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Biomolecule—polymer hybrid compartments:
combining the best of both worlds

Claire E. Meyer,{ Sarah-Luise Abram, 2§ loana Craciun and Cornelia G. Palivan 2/ *
Compartmentalization is a fundamental principle in biology that is needed for the temporal and spatial
separation of chemically incompatible reactions and biomolecules. Nano- or micro-sized compartments
made of synthetic polymers are used to mimick this principle. The self-assembly of these polymers into
vesicular objects is highly compatible with the integration of biomolecules, either into the lumen, the
membrane or onto the surface of the vesicles. Thus, a great variety of biohybrid nano- and microscaled
compartments has been developed exploiting the specific function and properties of targeting peptides,
antibodies, enzymes, nucleic acids or lipids. Such biohybrid compartments have moved from simple
systems encapsulating e.g. a model protein into complex multicompartmentalized structures that are
able to combine the activity of different biomolecular cargos getting closer to the realization of artifical
organelles or cells. Encapsulation of medically relevant cargos combined with careful design of
the polymeric scaffold and specific surface functionalization have led to a significant progress in
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Introduction

The most prominent example of a biological compartment is a
cell, as it encloses an aqueous volume within its thin phospho-
lipidic membrane to form a micrometer-sized vesicle. The
compartmentalization of chemical reactions is a fundamental
characteristic of cellular life, which has been the centre of
numerous studies aiming to mimic some of the biological
functions. Liposomes, spherical vesicles made of phospholipids,
have been the spearhead for the development of micrometre-sized
artificial vesicles used as protocells. Beyond that, their nanometre-
sized analogues have gained particular interest in drug delivery as
therapeutic payloads can be encapsulated inside the vesicles’
lumen. At the same time, stealth or targeting agents can be
anchored in their membrane or attached to the surface of the
vesicles. Later, the formation of nano- or micro-sized vesicles was
also demonstrated with synthetic polymers.' These polymeric
vesicles position themselves as an attractive alternative as they
demonstrate an enhanced robustness and a greater chemical
versatility while, when appropriately selected, they retain the
liposomes’ typical softness. The progress in polymer chemistry
gave access to a variety of copolymers with tailored properties and
excellent biocompatibility that can compete with the intrinsic
biocompatibility and biodegradability of natural polymers. The
precise chemical tuning (e.g. length, charge, or responsiveness)
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therapeutical applications such as targeted drug delivery or enzyme replacement therapy.

and the possibility of easy functionalization with reactive moieties
for bioconjugation makes synthetic copolymers great building
blocks for biohybrid compartments. Such biohybrid compart-
ments integrate biomolecules for their specific functionality into
their polymeric scaffold and thus inherit the advantages of
both biological and synthetic systems. The different biological
components can be (I) attached to the compartment’s surface,
(IT) encapsulated inside the cavity or (III) integrated into its
membrane (Fig. 1). Thereby, different classes of biomolecules
can be exploited for their specific functions in different
positions of the compartment. A peptide for targeting on the
surface can for instance be combined with encapsulated siRNA
as cargo or a channel protein embedded inside the membrane
allows the access of substrates to an enzyme encapsulated in
the cavity.

In this review we explore the various approaches in which
biomolecules can be combined with synthetic polymeric systems
to obtain superior biohybrid materials. Specifically, we highlight
the recent advances in the development of nano- and micro-
sized polymeric compartments combined with peptides, anti-
bodies, nucleic acids, sugars, proteins/enzymes or lipids as
biological components. We omit assemblies of natural poly-
mers like chitosan or alginate or polymeric biomolecules like
peptides or DNA. We will first cover nano-sized assemblies,
then compartments in the micrometre size range and finally
the combination of both in multicompartment systems.
An overview regarding the used polymers for capsules and
vesicles, their properties and the methods for self-assembly
and capsule preparation will be given beforehand.
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Fig. 1 Schematic representation of (A) the different types of biomolecules and their possible locations within the polymeric assemblies and (B) the
different types of hybrid polymer/biomolecule compartments (polymersomes, PICsomes, LbL capsules), showing their diversity in terms of size and

arrangement, modified with permission from ref. 65.

Synthetic nano/micro-sized polymer
Compartments
Self-assembly and compartment formation

In general, there are two ways to prepare nano-/micro-sized
compartments from synthetic polymers: either their intrinsic
properties allow the self-assembly in aqueous solution into
hollow structures or the cavity is obtained by their deposition
on a sacrificial template particle that is dissolved afterwards to

11198 | Phys. Chem. Chem. Phys., 2020, 22, 11197-11218

result in a hollow polymeric capsule. Self-assembly can be
achieved on one hand by hydrophobic/hydrophilic interactions
using amphiphilic molecules such as synthetic block-
copolymers or peptides. At certain ratios of the hydrophilic to
hydrophobic blocks they form ordered vesicular structures in
aqueous solution that are called (in analogy to their lipid
counterparts) polymersomes at the nanoscale and giant uni-
lamellar vesicles (GUVs) at the microscale. On the other hand,
ionic/electrostatic interactions of oppositely charged polymers
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(polyelectrolytes) can also result in the formation of nano- and
micro-sized vesicles referred to as PICsomes (Poly Ion Complex).

Amphiphilic block-copolymers

Amphiphilic block-copolymers can consist of two (AB), three
(ABA/ABC) or even more (ABABAB...) blocks with one being
hydrophilic (A and C) and the other one being hydrophobic (B).
Either the two polymeric blocks are prepared separately and
connected afterwards with a covalent bond (e.g. by a click
reaction) or the first block is functionalized after its poly-
merisation to become a “macroinitiator”.* The first block can
thus be extended just by addition of the second type of monomer.
Commonly used polymerizations include controlled radical
polymerisation (e.g. ATRP, RAFT) and ionic (ring-opening)
polymerisations and their combinations. More details can be
found in the specific literature on block-copolymer synthesis.’
Popular hydrophilic blocks include PMOXA, PEG, PGMA, PAA
and PIAT; examples for hydrophobic blocks comprise PDMS,
PS, PMA, PB, PCL, PHPMA, or PNIPAM. The Tables 1 and 2
provide all polymers used for the preparation of the biohybrid
compartments referenced in this review. In case one of the used
blocks responds to a certain chemical or physical stimulus, the
vesicles present a high potential for applications in triggered
drug release or the field of sensors. Thus, the properties of the
vesicles can be fine-tuned by a careful selection of character-
istics of the hydrophobic and hydrophilic polymer blocks. The
membrane thickness can for instance be varied in the range of
5-30 nm depending on the molecular weight of the block-
copolymer.® Permeability and mechanical stability are as well
influenced by the choice of the two building blocks and their
molecular weight (MW). As an example, PDMS-PMOXA poly-
mersomes are typically considered to be impermeable even for
small molecules whereas assemblies from PS-PIAT provide
semipermeable features.”

The different types of block-copolymers can organise in
different types of membranes (see Fig. 2A), e.g. an AB-BA
bilayer with the hydrophobic blocks within the membrane
and the hydrophilic ones directing to the aqueous solution
outside and inside the vesicle. Triblock copolymers can form
monolayered (ABA) structures as well as bilayers with a U type
configuration of the polymer.® In case of immiscible hydro-
philic blocks (A and C), they can form domains within the
vesicle’s membrane.’ Moreover, a selective orientation of the
longer block towards the outside and the shorter one towards
the vesicle’s interior can be achieved by careful design of
the block length in ABC type copolymers.’® Such asymmetric
membranes can favour for instance the insertion of a membrane
protein with preferential orientation.

However, the self-organisation of amphiphilic block copolymers
does not always result in the desired vesicular structures, but
spherical, cylindrical, gyroidal or lamellar ones instead.? The
ratio of the hydrophilic to hydrophobic blocks determines to
a great extend the curvature of the membrane structures
formed during self-assembly (see Fig. 2B).""* The fratio
i.e. the ratio of the hydrophilic block’s MW to the total MW
of the block-copolymer, is used to express that influence.
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Vesicular structures are generally favoured at fratios of
35 + 10%"" but depend as well on the specific copolymer.'*"?
Increased fratios lead to a higher membrane curvature and
thus towards the formation of spherical micelles. Another way
to describe the influence of the copolymer design on the
morphology of self-assembled structures is the packing para-
meter p. It is defined as p = v/apl. with v = volume of the
hydrophobic part, ao = contact area of the head group and [,
length of the hydrophobic part.'*"?

Besides the chemical composition, the MW and the disper-
sity of the block-copolymer, the self-assembly is influenced as
well by several external factors like the used solvents, the
concentration, the presence of acids, bases or salts, and the
method used for the preparation of the vesicles.?

Several techniques are used to support the self-assembly
process. Film rehydration methods expose an anhydrous
copolymer film to a rehydration solvent (usually water or an
aqueous buffer) that induces film swelling and self-assembly
into vesicular structures. The mutual diffusion between the
rehydration solvent and the polymer film dictates the for-
mation of the polymersomes: high concentration gradients
result in the formation of nano-sized vesicles while mild
diffusion conditions lead to micro-sized vesicles."*"® If micro-
sized vesicles are desired, the rehydration can also be sup-
ported by an oscillating electric field (electroformation of
GUVs). Film rehydration does not result in homogeneous size
distributions. Nano-sized polymersomes can be extruded
through a membrane with defined nanopores in order to
narrow the size distribution to smaller sizes. In case of micro-
sized vesicles, microfluidic tools are needed to achieve homo-
genous size distributions. The copolymers are dissolved in the
oil phase of w/o/w double emulsions produced by the micro-
fluidic device. Removal of the oil phase results in the formation
of highly monodisperse GUVs. W/o/w double emulsions are
also used in emulsion centrifugation which is the phase
transfer of emulsion droplets over an interface. This method
is for instance used for the preparation of lipid—-copolymer
hybrid GUVs'” and for the encapsulation of liposomes into
GUVs."® Furthermore, the slow exposure of a copolymer
solution in an organic solvent to an aqueous environment
can induce self-assembly into polymersomes or GUVs (solvent
exchange and solvent injections methods). The copolymer
solution can be either added to water or water can be added
slowly to the organic copolymer solution. Subsequently, the
organic solvent is either removed by evaporation or by dialysis
against water. The presence of the organic solvent during self-
assembly limits the application of these methods for biohybrid
vesicles as it might harm the functionality of the biomolecular
cargo. More detailed information on the preparation methods
and their comparison are provided by other reviews.***°

Polyelectrolytes

The second possibility for the self-assembly of polymers into
membranes is based on the ionic interaction of oppositely
charged polymers forming polyion complex (PIC) vesicles called
PICsomes. The two interacting polymers are not covalently
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Table 1 Overview on nano-sized biohybrid compartments sorted by their polymeric building blocks
Location of
Polymer biomolecules Associated biomolecules Application Ref.
Cavity Enzyme (SOD) Antioxidant 66
Protein (Hb, OmpF) ROS detoxification 67

Cavity, membrane

PDMS-PMOXA-based block
copolymers
(PMDS-PMOXA-PDMS,
PEO-PDMS-PMOXA)

Membrane

Membrane, Surface

Surface

Cavity, surface

Polymersome

PEG/PEO-based block copolymers

(PEG-PCL, PEG-PLA, PEG-PTMC, Surface
PEG-PTMC-DTC, PEG-PLGA,

PEG-PGA, PEG-PDTC-TMC, PEG-PS,
PEG-PLC. PEO-PDPA-PAA,

PEO-PCMA-DEA, PEO-PDMS-PEO,

PEO-PB)

Membrane

Membrane/surface

Other block copolymers Cavity

(PTMC-PGA, PEP, PMPC-PDPA,

PS-PAA, PS-PIAT, PCL, PHPMA,

PB-PS, DEGMA, PGG, PNIPAM,

PNIPAM-CMA-DEA, Cavity, membrane
DMAEMA, PEOGA—PLA)

Cavity, membrane,
surface
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Enzyme kinetic in crowded space 77

Protein (OmpF), enzyme (HRP)  Model of pH-responsive 82
nanocompartment 83

Protein (OmpF), enzyme (penicilin  Model for self-defending surface 71

acylase)

Protein (OmpF), enzyme Artificial peroxisome 70

(LPO, SOD)

Protein (OmpF), enzyme Detoxification of uric acid 68

(HRP or uricase)
Protein (o-HL, PGM)

Peptide (gA)

Protein (proteorhodopsin),
lipid (DOPC)

Protein (Aqp Z)

Protein (Aqp)

Model for glycolysis completion 85

Stimuli-responsive 36
nanocompartment

Model for protein reconstitution 88
study

Model for water 87

treatment/drug delivery
Model for sensitive bio-device 84

Peptide (fusion eGFP-peptides)  Model for surface 60
functionalisation
Peptide (NLS) Targeting/delivery 55
DNA (single strands) Interconnected organelles 37
mimicking
Antibody (anti-EpCAM), siRNA 45
Peptide (cRGD, GALA), 47
protein (cytC)
Peptide (cNGQGEQc), siRNA . . 48
Peptide (ApoE), protein (saporin) Targeting/delivery 54
Peptide (S14G-humanin), 58
protein (lactoferrin)
Peptide (aptamer AS1411) 61
Peptide (GE11) 51
Peptide (cell penetrating) 56
Peptide (Tet-1), 53
Protein (transferrin)
Peptide (iRG) Targeting/drug delivery 49
Protein (transferrin) 57
Peptide (iRGD) 46
Peptide (LinTT1) 50
Peptide (NLS) 52
Peptide (MT1) Enzyme detection 78
Protein (Mb/HRP) Model for catalyst development 81
Lipid (POPC) 100
Lipid (POPC) Model for drug delivery 99
Lipid (HSPC) 103
Protein (BR), enzyme (ATP synthase) Model for protein 86
Protein (Cyt bo3), lipid (POPC) reconstitution 102
Lipid (DOPC) Model for artificial organelles 101
Protein (lectin), carbohydrate Anti-diabetes therapy 59
(glucopyranosyl)
DNA (plasmid) 63

Gene delivery

DNA (plasmid)/siRNA 64

Enzyme (trypsin) Enzyme kinetic in confined 75
space

Protein (HSA, GFP) Intracellular delivery 80

Carbohydrate (matooligosaccharide), Enzyme prodrug therapy 74

enzyme (p-gal)

Enzyme (GOx, CalB, HRP) Enzyme positioning in 73
polymersomes
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Table 1 (continued)
Location of
Polymer biomolecules Associated biomolecules Application Ref.
Carbohydrate (glucose) Cell glycocalyx mimicking 90
Carbohydrate (pyranoside/glucoside) Model for carbohydrate-protein 92
interaction study
Carbohydrate (hyluronic acid) Bacteria detection 91
Membrane Carbohydrate (thioglucose) Drug carrier 89
Lipid (cholesterol) Drug delivery 93
Lipid (cholesterol) Drug delivery 95
Protein (cytC), enzyme (cytC oxidase) Model for artificial chloroplast 69
Lipid (HSPC/DPPC) Model for drug delivery 104
Peptide (aptamer AS1411) 60
Membrane, surface Eﬁfi?éfgf)’ antibody Targeting/drug delivery 79
Surface Antibody (Trastuzumab) Targeting/imaging 44
PICsomes PEG-P(Asp), P(Asp-AP) Cavity Enzyme (ASNase) Therapeutic catalytic 106
nanocarrier
Surface Peptide (cRGD) Drug delivery, imaging 105
LbL capsules PDPA-PEG Surface Peptide (GLGYGWS) Drug delivery 107

linked together. Usually, one anionic and one cationic PEG-
poly(amino acid)-block copolymer are simply mixed in aqueous
solution and assemble into semipermeable unilamellar mem-
branes with PEG units on both sides.*® The vesicular structure
and size can be controlled by variations of the PEG content and
the concentrations used for the self-assembly. For nano-sized
PICsomes PEG-poly(amino acid)-block copolymers should be
mixed with pure poly(amino acids) in order to lower the PEG
content further.> Mechanical stress like vortexing and changes
in pH or ionic strength can cause the reversible disassembly of
the vesicular structure or increase its permeability. PICsomes
offer a range of properties that are beneficial for applications in
medicine. The simple preparation in purely aqueous environ-
ment together with the intrinsic biocompatibility of the
poly(amino acids) are good prerequisites for the encapsulation
of active biomolecular cargos. Stability in physiological condi-
tions was achieved by crosslinking, which also allows a fine
tuning of the permeability.>

Polymeric capsules from LbL deposition

In contrast to the previously described methods, the layer-by-
layer (LbL) technique requires the use of a colloidal particle,
mostly silica or CaCOs, as a sacrificial template for the creation
of the inner cavity.>®> Two polymers interacting by electrostatic
forces or hydrogen bonding are deposited alternately on the
template before it is dissolved to obtain the hollow sphere.
Thus, the size of the template particle, which can be tuned from
nano- to micrometre size, reflects the size of the capsule’s inner
cavity. Typically, PVP and PMA which interact via hydrogen
bonding at pH values below the pK, of PMA are used for this
technique. Using thiol functionalized PMAgy, the stability of
these capsules can be extended to physiologically relevant pH
by crosslinking.”* The resulting pure PMA hydrogel capsules
are biodegradable, nontoxic, semipermeable and thus well

This journal is © the Owner Societies 2020

suited for biomedical applications. Depending on the used
crosslinking chemistry, also non-degradable or selectively
degradable polymer shells can be prepared.>® More recent
studies replace the labour intense LbL assembly of PMAgy/
PVP capsules by polydopamine shells that are deposited on the
template in a single step.>

Physico-chemical characterization of biohybrid polymer
compartments

In order to fully exploit the potential of biohybrid polymeric
compartments their physico-chemical properties need to be
fully understood. Thus, reliable and reproducible methods
should be used to characterize their dimensions, shape, and
morphology as well as the properties of the synthetic mem-
branes such as polarity, surface charge, elasticity, thickness,
permeability and lamellarity. Additionally, the properties and
functionality of the incorporated biomolecules (e.g. enzyme
activity, selectivity of pores, specificity of antibodies) must
be shown.

Methods for size and morphology determination of biohy-
brid compartments can be roughly divided into techniques for
direct visualization, mainly microscopy, and techniques based
on the scattering of radiation. Nano-sized vesicles are often
investigated by transmission electron microscopy (TEM). Due to
the organic nature of the samples, negative staining with electron-
rich heavy metal atoms is needed to improve contrast. The
vacuum applied during TEM measurements results in deforma-
tions that can only be avoided by cryo-techniques where the
samples are rapidly plunge-frozen in liquid alkanes in order to
preserve their original morphology by embedding them in a thin
layer of vitrified ice. Thus, membrane properties like lamellarity
and bilayer thickness get accessible (Fig. 3). Besides electron
microscopy, atomic force microscopy (AFM) belongs to the
frequently applied techniques for size and topography of

Phys. Chem. Chem. Phys., 2020, 22,11197-11218 | 11201
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Table 2 Overview on micro-sized biohybrid compartments sorted by their polymeric building blocks
Polymer Location of biomolecules Associated biomolecules Application Ref.
Peptide (melittin), enzyme (GOx) Model for biosensors, 126
g Cavity, membrane enzyme delivery
5 Protein (OmpF), enzyme (HRP) Model for cell mimicking 128
o
'él Efggj(ﬁglfg;ﬁ;iMOXA Peptide (gA) Stimuli-responsive 36
g nanocompartment
S Membrane Peptide (lasalocid, Alamethicin, Model for biomineralization 124
5 ETH5234) study
o
™ Cavity Enzyme (Cat) Model for payload release 130
o]
; 8 Lipid (DPPC, POPC) , 98
S I} p ’
L E PEO-based block Lipid (DPPC, POPC, cholesterol) Model for delivery platform - ¢
o 5 ased block Lipid (DPPC, POPC) Model for lipid/polymer 113
o]
& Q GUVs copolymers hybrids study
QS g;EE(;)gB’ PEO-PDMS, Membrane Lipid (DPPC) 116
& ¢ -PI) Lipid (POPC) Model for cell mimicking 17
o -% Protein (OmpF), Lipid (DPPC)  Model for membrane protein 127
o 2 reconstitution
N =
& ﬁ Protein (BSA, ferritin, Mb), 133
8BS enzyme (RNApol, ALP, LPL)
8 £ Other block copolymers  Cavity, membrane Protein (BSA), DNA, enzyme 134
€ § (PNIPAM, BA and P (ALP) Model for cell mimicking
g0 DMS-biomolecule
o g conjugates) Carbohydrate (glucose/galactose) 119
g ‘g Membrane Carbohydrate (glucose) 120
; g PEG-P(Asp), P(Asp-AP) Cavity Protein (Mb) Drug delivery 129
? % PICsomes PEG-PLG, PLL~-carbohydrate Carbohydrate Membrane/surface Model for intercellular 122
= _5 conjugate (mannose) recognition
S
B35 PNIPAM, PDEAEMA-PBMA ) Protein (Mb), enzyme (GOXx) o 137
% 2 LbL capsules PDEAEMA-PDSM Cavity Protein (Mb) Synthetic biology 138
30
) PMOXA-PDMS-PMOXA Cavity Protein (GFP), antibody (IgG) 156
I % block copolymers Cavity, membrane Protein (OmpF), enzyme (HRP, 76
'g 2 . GOX). Model for cell mimicking
< E Cavity, membrane, surface Peptide (gA), enzyme (LPL), 118
'_ .
8 carbohydrate (heparin)
5 Cavity DNA (plasmid) 145
é_ Peptide (Cys-KP9) 24
o) . -
EDIPl,Zgé?e (B-lac), lipid (DMPC, Model for drug delivery 146
E Enzyme (B-lac), lipid (DOPC, 25
DOPS, DMPC, DPPC, DPPS)
Enzyme (B-lac), lipid (DOPC, Model for therapeutic artifi- 144
DOPS, DPPC) cial cell
Enzyme (trypsin), lipid (PC, PE) Biomedical applications 148
Enzyme (GR), peptide (KP9), Model for drug release and 150
Pﬁ{u,rrll’é\fﬁy PVP based Cavity, membrane lipid (DPPC, cholesterol) enzyme therapy
poly (inner compartment) Enzyme (PAL), lipid (DMPC, Therapeutic microreactor 151
Multicompartments DPPC, PC)
Enzyme (subtilisin), lipid (DOPC, Model for cell mimicking 147
DOPS, DMPC, DPPC, DPPS)
Enzyme (Gox, HRP), lipid 154
(DMPC, DPPC)
Enzyme (TRP, HRP), lipid 155
(DMPC, DPPC)
Membrane Lipid (DOPC, DOPS) 149
Enzyme (CalB, PAMO, ADH, Alc) Model for cell mimicking/ 7
) microreactor
Cavity Protein (HSA), enzyme (GOx, POD) Poss.ible. biomedical 143
Other polymers applications
%TI;PIPASFI;’) PEO-PB, Cavity, membrane Enzyme (TYR), lipid (DMPC, Therapeutic microreactor 152
’ (inner compartment) DPPC, PC)
Membrane Lipid (POPC, DMPC, DPPC, PC) Model for microreactor 18

(inner compartment)
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Fig. 2 (A) Schematic representation of different membrane architectures
resulting from different copolymer structures. (B) Influence of the
copolymer’s f-ratio on the membrane curvature and the morphology of
the self-assembly.

immobilized polymeric vesicles with the advantage that the
measurements can be performed in liquid and thus provide
information about the sample characteristics in a biologically
relevant environment while still having a nanometre resolution.
Mechanical properties like Young’s modulus or bending modulus
can be derived at the same time by force spectroscopy.”®*”
Larger vesicles in the micron range can be visualized easily
in their liquid environment by light/fluorescence/confocal laser
scanning microscopy. Several super-resolution techniques are
used to overcome the diffraction limit of photons to expand
fluorescence microscopy to nanoscale compartments,”®?°
e.g. SIM (structured illumination microscopy),®® SMLM (single-
molecule localization microscopy) combined with sPAINT
(spectroscopic point accumulation for imaging in nanoscale
topography)®* or STORM (stochastic optical reconstruction
microscopy) combined with single molecule tracking.*”
Fluorescence correlation spectroscopy (FCS) is another
fluorescence-based technique that is of high value for the

A

44-mer

Fig. 3
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characterization of biohybrid compartments. This method
analyses the fluctuations in fluorescence intensity of a small
number of fluorescent particles/molecules within a very tiny
volume due to diffusion (e.g. Brownian motion) by using
temporal autocorrelation. Diffusion coefficients, hydrodynamic
radii and concentrations can be derived from these data, which
is especially useful to quantify and to investigate the behavior
of fluorescently labelled biomolecules within the environment of
the polymeric membranes or inside compartments (Fig. 3).>*~”

Apart from direct visualization by TEM, laser light scattering
is one of the routine measurements for simultaneous size and
morphology determination of nanosized compartments. For
dynamic light scattering (DLS), the intensity fluctuations of
the scattered laser light due to the Brownian motion of the
vesicles are used to determine the hydrodynamic radius
by Stokes-Einstein relation. However, the data interpretation
for polydisperse or anisotropic samples gets difficult. Static
light scattering (SLS), usually measured at multiple angles,
gives information about the morphology by the radius of
gyration.

Similarly, the elastic scattering of neutrons (SANS) or X-rays
(SAXS) at small angles can be used to get more detailed infor-
mation about the morphology, shape and structure of polymeric
membranes and compartments, but is limited by the need of
appropriate radiation facilities.*®°

Nanoparticle tracking analysis (NTA) combines visualization
with scattering. The light scattered by single vesicles is tracked
by a CCD camera and used to calculate the vesicle concen-
tration and the hydrodynamic diameter by Stokes-Einstein
relation.*>*! Moreover, various other techniques are applied
for sorting and purification of biohybrid compartments
(e.g. flow cytometry, size exclusion chromatography (SEC),
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(A) Cryo transmission electron micrograph of DNA functionalized polymersome clusters showing clearly the morphology, the membrane

thickness and the gap created by the attached DNA strands. (B) Normalized fluorescence correlation spectroscopy autocorrelation curve of
polymersomes functionalized with ssDNA and the hybridized fluorescently labelled complementary strand (dark yellow, red fit) and the free fluorescently
labelled ssDNA (blue, red fit). Reprinted with permission from ref. 37. Copyright (2016) American Chemical Society.
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asymmetrical flow field-flow fractionation (AF4)). Structural
and mechanical properties of polymeric vesicles are also sub-
ject of computational studies using coarse-grained simulations
such as dissipative particle dynamics.*>** Shape transforma-
tion, rupture, fusion, and membrane characteristics could be
simulated and used to explain experimental results. However,
the interaction or integration of biomolecules within polymer
membranes is not covered extensively by this field yet.

Nano-sized single compartment
biohybrid vesicles
Biohybrid polymersomes with surface functionalisation

Nano-sized polymer vesicles (polymersomes) position them-
selves as an attractive platform for biological applications as
they allow the encapsulation of hydrophilic compounds within
their internal cavity, the insertion of hydrophobic small mole-
cules in their membrane and the attachment of a wide variety
of compounds on their external surface.

In this way, polymersomes combined with the biomolecule
of interest have been widely exploited in medical applications,
especially for targeting applications and drug delivery. Poly-
mersomes surface-functionalized with cell specific targeting
ligands like antibodies enable to combine the robustness and
loading capacity of the polymeric compartments with the high
binding affinity of antibodies.***> For example, Trastuzumab,
the first monoclonal humanized antibody approved by FDA,
was chosen as a ligand to direct maghemite nanoparticle-filled
polymersomes to specific breast cancer cells in order to develop
a novel MRI contrast agent.** However, antibodies are expen-
sive to produce, large in size and often immunogenic which
motivates the use of alternatives.

Targeting or cell penetrating peptides, less expensive and
smaller than antibodies, have been widely exploited to target
polymersomes to locations of interest within cells or living
organisms. For example, cyclic (RGD and NGQ),"*™° pH sensi-
tive fusogenic (GALA)" and other targeting (GE11, NLS,
LinTT1, ApoE, Tet-1)>°* peptides have been mainly used to
deliver smart polymer vehicles to specific cells or organelles
and/or to improve their tumour penetration for therapeutic or
diagnostic applications. Recently, targeting of the nuclear
interior has been achieved using polymersomes functionalized
with nuclear localization signal (peptide NLS), which position
themselves as promising nanocarriers for drug delivery to cell
nuclei.>® The most frequent approach to prepare such vesicular
peptide/polymer biohybrids consists in the preparation of
polymer compartments followed by the decoration of their
surface via the chemical ligation of the chosen targeting
peptide.44’47‘49'52‘53'56

Beyond that, the peptides can also be coupled to the block
copolymers prior to vesicle formation via mixing of the non-
functionalized polymer with a peptide-functionalized counter-
part that self-assemble together to form peptide-functionalized
polymersomes.*®*%°%>1>* Nevertheless, even if this approach
enables the simultaneous usage of different types of polymer,
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e.g. by mixing a triblock co-polymer with a peptide-functionalized
diblock copolymer, several features like the use of polymers with
matching lengths of hydrophilic and hydrophobic parts is crucial
in order to achieve their co-self-assembly into polymersomes.*®
It is also common to use a peptide-functionalized co-polymer with
a slightly longer hydrophilic block to enhance the exposure of the
peptide and potentiate the targeting/cell penetrating effect.>

Just like their shorter counterparts, proteins like transferrin
can be covalently attached to the surface of preformed poly-
mersomes for targeting purposes.>>”*® For other applications
like sensors and regulating systems, the surface of polymer-
somes can be enriched with proteins via electrostatic interactions
prior to stable immobilization using photo-crosslinking.” This
way, surface immobilized proteins that exhibit specific binding
properties are able to bind and release their compound of affinity
from the external environment, e.g. as anti-diabetes system:
Concanavalin A immobilized on the polymersome’s surface able
to bind glucose from the exterior. Surface immobilized fluores-
cently labelled proteins are also exploited as fluorescent tags to
monitor processes occurring within the membrane. For example
the membrane insertion of a non-fluorescent anchor of interest
can be detected by linking fluorescent eGFP to it.*°

The surface of polymersomes has also been decorated
with nucleic acid based compounds for targeting applications.
Aptamers, which are DNA or RNA single strands with high
binding affinity to specific targets, are particularly interesting
for this goal. The 26-mer DNA aptamer AS1411 binds for
example selectively to nucleolin, a compound overexpressed
in certain types of cancer cells. Thus, the surface functionaliza-
tion of polymer vesicles with this aptamer can significantly
improve the endocytosis in these cancer cells lines.®"** For
further applications, the specificity of the hybridization of
single-stranded DNA (ssDNA) towards their complementary
strands were exploited to selectively connect distinct polymer-
somes that are surface-functionalized with ssDNA. This approach
enables different spatial organizations of polymersomes into
clusters in order to mimic the interconnections between natural
cellular organelles.’”

Among other possible applications like sensors, spatial
organisation or attachment, the main objective of surface
functionalisation of polymersomes is targeting, which explains
the recurrence of the selection of biomolecules (antibody,
peptides, DNA) able to direct the nanocompartments to the
location of choice. However, targeted polymersomes possess a
real interest only if they deliver a specific function, which is
usually obtained by encapsulation of compounds of interest or
potent biomolecules inside their cavity.

Biohybrid polymersomes with encapsulated payload

Polymer vesicles are appealing carriers for hydrophilic com-
pounds and biomolecules, especially for catalytic and sensitive
molecules like enzymes, as they offer a confined environment
inside their aqueous cavity and are thus able to protect the
payload from the external milieu.

Polymersomes encapsulating nucleic acid cargos offer
protection from nuclease degradation, which motivated recent
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work on their potency as non-viral, so potentially safer, gene
delivery systems.*>®*®* Plasmid DNA or siRNA can be
entrapped within the aqueous cavity of the vesicles via physical
encapsulation during polymersome formation.*>** On one
hand, slightly positively charged polymers can support the
challenging encapsulation of large nucleic acids like plasmids
or genes by binding the negatively charged DNA via electro-
static forces.®*®! On the other hand, such interactions can
also destabilize the polymersome suspensions or prevent their
self-assembly. Thus, the length of the polymer block containing
protonatable groups as well as the pH have to be carefully
optimized to match the chosen nucleic acids with the self-
assembly conditions.®***

The encapsulation of enzymes inside polymersomes’ cavity
to develop catalytic nanocompartments, also called nanoreactors,
able to produce or degrade compounds of interest have been
studied.”® Depending on the loaded enzymes, such biohybrid
systems aim to suit different applications. For example, polymer-
somes loaded with superoxide dismutase or haemoglobin act
as antioxidant nanocompartments as they enable the in situ
detoxification from reactive oxygen species (ROS).°®®” The
presence of two kinds of catalytic polymersomes working
in tandem (one encapsulating uricase and the other one horse-
radish peroxidase (HRP)) enables to cumulate the effects of
both catalytic nanocompartments to achieve simultaneous
detoxification and uric acid degradation for therapeutic appli-
cations (Fig. 4A).°® Additionally, such system, composed of two
kinds of catalytic polymersomes working in tandem, mimics
the communication within bioassemblies like cells and organelles
to investigate the effects of distance on the overall cascade
reaction efficiency (Fig. 4B).°® Interestingly, the ratio between
the mean intercompartment distance and the diameter of
the compartments is about 10, which reflects the order of
magnitude of the ratio between cell-cell communication
distance (for cells with 1 pm distance typical for autocrine
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signaling). Besides therapeutic applications, catalytic polymer-
somes are also used as model for artificial organelles
(chloroplast,®® peroxisome”®), building blocks of antimicrobial
surfaces”" or biosensors.”> The main role of the polymeric
nanocompartment is the segregation of the enzymes to protect
them from proteolytic degradation. However, the interaction
between the encapsulated enzymes and the external environment
is essential for the catalytic activity of the nanocompartment. The
majority of the polymersomes, assembled from PS-PIAT”® or
PGG’* for example, are inherently permeable to small molecules
and thus permit a supply in substrate for the encapsulated
enzyme and also the exit of a resulting product to the external
environment. On the opposite, polymersomes made of PDMS-
PMOXA block copolymers are impermeable to small molecules.
Selective permeability has been achieved via incorporation of
pores or channels in the polymeric membrane to establish a
molecular flow through the polymersomes (see next section).”®
To study the permeabilization of the vesicles as well as the
diffusion of compounds through their polymeric membrane,
catalytic compartments encapsulating very stable enzymes like
HRP or glucose oxidase (GOx) were used as basic research, before
to aim at therapeutic applications. HRP and GOx benefit from the
well-established, accessible and convenient monitoring of their
reaction kinetics, which makes these enzymes suitable for
the development of artificial cells,”® models of molecular
crowding’” or enzyme positioning within the polymersomes.”®
With the help of these stable model enzymes, it has been
demonstrated that the combined effect of enzyme confinement
coupled to a crowded milieu inside polymersomes affects the
enzyme Kkinetics by lowering the Michaelis-Menten constant
(K.,) compared to non-encapsulated enzymes.”” For example,
the K, value for non-encapsulated HRP (55 x 10°¢ M)
decreases to 25 x 10°°® M when encapsulated in PMOXA-
PDMS-PMOXA polymersomes (Fig. 5). The co-encapsulation
of a substance simulating molecular crowding such as PEG
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(A) Scheme of the two catatylic compartments working in tandem. (B) Conversion of substrate Amplex Red by cascade reaction inside the

catalytic compartments in tandem representing the cascade reaction efficiency, at different mean intervesicles distances. Reprinted with permission from

ref. 68. Copyright (2018) American Chemical Society.
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Fig. 5 Michaelis—Menten constant of HRP (free in solution and encapsu-
lated in polymersomes) in presence of different concentrations of PEG.
Kmw decreases with increasing concentrations of PEG. Reprinted with
permission from ref. 77. Copyright (2017) Wiley-VCH.

together with HRP results in even lower K, (5 x 107° M)
(Fig. 5).”7 This decrease of Michaelis-Menten constant for
encapsulated enzymes when co-encapsulated with their sub-
strates, highlights a greater enzyme-substrate affinity because
of the molecular confinement inside the compartment that
increases the collision frequencies between the reagents.””
Additionally, an increased viscosity inside the confined
environment via encapsulation of crowding agents to mimic
the viscosity of cells or organelles, also decreases the K,, and
thus improves the enzyme activity.””

However, in a different system where enzymes are encapsulated
inside impermeable PMOXA-PDMS-PMOXA polymersomes, but
the substrate is not co-encapsulated but has to diffuse through
the pore to reach the enzymes, this diffusion effect is the limiting
factor of enzyme efficiency. In fact, if the substrate can easily
encounter the enzyme once in the compartment (low K.,), the
slower efflux of substrate hinders the enzyme activity, according
to the decrease of catalytic efficiency (keao/Kim)->® These parameters
(Kimy keat/Kim, Viscosity) are key factors to control to reach optimal
enzyme activity as desirable to develop efficient catalytic
nanocompartments.”” However, when such catalytic nano-
compartments are working in tandem and support cascade
reactions it is not anymore possible to use Michaelis-Menten
model to get information about the kinetic parameters.

From therapeutic compounds to catalytic biomolecules
(enzymes), encapsulated cargos often determine the application of
the biohybrid nanocompartment. However, the encapsulated pay-
loads can only fulfil their active/therapeutic role when in contact
with the external milieu, which is usually achieved via tuning of the
permeability/responsiveness of the polymeric membrane.

Biohybrid polymersomes with membrane functionalisation

Biomolecules containing a hydrophobic domain can be inserted
within the polymeric membrane to add new features to the bio-
hybrid nanocompartments such as stimuli-responsiveness.
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In the case of the impermeable PDMS-PMOXA membrane,
the insertion of channel-forming antibiotic peptides like gra-
micidin leads to an ion-selective membrane permeability.*®
The use of amphiphilic peptides can also be interesting to
achieve responsiveness. Such peptides self-assembling with
block-copolymers lead to polymer/peptide hybrid compartments,
so called peptiSomes, where the peptide part of the membrane
can be cleaved in the presence of proteinases. This allows the
proteolytic disruption of the compartments’ membranes and thus
the release of the payload.”® Some peptides also spontaneously
insert into the polymeric membrane of preformed polymersomes.
These peptides are generally derived from the transmembrane
domains of membrane proteins from viral, yeast or bacteriophage
sources.®® They can also originate from other natural proteins
like rabbit Cytochrome bs, or be artificial and engineered to
adopt an o-helical conformation.®® This approach permits to
avoid chemical ligation as their insertion appears to be a
concentration-dependent process governed by hydrophobic
driving forces. Furthermore, their anchoring properties permit
the functionalization of polymersomes with other molecules
without destabilizing or rupturing the polymersome membranes.*

More complex amino acid based biomolecules like proteins
have been used to constitute a major structural component
of biohybrid polymer vesicles: conjugates made of hydrophilic
human serum albumin and a hydrophobic polymer block self-
assembled into biodegradable protein-polymer vesicles that
show great potential as drug delivery vehicles.” Another
amphiphilic BSA-polymer conjugate self-assembled into struc-
tures with tuneable and “evolving” morphologies that changed
from sphere to worm and then to vesicles due to the increasing
molecular weight during polymerization. This process of
morphology change also enables the encapsulation of GFP, proving
potential for drug delivery.*® Asymmetric conjugates made of
ABC triblock copolymers containing either HRP or Myoglobin,
have been shown to form vesicles but also other nanoassemblies
like micelles or rods.®' However, only a few examples of such
protein—polymer conjugates have been reported to form desirable
nanoassemblies as the inherent complexity of these systems
impedes the control over their architecture. Moreover, membrane
proteins have been reconstituted in the polymeric membrane.
In case of impermeable polymersomes, the permeabilization that
is necessary for the confection of catalytic nanocompartments for
example can be achieved via the membrane insertion of protein
pores like Outer membrane protein F (OmpF). This porin has a
cut-off of 600 Da that permits the passage of small molecules into
and from the inner space of polymersomes while retaining bigger
encapsulated macromolecules like enzymes inside.”” OmpF can
also be chemically modified prior to the insertion to obtain pores
that open upon pH change® or biovalves able to control the
opening and closing of the pore.** Interestingly, the successful
incorporation of membrane proteins can be achieved even if the
polymeric membrane is thicker than biological lipid membranes
and thicker than the hydrophobic part of the protein, which
suggests a conformational adaptation between the polymer and
the protein.>* However, this phenomenon of adaption requires
specific properties of the polymeric membrane: high flexibility of
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block-copolymers is essential to achieve membrane fluidity that is
similar to natural phospholipidic bilayers.>* The hydrophobic
mismatch between the membrane thickness and the size of the
protein also influences the insertion process as it should range
from 3.5 to 5 times to achieve a successful protein reconstitution.
Finally, block-copolymers with high polydispersity index (PDI)
also favour protein insertion as they enhance the ability of the
polymer chains to adapt to the dimensions of protein.** To go one
step further, the asymmetry of biological membranes has been
mimicked by the design of asymmetric ABC triblock copolymers,
which gives access to a preferential orientation of the inserted
protein.** The orientation of membrane proteins is of great
interest to achieve a directional functionality,®* e.g. to control
the influx/outflux through polymersomes in case of active diffu-
sion of compounds via channel porins, or to control the exposi-
tion of the protein towards the cavity or the surface of vesicles.
Recent advances in polymer chemistry moved these syn-
thetic membranes closer to their biological inspiration, thus
allowing the successful insertion of several proteins like
o-hemolysin,®® Bacteriorhodopsin® or AquaporinZ®” into polymeric
membranes. Nevertheless, the reconstitution of membrane proteins
in polymer membranes remains extremely complex as it requires a
high stability of the protein, adapted surfactant and pH conditions®®
and strategies to deal with the hydrophobic size mismatch between
the protein and the synthetic membrane. The development of a
mathematical framework based on design of experiments (DoE) is a
particularly interesting approach to identify the requirements for a
successful reconstitution process of membrane proteins into
the membrane of polymersomes.®® This DoE method enables to
devise an experimental plan that samples a given parameter space
optimally, allowing a low number of experimental runs to detect
interactions and estimate factors’ effects. For example, the effects of
several factors (pH-values, detergent concentration and polymer/

protein ratio) on the biohybrid protein-polymersomes
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characteristics (size, homogeneity, functionality) were identified
via the reconstitution of proton pump proteorhodopsin in polymer-
somes, using such an approach (Fig. 6).%

Besides proteins also carbohydrates can be inserted into the
membranes of polymersomes. Considering their variety of roles
in biological processes, notably in cell-cell and cell-matrix
communication, such biohybrids have been exploited for
applications like cell-surface recognition and cell signalling.
Only very few studies have been devoted to block-copolymers
containing sugar moieties with the ability to self-assemble into
74,8990 Notably, the development of enzyme responsive
vesicles involving the incorporation of enzyme-degradable
sugars within the block-copolymer: hyaluronic acid containing
block-copolymers have been used to set up hyaluronidase
responsive vesicles that were used for the detection of patho-
genic bacteria like Staphylococcus aureus that are secreting this
enzyme.’" In this sense, polymersomes with a glycosylated
surface can be considered as mimics of cells with their asso-
ciated pericellular matrix (glycocalix).’® Towards a similar goal,
so called glycosomes have been prepared via the co-self-assembly
of a phenylboronic acid-functionalized synthetic block-copolymer
with hydrophilic glycopolymers made of either galactoside or
glucoside.”” The assembly process is driven by the dynamic covalent
bond between the phenylboronic acid and sugars. Glycopolymer-
somes assembled from glycosylated block copolymers acted as
“sugar sponges” to regulate the blood glucose level. The binding
of carbohydrate-binding proteins like lectin enabled the dynamic
sugar replacement between the free glucose of the external milieu
and the sugars exposed at the surface of vesicles.”® Additionally,
carbohydrate-conjugated polymers containing maltooligosaccharide
formed vesicles with interesting molecular-weight-dependent perme-
ability catalytic nanocompartments proposed in enzyme prodrug
therapy.”* The permeability coefficient is correlated to the partition
coefficient, and as small hydrophobic molecules have high partition

vesicles.
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(A) Interaction plot of the biohybrid proteorhodopsin/polymersome formation, showing the behavior (size, polydispersity index (Pdl)) of formed

biohybrids toward changing conditions (pH, percentage of n-octyl-B-p-glucopyranoside (OG) surfactant, polymer/protein ratio (PPR). (B) Functionality of
the proteorhodopsin/polymersome hybrids: the proton gradient is dependent of the number of pumps reconstituted in the polymer membrane (as well
as their orientation and integrity). Highest proton-pumping activity should be found within the derived region yielding homogenous and large enough
vesicles: the modeled response surfaces of the pH gradient depending on factors influencing the formation of the hybrids like the two most influential

factors (pH, PPR), and third factor that is fixed at its central value (OG = 1.12%),

higher PPR values. Reprinted from ref. 88. Creative Commons CC BY.
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coefficient, they are more likely to pass the membrane than larger
and more hydrophilic molecules.

The combination of block copolymers and phospholipids
has gained interest for the formation of hybrid vesicles with
membrane properties closer to biological ones. Phospholipid-
block copolymer conjugates were used for the preparation of
hybrid vesicles that were particularly studied for their cellular
interactions.”*** They demonstrated the relevance of shear
stress in cell uptake and how shorter hydrophobic extensions
are enhancing their internalization by macrophages.”® Compared
to liposomes they also showed an enhanced lysosomal escape.®®
Instead of using lipid-polymer conjugates, both types of macro-
molecules eventually also form hybrid vesicles if they are just
blended. The successful formation of such hybrid assemblies that
bring together the biocompatibility and softness of liposomes and
robustness and chemical versatility of polymersomes depends on
the correct choice of the amphiphilic building blocks. Molar
fraction, molecular weight and block size have to be optimized
in order to achieve a successful assembly. Block-copolymers that
closely match the dimensions of phospholipids have been shown
to favourably assemble into biohybrid vesicles.’®*° These hybrids
possess a great potential for drug delivery as the efficacy of
payload loading and release can be modulated by the polymer/
lipid ratio and the length of the diblock copolymer.®®*
In addition, such hybrid vesicles exhibit higher permeability
compared to polymersomes and liposomes, which has been
further enhanced by the insertion of ionophores or ion
channels."®" However, the biggest potential of hybrid lipid/
polymer vesicles has been shown for the reconstitution of
membrane proteins: they form a durable environment that
lowers the initial enzyme activity but enables a significant
extension of the functional lifetime of the protein compared
to its reconstitution in liposomes.'®* Furthermore, the incor-
poration of lipids like phosphatidylcholine into polymeric
membranes can enhance the targeting properties of functiona-
lized vesicles. The insertion of a lipid as additional compound
into the membrane is diluting the density of polymer brushes
on the vesicle’s surface that are obstructing targeting ligands
due to steric effects.'® Such chimeric vesicles exhibit particu-
larly low toxicity in vitro and in vivo, especially at high ratio
of polymer and even at high concentrations of vesicles.'**
The tunability and particular properties offered by such hybrid
systems is of great interest for the development of drug delivery
nanocarriers, imaging tools and catalytic nanocompartments.

The incorporation of biomolecules within the polymersome’s
membrane mainly enhances the tunability of the membrane,
especially permeability and responsiveness. However, further
investigations of the complex behaviour of the polymers with
biomolecules within these hybrid membranes are required, which
are often performed by the mean of GUVs considering the more
convenient characterization of their structure compared to their
nano-sized counterparts.”

Biohybrid PICsomes and layer-by-layer capsules

Other types of polymer-based nanocompartments have been
gaining interest as well: PICsomes and LbL capsules. Although
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they have not been studied as extensively as polymersomes, a
small number of biohybrid PICsomes and LbL capsules has
been reported.

Surface-functionalization of PICsomes has been achieved
using peptides (cRGD) for neovascular targeting. Before their
functionalization, PICsomes were assembled and crosslinked
using EDC reaction to couple PEG-based block aniomers with
homo catiomers.’® This strategy of surface-functionalization,
rather than pre-functionalization of block-copolymers with
peptides before self-assembly, has been selected to avoid
peptide aggregation. The resulting peptide-functionalized
nanocompartments showed enhanced cell uptake and tumour
accumulation and aim for drug delivery and targeting applications.
The inner cavity of PICsomes has also been exploited to enclose
biomolecules: therapeutic-relevant r-asparaginase loaded into
PICsomes has been shown to retain the catalytic activity even
in vivo, which positions this system as an interesting applica-
tion of nanocompartments for cancer therapy.'®®

Finally, a nano-sized LbL capsule functionalized with a
peptide was used to target atherosclerotic plaques in vivo.'"”
However, these nanocompartments degraded in human plasma,
and their stabilization via deposition of poly-histidine on the core
particle before deposition of the polymers did not totally prevent
this phenomenon."””

One of the main differences between these nanocompart-
ments and polymersomes resides in the organization of their
shell/capsule, which resemble less to biological membranes.
Thus, the possibilities to mimic membrane-oriented biological
processes like membrane protein reconstitution are limited.
According to our knowledge, no examples of nano-sized PIC-
somes or LbL capsules with biomolecules directly embedded
within the shell/capsules have been reported. In this way,
polymersomes remain more polyvalent due to the tunability
of their inner cavity, surface, but also of their membrane using
biomolecules. However, innovations in polymer chemistry and
development of polymer-biomolecule conjugates as part of the
structure of these nanocompartments could repl