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Abstract: In recent years various polymeric vesicles have 

been reported that show promising results for drug delivery 

applications, nanomotors and/or nanoreactors. These 

polymeric vesicles can be assembled from many different 

materials and various coupling reactions have been applied 

for functionalization of the vesicles. However, the designs 

reported are still rather simple, as it is challenging to mimic 

biological complex systems. In this review we focus on the  

properties of widely used hydrophobic polymers to better 

understand polymersome properties for various applications. 

Examples are shown of how researchers have used and 

modulated block-copolymers and their properties to 

their advantage. Furthermore, an overview of possible end 

group functionalizations of nanoparticles is reported, giving 

insight in recent developments of smart nanoparticles for 

biomedical applications. 

Keywords: Polymersome • Nanovesicle • Block-Copolymer • Functional Handle • Functionalization 

 

1. Introduction 

Polymersomes are self-assembled vesicles, build from 
amphiphilic block-copolymers, which consist of a 
hydrophilic inner lumen and a hydrophobic membrane, 
similar to liposomes. The mechanical and chemical stability 
of polymersomes are much higher, making them suitable to 
study biological systems, e.g. the formation of lipid/polymer 
hybrids and protein interactions, or to be used for various 
applications, such as drug delivery or as nano-reactors.

[1]
 For 

the formation and fine-tuning of the properties of 
polymersomes, several basic parameters need to be 
controlled, such as the length of the polymer, the volume 
fraction of the hydrophilic block and the Flory-Huggins 
parameter. There are several excellent reviews that cover 
these topics and will not be discussed here.

[2]
 For future 

applications it is important to modulate the permeability, 
stimuli responsiveness and biodegradability of 
polymersomes.

[3]
 Therefore, it is necessary to consider the 

polymer composition, as this has a large influence on the 
properties of polymersomes. Various block-copolymers for 
polymersome formation are well studied and will be further 
discussed in this review. Furthermore, it is important for the 
application to functionalize the polymersome, thus to 
consider the polymer end group. Here we discuss the 
possible end group functionalization and show some 
examples. 

Controlling permeability and stimuli responsiveness 
are the main approaches to change the membrane 
properties and are already widely explored.

[4]
 

Permeability is dependent on the molecular composition 
and monomer sequence, the copolymer can be either a 
diblock (AB), triblock (ABA) or multiblock (ABC) 
sequence which affects the degree of entanglement and 
substructures.

[5]
 This review focuses mainly on the 

composition of the hydrophobic part in amphiphilic 
block-copolymers, because it has the largest influence 
on the physical properties of polymersomes. Selection 
of the backbone and functionalization of the side chain 

are tools to change the membrane properties. The 
polymer backbone is the main factor influencing the 
chemical and thermal stability of the material. The 
tacticity of the side groups affects the flexibility of the 
polymer and thereby the solubility, crystallinity, and 
glass transition temperature (Tg). Most polymeric 
vesicles are assembled from amorphous or semi-
crystalline diblock-copolymers.

[6]
 Both semi-crystalline 

and amorphous materials have a Tg; above this 
temperature the material is transformed from the glassy 
state to the rubber state. The Tg is affected by the 
mobility and flexibility of the polymer chains, therefore 
aliphatic bonds in the backbone result in relatively 
flexible chains and a low Tg, whereas double bonds or 
aromatic rings cause an increase in rigidity and the T g. 
Polymers with a crystal structure (semi-crystalline) also 
have a melting temperature (Tm), which represents the 
transition temperature above which the crystalline 
regions become a disordered liquid state. 

Selection of the polymersome formation method is 
mainly dependent on the physical state of the 
amphiphilic block-copolymers. In literature a general 
trend is observed, in which polymers with a crystal 
structure (semi-crystalline) are prepared with the direct 
hydration method and amorphous polymers with the 
dialysis method.

[7]
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Another extensively used method is aqueous 
dispersion polymerization, or polymerization induced 

self-assembly (PISA).
[8]

 PISA allows the formation of 
polymersomes at a large scale (10-50% solids 
concentration).

[9]
 In PISA, a water-soluble polymer is 

extended using a soluble macromolecular chain transfer 
agent (macro-CTA) to form a block-copolymer. After a 
critical degree of polymerization the growing second 
block becomes water-insoluble, causing in situ self-
assembly to generate a diverse set of polymer nano-
particles, including spheres, worms, and vesicles. The 
morphology of these polymer nanoparticles can be 
controlled by varying the reaction parameters, including 
solids concentration, degree of polymerization, and 
solvent composition.

[10]
 However, the precise control 

over the organization of polymer chains into uniform 
nanostructures remains a challenge. Another approach is 
to use temperature directed morphology transformation 
(TDMT), in which polymer solids are reorganized by a 
temperature stimulus to allow the formation of well-
defined polymeric nanostructures, including spheres, 
cylinders, worms and tadpoles.

[11] add ref
 

The Tg is also important for selection of the 
polymersome formation method. For example, the 
polymer rehydration method cannot be used for block-
copolymers of which the hydrophobic blocks have a 
high glass transition temperature (Tg). Lowering the Tg 
with an organic solvent provides sufficient chain 
mobility for polymersome formation.

[12]
  

2. Polymer Compositions 

In this section different polymers and their properties are 
described that can be used for the formation of 
polymersomes, with the main focus on the hydrophobic 
polymers. For the hydrophilic part the most conventional 
choices are poly(L-glutamic acid) (PGlu), poly(acrylic acid) 
(PAA) and poly(ethylene glycol) (PEG)/poly(ethylene 
oxide) (PEO). Especially PEG is often implemented, 
because its stealth-like behavior and long circulation time 
properties makes it biocompatible for biomedical 
applications.

[3a]
 Although the properties of diblock-

copolymers depend mainly on the hydrophobic block, its Tg 
is also affected by the hydrophilic part and will be the result 
of the respective hydrophilic and hydrophobic chain lengths. 
In table 1 an overview of the properties of the hydrophobic 
polymers used in polymersomes is presented. Note that the 
Tg reported is not corrected for any hydrophilic polymer 
used in polymersomes, as this is different for each specific 
case. For example, polycaprolactone (PCL) has a Tg of -
55 °C, but this Tg increases in the presence of larger PEG 
units, up to -50 °C for 25% PEG.

[13]
 

2.1. Poly α-hydroxy Acids 

Poly(α-hydroxy acids) are an important class of materials, 
with the most common polymers being poly(lactic acid) 
(PLA) and poly(glycolic acid) (PGA).

[14]
 These materials are 

one of the most preferable choices for controlled drug 
delivery applications, because of their excellent 
biodegradability and biocompatibility. PGA is a 
biodegradable polymer with the simplest linear, aliphatic 
molecular structure among the poly(esters). This crystalline 
material has a lower Tg (~40 °C) than PLA (~50-60 °C). The 
melting temperature of PGA, on the other hand, is relatively 
large due to higher degree of crystallinity. PGA is suitable 
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for biomedical applications, but applications are still limited 
due to their relatively high degradation rate and low 

solubility.
[14]

  

Table 1. Hydrophobic polymers used for polymersome formation and their properties 

Hydrophobic block Structures Degradability Crystallinity Tg (°C) Refs 

Poly(D,L-lactide) 

PDLLA 

 

Degradable Amorphous 60 [7b, 19] 

Poly(L-lactide) 

PLLA 

 

Degradable Crystalline 60 [20] 

Poly(lactide-co-glycolic acid) 

PLGA 

 

Degradable Amorphous 40 to 60 [15d] 

Poly(caprolactone) 

PCL 

 
Biocompatible Semi-crystalline -65 to -55 [22c] 

Poly(decalactone) 

PDL 

 

Degradable Amorphous -53 [24] 

Poly(1,4,8-trioxaspiro-[4,6]-9-

undecanone) 

PTS 

  

Degradable Amorphous -35 [25] 

Poly(3-hydroxy-octanoate-co-

3- hydroxyundecenoate) 

PHOU 

 

Degradable Amorphous Not reported [31] 

Polystyrene 

PS 

 

Non-degradable Amorphous 100 [35a] 

Polybutadiene (1,2) and (1,4) 

PB 

  
Biocompatible Amorphous

[a]
 

-100 (1,4) 

-12 (1,2) 
[38] 

Polyisobutylene 

PIB 

 
Biocompatible Amorphous 72 [40] 

Poly(trimethylene carbonate) 

PTMC 

 
Biocompatible Semi-crystalline -20 [43, 44] 

Poly(2-hydroxypropyl 

methacrylate) 

PHPMA 

 

Biocompatible Amorphous 55 to 90 [10a, 45] 
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Poly(N-isopropylacrylamide) 

PNIPAM 

 

Non-degradable 
Temperature 

responsive 
135 to 140 [49] 

[a] Crystallinity depends on polymer composition. 

The properties of PGA can be controlled via co-
polymerization with other biodegradable polymers, such as 
PLA. Via ring opening polymerization the co-polymer 
poly(lactide-co-glycolic acid) (PLGA) can be synthesized; 
this amorphous material is well studied and various 
polymersomes, membranes, hydrogels and sutures are 
commercially available for biomedical applications.

[15]
 The 

biodegradability can be tuned by varying the ratio between 
PLA and PGA. A higher PLA content results in a more 
hydrophobic polymer and thus, a slower degradation rate.

[16]
  

Several studies show that PLA/PGA can easily be 
functionalized that allows control over the physical 
properties and responsive behavior of the polymeric 
network.

[17]
 For example, PLA could be made pH-

responsive by grafting with zwitterionic amino acids.
[18]

 
A second method for modulation is the use of polymer 
blends in the formation of polymersomes. The main 
challenge is the compatibility prediction of different 
polymers. Polymersomes are usually prepared with the 
racemic poly(D,L-lactide).

[7b, 19]
 Applying PLA 

stereocomplexation in polymersomes can potentially 
incorporate modulation of physical properties by 
changing the ratio between PDLA and PLLA. Recently, 
a special type of polymeric vesicles was published from 
crystalline PEG-PLLA, forming so called crystalsomes, 
which showed extended blood circulation times and 
enhanced mechanical robustness due to the crystallinity 
of the polymer.

[20]
  

2.2. Polycaprolactone and Derivatives 

Poly(caprolactone) (PCL) is a biodegradable semi-
crystalline material with a Tg of -65 to -55 °C, a Tm of 
56-65 °C and can reach up to 70% crystallinity.

[21]
 For 

polymers with higher Tg, a decrease is seen by larger 
PEG contents. The backbone of PCL consists of ester 
linkages that are biodegradable, and the rate of 
degradation is relatively slow due to its crystalline 
structure. Therefore, PCL applications are mainly 
focused on long-term drug delivery and cell-based 
therapies.

[13]
 Compared to other biodegradable aliphatic 

polyesters, PCL has several advantages: high 
permeability to small drug molecules, maintenance of a 
neutral pH environment upon degradation, facility in 
forming blends with other polymers, and slow erosion 
kinetics suitable for long-term delivery as compared to 
polylactide (PLA), polyglycolide (PGA), and polylactic-
co-glycolic acid (PLGA).

[22] 
 

Poly(decalactone) (PDL) is a PCL derivative with an 
alkyl side chain. The polymer is synthesized via a 
similar ring opening polymerization as PCL, which 
allows the synthesis of various co-polymers.

[23]
 Unlike 

PCL, PDL is an amorphous polymer that is more 
flexible. Micelles assembled from PEG-b-PDL and 
PEG-b-PCL assembled via nanoprecipitation were 
compared in a study to determine the differences in drug 
loading and release properties.

[24]
 The increased core 

volume in PDL, due to its more flexible nature, allowed 
an increased drug loading compared to semi-crystalline 
PCL. Furthermore, the drug release of PDL micelles 
was significantly faster than PCL micelles, because 
amorphous polymers are more permeable than semi-
crystalline polymers. These results confirm that the 
physical state of the polymer can be related to the 
permeability of the polymersomes.  

Another PCL derivative is poly(1,4,8-trioxaspiro-
[4,6]-9-undecanone) (PTS), and yields an amorphous 
materials when copolymerized with PEG. The T m of this 
polymer is lower than that of PCL, the relatively large 
side chain decreases the Tm and increases the flexibility 
in the polymer network. The synthesis of co-polymers 
PEG-b-PTS, PEG-b-PCL and the random co-polymer 
PEG-b-(PTS-co-PCL) were reported with their 
corresponding thermal properties.

[25]
 A high fraction of 

PTS increases the Tg, due to the restriction of movement 
between chains caused by this bulky side chain. In 
addition, the bulky side chain destabilizes the crystal 
regions. The amphiphilic block-copolymers readily 
formed giant vesicles via a direct hydration method. 
With micropipette aspiration of the vesicles all samples 
containing PTS had some fluid character. Via aspiration 
of giant vesicle, the rheology of the membrane was 
studied. The degree of crystallinity in polymersome 
membranes correlated with the melting temperature. 
Higher PTS content decreased the Tm and increased the 
polymer flexibility.

[25]
  

Further modification of poly(caprolactone) and its 
derivatives can be achieved via co-polymerization with 
various monomers, such as PLA, PGA and PDL, 
showing many potential co-polymers for tuning of the 
properties. By co-polymerization of PCL with PLA the 
Tg can be controlled and integration of PLA in the PCL 
polymer network also increased the elasticity, which is 
an important parameter for drug loading capacity in 
polymersomes.

[26]
  

2.3. Polyhydroxyalkanoates 

Over the past few years, poly(hydroxyalkanoates) 
(PHAs) have become a wide class of biodegradable 
polyesters with promising properties for biomedical 
applications. This is mainly because of their impact on 
drug bioavailability, better encapsulation, and less toxic 
properties.

[27]
 The backbone of the polymer chain is 

similar to poly-hydroxy acids), but with one extra 
carbon that increases the hydrophobicity. A large 
number of PHA’s can be obtained via microbial and 
synthetic approaches.

[28]
 PHAs obtained via microbial 

approaches often have high molecular weights. It is 
possible however to obtain low molecular weight PHAs 
via controlled hydrolysis.

[29]
 An even wider spectra of 

PHA polymers can be synthesized via grafting, for 
instance with hyaluronan, or co-polymerization of the 
microbial polymers.

[30]
 Chemical modifications are 

favored for low molecular weight PHAs, because they 
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are soluble in organic solvents such as tetrahydrofuran 
(THF) and dimethylsulfoxide (DMSO).

[28b]
 Recently a 

review of PHA based nanovesicles was published, in 
which the formation of both micelles and vesicles were 
described based on poly(3-hydroxyoctanoate-co-3-
hydroxyundecenoate) (PHOU) amphiphilic graft 
copolymers.

[31]
 PHOU was grafted with PEG11 (PHOU-

g-PEG) via a thiol-ene addition of thiol functionalized 
PEG and hydroxyundecenoate. The amphiphilic graft 
copolymers were assembled in polymersomes via 
nanoprecipitation and formed stable narrow sized 
vesicles. Encapsulation properties are not reported. 
There are more examples of polymersomes assembled 
from graft co-polymers, but they are discussed 
elsewhere.

[32]
 Formation of micelles from the 

amphiphilic triblock-copolymer PEG-b-P3HB-b-PEG 
via nanoprecipitation was observed.

[29]
 There was no 

follow up for possibilities of polymersome formation 
from similar building blocks, this can be interesting to 
further investigate.  

2.4. Polystyrene 

A widely used hydrophobic block in polymersomes is 
polystyrene.

[33]
 It is an amorphous polymer with a 

relatively high Tg, due to tight packing of the benzene 
rings. Although the polymersomes made from 
polystyrene are not biodegradable, they are stable and 
glassy, providing interesting possibilities for the study 
of polymersome formation and controlled shape 
transformation.

[34]
 A wide array of PEG-PS 

polymersome sizes and shapes are reported, including 
stomatocytes, discs, tubes, nested vesicles, stomatocyte 
in stomatocytes.

[35]
 This allows for the study of the 

effect of nanocarriers with different sizes and shapes for 
cellular uptake. Furthermore, the asymmetry can 
provide a new function to polymersomes, such as active 
moving nanomotors or robust nanoreactors.

[36]
 More 

information about shape transformation and detailed 
explanation of polymeric supramolecular nanomotors 
can be found elsewhere.

[2c, 35c, 37]
 

2.5. Polybutadiene 

Polybutadiene (PB) is a synthetic, inert rubber 
polymerized from 1,3-butadiene, either via cis, trans, 
and/or vinyl. Polybutadiene is not biodegradable. 
However, it is suitable for biomedical applications as it 
is considered to be biocompatible. The glass transitions 
temperature is well below room temperature and 
therefore the membrane is relatively flexible, which is 
favorable for drug release. The properties of this inert 
polymer depend strongly on the polymerization state. 
Polymersomes reported are mostly prepared from 
polybutadiene with a high vinyl content (1,2 
polymerization).

[38]
 A high vinyl content causes a 

relatively high Tg (-12 °C), compared to both cis and 
trans (1,4 polymerization, -100 °C). High amounts of cis 
regions will result in an amorphous polymer, whereas 
high trans amounts will induce a more crystalline 
material. Changing these parameters allows control over 
the permeability and the stability, which is generally 
better for amorphous materials and crystalline materials 
respectively. So far, no study has been done on the 
properties of polymersomes with different 

polybutadiene composition, but one interesting study 
shows the copolymerization of polybutadiene with 
various liquid crystalline mesogens as side groups, 
forming polymersomes with smectic stripes inside the 
vesicles.

[39]
 

2.6. Polyisobutylene 

Another synthetic rubber is polyisobutylene (PIB), 
which is a biocompatible polymer with high thermal and 
chemical resistance.

[40]
 It is well-known for its very low 

permeability to small molecules. PIB has a relatively 
low Tg (-72 °C), similar to PB, but the advantage of PIB 
is its complete biocompatibility. Several biomedical 
applications have been investigated with materials 
comprising PIB, such as gels, glue and supports.

[41]
 In 

several studies PIB polymersomes have been used as 
carrier vesicles for membrane functionalization or drug 
delivery experiments.

[40a, 42]
 

2.7. Poly(trimethylene carbonate) 

Poly(trimethylene carbonate) (PTMC) is a 
biocompatible, semi-crystalline polymer from the 
polycarbonate class.

[43]
 Polycarbonates are, like 

polyesters, an interesting class of biomaterials, due to 
their biocompatibility and low degradability. 
Poly(trimethylene carbonate) has a low T g (-20  °C) and 
a Tm of 37 °C.

[44]
 Researchers have taken advantage of 

this melting temperature to control the size and drug 
release of polymersomes comprising PTMC. 
Polymersomes made from PTMC-PGlu show a slightly 
lower Tm (35 °C) and changed properties when heated 
above the Tm, thereby releasing their content.

[44]
 It was 

also observed that the curvature of the vesicles limited 
the formation of crystalline phases in the membrane.  

2.8. Poly(2-hydroxypropyl methacrylate) 

Poly(2-hydroxypropyl methacrylate) (PHPMA) is a 
biocompatible polymer, which is often used in the 
formation of polymersomes via PISA.

[10]
 The 

amorphous polymer has a Tg of 55-90°C and is 
thermoresponsive. This thermoresponsive behavior 
depends on the polymer composition and 
concentration.

[45]
 Various shapes of particles have been 

created with PHPMA as a hydrophobic block, including 
spherical vesicles, branched worms, nascent bilayers, 
octopi and jellyfish shaped vesicles.

[46]
 Another study 

shows the formation of vesicles with different 
morphologies using ABC triblock-copolymers, 
comprising poly(glycerol monomethacrylate-block-2-
hydroxypropyl methacrylate) [PGMA–PHPMA], chain 
extended with a variable third block-copolymer to form 
either spherical polymersomes, various phase separated 
membranes or even vesicles with a cross-linked 
membrane.

[47]
 Studying these different shapes and 

morphologies can help to understand better the self-
assembly of amphiphilic block-copolymers. 

2.9. Poly(N-isopropylacrylamide) 

Poly(N-isopropylacrylamide) (PNIPAM) is a well-
known thermoresponsive polymer with a relatively high 
Tg (135-140  °C) and a lower critical solution 
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temperature (LCST) of around 32  °C.
[48]

 PNIPAM is 
interesting for biological applications, as its LCST is 
close the temperature of the human body and can be 
fine-tuned.

[49]
 It is already investigated for many 

applications, mainly in hydrogels and polymersomes.
[50]

 
There are many more stimuli responsive polymersome 
reported in the literature, which will not be discussed 
here.

[4a, 51] 
In the next section the functionalization of 

polymersomes and nanoparticles will be discussed.  

3. Functional Handles on Polymersomes and 
Nanoparticles 

A large library of block-copolymers allows for the assembly 
of nanoparticles with soft interfaces that are suitable for 
drug delivery applications. In spite of the advances in the 
field, it is still challenging to produce nanoparticles with the 
same level of complexity comparable to biological systems 
due to limitations in the preparation, size restrictions and 
limited functionalization options for nanoparticles. (Bio)-
conjugation of functional groups to PEG derivatives allows 
for more varied applications of nanomaterials, as they can be 
functionalized with an increased library of functional 
moieties such as catalysts, enzymes or targeting groups. 
Introduction of these functional groups can be difficult as 
they should not interfere with the self-assembly of the 
nanovessicle. Preferably, the conjugation reaction should be 
high yielding, chemoselective, and proceed under mild 
conditions that do not impact the shape or form of the 
nanostructure. Following these requirements, many block-
copolymers have been functionalized via an appropriate 
linker or complementary reactive group.

[7b, 19, 52]
 This can be 

achieved via direct polymerization of reactive handles to 
monomers, or by making use of functional initiators. Both 
approaches require techniques that tolerate the functional 
group or steric bulk of the polymer or initiator.

[53]
 

Expanding the library of functional handles for chemical or 
enzymatic conjugation via these methods would open the 
door towards an increased variety of potential conjugations 
of nanostructures to inorganic catalyst, enzymes, targeting 
moieties, drugs, imaging tools or other small molecules. 

Moreover, a variety of differently functionalized block-
copolymers present in one nanoparticle allows for the 
production of more complex multifunctional 
nanomaterials.

[54]
 Table 2 summarizes the chemical handles 

that have been used to functionalize nanostructures and 
shows the corresponding chemical groups that they can react 
with. 

3.1. Bio-Orthogonal Handles 

PEG-polymers are often functionalized with handles that 
allow for bio-orthogonal conjugation of ligands. These 
handles make use of reactive groups, which do not occur in 
natural systems. For example, a bio-orthogonal functional 
handle incorporated into a protein can be reacted with a 
polymer functionalized with a complementary orthogonal 
handle to form a covalent link between the two ligands. 
Orthogonal handles include azides, alkynes, aldehydes, 
aminooxys, and trans-cyclooctenes.

[55]
 Bertozzi et al. have 

written several excellent reviews on bio-orthogonal handles 
applied to biological systems.

[56]
 

3.1.1. Click-Chemistry 

Originally introduced by Sharpless et al, click-chemistry 
quickly became the one of the more popular methods for the 
synthesis of biohybrid materials.

[57]
 Copper catalyzed azide-

alkyne Huisgen [3+2] Cycloaddition (CuAAC) allows for 
irreversible, rapid and specific biorthogonal conjugation of 
two ligands in water through the formation of a 1,2,3-
triazole linkage. To date, azido-PEG or alkyne-PEG 
derivatives have been employed regularly in the fields of 
polymer, peptide and material chemistry, and synthesis and 
analysis approaches are well characterized.

[58]
 The approach 

is particularly well suited for joining to macromolecular 
objects.

[53]
 Moreover, the reactive moieties are tolerated by 

many polymerization approaches. For example, Bhatia et al. 
developed azide functionalized nanoparticles by reacting 
thiol-PEG-amine with succinimidyl 4-azidobutyrate. 
Subsequent loading of 

Table 2. Overview of the polymer functionalization methods and their corresponding ligation reactions  

Reaction type Reactive group 1 Reactive group 2 Product Refs 

Cu-catalysed 

azide-alkyne 

cycloaddition 

   

[7b, 19, 52a, 
58, 59] 

   

Strain-promoted 

azide-alkyne 

cycloaddition 
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Thiolene click-

chemistry 

  
 

 

[66,67a] 

 
 

 

  

Diels-Alder 

 

 
 

[69, 72] 

  

Thiol-maleimide 

coupling 

 
 

 

Inverse-electron 

demand Diels-

Alder 

 

 

 

[69a, 73a, 
74] 

 
 

 

Nitrile oxide 

cycloaddition 

 
  

[69a, 77, 85] 

  
 

Imine formation 
   

[54, 77, 79, 
80] 

   

Hydrazone 

formation 

   
[54, 77, 82, 

83] 
   

Oxime formation 
   

[54, 77, 84] 

   

Ester formation 

 

  
[89a, 93] 

Amide Coupling 

  

[62, 89, 94]  
   

NHS-ester 

mediated coupling 

   



This article is protected by copyright. All rights reserved 

Running title 

 8 

PFP mediated 

coupling 

 

Post-

polymerisation end 

group 

functionalisation 

   

 
[52a, 53, 65, 

86, 88] 

SortaseA-mediated 

   
[55, 97] 

the nanoparticle with an alkyne-functionalized drug in 
presence of CuSO4 and sodium ascorbate before extensive 
washing with SEC resulted in the formation of drug-loaded 
nanoparticles with increased circulation times and efficacy 
(Figure 1).

[59]
 However, as the reaction is mediated by Cu(I) 

catalyst, it is possible to cause in vivo toxicity.
[60]

 Strain-
promoted azide-alkyne cycloaddition (SPAAC) has made 
copper-free click reactions possible through commercially 
available reagents such as bicyclononyne (BCN), 
difluorinated cyclooctynes (DIFO) and dibenzocyclooctyne 
(DBCO).

[61]
 

Figure 1. Design of a “Click” Nanoparticle That Targets Tumor Cells 

in Vitro and in Vivo. Reprinted with permission from [59]. Copyright 

2008 American Chemical Society. 

Besides their ability to load cargo or targeting groups on the 
surface of the nanoparticles for drug delivery applications, 
bio-orthogonal click reaction can be used for attachment of 
active catalysts for generation of autonomous particles with 
controlled motility. Wilson et al. have presented a synthesis 
approach for azide functionalized PEG-b-PDLLA for 
assembly of catalase-driven biodegradable nanomotors.

[7b, 19]
 

These motors have been described in detail elsewhere.
[62]

 
Synthesis of N3-PEG-b-PDLLA is performed through ring 
opening polymerization using N3-PEG-OH as the initiator. 
Methods for the synthesis of PEG azides are reviewed by 
Sill et al.

[58]
 N3-PEG-b-PS can be synthesized by atom 

transfer radical polymerization (ATRP) of styrene, 
providing PS-COOH building blocks, which can be coupled 
to N3-PEG-NH2 via a amide coupling.

[52a, 63]
 

Subsequent assembly of the vesicles and their shape 
transformation into nanotubes can be followed up by 
click conjugation to cyclooctyne derivatives in PBS. In 
this study it was demonstrated that the mixing of PEG-
b-PDLLA and N3-PEG-b-PDLLA successfully 
introduced the azide handle to the polymersome surface 
without drastically altering the morphology of the 
nanotube structure, but facilitated the formation of azide 
rich domains in the membrane which allowed the 
successful assembly of an asymmetric structure for 
nanomotor application. Ensuing conversion of the azide 
handles into COOH-groups by clicking a DBCO-COOH 
linker was followed up by coupling to catalase, 
providing the enzyme-driven nanomotor (Scheme 1).

[19]
 

Similarly, it is possible to prepare PEG-polymers 
labeled with cyclooctyne derivatives handles for 
subsequent click reactions to ligands with azide-handles 
as shown by Theogarajan et al.

[64]
  

Analogously, alkyne-appending PEG polymers can 
be synthesized. Van Hest et al. have reported a synthetic 
method for the preparation of block-copolymers with 
stable alkyne end groups. Terminal alkynes were 
successfully introduced to PEG via a carbodiimide 
facilitated coupling of the hydroxyl group with 4-
pentynoic acid.

[65]
 Both examples allow for 

functionalization of the polymersomes with handles for 
nanoreactor and drug delivery applications. 

 

Scheme 1. Formation of nanotubes and subsequent coupling of 
catalases to the surface of the nanotubes. [19] - Reproduced by 
permission of The Royal Society of Chemistry.

 

3.1.2. Thiolene-Chemistry 

Thiols can be reacted with alkenes to form an alkyl 
sulfide via a radical or Michael addition. Both methods 
share characteristics with click reactions, such as 
quantitative yields, selectivity, catalyst use and 
insensitivity to oxygen or water. For these reasons, 
thiol-ene click chemistry is often applied in the 
fabrication of polymer networks and have the additional 
benefit of being easily cleaved at pH 5.0-6.5.

[66]
 

Kataokai et al. coined a synthesis approach in which an 
carboxylic acid-PEG-OH is treated with acryloyl 
chloride in presence of triethylamine to yield the 
acrylate. The following Michael addition with a thiol-
ligand was performed in water (pH 8.0) to yield the 
desired conjugate.

[67]
 Analogously, thiol labeled 

nanoparticles can be assembled, leading to the 
formation of vesicles with thiol handles which can be 
conjugated to terminal alkenes or maleimides when 
treated with Tris-EDTA. The group of Armes et al. 
created thiol-functionalized diblock-copolymer vesicles 
readily prepared via RAFT-mediated polymerization 
induced self-assembly (PISA). By cleaving the disulfide 
bonds in the poly(glycerol monomethacrylate) stabilizer 
chains in situ to generate thiol groups, they can react 
immediately with either a quaternary acrylate, creating 
cationic vesicles, or with rhodamine B acrylate or 
rhodamine B isothiocyanate to confer a fluorescent tag 
(Figure 2).

[68]
  

3.1.3. Diels-Alder and Thiol Conjugation 
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Figure 2. RAFT synthesis of thiol-decorated block-copolymer 

vesicles and their subsequent derivatization. First, vesicles are 

formed with disulphide bonds in the stabilizer chains. Reductive 

cleavage affords thiol groups which readily react with AETAC 

to produce cationic vesicles. Reprinted with permission from 

[68]. Copyright 2012 American Chemical Society.  

 
Cycloadditions of diene-dienophile reaction pairs have 
been applied to develop PEG hydrogels.

[69]
 Early 

biomaterials focused on the crosslinking of furan and 
maleimide, which allowed for the fabrication of 
hydrogels. Many Diels-Alder reactions are reversible 
under specific conditions and therefore unfit for the use 
of biorthogonal labeling. However, this characteristic 
has been used to develop biomaterials that can release 
covalently bound (bioactive) agents over time.

[70]
 Use of 

the Diels-Alder reaction is limited as it is not fully 
biorthogonal. Maleimides can easily cross-react with 
thiols and amines and are prone to hydrolysis. However, 
Diels-Alder reaction kinetics are improved in aqueous 
conditions compared to organic solvent systems.

[69a]
 

Wilson et al. have developed PEG-b-PS stomatocytes 
with maleimide handles for the conjugation of peptides 
via thiols. Synthesis of NH2-PEG-b-PS via ATPR and 
subsequent stomatocyte formation with PEG-b-PS 
results in the formation of stomatocytes with exposed 
amine handles. These stomatocytes could then be 
reacted with 6-maleimidohexanoic acid N-
hydroxysuccinimide ester, resulting in maleimide 
functionalized handles for Diels-Alder or thiol 
conjugation. These handles were used to link TAT 
peptide, a basic domain of HIV-1 TAT protein, 
facilitating rapid and effective cellular penetration and 
uptake (Figure 3).

[52b]
  

Figure 3. Schematic illustration of the preparation process of tat 
peptide functionalized stomatocyte nanomotors.

 
Reproduced from 

Ref. [52b] with permission from The Royal Society of Chemistry. 

Yunfei et al. presented a similar approach for the 
fabrication of PEG-b-PDLLA small-sized polymeric 
micelles with maleimide functional handles, which were 
subsequently conjugated to TAT peptides. Their in vitro 
and in vivo studies showed effectiveness and permeation 
higher than or similar to unfunctionalized cargo-
containing micelles.

[71] 

Polymers which undergo topological transformations via 

macromolecular metamorphosis by using reversible-

covalent reactive handles, capable of forming new covalent 

bonds in situ have been coined by Sumerlin et al. A 

thermodynamically selective cycloaddition between 

maleimide and anthracene or furan functionalized polymers 

allowed for metamorphosis of linear amphiphilic block-

copolymers and hyperbranced polymers. This technique was 

applied to produce macroscopic gels which can transition 

between different density states based on temperature.
[72] 

3.1.4. Inverse-Electron Demand Diels-Alder 

Inverse-electron demand Diels-Alder (IED-DA) 
reactions are commonly used for the fabrication of cell -
encapsulating hydrogels. Strained alkenes such as trans-
cyclooctene (TCO) have been demonstrated to rapidly 
and irreversible conjugate to tetrazines in aqueous 
conditions.

[69a, 73]
 Fox et al. presented an approach for 

the synthesis of TCO functionalized PEG polymers by 
synthesis of a para-nitrophenol-TCO (PNP-TCO) 
intermediate, which was subsequently coupled to the 
terminal amine of PEG in the presence of DIPEA.

[74]
 

Reiner et al. used labeled PEGilated liposomes with 
TCO-handles for tumor-targeting, showing the potential 
for labeling and drug-delivery. By adding a tetrazine-
conjugated pH Insertion Peptide (pHLIP-Tz) which 
inserts itself into the membrane of tumor cells, the quick 
reaction between the tetrazine and TCO allowed for 
rapid and selective labelling of the tumor (Figure 4).

[75]
 

Analogously, it is possible to integrate tetrazines into 
PEG-polymers for subsequent IED-DA conjugation. Fox 
et al. developed an approach for the synthesis of 
tetrazine functionalized PEG in their pursuit to develop 
radiolabels.

[76]
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Figure 4. Schematic overview of pHLIP-Tz incorporation into the 
cellular membrane and subsequent binding to the liposome. At low 
pH levels, the polar C-terminus of pHLIP-Tz changes its 
conformation to a helical structure, resulting in the insertion of the 
peptide into the cellular membrane. The resulting displayed tetrazine 
on the cell surface can then be covalently bound to TCO-displaying 
liposomes. Reprinted with permission from [75]. Copyright 2013 
American Chemical Society.

 

3.1.5. Carbonyl Conjugation 

Aldehydes are versatile functional groups which can be 
converted into imines, hydrazones and oximes. These 
linkages have been used for the development of pH 
sensitive nanomaterials.[54] Truong et al. have coined 
an approach for the synthesis of PEG-benzaldehyde, used as 
an intermediate for the preparation of nitrile oxide functional 
PEG.

[77]
 Similarly, Meier et al. assembled PDMS-b-

PMOXA polymersomes, which were subsequently 
functionalized with succinimidyl-4‐formylbenzoate in a 0.1 
M sodiumbicarbonate solution (pH 8.3). Two different 
polymersomeantibody conjugates were produced using 
either antibiotin IgG or trastuzumab. They showed specific 
targeting toward biotinpatterned surfaces and breast cancer 

cells. (Figure 5).
[78]

  

Figure 5. Cartoon of polymersome surfaces using hydrazine-
modified polymers to connect antibodies capable of targeting cancer 

cells. Reprinted with permission from [78]. Copyright 2011 American 
Chemical Society.

 

Sun et al. reported on Fe3O4 nanoparticles coated with 
dopamine-PEG-NH2 as drug delivery vehicles. The PEG-
amine could be coupled to 6-hydroxy-chromone-3-
carbaldehyde via a Schiff-base imine bond. Schiff-base 
linkages are biodegradable via hydrolysis at pH 5, which 
allows for controlled release of anticancer agent 
chromone.

[79]
 Similarly, Yang et al. developed pH-triggered 

polycationic micelles using Schiff-base bonds. Cationic 
PEG-poly-L-lysine was functionalized with PEG-
Benzaldehyde, forming a benzoic imine bond by heating a 
DMSO solution with both constructs to 40

 o
C. These imine 

bonds were used as an acid sensitive linker: Upon 
decreasing the pH level below 6.8 and increasing it above 
pH 7.4, they were able to deshield and shield their 
polymeric micelles respectively. At physiological pH, the 
surface is shielded by a PEG layer, leading to lower 
cytotoxicity and less hemolysis, whereas in a mild acidic 
condition like in endosomes or tumors, the deshielding of 
the PEG exposed the micelle surface and retained the 
membrane disrupting ability.

[80]
 The group of Sánchez et al. 

used glutaraldehyde in order to covalently link enzymes to 
Janus particles, resulting into enzyme-powered 
nanomotors.

[81]
  

Aldehydes can react with hydrazides to form pH 
sensitive (pH 5) hydrazones under mild and aqueous 
conditions. In particular, the hydrazone bond seems to 
be extremely promising because of its high 
cytocompatibility, biocompatibility and non-toxic 
degradation products. These linkages are more stable 
under physiological conditions compared to the 
previously discussed Schiff-base bonds.

[54]
 As presented 

by Sacchetti et al., aldehyde functionalized PEG-
polymers can be reacted straightforwardly with 
hydrazines in the presence of acetic acid and ethanol.

[82]
 

Torchilin et al. converted mPEG-SH to acyl 
hydrazide derivatives by Micheal addition. mPEG-SH 
was treated with commercially available N-ε-
maleimidocaproic acid hydrazide with an excess of TEA 
in chloroform, yielding the functionalized polymer. The 
polymer was subsequently demonstrated to form 
physiologically stable hydrazones.

[83]
 Oxamations 

between aldehydes and alkoxyamines afford pH-
sensitive (pH 5) oxime ethers when treated with 0.1% 
TFA in aqueous acetonitrile.

[54, 77, 84]
 This chemistry has 

been applied for the development of protein conjugates 
with improved pharmacokinetics

[84a]
, pH-sensitive 

polymeric drug carriers
[84b]

 and biomimetics.
[84c]

 Zhu et 
al. demonstrated that oxime linkages is a robust tool for 
the design of pH-sensitive polymeric drug delivery 
systems. They developed a triblock-copolymer (PEG-
OPCL-PEG) by making oxime linkers between them 
from aminooxy terminals of OPCL andaldehyde-
terminated PEG. Doxorubicin (DOX) was used as a 
model drug to encapsulate into the PEG-OPCL-PEG 
micelles. Release of the drug was significantly faster at 
pH 5.0 compared to the more physiological pH 7.4, 
showing the effect of the pH-responsive feature oxime 
linkages on the nanosized drug delivery system. Other 
measurements also indicated that living cells easily 
internalized the micelles and that they had a high 
efficiency against HeLa cancer cells (Figure 6).

[84b]
 

Sohma et al. presented a synthesis approach for the 
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fabrication of aminooxy-functionalized PEG by amide 
coupling of PEG-amine with commercially available 
(Boc-aminooxy)acetic acid, followed by deprotection to 
remove the Boc-moiety. The oxime ligation was used to 
create an easily removable covalent link between the 
insulin A and B chains, after which intramolecular 
disulphide bonds could be formed with high efficiency. 
Subsequent enzymatic cleavage of the oxime bond 
yielded fully active insulin.

[84c]
  

 
Figure 6. CLSM images of HeLa cells incubated with (A) neither 

free DOX nor DOX-loaded PEG-OPCL-PEG micelles, (B) free DOX, 

and (C) DOX-loaded PEG-OPCL-PEG micelles at 37 °C for 60 min 

(DOX concentration = 10 μg/mL). Reprinted with permission from 

[84b]. Copyright 2011 American Chemical Society. 

 3.1.6. Nitrile Oxide Cycloaddition 

Nitrile oxides facilitate 1,3-dipolar cycloadditions in the 
presence of norbornenes, similar to the SPAAC reaction 
between azides and alkynes. Their high reactivity 
initially made implementation of this reaction in 
biological environments a challenge. The reactivity of 
nitrile oxides can however be lowered by conjugating 
aromatic rings. These reactive functional groups can be 
produced in situ by hydrolysis of hydroximoyl chloride 
intermediate.

[69a, 77]
 Nitrile oxide derivatives of PEG 

were synthesized by Forsythe to prepare Nitrile oxide-
norbornene crosslinked PEG hydrogels.

[69a, 77, 85]
 In their 

approaches, PEG macromers were functionalized with 
norbornene or nitrile oxides.

[77]
 Norbornene 

functionalized PEG was synthesized by dissolving 
commercially available PEG-OH, 5‐ norbornene‐ 2‐
carboxylic acid, N,N′‐ diisopropylcarbodiimide and 1,4-
dimethylpyridinium p-toluenesulfonate in chloroform. 
The nobornene groups readily react with nitrile oxide 
without the need of any additives. Synthesis of nitrile 
oxide functionalized PEG firstly requires the installation 
of benzylaldehyde on the hydroxyl terminal as described 
earlier. Secondly, PEG-benzaldehyde was dissolved in 
MeOH and hydroxylamine hydrochloride was added, 
obtaining PEG-Hydroximoyl. Subsequent treatment of 
the polymer with N-chlorosuccinimide in DMF 
generated PEG-hydroximoyl chloride. In situ hydrolysis 
of PEG-hydroximoyl chloride in PBS (pH 7.4 solution) 
activates the nitrile oxide.

[77]
 

3.2. Non-Bio-Orthogonal Handles 

PEG-polymers can also be functionalized with handles 
that allow for conjugation of ligands that is not bio-
orthogonal. These handles do occur in natural systems 
and are therefore not always applicable in a biological 
environment. Use of these handles is still wide-spread, 
as they can be applied for chemical systems that do not 
have any competing biological reactions. Non-
orthogonal handles mainly include halogens, amine and 
carboxylic acid handles for amide bonds and enzymatic 
reactions. 

3.2.1. Post-Polymerisation End Group Functionalisation 

Polymers can be efficiently synthesized by ATRP, 
producing polymers with molecular weight set by the 
initiator to monomer concentration ratio. The chemistry 
is based on the formation of carbon-centered radicals 
via cleavage of the carbon-halogen bonds by low 
oxidation state transition metals. The formed radicals 
are subsequently deactivated through halogen transfer 
from CuX2/Ligand to form quiescent alkyl halides.

[86]
 

The initiator used determines the polymer end group.
[53]

 
The use of functionalized initiators allows for the 
production of well-defined polymeric materials with a 
halogenic end group incorporated at one chain end. The 
halogen can be transformed into other functionalities by 
nucleophilic substitution or electrophilic addition, 
providing a wide range of end group functionalities, 
such as hydroxyl, amino, azido, allyl, vinyl and epoxy 
among others.

[86a, 86b]
 The method allows for the 

incorporation of functionalities unsuited to the 
polymerization process and has been extensively 
reviewed by V. Coesssens and Krzysztof 
Matyjaszewski.

[86b, 87] 

Figure 7. Schematic illustration of the preparation process of 
PNIPAM functionalized stomatocyte nanomotors. a, Chemical 
structures of block-copolymer PEG-b-PS and functionalized polymer 
Br-PEG-b-PS used for the stomatocyte assembly. b, Schematic 
representation of the formation of a PtNP-loaded stomatocyte and 
the subsequent growth of PNIPAM brushes. c, Schematic 
representation of the reversible control over the speed of PNIPAM-
modified stomatocyte motors by changing the temperature. d, The 
collapse of PNIPAM brushes takes place and so the opening of the 
stomatocytes is covered when the temperature is increased above 
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the LCST of PNIPAM. Reprinted with permission from [52a]. 
Copyright 2017 Springer Nature. 

 
An early example of this approach is demonstrated 

by van Hest et al. who have developed azide 
functionalized vesicles by synthesis of amphiphilic PS-
poly-(acrylic acid) block-copolymers through ATRP 
polymerization of halogen end groups, which could be 
substituted for azides using azidotrimethylsilane and 
tetrabutylammonium fluoride. The polymers self-
assemble into clickable polymersomes, while the azide 
handle allows for click chemistry to units such as Green 
Fluorescent Protein or Biotin.

[53, 88]
 Wilson et al. 

successfully applied a similar approach in which they 
designed stomatocytes with bromide initiator moieties at 
the surface by incorporation of block-copolymer Br-
PEG-b-PS. Protected PEG-PDLLA can be 
functionalized with α-bromoisobutyryl following the 
same procedure as PEG-PS. After formation of the 
stomatocyte from Br-PEG-b-PS in water/THF/dioxane, 
the bromide was successively substituted with poly(N-
iso-propyl acrylamide) (PNIPAM) brushes through 
surface initiated ATRP, yielding stomatocytes with 
thermosensitive switches for to control nanomotor 
movement. The PNIPAM brushes were successfully 
polymerized at the surface of the stomatocytes via 
ATRP (Figure 7).

[52a]
 Both approaches show the 

potential of functionalizing Br-PEG-PS with a variety of 
functional groups.  

3.2.2. Amine Reactive Cross Linker Chemistry 

In nature, primary amines are found at the terminal of 
peptides or on the side chain of lysine. Amines are often 
found on the external surface of protein, which is 
attributable to the positive charge of amines under 
physiological conditions, thus providing a hydrophilic 
character. Primary amines are key facilitators of a 
variety of bio-conjugation reactions due to their 
nucleophilicity. For example, amines facilitate acylation 
reactions in nature during polypeptide synthesis or post-
translational modification reactions. Synthetic chemistry 
often makes use of the reactive nature of amines to 
conjugate a variety of ligands via alkylation or acylation 
reactions.

[89]
 Ligands functionalized with reactive 

groups like cyanates, acyl azide, N-hydroxysuccinimide 
(NHS) esters, sulfonyl chlorides, aldehydes, glyoxals, 
epoxides, oxiranes, carbonates, aryl halides, 
imidoesters, carbodiimides, anhydrides and 
fluorophenyl esters can conjugated to primary amine 
containing molecules.

[89a-c, 90]
 These reactive groups 

facilitate conjugation under mild conditions, which 
allows for coupling of more labile ligands to the PEG 
polymers.

[91]
 

NHS-esters, benzotriazole carbonate and p-
nitrophenyl carbonate are the most popular acylating 
agents used for the crosslinking of proteins to other 
macromolecules or small molecules. All three reagents 
can be used to pre-activate alcohols or carboxylic acids 
and are prepared by reacting chloroformates or 
carbonylimidazoles with the terminal hydroxyl of a 
polymer. NHS mediates short reaction times over a 
broad pH range, and the elimination product is non-
toxic and unreactive towards proteins. As discussed 
before, Wilson et al. assembled stomatocytes 

nanomotors using mPEG-b-PS and NH2-PEG-b-PS, of 
which the primary amines were treated with NHS–
Maleimide to yield Mal-PEG-b-PS conjugates, which in 
turn can be reacted with thiols.

[52b]
 Benzotriazole and p-

nitrophenyl carbonate are comparable reactive group to 
NHS to form carbamate linkages with amines.

[92]
 

Carboxylic acids can be activated by activating reagents 
to facilitate amide bond formation when reacting with 
amines in presence of carbodiimides (EDC, DIC) and 
coupling agents (NHS, HOBt, HOAt) akin to coupling 
reactions used in peptide chemistry.

[91]
 Similarly, 

Steglich esterification conditions can be used to couple 
carboxylic acids with hydroxyl groups of ligands. Like 
amide coupling, the carboxylic acid is pre-activated 
with a carbodiimide, after which coupling agents and 
hydroxyl-containing ligands are added.

[89a, 93]
 Steglich 

esterification of PEG polymers has been demonstrated 
by van Hest et al.

[65]
 

An alternative and milder amidation approach from 
NHS-mediated chemistry for post-polymerization 
modification was presented by Hoogenboom et al. By 
activating methyl esters with pentafluorophenol for 
subsequent amidation, metyl ester functionalized 
poly(2-oxazoline) copolymers were made. The 
amidation reaction between pentafluorophenol, PAOx 
and tyramine proved to be selective and quantitative. 
However, functionalization of the polymer with 
pentafluorophenol resulted in low yields. Still, this 
strategy proved applicable to the coupling of more 
complex amines.

[94]
 

3.2.3. Enzymatic Labeling 

Sortase, biotin ligase, lipoic acid ligase, formylglycine 
generating enzyme, sialyltransferases, 
phosphopantetheinyltransferase, galactose oxidase, 
prenyltransferases, transglutaminase and 
myristoltransferase are enzymes with a promiscuous 
substrate specificity which can catalyze the conjugation 
a protein or peptide of interest to a substrate analogue 
containing a bio-orthogonal amino acid tag. Conjugated 
enzymes will not lose their activity through these 
methods, as the conditions for the reactions are mild, 
rapid and selective, which results in PEGylated proteins 
with therapeutic applications. However, the conditions 
do not allow for large-scale synthesis.

[55, 95] 
Of all the 

listed enzymes, SortaseA was shown to exhibit the most 
potential in the context of polymersome 
functionalization.  

SortaseA (SrtA) is a transpeptidase which catalyzes 
the reaction between an N-terminal of glycine and a 
specific internal amino acid sequence (LPETG) in a 
peptide or protein. The LPETG-tag can be considered as 
a barcode which is specifically recognized by SrtA for 
the conjugation to proteins which have a terminal poly-
glycine sequence. A protein of interest can be tagged 
with the LPETG sequence, and subsequently reacted to 
polyglycine-PEG derivative. This method has been used 
for the PEGylation of antibodies and protein.  For 
example, modified GFP bearing a C-terminal LPETG 
tag was successfully pegylated to a 10 kDA poly-
glycine PEG derivative.

[96]
 Caruso et al. have shown the 

usefulness of SrtA mediated conjugation in the context 
of functionalized polymersomes. This was achieved by 
vesicle assembly with alkyne-PEG derivates, which 
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were subsequently clicked to azide-PEG-GGG polymers 
to introduce a polyglycine handle to the vesicle’s 
surface. Fusion proteins functionalized with the LPETG 
tag were successively immobilized to the surface in 
presence of SrtA while retaining their bioactivity. The 
polymersomes were decorated with a phage-display-
derived single-chain variable fragment (scFv) as a 
model antibody. The polymersome subsequently 
displayed a high level of specific targeting to thrombi, 
making the polymers applicable for anti-thrombotic and 
thrombolytic therapy (Figure 8).

[55, 97]
  

 
Figure 8. Targeting of scFv-functionalized capsules. Relative 

fluorescence intensities (F) and images of (from left to right) a) 

untreated and DL800-labeled b) unfunctionalized, c) scFv(-)-

functionalized, and d) scFv(+)-functionalized PVPONAlk/PEGAlk 

capsulebound thrombi, and e) a scFv(+)-blocked thrombus attached 

with scFv(+)-coated capsules. Reprinted with permission from 

[97a]. Copyright 2012 John Wiley & Sons. 

4. Summary and Outlook 

Nanovesicles assembled from different block-copolymers 
have the potential to mimic cell like structures and can be 
applied not only for drug delivery, but also as nanoreactors 
and nanomotors. It is still a challenge to prepare 
polymersomes that reach the same level of complexity as 
biological systems, partially due to the limited library of 
functional handles. More varied applications of 
nanomaterials can be achieved via the inclusion of 
functional groups, which can allow coupling of an increased 
library of functional moieties like catalysts, enzymes or 
targeting groups. Various examples of functionalized PEG 
polymers are presented, which can act as sources of 
inspiration for the synthesis of other functionalized 
polymers. Bio-orthogonal chemistry approaches such as 
“click” chemistry, maleimides handles and aldehyde 
conjugations show the elegance of selective and rapid 
conjugation reactions. Approaches inspired by peptide 
chemistry allow for the synthesis of a variety of conjugates 
through facile and well documented procedures, while the 
potential of enzymatic conjugation methods are quickly 
gaining ground. Expanding the library of functional handles 
incorporated into polymersomes for chemical or enzymatic 
conjugation via these methods would open the door towards 
an increased variety of potential conjugations of nanomotors 

to inorganic catalyst, enzymes, targeting moieties, drugs, 
imaging tools or other small molecules.  

Polymersomes are usually formed from amorphous 
or semi-crystalline polymers, in which the backbone is 
important for the flexibility and permeability of the 
amphiphilic polymers. Mapping correlations between 
these properties can increase the prediction and 
modulation of polymersome properties. The 
characterization of polymersomes is important to 
determine the effect of various co-polymers on the 
rigidity, drug encapsulation and drug release rate. The 
rate of polymersome drug release after encapsulation is 
dependent on the rigidity and biodegradation rate of the 
amphiphilic bilayer.  

Finally, combining the advantages of the 
polymersomes as smart functionalized nanocarriers and 
their new found properties as synthetic motile systems 
will have a profound effect in the biomedical field in 
particular in drug delivery which still relies mainly on 
passive Brownian diffusion of the carriers. 
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