies

nanospheres, nanocapsules and polymersomes. Eur. J. Pharm. Biopharm.
65, 259–269. doi: 10.1016/j.ejpb.2006.11.009
Li, F., Ketelaar, T., Cohen Stuart, M. A., Sudhölter, E. J., Leermakers, F. A., and
Marcelis, A. T. (2008). Gentle immobilization of nonionic polymersomes on
solid substrates. Langmuir 24, 76–82. doi: 10.1021/la702546b
Li, M.-H., and Keller, P. (2009). Stimuli-responsive polymer vesicles. Soft Matter 5,
927–937. doi: 10.1039/b815725a
Li, W., Zhao, H., Qian, W., Li, H., Zhang, L., Ye, Z., et al. (2012).
Chemotherapy for gastric cancer by finely tailoring anti-Her2
anchored dual targeting immunomicelles. Biomaterials 33, 5349–5362.
doi: 10.1016/j.biomaterials.2012.04.016
Li, Y., Gao, G. H., and Lee, D. S. (2013). Stimulus-sensitive polymeric nanoparticles
and their applications as drug and gene carriers. Adv. Healthc. Mater. 2,
388–417. doi: 10.1002/adhm.201200313
Liaw, J., and Lin, Y.-C. (2000). Evaluation of poly(ethylene oxide)–
poly(propylene oxide)–poly(ethylene oxide) (PEO–PPO–PEO) gels as a
release vehicle for percutaneous fentanyl. J. Control. Release 68, 273–282.
doi: 10.1016/S0168-3659(00)00268-6
Lim Soo, P., Luo, L., Maysinger, D., and Eisenberg, A. (2002). Incorporation
and release of hydrophobic probes in biocompatible polycaprolactone-blockpoly (ethylene oxide) micelles: implications for drug delivery. Langmuir 18,
9996–10004. doi: 10.1021/la026339b
Lin, J. J., Ghoroghchian, P. P., Zhang, Y., and Hammer, D. A. (2006).
Adhesion of antibody-functionalized polymersomes. Langmuir 22, 3975–3979.
doi: 10.1021/la052445c
Lin, J. J., Silas, J. A., Bermudez, H., Milam, V. T., Bates, F. S., and Hammer,
D. A. (2004). The effect of polymer chain length and surface density on
the adhesiveness of functionalized polymersomes. Langmuir 20, 5493–5500.
doi: 10.1021/la036417a
Liu, J., Liao, C., and Zhou, J. (2013). Multiscale simulations of protein G B1
adsorbed on charged self-assembled monolayers. Langmuir 29, 11366–11374.
doi: 10.1021/la401171v
Liu, J., Postupalenko, V., Lörcher, S., Wu, D., Chami, M., Meier, W. et al.
(2016). DNA-mediated self-organization of polymeric nanocompartments
leads to interconnected artificial organelles. Nano Lett. 16, 7128–7136.
doi: 10.1021/acs.nanolett.6b03430
Liu, Y., Ren, Y., Li, Y., Su, L., Zhang, Y., Huang, F., et al. (2018). Nanocarriers with
conjugated antimicrobials to eradicate pathogenic biofilms evaluated in murine
in vivo and human ex vivo infection models. Acta Biomater. 79: 331–343.
doi: 10.1016/j.actbio.2018.08.038
Liu, Y., van der Mei, H. C., Zhao, B., Zhai, Y., Cheng, T., Li, Y., et al.
(2017). Eradication of multidrug-resistant staphylococcal infections by lightactivatable micellar nanocarriers in a murine model. Adv. Funct. Mater.
27:1701974. doi: 10.1002/adfm.201701974
Lomas, H., Johnston, A. P. R., Such, G. K., Zhu, Z. Y., Liang, K., van Koeverden, M.
P., et al. (2011). Polymersome-loaded capsules for controlled release of DNA.
Small 7, 2109–2119. doi: 10.1002/smll.201100744
Lomora, M., Gunkel-Grabole, G., Mantri, S., and Palivan, C. G. (2017). Biocatalytic nanocompartments for in situ production of glucose-6-phosphate.
Chem. Commun. 53, 10148–10151. doi: 10.1039/C7CC04739H
Lomora, M., Itel, F., Dinu, I. A., and Palivan, C. G. (2015). Selective ion-permeable
membranes by insertion of biopores into polymersomes. Phys. Chem. Chem.
Phys. 17, 15538–15546. doi: 10.1039/C4CP05879H
Lu, F., Pang, Z., Zhao, J., Jin, K., Li, H., Pang, Q., et al. (2017). Angiopep-2conjugated poly (ethylene glycol)-co-poly (ε-caprolactone) polymersomes for
dual-targeting drug delivery to glioma in rats. Int. J. Nanomedicine 12:2117.
doi: 10.2147/IJN.S123422
Lu, J., Owen, S. C., and Shoichet, M. S. (2011). Stability of self-assembled
polymeric micelles in serum. Macromolecules 44, 6002–6008. doi: 10.1021/ma2
00675w
Lutz, J.-F., Akdemir, Ö., and Hoth, A. (2006). Point by point comparison
of two thermosensitive polymers exhibiting a similar LCST: is the age of
poly (NIPAM) over? J. Am. Chem. Soc. 128, 13046–13047. doi: 10.1021/ja06
5324n
Lutz, J.-F., and Hoth, A. (2006). Preparation of ideal PEG analogues with a
tunable thermosensitivity by controlled radical copolymerization of 2-(2methoxyethoxy) ethyl methacrylate and oligo (ethylene glycol) methacrylate.
Macromolecules 39, 893–896. doi: 10.1021/ma0517042

Kim, M. C., Gunnarsson, A., Tabaei, S. R., Höök, F., and Cho, N.-J. (2016).
Supported lipid bilayer repair mediated by AH peptide. Phys. Chem. Chem.
Phys. 18, 3040–3047. doi: 10.1039/C5CP06472D
Kim, S. Y., Shin, I. G., Lee, Y. M., Cho, C. S., and Sung, Y. K. (1998). Methoxy poly
(ethylene glycol) and ǫ-caprolactone amphiphilic block copolymeric micelle
containing indomethacin.: II. Micelle formation and drug release behaviours.
J. Control. Release 51, 13–22. doi: 10.1016/S0168-3659(97)00124-7
Kita-Tokarczyk, K., Grumelard, J., Haefele, T., and Meier, W. (2005). Block
copolymer vesicles—using concepts from polymer chemistry to mimic
biomembranes. Polymer 46, 3540–3563. doi: 10.1016/j.polymer.2005.02.083
Kita-Tokarczyk, K., and Meier, W. (2008). Biomimetic block copolymer
membranes. Chimia 62, 820–825. doi: 10.2533/chimia.2008.820
Koebnik, R., Locher, K. P., and Van Gelder, P. (2000). Structure and function of
bacterial outer membrane proteins: barrels in a nutshell. Mol. Microbiol. 37,
239–253. doi: 10.1046/j.1365-2958.2000.01983.x
Koide, A., Kishimura, A., Osada, K., Jang, W.-D., Yamasaki, Y., and Kataoka, K.
(2006). Semipermeable polymer vesicle (PICsome) self-assembled in aqueous
medium from a pair of oppositely charged block copolymers: physiologically
stable micro-/nanocontainers of water-soluble macromolecules. J. Am. Chem.
Soc. 128, 5988–5989. doi: 10.1021/ja057993r
Konishcheva, E., Daubian, D., Gaitzsch, J., and Meier, W. (2018). Synthesis of
linear ABC triblock copolymers and their self-assembly in solution. Helv. Chim.
Acta 101:e1700287. doi: 10.1002/hlca.201700287
Konishcheva, E. V., Zhumaev, U. E., and Meier, W. P. (2017). PEO-bPCL-b-PMOXA triblock copolymers: from synthesis to microscale
polymersomes with asymmetric membrane. Macromolecules 50, 1512–1520.
doi: 10.1021/acs.macromol.6b02743
Kowal, J. Ł., Kowal, J. K., Wu, D., Stahlberg, H., Palivan, C. G., and Meier, W.
P. (2014). Functional surface engineering by nucleotide-modulated potassium
channel insertion into polymer membranes attached to solid supports.
Biomaterials 35, 7286–7294. doi: 10.1016/j.biomaterials.2014.05.043
KríŽ, J., Pleštil, J., Tuzar, Z., Pospíšil, H., Brus, J., Jake,š, J., et al. (1999).
Interface affected polymer dynamics: NMR, SANS, and DLS study of the
influence of shell– core interactions on the core chain mobility of poly (2ethylhexyl acrylate)-block-poly (acrylic acid) micelles in water. Macromolecules
32, 397–410. doi: 10.1021/ma9809334
Kulthe, S. S., Choudhari, Y. M., Inamdar, N. N., and Mourya, V. (2012). Polymeric
micelles: authoritative aspects for drug delivery. Designed Monomers Polym. 15,
465–521. doi: 10.1080/1385772X.2012.688328
Lane, S. M., Kuang, Z., Yom, J., Arifuzzaman, S., Genzer, J., Farmer, B., et al.
(2011). Poly (2-hydroxyethyl methacrylate) for enzyme immobilization: impact
on activity and stability of horseradish peroxidase. Biomacromolecules 12,
1822–1830. doi: 10.1021/bm200173y
Lang, X., Patrick, A. D., Hammouda, B., and Hore, M. J. (2018). Chain terminal
group leads to distinct thermoresponsive behaviors of linear PNIPAM and
polymer analogs. Polymer 145:137–147. doi: 10.1016/j.polymer.2018.04.068
Langowska, K., Kowal, J., Palivan, C. G., and Meier, W. (2014). A general strategy
for creating self-defending surfaces for controlled drug production for long
periods of time. J. Mater. Chem. B 2, 4684–4693. doi: 10.1039/c4tb00277f
Lanzilotto, A., Kyropoulou, M., Constable, E. C., Housecroft, C. E., Meier, W.
P., and Palivan, C. G. (2018). Porphyrin-polymer nanocompartments: singlet
oxygen generation and antimicrobial activity. J. Biol. Inorg. Chem. 23, 109–122.
doi: 10.1007/s00775-017-1514-8
Laskar, P., Dey, J., Banik, P., Mandal, M., and Ghosh, S., K. (2017).
In vitro drug and gene delivery using random cationic copolymers
forming stable and ph-sensitive polymersomes. Macromol. Biosci. 17:1600324.
doi: 10.1002/mabi.201600324
Le Meins, J.-F., Sandre, O., and Lecommandoux, S. (2011). Recent trends in the
tuning of polymersomes’ membrane properties. Eur. Phys. J. E. Soft Matter.
34:14. doi: 10.1140/epje/i2011-11014-y
Lee, J. S., and Feijen, J. (2012). Polymersomes for drug delivery: design,
formation and characterization. J. Control. Release 161, 473–483.
doi: 10.1016/j.jconrel.2011.10.005
Lee, S. H., Lee, J., Y., Kim, J., S., Park, T., G., and Mok, H. (2017). Amphiphilic
siRNA conjugates for co-delivery of nucleic acids and hydrophobic drugs.
Bioconjug. Chem. 28, 2051–2061. doi: 10.1021/acs.bioconjchem.7b00222
Letchford, K., and Burt, H. (2007). A review of the formation and classification
of amphiphilic block copolymer nanoparticulate structures: micelles,

Frontiers in Chemistry | www.frontiersin.org

25

January 2019 | Volume 6 | Article 645

Yorulmaz Avsar et al.

Biomolecule-Copolymer Assemblies

Park, I. H., Sohn, J. H., Kim, S. B., Lee, K. S., Chung, J. S., Lee, S. H., et al. (2017).
An open-label, randomized, parallel, Phase III trial evaluating the efficacy and
safety of polymeric micelle-formulated paclitaxel compared to conventional
cremophor el-based paclitaxel for recurrent or metastatic HER2-negative breast
cancer. Cancer Res. Treat. 49, 569–577. doi: 10.4143/crt.2016.289
Park, J.-S., Akiyama, Y., Yamasaki, Y., and Kataoka, K. (2007). Preparation and
characterization of polyion complex micelles with a novel thermosensitive
poly (2-isopropyl-2-oxazoline) shell via the complexation of oppositely charged
block ionomers. Langmuir 23, 138–146. doi: 10.1021/la061431j
Peng, C., Liu, J., Zhao, D., and Zhou, J. (2014). Adsorption of hydrophobin on
different self-assembled monolayers: the role of the hydrophobic dipole and
the electric dipole. Langmuir 30, 11401–11411. doi: 10.1021/la502595t
Perche, F., Patel, N. R., and Torchilin, V. P. (2012). Accumulation and
toxicity of antibody-targeted doxorubicin-loaded PEG–PE micelles in
ovarian cancer cell spheroid model. J. Control. Release 164, 95–102.
doi: 10.1016/j.jconrel.2012.09.003
Petersen, M. A., Yin, L., Kokkoli, E., and Hillmyer, M. A. (2010). Synthesis
and characterization of reactive PEO–PMCL polymersomes. Polym. Chem. 1,
1281–1290. doi: 10.1039/c0py00143k
Pochan, D. J., Chen, Z., Cui, H., Hales, K., Qi, K., and Wooley, K.
L. (2004). Toroidal triblock copolymer assemblies. Science 306, 94–97.
doi: 10.1126/science.1102866
Qi, W., Ghoroghchian, P. P., Li, G., Hammer, D. A., and Therien, M. J.
(2013). Aqueous self-assembly of poly (ethylene oxide)-block-poly (εcaprolactone)(PEO-b-PCL) copolymers: disparate diblock copolymer
compositions give rise to nano-and meso-scale bilayered vesicles. Nanoscale 5,
10908–10915. doi: 10.1039/c3nr03250g
Quader, S., and Kataoka, K. (2017). Nanomaterial-enabled cancer therapy. Mol.
Ther. 25, 1501–1513. doi: 10.1016/j.ymthe.2017.04.026
Raisin, S., Belamie, E., and Morille, M. (2016). Non-viral gene activated matrices
for mesenchymal stem cells based tissue engineering of bone and cartilage.
Biomaterials 104, 223–237. doi: 10.1016/j.biomaterials.2016.07.017
Raisin, S., Morille, M., Bony, C., Noel, D., Devoisselle, J. M., and Belamie,
E. (2017). Tripartite polyionic complex (PIC) micelles as non-viral vectors
for mesenchymal stem cell siRNA transfection. Biomater. Sci. 5, 1910–1921.
doi: 10.1039/C7BM00384F
Rajagopal, K., Mahmud, A., Christian, D. A., Pajerowski, J. D., Brown, A. E.,
Loverde, S. M., et al. (2010). Curvature-coupled hydration of semicrystalline
polymer amphiphiles yields flexible worm micelles but favors rigid vesicles:
polycaprolactone-based block copolymers. Macromolecules 43, 9736–9746.
doi: 10.1021/ma101316w
Rakhmatullina, E., and Meier, W. (2008). Solid-supported block copolymer
membranes through interfacial adsorption of charged block copolymer vesicles.
Langmuir 24, 6254–6261. doi: 10.1021/la8003068
Rao, N. V., Ko, H., Lee, J., and Park, J. H. (2018). Recent progress and advances
in stimuli-responsive polymers for cancer therapy. Front. Bioeng. Biotechnol. 6,
110. doi: 10.3389/fbioe.2018.00110
Rebaud, S., Maniti, O., and Girard-Egrot, A. P. (2014). Tethered bilayer
lipid membranes (tBLMs): interest and applications for biological
membrane investigations. Biochimie 107, 135–142. doi: 10.1016/j.biochi.2014.
06.021
Reimhult, E., Höök, F., and Kasemo, B. (2002). Vesicle adsorption on SiO
2 and TiO 2: dependence on vesicle size. J. Chem. Phys. 117, 7401–7404.
doi: 10.1063/1.1515320
Reimhult, E., Höök, F., and Kasemo, B. (2003). Intact vesicle adsorption and
supported biomembrane formation from vesicles in solution: influence of
surface chemistry, vesicle size, temperature, and osmotic pressure. Langmuir
19, 1681–1691. doi: 10.1021/la0263920
Rein, C., Nissen, S., Grzelakowski, M., and Meldal, M. (2016). Click-chemistry
of polymersomes on nanoporous polymeric surfaces. J. Polym. Sci. A Polym.
Chem. 54, 2032–2039. doi: 10.1002/pola.28069
Rey-Rico, A., and Cucchiarini, M. (2018). PEO-PPO-PEO tri-block copolymers for
gene delivery applications in human regenerative medicine—An overview. Int.
J. Mol. Sci. 19:775. doi: 10.3390/ijms19030775
Richter, R. P., and Brisson, A. R. (2005). Following the formation of supported lipid
bilayers on mica: a study combining AFM, QCM-D, and ellipsometry. Biophys.
J. 88, 3422–3433. doi: 10.1529/biophysj.104.053728

Lutz, J. F. (2011). Thermo-switchable materials prepared using the OEGMAplatform. Adv. Mater. 23, 2237–2243. doi: 10.1002/adma.201100597
Lynd, N. A., and Hillmyer, M. A. (2005). Influence of polydispersity on
the self-assembly of diblock copolymers. Macromolecules 38, 8803–8810.
doi: 10.1021/ma051025r
Maina, J. W., Richardson, J. J., Chandrawati, R., Kempe, K., van Koeverden, M. P.,
and Caruso, F. (2015). Capsosomes as long-term delivery vehicles for protein
therapeutics. Langmuir 31, 7776–7781. doi: 10.1021/acs.langmuir.5b01667
Matyjaszewski, K., and Spanswick, J. (2005). Controlled/living radical
polymerization. Mater. Today 8, 26–33. doi: 10.1016/S1369-7021(05)00745-5
Mecke, A., Dittrich, C., and Meier, W. (2006). Biomimetic membranes
designed from amphiphilic block copolymers. Soft Matter 2, 751–759.
doi: 10.1039/b605165k
Men, Y., Peng, F., Tu, Y., van Hest, J. C., and Wilson, D. A. (2016). Methods for
production of uniform small-sized polymersome with rigid membrane. Polym.
Chem. 7, 3977–3982. doi: 10.1039/C6PY00668J
Mertoglu, M., Garnier, S., Laschewsky, A., Skrabania, K., and Storsberg, J.
(2005). Stimuli responsive amphiphilic block copolymers for aqueous media
synthesised via reversible addition fragmentation chain transfer polymerisation
(RAFT). Polymer 46, 7726–7740. doi: 10.1016/j.polymer.2005.03.101
Mi, P., Wang, F., Nishiyama, N., and Cabral, H. (2017). Molecular cancer
imaging with polymeric nanoassemblies: from tumor detection to theranostics.
Macromol. Biosci. 17:1600305. doi: 10.1002/mabi.201600305
Mishra, P., Nayak, B., and Dey, R. K. (2016). PEGylation in anti-cancer therapy: an
overview. Asian J. Pharm. Sci. 11, 337–348. doi: 10.1016/j.ajps.2015.08.011
Miura, Y., Takenaka, T., Toh, K., Wu, S., Nishihara, H., Kano, M. R., et al.
(2013). Cyclic RGD-linked polymeric micelles for targeted delivery of platinum
anticancer drugs to glioblastoma through the blood–brain tumor barrier. ACS
Nano 7, 8583–8592. doi: 10.1021/nn402662d
Mota, C., Danti, S., D’Alessandro, D., Trombi, L., Ricci, C., Puppi, D., et al. (2015).
Multiscale fabrication of biomimetic scaffolds for tympanic membrane tissue
engineering. Biofabrication 7:025005. doi: 10.1088/1758-5090/7/2/025005
Mukai, H., Kogawa, T., Matsubara, N., Naito, Y., Sasaki, M., and Hosono, A.
(2017). A first-in-human Phase 1 study of epirubicin-conjugated polymer
micelles (K-912/NC-6300) in patients with advanced or recurrent solid tumors.
Invest. New Drugs 35, 307–314. doi: 10.1007/s10637-016-0422-z
Mukerabigwi, J. F., Ge, Z., and Kataoka, K. (2018). Therapeutic nanoreactors
as in vivo nanoplatforms for cancer therapy. Chemistry 24, 15706–15724.
doi: 10.1002/chem.201801159
Nagasaki, Y., Yasugi, K., Yamamoto, Y., Harada, A., and Kataoka, K.
(2001). Sugar-installed block copolymer micelles: their preparation and
specific interaction with lectin molecules. Biomacromolecules 2, 1067–1070.
doi: 10.1021/bm015574q
Najer, A., Wu, D., Bieri, A., Brand, F., Palivan, C. G., Beck, H.-P., et al. (2014).
Nanomimics of host cell membranes block invasion and expose invasive
malaria parasites. ACS Nano 8, 12560–12571. doi: 10.1021/nn5054206
Nazemi, A., Boott, C. E., Lunn, D. J., Gwyther, J., Hayward, D. W., Richardson,
R. M., et al. (2016). Monodisperse cylindrical micelles and block comicelles
of controlled length in aqueous media. J. Am. Chem. Soc. 138, 4484–4493.
doi: 10.1021/jacs.5b13416
Nehring, R., Palivan, C. G., Casse, O., Tanner, P., Tüxen, J., and Meier,
W. (2008). Amphiphilic diblock copolymers for molecular recognition:
metal– nitrilotriacetic acid functionalized vesicles. Langmuir 25, 1122–1130.
doi: 10.1021/la8027308
Nehring, R., Palivan, C. G., Moreno-Flores, S., Mantion, A., Tanner, P., TocaHerrera, J. L., et al. (2010). Protein decorated membranes by specific molecular
interactions. Soft Matter 6, 2815–2824. doi: 10.1039/c002838j
Nishiyama, N., Matsumura, Y., and Kataoka, K. (2016). Development of
polymeric micelles for targeting intractable cancers. Cancer Sci. 107, 867–874.
doi: 10.1111/cas.12960
Oishi, M., Kataoka, K., and Nagasaki, Y. (2006). pH-responsive three-layered
PEGylated polyplex micelle based on a lactosylated ABC triblock copolymer as
a targetable and endosome-disruptive nonviral gene vector. Bioconjug. Chem.
17, 677–688. doi: 10.1021/bc050364m,
Pang, Z., Lu, W., Gao, H., Hu, K., Chen, J., Zhang, C., et al. (2008). Preparation and
brain delivery property of biodegradable polymersomes conjugated with OX26.
J. Control. Release 128, 120–127. doi: 10.1016/j.jconrel.2008.03.007

Frontiers in Chemistry | www.frontiersin.org

26

January 2019 | Volume 6 | Article 645

Yorulmaz Avsar et al.

Biomolecule-Copolymer Assemblies

substrates: toward the design of biosensors. Macromol. Biosci. 14, 1039–1051.
doi: 10.1002/mabi.201300580
Simon-Gracia, L., Hunt, H., Scodeller, P. D., Gaitzsch, J., Braun, G. B.,
Willmore, A. M., et al. (2016). Paclitaxel-loaded polymersomes for
enhanced intraperitoneal chemotherapy. Mol. Cancer Ther. 15, 670–679.
doi: 10.1158/1535-7163.MCT-15-0713-T
Singer, S. J., and Nicolson, G. L. (1972). The fluid mosaic model of the structure of
cell membranes. Science 175, 720–731. doi: 10.1126/science.175.4023.720
Singh, M. (1999). Transferrin as a targeting ligand for liposomes and anticancer
drugs. Curr. Pharm. Des. 5, 443–452.
Sinner, E.-K., and Knoll, W. (2001). Functional tethered membranes. Curr. Opin.
Chem. Biol. 5, 705–711. doi: 10.1016/S1367-5931(01)00269-1
Skidan, I., Miao, B., Thekkedath, R. V., Dholakia, P., Degterev, A., and Torchilin,
V. (2009). In vitro cytotoxicity of novel pro-apoptotic agent DM-PIT-1 in
PEG-PE-based micelles alone and in combination with TRAIL. Drug Deliv. 16,
45–51. doi: 10.1080/10717540802517951
Smart, T., Lomas, H., Massignani, M., Flores-Merino, M. V., Perez, L. R., and
Battaglia, G. (2008). Block copolymer nanostructures. Nano Today 3, 38–46.
doi: 10.1016/S1748-0132(08)70043-4
Smith, H. L., Jablin, M. S., Vidyasagar, A., Saiz, J., Watkins, E., Toomey, R., et al.
(2009). Model lipid membranes on a tunable polymer cushion. Phys. Rev. Lett.
102, 228102. doi: 10.1103/PhysRevLett.102.228102
Solomatin, S. V., Bronich, T. K., Bargar, T. W., Eisenberg, A., Kabanov, V. A., and
Kabanov, A. V. (2003). Environmentally responsive nanoparticles from block
ionomer complexes: effects of pH and ionic strength. Langmuir 19, 8069–8076.
doi: 10.1021/la030015l
Spieker, L. E., Ruschitzka, F. T., Luscher, T. F., and Noll, G. (2002). The
management of hyperuricemia and gout in patients with heart failure. Eur. J.
Heart Fail. 4, 403–410. doi: 10.1016/S1388-9842(02)00086-7
Städler, B., Chandrawati, R., Goldie, K., and Caruso, F. (2009). Capsosomes:
subcompartmentalizing polyelectrolyte capsules using liposomes. Langmuir 25,
6725–6732. doi: 10.1021/la900213a
Stauch, O., Schubert, R., Savin, G., and Burchard, W. (2002). Structure of
artificial cytoskeleton containing liposomes in aqueous solution studied
by static and dynamic light scattering. Biomacromolecules 3, 565–578.
doi: 10.1021/bm0200074
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