Polymeric Assemblies with
Controlled Shape and Function
Loai K. E. A. Abdelmohsen

ISBN
978-94-028-0706-6

Print
Ipskamp Printing, Enschede

 Loai K. E. A. Abdelmohsen, 2017. No part of this thesis may be reproduced, stored in
a retrieval system, or transmitted in any form or by any means without prior written
permission from the author or, when appropriate, from the publishers of the publications.

Polymeric Assemblies with Controlled Shape and Function

PROEFSCHRIFT

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR
AAN DE RADBOUD UNIVERSITEIT NIJMEGEN
OP GEZAG VAN DE RECTOR MAGNIFICUS PROF. DR. J. H. J. M. VAN KRIEKEN,
VOLGENS BESLUIT VAN HET COLLEGE VAN DECANEN
IN HET OPENBAAR TE VERDEDIGEN OP WOENSDAG 13 SEPTEMBER 2017
OM 10:30 UUR PRECIES

DOOR

LOAIELDEEN KAMAL ELSAYED AHMED ABDELMOHSEN

GEBOREN OP 30 JULI 1987
TE ALEXANDRIË (EGYPTE)

PROMOTOREN:
PROF. DR. DANIELA A. WILSON
PROF. DR. IR. JAN C. M. VAN HEST

MANUSCRIPTCOMMISSIE:
PROF. DR. ROELAND J. M. NOLTE (VOORZITTER)
PROF. DR. VIRGIL PERCEC (UNIVERSITY OF PENNSYLVANIA, PHILADELPHIA,
VERENIGDE STATEN)
DR. ILJA K. VOETS (TECHNISCHE UNIVERSITEIT EINDHOVEN)

Table of Contents
-Prologue & Thesis Overview- .................................................................................................... 1
-Proloog & Overzicht Proefschrift- ............................................................................................. 5
Chapter 1 ..................................................................................................................................... 9
-Introduction- ............................................................................................................................... 9
1. Micro and nanomotors ....................................................................................................... 10
1.1 Propulsion mechanisms................................................................................................ 11
1.2 Man-made catalytic motors .......................................................................................... 14
2. Towards fully biocompatible motors ................................................................................. 22
3. Polymeric vesicles: supramolecular assemblies for nanoeactors and soft nanomotors ..... 22
3.1 Polymersomes as nanoreactors .................................................................................... 24
3.2 Polymersome shape transformation and polymeric nanomotor formation .................. 26
4.Conclusions......................................................................................................................... 27
5. References.......................................................................................................................... 27
Chapter 2 ................................................................................................................................... 33
-Shape Characterization of Polymersome Morphologies via Light Scattering Techniques- ..... 33
1. Abstract .............................................................................................................................. 34
2. Introduction........................................................................................................................ 35
3. Results and discussions...................................................................................................... 37
3.1 Theoretical approximation of Rg/Rh: ............................................................................ 37
3.2 Experimental shape analysis via AF4- MALS-QELS: ................................................ 38
4. Conclusions........................................................................................................................ 41
5. Experimental ...................................................................................................................... 42
5.1 Experimental materials and instruments ...................................................................... 42
5.2 Experimental procedures.............................................................................................. 43
6. Supplementary figures and tables ...................................................................................... 46
7. References.......................................................................................................................... 54
Chapter 3 ................................................................................................................................... 57
-Enzyme-driven Supramolecular Stomatocyte Nanomotors- .................................................... 57
1. Abstract .............................................................................................................................. 58
2. Introduction........................................................................................................................ 59
3. Results and discussions...................................................................................................... 61
3.1 Solvent addition method for stomatocyte formation under mild conditions: ............... 61
3.2 Supramolecular assembly of enzyme-driven nanomotors............................................ 63
3.3 Enzyme incorporation efficiency based on their activities .......................................... 67
3.4 Enzyme-driven supramolecular nanomotors: movement analysis ............................... 68

V

Table of contents

4. Conclusions........................................................................................................................ 73
5. Experimental ...................................................................................................................... 74
5.1 Experimental materials and instruments ...................................................................... 74
5.2 Experimental procedures.............................................................................................. 76
6. Supplementary figures, tables and movies......................................................................... 80
7. References.......................................................................................................................... 98
Chapter 4 ................................................................................................................................. 101
-A Compartmentalized Out-of-Equilibrium Enzymatic Reaction Network for Sustained
Autonomous Movement- ......................................................................................................... 101
1. Abstract ............................................................................................................................ 102
2. Introduction...................................................................................................................... 103
3. Results and discussions.................................................................................................... 105
3.1 Rational design of a tunable metabolic network ........................................................ 105
3.2 Evaluation of the metabolic network ......................................................................... 105
3.3 Compartmentalization of the metabolic network ....................................................... 109
3.4 Analysis of movement of the stomatocyte nanomotors ............................................. 111
5. Experimental .................................................................................................................... 116
5.1 Experimental materials and instruments .................................................................... 116
5.2 Experimental procedures............................................................................................ 118
6. Supplementary figures and movies .................................................................................. 126
7. References........................................................................................................................ 129
Chapter 5 ................................................................................................................................. 133
-Formation of Well-defined, Functional Nanotubes via Osmotically Induced Shape
Transformation of Biodegradable Polymersomes- .................................................................. 133
1. Abstract ............................................................................................................................ 134
2. Introduction...................................................................................................................... 135
3. Results and discussions.................................................................................................... 137
3.1 Osmotically induced shape transformation of the biodegradable PEG-PDLLA
polymersomes into nanotubes .......................................................................................... 137
3.2 Drug encapsulation and protein tethering onto the nanotubes ................................... 142
4. Conclusions...................................................................................................................... 144
5. Experimental .................................................................................................................... 144
5.1 Experimental materials and instruments .................................................................... 144
5.2 Experimental procedures............................................................................................ 146
6. Supplementary figures and tables .................................................................................... 149
7. References........................................................................................................................ 156
Chapter 6 ................................................................................................................................. 159

VI

-Development and Characterization of a Biodegradable, Polymersomal Nanoreactor Vessel................................................................................................................................................. 159
1. Abstract ............................................................................................................................ 160
2. Introduction...................................................................................................................... 161
3. Results and discussions.................................................................................................... 164
3.1 Formation of biodegradable polymersomes via direct hydration of PEG-b-P(CL-gTMC) block copolymers .................................................................................................. 164
3.2 P(CL-g-TMC) membrane fluidity and semi-permeability ......................................... 168
3.3 Biodegradation of PEG-b-p(CL-g-TMC) polymersomes .......................................... 169
3.4 Protein/enzyme encapsulation inside PEG-b-p(CL-g-TMC) polymersomes ............. 170
3.5 Membrane integrity .................................................................................................... 170
3.6 PEG-b-P(CL-g-TMC) polymersomes as nanoreactors .............................................. 171
4. Conclusions...................................................................................................................... 173
5. Experimental .................................................................................................................... 173
5.1 Experimental materials and instruments .................................................................... 173
5.2 Experimental procedures............................................................................................ 175
6. Supplementary figures and tables .................................................................................... 178
7. References........................................................................................................................ 183
-Summary & Outlook- ............................................................................................................. 185
1. Summary .......................................................................................................................... 186
2. Outlook ............................................................................................................................ 189
2.1. Mechanism of motion ............................................................................................... 189
2.2 Shape transformation of PEG-PDLLA polymersomes .............................................. 190
2.3 Biodegradable nanomotors ........................................................................................ 190
3. References........................................................................................................................ 191
-Samenvatting- ........................................................................................................................ 193
Referenties ........................................................................................................................... 198
-Acknowledgements/ Dankwoord- .......................................................................................... 199
About the author ...................................................................................................................... 202
List of publications .................................................................................................................. 203

VII

-Prologue & Thesis Overview-

Prologue & Thesis Overview

Throughout history, grand designs of complex structures have reflected the
innovative nature of humankind. In the old, Dynastic period, ancient Egyptians crafted the
pyramids by stacking bricks on top of each other, creating magnificent architectures, one of
the Seven Wonders of the Ancient Worlds. The Dutch practice of building dikes, which has
begun from the middle ages when, without doubt, materials were rather limited, provides us
with insight in man’s ability to solve a problem. The ability to design and to innovate does
not stop at macroscopic objects like pyramids, dikes and so forth, but it does continue to the
underlying structures that dwell within matter – nature’s building blocks, molecules.
Thanks to recent advances in analytical technologies, close examination of matter
has become possible, up to the “tiny-sized” world of nano and microscopic structures. The
strive to understand this world has been inspiring and has provided scientists with enough
motivation to create synthetic models and mimics; as Richard Feynman said: “What I cannot
create, I do not understand”. Technology of designing, mimicking and manipulating
structures on nano and microscale is commonly referred to as ‘nanotechnology’.
Establishing materials on the mesoscale is usually performed via either constructing them
from their basic building units (bottom-up) or by breaking materials into their compositional
sub systems (top-down).
Unsurprisingly, the most finely tuned nanosized architectures are often encountered
in biology and have been a highly important source of inspiration for various scientific
disciplines to design their synthetic mimics. For example, biological systems that are
continuously moving in and between cells to perform function (e.g. myosin and kinesin)
have always been very exciting, and mimicking them is challenging, but ultimately a
significant exercise. Nanomotors exhibiting autonomous movement have not only been of
much inspiration to scientists, who have explored their potential in biomedical applications
and nanomedicine; in 1966, artistic imagination resulted in the SCI-FI movie Fantastic
Voyage, in which a nanoscale submarine was able to navigate the bloodstream to repair brain
damages.
Micro and nanomotors are a class of miniaturized man-made machines that are able
to convert chemical or external energy into mechanical motion. The past decade has
witnessed significant progress in the design and fabrication of micro and nanomotors as a
potentially intelligent biomedical platform. In this thesis, we describe our results in
constructing self-powered artificial polymersomal nanomotor/reactor systems, which are
able to propel themselves in the presence of biological fuel. In order to make these
nanomotors suited for biological applications, we first developed a system which could be
2

fuelled via enzymatic activity. Secondly, we investigated possibilities to replace the nondegradable polymer shell by a biodegradable one.
In the first introductory chapter, the progress in the field of micro and nanomotors
is described. In the first part of this chapter, mechanisms of motion for catalytic motors are
discussed and various types of catalytic artificial motors are presented. In the later
subsections, essential concepts for formation of polymeric vesicles (polymersomes) are
given, which are followed by the description of a specific supramolecular poly(ethylene
glycol)-polystyrene polymersome-based nanomotor system.
Chapter 2 presents theoretical and experimental approaches to characterize diverse
polymersomal morphologies via light scattering techniques, which have been used for
characterization in the proceeding chapters.
The work presented in chapter 3 describes a methodology for controlled and
reversible folding of polymersomes into bowl-shaped asymmetric structures, so-called
stomatocytes, under mild conditions that allows the encapsulation of proteins inside their
nanocavity, or stomach. The research focused on developing PEG-PS nanomotors by
encapsulating a well-known two-enzyme cascade reaction (glucose oxidase (GOx)-catalase
(CAT)) instead of platinum nanoparticles, which were previously used as catalytic motor
Chapter 4 builds on the previous chapter by replacing the simple two-enzyme
cascade reaction with an out-of-equilibrium enzymatic reaction network. The encapsulation
of this enzymatic network in the cavity of the stomatocytes resulted in a nanomotor that is
able to demonstrate sustained and regulated motion in a wide concentration range of biofuel.
Chapter 5 investigates the self-assembly and the shape transformation properties of
the glassy biodegradable poly(ethylene glycol)-block-poly(D,L-lactide) (PEG-b-PDLLA) as
a substitute for polystyrene based vesicles. Surprisingly, the shape transformation of PDLLA
yielded nanotubes instead of bowl-shaped stomatocytes. We analyzed the physical origin
behind the nanotube formation. Furthermore, we showed the possible utility of these
nanotubes for biomedical applications. We demonstrated that, alongside drug loading,
functional proteins could be tethered to the surface utilizing bio-orthogonal ‘click’
chemistry.
Chapter 6 examines the design and the properties of a new bio-degradable
copolymer comprising poly(ethylene glycol) and a gradient of poly(-caprolactone) (PCL)
and poly(trimethyl carbonate) (PTMC). PEG-b-P(CL-g-TMC) copolymers were shown to
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form polymeric vesicles using a biocompatible method for self-assembly. We describe the
development of the system and we also show its possible utility as nanoreactors.
Finally, we provide a summary, a general conclusion of this thesis and an outlook
for further research.
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Proloog & Overzicht Proefscrift

Door de eeuwen heen hebben de ontwerpen van complexe structuren het innovatieve
karakter van de mensheid weerspiegeld. In de oude dynastische periode hebben de oude
Egyptenaren de piramides gebouwd door stenen op elkaar te stapelen, waardoor prachtige
architecturen werden gecreëerd, één van de zeven wereldwonderen. De bouw van dijken in
Nederland, die in de middeleeuwen begon met beperkte materialen, geeft ons inzicht in het
vermogen van de mens om een probleem op te lossen. Het vermogen om te ontwerpen en te
vernieuwen stopt niet bij macroscopische objecten zoals piramides, dijken enzovoort, maar
gaat door in de onderliggende structuren van de materie; de bouwstenen van de natuur,
moleculen.
Dankzij recente ontwikkelingen in analytische technologieën is het mogelijk om
nauwkeurig onderzoek van materie mogelijk te maken, tot aan de 'kleine' wereld van nanoen microscopische structuren. Het streven om deze wereld te begrijpen is inspirerend en
heeft wetenschappers motivatie gegeven om synthetische modellen en imitaties te creëren.
Zoals Richard Feynman zei: “Wat ik niet kan creëren, begrijp ik niet”. De technologie van
het ontwerpen, nabootsen en manipuleren van structuren op nano- en microschaal wordt
‘nanotechnologie’ genoemd. Het maken van materialen op mesoschaal wordt gewoonlijk
uitgevoerd door ze vanuit hun basis bouweenheden op te bouwen (bottom-up) of door
materialen in hun compositie subsystemen af te breken (top-down).
Het is niet verrassend dat de meest fijngestemde nano-architecturen vaak in de
biologie voorkomen. Ze zijn een zeer belangrijke inspiratiebron voor diverse
wetenschappelijke disciplines bij het ontwerpen van hun synthetische imitaties. Biologische
systemen bijvoorbeeld, die continu in en tussen cellen bewegen om deze te laten
functioneren (bijvoorbeeld myosine en kinesine) zijn erg indrukwekkend. Het nabootsen
hiervan is een grote uitdaging, maar ook zeer belonend als dit slaagt. Nanomotoren die
autonoom bewegen hebben niet alleen wetenschappers geïnspireerd, die hun potentieel in
biomedische toepassingen en nanogeneeskunde hebben geëxploreerd. Zij vormden ook een
inspiratiebron voor anderen; in 1966 resulteerde artistieke verbeelding in de sciencefiction
film 'Fantastic Voyage', waarin een onderzeeër op nanoschaal in de bloedbaan kon navigeren
om hersenschade te repareren.
Micro- en nanomotoren zijn zeer kleine kunstmatige machines die chemische of
externe energie omzetten in mechanische beweging. Het afgelopen decennium is
aanzienlijke vooruitgang geboekt bij het ontwerpen en fabriceren van micro- en
nanomotoren als een potentieel intelligent biomedisch platform. In dit proefschrift
beschrijven we onze resultaten van het bouwen van zelf aangedreven kunstmatige
6

polymeersomale nanomotor/reactor systemen, die zich in de aanwezigheid van biologische
brandstof zelf kunnen voortbewegen. Om deze nanomotoren geschikt te maken voor
biomedische toepassingen ontwikkelden we eerst een systeem dat aangedreven kon worden
middels enzymatische activiteit. Ten tweede onderzochten we de mogelijkheden om het
niet-afbreekbare polymere membraan te vervangen door een biologisch afbreekbare.
In het eerste inleidende hoofdstuk wordt de vooruitgang op het gebied van microen nanomotoren beschreven. In het eerste gedeelte van dit hoofdstuk worden de
bewegingsmechanismen van katalytische motoren besproken en worden verschillende
soorten katalytische kunstmatige motoren gepresenteerd. In de latere subsecties van het
hoofdstuk worden essentiële concepten voor de vorming van polymere blaasjes
(polymeersomen) beschreven, gevolgd door de beschrijving van een specifiek
supramoleculair poly(ethyleenglycol)-polystyreen polymeersom gebaseerd nanomotorisch
systeem.
In hoofdstuk 2 worden theoretische en experimentele benaderingen om diverse
polymeersomale morfologieën te karakteriseren via licht verstrooiingstechnieken
gepresenteerd, welke vervolgens zijn gebruikt voor karakterisering in de navolgende
hoofdstukken.
Het werk dat in hoofdstuk 3 wordt gepresenteerd beschrijft een methode voor het
gecontroleerd en omkeerbaar vouwen van polymeersomen in komvormige asymmetrische
structuren, zogenaamde stomatocyten, die de inkapseling van eiwitten in hun holte mogelijk
maakt. Het onderzoek richtte zich op het ontwikkelen van PEG-PS nanomotoren door het
inkapselen van een welbekende twee-enzym cascade reactie (glucoseoxidase (GOx) catalase (CAT)) in plaats van platina nanodeeltjes, die eerder werden gebruikt als
katalytische motor.
Hoofdstuk 4 bouwt voort op het voorgaande hoofdstuk, waarbij de eenvoudige
twee-enzym cascade reactie werd vervangen door een 'uit-evenwicht' enzymatisch
reactienetwerk. De inkapseling van dit enzymatisch netwerk in de holte van de stomatocyten
resulteerde in een nanomotor die blijvende en gereguleerde beweging laat zien bij breed
concentratie-bereik van bio-brandstoffen.
In hoofdstuk 5 worden de zelfassemblage en de vormtransformatie eigenschappen
van het glasachtig biologisch afbreekbare poly(ethylene glycol)-block-poly(D,L-lactide)
(PEG-b-PDLLA) onderzocht, als substituut voor de polystyreen blaasjes. Verrassend
genoeg resulteerde de vormtransformatie van PDLLA in nanobuizen in plaats van
komvormige stomatocyten. We hebben de fysieke oorsprong achter de nanobuisvorming
7
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geanalyseerd. Verder hebben we de mogelijke toepasbaarheid van deze nanobuizen
aangetoond voor biomedische toepassingen. We hebben aangetoond dat, naast het 'laden'
van medicijnen, functionele eiwitten aan het oppervlak kunnen worden gekoppeld met
behulp van ‘click’ chemie.
Hoofdstuk 6 onderzoekt het ontwerp en de eigenschappen van een nieuw bioafbreekbaar copolymeer dat poly(-caprolactone) (PCL) en poly(trimethyl carbonate)
(PTMC) bevat. PEG-b-P(CL-g-TMC) copolymeeren vormden polymere blaasjes door
gebruik te maken van een biocompatibele methode voor zelf-assemblage. We beschrijven
de ontwikkeling van het systeem en tonen het mogelijke nut hiervan als nanoreactoren.
Tenslotte geven we een samenvatting van dit proefschrift en de vooruitzichten voor
verder onderzoek.
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-Introduction-

This introduction has been partly published as:
Abdelmohsen, L. K. E. A.; Peng, F.; Tu, Y.; & Wilson, D. A. J. Mater. Chem. B 2014, 2, 23952408
&
Tu, Y.; Peng, F.; Adawy, A.; Men, Y.; Abdelmohsen L. K. E. A.; & Wilson, D. A. Chem. Rev.
2016, 116, 2023-2078

Chapter 1

1. Micro and nanomotors
Biological motors are one of the most remarkable products of evolution; they can
perform biological tasks with surprisingly high efficiency. Intrigued and inspired by such
small biomachines, researchers from a multitude of backgrounds have searched for artificial
counterparts. The self-propelled micromachine holds tremendous promise for diverse fields,
from drug delivery to electronic sensing. Research in the direction of man-made micro- and
nano-motors was initiated by the report on the first catalytic centimeter-sized motors.1 Since
this seminal study, many strategies have been employed to develop new catalytic micro-and
nano-motors by using either a top-down2-5 or a bottom up approach.6-9 Nano-rods/wire
motors,10-13 tubular engines14-16 and Janus motors17-20 fabricated through rolling-up,
template-assisted or self-assembly techniques have been developed over the years with
higher speed and improved efficiency.
Most reported micro- and nanomotors rely on fuel to power their propulsion (e.g.
hydrogen peroxide), which limits their function in fuel-deprived environments. To tackle
this problem, several strategies have been proposed including fuel free motors that can be
remotely guided (e.g. using magnetic fields or ultra-sound).21-23 In the next paragraphs, we
will however mainly focus on highlighting the recent progress in the field of fuel
dependent, man-made catalytic micro and nanomotors and discuss their design,
mechanisms of propulsion and fuel types.
Multiple mechanisms have been proposed to explain fuel dependent self-propulsion
24-25
,
including bubble propulsion,6, 26-27 self-electrophoresis,28 diffusiophoresis,29 and
interfacial gradient propulsion.30 For any motor to function, a source of power is required to
generate movement. In the case of nano- and micro-scale motors the energy required for
motility is generally obtained via the decomposition of fuel by a catalyst. Much focus has
been placed on the catalytic decomposition of aqueous hydrogen peroxide (H2O2).31-32 In the
presence of a suitable catalyst - usually platinum (Pt) - H2O2 is rapidly decomposed into
water and oxygen.
In order to design efficient motors capable of autonomous propulsion in a range of
media, many investigations have focused on the design parameters required for such
systems. Of particular importance is the method of fabrication and the necessary shape
parameters in order for these motors to self-propel. The type of fuel, fuel concentration, the
nature of the catalytic motor and the strict control over the speed and directionality of the
motors are all key factors for their success. Various strategies have been employed with the
aim of investigating the mechanisms underlying autonomous propulsion at a nanometer
10

scale. These strategies include the use of bimetallic nanorods,24 tubular micro engines,26, 33
Janus capsules34-35 and stomatocytes.6, 36
1.1 Propulsion mechanisms
1.1.1 Bubble propulsion
Bubble propulsion is probably the most widely investigated mechanism in the field
of nano-motors.18, 37 Bubble propulsion arises from the spontaneous decomposition of a fuel
by a catalyst into micron sized gas bubbles whose release from the micro and nano-motor
surfaces drives the motion of the motors in the direction away from the catalyst (Figure 2).
The most widely reported examples of bubble-propelled motors are those equipped with
platinum (Pt) as a catalyst to decompose aqueous H2O2 into H2O and O2 bubbles. According
to literature, velocities of motors moving by bubble propulsion are much larger than those
moving by any other mechanism.19 Motors that operate via a bubble propulsion mechanism
can operate independently of the ionic content of the media;4, 14, 33, 38 this is an important
consideration when applying these systems in biological media such as blood or serum.39-40

Figure 1: (Left) Microrockets harvest their fuel directly from the local environment at the narrow
opening, which reacts along the inner cavity to produce bubbles that emerge out of the wider
exterior opening for thrust. (Right) Catalytic microrockets propelled by oxygen bubbles.
Reprinted with permission from Wang et al. 25

1.1.2 Self-diffusiophoresis propulsion
Self-diffusiophoresis is most commonly associated with asymmetric catalytic
motors. In this system, the catalyst is positioned within the motor to predispose accumulation
of the decomposition product of the fuel preferentially on one side of the motor. A
concentration gradient of the decomposition products is thus generated along the surface of
the motor. Subsequently, as the accumulated decomposition products reach a critical high
11
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local concentration they start to diffuse away from the motor, pushing the motor forward
which therefore results in the movement of the motor.27, 29 Propulsion resulting from selfdiffusophoresis causes the motor thus to move in the opposite direction of which the
products are formed and diffuse(Figure 2).27, 41

Figure 2: Schematic representation of a motor moving under the diffusiophoresis propulsion
mechanism.

1.1.3 Self-electrophoresis propulsion
Self-electrophoresis propulsion is usually attributed to an electric gradient generated
inside asymmetric conductive bimetallic rods. In principle, the system acts as a selfcontained electrochemical cell whereby one metallic end acts as the anode and the other as
the cathode.
Self-electrophoretic nanorods have been intensively investigated by Sen and
Mallouk by employing an Au/Pt couple generating a proton gradient in the direction of the
long axis of the nanorod.28 The oxidation of H2O2 at the platinum side of the rod (Pt, anode)
results in the formation of protons and electrons. The protons and electrons are utilized at
the gold side (Au, cathode) to reduce H2O2 to H2O. Besides the reduction of the peroxide,
studies on the mechanism suggested also a four-electron reduction of oxygen to water.42
These catalytic reactions lead to a net flow of electrons from the Pt side to the Au side and
the electromigration of protons to the cathode, giving rise to a proton gradient along the axis
of the rod. The electron flow generates a negatively charged microrod that responds to the
gradient by moving forward to the proton rich environment previously occupied by the
anode (Figure 3).27

12

Figure 3: Schematic representation of motor moving under self-electrophoresis. Adapted from
ref. 43

1.1.4 Interfacial tension motion induced propulsion
Interfacial tension motion has usually been used to explain propulsion of micronsized rods motors, where interfacial forces are allowed to be larger than inertial forces. When
a large quantity of product, such as oxygen, is produced near or at the catalytic site, it disturbs
the water’s hydrogen bonding organization causing a lower liquid-vapor interfacial tension.
Since microrod motors produce oxygen at only one end (the catalytic end), an interfacial
gradient can be established along the rod, causing it to propel in the direction of the
catalyst.27 Motors consisting of both gold and platinum segments that propel via interfacial
tension gradients were first reported by Crespi, Mallouk and Sen.30 The nanorods of Sen et
al. demonstrate non-Brownian motion along the long axis powered by the decomposition of
hydrogen peroxide. As hydrogen peroxide is decomposed at the platinum side, oxygen is
produced at a constant rate, which leads to a low interfacial tension. However, at the same
time, as a result of the oxygen production large oxygen bubbles form at the gold interface,
thus inducing a hydrophobic surface with even lower interfacial tension, propelling the
nanorod in the direction of the platinum side.
1.1.5 Conclusions on motion mechanisms
This section has outlined the four main mechanisms of propulsion presented in the
literature for the autonomous movement of various motors at the nanoscale. It is clear that
when comparing similar systems, the mechanisms of motion are dependent not only on
shape factors but also on the nature and the concentration of the fuel present. Furthermore,
in many cases propulsion is most likely to occur as a result of multiple mechanisms operating
in concert, which requires further investigations in order to determine the various
contributions of each mechanism. With this knowledge in hand the relative contributions of
for example bubble and phoresis based mechanisms may be tuned to result in highly
controlled propulsion systems.

13
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1.2 Man-made catalytic motors
The stratagem to employ a “green fuel” for thrust in bio-environments has attracted
much attention, however, employing hydrogen peroxide as a propellant fuel has continued
in a wide range of motors. Hydrogen peroxide is in itself relatively unreactive towards most
biological molecules, however the production of hydroxyl radicals either via exposure to
ultraviolet light or through interaction with transition metals is what imparts the toxic effects
of hydrogen peroxide in vivo. At the levels currently required to produce propulsion,
hydrogen peroxide is considered toxic to the in vivo environment and unsuitable for use in
biological applications.40 However, motors powered by hydrogen peroxide still have found
their way to certain biomedical applications, such as circulating tumor cells.5
Herein we focus on the use of catalytic motors employing various fuels for
propulsion and the typical design characteristics (e.g., catalyst and directionality) that make
them suitable for use in biomedical applications.
1.2.1 Artificial bimetallic nanowires
The majority of the first-generation motors were designed around a traditional
torpedo motif consisting of a nanowire or rod-shaped motor. The first example of artificial
(synthetic) nano-motors with diameters in the sub-micron domain (370 nm diameter) was
reported by Crespi, Mallouk and Sen in 2004, consisting of platinum (Pt) and gold (Au)
segments.30 These nanorods propelled along their long axis via interfacial tension induced
motion and achieved speeds of 3 – 8 µm s-1 via catalytic decomposition of hydrogen
peroxide. The work of Sen was closely followed by the work of Ozin et al. who reported
nickel - gold bimetallic rods in which the nickel segment catalyzed the decomposition of
H2O2 and rotational movement occurred again via an interfacial tension induced motion
mechanism.44
Sen and Mallouk systematically studied a range of combinations of bimetallic
nanowires which were selected for their stability in solutions containing H2O2. Pt – Au wires
displayed a relatively high speed of ~20 µm s-1.42 However, they were outperformed by Pt –
Ru nanowires with average speeds of ~30 µm s-1; on the other side Au – Ni nanowires were
the least effective motor systems with ~5 µm s-1 average velocity.
Wang et al. made a significant step forward in boosting the speed of bimetallic
nanowires by incorporating carbon nanotubes (CNT) into the platinum segment of the
nanorod (Figure 4); the speed of Au – Pt nanorods was elevated to 60 µm s-1 in 5% (w/w)
aqueous H2O2.45 It was suggested that CNT displayed high efficiency in their electrocatalytic
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activity towards H2O2 and enabled an improved internal electron transfer between the anode
and the cathode. This effect increased the proton flux and as consequence propelled the
motor forward much faster. The velocity of these Au – Pt / CNT nano-motor systems was
increased dramatically (up to 200 µm s-1) with the aid of hydrazine as a co-fuel.45 In the same
year, Wang et al. demonstrated that the speed of bimetallic nanowires was dramatically
increased by using a Ag/Au alloy instead of a pure gold segment.2

Figure 4: A schematic representation of the Au/Pt-CNT (top) and Au/Pt (bottom) nano rods,
propelling via the electrophoresis mechanism. Reprinted with permission from Wang et al.45

Purely self-electrophoretic nano-motors relying on dilute aqueous solutions of Br2
and I2 were reported by Liu and Sen. These systems displayed autonomous bubble free
motion utilizing copper platinum rods.46 Surprisingly motion could be achieved in very
dilute (0.5 mM) solutions of halogen giving rise to current densities equivalent to that of AuPt rods in 180 mM solutions of H2O2.46
Nelson et al. reported the formation of Au/Ru core-shell nanowires which propelled
themselves in presence of H2O2 (Figure 5).13 Interestingly, an increase in speed was noticed
by increasing their length. This resulted in less rotational diffusion and thus, an improved
contribution of the diffusiophoresis mechanism next to the bubble propulsion and
electrophoresis mechanisms to motion.
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Figure 5: A schematic representation of an Au/Ru core-shell nanowire that self-propels via 3
different mechanisms. Reprinted with permission from Nelson et al.13

1.2.2 Artificial catalytic tubular engines
Several groups have investigated the potential to develop systems that propel
independently of the ionic strength of the media through which they move and thus unlock
the door to use in biological media.4, 14, 33, 38 By modifying the design parameters such that
bubbles are expelled unidirectionally through the tubular structure rather than in a more
diffuse pattern very high velocities have been obtained at a range similar to those of nature’s
fastest bacteria.43, 47 The tubular structures were synthesized by two techniques; firstly tubes
were prepared by rolling up membranes of Pt/Au4 or PANI/Ni/Pt15 to form microtubes. The
second technique utilized the template assisted technology, whereby a pre-tensioned foil was
coated with multiple metallic layers. This allowed the production of Pt/Au/Fe/Ti33 and
Ti/Cr/Pt48 tubes. These catalytic tubular micro-engines displayed speeds of ~140 μm s-1 up
to 2000 μm s-1 for relatively large tubes.
Employing the template assisted synthesis Mei and Schmidt constructed catalytic
titanium/iron (cobalt)/platinum (Ti/Fe (Co)/Au/Pt) metallic multilayer conical micro-tube
engines (microjet) in which the inner surface was constructed of platinum. 14 In all cases of
rolled tubes it was assumed that there was a small difference between the two openings, thus
a subtle cone like structure was obtained with bubbles being propelled from the widest of
the two openings.49
Wang et al. recently demonstrated a faster catalytic system based on a
poly(aniline)/platinum (PANI/Pt) catalyst, which propelled 6 times faster than the
Ti/Fe(Co)/Au/Pt rolled-up microjets even at lower levels of H2O2 fuel (down to 0.2 %).15
As in the previous studies, the PANI/Pt microtubular engines were tested in physiological
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conditions such as in a cell culture or serum. Both media did not seem to affect the speed of
the motors as they propelled with high average speeds of 150 µm s -1 in cell culture and 95
µm s-1 in serum.
Various catalytic micro-tubular engines for different biomedical applications such
as selective isolation, recognition, capturing and transport. These strategies are based on
micro-engines functionalized with a bio-receptor such as aptamers for isolation of cancer
cells,5, 50-51 lectins for protein recognition,50 oligonucleotide for bacteria transport,52 or
antibodies for nucleic acid capturing (Figure 6).53 Furthermore “on-the-fly” recognition
capability was also explored in systems based on poly(3-aminophenyl-boronic acid)
(PAPBA)/Ni/Pt that contain boronic acid for sugar capturing and transport54 and for the
isolation and transport of proteins from raw serum and saliva samples using molecularly
imprinted polymers (MIPs).55

Figure 6: Isolation of the target nucleic acid in a PDMS channel using modified microrockets.
(Top) Cartoon depicting the use of a modified microrocket to isolate and transport the captured
target from a raw sample to a clean/separate location for downstream applications. (Bottom)
Optical microscopy images depicting the process as a modified microrocket captures the target
DNA in a sample reservoir (a) and transports it across a 6 mm long channel (b) to a clean well
(c). Target DNA concentration 25 nM, 7 min moving in the “dirty” well before entering in the
channel. Insert in panel c shows a 2× zoomed image taken 10 min after arriving to the clean
well to facilitate a clear visualization of the fluorescent particles attached to the modified
microrockets. Scale bar, 60 μm. The borders of the channel are accented using blue dash lines
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and the position of the microrocket is indicated with a red arrow for clear visualization.
Reprinted with permission from Wang et al.53

1.2.3 Artificial catalytic self-assembled motors
Supramolecular chemistry and self-assembling techniques were also reported as a
promising bottom-up approach for the design of self-propelling nano-motors. These systems
were constructed via either the supramolecular assembly of block-copolymers and
nanoparticles into catalytic bowl-shaped stomatocytes, 6 or via layer by layer (LBL)assembly of Janus capsule motors34 (particles of which their surface possesses 2 or more
different physical properties) capable of using multiple fuels. Both systems used platinum
nanoparticles (Pt NPs) as the catalyst to decompose hydrogen peroxide to oxygen and water.
At higher H2O2 concentrations the stomatocyte nanomotors were propelled via the bubble
propulsion mechanism. Even concentrations of hydrogen peroxide as low as 0.005% (v/v)
were enough for these nano-motors to move by the self-diffusiophoresis mechanism at
speeds up to 6.6 µm s-1.56 Janus microsphere motor systems able to self-propel in three
different fuels: acid, base and H2O2 at high speeds (up to 200 µm s-1 in alkaline media) were
recently introduced by Wang et al.35 The Janus motor was based on an Al/Pd catalyst which
made it multi-fuel dependent and as consequence was able to propel in these different
environments. The movement of these Al/Pd micromotors in acids and bases resulted from
the generation of hydrogen bubbles during the reaction of Al with acids or bases. The motors
were also able to propel in hydrogen peroxide as a result of the thrust produced from the
catalytic decomposition of H2O2 by Pd. The ability of the Janus microspheres to scavenge
from multiple fuel sources is potentially useful for various biomedical applications.
Much smaller motors down to 5 nm size were reported by Li et al. These nanomotors were self-assembled from three types of nanoparticles onto the surface of a much
larger quasi-two-dimensional polymer single crystal (PSC) (Figure 7). The nanoparticles
were selected in order to provide both the active catalyst for the autonomous movement as
well as the ability to visualize and guide the motor under external stimuli. Gold nanoparticles
(Au NP) were selected for their tunable surface plasmon resonance (SPR) and easy
traceability with optical microscopy. Fe3O4 magnetic nanoparticles were used for the
possibility to control the directionality of the system using magnetic fields. Finally, Pt NP
were used as a catalyst for the autonomous movement as a result of the decomposition of
the hydrogen peroxide fuel. Although the active catalyst occupied only a small portion 1:100
of the total weight of the system, the nano-motors were able to propel efficiently in H2O2
with speeds of 30 µm s-1. This strategy to construct nano-motors along with a heterogeneous
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mix of other functionalities is of use particularly for applications such as cell separation and
targeted drug delivery, as functional groups and receptors can easily be attached onto their
surfaces.57

Figure 7: Schematic illustration of the fabrication process of the PSC nanomotor. Reprinted
with permission from Li et.al.57

1.2.4 Artificial bio-hybrid catalytic motors and towards fully biocompatible motors
The motors described above hold great promise for application in biomedical fields.
Such machines may be used for motion based sensing,58 due to their relatively high speed
when compared to that of natural bio-motors,59-60 their easy preparation methods60 and the
relative ease of access to length scales in the sub-micron domain. The design restrictions on
such systems are still however rather challenging;40 it is essential to control the structure of
the motor, the nature of the catalyst, fuel concentration and type. Furthermore, also control
over the speed and directionality of motion are to the same extent very important. In addition
to the challenge of imparting controlled directionality over motors used in biomedical
applications, it is also necessary to operate within strict biological parameters such as pH,
temperature, ionic content and most importantly type of fuel that is in itself both reactive
enough under the correct conditions to produce propulsion without at the same time inducing
a toxic response in the biological system under which it operates.
Nano and micro-motors that are propelled by self-electrophoresis (e.g. nanorods) 42
are only functional in low-ionic strength aqueous solutions which thus makes them
unsuitable for use in biological media where ionic strengths are typically rather high.4, 39
Moreover, generally, the fuel used to propel catalytic micro- and nanomotors is based on
hydrogen peroxide and hydrazine, which are not compatible with biological systems, thus
hindering their operation in vivo. To overcome this problem, several strategies have been
proposed including biohybrid motors. Biohybrid motors are not fully biocompatible, yet they
are designed to combine the advantages of both biological motors and artificial machines.
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The core strategy to construct bio-hybrid catalytic nano-motors relies on harnessing the
function of existing motor systems into a hybrid system. Therefore many artificial nanomotors have been designed to propel in biological fluids employing urea20 and glucose as
fuel20, 61 or to incorporate enzymes as catalytic motors.32, 46 For example, catalase is an
enzyme found in cells that is able to efficiently decompose hydrogen peroxide into water
and oxygen,62 and thus to translate chemical energy into mechanical energy when introduced
in a nanomotor architecture. The next section will cover 3 examples of the mostly used biohybrid catalytic motors, namely: CNT-, tubular- and Janus-based motors.
1.2.4.1 Bio-hybrid catalytic carbon-based motors
In 2005 Heller et al. reported carbon microfibers, powered by biocompatible
chemicals such as glucose and oxygen.63 Glucose oxidase (GOx) and bilirubin oxidase
(BOD) were used as a bioelectrocatalysts for the oxidation of glucose to gluconolactone and
subsequent peroxide reduction to water. As a result, a flux of protons from anode to the
cathode was generated causing propulsion at speeds of 1000 µm s-1. Analogous to the earlier
described microtube systems they move by directing expulsion of gas along the fiber.
Feringa et al. reported a biohybrid propulsion fuel system formed from multi-walled
carbon nanotubes (MWCNTs). The autonomous movement was induced by the in situ
formation of hydrogen peroxide through the oxidation of glucose to gluconolactone and
further decomposition of hydrogen peroxide by catalase (Figure 7). The resulting oxygen
bubbles were able to propel the motors at a maximum speed of 800 µm s-1.64

Figure 7: (Left) Schematic illustration of the biohybrid propulsion system with Glucose oxidase
(GOx) and Catalase immobilized covalently to MWCNT. The combined action of both enzymes
generates oxygen bubbles that propel the MWCNT. (Right) TEM image of carbon nanotube with
enzymes attached. Reprinted with permission from Feringa et al.64
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1.2.4.2 Bio-hybrid catalytic tubular motors
Microtubes have been shown by Schmidt et al. to constitute a versatile platform for
the attachment of enzymes as bio-substitute of platinum. The motor was fabricated by first
decorating the Au layer of the Ti/Au microtube with a self-assembled monolayer (SAMs) of
3-mercaptopropionic acid (3-MPA), to which catalase was covalently attached.62 This motor
was able to propel even in reasonably low concentrations of hydrogen peroxide (1.5%
(w/w)).
Wang et al. also described acid-driven tubular poly(aniline) (PANI)/Zn
microrockets that were able to propel efficiently (92 μm s-1) in human serum (Figure 8).65
The motors were propelled by the continuous flow of hydrogen bubbles produced during the
redox reaction at the inner zinc surface. Several groups have fabricated catalase powered
tubular motors, which displayed autonomous movement via bubble propulsion
mechanism.62, 66 Proof-of-concept biomedical applications such as drug delivery towards
cells were demonstrated.66

Figure 8: Acid-driven PANI-Zn microrocket: (Left) schematic of motion in an acidic
environment; (Right) SEM images of the top view of two PANI-Zn microtubes (prepared using a
membrane with 2 μm diameter pores). Reprinted with permission from Wang et al.65

1.2.4.3 Bio-hybrid catalytic Janus motors
Wang et al. designed the first model of a water-driven spherical Janus micromotor
based on an aluminium-gallium binary alloy that moved at surprising speeds of 3 mm s-1 in
pure water and at speeds of 500 μm s-1 in human serum. The movement of these micromotors
was based on the hydrogen bubble thrust generated from the reduction of water to hydrogen
in the presence of aluminium.26 This is one of the first examples of motors running on
biological and biocompatible fuels such as water.
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Plant tissues (potato tubers, carrot roots and millet seeds) were also reported to
propel. These tissues are rich in catalase. For efficient propulsion, asymmetric distribution
of the catalase within the plant rod was required and thus, they were partially coated with
inert coating materials such as Nafion, chitosans, epoxy resins or nail lacquers. These
coatings were efficient in providing the required asymmetry for sustainable propulsion
(potato motors coated with an epoxy resin propelled at a velocity of 360 µm s-1). These plantderived nano-motors are cheap, thermo-stable and biocompatible, however their usefulness
for biomedical applications still has to be demonstrated.59
Sen et al. showed the possibility of thermally induced motion as a result of
exothermic enzymatic reactions.67 They immobilized urease and catalase on polystyrene
microparticles, which displayed enhanced diffusion in presence of substrates. Stadler et al.
designed a silica nanomotor system that is able to propel in presence of glucose. 61 They
immobilized GOx and catalase onto one side of silica particles, which displayed enhanced
diffusion properties.
2. Towards fully biocompatible motors
The most important requirement for the use of catalytic nano-motors in biomedical
applications is the biocompatibility of them and their fuel.40 The most simple nanomotor
system was reported by Sen et al., who showed that single enzymes, such as catalase, display
autonomous movement. This movement was entirely substrate dependent and the
directionality was controlled via movement in a gradient of fuel (chemotaxis behavior). The
gradient of hydrogen peroxide fuel was generated in situ using glucose oxidase and glucose.
Catalase was shown to migrate towards the high concentration of GOx generating a
chemically interconnected system. He et al. designed a biodegradable BSA/poly-L-lysine
multilayer motor and showed its capacity to be loaded with doxorubicin anti-cancer drug.
These motors were loaded with catalase and therefore their propulsion was only possible in
presence of H2O2.66 Wang et al. reported a transient Mg- and Zn- based janus micromotor
that degrades without leaving a toxic residue. However, these motors showed fast
degradation (from few minutes to few hours), which limits their use for prolonged
applications.68 These reports are a key step towards biocompatible nanodevices for
biomedical applications such as drug delivery and biosensing.59, 69
3. Polymeric vesicles: supramolecular assemblies for nanoeactors and soft nanomotors
Polymeric vesicles, polymersomes, are bi-layered structures with a spherical
morphology, made from amphiphilic block copolymers comprising hydrophobic and
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hydrophilic covalently linked chains.70-71 Polymersomes are formed via spontaneous
dynamic self-assembly, representing a thermodynamic minimum, decreasing the system’s
free energy.70 For block copolymers to assemble into polymersomes, they have to meet
certain requirements - otherwise formation of various different structures such as micelles,
worm- or spherical-like micelles and aggregates will be promoted instead.72 Phase behavior
of bulk (un-diluted) block copolymers is governed by three factors: block copolymer
molecular weight (copolymer length), the hydrophilic polymer weight fraction ƒ and the
Flory-Huggins polymer interaction parameter χ .73 The hydrophilic weight fraction ƒ
determines the final morphology of the resulting self-assembled structures, given that χ and
the length block copolymer are adequately chosen, as incorrect polymer length and χ will
lead to precipitation.72 Yet it is noteworthy mentioning that the final morphology is markedly
dependent on polydispersity of the polymers applied.74

Figure 9: Schematic representations of block copolymer fractions with respective cryo-TEM
images showing vesicles or worm-like micelles and spherical micelles. Reprinted with
permission from Ahmed et al.72

Various synthetic block copolymers have been utilized for polymersome formation.
As hydrophilic block poly(ethylene glycol) (PEG) is often employed. PEG is well soluble
in both polar organic solvents and water, which facilitates the assembly process via
traditional solvent switch methods, in which water is added to an organic solution of block
copolymer, or vice versa. Furthermore, PEG is flexible and non-charged, which makes it a
versatile hydrophilic component. Although PEG is not biodegradable, it has proven
biocompatibility. For the hydrophobic block, often polybutadiene and polystyrene are used,
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although the variety is larger than for the hydrophilic domain, and also includes biodegradable blocks such as polycaprolactone and polylactide.75-79
Polymersomes are usually referred to as particles with potential applications as
nanocontainers. The ability of polymersomes to encapsulate and compartmentalize material
allows them to be potentially used for drug delivery, nanoreactors and as mimics for living
systems.80 Moreover, spherical polymersomes can be reshaped into various morphologies
such as elongated prolates and bowl-shaped structures called stomatocytes. Controlling
polymersome morphology is an exciting prospect for biologically related applications.
Interactions between polymersomes and cells, which are key to a range of processes such as
immune regulation and cellular uptake, are highly affected by the particle shape. In this
section, we will briefly discuss examples that highlight the nanoreactor applications of
polymersomes. Also, polymersome shape transformation into bowl-shaped stomatocytes to
form nanomotors will be highlighted.
3.1 Polymersomes as nanoreactors
Polymersomes are composed of three different compartments, namely an inner
aqueous lumen, hydrophobic membrane and a hydrophilic outer surface. Thanks to their
synthetic nature, their properties (i.e. shape, size, surface chemistry and membrane
permeability) can be tuned81 and actively controlled for a wide range of bio-related
applications such as drug delivery,82 imaging83 and as mimics of life-like systems.84-86 In
comparison with liposomes, polymersomes show increased stability and membrane integrity
and therefore they are often used as alternative carriers.87-88
Under normal circumstances the thickness and stability of the membrane prevents
exchange and interaction of compounds between the lumen and the external environment.
However, it has proven possible to induce selective membrane permeability, which allows
to keep larger molecules such as enzymes trapped inside, whereas small molecules can
diffuse in and out of the polymersomes.89-98 This type of polymersomes can be exploited as
nanoreactors. For example, Van Hest et al. demonstrated the potential of polymersomes as
nanoreactors by positional assembly of three enzymes in different compartments of the
polymersome, which were able to perform a cascade reaction.94 The polymersome surface
was decorated with horse-radish peroxidase (HRP),Candida Antarctica Lipase B (CalB) was
inserted in the membrane while Glucose oxidase (GOx) was encapsulated in the lumen. This
allowed the conversion of glucose acetate by CalB into glucose, which was oxidized by GOx
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into gluconolactone and hydrogen peroxide, that was subsequently oxidized by the available
ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid).
The concept of compartmentalization in polymersomes was also used as a tool to
mimic life-like systems by constructing a polymersomes-in-polymersome
multicompartment structure in which enzymes were confined to the small polymersomes.84
A sequential enzymatic cascade reaction was performed, as such that every step of the
cascade was separated in different polymersomes; the enzymes remained in place while the
substrates and products diffused freely across membranes of the small polymersomes. The
starting compound, a profluorescent ketone, was oxidized by a Baeyer-Villiger
monooxygenase with the aid of a cofactor into an ester, which subsequently diffused into a
polymersome sub-compartment to form an alcohol through a hydrolysis reaction by a lipase.
In another polymersome sub-compartment, the generated alcohol was oxidized by alcohol
dehydrogenase to an aldehyde that further underwent a spontaneous β-elimination to yield a
fluorescent dye used for confirmation of the completion of the cascade.

Figure 10: The concept of the cell mimic, which shows the initial encapsulation of different
enzymes in polystyrene-b-poly(3-(isocyano-l-alanyl-amino-ethyl)-thiophene) (PS-b-PIAT)
nanoreactors (1), followed by mixing of the organelle mimics, cytosolic enzymes, and reagents
(2), before encapsulation of the reaction mixture in polybutadiene-b-poly(ethylene oxide) (PBb-PEO) vesicles (3) to create the functional cell mimic (4), inside which enzymatic
multicompartment catalysis takes place. B) Detailed cascade reaction scheme. Profluorescent
substrate undergoes a Baeyer–Villiger reaction catalyzed by phenylacetone monooxygenase
(PAMO), with one unit of the reduced form of nicotinamide adenine dinucleotide phosphate
(NADPH) being consumed, to yield ester 2, which is subsequently hydrolyzed by Candida
antarctica lipase B (CalB) or alcalase to provide a primary alcohol. Alcohol dehydrogenase
(ADH) oxidizes the alcohol, by using the cofactor nicotinamide adenine dinucleotide (NAD+), to
give the aldehyde, which then undergoes spontaneous beta-elimination to yield resorufin as the
final fluorescent product. Reprinted with permission from Peters et al.84
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3.2 Polymersome shape transformation and polymeric nanomotor formation
Although polymersomes are in possession of a relatively thick membrane, which
allows them to tolerate several changes in the environment, their morphology can be reengineered and re-shaped.99 Shape transformation of spherical polymersomal vesicles, in
response to external stimulus such as pH, 100 osmotic pressure, 101-102 temperature, chemical
composition of the membrane103 and magnetic fields104 is well studied. Battaglia et al.
reported formation of pH sensitive tubular polymersomes that are capable to encapsulate
cargo and pursue cellular delivery. 100 We have recently shown the formation of elongated
polymersomes by applying a fast crosslinking reaction, which caused the formation of an
asymmetric membrane. The asymmetry forced the vesicles to change shape from spherical
to tubular. When a cleavable cross-linker was introduced, the shape change process was
made reversible. 103 Generation of such elongated structures with high aspect ratio is an
exciting prospect especially in biomedical applications where multivalency is of significance
(e.g. for the development of artificial antigen-presenting cells).105
Shape transformation of PEG-PS spherical polymersomes into bowl-shaped
structures, stomatocytes, as a response to osmotic shock was also investigated.102 The
stomatocyte structures were shown to align and deform in high magnetic field to generate
magneto-responsive valves able to reversibly capture and release cargo. The controlled
shape transformation allowed for the entrapment of platinum nanoparticles within the inner
compartment, yielding a catalytic nanomotor assembly.6,56 Decomposition of hydrogen
peroxide by the encapsulated platinum nanoparticles produced a rapid discharge of oxygen
that induced propulsion.

Figure 11: a) Supramolecular nanomotor design; Strategy for entrapping preformed PtNPs
during the shape transformation into stomatocytes. b) TEM image showing the entrapment of 80
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nm PVP-capped PtNPs during the shape transformation of polymersomes. c) Average mean
square displacement of the supramolecular nanomotors as function of fuel concentration. d) 3D
reconstruction of the platinum filled stomatocyte nanomotor. e) Typical trajectories of the
supramolecular nanomotors in 50 mM H2O2 (fuel) concentration. Reprinted with permission
from Wilson et al.6,56

The supramolecular approach to develop nanomotor carriers for biomedical
application is the main inspiration of this thesis. Designing polymeric soft, biocompatible
carriers has a wide range of implications, not only from the applications point of view, but
also from the perspective of mimicking and consequently understanding nature.
4.Conclusions
While early work focused on the design of rod shaped motors, much work has been
carried out to adapt these designs to better exploit the fuel through focus-based expulsion of
gas similar to that of a jet engine at the macroscopic level. This work has further been
translated into biologically more relevant systems such as those of the carbon-based
microfibers and polymeric vesicles, moving away from hard metal surfaces to a softer
design. The next natural progression is from simple metal-based catalysts to bio- based ones
such as enzymes, as the source of conversion of chemical into kinetic energy. The ability to
scavenge multiple fuels is an attractive parameter in particular in fuel-poor environments.
The clear challenge to the field is to combine directed expulsion, biological motors and multi
fuel systems into a single design able to propel in a variety of biological media without the
need to change the motor.
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Chapter 2

1. Abstract
Polymersomes, vesicles self-assembled from amphiphilic block copolymers, are
well known for their robustness and for their broad applicability. Generating polymersomes
of different shape is a topic of recent attention, specifically in the field of biomedical
applications. To obtain information about their exact shape, tomography based on cryoelectron microscopy is usually the most preferred technique. Unfortunately, this technique
is rather time consuming and expensive. Here we demonstrate an alternative analytical
approach for the characterization of differently shaped polymersomes such as spheres,
prolates and discs via the combination of multi-angle light scattering (MALS) and quasielastic light scattering (QELS). The use of these coupled techniques allowed for accurate
determination of both the radius of gyration (Rg) and the hydrodynamic radius (Rh). This
afforded us to determine the shape ratio ρ (Rg/Rh) with which we were able to distinguish
between polymersome spheres, discs and rods.
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2. Introduction
Numerous biomedical applications that involve interaction between cells and
particles are greatly affected by chemophysical properties such as particle size, surface
chemistry and shape.1-3 This latter property is more difficult to control than the other
features, which therefore led until recently to an underrepresentation of publications on
shape effects in particle-cell interactions in the nanomedicine field. The importance of shape
is nowadays well recognized and also different approaches have been reported, such as the
PRINT technology4-7 and particle stretch techniques.8-9 Bottom-up self-assembly of
polymersomes with various shapes is another emerging technique.2, 10 Polymersomes are
assembled from synthetic block copolymers containing hydrophobic and hydrophilic
blocks,11 which can be chemically modified to offer functionality either on the surface or in
the membrane bilayer.12-13 In addition, the shape of these polymersomes can be transformed
into a large array of morphologies.14-16 In general, vesicles can change shape from an initially
spherical morphology via two possible routes: deflation via oblates (discs) or deflation via
prolates (rods) as is shown in figure 1.17

Figure 1: Schematic illustration showing the two possible deflation paths of a spherical
polymersome. Deflation occurs either via the prolates (prolate spheroids and rods) or oblates
(oblate spheroids and discs). All shapes are cylindrically symmetric, with the axis of symmetry
given by the dashed arrows.
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In order to gain more information about the shape of the formed structures, dry and
cryo-electron microscopy techniques, both in scanning (SEM) and transmission (TEM)
mode, are the method of choice.18 In some cases differentiation between different
morphologies (e.g. discs and spheres) can be rather difficult and misleading and therefore,
multi angle tomography imaging has to be performed on these structures to obtain an
accurate geometrical understanding. Unfortunately, these techniques are rather expensive,
not accessible to everyone and also time consuming, as sample preparation requires long
waiting times. It would therefore be advantageous to have access to a shape characterization
technique, which is robust, fast and does not require extensive sample preparation.
An attractive method for polymersome shape analysis that we propose is the
combination of asymmetric flow field flow fractionation (AF4), coupled with static light
scattering (MALS) and dynamic light scattering detectors (QELS). AF4 is necessary for the
fractionation of the sample components prior to detection, which enables the collection of
informative data from monodisperse particles instead of the whole sample population.19-20
MALS furthermore provides information regarding the radius of gyration (Rg), also known
as the root-mean-square radius (rms) while the hydrodynamic radius (Rh) is determined by
using QELS. The ratio of the two radii gives a shape ratio, ρ, which is specific to the particle
morphology.21-26 The combination of AF4-MALS-QELS was previously used to
characterize several morphologies of polymer aggregates, in particular micelles.27-30 The use
of this technique to characterize the shapes of different polymer vesicles has been
overlooked so far. Till et. al. showed that this technique is also valuable for the analysis of
polymersomes assembled from different polymer types and lengths. 31 Shape ratios for
polymersomes could however only be determined for spheres, but not for other
morphologies. To the best of our knowledge this is the first and only example to use this
technique on various polymeric vesicles for shape analysis. In this chapter, we report how
AF4-MALS-QELS can be used as a generic method for the characterization of different poly
(ethylene glycol)-b-poly(styrene) (PEG-PS) based polymersome morphologies (spheres,
discs and rods).
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3. Results and discussions
3.1 Theoretical approximation of Rg/Rh:
The dimensions of particles can be described by the hydrodynamic radius (Rh) and
the radius of gyration (Rg). Rh is the radius of a hard sphere in solution and it is described
via equation:20, 32-33
𝑅ℎ =

𝑘𝑇
6𝜋𝜂𝐷

(1)

with k the Boltzmann constant, T the temperature, η the viscosity of the solvent and D the
diffusion coefficient of the polymersome. Rg is an angular dependent value that can be
defined as the root mean square distance between mass and their common center and it can
be calculated by:34
1

𝑅𝑔2 = ∮ 𝑟 2 ∙ 𝑑𝑉
𝑉

(2)

with V the volume of the scattering part of the polymersome and r the distance between the
center of mass and an infinitesimal small scattering volume element. The combination of Rg
and Rh allows the shape dependent factor ρ (=Rg/Rh) to be calculated in order to distinguish
between spheres, discs and rods.32, 35-36
Polymersomes are filled with and surrounded by solvents, which do not scatter light.
The only part of the polymersomes that does scatter light is the membrane itself. By
definition, the polymersome membrane is located at the surface of the vesicle and therefore
only the polymersome membrane contributes to Rg. Therefore, equation (2) becomes:
1

𝑅𝑔2 = ∮ 𝑟 2 ∙ 𝑑𝐴
𝐴

(3)

For a spherical polymersome, all the scattering mass is concentrated on the surface
of the sphere, at radius R. The hydrodynamic radius of a sphere is by definition always equal
to the outer radius R and therefore Rg/Rh = 1.37 The expected value of Rg/Rh for a hollow rod
or a hollow disc is however more complicated since it also depends on the aspect ratio and
the exact shape. Over the last years, equations for calculating the Rh of rods and discs have
been formulated.33-34, 36, 38-40 However, the equations for discs are mostly valid for solid
toroidal discs (like micellar discs) and do not apply to hollow biconcave discs. 33-34, 40 The
expressions for rods are furthermore only valid for large aspect ratios36, 38-39 (see section 5.2.1
and supplementary figure 1 and 2). Our polymersome rods and discs have a relatively low
aspect ratio, in the order of 2 to 4. Therefore, we have chosen to use the equations of Perrin
for oblate and prolate spheroids as an approximation (see supplementary figure 1),36, 41 which
are especially valid in the low aspect ratio regime. Using these equations, we calculated Rh
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as a function of the aspect ratio. The corresponding value of Rg was obtained by numerically
calculating the integral given in equation (3) over the surface of both oblate and prolate
hollow spheroids (see section 5.2.1 and supplementary figure 3). The calculated values of
Rg/Rh are shown in figure 2.

Figure 2: Theoretical values of Rg/Rh for hollow oblate spheroids and hollow prolate spheroids
as function of the aspect ratio. For an aspect ratio of 1, both the prolates and the oblates
represent a sphere and thus Rg/Rh starts at 1. For both oblates and prolates, the value of Rg/Rh
increases with increasing aspect ratio, although the effect is much larger for the prolates.

For both rods and discs, the value of Rg/Rh is expected to be larger than that of
spheres. The increase in Rg/Rh with increasing aspect ratio is expected to be largest for the
prolates.
3.2 Experimental shape analysis via AF4- MALS-QELS: Three various polymersomes
morphologies (spheres, discs and prolates) were prepared following previous literature
procedures (see section 5.2.2 and 5.2.3).42 We confirmed the morphologies of the three
different polymersome samples using TEM and (multi angle) cryo-TEM imaging techniques
(see figure 3 and supplementary figure 4). Moreover, batch DLS was used to confirm both
the sizes and the relative small poly dispersity of the structures (see figure 3).
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Figure 3: Cryo-TEM (a, b and c), dry-TEM images (d, e and f) and batch-DLS measurements
of spheres (a, d, g), discs (b, e, h) and rods (c, f, i). The spheres in the dry-TEM image are
collapsed due to drying effects but the cryo-TEM image clearly proves the spherical morphology.
The discs have a different intensity distribution than spheres in cryo-TEM but in dry-TEM the
differences are much more clear. The rods are very well recognizable in both cryo-TEM and
TEM. All scale bars are 500 nm. Angle dependent cryo-TEM for all three morphologies is shown
in supplementary figure 3. For the batch DLS, the measured autocorrelation curves are indicated
by the red dots. The blue lines are the fittings of the autocorrelation curves, from which the
hydrodynamic radii were determined (given below every autocorrelation curve).

Next, the polymersome samples were analyzed by AF4. The samples were injected
and the channel flow was adjusted for their successful elution (see section 5.2.4).
Furthermore, first the integrity of the polymersomes after the AF4 run was confirmed (see
supplementary figure 5). Analysis of the light scattering data of the spherical polymersomes
(see supplementary figures 6 and 9) resulted as expected in an average Rg almost equal to
the measured Rh, leading to an Rg/Rh of 1.01 ± 0.04 (see figure 4d and supplementary figure
9), which is in agreement with the theoretical hollow sphere shape ratio. The light scattering
data of the discs (see supplementary figures 7 and 10) showed a relatively high Rg value
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compared to the Rh which resulted in an Rg/Rh of 1.20 ± 0.07 (see figure 4d and
supplementary figure 10), referring to disc-like structures (Figure 2). The light scattering
data of the prolate samples (see supplementary figures 8 and 11) revealed a considerably
larger average Rg in comparison with the Rh value. This large difference led to an Rg/Rh of
1.64 ± 0.15 (see figure 4d and supplementary figure 11). The experimental data shows
indeed that the rods and the discs have a higher Rg/Rh than spheres as was predicted, with
that of the rods being the largest. This trend is in agreement with the theoretical predictions
in figure 2. However, a quantitative match between the experimental data with the
predictions is not observed (see supplementary figure 12), which can be attributed to the
differences in experimentally determined mass distribution between discs and rods, and the
theoretical oblate or prolate spheroids, which would alter Rg. As there are currently no exact
expressions for Rh for hollow rods and hollow biconcave discs of low aspect ratio, these
deviations are to be expected. Nevertheless, we have proven that it is certainly possible to
distinguish between spherical, rod-shaped and disc-shaped polymersomes based on the
measured Rg/Rh values alone since these values and their spreads are in different regimes
and do not overlap.
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Figure 4: (a, b and c) Asymmetric flow field flow fractionation (AF4) fractograms of spheres
(a), discs (b) and prolates (c). Full fractograms of spheres, discs and prolates at different LS
angles are available in supplementary figures 6, 7 and 8. d) Linear fitting of the measured shape
ratio ρ (Rg/Rh) of all three morphologies (individual data points are available in supplementary
figures 9, 10 and 11).

4. Conclusions
In summary, we have shown that spherical, disc-shaped and rod-shaped PEG-PS
polymersomes can be distinguished by measuring their hydrodynamic radius and radius of
gyration simultaneously. The values of Rg/Rh that were obtained experimentally for the three
different shapes differ significantly, with the highest value observed for rods and the lowest
for spheres, which is in accordance with theoretical predictions based on prolate and oblate
spheroids. We therefore see great potential in employing the combination of multi angle and
quasi-elastic light scattering in the research of polymersome shape changes. We expect that
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with the development of good expressions for Rh for polymersome discs and rods of low
aspect ratio, the MALS-QELS combination could not only be used to experimentally
distinguish between those shapes but also to obtain their aspect ratios. Furthermore, we are
confident that the combination of MALS and QELS will prove to be very useful for shape
characterization of a wide variety of other polymeric assemblies in both academia and
industry.
5. Experimental
5.1 Experimental materials and instruments
All chemicals and enzymes were used as received unless otherwise stated. For the
block copolymer synthesis, styrene was distilled before use to remove the inhibitor. Anisole
and N, N, N’, N’’, N’’-pentamethyl-diethylenetriamine (PMDETA) were purchased from
Sigma Aldrich. Ultra pure MilliQ water, obtained with the help of a Labconco Water Pro PS
purification system (18.2 MΩ), was used for the procedures of polymersome self-assembly
and the dialysis experiments. Dialysis Membranes MWCO 12-14000 g mol-1 Spectra/Por®
were used where required. Ultrafree-MC centrifugal filters 0.22 μm were purchased from
Millipore. Sodium nitrate was purchased from Merck.
Proton nuclear magnetic resonance spectroscopy: 1H NMR spectra were recorded on a
Varian Inova 400 spectrometer with CDCl3 as a solvent and TMS as internal standard.
Gel permeation chromatography: A Shimadzu Prominence GPC system equipped with a
PL gel 5 μm mixed D column (Polymer Laboratories) and differential refractive index and
UV (254 nm) detectors was used to determine the molecular weight and Ð of the blockcopolymer. Calibration was performed by using polystyrene standards in the range of 580
to 377,400 g mol-1. THF was used as eluent with a flow rate of 1 mL min-1.
Transmission electron microscopy: TEM experiments were performed on a JEOL 1010
microscope equipped with a CCD camera at an acceleration voltage of 60 kV. Samples were
prepared by placing 5 µL of the solution on a carbon-coated Cu grid (200 mesh, EM science)
and they were allowed to air-dry for at least 24 hours. Processing and analysis of TEM
images was performed with ImageJ, a program developed by the NIH and available as public
domain software at http://rsbweb.nih.gov/ij/.
Cryogenic transmission microscopy: The cryogenic transmission electron microscopy
(cryo-TEM) experiments were performed on a JEOL TEM 2100 microscope (JEOL, Japan)
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and processed and analysed using ImageJ software. Samples for CryoTEM measurements
were prepared by first treating the grids (Quantifoil R2/2 Cu 200 mesh grids) in a 208HR
sputter coater for 20 seconds. Afterwards, 3 µL of sample was brought on the grid and
blotted in a FEI Vitrobot Mark IV, at 100 % humidity. Subsequently, the grid was blotted
and directly frozen in liquid ethane.
AF4-UV-MALS-QELS: The asymmetric flow field flow fractionation – UV – multi angle
light scattering - quasi light scattering (AF4-UV-MALS-QELS) experiments were
performed using a Wyatt Eclipse AF4 instrument with a short channel equipped with a
regenerated cellulose (RC) 10 kDa membrane (Millipore) and spacer of 350 µm. The
channel was linked to a Shimadzu LC-20A Prominence system with Shimadzu CTO20A
injector. The following detectors were connected to the AF4 system: a Shimadzu SPD20A
UV detector; a Wyatt DAWN HELEOS II light scattering detector (MALS) installed at
various angles (12.9 °, 20.6 °, 29.6 °, 37.4 °, 44.8 °, 53.0 °, 61.1 °, 70.1 °, 80.1 °, 90.0 °, 99.9
°, 109.9 °, 120.1 °, 130.5 °, 149.1 ° and 157.8 °) operated with a 664.5 nm laser; a QELS
detector installed at an angle of 140.1o and a Wyatt Optilab Rex refractive index detector.
Prior to the measurements detectors were normalized using Bovine Serum Albumin. The
AF4 channel was pre-washed with running solution of 5mM NaNO3. This solution was also
used as eluent. The processing and analysis of the Rg and the Rh data were performed using
Astra 6.1.1. The exact methods used are available in the supplementary tables 1 and 2.
5.2 Experimental procedures
5.2.1 Theoretical calculation of Rg/Rh: We have used equations from reference 36 to
calculate Rg/Rh for solid oblate spheroids (see supplementary figure 1), solid prolate
spheroids and solid rods over a range of different aspect ratios.36 The result is shown in
supplementary figure 2. The predictions for the rods are unrealistic at the low aspect ratios
(< 10). This is due to the fact that the expression for the Rh of rods is only valid in the limit
where the aspect ratio becomes much larger than 10.39 Both formulas describing Rh for the
spheroids are valid specifically in the limit of the low aspect ratios, making those equations
more suitable and reliable for our polymersomes. Because our polymersome rods have an
aspect ratio of 3 or less, the equations for the prolate and oblate spheroids are more realistic
than that of the rods.
The expressions for Rg that are stated in the literature are valid for solid spheroids. Since
only the polymersome membrane scatters light, we can consider them to be hollow instead.
Therefore, Rg must be recalculated for hollow spheroids rather than solid ones. We have re43
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calculated Rg numerically in Matlab. The expressions for Rh remain unaltered since these are
only based on the outer dimensions. The difference in Rg/Rh between hollow and solid
spheroids is shown in supplementary figure 3. For all structures, Rg/Rh will be larger when
the structures are hollow instead of solid. This is because all mass is located at the surface
of the particle which is farthest away from the center of mass which leads to a larger Rg.
5.2.2 Synthesis of poly(ethylene glycol)44-b-poly(styrene)133: Poly(ethylene glycol)polystyrene (PEGn-PSm) was synthesized by atom-transfer radical polymerization (ATRP)
starting from PEG-macro initiators as described previously43 yielding PEG44-PS133 polymers
with a Ð= 1.06 and Mn = 16.0 kg mol-1.
5.2.3 Preparation of different polymersome samples (spheres, discs and prolates):
Sample preparation was performed by dissolving 10 mg of PEG44-PS133 in a 2:3 (vol/vol)
mixture of 1,4-dioxane and THF while stirring at 750 rpm. Water was added by a syringe
pump at a rate of 1 mL h-1 (under constant stirring) until the final volume of the solution
reached 4 mL.44 Self-assembly always occurred when the water content reached a value of
about 20% (vol), which was noticeable by the sample becoming cloudy.
To create spherical polymersomes, the polymers were initially dissolved in 1 mL of organic
solvent mixture after which 3 mL of water was added. Immediately after sample preparation,
an aliquot of sample was kinetically trapped by injecting it into an excess of water. To create
disc-shaped polymersomes, the polymers were dissolved in 1.33 mL of organic solvent
mixture and 2.66 mL of water was added. Self-assembly occurred after the addition of 0.33
mL of water. The remaining 2.33 mL of water was added after self-assembly, which led to
a difference in solvent composition (osmotic pressure) between the polymersome interior
and exterior. Afterwards, the sample was left to stand to equilibrate over 1 day during which
time the polymersomes deflated into discs, to relieve the osmotic pressure. An aliquot of this
sample was quenched by injecting it in an excess of water. To create rod-shaped
polymersomes, the polymers were dissolved in 2 mL of organic solvent mixture and 2 mL
of water was added. Self-assembly occurred after the addition of 0.5 mL of water. The
remaining 1.5 mL of water was added after self-assembly which, this time, led to a smaller
difference in solvent composition (osmotic pressure) between the polymersome interior and
exterior. The sample was left to stand for 3 days during which the polymersomes deflated
into rods, to relieve the osmotic pressure. At that time, an aliquot was kinetically trapped by
injecting it into an excess of water. Only the kinetically trapped samples were used for TEM,
cryo-TEM and AF4-QELS-MALS.
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5.2.4 AF4-MALS-QELS: Fractionation in the AF4 is dependent on the diffusion coefficient
of the particles, the bigger the particles, the later they elute. 19, 45 We have previously shown
the AF4 separation of small sized particles (10-70 nm) from large PEG-PS stomatocyte
particles (average size 500 nm) by applying an exponential cross flow program. The smaller
particles eluted at high cross flow exponential regime (3.00 mL min-1  1.17 mL min-1),
while the stomatocytes eluted at low constant cross flow (0.1 mL min-1).18, 46 For this
separation, samples were focused for 2 minutes and both focus and detector flows were set
at 1.00 mL min-1. In this study, all particles were relatively large (300nm – 500nm) and thus,
we chose to have a constant low cross flow (0.1 mL min-1) during the whole AF4 run.
Applying these flow conditions on both spheres and prolates (supplementary table 1)
resulted in a high recovery rate. Unfortunately, this was not the case for the discs. We
therefore increased the focus time for 1 more minute (supplementary table 2) and this led to
a reduction of the void peak, and improved the disc peak height and recovery rate. Using the
above-established flow conditions samples were fractionated and characterized by MALS
and QELS.
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6. Supplementary figures and tables

Supplementary figure 1. Schematic illustration of oblate spheroid (left) and prolate spheroid
(right) morphologies and the formulas used to describe their Rh.

Supplementary figure 2. Calculations of Rg/Rh for solid oblate spheroids (blue), solid prolate
spheroids (green) and solid rods (red). The formulas used to calculate Rh for both type of
spheroids are especially valid for the smaller aspect ratio’s. At an aspect ratio of 1, Rg/Rh equals
that of a solid sphere which is to be expected. The expression for Rh of rods is valid for large
aspect ratio only (>>10) which is clear from the strange and unrealistic behavior in Rg/Rh at
aspect ratios below 3. Therefore, for small polymersome rods and polymersome discs, which
have an aspect ratio smaller than 3, the expression for Rh for the spheroids is better suited than
that of the rods.
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Supplementary figure 3. Calculations of Rg/Rh for oblate spheroids (left) and prolate spheroids
(right). For both, Rg/Rh has been calculated for hollow and solid structures. The hollow
structures show always a larger Rg/Rh since they have all their mass at the surface of the
structure. This causes Rg to increase while Rh remains unaffected.
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Supplementary figure 4. Cryo-TEM images of rods (top), discs (middle) and prolates (bottom)
recorded under three different angles. All scale bars are equal to 250 nm. The spheres look
identical under all angles because of their isotropic shape. The discs clearly show a flattened
but dented morphology which becomes most clear at tilted angles of -45⁰ or 45⁰. Also the
intensity distribution of a disc is different than that of a sphere, with spheres being darkest in the
middle where they are thickest and discs being lightest in the middle where they are thinnest.
The rods look similar at -45⁰ and 45⁰ which indicates that their shape is cylindrically symmetric.
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Mode

Cross flow start (mL min-1)

Cross flow end (mL min-1)

2

Elution

0.10

0.10

2

3

Focus

-

-

3

5

Focus + inject

-

-

5

6

Focus

-

-

6
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Elution

0.10

0.10

46

48

Elution

0.00

0.00

48

50

Elution + inject

0.00

0.00

50
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Elution

0.00

0.00

Start

End

(min)

(min)

0

Supplementary table 1 General method for the AF4 fractionation of both spheres and prolates.
20 µL aliquots of the polymersome samples (spheres and prolates) were injected into the AF4
Short Channel and the flow conditions were programmed as follows: 1.00 mL min -1detector
flow, 2.00 mL min-1 focus flow and 0.2 mL min-1 injection flow.
Mode

Cross flow start (mL min-1)

Cross flow end (mL min-1)

2

Elution

0.10

0.10

2

3

Focus

-

-

3

5

Focus + inject

-

-

5

7

Focus

-

-

7
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Elution

0.10

0.10

47

49

Elution

0.00

0.00

49

51

Elution + inject

0.00

0.00

51

54

Elution

0.00

0.00

Start

End

(min)

(min)

0

Supplementary table 2 General method for the AF4 fractionation of discs. 20 µL aliquots of
the polymersome samples (discs) were injected into the AF4 Short Channel and the flow
conditions were programmed as follows: 1.00 mL min -1detector flow, 2.00 mL min-1 focus flow
and 0.2 mL min-1 injection flow.
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Supplementary figure 5. Cryo-TEM images of spherical PEG-PS polymersomes before (top)
and after (bottom) an AF4 run at different angles. All scale bars are equal to 500 nm. The TEM
images clearly show that the spherical morphology is maintained after the AF4 process, proving
that the AF4 flows do not have an influence on the morphology.

Supplementary figure 6. Full fractograms of the spherical PEG-PS polymersomes sample
recorded at different LS angles.
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Supplementary figure 7. Full fractograms of the disc-like shaped PEG-PS polymersomes sample
recorded at different LS angles.

Supplementary figure 8. Full fractograms of the prolate-like shaped PEG-PS polymersomes
sample recorded at different LS angles.
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Supplementary figure 9. Ratio between radii of gyration (Rg) and hydrodynamic radii of the
spherical polymersomes. The pink line represents the mean value of these points.

Supplementary figure 10. Ratio between radii of gyration (Rg) and hydrodynamic radii of the
disc-like polymersomes. The pink line represents the mean value of these points.
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Supplementary figure 11. Ratio between radii of gyration (Rg) and hydrodynamic radii of the
prolate polymersomes. The pink line represents the mean value of these points.

Supplementary figure 12. Comparison between experimentally obtained values of Rg/Rh and the
theoretical estimations. Experimental mean values are indicated by the middle solid arrow and
the two dashed arrows represent the spread. Left: the obtained value for the rods correlates to
a prolate spheroid with an aspect ratio of 10.4 ± 0.5. Right: the obtained value for the discs
does not correlate to an oblate spheroid with aspect ratios up to 100. The deviations can be
attributed to the differences between prolate spheroids and rods or oblate spheroids and discs,
which leads to an underestimation of Rg/Rh for both shapes, as explained in the main text.
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Chapter 3

1. Abstract
Self-powered artificial nanomotors are currently attracting increased interest as
mimics of biological motors but also as potential components of nanomachinery, robotics,
and sensing devices. We have described the controlled shape transformation of
polymersomes into bowl-shaped stomatocytes, and assembly of platinum-driven
nanomotors. The platinum encapsulation inside the structures was however low, only 50%
of the structures contained the catalyst and required both high fuel concentrations for the
propulsion of the nanomotors and harsh conditions for the shape transformation.
Furthermore, applications of the nanomotors in a biological setting require the nanomotors
to be efficiently propelled by a naturally available energy source and at biologically relevant
concentrations. Here we report a strategy for enzyme entrapment and nanomotor assembly
via controlled and reversible folding of polymersomes into stomatocytes under mild
conditions, allowing the encapsulation of the proteins inside the stomatocyte’s nanocavity
(stomach) with retention of activity. The resulting enzyme-driven nanomotors are capable
to propel at low fuel concentrations (hydrogen peroxide or glucose) via one enzyme or a
two-enzyme cascade, respectively. The confinement of the enzymes inside the stomach does
not hinder their activity and in fact facilitates the transfer of the substrates, while protecting
them from the deactivating influences of the media. This is particularly important for future
applications of nanomotors in biological settings, especially for systems where fast
autonomous movement occurs at physiological concentrations of fuel.
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2. Introduction
Biological motors are fascinating structures involved in almost every biological
process such as cell division, muscle contraction, and relaxation. Their intricate movement
and architecture has been a source of inspiration for scientists from a wide range of
disciplines1-8 who have tried to mimic biological motor function using both top-down and
bottom-up strategies.7, 9-12 Various motor designs have been reported in the literature, such
as nano-rods/wire motors,3, 13 tubular motors,14-15 Janus motors,16 polymer-based motors15, 17
and polymeric self-assembled nanomotors.11, 18 These systems have opened the door to
various biomedical14, 19-23 and environmental related applications;24-25 however for such
motors to be truly successfully applied in a biological context, a nano-sized motor has to be
constructed that can propel in biological fluids and at biologically relevant fuel
concentrations, employing a fuel-selective catalytic system .19, 26-28 Until now most of the
bio-hybrid designs have focused on the replacement of bare metal surface motors with soft
matter alternatives such as carbon-based microfibers,29 polymeric materials,11, 30 enzymes,31
and micropumps.32 These motor systems showed the ability to propel in different media,
however at quite high fuel concentrations and low efficiency.26 We have recently reported a
supramolecular approach to construct catalytic nanomotors via the shape transformation of
polymersomes under osmotic shock, followed by metal catalyst entrapment in the inner
compartment of the bowl-shaped structures (stomatocytes).11, 18, 33 This design merges the
properties of polymeric vesicles to enclose different types of drugs for in vivo intracellular
delivery with the advantages of a locomotive self-propelling nanomotor system. For its use
in a biological setting, the Pt nanoparticles should be replaced by enzymes which convert
with remarkable efficiency and selectivity different biological substrates, and are thus
thought to provide the required energy source for our motors. Enzymes are however also
very sensitive to the presence of denaturing molecules such as organic solvents, and are
therefore not compatible with the original stomatocyte formation process. The shape
transformation of polymersomes into folded stomatocyte structures reported previously was
namely performed in the presence of large amounts of organic solvents. The organic solvent
was used during the assembly process, in which the amphiphilic block copolymer
poly(ethylene glycol)-polystyrene (PEG-PS) dissolved in a mixture of THF and dioxane was
brought in contact with water, which was a non-solvent for the PS part. The organic solvent
furthermore acted as a plasticizer for the bilayer membrane of the polymersomes. In the
presence of the plasticizer, the bilayer membrane became flexible and responsive to osmotic
shock. This property facilitated the successful change in shape of polymersomes from
59

Chapter 3

spherical objects into bowl-shaped stomatocytes via either direct dialysis of flexible
polymersomes or reverse engineering of rigid polymersomes (see sections 5.2.2 and 5.2.3
and supplementary figure 1).34-35 Both dialysis methods however require large amounts of
organic solvent, which in most cases is not compatible with the entrapment of proteins, due
to the long contact time between the protein and the organic solvent, leading to protein
denaturation.
In this chapter, we report a mild methodology for the entrapment of catalytic
enzymes inside the stomatocytes allowing the assembly of enzyme-driven supramolecular
nanomotors propelled by naturally occurring chemical fuel and at biologically relevant
concentrations (see figure 1). Furthermore, a cascade reaction of two enzymes, glucose
oxidase (GOx) and catalase (CAT), was demonstrated to propel the structures in alternative
fuel such as glucose and at biologically relevant concentrations. While micron sized motors
have been reported that are propelled by catalase at high concentrations of hydrogen
peroxide,19-20 the use of physiological levels of glucose and hydrogen peroxide is not yet
reported and is certainly more attractive for biological applications. In addition, we also
demonstrate that the encapsulated enzymes are confined and protected inside of the cavities
of the stomatocytes preventing their degradation in the presence of proteases, usually
prevalent in biological systems. Furthermore, the PEGylated locomotive capsule is made of
a soft self-assembled material and provides stealth behaviour by preventing protein
adsorption onto their surface, which is expected to occur in hard micron size metal
nanomotors leading to reduced efficiency. Finally, this method of entrapment is applicable
to other enzymes and is reversible, which broadens significantly the scope of our nanomotor
design for future biological applications.
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Figure 1: Schematic illustration of the assembly of the enzyme-driven nanomotor. a) Solvent
addition method for stomatocyte formation under mild conditions. The stomatocyte formation
with different openings is perfectly reversible and once the structure is quenched in water the
transformation cycle can be restarted by the addition of a small aliquot of organic solvent. b)
Schematic representation of the assembly of the nanomotor with multiple enzymes entrapped
inside the structure. The enzymes are responsible for generating the propelling jet during the
catalytic reaction. The nanomotor can be reversibly engineered to a polymersome, releasing its
content.

3. Results and discussions
3.1 Solvent addition method for stomatocyte formation under mild conditions: Entrapment
of enzymes and other proteins inside the bowl-shaped polymersomes (stomatocytes)
requires a fast shape transformation of the spherical polymersomes into stomatocytes with
minimal solvent exposure to the proteins to prevent their denaturation. We therefore set out
to develop a method, which would meet these criteria. We started out with the standard
preparation of rigid spherical polymersomes from poly(ethylene glycol)44-b-polystyrene167
(PEG-PS) amphiphilic block-copolymers (see section 5.2.2).
The addition of water to a solution of polymer in THF/dioxane (4:1 v/v) promoted
the self-assembly into polymersomes. Dialysis against MilliQ for at least 24 h resulted in
solvent removal and polymersomes with glassy membranes. In order to fold the membrane
inwards, the bilayer was made flexible again by the addition of small volumes of
THF/dioxane (4:1 v/v) via a syringe pump (see section 5.2.4). A shape transformation into
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stomatocytes with a large opening occurred quickly after the addition of 150 µL to a 500 µL
polymersome solution (10 mg mL-1).

Figure 2: Stomatocyte formation via the solvent addition method. a, b) TEM and c, Cryo-TEM
of glassy polymersomes at the beginning of the shape transformation cycle, d, e) TEM and f
Cryo-TEM of widely opened glassy stomatocytes obtained after the addition of 150 μL of solvent
(THF : dioxane 80/20 v/v) over a period of 30 min and quenching of the structure in 2 mL of
water g, h) TEM and i Cryo-TEM of opened glassy stomatocytes obtained after the overall
addition of 300 μL of solvent (THF:dioxane 80/20 v/v) over a period of 60 min and quenching of
the structure in 2 mL of water. j, k) TEM and l) Cryo-TEM of almost closed glassy stomatocytes
obtained after the addition of 450 μL of solvent (THF : dioxane 80/20 v/v) during 90 min and
quenching of the structure in 2 mL of water. Alternatively, the same structure could be obtained
from the opened glassy structures after the addition of only 150 μL of organic solvent over a
period of 30 min and dialysis against salt solution. Note that for the latter procedure the opened
glassy stomatocytes were first brought back to the original concentration before restarting the
transformation cycle. m) Schematic representation of the shape transformation of polymersomes
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into stomatocytes and back into polymersomes via both the shaping and reshaping protocol using
the solvent addition method. All scale bars correspond to 200 nm.

Addition of organic solvent induced a decrease in the size of the opening until the
structures were almost completely closed after 90 min. When more organic solvent was
added, the flexibility and permeability of the bilayer membrane increased, to the extent that
complete equilibration of the osmotic pressure over the membrane occurred, followed by the
recovery of the spherical polymersome morphology (see figure 2 and supplementary figure
2). 35-36 This method enables for a fast shape transformation of polymersomes into
stomatocytes with different openings in a controlled and reversible manner with a minimum
amount of solvent necessary for the transformation. Stomatocytes with different size of the
opening were preserved during the transformation cycle by quenching the structures at
different time points (30 min, 60 min, 90 min or 120 min) in a 2 mL aliquot of MilliQ water.
Most importantly, once rigid, these intermediate large opening stomatocytes could be
reshaped into the smaller opening structures by repeating the transformation cycle, this time
requiring even less time and organic solvent for the transformation to occur (see figure 2).
For example, the 103 ± 9 nm opening glassy stomatocyte batch (500 μL colloidal solution,
10 mg mL-1 concentration) obtained after 60 minutes of organic solvent addition, required
only 150 μL of organic solvent to undergo the shape transformation into the closed structure,
in only 30 min. This methodology presents obvious advantages in reducing both the solvent
exposure time and amount of organic solvent required, which are mandatory to prevent
denaturation to take place during enzyme encapsulation (vide infra).
3.2 Supramolecular assembly of enzyme-driven nanomotors: Several enzymes (catalase
and its mixture with glucose oxidase) were selected for entrapment in the stomatocytes
because of their catalytic abilities to produce the propelling jet required for movement of the
nanomotor. Catalase is an enzyme that has the ability to efficiently decompose hydrogen
peroxide into water and oxygen.37 When catalase is combined with glucose oxidase (GOx),
a cascade reaction is possible in which glucose is oxidized by GOx to gluconic acid and
hydrogen peroxide, and the latter is further decomposed into oxygen and water by catalase,
making glucose the fuel for driving the nanomotor. To entrap the enzymes efficiently and in
their active state requires, besides the limited exposure to organic solvent also enclosure in
a stomatocyte with a narrow opening, due to the small hydrodynamic diameter of the
selected enzymes (catalase 11 nm and GOx 7.8 nm respectively). This was achieved by
performing the abovementioned procedure in which the glassy stomatocytes of 103 ± 9 nm
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opening, were closed by the addition of 150 μL of the solvent mixture in presence of high
concentrations of the enzymes (see section 5.2.5). Directly after this process, the organic
solvent was removed firstly via spin filtration over a spin filter 0.22 μm using a salt solution
(5mM NaNO3), followed by dialysis against the same salt solution for an hour. Afterwards,
the stomatocytes were concentrated and dispersed in MilliQ followed by spin filtration to
remove all the non-encapsulated enzymes. Several analysis techniques were used to
demonstrate the successful entrapment of the enzymes as well as to determine the structure,
stability, and size distribution of the supramolecular assembly.
As demonstrated in chapter 2 asymmetric Flow Field Flow Fractionation (AF4)
coupled to multi-angle light scattering (MALS) and Dynamic Light scattering (QELS) is a
powerful technique that uses both separation and light scattering to analyze samples. 38 It
allows for the separation and analysis of a large distribution of particle sizes, i.e. from nanoto micro-scale without relying on a stationary phase.39 In this case the
separation/fractionation occurs in a flow and depends on the diffusion coefficient of the
particles with the smallest ones eluting first. Enzyme-filled stomatocytes and several
controls such as empty stomatocytes, mixtures of the stomatocytes and the enzymes,
polymersomes obtained by the reverse engineering of the stomatocytes, and the pure
enzymes were eluted with AF4 (see figure 3a and supplementary figures 4 and 6).
Optimization of the cross-flow program by using an exponential gradient allowed for both
small enzymes (average size 11 nm) and stomatocytes (average size 500 nm) to be efficiently
separated within the same run inside the AF4 channel. Aliquots of catalase, GOx and their
mixture with empty stomatocytes were injected in the AF4 separation channel. While
catalase and GOx clearly eluted in the first minutes (see figure 3 a, blue and purple lines),
the stomatocytes eluted much later, as expected, due to their larger size and therefore smaller
diffusion coefficient (see figure 3 a, green line).
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Figure 3: Characterization techniques to prove enzyme encapsulation. a) Asymmetric flow
field flow fractionation of enzyme-filled stomatocytes purified by spin filtration and dialysis and
their comparative elution to the controls: polymersomes obtained via re-shaping of filled
stomatocytes, empty stomatocytes, and pure enzymes. Note that GOx and catalase are very close
in size and therefore very difficult to separate by AF4; however, tuning the AF4 method to low
molecular weight compounds allowed for a slight differentiation between the two enzymes
(inset). b) AF4 coupled with static (multi angle) light scattering and dynamic light scattering
techniques to determine the ratio between radius of gyration (Rg) and hydrodynamic radius (Rh),
(see supplementary figures 5 and 7), which gives information about the mass distribution within
the structure. Note the clear distinction between the fitting of the Rg-Rh ratios of filled and nonfilled stomatocytes. c) Transmission electron microscopy (TEM) coupled with energy dispersive
X-ray spectroscopy (EDX) showing the mapping of iron (Fe) of the heme group present in
catalase and sulfur (S) specific to the cysteines and methionines in both catalase and GOx
enzymes, and their localization inside the stomatocyte cavity.

Control experiments with both pure enzymes and stomatocytes showed the same
elution volumes as the mixture of stomatocytes and free enzymes. This result is a good
indication that under the applied encapsulation conditions, both enzymes do not adsorb to
the outer surface of the stomatocytes. Stomatocytes in which catalase and a combination of
GOx and catalase were entrapped during the shape transformation and further purified,
showed only one peak corresponding to the filled stomatocytes and the complete
disappearance of the enzyme peaks at low retention times. When compared to the empty
stomatocytes both catalase and GOx-catalase (3:1) filled stomatocytes showed a slight delay
in the elution time, indicating that the encapsulation led to the formation of larger
stomatocytes possibly due to a templating effect induced by the clustered enzyme molecules
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inside the stomatocytes. This hypothesis was further confirmed by the in-flow hydrodynamic
radii measurements of the closed neck empty and catalase-filled stomatocytes, showing in
all cases a larger size for the enzyme - filled stomatocytes compared to the empty ones. As
mentioned above, the solvent addition method is reversible and can re-generate the
polymersome morphology from the stomatocytes. This property was exploited in order to
demonstrate the presence of the enzymes inside the stomatocytes by releasing their content
during the shape transformation back into polymersomes (see section 5.2.6). As expected,
the AF4 data showed the presence of two peaks, one corresponding to the catalase and the
other corresponding to the polymersomes. The coupling of the AF4 system to Multi-Angle
Light Scattering (MALS) and Dynamic Light Scattering (DLS) allowed for further
characterization of the physiochemical characteristics of the particles. While DLS
determines the hydrodynamic radius (Rh) of the separate peaks and implicitly of the filled
and non-filled stomatocytes, the MALS system enables for both the calculation of the
molecular weight of the assemblies and the radius of gyration of the particles (Rg), which
gives information on the distribution of mass within the particles.40 The ratio Rg/Rh of
spherical objects provides information with respect to their composition. While for an ideal
empty sphere Rg equals Rh due to the lack of mass inside of the structures, filled objects have
been shown to have a smaller radius of gyration due to the concentration of mass inside of
the structures, leading to Rg/Rh values of 0.775.41 Cryo-TEM measurements confirmed the
overall spherical geometry of our polymersomes and stomatocytes and the applicability of
these studies to our system. The measurements on catalase-filled and GOx-catalase filled
stomatocytes clearly showed consistently smaller Rg and Rg/Rh values over the entire peak
compared to the controls indicating the presence of the enzymes inside the structures (see
figure 3b). Enzyme entrapment inside the stomatocytes was also evidenced from
experiments in which the energy dispersive x-ray technique in combination with TEM was
used. This technique proved the presence of both enzymes in the cavities of the stomatocytes
by positioning mapping of specific atoms in which the enzymes are rich, such as iron for
catalase and sulfur for both GOx and catalase, as is shown in figure 3c. Furthermore, a
population element mapping by TEM-EDX showed that there were hardly any empty
stomatocytes present, demonstrating that the enzyme-filled stomatocyte formation process
is near quantitative (see supplementary figure 10). The TEM and cryo-TEM pictures show
the presence of almost completely closed stomatocytes, while the enzymes are tightly packed
inside the structures. We think this is due to the confining effect of the stomatocytes, which
allows for the enzymes to assemble in tightly packed clusters. The formation of these clusters
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could also be responsible for the high encapsulation efficiency via a possible templating
effect mechanism.
3.3 Enzyme incorporation efficiency based on their activities: After having confirmed
enzyme encapsulation in the cavity of the stomatocytes, enzyme encapsulation efficiency
was assessed using standard colorimetric enzymatic assays. From these activity assays, the
incorporation efficiency of the enzymes from the initial feed could be derived based on the
remaining activity of the stomatocytes. The assumption was thereby made that the activity
of the free and encapsulated enzymes was the same.
In order to determine the catalase incorporation efficiency in both GOx- and
catalase–filled stomatocytes based on enzyme activity, an catalase activity assay was
employed, using horseradish peroxidase (HRP) and 10-acetyl-3,7-dihydroxyphenoxazine
(Ampliflu ™ Red) as read-out system (see section 5.2.7). A defined amount of catalase was
first allowed to react with H2O2 to produce water and oxygen (O2). After an incubation
period, Ampliflu™ Red reagent and HRP were added in a 1:1 stoichiometry. In the presence
of HRP, H2O2 reacts with Ampliflu™ Red to generate red-fluorescent oxidation product,
resorufin, which has excitation and emission maxima at 571 nm and 585 nm respectively.
As the catalase activity increased, the concentration of H2O2 decreased and thus the resorufin
signal decreased.
In order to determine the GOx incorporation efficiency based on activity in the
GOx-catalase-filled stomatocytes, the Ampliflu™ Red assay was also used (see section
5.2.8). For this assay measurement, irreversibly inhibited catalase was co-encapsulated with
GOx. Catalase was irreversibly inhibited using sodium azide. Glucose reacts with GOx to
form D-gluconolactone and H2O2. H2O2 reacts with Ampliflu™ Red in a 1:1 stoichiometry to
generate resorfurin. As catalase used for this experiment was irreversibly inhibited, the
concentration of H2O2 increased when more GOx was present and thus the resorufin signal
increased.
For both assays, the relation between the resorufin fluorescence and the
concentration of both catalase and GOx was plotted in a calibration curve (see figure 4 a and
c). Subsequently, serial dilutions of the catalase- filled and GOx-inhibited catalase-filled
stomatocytes that fitted in the calibration curve range were tested (see figure 4 b and d). The
catalase-filled stomatocytes showed an activity that corresponded to an enzyme
concentration of 2.9 mg mL-1, which led to an incorporation efficiency of 24 %
(supplementary table 3). When catalase and glucose oxidase were co-encapsulated, GOx and
catalase showed activities that corresponded to 3.9 mg mL-1 and 1.1 mg mL-1, respectively
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(supplementary table 3). This led to GOx and catalase incorporation efficiencies of 33 %
and 27 %, respectively.

Figure 4: Determination of catalase and GOx concentrations in the stomatocytes based on
their activities. a) Calibration curve of catalase: catalase was first incubated with 10 μM H2O2.
After 30 min, HRP and Ampliflu ™ Red were added to give a fluorescence signal. b) Activity
assays on catalase-filled stomatocytes at various concentrations. Stomatocytes were incubated
with 10 μM H2O2 for 30 min and HRP and Ampliflu ™were added directly thereafter for the
generation of a fluorescent signal. c) GOx standard curve: 10 μM of glucose was incubated with
a fixed amount of HRP and Ampliflu ™ Red in presence of various GOx concentrations. d)
activity assays on GOx-inhibited catalase- filled stomatocytes.

3.4 Enzyme-driven supramolecular nanomotors: movement analysis: To test the
autonomous movement of the enzyme-filled nanomotors we analyzed their behavior in the
presence of hydrogen peroxide and glucose at different concentrations. We used
nanoparticle-tracking analysis (NTA), a technique complementary to DLS that uses laser
light scattering in combination with a charge-coupled camera (CCD) and a microscope, to
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provide individual particle-by-particle analysis of colloidal particles instead of an assemble
size distribution as shown by DLS (see section 5.2.9). The Stokes-Einstein equation is then
used to determine the size of the structures by correlating the tracking coordinates from the
Brownian movement to the particle size as shown in our previous study on platinum-driven
nanomotors.11 In this equation the hydrodynamic diameter of the supramolecular nanomotor
d is inversely related to the time-dependent particle diffusion coefficient D(t), which
however is valid only when no fuel is present in the system and the particles move under
Brownian motion (D(t)=TKB/3πηd, with KB the Boltzmann constant, η the viscosity, and T
the temperature). The fast directional autonomous movement of the nanomotors in the
presence of the fuel makes their sizes to “appear” smaller compared to the same structures
before adding the fuel, due to the inverse relation between diffusion and (apparent) size.
Since the technique provides additional visualization of the particles, it is also suitable, as
we showed previously, for tracking the non-Brownian motion when fuel is added to the selfassembled structures.
To test the expected directional movement in our enzyme-driven nanomotors and
make sure that the fuel addition was not responsible for the change in the size, we
investigated the effect of the addition of hydrogen peroxide and glucose to empty
stomatocytes. As expected, no change in their Brownian motion and trajectories was
observed (see supplementary movie 1, supplementary figure 11). However, addition of
hydrogen peroxide of different concentrations to the catalase-filled stomatocytes solution
resulted in a clear shift in their apparent sizes to smaller values compared to the same
structures in the absence of fuel (see supplementary figure 13). Additionally, a clear change
of their trajectories from a non-directional Brownian motion to a propulsive directional
movement was observed (see supplementary figure 12). When the fuel was fully consumed,
their original size was measured again by NTA, demonstrating that the effect was due to the
propulsive movement of the nanomotors. Furthermore, the addition of hydrogen peroxide to
a mixture of 90 % empty stomatocytes and 10% catalase nanomotors (v/v) showed
simultaneously the autonomous directional movement of the nanomotors and the expected
Brownian motion of the empty stomatocytes (see supplementary movie 2, note the fast
tumble and run movement of the nanomotors). This experiment further confirms that the
movement of the assembled nanomotors is autonomous and is not caused or affected by any
drift or flow within the chamber, which is only expected at much higher fuel concentrations
than used in our system, due to the fast accumulation of gases within the chamber. As shown
in our previous report on platinum-driven nanomotors the ability of the NTA technique to
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measure the trajectories and x,y coordinates of the single particle nanomotors allowed for a
closer analysis of their movements by studying their paths and their average mean square
displacements (MSD).11, 42 We used the self-diffusiophoretic model proposed by Golestanian
and coworkers to determine the speed of the nanomotors.42 The model indicates that the
directional movement of micron size Janus sphere motors is the result of both rotational and
translational diffusion. The model has two limiting forms, a parabolic component for short
periods of observation and a linear component for long periods. The fitting of the
experimental MSD data of our enzyme-driven nanomotors allowed only for the observation
of the parabolic component. This was due to the limitations of the nanosight system in the
movement analysis of nanometer scale objects that prevented the tracking of the nanomotors
for long periods of time and at high capture rates. Both the trajectories and the average
MSD’s of 105 nanomotors at 3 hydrogen peroxide concentrations (11 mM, 50 mM and 111
mM) were measured and the propulsive and directional movement of the nanomotors was
determined from the fitting of the parabolic fit of the MSD dependency in time according to
the equation <r2> = 4Dt + (vt)2 (see figure 5a and supplementary figure 14) with D, the
diffusion coefficient and v – speed of the nanomotors. The movement of the nanomotors
without fuel (controls) showed only a linear <r2> = 4Dt dependency typical for a Brownian
motion. The average speeds of the nanomotors at these concentrations were found to be 15
μm/s, 26 μm/s and 60 μm/s (see figure 5a). The bio-hybrid catalase-driven nanomotor
therefore runs at remarkable high speeds of 176 body lengths/s in 100 mM hydrogen
peroxide concentrations, which is 3 times higher than the speed of our previously reported
platinum-driven nanomotors.11 This high efficiency is most probably due to the combination
of high catalytic activity of the catalase molecules and the excellent encapsulation efficiency
of the enzymes compared to the stomatocytes filled with the catalytically active platinum
nanoparticles. We also think this is due to the special design of our nanomotor system, which
confines the enzymes in a small compartment with a very small opening which forces the
gases to be expelled through a nanometer pore. This design is much different from the
traditional Janus particles where the substrates are released from a larger surface.
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Figure 5: Movement analysis of the one and two-enzyme-driven supramolecular nanomotors.
a) The velocity of catalase-filled stomatocytes at different fuel concentrations; The velocity was
extracted from the fitting of the average MSD of the catalase-filled stomatocytes at different
concentrations (11-111 mM H2O2), calculated from the tracking coordinates of on average 105
particles (a bigger version of the MSD curves can be found in supplementary figure 14). b) The
velocity of GOx-catalase two enzyme-driven nanomotors at different fuel concentrations; The
velocity was extracted from the fitting of the average MSD at different concentrations (5 and 10
mM glucose), calculated from the tracking coordinates of on average 100 particles (a bigger
version of the MSD curves can be found in supplementary figure 15). c) Schematic representation
of the size dependent inhibition and protecting effect of the stomatocytes in GOx-catalase two
enzyme-driven nanomotors. Small inhibitor sodium azide is able to diffuse inside of the
nanomotors deactivating the enzyme while large proteases are not able to get in. d) MSD of
GOx-catalase two enzyme-driven nanomotors in the presence of catalase or trypsin added
externally to the mixture. The velocity was extracted from the fitting of the average MSD of the
curves (a bigger version of the MSD curves can be found in supplementary figure 16). No change
in the speed of the nanomotors is detected.
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We subsequently tested the stomatocytes containing the two-enzyme cascade
system based on glucose oxidase and catalase with glucose as a fuel (see figure 5b). The
ratio between catalase and GOx was selected to be 1:3 (w/w), taking into account the known
difference in activities of the two enzymes. The GOx-catalase nanomotor was observed to
become more active in time and increased its speed several seconds after the addition of the
glucose. We attribute this behaviour to the slower GOx enzyme, which requires oxygen to
start the catalytic process. For this reason, we used aerated MilliQ water to perform the rest
of the experiments. The movements of particles at two glucose concentrations are shown in
figure 5b and supplementary figure 15. As can be seen the two-enzyme nanomotor is able
to propel at very low concentrations of glucose, even down to 5 mM. This is a much lower
value when compared to a previously reported example where carbon nanotubes were used,
to which the same catalytic enzyme combination was attached. In that case a much higher
concentration of glucose of 100 mM was required.29 We think this is because the reaction in
the stomatocytes is concerted in the nano-cavity and thus faster transfer of substrates
between different enzymes occurs. This is not the case if the enzymes are chemically
attached to the surface of the motors, as transfer of substrates relies on slow diffusion in
solution.
In a final series of experiments, we investigated whether the motion of the
supramolecular nanomotors could be manipulated by controlling the activity of the
entrapped enzymes. Sodium azide is a known small inhibitor of catalase. Its anion binds to
the heme iron center in the active site of the enzyme. As expected, the addition of sodium
azide irreversibly inhibited the decomposition of hydrogen peroxide and consequently the
production of the propelling oxygen gas necessary for the functioning of the stomatocyte
motor. After the addition of the inhibitor, both the trajectories of the nanomotors and their
sizes indicated the recovery of the Brownian motion characteristics of the nanomotors in the
absence of fuel. The inhibition of the catalase inside of the stomatocytes was possible due
to the small size of the sodium azide, which was able to diffuse inside of the stomach. In the
case the inhibitor was a proteolytic enzyme, for instance trypsin, its larger size should
prevent it from diffusing inside of the nanomotors to inhibit the activity of the enzyme (see
figure 5 c, d). To test the protecting effect provided by the stomatocyte we exposed the GOxCat nanomotors to 434 μM trypsin and analyzed the movement of the nanomotors after
protein addition (see figure 5d). Both enzymes (GOx and CAT) were able to work in cascade
inside the stomatocytes to produce the propelling gas, therefore the presence of the
proteolytic enzyme did not have any noticeable effect on the function as nanomotors (see
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figure 5c, d). A small decrease in the speed of the nanomotors was observed most probably
due to the decrease in the absolute system concentration (fuel and particles concentration)
upon protein addition. The encapsulation of the enzymes inside the stomatocytes is of great
importance as it provides protection against deactivating elements present in biological
environments, such as proteases. The nanomotor design offers therefore a clear advantage
compared to other enzyme nanomotors, especially when applying these nanomotors in
biologically related applications due to their high efficiency and activity at very low
concentrations of naturally occurring fuels.
4. Conclusions
In summary, we have developed a strategy to incorporate sensitive proteins or
enzymes with very high encapsulation efficiencies inside the cavity of polymeric
stomatocytes via a process of shape transformation of polymersomes under mild conditions,
while fully retaining their activity. The encapsulation of the two enzymes GOx and catalase
allows the stomatocytes to propel as nanomotors using glucose as an alternative fuel for
hydrogen peroxide at biologically relevant concentrations, i.e. at only 5 mM. This efficiency
is probably attributed to the compartmentalization and confinement of the enzymes in such
a nano-vector. The morphology of these nanomotors provides protection of the enzymes
within their cavities from proteolytic enzymes that are available in a biological environment
thus providing a broader scope to the nanomotor design for biological applications, e.g. in
living cells. Besides its application for nanomotor assembly, this strategy of encapsulation,
release and protection of proteins within a nano-vesicle containing a large pore
(stomatocyte) could be useful to other fields such as drug/protein delivery or nanoreactor
applications. When the nanomotors are further optimized with respect to control in
movement and directionality, they could be useful for applications such as biosensing,
protein & DNA isolation and detection or immunoassays. Nanomotors could rapidly in situ
recognize, isolate and enrich target biomolecules, such as DNA, proteins and cells, in
untreated biological samples. Our nanomotor assembly and the strategy of encapsulation
provide high flexibility in the cargo-load and hold therefore considerable potential for future
research in the biomedical field.
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5. Experimental
5.1 Experimental materials and instruments
All chemicals and enzymes were used as received unless otherwise stated. For the
block copolymer synthesis, styrene was distilled before use to remove the inhibitor. Anisole
and N, N, N’, N’’, N’’-pentamethyl-diethylenetriamine (PMDETA) were purchased from
Sigma Aldrich. Ultra pure MilliQ water, obtained with the help of a Labconco Water Pro PS
purification system (18.2 MΩ), was used for the procedures of polymersome self-assembly
and the dialysis experiments. Dialysis membranes MWCO 12-14000 g mol-1 Spectra/Por®
were used where required. Ultrafree-MC centrifugal filters 0.22 μm were purchased from
Millipore. Sodium nitrate was purchased from Merck. Catalase (E.C. 1.11.16) from Bovine
Liver, lyophilized powder 2000-5000 U mg-1 was purchased from Sigma Aldrich. Glucose
Oxidase (E.C. 1.1.3.4) from Aspergillus niger Type II lyophilized powder 228.25 U mg-1
was obtained from Sigma Aldrich. Peroxidase from Horseradish (E.C. 1.11.1.7) Type I, 50150 U mg-1 solid and Ampliflu™ Red were purchased from Sigma Aldrich.
Proton nuclear magnetic resonance spectroscopy: 1HNMR spectra were recorded on a
Varian Inova 400 spectrometer with CDCl3 as a solvent and TMS as internal standard.
Gel permeation chromatography: A Shimadzu Prominence GPC system equipped with a
PL gel 5 μm mixed D column (Polymer Laboratories) and differential refractive index and
UV (254 nm) detectors was used. THF was used as an eluent with a flow rate of 1 mL min1
. Polystyrene standards in the range of 580 to 377,400 g mol-1 were used for calibration.
Transmission electron microscopy: TEM experiments were performed on a JEOL 1010
microscope equipped with a CCD camera at an acceleration voltage of 60 kV. Samples were
prepared by placing 5 µL of the solution on a carbon-coated Cu grid (200 mesh, EM science)
and they were allowed to air-dry for at least 24 hours. Processing and analysis of TEM
images was performed with ImageJ, a program developed by the NIH and available as public
domain software at http://rsbweb.nih.gov/ij/.
Cryogenic transmission microscopy: The cryogenic transmission electron microscopy
(Cryo-TEM) experiments were performed on a JEOL TEM 2100 microscope (JEOL, Japan)
and processed and analysed with ImageJ. Samples for CryoTEM measurements were
prepared by first treating the grids (Quantifoil R2/2 Cu 200 mesh grids) in a 208HR sputter
coater for 20 seconds. Afterwards, 3 µL of sample was brought on the grid and blotted in a
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FEI Vitrobot Mark IV, at 100 % humidity. Subsequently, the grid was blotted and directly
frozen in liquid ethane.
AF4-UV-MALS-QELS: The asymmetric flow field flow fractionation – UV – QELS (AF4UV-QELS) experiments were performed on a Wyatt Eclipse AF4 instrument connected to a
Shimadzu LC-20A Prominence system with Shimadzu CTO20A injector. The AF4 was
further connected to the following detectors: a Shimadzu SPD20A UV detector, a Wyatt
DAWN HELEOS II light scattering detector (MALS) installed at different angles (12.9 º,
20.6 º, 29.6 º, 37.4 º, 44.8 º, 53.0 º, 61.1 º, 70.1 º, 80.1 º, 90.0 º, 99.9 º, 109.9 º, 120.1 º, 130.5
º, 149.1 º, and 157.8 º) using a laser operating at 664.5 nm, a Wyatt Optilab Rex refractive
index detector and a QELS detector installed at an angle of 140.1o. Detectors were
normalized using Bovine Serum Albumin and for the enzyme molecular weight calculations,
dn/dc of 0.1850 was used. The AF4 channel was pre-washed with running solution of 5mM
NaNO3, which was also used for the separation. The processing and analysis of the LS data
and hydrodynamic radii calculations were performed using Astra 6.1.1. All AF4 separations
were performed on an AF4 short channel with regenerated cellulose (RC) 10 kDa membrane
(Millipore) and spacer of 350 µm.
Nano-particle tracking analysis: These experiments were performed on a Nanosight
LM10HS instrument equipped with an Electron Multiplication Charge Coupled Device
(EMCCD) camera. This camera was mounted on an optical microscope in order to track the
light scattered by the injected particles that are present in the focus of the 80 μm beam
generated by a single mode laser diode with a 60 mW blue laser illumination (405 nm). The
solution containing polymeric vesicles was adjusted to a concentration between 10 7 and 109
particles mL-1. Solutions were injected into the nanosight sample chamber. The chamber has
a 0.5 mL size from which a volume of 120x80x20 micrometer was visualized under the
microscope. The Brownian motion of the nanoparticles was tracked with 30 frames s-1. NTA
2.2 software was used to track the vesicles and from this, their mean square displacement
(MSD) was calculated. The method of MSD calculation was explained in detail elsewhere.11
Fluorescence measurements: The fluorescence measurements were performed on 96black well F-Bottom microplates (Greiner Bio-One) on a Berthold TriStar² LB 942
Multidetection Microplate Reader equipped with a 550 nm excitation filter and a 610 nm
emission filter.
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5.2 Experimental procedures
5.2.1 Synthesis of poly(ethylene glycol)44-b-poly(styrene)167: Amphiphilic block
copolymer PEG-b-PS was synthesized according to literature procedures using atom-transfer
living radical polymerization.43 Briefly, to a dry Schlenk tube equipped with a stirring bar,
copper bromide (CuBr) (45 mg, 0.32 mmol) was added under argon atmosphere. The
Schlenk tube was then sealed with a septum, evacuated for 15 min after which argon was
filled back into the flask. PMDETA (66 µL, 0.32 mmol) was dissolved in 0.5 mL of anisole
and added into the CuBr. The mixture was left stirring for 15 min with argon bubbling
through the solution for oxygen removal. Subsequently, poly(ethylene glycol) macro
initiator (215 mg, 0.10 mmol) was dissolved in 1 mL of anisole and added into the Schlenk
tube. The Schlenk tube was inserted in an ice bath, and the solution was degassed for 15
min. Afterwards, distilled styrene (5 mL, 43.6 mmol) was inserted into the Schlenk tube.
The mixture was degassed by three freeze thaw cycles after which the Schlenk tube was
inserted into a preheated 70 ºC oil bath overnight. Dichloromethane (CH2Cl2) (75 mL) was
then added into the polymer solution and the organic layer was extracted with aqueous 65
mM EDTA solution (3 × 150 mL). The aqueous phase was washed with CH2Cl2 and the
organic layers were combined and dried with MgSO4. The solution was then concentrated
and the polymer was precipitated in cold MeOH, filtered and dried overnight. The
amphiphilic polymer obtained, PEG44-b-PS167 had a number average molecular weight (Mn)
of 19.6 kgmol-1 and a Ð of 1.07.
5.2.2 Preparation of polymersomes for either solvent addition or reverse dialysis shape
transformation methods: Block-copolymer PEG44-b-PS167 (20 mg) was dissolved in 2 mL
of a mixture of distilled THF and dioxane (4:1 v/v) in a 15 mL vial equipped with a magnetic
stirring bar. The vial was capped with a rubber septum. MilliQ (3 mL) was added via a
syringe pump with a rate of 1 mL h-1 while stirring the solution vigorously. The resulting
cloudy suspension was transferred into a dialysis membrane (SpectraPor, molecular weight
cutoff: 12,000-14,000 Da, flat width 25 mm), which was prior swollen in MilliQ for about
30 min. The polymersomes were dialyzed against water (1000 mL) for at least 24 hours.
5.2.3 Stomatocyte formation via the reverse dialysis of polymersomes: Rigid membrane
PEG44-b-PS167 polymersomes (700 μL, 10 mg mL-1) were placed in a dialysis membrane
(SpectraPor, molecular weight cut-off: 12,000-14,000 Da, flat width 10 mm), which was
swollen in MilliQ for 30 min. The dialysis solution was composed of 150 mL MilliQ (50%
in volume) and a mixture of 120.0 mL THF and 30.0 mL dioxane (4:1 v/v). To monitor the
76

shape transformation by cryogenic transmission microscopy, samples were withdrawn from
the dialysis bag at 30 min, 60 min., 90 min., 120 min., 150 min. and 180 min.
5.2.4 Stomatocyte formation via the solvent addition method: An aqueous rigid
polymersome solution based on PEG44-b-PS167 block copolymer (500 μL, 10 mg mL-1) was
transferred into five 5 mL vials equipped with a magnetic stirring bar and a septum. A
mixture of THF : dioxane (4:1 v/v) was added via syringe pump (300 μL h-1 rate). The vials
were sealed during the addition while a 0.6 mm thin needle was placed to release the
overpressure resulting from the high solvent vapor pressure, which was expected to affect
the process. Subsequently, 150 μL, 300 μL, 450 μL, 600 μL, and 700 μL of organic solvent
mixture were delivered to vial 1-5, respectively, while stirring the solution vigorously (800
rpm). To follow the shape transformation by Cryo TEM, the experiment was stopped at
different time intervals after 30 min (vial 1), 60 min (vial 2), 90 min (vial 3), 120 min (vial
4), and 180 min (vial 5) by quenching the structures in 2 mL of water. The solution of rigid
stomatocytes was then concentrated via centrifugation back to the initial concentration of 10
mg mL-1.
5.2.5 Enzyme encapsulation in stomatocytes: First, a batch of opened stomatocytes (neck
size 103 ± 9 nm) was prepared following the previously mentioned solvent addition method
(5.2.4). It was prepared by addition of 300 μL of THF : dioxane (4 : 1 v/v) with a rate of 300
μL h-1 into a rigid polymersome solution (500 μL, 10 mg mL-1) in a septum sealed 5 mL vial
equipped with 0.6mm needle. The formed stomatocytes were quenched by addition of 2 mL
of water, followed by spin filtration to remove the organic solvent. The spin filtration step
was repeated at least 5 times to ensure complete removal of the organic solvent and the final
volume was decreased to 500 μL to afford a 10 mg mL-1 final concentration of stomatocytes.
Subsequently, 6 mg of solid catalase (in case of catalase filled stomatocytes) or 2 mg of
catalase and 6 mg of solid glucose oxidase (in case of catalase and glucose oxidase
stomatocytes) were added to the 103 ± 9 opening rigid stomatocytes. The solution was left
stirring for at least 30 min, followed by addition of 150 μL of THF : dioxane (4 : 1 v/v) with
a rate of 300 μL h-1 in 30 min. Immediately after the solvent addition, the organic solvent
and non-encapsulated enzymes were removed via spin filtration and dialysis against 5mM
NaNO3 solution.
5.2.6 Release of enzymes from stomatocyte cavity: encapsulated enzymes were released
from the stomatocyte cavities by the direct addition of 150 μL or higher amounts of
THF/dioxane (80 : 20 v/v). Subsequently, the samples were dialyzed against 5 mM NaNO 3
77

Chapter 3

solution to remove the organic solvent. The presence of free enzymes was checked by
injecting 20 μL of the colloidal solution into the AF4, which eventually resulted in 2 peaks,
one corresponding to the enzymes and the other to the formed polymersomes.
5.2.7 Measurement of catalase activity: For the activity of catalase, an assay using HRP
and Ampliflu™ Red was used. In the presence of HRP, H2O2 reacts with Ampliflu™ Red in
a 1:1 stoichiometry to generate red-fluorescent oxidation product, resorufin, which has
excitation and emission maxima at 571 nm and 585 nm respectively. As the catalase activity
increased, concentration of H2O2 decreased and thus the resorufin signal decreased.
For catalase activity measurements, a calibration curve was prepared from a 10 U
-1
mL catalase stock solution. Concentrations were chosen to obtain a final concentration
between 0 to 0.8 U mL-1 in 100 μL final assay volume.
Catalase-containing samples were approximately 900 times diluted to 86 μL in order
to obtain concentrations that fall into the calibration curve concentrations. All dilutions were
made in 100 mM potassium phosphate buffer, pH 7.0 containing 1 mM MgCl 2 and 1 mM
EDTA. To start the reaction 4 μL of 500 μM H2O2 was pipetted to every well containing the
standard and experimental solutions. After 30 minutes of incubation at room temperature,
20 μL of an assay mix containing HRP (100 μL of 10 U mL-1, 8.69 U mL-1) and Ampliflu™
Red (5 μL of 20 mM in DMSO, 869.6 μM) was added to each well. Fluorescence was
measured, using excitation at 550 nm and emission at 590 nm, after 5 minutes of incubation
at room temperature. A background correction was made by subtracting the value from the
no-catalase control from every sample. The activity of the stomatocytes was determined
using the interpolation of a 3rd order polynomial fit across the catalase concentrations vs.
fluorescence in the range between 0.1 U mL-1 and 0.4 U mL-1.
(y = -38,627,555.56x3 + 41,291,376.19x2 - 15,014,687.06x + 1,909,231.93, R2 = 1.00)
5.2.8 Measurement of glucose oxidase (GOx) activity: For the activity of GOx, an assay
using glucose, HRP and Ampliflu™ Red was used. Glucose reacts with GOx to form Dgluconolactone and H2O2. In the presence of horseradish peroxidase (HRP), H2O2 reacts with
Ampliflu™ Red in a 1:1 stoichiometry to generate red-fluorescent oxidation product,
resorufin which has excitation and emission maxima at 571 nm and 585 nm respectively.
A glucose oxidase calibration curve was prepared by dilution of the glucose oxidase
stock solution of 10 U mL-1 to obtain a final concentration between 0 and 0.4 U mL-1 in 100
μL final assay volume. All dilutions were made in 100 mM potassium phosphate buffer, pH
7.0 containing 1 mM MgCl2 and 1 mM EDTA. the relationship between resorufin
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fluorescence and the GOx concentration was found to be linear (y = 297.69x-5.26, R² = 0.99)
in the range of 0.1 – 0.35 U mL-1 GOx. Stomatocytes co-encapsulating GOx and irreversibly
inhibited catalase were serially 1000 times diluted to 89.5 μL to determine the optimal
amount of sample that falls in the standard curve range. Standard curve samples and
stomatocytes were loaded into individual wells of a microplate. The reaction was initiated
by adding 11.5 μL of a master mix containing D-glucose (10 μL of 1 mM, 86.9 μM), HRP
(100 μL of 10 U mL-1, 8.69 U mL-1)) and Ampliflu™ Red (5 μL of20 mM in DMSO, 869.6
μM) with a multi-pipette to each well. The progress of the reaction was monitored directly
for 10 minutes by measuring the increase in fluorescence emission at 590 nm after excitation
at 550 nm. For each point, the value derived from the negative control was subtracted.
5.2.9 Autonomous movement of the stomatocyte nanomotors: the concentrations of the
enzyme containing stomatocytes were adjusted to values between 107 and 109 particles mL1
, thereafter fuel was added (different concentrations of H2O2 or glucose) and the samples
were injected into the Nanosight sample chamber.
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6. Supplementary figures, tables and movies

Supplementary figure 1: Stomatocyte formation via dialysis methods. a) Schematic
representation of the shape transformation of polymersomes via the dialysis method where the
removal of the organic solvent (red spheres), used to inject the polymer solution into water (blue
spheres), induces an osmotic stress over the membrane resulting in the inward folding of the
membrane. b) Schematic representation of the shape transformation of polymersomes via the
reverse dialysis method where first organic solvent and water is added to promote flexibility of
the polymersome membrane after which an osmotic driven shape change into stomatocytes is
applied, followed by quenching the structure in water to preserve the morphology. c) Cryo-TEM
of stomatocytes obtained via the dialysis method described in (a) d) Cryo-TEM of the
polymersomes and stomatocytes obtained after reverse dialysis in a mixture of water : THF :
dioxane (1:0.8:0.2 v/v) as described in (b). Note the decreasing size of the opening after
increasing the dialysis time. All scale bars correspond to 200 nm.
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Supplementary figure 2: Cryo-TEM of the shape transformation of polymersomes into
stomatocytes at different time points via the solvent addition method. a, b, c, Cryo-TEM of
stomatocytes after shape transformation via solvent addition for 30 min. d, e, f, Cryo-TEM of
stomatocytes after shape transformation via solvent addition for 60 min. g, h, i, Cryo-TEM of
stomatocytes after shape transformation via solvent addition for 90 min. j, k, l, Cryo-TEM of
polymersomes after shape transformation via solvent addition for 120 min. m, n, o, Cryo-TEM
of polymersomes after shape transformation via solvent addition for 180 min. Scale bar is equal
to 200 nm.
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Supplementary figure 3: (Top) a, b, and c) TEM images of rigid stomatocytes formed after
addition of 300 µL of organic solvent (THF : dioxane, 4 : 1 v/v) to an aqueous polymersome
solution, followed by quenching in water. (Bottom d, e, and f) TEM images of closed rigid
stomatocytes encapsulating enzymes. They are formed by mixing the open stomatocytes (top
figures) with 6 mg of catalase (in case of catalase filled stomatocytes) or 2 mg of catalase and 6
mg of glucose oxidase (in case of catalase and glucose oxidase motors). After 30 min, 150 μL
of organic solvent (THF : dioxane, 4 : 1 v/v) is added into the mixture. Right after 30 min, the
formed structures are spin filtered and dialyzed against 5 mM NaNO3 solution. Scale bar is equal
to 200 nm.
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0
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-

-
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6

8

Elution

1.17

0.49

8

10

Elution

0.49

0.24

10

13

Elution

0.24

0.10

13

30

Elution

0.10

0.10

30

31

Elution

0.00

0.00

31

32

Elution

+ 0.00

0.00

0.00

0.00

inject
32

37

Elution

Supplementary table 1 General method for the AF4 separation of stomatocytes from enzymes.
The flow conditions applied for the AF4 separation were the following: 1.0 mL min-1 detector
flow, 1.00 mL min-1 focus flow and 0.20 mL min-1 injection flow. The same parameters were used
earlier for separation of platinum nanoparticles from stomatocytes.36 For the control
experiments with the enzymes (catalase and/or GOx), 20 µL from a 3 mg mL-1 solution in MilliQ
was injected into the AF4 short channel. For the stomatocyte control experiments without
enzymes, 20 µL from a 10 mg mL-1 solution was injected, while for the stomatocyte control
experiments mixed with enzymes (catalase and/or GOx), 40 µL from a 10 mg mL-1 polymer (PSPEG) mixed with 3 mg mL-1 enzymes solution was injected into the AF4 short channel.
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0

2
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3.00

3.00

2

3

Focus

-

-

3

5

Focus + inject

-

-

5

6

Focus

-

-

6

22

Elution

3.00

3.00

22

25

Elution

0.00

0.00

25

28

Elution+inject 0.00

0.00

Supplementary table 2 General method for the AF4 elution of enzymes: The flow conditions
applied for the elution of enzymes were the following: 0.5 mL min-1 detector flow, 1.50 mL min1
focus flow and 0.20 mL min-1 injection flow.
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Supplementary figure 4: Asymmetric flow field flow field fractionation (AF4) fractogram of 1)
catalase, which was later encapsulated inside the cavity of the stomatocytes. 2) AF4 fractogram
of empty closed stomatocytes (obtained after 90 min of the solvent addition method). 3) AF4
fractogram of catalase and stomatocytes mixed together, this experiment was performed to check
if catalase is interacting with the membrane of the stomatocytes. According to this fractogram,
the enzyme does not adhere onto the stomatocytes as both peaks of catalase and the stomatocytes
are retained at exactly the same retention time of their controls (1 and 2). 4) AF4 fractogram of
closed stomatocytes encapsulating catalase. Note the fractogram of the filled stomatocytes shows
a slight shift to longer retention times, this can be explained by the fact that the measured
hydrodynamic radii of the filled stomatocytes are bigger than the non-filled ones and thus the
particles have a lower diffusion coefficient. 5) AF4 fractogram of polymersomes obtained from
empty stomatocytes. Note that the fractogram shows a shift of the polymersomes peak to longer
retention time, this can be explained by the fact the polymersomes are usually bigger than their
stomatocyte counter parts.35 6) AF4 fractogram of the release experiment where the filled
stomatocytes were shape transformed into polymersomes leading to the release of the
encapsulated enzymes. Note that all the measurements were performed on the structures
originating from the same polymersome batch.
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Supplementary figure 5: (TOP) Radii of gyration (RMS) divided by the hydrodynamic radii (Rh)
over the entire size distribution peak of empty stomatocytes. (Bottom) Radii of gyration (RMS)
divided by the hydrodynamic radii (Rh) over the entire size distribution peak of catalase filled
stomatocytes. The pink line in both graphs represents the mean value of these points.
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Supplementary figure 6: Asymmetric flow field flow field fractionation (AF4) fractogram of 1)
free catalase enzyme. 2) AF4 fractogram of free GOx enzyme. 3)AF4 fractogram of catalase and
GOx (1 : 3 w/w), and stomatocytes mixed together, this experiment was performed to check if
the enzymes are adhering onto the surface of stomatocytes. The presence of both enzymes and
their percentage amount was determined from the light scattering data (LS) by calculating their
cumulative weight fraction for a dn/dc of 0.185. The results confirmed the presence of almost the
same ratio of catalase to GOx without or mixed with the stomatocytes; the enzymes did not
adhere onto the surface of the stomatocytes as both catalase and the stomatocytes peaks were at
exactly the same retention time as their controls (free catalase and stomatocytes only, 1 and 4).
4) AF4 fractogram of empty, closed stomatocytes. 5) AF4 fractogram of closed stomatocytes
encapsulating catalase and GOx. Note the fractogram of the filled stomatocytes shows a slight
shift to longer retention times. 6) AF4 fractogram of the release experiment where the filled
stomatocytes were shape transformed into polymersomes. This led to release of the encapsulated
enzymes and thus the occurrence of the free enzymes peak. 7) AF4 fractogram of polymersomes
obtained from empty closed stomatocytes.
87

Chapter 3

Supplementary figure 7: (TOP) Radii of gyration (RMS) divided by the hydrodynamic radii (Rh)
over the entire size distribution peak of the empty stomatocytes (GOx-catalase experiment
batch). (Bottom) Radii of gyration (RMS) divided by the hydrodynamic radii (Rh) of the entire
peak range of the GOx-catalase filled stomatocytes. The pink line in both graphs represents an
average value of these points.
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Supplementary figure 8: TEM, secondary emission and Energy Dispersive X-ray (EDX)
mapping of sulphur (S, Yellow) and Iron (Fe, red) in a group of catalase-filled stomatocytes to
demonstrate the encapsulation of the enzyme containing both elements in their structure. The
images were overlaid using Photoshop software to show the positioning of these elements in the
stomach of stomatocytes.
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Supplementary figure 9: TEM, secondary emission and Energy Dispersive X-ray (EDX)
mapping of sulphur (S, Yellow) and Iron (Fe, red) in a single catalase-filled stomatocyte. Images
were overlaid using Adobe Photoshop software to show the positioning of these elements in the
inner compartment of the stomatocyte.

Supplementary figure 10: TEM, secondary emission and Energy dispersive X-ray (EDX)
mapping of sulphur (S, Yellow) and Iron (Fe, red) in a group of catalase-filled stomatocytes (low
magnification image) to demonstrate the high encapsulation efficiency of the enzyme over a large
number of structures.

90

Encapsulated enzyme

Initial
solution
activity
(units mL−1)

Incorporated

(units mL−1)

% Incorporation
efficiency based
on the enzyme
activity

21000

5125 ± 261

24.4 ± 1.2

GOx/Catalase
GOx
(inhibited with sodium
azide)

2739

890 ± 47

32.5 ± 1.7

GOx/Catalase

14000

3825 ± 243

27.3 ± 1.7

Catalase

Enzyme
assayed

Catalase

Catalase

activity

Supplementary table 3 Enzyme incorporation efficiency based on its activity: Activity of
glucose oxidase and catalase -filled stomatocytes was determined by a coupled enzymatic
reaction. The enzymatic activities are expressed in units mL-1 (U mL-1), where 1 unit of catalase
decomposes 1.0 μmole of H2O2 per minute at pH 7.0 at 25 ºC. One unit of glucose oxidase
oxidizes 1.0 μmole of glucose to gluconolactone and H2O2 per minute in a solution saturated
with oxygen at pH 7 and 25 ºC. Note that when GOx activity was measured in the stomatocytes,
it was encapsulated with inactive catalase inhibited irreversibly by sodium azide.
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Supplementary figure 11: (a-d) Sample trajectories of stomatocyte nanomotors before adding
fuel. (e-i) sample trajectories of empty stomatocytes after adding fuel (hydrogen peroxide) or
hydrogen peroxide). Please note that adding fuel did not affect the Brownian motion of the empty
stomatocytes.
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Supplementary figure 12: Sample trajectories of stomatocyte nanomotors after adding fuel. (ae) sample trajectories of stomatocyte nanomotors moving in low H2O2 concentration (10 mM).
(f-i) sample trajectories of stomatocytes motors moving in high H2O2 concentration (150 mM).
Please note the propulsive movement trajectories of the stomatocytes compared to those when
in Brownian motion.
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Supplementary figure 13: Inhibition experiment: The apparent sizes of the catalase
nanomotors a) before and b) after addition of 100 mM H2O2. The nanomotors appear smaller
due to directional movement c) The apparent sizes of the catalase nanomotors without fuel after
addition of 10 mM NaN3; the size of the structures is not affected by addition of azide. d) The
apparent sizes of the catalase nanomotors in the presence of 100 mM H2O2 and 10 mM NaN3;
the movement of the motors is inhibited resulting in sizes of the nanomotors as before fuel
addition. e) The apparent sizes of the catalase nanomotors in the presence of 100 mM H2O2 and
434 μM trypsin. The movement of the motors is not inhibited after addition of trypsin.
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Supplementary figure 14: Average MSD of the catalase-filled stomatocytes after the addition of
fuel at different concentrations (11-111 mM H2O2), calculated from the tracking coordinates of
on average 105 particles.
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Supplementary figure 15: Average MSD of the GOx-catalase two enzyme-driven nanomotors
after the addition of fuel at different concentrations (5 and 10 mM glucose), calculated from the
tracking coordinates of on average 100 particles.
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Supplementary figure 16: Average MSD of the GOx-catalase two enzyme-driven nanomotors in
the absence of glucose and after the addition of 10 mM glucose and 230 μM catalase (red
squares) or 434 μM trypsin (green diamond).

http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b07689/suppl_file/nn5b07689_si_002.mpg
Supplementary movie 1: Brownian motion of empty stomatocytes in presence of fuel.

http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b07689/suppl_file/nn5b07689_si_003.mpg
Supplementary movie 2: Autonomous movement and Brownian motion of two populations of
stomatocytes.
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Chapter 4

1. Abstract
Adaptive processes in nature (e.g. homeostasis) that are able to function under
changing conditions have heavily inspired scientists to create and mimic their design and
behavior. Living cells, for example, are compartmentalized out-of-equilibrium systems
exquisitely capable of converting chemical energy into function. In order for cells to
maintain homeostasis, the flux of metabolites is tightly controlled by regulatory enzymatic
networks. A crucial prerequisite for the development of life-like systems is the construction
of synthetic modules with compartmentalized reaction networks that maintain out-ofequilibrium function. Here, we aim for autonomous movement as an example of the
conversion of feedstock molecules into function. The flux of the conversion is regulated by
a rationally designed enzymatic reaction network with multiple feed forward loops. By
compartmentalizing the network into bowl-shaped nanocapsules (stomatocytes), the output
of the network is harvested as kinetic energy. The entire system shows sustained and tunable
microscopic motion resulting from the conversion of multiple external substrates. The
successful compartmentalization of an out-of-equilibrium reaction network is a major first
step in harnessing the design principles of life for the construction of adaptive functional
synthetic life-like systems.
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2. Introduction
The cellular environment can be regarded as a highly complex medium, in which
numerous multi-step enzymatic processes take place simultaneously with unsurpassed
efficiency and specificity. One of the most striking characteristics of enzymatic reaction
networks in living systems is their ability to generate a sustained output under out-ofequilibrium conditions as a result of built-in regulatory mechanisms. We identify an out-ofequilibrium state as a situation in which a continuous supply of energy is required to
maintain a stationary state for extended periods of time. The system would end up in a
thermodynamic minimum state when the energy supply stops. In nature, for example
feedback and feedforward motifs have evolved as mechanisms for maintaining homeostasis
or dynamic equilibrium, and for fine-tuning metabolic flux. 1-3 Examples of regulatory
mechanisms in metabolic networks include post-translational modifications which provide
feedback mechanisms for metabolites 4 or small molecules that affect metabolic flux by
allosteric effects on enzymes. It has also been suggested that the rapid amplification of
responses against weak stimuli is partly due to the existence of feed forward activation via
substrate cycles. 5-6 The general aim of these features in enzymatic networks is to regulate
metabolite concentrations needed to match the local requirements.7 The bottom up
construction of multi component enzymatic networks that carry out controllable userdefined responses requires inclusion of several chemical reactions that are usually regulated
by external stimuli.7 However, these processes consume energy and inevitably decay
towards equilibrium once their reactants are transformed into the desired products.
Therefore, much emphasis has been placed on the construction of multistep
enzymatic cascades 8-9, whereas the rational design of out-of-equilibrium enzymatic
networks 10-12 has still proved very challenging. Crucially, the output of reaction cascades is
simply the formation of a final product at a rate dependent on the slowest conversion step,
and when the starting materials start to be consumed, the output slowly decays to zero. In
contrast, reaction networks can produce oscillatory, adaptive, or homeostatic outputs, all
depending on the network motifs. By implementing regulatory mechanisms, a system can
be maintained at steady state for a prolonged time over a wider range of substrate
concentrations than can be accomplished with a regular cascade process.
Previously we have reported the osmotic pressure induced shape transformation of
poly(ethylene glycol)-b-polystyrene (PEG-PS) spherical polymersomes into bowl-shaped
structures called stomatocytes.13-15 These stomatocytes were turned into nanomotors by
simply encapsulating active nanoparticles (e.g. platinum) and enzymes (e.g. catalase) in the
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nanocavity (chapter 3).14-15 Substrate (fuel) conversion by the confined catalysts in the small
compartment led to propulsion of the stomatocytes, of which the speed was dependent on
the fuel concentration.
Herein, we substitute the 2-enzyme cascade system reported in chapter 3 with a nonnatural regulatory metabolic network compartmentalized in a stomatocyte, which shows
tunable and sustained performance under out-of-equilibrium conditions. The confined
network allows the conversion of multiple natural substrates (see figure 1a) via four
metabolic modules into hydrogen peroxide, which is converted into molecular oxygen in the
final step. Encapsulation of the enzymatic network in bowl-shaped polymeric nanoparticles
represents an example of a compartmentalized out-of-equilibrium system that is capable of
converting molecular fuels into motion. 16-22 Regulating the turnover rates in the enzymatic
network leads to a tunable and sustained output and a concomitant control over the speed of
the nanomotors.
The construct is in effect able to adapt its behavior to the changes in the
concentration of natural substrates by regulating their consumption to produce sustained
movement with constant speed.

Figure 1: Rational design and experimental assembly of a compartmentalized metabolic
network. a) Schematic representation of the stomatocyte nanomotors containing four enzymatic
cycles which are able to convert glucose and phosphoenolpyruvate (PEP) into movement of the
construct. b) Rational design of a metabolic pathway for double-cycling of natural substrates,
leading to autonomous movement. The activation cycle (red), starting with glucose and
phosphoenolpyruvate, feeds forward the pyruvate – L-lactate cycle with regeneration of βNADH, and is controlled by the amount of ATP present in the system. The negative feedforward
regulation by pyruvate enables a tunable continuous local production of oxygen by the motor
cycle. Sufficient concentrations of glucose and PEP as well as positive and negative feedforward
mechanisms are crucial for maintaining a prolonged out-of-equilibrium state.
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3. Results and discussions
3.1 Rational design of a tunable metabolic network: Inspired by the ‘functional units’ or
‘modules’ in evolved biochemical networks in cells, 23-24 a minimal biochemical reaction
model was constructed to include features that can lead to tunable and sustainable energyproduction. The basic metabolic network was set-up by an ATP-dependent activation
module based on hexokinase (HK) and pyruvate kinase (PK) with a phosphate donor
(phosphoenolpyruvate) and glucose as energy source (see figure 1b, activation cycle). It
permits activation of the enzymatic network even when ATP levels are below physiological
concentrations (< 1 mM). 25-26 A feed forward activation was introduced in which the output
of the activation cycle, pyruvate, acts as a trigger molecule for the pyruvate – L-lactate cycle.
In this cycle, L-lactate dehydrogenase (LDH) consumes pyruvate and this reaction is
opposed by L-lactate oxidase (LO) catalyzing the reaction in the opposite direction. By
continuous injection of pyruvate, the cycle speeds-up until a steady state is reached due to
feed forward inhibition at high concentrations of pyruvate on LDH (see figure 1b, pyruvate
– L-lactate cycle). 27 A concurrent flux through this cycle occurs when an excess of βNADH is present, which is continuously regenerated by the conversion of glucose-6phosphate by glucose-6-phosphate dehydrogenase (G6PDH) into 6-phosphogluconolactone
(6-p-g). This results in net hydrogen peroxide production. Since ATP determines the
concentration of β-NADH, the concentration of ATP not only activates, but at the same time
regulates the entire metabolic network. While in natural systems substrate cycles have
sometimes been called futile cycles when there is no overall effect other than to dissipate
heat, 28 in our network the function of the pyruvate –L-lactate cycle is coupled to our motor
cycle containing catalase (CAT) (see figure 1b, motor cycle). Similar isolated motor cycles
have been implemented before in nano and micromotor systems (e.g. Glucose
Oxidase/CAT), and the current understanding of their mechanism of motion is based on a
combination of phoretic and bubble propulsion (Chapter 1).15, 18-19, 29-30 Herein the entire
metabolic network is encapsulated in our polymeric capsule equipped with a nanopore; it is
expected that the highly localized decomposition of hydrogen peroxide into oxygen leads to
microscopic motion of the construct due to the combined action of fast escape of the oxygen
through the opening and the accompanying local density fluctuations, giving rise to phoretic
motion.
3.2 Evaluation of the metabolic network: The enzymatic network was first simulated using
a mathematic model based on a set of ordinary differential equations (Simulation was
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performed by a coworker, Marlies Nijemeisland. Only significant results and conclusions
from the simulations are shown here to clarify our experimental results). The mathematical
model was used to gain better understanding of our enzymatic network, predict the
parameters necessary for the motor functioning and to confirm our experimental output. In
the simulations, open reactor conditions were assumed and therefore, oxygen concentration
was kept constant due to continuous replenishment. The response of the network to varying
substrate concentrations was tested theoretically (through simulations) and experimentally
to provide us with a better insight into the key parameters that govern the steady state
behavior of the network (see section 5.2.1.1). The simulations show that ATP acts as an
internal regulator of the network for the production of the O2 precursor H2O2 (see figure 2c).
The ATP concentration has an effect on the speed of activation (see figure 2c, insert), the
cycling rate of the pyruvate – L-lactate cycle and thus the rate of H2O2 production, when the
system is saturated in glucose (2.5 mM) and PEP (10.0 mM). Therefore, the more ATP is
present, the faster the reaction velocity of the pyruvate – L-lactate cycle increases, as the
activation cycle is continuously injecting substrate into it (see supplementary figure 1). In
the initial phase, even a small quantity of ATP can speed up the rates of β-NAD+/β-NADH
cycling and H2O2 production and thus the system acts as a chemical amplifier. This feed
forward activation takes place when the concentrations of the cycling substrates are much
lower than their respective Michaelis-Menten constants. Above these values, a negative
substrate inhibition is observed (see figure 2b). In the enzymatic network, this mechanism
regulates the consumption of energy and slows down glucose consumption, which leads to
a steady state phase. This elongates the out-of-equilibrium state and extends the in situ
production of hydrogen peroxide (see figure 2d). In the activation cycle, hexokinase has a
low Km for glucose, so it permits activation of the enzymatic network even when glucose
levels are below 1 mM. 31 Consequently, glucose only affects the duration of the steady state
and does not affect the rate of hydrogen peroxide production. Importantly, as shown in figure
2c and d, the H2O2 production is constant over extended (up to 3 hrs) time periods.
After simulating the general properties of the network, we experimentally
determined the behavior of the enzymatic network in buffer solution (see sections 5.2.1.2
and 5.2.1.3), hereafter called bulk conditions, by monitoring β-NADH fluorescence in time.
Figure 2e shows the data points of progress curves of β-NADH production and consumption
during operation of the entire metabolic pathway at various concentrations of ATP. The
initial increase in [β-NADH] (see regime * in figure 2e) can be explained by the ATPdependent formation of glucose-6-phosphate, which fuels the regeneration process of β106

NADH out of β-NAD+; the higher the initial [ATP], the stronger the initial increase in [βNADH]. Subsequently, the pyruvate – L - lactate cycle becomes fueled with pyruvate (see
regime **, figure 2e), which starts to consume β-NADH rapidly, but seems to converge into
a steady state with nearly similar rates of β-NADH production and consumption. After
several hours, when glucose becomes depleted, a fast decrease in [β-NADH] is measured
and the enzymatic network stops working (see regime ***, figure 2e). Again, this decrease
is more pronounced with increased starting levels of ATP. This indicates that the pyruvate
– L-lactate cycle is accelerated when more ATP is present. The same trend is observed for
varied glucose concentrations, however, glucose affects only the length of the steady state
(see figure 2f). The mathematical model was fitted to the experimental data of both glucose
and ATP concentration versus time, by minimizing the difference between model
simulations and the experimental data. The simulated data (solid lines) were qualitatively
good fits to the experimental data.
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Figure 2. Characterization of the metabolic pathway. a) Reaction scheme of the proposed assay
for the pyruvate - L-lactate cycle and for the comparison with LDH activity. b) β-NADH
consumption rates of the pyruvate – L-lactate cycle and for LDH at varied concentrations of
pyruvate. Below 0.5 mM a positive effect on the consumption rate is observed due to pyruvate
regeneration. Negative substrate inhibition is observed for values higher than 0.5 mM pyruvate.
c) and d) Time courses in H2O2 production rates for various values of initial [ATP]. c) and
[glucose]. d) from model predictions. The inset shows an expansion of the graph near the
coordinate origin. e) Progress curves of β-NADH production and consumption per mg of enzyme
mixture, obtained experimentally for different initial concentrations of ATP (0.13-1.0 mM) at
fixed glucose concentrations (2.5 mM). Three regimes (*,** and ***) are defined and represent
different phases of operation of the enzymatic network. Solid lines represent model predictions
using optimized parameters (f) Progress curves of β-NADH production and consumption
obtained experimentally for different initial concentrations of glucose (0.5-5.0 mM), while ATP
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concentrations were kept fixed at 0.5 mM. Solid lines represent model predictions using
optimized parameters.

3.3 Compartmentalization of the metabolic network: After establishing the conditions
under which the enzymatic network leads to sustained hydrogen peroxide production, the
entire pathway was encapsulated in stomatocytes via the controlled shape-transformation of
polymersomes made from poly(ethylene glycol)44-b-poly(styrene)167 amphiphilic blockcopolymers following previously mentioned preparation conditions (Chapter 3).15 In brief,
the preparation entailed a two-step process (see sections 5.2.2.2 and 5.2.2.3). First, spherical
polymersomes were transformed in open-neck stomatocytes in a medium of water and
organic solvent. After dialysis, to remove excess organic solvent, the open-neck
stomatocytes were plasticized with a small amount of organic solvent to induce the
formation of closed-neck stomatocytes in the presence of the enzymatic network, with a total
protein concentration of 17.2 mg mL-1. Small to almost closed neck stomatocytes ( 5 nm)
were mostly obtained (see figure 3a and supplementary figure 2). The bowl-shaped
structures were confirmed with cryo-transmission electron microscopy, transmission
electron microscopy and energy dispersive X-ray spectroscopy (see figure 3a). The
encapsulation of the enzymatic network was evaluated with SDS-PAGE densitometry (see
section 5.2.2.4). For this experiment, the enzymes were released from the stomatocytes by
reshaping the bowl-shaped structures back into polymersomes by the addition of organic
solvent (see supplementary figure 3).
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Figure 3. Characterization of the stomatocyte nanomotors after encapsulation of the
enzymatic network. a) Cryo-transmission electron microscopy (cryo-TEM) image of a
stomatocyte (left). TEM image of stomatocytes loaded with the enzymatic network (middle). TEM
coupled with energy dispersive X-ray spectroscopy showing the mapping of sulfur (S), specific
to the cysteines and methionines in the enzymes and their localization inside the stomatocytes
(right). Scale bars 100 nm (left) and 1 μm (middle and right). b) Intensity profile of an SDSPAGE lane, loaded with enzymes recovered from re-opened stomatocytes (left). SDS-PAGE
shows the bands from the enzymes of the network (right). c) Time courses for the encapsulated
enzymatic network, depicting β-NADH production and consumption for various initial
concentrations of ATP.

A recovery of enzymes from the stomatocytes up to 22% was found from an initial
feed concentration of 17.2 mg mL-1 (total enzyme concentration before closure of the
stomatocytes). As was found previously, this is significantly higher than statistical
encapsulation and is possibly due to a templating effect.8, 15 The protein profiles for the
released enzymes were furthermore comparable with bulk enzyme solutions and indicate a
similar enzyme composition inside the stomatocytes (see figure 3b).
The activity of the stomatocyte nanomotors was tested by following β-NADH
fluorescence over time upon substrate addition (see section 5.2.2.5). As observed in our
bulk-experiments, the β-NADH levels initially increased due to the production of glucose6-phosphate from glucose by the activation cycle (see figure 3c) and then reached a steady
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state. Initial slopes obtained from the stomatocyte assays were compared with slopes from a
standard concentration row of the enzyme mix in bulk. Based on activity a loading efficiency
of 32 ± 4 % was found (see section 5.2.2.6). These results confirm that the enzymes have
retained their activity. Gratifyingly, the experimental data from the bulk system and
compartmentalized networks were fitted using the same mathematical model, providing
further evidence that the main properties of the network are not altered during
compartmentalization.
3.4 Analysis of movement of the stomatocyte nanomotors: After demonstrating that the
enzymatic pathway can be entrapped efficiently in the cavity of the assembly, the sustained
autonomous movement driven by the enzymatic network was investigated. The conversion
of chemical energy into movement was analyzed with nanoparticle-tracking analysis (NTA)
(see section 5.2.3.1). This technique uses laser light scattering combined with a chargecoupled device camera to track the movement of the particles in real-time.
Stomatocytes loaded with the enzymatic network, substrates and cofactors were
mixed with empty stomatocytes (1 : 9 v/v) and were measured with NTA. Autonomous
movement of the stomatocytes in the presence of substrates (10 mM glucose) and cofactors
was observed (see supplementary movie 1). Directional propulsive motion which is in
common agreement with our previous studies using stomatocyte nanomotors was
observed.14-15, 32 Over a period of three hours, individual trajectories were measured by NTA
in order to derive average mean square displacements (MSD). At every time point, 60
particles were tracked for 90 s and average speeds were calculated over this time period (see
figure 4a). At the same time point, the glucose concentration was determined experimentally
(see figure 4b and section 5.2.2.7). Figure 4a shows steady speeds during glucose
consumption. Control experiments were performed by the addition of fuel to empty
stomatocytes (see supplementary movie 2) or filled stomatocytes without fuel (see
supplementary movie 3). No change in their Brownian motion was observed.
These results demonstrate the crucial importance of enzymatic networks to drive
displacement: independently of the glucose concentrations, and during considerable reaction
times, the output of the network (H2O2 production rate) is more or less constant for hours.
To further demonstrate the out-of-equilibrium behavior of the encapsulated
enzymatic network, a control experiment was performed with stomatocytes loaded with a
well-studied 2-step enzymatic cascade based on glucose oxidase (GOx) and catalase (results
from chapter 3), which directly runs to an equilibrium. 15 For a valid comparison of the two
systems, it was chosen to fuel stomatocytes with the enzymatic network and stomatocytes
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with the 2-step enzymatic cascade with various concentrations of glucose. The relatively
slow glucose conversion by GOx from the enzymatic cascade, made it experimentally
difficult to obtain reliable speed data over prolonged periods of time due to sedimentation
in the measuring chamber. The starting concentration of glucose was therefore varied and
average speeds were measured over 90 s directly after addition of glucose. The
compartmentalized 2-step enzymatic cascade produces the same output in terms of reaction
product but clearly not in terms of movement characteristics regarding prolonged duration
of and maintaining speeds. Using the GOx/CAT system, a direct correlation between the
velocity of the stomatocytes and glucose levels was observed (see figure 4c), opposed to the
network in the similar fuel regime 33. Stomatocytes with the enzymatic network exhibit
relatively constant speeds at various glucose concentrations until glucose is depleted (see
figure 4d). These results qualitatively show the difference between using this network and
enzyme cascades for operating such nanomotors using glucose as fuel.15 It should be noted
that the rates of glucose conversion will be affected by the use of different metabolic
enzymes in the network and the cascade (GOx and HK) with a much lower KM value for HK
for glucose (KM = 0.02 mM) than GOx (KM = 33-110 mM); the comparative study with
different glucose levels however still clearly indicates the fundamentally distinct behavior
of enzymatic cascade and network systems. In effect this experiment emphasizes the ability
of the compartmentalized out-of-equilibrium enzymatic network to regulate the fuel
consumption and maintain constant speeds of the particles. In contrast, this is not possible
in a simple 2-step enzymatic cascade system.
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Figure 4. Stomatocytes movement analysis. a) Average speeds of the stomatocytes over time,
with 10 mM glucose as starting concentration. For every time point, average speeds were
calculated from the MSD’s of 60 particles over 90 s. b) Experimentally determined glucose
concentrations over time. The depletion of glucose does not influence the stomatocyte speeds
presented in a. c) Average initial speeds (first 90 s) of stomatocytes loaded with an enzymatic
cascade and fueled with different glucose concentrations. d) Average speeds (first 90 s) of
stomatocytes containing enzymatic network at different glucose concentrations. e) stomatocyte
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movement in human serum with the full network compartmentalized. f) Motion of stomatocytes
loaded with catalase only, the remainder of the network is added to the serum.

To confirm the regulatory function of ATP on the performance of the stomatocyte
nanomotors, the concentration of ATP was varied from 0.25 mM to 1 mM and an
approximately 40% increase in propulsion speed was observed over this regime (see figure
5). This increase can also be rationalized by our mathematical model, which shows an
increase in hydrogen peroxide production rates when ATP concentrations are increased. This
is in agreement with the stable average speeds we observed experimentally. The design of
the network and the obtained steady state allow for a constant speed of the particles even at
variable fuel concentrations by regulating its fuel consumption.

Figure 5. Average speeds of the stomatocyte nanomotors at different ATP concentrations: a).
For every concentration, average speeds were calculated from the MSD’s from 60 particles. b).
Simulated H2O2 production rates at various ATP concentrations. The trend found in simulated
H2O2 production rates corresponds with the propulsion rates from the nanomotors.

We note that the enzymatic network consumes oxygen, as for every mole of oxygen
consumption by LO, the catalase produces ½ mole of oxygen for every mole of glucose
oxidized. However, the system produces oxygen locally (as observed by visible bubble
formation after prolonged reaction times at high glucose concentrations), and the oxygen
consumed in the beginning of the final cycle is replenished by the time hydrogen peroxide
is converted into oxygen. To demonstrate this hypothesis, first, in a closed system, oxygen
depletion was measured over a two-hour period (see section 5.2.8 and supplementary figure
4). In an open system, however, the oxygen level in solution remained constant, indicating
that the mass transfer rate of O2 over the air-liquid interface is larger than the net O2
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consumption by the enzymatic network. Besides particle motion through local O 2
production, we hypothesize that the final reaction in our network, the decomposition of H2O2
into O2 and H2O can locally (in the lumen of these stomatocytes) create density fluctuations
which contribute to the particle propulsion via diffusiophoresis as well. 34-35 The movement
of the nanomotors and the resulting MSD curves (e.g figure 4e) are in agreement with a self
diffusiophoretic model,35-38 showing clearly nonlinear fitting according to the equation,<r2>
= (4D)t+(v2)(t2), and from which the velocity of our stomatocyte particles was extracted.
Finally, the protective element of compartmentalization and the effect of
confinement were evaluated by performing an experiment in a complex chemical medium,
such as human blood serum (HBS). HBS was chosen as it contains many different proteins
and enzymes, including catalase. Stomatocyte nanomotors were mixed with HBS and their
movement measured by means of NTA (see figure 4e). The glucose (4 mM) and L-lactate
(0.08 mM) levels in the serum were more than sufficient to induce movement of the
stomatocytes. A similar experiment was performed with stomatocytes loaded with only
catalase (see figure 4f). The enzymes that together produce H2O2 were added to HBS. H2O2
was thus produced not in the cavity but in bulk, whereas catalase inside the stomatocytes
could employ this fuel to induce movement. No movement was observed however, most
probably as a result of the fact that the H2O2 concentration was lowered to such an extent
that the entrapped catalase cannot induce propulsion anymore. Enzyme
compartmentalization therefore allows for in situ local O2 production that directly acts as
driving force for efficient movement.
4. Conclusions
In summary, we have designed and constructed a compartmentalized network which
is able to show adaptive, regulated and sustained performance under out-of-equilibrium
conditions; it allows the conversion of chemical energy into motion by using natural
components in a protected environment. We anticipate that this out-of-equilibrium metabolic
network concept can be extended to other functions than motion, thereby providing a
significant advance in the development of life-like systems.
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5. Experimental
5.1 Experimental materials and instruments
All chemicals and enzymes were used as received unless otherwise stated. β-NADH,
β-NAD , ATP magnesium salt, D-glucose (glucose), glucose-6-phosphate (g-6-p), sodium
phosphoenolpyruvate (PEP), sodium pyruvate, sodium L-lactate, magnesium chloride,
human blood serum (HBS, from male AB clotted whole blood, sterile filtered, USA origin),
pyruvate kinase from rabbit muscle (PK, EC 2.7.1.40, 475 units mg−1), L-lactate
dehydrogenase recombinant from E. coli (LDH, EC 1.1.1.27, 257 units mg−1), catalase from
bovine liver (CAT, 3750 units mg-1, EC 1.11.1.6), glucose oxidase from Aspergillus niger
Type II, (GOx, E.C. 1.1.3.4) lyophilized powder 228.25 U mg-1, anisole, N, N, N’, N’’, N’’pentamethyl-diethylenetriamine (PMDETA), copper (I) bromide, dichloromethane, styrene,
magnesium sulfate, horse radish peroxidase (HRP), 10-acetyl-3,7-dihydroxyphenoxazine
+

(Ampliflu™ Red) and methanol were obtained from Sigma-Aldrich. L-lactate oxidase from
Pediococcus species (LO, EC 1.1.3.2, 1000 units mg−1) was received from BBI Enzymes.
Hexokinase from Saccharomyces cerevisiae (HK, EC 2.7.1.1, 202 units mg-1) and glucose6-phosphate dehydrogenase from Leuconostoc mesenteroides (G6PDH, EC 1.1.1.363, 507
units mg-1) were purchased from Worthington. Stock solutions of all enzymes (10 mg mL−1)
and substrates were prepared in 100 mM KPi (pH 7.0) containing 10 mM magnesium
chloride. For the block copolymer synthesis, styrene was distilled to remove the inhibitor.
Ultrapure MilliQ water was obtained with a Labconco Water Pro PS purification system
(18.2 MΩ) and was used for the procedures of polymersome self-assembly and their dialysis.
Dialysis membranes MWCO 12000-14000 g/mol Spectra/Por® were used for dialysis.
Ultrafree-MC centrifugal filters 0.22 μm were purchased from Millipore. Sodium nitrate was
purchased from Merck. 4X Laemmli Sample Buffer and the protein marker (Precision Plus
Protein™ Prestained Dual Color) were purchased from Bio-Rad.
Fluorescence analysis: Fluorescence measurements were performed using black 96-well,
F-Bottom microplates (Greiner Bio-One) on a Tecan Infinite 200 PRO Microplate Reader
at 25 °C. β-NADH fluorescence was measured by the emission at 460 nm after excitation at
350 nm.
Proton nuclear magnetic resonance spectrosocopy: 1H NMR spectra were recorded on a
Varian Inova 400 spectrometer with CDCl3 as a solvent and TMS as internal standard.
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Gel permeation chromatography: A Shimadzu Prominence GPC system was used
equipped with a PL gel 5 μm mixed D column (Polymer Laboratories), a differential
refractive index and a UV (254 nm) detector. THF was used as an eluent with a flow rate of
1 mL min-1. Polystyrene standards in the range of 580 to 377,400 g mol-1 were used for
calibration.
Transmission electron microscopy: Transmission electron microscopy (TEM)
experiments were performed on a JEOL 1010 microscope (JEOL) equipped with a CCD
camera at an acceleration voltage of 60 kV. Samples were prepared by placing 5 µL of the
solution on a carbon-coated Cu grid (200 mesh, EM science) and they were allowed to airdry for at least 24 hours. Processing and analysis of TEM images was performed with
ImageJ, a program developed by the NIH and available as public domain software at
http://rsbweb.nih.gov/ij/.
Cryogenic transmission electron microscopy: The cryogenic transmission electron
microscopy (Cryo-TEM) experiments were performed on a JEOL TEM 2100 microscope
(JEOL) and processed and analysed with ImageJ. Samples for CryoTEM measurements
were prepared by first treating the grids (Quantifoil R2/2 Cu 200 mesh grids) in a 208HR
sputter coater for 20 seconds. Afterwards, 3 µL of sample was brought on the grid and
blotted in a FEI Vitrobot Mark IV, at 100 % humidity. Subsequently, the grid was blotted
and directly frozen in liquid ethane.
SDS-PAGE analysis: SDS-PAGE was performed on a mini-vertical electrophoresis system
(Bio-Rad Mini-PROTEAN® 2 Cell, Bio-Rad Laboratories), using an electrode buffer (0.1%
SDS, 0.25 M glycine, 0.025 M Tris-HCl, pH 8.3) at 60 V for 10 min followed by 120 V for
60 min. The gels were stained and destained according to the procedures described by Wong.
39
Digital images of the SDS-PAGE gels were captured with a Bizhub C554e (Konica
Minolta).
Nano-particle tracking analysis: A Nanosight LM10HS instrument (Malvern
Instruments), equipped with an Electron Multiplication Charge Coupled Device (EMCCD)
camera, was used for nanoparticle tracking analysis. The camera was mounted on an optical
microscope in order to track the light scattered by the injected particles that are present in
the focus of an 80 μm beam, generated by a single mode laser diode with a 60 mW blue laser
illumination (405 nm).
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Oxygen measurements: Oxygen measurements were performed with a clark-type oxygen
sensor (Oxygraph Plus System, Hansatech Instruments). Before every set of measurements,
the oxygen electrode was calibrated. The calibration and subsequent measurements were
performed in a temperature controlled (25 °C) cylindrical chamber equipped with a magnetic
stirrer (100 rpm). Temperature, sample volume and stirring speed were kept constant for all
experiments.
5.2 Experimental procedures
5.2.1 Enzyme optimization and kinetic analysis
5.2.1.1 Optimization of enzyme activity (bulk): The enzyme composition in the network
was evaluated for optimal functioning. The activation cycle was adjusted by performing
assays with PK, HK and the substrates and cofactors glucose (2.5 mM), PEP (5 mM) and
ATP (0.5 mM). The concentrations of HK and PK were varied while keeping the total
enzyme and substrate concentrations constant. The first-order rate constants of the activation
cycle were measured by adding an excess of G6PDH and measuring the production of βNADH from β-NAD+ (250 µM). The most efficient enzyme composition was derived from
the initial rates of NADH production vs. [HK]/[PK] and was found to be 0.5 units mL -1 for
PK and 0.3 units mL-1 for HK.
As [G6PDH] should not be rate-limiting, the minimal required [G6PDH] was found by
performing a similar assay as described above but with the optimal [HK]/[PK] fixed and
with varied [G6PDH]. In this way, the minimal concentration of [G6PDH], (0.6 units mL-1),
with respect to the activation cycle was found.
The pyruvate-L-lactate cycle was adjusted by determining first-order rate constants
of the cycle by performing a set of assays with only LDH and LO, and pyruvate (500 µM)
and β-NADH (250 µM) as substrate and cofactor. The ratio [LDH]/[LO] was varied while
keeping the total enzyme concentration and the substrate concentrations fixed. By following
the conversion of β-NADH to NAD+, the initial reaction rates were determined and plotted
against [LDH]/[LO]; the enzyme composition yielding linear product formation was found
to be 0.3 units mL-1 for LDH and 0.6 units mL-1 for LO.
The ratio of the double cycle, containing the activation cycle and the pyruvate-Llactate cycle, was adjusted by varying the respective enzyme concentrations of the two
cycles while keeping the total concentration of enzymes fixed and taking the optimal ratios
within the cycles. The acceleration of β-NADH consumption due to this double cycling
approach was used as read-out. For this purpose, G6PDH was not added to the mixture. The
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progress of the reactions was parabolic and fitted by linear regression to second-order
polynomial equations. By taking the second derivative, the acceleration of the process vs.
[enzyme]activation cycle / [enzyme]pyruvate-L-lactate
was calculated and the optimal enzyme
composition was found. The concentration of catalase (2.2 units mL-1) was not optimized
but fixed at a comparable concentration as the other proteins.
5.2.1.2 Kinetic analysis of enzymatic network (bulk): A reaction mixture was prepared
containing final concentrations of 10 mM PEP, 500 μM β-NAD+, pyruvate kinase (PK, 0.5
units mL-1), HK (0.3 units mL-1), G6PDH (0.6 units mL-1), L-lactate dehydrogenase (LDH,
0.1 units mL-1), L-lactate oxidase (LO, 0.2 units mL-1) and catalase (CAT, 2.2 units mL-1).
For evaluating the effect of ATP, varying concentrations of a stock solution of 80 mM ATP
were added. The reaction was started by the addition of glucose with a final concentration
of 2.5 mM in a total reaction volume of 300 µL. The effect of glucose was tested by adding
different concentrations of an 80 mM glucose stock solution. By the addition of ATP to a
final concentration of 500 µM in a 300 µL reaction volume, the reaction was started.
Progress of the reaction was monitored directly by measuring β-NADH fluorescence.
5.2.1.3 Linearity assay on feed forward mechanism: The linearity of the feed forward
mechanism was tested by running the enzymatic network without G6PDH (see
supplementary figure 1a). 40 The cycling substrate ATP was tested for its effect on the
enzymatic network by measuring β-NADH consumption (see supplementary figure 1b). In
this way the linearity of the feed-forward acceleration of the pyruvate – L-lactate cycle was
evaluated. The final assay mixture contained the following components: 250 μM β -NADH,
10 mM PEP, 2.5 mM glucose, PK (0.5 units mL-1), LDH (0.1 units mL-1), LO (0.2 units mL1
), CAT (2.2 units mL-1) and different volumes of a stock solution of 12.5 mM ATP. The
reaction was started by the addition of HK (with a final concentration of 0.3 units mL-1), the
final volume being 300 µL. The time course of the reaction was followed by β-NADH
fluorescence. Progress curves were fitted by linear regression to second-order polynomial
equations. The first derivatives of these fits led to the feed forward rate constants, which
showed a linear dependency on ATP concentration in the range of 70 μM – 1 mM (see
supplementary figure 1c).
5.2.1.4 Inhibition assay on pyruvate – L-lactate cycle: The cycling rates of the pyruvate
– L-lactate cycle and motor cycle were determined for various pyruvate concentrations and
compared with reaction rates in a similar assay with only LDH (see figure 2a and b). For the
cycling assay, a typical mixture consisted of LDH (0.1 units mL-1), LO (0.2 units mL-1) and
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CAT (2.2 units mL-1) and different volumes of a stock solution of 12.5 mM pyruvate. For
the activity assay of L-lactate dehydrogenase, the reaction mixture contained LDH (0.1 units
mL-1) and various concentrations of pyruvate from a 12.5 mM stock solution. The reactions
in both assays were started by addition of β -NADH (final concentration of 250 μM) with a
final assay volume of 300 µL. The time courses of the reactions were followed by measuring
the disappearance of β -NADH fluorescence. A positive effect on the cycle rate was observed
at low concentrations of pyruvate (< 0.5 mM) where the direct regeneration of pyruvate
allows for a constant supply. Negative substrate inhibition was observed above 0.5 mM
pyruvate and was more pronounced when LDH was coupled to LO and CAT since this
enzyme regenerates continuously pyruvate (see figure 2b). This negative feedback
mechanism regulates the consumption of energy when the glucose consumption becomes
too fast and creates the steady state which is observed in the network. This elongates the outof-equilibrium state and extends the in situ production of oxygen.
5.2.2 Stomatocyte nanomotors preparation and characterization
5.2.2.1 Synthesis of poly(ethylene glycol)44-b-polystyrene167: Amphiphilic block
copolymer PEG-b-PS was synthesized according to literature procedures using atom-transfer
living radical polymerization 41. Briefly, to a dry Schlenk tube equipped with a stirring bar,
CuBr (45 mg, 0.32 mmol) was added under argon atmosphere. The Schlenk tube was sealed
with a septum, evacuated for 15 min and subsequently filled with argon. PMDETA (66 µL,
0.32 mmol) was dissolved in 0.5 mL of anisole and added to CuBr. The mixture was stirred
for 15 min under argon. Subsequently, polyethylene glycol macro initiator (215 mg, 0.10
mmol) was dissolved in 1 mL of anisole and added to the Schlenk tube. The Schlenk tube
was transferred to an ice bath and degassed for 15 min. Afterwards, distilled styrene (5 ml,
43.6 mmol) was added to the Schlenk tube. The mixture was degassed by three freeze-thaw
cycles and was stirred overnight in a preheated 70 ºC oil bath. For workup, CH2Cl2 (75 mL)
was added to the polymer solution and the organic layer was extracted with aqueous 65 mM
EDTA solution (3 × 150 mL). The aqueous phase was washed with CH2Cl2 and the organic
layers were combined and dried with MgSO4. The solution was subsequently concentrated
and the polymer was precipitated in cold MeOH, filtered and dried overnight. The
amphiphilic polymer obtained, PEG44-b-PS167, had an average number molecular weight
(Mn) of 19.6 kg mol-1, with a Ð of 1.07. 1H NMR (400 MHz, CDCl3), δ: 7.1-6.2 (br. s, PS
arom.), 3.7-3.4 (br. s, PEG backbone), 1.8-1.3 (br. s, PS backbone).
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5.2.2.2 Self-assembly of PEG-PS into polymersomes and shape transformation into
opened stomatocyte structures: Block-copolymer PEG44-b-PS167 (20 mg) was dissolved in
2 mL of a mixture of distilled THF and dioxane (4 : 1 v/v) in a 15 mL vial equipped with a
magnetic stirring bar. The vial was capped with a rubber septum, followed by the addition
of 3 mL of MilliQ via a syringe pump with a rate of 1 mL h-1 while stirring the solution
vigorously. The resulting cloudy suspension was transferred into a dialysis membrane
(SpectraPor, molecular weight cut-off: 12,000-14,000 Da, flat width 25 mm), which was
first swollen in MilliQ for about 30 min. The polymersomes were dialyzed against water
(1000 mL) for at least 24 hours. The resulting polymersomes were loaded onto spin filters
in order to concentrate them to a 10 mg mL-1 solution. Subsequently, a mixture of THF :
dioxane (4 : 1 v/v) was added via a syringe pump (300 μL h-1) to 500 L of the polymersomes
solution. The vial was sealed during the addition with a septum while a 0.6 mm thin needle
was placed in the septum for release of overpressure resulting from the high solvent vapor
pressure. After 30 minutes, the mixture was spin filtrated over 0.22 µm membranes to
remove the organic solvent and to concentrate them to a 10 mg mL-1 solution.
5.2.2.3 Enzyme encapsulation in the stomatocytes: From 10 mg mL-1 enzyme stock
solutions, an enzyme mix was prepared containing 3.4 mg mL-1 of PK, 5.8 mg mL-1 of HK,
4 mg mL-1 of G6PDH, 1.2 mg mL-1 of LDH, 0.8 mg mL-1 of LO and 2 mg mL-1 of CAT in
a final volume of 100 µL (total protein concentration: 17.2 mg mL-1). For stomatocytes
loaded with GOx and catalase, an enzyme mix was prepared from 10 mg mL-1 enzyme stock
solutions of GOx and catalase. The enzyme mixture contained 6 mg of GOx and 2 mg of
catalase in a final volume of 100 µL.
To the previously formed stomatocytes solution (500 µL, 10 mg mL-1 polymer
concentration), the enzyme mix was added and the vial was sealed with a septum and stirred
for at least 30 minutes. Subsequently, 150 µL of THF/dioxane (4 : 1 v/v) was added with a
rate of 150 µL h-1 while a 0.6 mm needle was inserted throughout the whole experiment to
release any excess pressure. After 30 minutes, the mixture was spin filtrated over 0.22 µm
membranes to remove any excess enzymes and organic solvent. Stomatocytes were redispensed using MilliQ and collected for dialysis against 5 mM NaNO3 solution. After 1
hour, the sample was concentrated to its original concentration (10 mg mL -1 polymer
concentration) and the dialysis solution was replaced with buffer by means of spin filtration.
5.2.2.4 Quantification of enzyme loading by SDS-PAGE: SDS-PAGE was performed to
quantify the incorporation of the six enzymes in the stomatocytes. An experiment in
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triplicate was performed, in which the enzymes were released from the stomatocytes by
reshaping the bowl-shaped structures back into polymersomes by addition of 150 μL of
THF/dioxane (4 : 1 v/v) directly to the stomatocytes (see supplementary figure 3a) in a rate
of 300 μL h-1. Subsequently, the samples were dialyzed against water to remove the organic
solvent. The resulting samples were mixed with 4x Laemmli sample buffer and heated to 95
°C for 5 min before loading. From each sample a dilution of 4, 5 and 6 times was made and
loaded on an SDS – polyacrylamide gel (10% acrylamide) in order to validate the linearity
of the method. A standard curve was constructed from the enzyme solution that was used
for loading of the stomatocytes, with increasing protein contents (0.63, 1.25, 1.88, 2.50, 3.13
and 3.75 µg per lane). The standard row was loaded on the same gel as the dilution row of
the samples (see supplementary figure 3b). Bands were identified and the peaks were
integrated for quantification. In order to assign proteins to the correct band, this gel was
compared with a gel in which every enzyme was loaded in a separate lane. The enzymes PK
(58 kDa) and CAT (60 kDa) were not distinguishable on the gels and therefore analyzed as
couple. Integrating the protein peaks for every lane allowed us to confirm uptake of the six
enzymes in the stomatocytes and to quantify a recovery of enzymes up to 22% from the feed
concentration of every enzyme (see supplementary figure 3c).
5.2.2.5 Kinetic analysis of stomatocyte nanoreactors: Stomatocytes containing the
enzymatic network were diluted with buffer, containing 500 µM β-NAD+ and 10 mM PEP,
to obtain a final dilution factor of 900. For evaluating the effect of ATP, varying
concentrations of a stock solution of 80 mM ATP were added. The reaction was started by
the addition of glucose with a final concentration of 2.5 mM in a total reaction volume of
300 µL. In a second experiment the effect of glucose was tested by adding different
concentrations of an 80 mM glucose stock solution. By the addition of ATP to a final
concentration of 500 μM in a 300 µL reaction volume, the reaction was started. Progress of
the reaction was monitored directly by measuring β-NADH fluorescence.
5.2.2.6 Quantification of enzyme loading by activity measurements: Initial rate
measurements were performed on the mixture of enzymes that was used for the loading of
the stomatocytes. Different concentrations of the enzyme solution (ranging from 10 μg ml-1
to 0.25 μg ml-1 total enzyme concentration) and varying concentrations of stomatocytes (600
– 1800 times dilution) were supplemented with 5 mM PEP and 500 μM β-NAD+. The assays
were started by the addition of ATP and glucose at a final concentration of respectively 500
µM and 2.5 mM in 300 μL assay volume. A standard curve was made from the initial slopes
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of the progress curves of the enzyme solutions. An average linear trend was found of the
enzyme mix concentration (0.25 μg/ml and 10 μg/ml) vs. rate of β-NADH production (μM
min-1) with the equation y = 1.698 – 1.449, R² = 0.996. The initial slopes of the progress
curves of the stomatocyte nanoreactors were compared to the calibration curve to find the
corresponding concentration of active enzymes in the solution, assuming equal reactivity
when in bulk or compartmentalized. Based on the amount of active enzymes, a loading
efficiency of 32 ± 4 % was found.
5.2.2.7 Glucose determination (figure 4b): Glucose levels were determined with an
enzymatic assay using GOx, horse radish peroxidase (HRP) and 10-acetyl-3,7dihydroxyphenoxazine (Ampliflu™ Red). In this assay, glucose reacted with GOx to form
D-gluconolactone and H2O2. In the presence of HRP, H2O2 reacted with Ampliflu™ Red in
a 1:1 stoichiometry to generate red-fluorescent oxidation product, resorufin which has
excitation and emission maxima at 571 nm and 585 nm respectively. From the reaction
mixture that was used for the speed analysis, at every time point three aliquots (20 μL) were
taken and each sample was diluted with 380 μL of buffer and 20 μL of a 1 mg mL-1 catalase
solution to remove remaining H2O2. The suspension was subsequently spin-filtrated over 10
kDa Amicon spinfilters at a speed of 14,000 g for 10 minutes. The flow-through (10 μL
fraction) was mixed with a reaction mixture containing 59.5 μL buffer, 20 μL GOx (from a
100 U mL-1 stock solution), 0.5 μL of Ampliflu™ Red (20 mM stock solution in DMSO)
and 10 μL of HRP (10 U mL-1 stock solution). Fluorescence was measured, after 30 minutes
of incubation at room temperature in the dark. With a standard curve of glucose, the glucose
concentration in the samples could be determined. The standard curve was prepared by
diluting the appropriate amount of glucose to 5 – 0.25 μM in 100 μL assay mixtures as
described above. A background correction was made by subtracting the value from the noglucose control from every sample. Stock solutions of GOx, catalase, HRP and Ampliflu™
Red were freshly prepared before each series of measurements. All dilutions were made in
100 mM potassium phosphate buffer, pH 7.0 containing 1 mM MgCl2 and 1 mM EDTA.
5.2.2.8 O2 monitoring: The O2 levels were measured by performing reactions with the
stomatocyte nanoreactors in an open and in a closed chamber, all at 25 ºC and under stirring
(100 rpm). In the experiment in a closed chamber, influx of oxygen from the air was
prevented by covering the liquid surface with argon and subsequent closure of the chamber.
The samples in the open and closed chamber were measured every 2.5 sec. A stomatocyte
solution (500 μl), with a similar concentration as was used in the kinetic analysis and
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movement analysis experiments, was prepared and O2 was monitored until equilibration.
After 10 minutes, a buffer (100 mM potassium phosphate buffer, pH 7.0 containing 1 mM
MgCl2 and 1 mM EDTA) containing substrates and cofactors was added to the chamber with
final concentrations of 1 mM glucose, 5 mM PEP, 0.5 mM ATP and 0.5 mM β-NAD+.
Control experiments were performed by measuring O2 levels in time in an open and closed
chamber filled with buffer, stomatocyte nanoreactors without substrates and substrates in
buffer. Oxygen levels were directly recorded and the data from the experiments with
stomatocyte nanoreactors and substrates are given in supplementary figure 5.
5.2.3 Movement analysis
5.2.3.1 Nanoparticle tracking analysis: Nanoparticle tracking analysis (NTA) was used to
record the movement of particles. NTA software records trajectories of particles by
registration of the corresponding X and Y coordinates. A typical video is captured with 30
frames per second. The analysis software compares and tracks the displacement of each
particle on a frame-by-frame basis. When a particle moves out of the window, the focal plane
or crosses a path with another particle, the software stops tracking. The resulting trajectories
allow us to accurately determine the Brownian particle displacement or mean square
displacement (MSD) of every particle using equations (1) – (3):
1

2
𝑀𝑆𝐷 = 〈∆𝑟 2 (𝑡)〉 = 〈 ∑𝑁
𝑖=0(𝑟𝑖 (𝑡) − 𝑟𝑖 (0)) 〉
𝑁

(1)

where r = radius and t = sampling time
𝑀𝑆𝐷(𝑡) = 2𝑑𝐷

(2)

where D is the diffusion coefficient and d = dimensionality (in our case for the NTA
measurements, d=2),
(𝑥,𝑦)2
4

=𝐷=

𝑇𝐾𝛽
3𝜋𝜂𝑑𝐻

(3)

which is the Stokes Einstein equation where KB = Boltzmann constant,  = sample viscosity,
T = temperature (K), and dH = hydrodynamic diameter. The NTA 2.2 software from
Nanosight automatically detected a total number of 1865 particles in 942 frames. Of this
sample size 60 particles were tracked for a statistically significant number of tracks in order
to accurately determine the speed. The 60 particles were used in the calculation of the size
distribution of the particles from the Stokes Einstein equation (3).
A typical reaction mixture for movement analysis was based on 10 μL of a mixture
of stomatocytes filled with the enzymatic network with empty stomatocytes (1 : 9 v/v). The
obtained solution (10 mg mL-1 polymer concentration) was diluted at least 600 times with
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buffer supplemented with 10 mM PEP and 500 μM of β-NAD+ to obtain a concentration of
particles between 107 mL-1 and 109 mL-1, measured by NTA. Subsequently, glucose (1 - 10
mM final concentration) and ATP (0.25 - 1 mM final concentration) were added and the
stomatocyte nanomotors were injected into the Nanosight chamber for measurement of their
movement.
For the movement analysis in HBS, 10 μL of stomatocyte nanomotors solution (10
-1
mg ml polymer concentration) were diluted at least 600 times with HBS. Subsequently the
solution was directly injected into the Nanosight and the X, Y coordinates were recorded.
NTA 2.3 software was used to track the nanomotors and from their tracking coordinates,
mean square displacements (MSDs) were calculated 42. The presence of two different
nanoreactor populations was observed as a result of two different types of movement,
Brownian motion (empty stomatocytes) and propulsive autonomous movement (enzyme
filled stomatocytes (see supplementary movie 1). The X and Y coordinates were recorded
over time and average MSDs were calculated accordingly. A similar control experiment was
performed where empty stomatocytes were mixed with the substrates and cofactors. Only
Brownian motion was observed which indicates that the substrates and cofactors do not have
any observed effect on empty stomatocytes. The movement of stomatocyte nanomotors upon
addition of proteases was tested by adding 434 μM trypsin to a nanomotor solution
containing substrates and cofactors. No change in speed of the stomatocytes was detected.
Subsequently, stomatocytes loaded with the enzymatic network were mixed with HBS
without any addition of the network’s substrates and cofactors. Autonomous movement was
observed and the X, Y coordinates were recorded (see figure 4c). Average MSDs were
calculated accordingly.
The effect of compartmentalization was tested by measuring the activity of catalase
filled stomatocytes in HBS (loading concentration catalase 22.5 kU mL-1). The enzymes HK
(2.0 units mL-1), PK (2.9 units mL-1), G6PDH (0.5 units mL-1), LDH (0.5 units mL-1) and
LO (1.3 units mL-1) were added to HBS for in situ production of H2O2 whereas the
stomatocytes were expected to consume the fuel for autonomous movement. In this
experiment, only Brownian motion was observed.
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6. Supplementary figures and movies

Supplementary figure 1. Experimental analysis of the enzymatic network. a) Reaction scheme
for the evaluation of positive feed forward rates of the enzymatic network with β -NADH as
fluorescent read-out. b) Progress curves of β-NADH consumption for varied concentrations of
ATP. Solid points represent experimental data while the solid lines correspond to linear
regression analysis to second-order polynomials (extrapolated to the x-axis). c) The first
derivatives of the second-order polynomials lead to the feed forward rates of the enzymatic
network vs. ATP concentration. The solid points show experimental data which are fitted by
linear regression analysis with a solid line (y=1.5692x – 0.0071, R2 = 0.998).
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Supplementary figure 2. TEM images of stomatocyte nanomotors loaded with the enzymatic
network. Scale bars for a, b, and d are equal 200 nm. The scale bar for c is 100 nm.
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Supplementary figure 3. Quantification of enzyme loading via SDS-PAGE. a) Schematic
representation of the release of the enzymatic network from the stomatocyte nanoreactors by
reshaping the bowl-shaped structure into polymersomes by the addition of organic solvent. b)
SDS-PAGE of released enzymes from the stomatocyte nanoreactors and from a standard curve
made from the enzyme solution that was used for stomatocyte nanoreactor loading. c) Protein
bands were identified and quantified. A loading efficiency up to 22% from the feed concentration
of every enzyme was derived.
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Supplementary figure 4. O2 levels in a solution of activated nanomotors in an open chamber
(light grey) and in a closed chamber (dark grey). A net oxygen consumption is observed in the
closed system due to net O2 consumption by the combined action of LO and catalase as catalase
produces ½ mole of oxygen for every mole of glucose oxidized. In the open chamber, no decrease
in oxygen is observed in the presence of activated nanomotors. This indicates that the rate of O2
replenishment from air to solution is greater than the net O2 consumption.

http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00254/suppl_file/oc6b00254_si_002.m
pg
Supplementary movie 1: Autonomous movement and Brownian motion of two populations of
stomatocytes.
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00254/suppl_file/oc6b00254_si_003.m
pg
Supplementary movie 2: Brownian motion of empty stomatocytes in presence of fuel.
http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00254/suppl_file/oc6b00254_si_004.m
pg
Supplementary movie 3: Brownian motion of network filled stomatocytes in absence of fuel.
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Chapter 5

1. Abstract
Polymersomes are robust, versatile nanostructures that can be tailored by varying
the chemical structure of copolymeric building blocks, giving control over their size, shape,
surface chemistry and membrane permeability. In particular, the generation of non-spherical
nanostructures has attracted much attention recently, as it has been demonstrated that shape
affects function in a biomedical context. Until now, non-spherical polymersomes have only
been constructed from non-degradable building blocks, hampering a detailed investigation
of shape effects in nanomedicine for this category of nanostructures. Herein, we demonstrate
the spontaneous elongation of spherical polymersomes comprising the biodegradable
copolymer poly(ethylene glycol)-b-poly(D,L-lactide) into well-defined nanotubes. The size
of these tubes is osmotically controlled using dialysis, which makes them very easy to
prepare. To confirm their utility for biomedical applications, we have demonstrated that,
alongside drug loading, functional proteins can be tethered to the surface utilizing bioorthogonal ‘click’ chemistry. In this way, the present findings establish a novel platform for
the creation of biocompatible, high-aspect ratio nanoparticles for biomedical research.
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2. Introduction
Polymersomes, nanoscopic polymer vesicles self-assembled from synthetic block
copolymers, have shown great promise in biomedical applications from drug delivery to
artificial organelles.1-4 Polymersomes display enhanced stability and membrane integrity
under a wide range of conditions when compared to liposomes, frequently used in
nanomedical systems, due to their thicker membranes.5 Polymersome morphology can be
controlled by copolymer composition and subsequently re-engineered in response to
chemical or physical stimuli such as pH, osmotic pressure, temperature, or magnetic fields.68
The importance of gaining control over the size and shape of nanoparticles is essential to
directing their function in vivo.9-15 While spherical polymersomes have shown to be
successful candidates for some applications in a biological context,16 the ability to transform
their morphology can lead to new biomedical opportunities such as targeted drug delivery.14
For example, it has been shown that high-aspect ratio structures lead to enhanced
specific accumulation and reduced non-specific adhesion to cells. Elongated nanoparticles
interact with cells via distinct mechanisms,17 leading to enhanced uptake, in a similar fashion
to the uptake of rod-like bacteria by non-phagocytotic cells.18-19 Moreover, the unique ability
of tubular morphologies, in contrast to spheres, to interact with the immune system through
multivalency is an exciting prospect for the development of artificial antigen-presenting
cells.15 However, up to this point the bulk of research towards engineering elongated
polymeric vesicles has focused on non-biocompatible polymers, which possess desirable
properties for self-assembly. For example, tubular nanostructures have been reported, with
shape transformation accomplished by using chemical stimuli such as the covalent
introduction of a redox cleavable cross linker20 or by swelling the membrane with lipids or
cholesterol.21 However, the utility of such methodologies is limited by their nonbiodegradable components or lack of structural control. It is therefore of critical importance
to develop new methodologies for the generation of well-defined, elongated polymersomes
utilizing biodegradable polymers. Biodegradable copolymers have shown excellent promise
in the development of biocompatible nanomaterials for medical applications. 14, 22
Biodegradable nanotubes can therefore be directly implemented in nanomedical research
due to their inherent biocompatibility.23
Here, we present a novel methodology for the formation of functional, polymeric
nanotubes from biodegradable polymersomes comprising poly(ethylene glycol)-bpoly(D,L-lactide) (PEG-PDLLA). Poly(lactides) have established utility in biomedical
engineering due to their biocompatibility and degradation behavior, which has been shown
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to vary between days or weeks, depending on the conditions employed.24-26 Furthermore, the
formation of polymersomes from PEG-PDLLA block copolymers has previously been
reported.24 Herein, we demonstrate that spherical polymersomes comprising PEG-PDLLA
block copolymers can be transformed into well-defined nanotubes by exposure to hypertonic
conditions, and thereby osmotic pressure, at low temperature. In this way, nanotubes of
different lengths are controllably obtained by varying the electrolyte concentration.
Moreover, such nanotubes can readily be functionalized through incorporation of
hydrophobic drugs or via surface modification with proteins utilizing bio-orthogonal ‘click’
chemistry.

Figure 1: Schematic outlining of the block copolymer synthesis and the formation of the
nanotubes. a) the organobase-catalyzed synthesis of PEG-PDLLA and b) the osmoticallyinduced shape transformation of spherical polymersomes (formed via the solvent switch
methodology) into nanotubes.
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3. Results and discussions
3.1 Osmotically induced shape transformation of the biodegradable PEG-PDLLA
polymersomes into nanotubes: Previously we reported the osmotically-induced shape
transformation of poly(ethylene glycol)-b-poly(styrene) (PEG-PS) polymersomes into
bowl-shaped stomatocytes through deflation of the inner volume and simultaneous
membrane indentation.27-30 This shape was maintained because PS in the membrane has a
high glass transition temperature, which provides the necessary membrane rigidity at room
temperature to prevent structural relaxation towards a spherical morphology. In order to
understand in more detail the nature of the shape transformation that occurs when spherical
polymersomes are exposed to hypertonic conditions, it is necessary to consider the bending
energy (Eb) that can be described by Equation 1.31-33
𝑘

𝐸𝑏 = ∮(2𝐶 − 𝐶0 )2 𝑑𝐴
2

(Equation 1)

Equation 1 allows us to describe the energetic state of a polymersomal membrane
as a function of 3 parameters: the bending rigidity (k), the mean surface curvature (C) and
the spontaneous curvature (C0). The bending rigidity (k) is dictated by the chemical
properties of the membrane (polymer composition and length) alongside environmental
factors (temperature and solvent composition). The mean surface curvature (C) describes
the degree of curvature at different positions on the membrane and is contingent upon the
shape. In contrast to C, the spontaneous curvature (C0) is not a consequence of the shape;
rather, it arises from asymmetry in copolymer conformation between the inner and outer
surfaces and is therefore sensitive to the membrane microenvironment. From equation 1 we
understand that the effect of C0 is to either reduce or increase Eb for a given morphology
and, as such, can be used to gain control over the shape transformation process. Under the
influence of osmotic pressure, which can be orders of magnitude greater than Eb, as a
spherical polymersome undergoes reduction in volume there are 2 energetic pathways that
can be taken. Such deflation can proceed via prolates (towards tubes) or oblates (towards
discs and stomatocytes) as a result of the minimization of Eb, with the determining factor
being C0. Without significant contribution from the effect of C0, the prolate pathway has a
lower energetic profile, however, a positive or negative contribution of C0 would actively
favor either prolates or oblates, respectively.33 With this in mind, it is clear that finding a
suitable biodegradable replacement for polystyrene, which is sufficiently rigid whilst
tending towards prolates and tubes rather than discoidal structures, is a challenging task.
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Shape transformations of self-assembled structures using most common polyesters
and polycarbonates, even with careful tuning of conditions, are extremely challenging due
to their amorphous (low Tg) or crystalline (high Tm) character. However, atactic polylactide,
synthesized from a mixture of lactide isomers, possesses a Tg above 20 °C (as opposed to
the isotactic form that is highly crystalline) and is therefore an excellent candidate for the
formation of biodegradable polymersomes and their shape transformed counterparts.34 PEGPDLLA copolymers were synthesized by ring-opening polymerization (ROP) with the
organic base 1,8-diazabicycloundec-7-ene (DBU) as a catalyst, according to literature (see
figure 1a and section 5.2.1).35 The reaction progress and the composition of the final product
were calculated from the NMR spectra (see supplementary figures 1and 2) with the resulting
copolymers having Ð values of <1.1 (see supplementary figure 3). Two copolymers were
synthesized, PEG22-b-PDLLA45 (Mw ≈ 7.5 kDa) and PEG44-b-PDLLA90 (Mw ≈ 14.9 kDa),
both comprising ca. 13 wt% PEG. Differential scanning calorimetry (DSC) data confirmed
that the Tg values for PEG22-PDLLA45 and PEG44-PDLLA90 were ca. 26 and 30 °C,
respectively (see supplementary figure 4).
Assembly tests using PEG-PDLLA were conducted using an established method for
polymersome formation via solvent switch (see section 5.2.2), whereby a solution of block
copolymer in organic solvent (4:1, THF:dioxane) was diluted by water (up to 50 % v/v at 1
mL/hr, figure 1b).36 Interestingly, the longer copolymer PEG44-PDLLA90 yielded micelles
(spherical and rods, supplementary figure 5a) whereas PEG22-PDLLA45 yielded
polymersomes with a hydrodynamic radius (Rh) ≈ 165 nm and a 15 nm thick membrane (see
figure 2a and supplementary figures 5b-d). In order to transform the spherical polymersomes
into nanotubes the plasticized dispersion was dialyzed against aqueous solutions with
varying salt concentration (5, 10 and 50 mM) at 4 °C so that the glassiness of the membrane
was maintained after the main part of organic solvent was removed (see section 5.2.3). It
was observed that after overnight dialysis against 5 mM NaCl the polymersomes had
partially transformed into prolate structures, and a mixture of morphologies was observed
(see figure 2b and supplementary figure 6a). By comparison, dialysis against higher [NaCl]
(10 and 50 mM) resulted in the predominant formation of elongated (prolate) nanotubes of
increasing length (see figures 2c-d and supplementary figures 6b-c).
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Figure 2: Cryo-TEM images following the shape transformation of PEG22-PDLLA45 from a)
spherical polymersomes into elongated nanotubes under the influence of osmotic pressure by
dialysis, as a function of [NaCl]; b) 5 mM, c) 10 mM and d) 50 mM. Observed elongation of the
nanotubes is a result of osmotically-induced volume reduction whilst retaining a constant
surface area. All scale bars = 500 nm.

Interestingly, polymersome dialysis against 100 mM NaCl resulted in the formation
of elongated ribbons, identified as collapsed nanotubes (see supplementary figure 6d).
Conversely, when dialyzing the spherical polymersomes at 25 °C no shape transformation
was observed whilst at 30 °C collapsed structures were obtained (se supplementary figures
6e-f), highlighting the importance of polymer rigidity for establishing and maintaining the
shape transformation.
Nanotubes formed using dialysis against 10 mM NaCl were on average shorter, with
average dimensions (length x width) of 110 x 800 nm, whereas dialysis against 50 mM NaCl
yielded longer tubes of 90 x 1040 nm (see figures 2c-d, 3 and supplementary figures 6b-c).
Crucially, these dimensions correspond to average surface areas of ca. 3 x 106 nm2, similar
to that of the original polymersomes; however, the internal volume significantly decreased
by 39 and 51 % for the samples dialyzed against 10 and 50 mM NaCl, respectively, (Table
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1). This highlights that increased osmotic pressure results in nanotube elongation due to the
geometrical constraint of surface area during osmosis and concomitant reduction of internal
volume.

Figure 3: Histogram analysis of cryo-TEM data processing of nanotubes formed via dialysis
with NaCl concentration of 10 and 50 mM (statistics given in table 1).
Sample

Average
diameter*
(nm)

Average
width
(nm)

Average
length
(nm)

Surface
area
(nm2)

Internal
volume
(nm3)

Volume
reduction
(%)

Polymersomes

333

-

-

3.48 x
105

19.3 x
106

-

Dialyzed
against 10 mM
NaCl

298

110
(+/-20)

800
(+/-200)

2.87 x
105

8.5 x 106

39

Dialyzed
against 50 mM
NaCl

304

90
(+/-20)

1040
(+/-370)

2.99 x
105

7.2 x 106

51

* Average diameter of sphere or equivalent sphere with same surface area.

Table 1: Comparisons of the dimensions of PEG-PDLLA polymersomes and nanotubes formed
under varying conditions.

Asymmetric flow field-flow fractionation (AF4, settings in supplementary table 1),
in combination with static and dynamic light scattering, were used in order to gain a
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quantitative understanding of the shape transformation from vesicles to tubes. Comparing
the radius of gyration (Rg) to the hydrodynamic radius (Rh) gives information on particle
shape where values of Rg/Rh for spheres are ≤ 1 and for prolates (rod-like shapes) are >
1.36.37 Elution profiles, with corresponding values for Rg, clearly showed that the spherical
PEG-PDLLA polymersomes have a uniform ratio value near to 1 (hollow spheres) whereas
the nanotubes have an average value of 1.5 with all values > 1.3, which quantitatively
demonstrates that the predominant morphology is that of tubes (see supplementary figure 7).
Light scattering and cryo-TEM were used to confirm that nanotubes, once formed, are stable
under increased temperature and salt concentration, as would be encountered under
physiological conditions, which is vital for application towards biomedical research. Indeed,
tubular morphology was sustained after dialysis against PBS, with both the Rh and scattering
intensity remaining constant during heating to 40 °C, due to lack of osmotic pressure to drive
changes in the internal volume (see figure 4).

Figure 4: DLS size distribution and count rates of a thermal scan of nanotube stability from 2040 °C alongside a corresponding cryo-TEM image (after heat cycle).

What is pertinent in this instance is that, under hypertonic conditions, polymersomes
comprising PEG22-PDLLA45 deflate into nanotubes rather than stomatosomal or nested
structures, which are more commonly encountered.27-30, 38 As has already been discussed, the
contribution of C0 is a deciding factor for the direction of shape transformations. In our
previous work using PEG-PS polymersomes, a less permeable PS membrane and longer
PEG chains at the surface led to a negative C0, which induced the formation of oblates,
stomatocytes and nested vesicles.27-30, 32 In comparison, for the shape transformation of PEGPDLLA polymersomes, increasing the [NaCl] during dialysis not only results in greater
volume reduction but also influences the transformation pathway. Dialyzing polymersomes
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against 5 mM NaCl resulted in the formation of a population of heterogeneous
morphologies, dominated by prolates, which is unsuitable for quantification (see figure 2b
and supplementary figure 6a). However, increasing the [NaCl] to 10 and 50 mM gave a
significant improvement in the quantity (and quality) of prolate structures, concurrently
lowering the percentage of oblate morphologies to ca. 10 and 4 %, respectively (see figures
2c-d and supplementary figure 6b). Interestingly, dialysis under increased osmotic pressure
(100 mM NaCl) led to the formation of nanotubes that underwent total collapse due to
outflow of all internal solvent molecules during the shape transformation process. These
results suggest that not only does NaCl contribute towards solution osmolarity, which drives
volume reduction and elongation, but it also contributes towards a positive C0, promoting
the formation of prolates and tubes. Although the physical origins of C0 are not well
documented, it is evident that it arises from a mismatch between the external and internal
membrane surfaces. Such a mismatch is accentuated by chemical differences between
external and internal environments, which is the case in the current situation.
3.2 Drug encapsulation and protein tethering onto the nanotubes: In order to establish the
functional capacity of PEG-PDLLA nanotubes, experiments were conducted to demonstrate
biomolecular labelling (see figures 5a-c) and drug loading (see figures 5d-f).

Figure 5: a) Schematic outlining the covalent modification of azide-modified nanotubes using
eGFPBCN, b) flow cytometry data for eGFP modification of 5 % azido nanotubes using an
equimolar (ii) or a 3-fold excess (iii) of eGFPBCN compared to unmodified tubes (i) and c)
confocal visualization of green-fluorescent nanotubes. d) Schematic outlining the loading of
nanotubes with fluorescent doxorubicin (DOX), e) flow cytometry data of nanotubes loaded with
2 (ii) and 5 (iii) wt% DOX compared to unloaded tubes (i) and f) confocal visualization of DOXloaded nanotubes (5 wt% preparation). All scale bars are equal to 5 µm.
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Biomolecular labelling of nanoparticles is an important procedure by which
biological activity can be introduced to the surface through covalent modification with
antibodies or antigens in order to provide site-selective specificity in cellular uptake or to
stimulate specific immune responses.39-40 It is therefore important to demonstrate that the
nanotubes can be modified with surface-bound biomolecules, which retain their native
function after attachment. Azido-modified copolymer (N3-PEG75-PDLLA45), with an equal
length of hydrophobic block, was introduced into the nanotubes at different amounts (2 and
5 wt%) to demonstrate that control over the density of biomolecular labelling can be
accomplished through simple formulation (see section 5.2.4). Flow cytometry and confocal
microscopy were used to confirm successful labelling of eGFP onto the nanotube (see
section 5.2.5), with a positive signal indicating that the tethered eGFP maintains its native
structure (see figure 5).41 In addition, cryo-TEM was used to confirm the presence of the
nanotubular morphology after eGFP modification of the N3-nanotubes (see supplementary
figure 8a). With flow cytometry, the N3-nanotubes showed increases in their fluorescent
signal upon increasing the concentration of eGFPBCN in the reaction mixtures from an
equimolar amount to a 3-fold excess (see figure 5b and supplementary figure 8c) as well as
by increasing the total N3-copolymer content from 2 to 5 wt% (see supplementary figure
8d). This demonstrates that chain-end reactive block copolymers can be admixed and
modified without compromising the shape change process. It was furthermore investigated
if hydrophobic cargo could be loaded in the polymer membrane without undesired effects
on nanotube formation, at levels comparable to literature.42 To this end, PEG-PDLLA
nanotubes were prepared in the presence of 2 and 5 wt% of hydrophobic doxorubicin (DOX),
which was dissolved into the organic solvent phase and then became incorporated into the
copolymer membrane (see section 5.2.6). As was confirmed by cryo-TEM, DOX didn’t
impede the subsequent shape transformation (see supplementary figure 8b). Flow cytometry
was used to confirm nanotube fluorescence, which increased with larger amounts of DOX,
although it is likely that 5 wt% is above the capacity for this system as the signal did not
greatly increase in comparison with 2 wt% loading (see figure 5e). Again, individual
fluorescent nanotubes were visualized using confocal microscopy to confirm the specific
association of the drug with the nanocarriers (see figure 5f). This demonstrates the promising
nature of the nanotubes as nanocarriers for drug delivery, which can be coupled with surface
modification in order to create a biodegradable, site-specific delivery vehicle.
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4. Conclusions
In summary, we have presented the synthesis of biodegradable PEG-PDLLA copolymers
that spontaneously assemble into spherical polymersomes. These biodegradable
polymersomes can then undergo shape transformation into nanotubes upon dialysis under
hypertonic conditions, with increasing [NaCl] leading to both structural enrichment and
elongation. Such well-defined nanoparticles are of great interest for biomedical research
where nanoscopic control over size and shape is highly valuable. Lastly, the ability of the
nanotubes to be loaded with hydrophobic cargo and be decorated with biofunctional
molecules using biorthogonal click chemistry opens the door towards in vivo biomedical
applications.
5. Experimental
5.1 Experimental materials and instruments
All chemicals and enzymes were used as received unless otherwise stated. For the
synthesis of the block copolymer, monomethoxy PEG44-OH (2 kDa) and azido-PEG75-OH
(3.3 kDa) were purchased from Rapp Polymers whereas mPEG22-OH (1 kDa) was purchased
from Creative PEG Works – all polymers were used as supplied. D,L-Lactide was purchased
from Acros Organics and used as supplied. Bicyclo[6.1.0]nonyne – lysine used in the
preparation of GFPBCN was purchased from Synaffix BV and used without further
purification. GFPBCN was synthesized and kindly provided by a coworker, Jan Pille. All other
chemicals were supplied by Sigma-Aldrich. Ultra-pure MilliQ water obtained from
Labconco Water Pro PS purification system (18.2 MΩ) was used for the polymersome selfassembly and their dialysis. Dialysis Membranes MWCO 12-14000 g mol-1 Spectra/Por®
were used for dialysis during the tubes formation. Sodium chloride was purchased from
Merck.
Nuclear Magnetic Resonance spectroscopy (NMR): Proton NMR spectra were recorded
on a Bruker Avance 400MHz spectrometer with CDCl3 as a solvent and TMS as internal
standard.
Gel permeation chromatography (GPC): GPC was conducted using a Shimadzu
Prominence GPC system with a PL gel 5 μm mixed D column (Polymer Laboratories) with
a differential refractive index detector and THF used as an eluent with a flow rate of 1 mL
min-1.
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Differential scanning calorimetry (DSC): DSC was conducted using a Mettler Toledo
DSC822 calorimeter.
Dynamic light scattering measurements (DLS): DLS measurements were conducted
using a Malvern Instruments Zetasizer (ZEN 1600), and Zetasizer Software (Malvern
Instruments) was used for processing and analyzing the data.
Cryogenic transmission electron microscopy (cryo-TEM): Experiments were performed
using a JEOL TEM 2100 microscope (JEOL, Japan). Samples for CryoTEM measurements
were prepared by first treating the grids (Quantifoil R2/2 Cu 200 mesh grids) in a 208HR
sputter coater for 20 seconds. Afterwards, 3 µL of sample was brought on the grid and
blotted in a FEI Vitrobot Mark IV, at 100 % humidity. Subsequently, the grid was blotted
and directly frozen in liquid ethane. Analysis and processing of the data was performed
using ImageJ, a program developed by the NIH and available as public domain software at
http://rsbweb.nih.gov/ij/.
Asymmetric Flow Field-Flow Fractionation and multi-angle light scattering (AF4MALS): The asymmetric flow field-flow fractionation – UV – QELS (AF4-UV-QELS)
experiments were performed on a Wyatt Eclipse AF4 instrument connected to a Shimadzu
LC-20A Prominence system with Shimadzu CTO20A injector. The AF4 was further
connected to the following detectors: a Shimadzu SPD20A UV detector, a Wyatt DAWN
HELEOS II light scattering detector (MALS) installed at different angles (12.9 º, 20.6 º, 29.6
º, 37.4 º, 44.8 º, 53.0 º, 61.1 º, 70.1 º, 80.1 º, 90.0 º, 99.9 º, 109.9 º, 120.1 º, 130.5 º, 149.1 º,
and 157.8 º) using a laser operating at 664.5 nm and a Wyatt Optilab Rex refractive index
detector. Detectors were normalized using Bovine Serum Albumin and for enzyme
molecular weight calculations, dn/dc of 0.1850 was used. The processing and analysis of the
LS data and radius of gyration (Rg) calculations were performed on Astra 6.1.1 software
(using the Berry model, which is recommended for particles of size > 50 nm). All AF4
fractionations were performed on an AF4 short channel with regenerated cellulose (RC) 10
KDa membrane (Millipore) and spacer of 350 µm.
Confocal microscopy: Confocal microscopy was performed using the Leica Microsystems
SP8x system with a 40x objective and HyD detector, measuring at a speed of 1800 Hz.
Images were obtained using time gating in order to nullify the contribution of scattering to
the fluorescence signal. For imaging of GFPBCN-modified nanotubes excitation at 480 nm
and emission from 490-600 nm was used, along with a 2 airy pinhole. For imaging of DOX145
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loaded nanotubes excitation at 480 nm and emission from 490-700 nm was used, along with
a 1 airy pinhole (and lower laser intensity).
Flow cytometry measurements on modified nanotubes: Flow cytometry measurements
were performed using a GalliosTM flow cytometer (Beckman Coulter) with side scatter
triggering and either 1 minute or 50,000 events of accumulation for each sample analysed.
Separate fluorescent channels were used to detect GFP (490/520 nm) and doxorubicin
(490/560 nm) fluorescence.
Nanotube purification via size exclusion chromatography (SEC): SEC purification of
the modified nanotubes was conducted using a Shimadzu system (equipped with an SPDM20A photodiode array) with a Superose 6 column (GE Healthcare) using an eluent
identical to that of the nanotube solution.
5.2 Experimental procedures
5.2.1 Synthesis and characterization of poly(ethylene glycol) – poly(D,L-Lactide) block
copolymers: The synthesis of PEG-PDLLA was performed according to a modified
literature procedure.35 Monomethoxy-PEG-OH macroinitiator was weighed into a round
bottom flask along with D,L-Lactide (DLL) in order to obtain around 13 wt% PEG in the
final copolymer. This means that in order to obtain a copolymer with composition PEG22PDLLA45, 0.194 g (0.2 mmol) of mPEG and 1.3 g (9 mmol) of DLL were used with values
being doubled when using mPEG44. However, when using azido-PEG75-OH, the
stoichiometry was adjusted in order to achieve a PDLLA chain with 45 repeat units. In all
cases, dry toluene (ca. 50 mL) was then added to the flask and the solvent evaporated in
order to dry the contents before polymerization. The dried reagents were then re-dissolved
in dry DCM (13 mL, [monomer] = 0.5M) and DBU was added (0.5 equiv. with respect to
[initiator]; 0.1 mmol = 15 µL) under argon. The reaction was stored at RT for around 2
hours, until there was no evidence of the monomer from the 1H-NMR spectra (see
supplementary figure 1). After completion was confirmed by 1H-NMR, the reaction mixture
was diluted using DCM and washed twice with 1 M KHSO4 and once with brine before
drying with Na2SO4, filtering and evaporating most of the solvent. The concentrated
copolymer solution (in DCM) was then precipitated into ice cold diethyl ether (100 mL) and
the remaining wax was partially dried under nitrogen before dissolving in dioxane and
lyophilization to yield a white powder (75-85 % yield).
Copolymer composition was calculated by using the protons of PEG (3.65-3.7 ppm),
terminal methyl unit (singlet at 3.40 ppm), lactide CH3 (multiplet at 1.55-1.65 ppm) and CH
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(multiplet at 5.15-5.25 ppm) (see supplementary figure 2). All Ð values were calculated to
be less than 1.1 using PEG standards for calibration (see supplementary figure 3, table
below), demonstrating that the reaction conditions and base catalyst gave good control over
polymerization. Differential scanning calorimetry (DSC) was performed by scanning from
-20 °C up to 80 °C at 5 °C/min, with Tg values taken from the second heating run. For PEG22PDLLA45 and PEG42-PDLLA90 the Tg values were 26.2 and 30.4 °C, respectively (see
supplementary figure 4).
GPC (PEG standards)

Copolymer

DP (1H NMR)

Mw
(kDa)

Mw (kDa)

Mn (kDa)

Ð

PEG22-PDLLAx

45

7.5

14.01

13.07

1.07

PEG44-PDLLAx

90

14.9

26.98

24.99

1.08

N3-PEG75-PDLLAx

45

9.8

15.38

14.17

1.09

5.2.2 Preparation of polymersomes: In a 15 mL vial, block-copolymer PEG22-PDLLA45
(20 mg) was dissolved in 2 mL of organic solvent - a mixture of distilled THF and dioxane
(4:1 v/v). A magnetic stirring bar was added and the vial was sealed with a rubber septum.
The solution was let to stir for at least 30 minutes. Afterward, 2 mL of Milli-Q water was
added via a syringe pump at a rate of 1 mL h-1. After 2 hrs, the resulting cloudy suspension
was transferred into a dialysis membrane (SpectraPor, molecular weight cut-off: 12,00014,000 Da, flat width 25 mm), which was pre-hydrated. The polymersomes were dialyzed
at 4 °C against precooled water (1 L) over 24 hrs with a water change after 1 hr.
5.2.3 Osmotically-induced shape transformation of spherical polymersomes into
elongated nanotubes: In a 15 mL vial, block-copolymer PEG22-PDLLA45 (20 mg) was
dissolved in 2 mL of organic solvent - a mixture of distilled THF and dioxane (4:1 v/v). A
magnetic stirring bar was added and the vial was sealed with a rubber septum. The solution
was let to stir for at least 30 minutes. Afterward, 2 mL of Milli-Q water was added via a
syringe pump at a rate of 1 mL h-1. After 2 hrs, the resulting cloudy suspension was
transferred into a dialysis membrane (SpectraPor, molecular weight cut-off: 12,000-14,000
Da, flat width 25 mm), which was pre-hydrated. The polymersomes were dialyzed at 4 °C
against precooled sodium chloride solution (1 L of 5, 10 or 50 mM) over 24 hrs with a
solution change after 1 hr.
5.2.4 Formation of azide functional nanotubes (N3-nanotubes): Block copolymers
PEG22-PDLLA45 and N3-PEG75-PDLLA45 were combined in either 2 or 5 wt% mixtures prior
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to polymersome formation. 20 mg of the polymer mixture was dissolved in 2 mL of
THF:dioxane 4 : 1 v/v. The vial was sealed with a rubber septum and the solution was left
to stir for at least 30 min. Afterward, 2 mL of Milli-Q water was added via a syringe pump
at a rate of 1 mL h-1. After 2 hrs, the resulting cloudy suspension was transferred into a prehydrated dialysis membrane (SpectraPor, molecular weight cut-off: 12,000-14,000 Da, flat
width 25 mm). The polymersomes were dialyzed at 4 °C against 50 mM precooled sodium
chloride solution (1 L) over 24 hrs with a solution change after 1 hr.
5.2.5 Covalent tethering of eGFPBCN to N3-nanotubes: The concentration of eGFPBCN (in
PBS) was 73 µM (calculated by UV-Vis). The concentration of functional groups on the
surface of nanotubes comprising 2 and 5 wt% azido copolymer were calculated to be ca. 3
and 7 µM, respectively, in the dialysed nanotube solution. For each reaction mixture, 500
µL of N3-nanotubes were mixed with 100 µL of diluted eGFPBCN solution in order to give
either an equimolar amount or 3-fold excess of the protein with respect to surface azides.
The N3-nanotube + eGFPBCN mixtures were shaken at 4 °C for 24 hours before purification
by SEC. Cryo-TEM was used to confirm the tubular morphology before further
characterization was performed.
5.2.6 Loading the nanotubes with doxorubicin: Hydrophobic, free-base doxorubicin
(DOX) was obtained by stirring the hydrochloride salt (DOX.HCl) with a stoichiometric
amount of triethylamine overnight before extraction with DCM and lyophilisation. In a 15
mL vial, PEG22-PDLLA45 (20 mg) and DOX (0.4, 1.1 and 2.2 mg) were together dissolved
in 2 mL of THF : dioxane (4 : 1 v/v). The solution was let to stir for 30 minutes followed by
addition of 2 mL of 10 mM EPPS (4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid)
buffer solution (pH 9) with a rate of 1 mL h-1. The resulting dispersion was transferred into
a prehydrated dialysis membrane (SpectraPor, molecular weight cut-off: 12,000-14,000 Da,
flat width 25 mm) and dialyzed at 4 °C against 50 mM precooled sodium chloride solution
(1 L) over 24 hrs with a solution change after 1 hr. Nanotubes encapsulating DOX were
purified using size exclusion chromatography.
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6. Supplementary figures and tables

Supplementary figure 1: Comparison of the -CH- peaks for monomeric and polymeric DLlactide.

Supplementary figure 2: 1H-NMR spectrum of PEG22-PDLLA45 copolymer
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Supplementary figure 3: [Upper] GPC traces of low polydispersity PEG standards of 6.45
(blue), 11.84 (red) and 22.8 kDa (green). [Lower] GPC traces of copolymers: PEG22-PDLLA45
(blue), N3-PEG75-PDLLA45 (red) and PEG44-PDLLA90 (green).

Supplementary figure 4: DSC curves for PEG22-PDLLA45 (black trace) and PEG44-PDLLA90
(red trace) copolymers (cooling run for PEG22-PDLLA45 displayed for comparison).
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Supplementary figure 5: Cryo-TEM images of a) PEG42-PDLLA90 micelles and b, c) PEG22PDLLA45 polymersomes. d) Line profile of the polymersome membrane as indicated in c.
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Supplementary figure 6: Cryo-TEM images of polymersomes dialyzed against a) 5 mM, b) 10
mM, c) 50 mM and d) 100 mM NaCl at 4°C. Polymersomes dialyzed against 50 mM NaCl at e)
25 and f) 30 °C. Please note: Numerical analysis of cryo-TEM images was performed in order to
152

approximate the percentage of stomatosomal or nested structures, with samples prepared by
dialysis against 10 mM and 50 mM NaCl; values of ~ 10 % and ~ 4% were determined
respectively. Such analysis was not appropriate for the samples dialyzed against 5 mM NaCl due
to the incipient morphological transformation that occurred under these conditions, resulting in
a heterogeneous mixture.
Start

End

Mode

Cross flow start (mL

Cross flow end (mL

min )

min-1)

Elution

3.00

3.00

2

Focus

-

-

2

3

Focus + inject

-

-

3

4

Focus

-

-

4

6

Elution

3.00

1.17

6

8

Elution

1.17

0.70

8

10

Elution

0.70

0.40

10

15

Elution

0.40

0.10

15

32

Elution

0.10

0.10

32

33

Elution

0.00

0.00

33

34

0.00

0.00

34

39

0.00

0.00

(min)

(min)

0

1

1

Elution +
inject
Elution

-1

Supplementary table 1: The flow conditions applied for the FFF separation were: 1.50 mL min-1
detector flow, 2.00 mL min-1 focus flow and 0.20 mL min-1 injection flow.
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Supplementary figure 7: AF4 fractograms for samples of polymersomes (black) and nanotubes
(red) with light scattering (solid lines) and differential refractive index (dashed lines) given for
sample elution plotted alongside values for the radius of gyration as measured using MALS (solid
spheres). Horizontal lines represent values obtained for the hydrodynamic radius using DLS.
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Supplementary figure 8: Cryo-TEM images showing the stability of nanotubes after a) 5 wt%
azide-modification and eGFP conjugation and b) 5 wt% doxorubicin loading. Flow cytometry
data comparing c) increasing eGFP modification of 2 wt% N3-nanotubes using either (i) an
equimolar or (ii) 3-fold excess amount of eGFPBCN and d) increasing eGFP modification with
(i) 2 and (ii) 5 wt% N3-nanotubes.
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1. Abstract
Polymersomes are self-assembled polymeric vesicles with considerable potential in
diverse fields such as drug delivery and artificial organelles. One crucial prerequisite for
their use in biomedical applications is that these vesicular structures are inherently
biocompatible. Furthermore, developing biodegradable polymersomes that are broadly
utilizable requires fine-tuning of the self-assembly properties and development of non-toxic
formulation protocols, in contrast to the harsh conditions that are currently often employed.
To date various biodegradable polymersomes have been presented, however, the challenge
remains to design a biocompatible polymer vesicle that can act as a nanoreactor. Herein, we
demonstrate the self-assembly of poly(ethylene glycol)-block-poly(-caprolactonegradient- trimethyl carbonate) (PEG-b-P(CL-g-TMC)) utilizing the biocompatible direct
hydration method. Through careful optimization of the polymer composition and
formulation conditions we have developed a protocol to, reproducibly, produce
polymersomes with a semi-permeable membrane. We demonstrate their ability to entrap
active enzymes and utilize these for performing reactions, taking advantage of the porous
nature of the PEG-b-P(CL-g-TMC) bilayer.
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2. Introduction
Biomimetic nanoreactors that are capable of encapsulating functional materials (e.g.
enzymes or catalysts) have been employed in different fields such as drug delivery and as
artificial life-like systems.1-5 Polymersomes are an important class of capsules for the
development of nanoreactors, due to their beneficial properties such as the ability to tune
size, shape, surface chemistry and membrane permeability.6-7 A number of different
approaches have been described in literature for the formation of permeable polymersomes.
8-11
For example, polymersomes that are self-assembled from PEGylated polycationic and
PEGylated polyanionic peptides (PICsomes) were shown to be permeable to small
compounds due to the loose packing of their membranes.12 Porosity of polymersomes was
also established by the insertion of channel proteins, such as OmpF or Aquaporin Z, to
polymersomes membranes, creating (holes) channels for selective transportation of
molecules.13-14 Polymersome membrane permeability could also be induced upon a trigger
such as pH15-16 or UV.17 Recent examples of polymersomal nanoreactors include the
entrapment of enzymatic cascades and networks to mimic life-like systems and to induce
directional motion.10, 18 However, the formation of polymersomal nanoreactors is usually
accomplished via the self-assembly of non-biocompatible/degradable block copolymers
with hydrophobic blocks such as polystyrene (PS) and poly(dimethyl siloxane) (PDMS),
and with polyethylene glycol as hydrophilic domain, severely limiting their potential for
biomedical applications.
The effective implementation of polymeric nanoreactors in biomedical research
necessitates structural redesign utilizing biocompatible and biodegradable components,10, 1922
such as polymers that can undergo some form of hydrolytic degradation (biodegradation)
in non-toxic molecules.20-21 As a result, designing and investigating new
biodegradable/compatible copolymers that are able to assemble into well-defined
nanoreactors is of great importance. The resulting polymersomal structures must mimic
cellular organelles in that they should be capable of compartmentalizing active materials and
be semi-permeable.
Various biodegradable block copolymers have been reported and their selfassembly behavior has been extensively studied.23-25 However, their biological utility is
limited because of the difficulties associated with their formulation. For example, glassy
poly(D,L-lactide) (PDLLA)-based amphiphiles require harsh conditions (use of organic
solvents) to self-assemble into polymersomes, which considerably restrains their potential
use in applications that involve encapsulation of enzymes.10 Another example is amphiphilic
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poly(ethylene glycol)-block-poly(trimethylene carbonate) (PEG-PTMC). PTMC is a
hydrophobic, soft, flexible and non-crystalline polymer that exhibits slow degradation
behavior,26 which makes its micellar assemblies of interest in the field of drug delivery as
the condensed core ensures sustained and extended drug release.27 However, the amorphous
characteristic of PTMC hampers it from forming polymersomes, limiting its potential for
nanoreactor applications.
Poly(ethylene

glycol)-block-poly(-caprolactone)

(PEG-b-PCL),

has

been

28-29

extensively studied and is FDA-approved for biological applications.
PCL undergoes
degradation by means of enzymatic and non-enzymatic hydrolysis into non-toxic products.
Moreover, PEG-PCL was reported to generate polymersomes via a biocompatible method
of self-assembly, namely the direct hydration method, and is interesting for the
encapsulation of active materials that are sensitive to the environment. However, the
assembly of PEG-b-PCL is difficult to control30 and therefore its utility in nanoreactor
development, for drug delivery or mimicking life-like systems, however promising, is
stunted. The main source of difficulty is the semi-crystalline nature of PCL; unlike biological
membranes, a PCL-based bilayer is rigid at room temperature, or even 37 C, due to its high
melting temperature (Tm of 60 C).25 Due to the presence of crystalline domains, assemblies
based on PCL possess non-controlled membrane permeability, which makes it less suitable
for nanoreactor applications.
Until now, the design and fabrication of biocompatible and biomimetic
polymersomal nanoreactors is therefore limited by the availability of a suitable block
copolymer and the conditions involved in their formation. Here, we describe the synthesis
and

self-assembly

of

poly(ethylene

glycol)-block-poly(-caprolactone-gradient-

trimethylene carbonate) (PEG-b-p(CL-g-TMC)) polymersomes using direct hydration to
form semi-permeable, polymersomal nanoreactors. As has already been discussed, neither
PCL nor PTMC on their own are ideal candidates for polymersome formation due to their
semi-crystalline or amorphous nature (respectively). However, a combination of the two
copolymers is likely to be an excellent candidate for polymersome formation, with the
prospect of intermediate porosity whilst retaining structural integrity. First, we
systematically optimized the conditions for self-assembly so that the production of
polymersomes is more controlled and reproducible. Next, we synthesized a range of
copolymers that contained different molecular weights and different blends of PCL and
PTMC and found the optimum compositions for polymersome formation. Thereafter, we
showed the polymersome’s capability of attaining a sustained release of small molecules and
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our ability to control this behavior by adjusting membrane thickness. We characterized and
demonstrated the potential of these polymersomes to be used as nanoreactors by studying
their ability to encapsulate enzymes and their subsequent catalytic activity.

Figure 1: Schematic outlining of the block copolymer synthesis and self-assembly of
polymersomes via the direct hydration method. a) the organo acid-catalyzed synthesis of PEGP(CL-g-TMC) and b) Schematic representation of the formation of polymersomes via the direct
hydration method. Aqueous solution (80 L) is added directly into 20 L of PEG-P(CL-g-TMC)
copolymer (10 wt% in PEG 350).
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3. Results and discussions
3.1 Formation of biodegradable polymersomes via direct hydration of PEG-b-P(CL-gTMC) block copolymers: To reliably produce and reproduce polymersomes from PEG-bp(CL-g-TMC) block copolymers, first, we studied the self-assembly of one block copolymer
that contains a gradient of PCL and TMC with a ratio of approximately 1:1, comprising ca.
13 wt% PEG. PEG22-b-P(CL29-g-TMC32) (P1, Mn≈ 7.6 KDa ) copolymer was synthesized
by ring-opening polymerization (ROP) of TMC and CL with methansulfonic acid as a
catalyst31 (see figure 1 and section 5.2.1). The reaction was monitored and the final
copolymer molecular weight was calculated from the 1H-NMR spectra (see figure 1a) with
the resulting copolymer possessing a Ð of < 1.1 (see table 1).
Previously, the direct hydration method was demonstrated as a biocompatible
method to prepare polymersomes from PEG-PCL copolymer where high concentrations of
PEG-PCL were dissolved in poly(ethylene glycol) dimethyl ether Mn 550 Da prior to
hydration with buffer.25 During the direct hydration process, PEG-PCL was dissolved in this
low molecular weight PEG and homogenized by stirring and heating at a temperature close
to the melting point; self-assembly was then promoted by diluting the mixture via gradual
addition of water leading to controlled copolymer desolvation and (nano)phase separation.
In the literature, it is apparent that there are distinct challenges associated with controlling
the morphology of PEG-PCL constructs, arising from differences in the composition of the
copolymers (molecular weight, PEG content, Ð) and the applied experimental conditions
such as the solvent composition and rate of water addition. Therefore, it is of critical
importance to uncover the experimental framework that will allow us to gain control over
the self-assembly process in order to produce more uniform nanoreactors.
In light of the above concerns, the engineering of PEG-b-P(CL-g-TMC)
polymersomes focused upon optimization of the assembly methodology and the polymer
composition. Although this process was highly iterative, the optimization of the assembly
conditions will be discussed before examining the effect of copolymer composition upon
polymersome formation. Assembly tests using P1 (PEG22-b-P(CL29-g-TMC32)) copolymers
via the direct hydration method were performed using a fixed amount of copolymer,
dissolved in PEG350 (20 L of 10 % (w/w) copolymer), being diluted by buffer (see section
5.2.2). During the direct hydration process, attention was given to the initial stages of
polymersome formation whereby the PEG-soluble copolymer becomes increasingly
insoluble as buffer is added. Increasing volume fraction of buffer will, at some point, result
in chain insolubility and the concomitant nanoscopic phase separation that will be result in
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self-assembly, which will be kinetically sensitive. As copolymer chains undergo partial
desolvation the morphology formed will be somewhat dependent upon the speed and
intensity with which it is exposed to an incompatible solvent – rapid, high dilution would
likely lead to smaller micellar particles whereas slow, partial dilution would likely result in
larger aggregates. Indeed, the reason for using an initial copolymer concentration of 10 wt%
in PEG350 was due to the observation of visible aggregates with higher concentrations of
copolymer. It was observed that slow dilution by dropwise addition led to the formation of
worm-like micellar aggregates (see figure 2) whereas rapidly adding a discrete volume of
buffer enhanced the tendency to form polymersomes.
The volume of buffer added in the initial step was of vital importance for the quality
of the resulting polymersomes; different volumes of water (20, 40, 60, 80 and 80 L) were
pipetted directly into 20 L of 10 mg mL-1 of P1 (PEG22-b-p(CL29-g-TMC32)) in PEG 350.
Asymmetric flow field flow fractionation in combination with static and dynamic light
scattering was used to gain qualitative and quantitative understanding of the resulting
polymersomes (conditions used for AF4 are available in supplementary table 1). Elution
profiles along with the resulting weight fraction of polymersomes with a narrow
hydrodynamic radius (Rh) range clearly show that addition of 80 L was the most favorable
condition for producing polymersomes (figures 2a-c, 3b-e and supplementary figure 3).
Larger volume additions were not tested because it is desirable to find the minimum initial
volume for polymersome formation due to the anticipated losses of enzymes during
encapsulation, which would be increased when adding larger volumes (and therefore more
enzyme) in this initial step.
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Figure 2: Optimization and characterization of the formed polymersomes. a) Asymmetric flow
field flow fractionation (AF4) of P1- based polymersomes. Note that these polymersomes were
formed by directly adding MilliQ (80 L) to 20 L of P1 in PEG 350. b) Distribution analysis of
the hydrodynamic radii of P1-based polymersomes. These samples were formed by adding
different MilliQ volumes to 20 L of P1 in PEG 350. c) Cryo-transmission electron microscopy
(Cryo-TEM) of P1-based polymersomes after adding 80 L to 20 L of P1 in PEG 350. d) CryoTEM of P4 PEG12-b-P(CL16-g-TMC17) - based polymersomes after adding 80 L to 20 L of P1
in PEG 350. Scale bars are equal to 100 nm.

Next, the consequence of varying the CL and TMC ratio in the hydrophobic block
was studied by synthesizing two new copolymers: PEG22-b-P(Cl47-g-TMC13) (P2 Mn ≈ 7.7
KDa, approx. 20 wt% TMC in the hydrophobic block) and PEG22-b-P(CL20-g-TMC46) (P3
Mn ≈ 7.7 KDa, approx. 70 wt% TMC in the hydrophobic block) and studying their assembly
behavior. Applying the aforementioned methodology of self-assembly to the PCL-rich P2
revealed formation of both polymersomes and worm-like micelles (see figure 3a). In
contrast, self-assembly of TMC-rich P3 resulted in the formation of micelles due,
presumably, to the increased flexibility in the hydrophobic chain and its inability to support
an extended membrane (see figure 3c). Consequently, it was decided that copolymers with
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an equal (by mass) amount of CL and TMC were suitable for future research as they most
consistently formed polymersomes. Moreover, the effect of varying the copolymer
molecular weight was studied by synthesizing polymers comprising a similar PEG weight
fraction to that of P1 (13 wt%) and 50 wt% ratio of CL/TMC but being based on mPEG12
(Mn = 550) and mPEG42 (Mn = 2 KDa). Assembly tests using PEG12-b-P(CL16-g-TMC17)
(P4, Mn ≈ 4.2 KDa) and PEG42-b-P(CL57-g-TMC62) (P5, Mn ≈14.8 KDa) were conducted;
P5 yielded micelles (see figure 3f), whereas P4 yielded polymersomes with a hydrodynamic
radius (Rh) of approximately 110 nm and a 7 nm thick membrane (see figure 3d). By
comparison, P1 yielded small polymersomes with a Rh of approximately 55 nm and 15 nm
thick membrane (figure 3e). Summary of all polymers synthesized and their resulted
assembled structures are summarized in table 1.

Figure 3: Cryo-TEM images of structures resulting from direct hydration of (a) P2 (PEG22-bp(CL47-g-TMC13)) (b), P1 (PEG22-b-P(CL29-g-TMC32)), (c) P3 PEG22-b-p(CL20-g-TMC46), (d)
P1 (PEG22-b-p(CL29-g-TMC32)), (e) P4 (PEG12-b-p(CL16-g-TMC17) and (f) P5 PEG42-b-p(CL56g-TMC62). The scale bar for (a) is 400 nm. Scale bars for (b) and (c) are 300 nm. Scale bars for
(d) and (e) are 200 nm. The scale bar for (f) is 700 nm.
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Copolymer

Average composition
(1H NMR)

Mn
(KDa)

ƒ PEG
(Wt %)

P1

PEG22-b-P(CL29-g-TMC32)

7.6

13

ƒ TMC
(Wt
%)
50

P2

PEG22-b-P(Cl47-gTMC13)

7.7

13

20

P3

PEG22-b-P(CL20-gTMC46)
PEG12-b-P(CL16-gTMC17)
PEG42-b-P(CL56-gTMC62)

7.7

13

70

Worm-like
micelles +
Polymersomes
Micelles

4.2

13

50

Polymersomes

14.7

13

50

Micelles

P4
P5

Resulted
assembly*
Polymersomes

* Assembly was performed via the direct hydration method by directly adding 80 L of aqueous
solution into 20 L of PEG-b-P(CL-g-TMC) block-copolymer (10 % in PEG 350 w/w).
Table 1: PEG-b-P(CL-g-TMC) block-copolymers characterization and the end result of their
self-assembly using direct hydration method.

3.2 P(CL-g-TMC) membrane fluidity and semi-permeability: As membrane semi
permeability and fluidity are significant properties of biological membranes,1 it is therefore
of utmost importance to demonstrate that P(CL-g-TMC) based polymersoms are in
possession of such properties. Fluidity was confirmed by performing differential scanning
calorimetry (DSC) on P1 and P4 copolymers. DSC data confirmed that both P1 and P4 do
not display a Tg or Tc at biologically relevant temperatures (see supplementary figure 4).
Next, the permeability of PEG-b-p(CL-g-TMC) polymersomes towards small molecules
was determined by performing a calcein leakage assay. 32 Calcein, which is a fluorophore
that exhibits self-quenching properties at high concentrations (> 5 mM),33 was encapsulated
in the lumen of the polymersomes and its diffusion across the membrane was quantified (see
figure 4 and sections 5.2.3 and 5.2.4). To achieve encapsulation, a relatively high
concentration of calcein was prepared (100 mM) and added in the first stage of polymersome
formation using either P1 or P4. Excess calcein was then removed by passing the sample
through a sepharose size exclusion column and collecting the polymersomes fraction.
Samples were divided into two, one for determining the amount of calcein encapsulated
(maximum release) and the other for measuring calcein leakage with time - by calculating
the ratio between the fluorescence signal from both samples. During a time course
measurement of 30 hours the calcein release was recorded from P1 and P4 based
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polymersomes with greater release being recorded from polymersomes assembled of P4. It
should be noted that calcein release starts as soon as the polymersomes are purified and
therefore the first couple of hours of release are impossible to measure as it takes this long
to purify the samples and transfer them to the plate reader. This calcein release data not only
highlights the semi-permeable nature of the polymersomes, in general, but also that this is
dependent upon the thickness of the membrane – with the thinner P4 membrane displaying
much more rapid release (40 % approx.).

Figure 4: Characterization of the membrane permeability. a) Schematic representation of
calcein leakage through polymersome membranes. b) percentage of calcein release from P1,
and P4 polymersomes over a period of 30 hours.

3.3 Biodegradation of PEG-b-p(CL-g-TMC) polymersomes: Biodegradation of P1 and P4
polymersomes was evaluated by exposing them to human blood serum (HBS) (see section
5.2.5). HBS contains a number of enzymes (proteases, amylases, lipases, and esterases)
alongside a high concentration of serum proteins that are responsible for opsonization, which
can facilitate phagocytosis and renal clearance of nanoparticles in vivo. Importantly,
aggregation of PEG-b-P(CL-g-TMC) polymersomes did not occur (as confirmed by DLS,
see supplementary figure 5). Degradation of polymersomes was monitored via UV-Vis
spectroscopy at certain time intervals. UV absorption is related to solution turbidity and
thereby polymersome integrity; increase in absorption indicates aggregation, while its
reduction indicates disassembly. While P1 based polymersomes were relatively stable (over
24 hours), P4 based polymersomes degraded in less than 3 hours (see supplementary figure
6). This observation suggests that membrane thickness (7 nm) and the consequent leaking
behavior (as discussed in the previous section) are enhancing the hydrolysis step required
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for degradation. In our opinion, this rapid biodegradation of P4 polymersomes might
substantially hinder its application in potential bio-related in vivo experiments.
3.4 Protein/enzyme encapsulation inside PEG-b-p(CL-g-TMC) polymersomes: One key
feature of a nanoreactor is its ability to entrap enzymes and perform reactions while
substrates are present in bulk. We therefore investigated encapsulation of proteins and active
enzymes in the lumen of these biodegradable polymersomes and their ability to convert
substrates. First, we investigated incorporation of proteins within polymersomes by
entrapping green fluorescence protein (GFP) as it can be easily detected (see figure 5). P1based polymersomes were assembled using the direct hydration method, using an aqueous
solution containing a relatively high GFP concentration (5 mg mL-1), with excess protein
being removed by means of size exclusion chromatography. AF4-UV-MALS was used to
observe the encapsulation. Polymersomes in which GFP was encapsulated showed a peak at
480 nm, which was not observed when empty polymersomes were eluted (see figure 5a).
MALS analysis of GFP-filled polymersomes clearly showed a reduction of the radius of
gyration (Rg) values indicating the presence of GFP inside the polymersomes (see figure 5b),
which confirms the successful encapsulation of GFP in the PEG-b-P(CL-g-TMC)
polymersomes.34

Figure 5: Proof of protein encapsulation a) Asymmetric flow field flow fractionation (AF4)
fractogram of empty and GFP-P1 polymersomes at 480 nm. b) Distribution analysis of the radius
of gyration of the empty and GFP filled polymersomes. Note the clear reduction of the Rg when
GFP is encapsulated.

3.5 Membrane integrity: In the previous experiments, successful encapsulation of
macromolecules and sustained leakage of small molecules were demonstrated. This logically
led us to the evaluation of the membrane integrity towards macromolecules and its ability to
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shield them from harmful materials in the surrounding. To this end, Bovine Serum Albumin
(BSA) labelled with fluorescein isothiocyanate was encapsulated in the lumen of P1 and P4
polymersomes (see figure 6 and section 5.2.6). Treatment of these polymersomes with 5 %
SDS (sodium dodecyl sulfate) showed a fluorescent signal at 520 nm indicating successful
encapsulation of the substrate. SDS causes disruption of the soft polymersomal membrane,
which concomitantly leads to release of the cargo. Next, the effect of proteinase K on BSAFITC was confirmed by mixing them together, which then resulted in rapid increase of the
fluorescence signal due to the BSA-FITC degradation (see figure 6b). The increase of
fluorescence was a result of the diminished self-quenching of the fluorescent probes when
not attached anymore to the protein scaffold. This was not the case when Proteinase K was
mixed with polymersomes encapsulating BSA-FITC as no change of fluorescence signal
was observed, highlighting the shielding environment created by these polymersomes
towards macromolecules.

Figure 6: Characterization of the membrane integrity. a), schematic representation
highlighting the ability PEG-b-P(CL-g-TMC) polymersomes of shielding their content (BSAFITC) from the surrounding media (proteinase K). The peptide bonds in the self-quenched FITC
labelled BSA are hydrolysed by the action of proteinase K resulting in small protein fragments
containing fluorescent FITC. Proteinase K was not able to diffuse inside of the polymersome and
did not reach FITC labelled BSA. b) Fluorescence intensity spectrum at 520 nm over 500 seconds
after polymersomes treatment with proteinase k.

3.6 PEG-b-P(CL-g-TMC) polymersomes as nanoreactors: The initial concept of the
nanoreactor was highlighted by encapsulating one or more types of active enzymes in the
cavity of P1-based polymersomes. P1-based polymersomes were chosen as candidates for
further development due to their small size, relative stability and moderate semi171
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permeability. P1 nanoreactors encapsulating GOx and HRP, together and separate, were
prepared and purified as previously mentioned. Encapsulation efficiency was determined
using inductively coupled plasma mass spectrometry (ICP-MS), which was ca 4 and 1.3%
for GOx and HRP, respectively (see sections 5.2.7 and 5.2.8, supplementary figure 7 and
supplementary table 2). The reaction was assessed by a well-known cascade reaction, in
which glucose was first converted into gluconolactone and H2O2 by the action of GOx, after
which the H2O2 was then used by HRP to catalyze the oxidation of ABTS into its colored
radical adduct ABTS•+ (see figure 7 and section 5.2.9).

Figure 7: Schematic representation of the two experiments used to evaluate these polymersomes
as nanoreactors. a) the first setup in which GOx and HRP were encapsulated separately. b) The
second setup in which GOx and HRP were co-encapsulated. c, rate of ABTS●+ formation within
the two experiments.

The kinetic advantages of coencapsultion over separate enzyme encapsulation can
be clearly seen in figure 7. In the case of separate encapsulation of the two enzymes the
intermediate substrate, H2O2, faces a substantial diffusometric barrier prior before it can
activate HRP. After generation by GOx, H2O2, must escape the polymersomal compartment,
undergo dissolution and then permeate the HRP-containing polymersomes to fuel ABTS
oxidation. Conversely, in the coencapsulated systems, H2O2, can diffuse directly to HRP
without escaping the polymersomal compartment, thereby increasing the local [H2O2] for
HRP and enhancing the turnover rate. Because the diffusion of H2O2 is rapid and the Km of
HRP is very low (ca. 30 µM) we expect this to give rise to more substantial difference at
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lower substrate concentrations as composed. Indeed, we observe that the effect of this upon
the kinetics of ABTS oxidation is more prevalent at lower [glucose] where the difference in
rates equate to a 70 and 60 % drop in ABTS generation at 2.5 and 10 mM of glucose,
respectively, whereas at 50 mM glucose the rate drop is more modest at 20%.
4. Conclusions
In summary, synthesis of various biodegradable PEG-b-P(CL-g-TMC) copolymers
with different molecular weights and TMC content was demonstrated. These polymers
underwent self-assembly into polymersomal vesicles using the biocompatible direct
hydration method. These polymersomes proved to be permeable to small molecules, and
provided a shielding environment for macromolecules. Encapsulation of enzymes inside
these polymersomes was successful and reactions could take place within one polymersome
or across two polymersomes. Degradation behavior of these polymersomes is dependent on
their membrane thickness with the 7 nm thick membrane polymersomes being fully
degraded in human blood serum in a course of 3 hours while the thicker ones (15 nm
membrane) were stable even after 24 hours.
5. Experimental
5.1 Experimental materials and instruments
All chemicals and enzymes were used as received unless otherwise stated. For the
synthesis of the block copolymers, monomethoxy PEG22-OH (2 kDa) was purchased from
Rapp Polymers whereas mPEG22-OH (1 kDa) was purchased from Creative PEG Works –
all polymers were used as supplied. -caprolactone and trimethylene carbonate were
purchased from Acros Organics and used as supplied. All other chemicals were supplied by
Sigma-Aldrich. Ultra-pure MilliQ water obtained from a Labconco Water Pro PS
purification system (18.2 MΩ) was used for the polymersome self-assembly and their
purification.
Nuclear Magnetic Resonance spectroscopy (NMR): Proton NMR spectra were recorded
on a Bruker Avance 400MHz spectrometer with CDCl3 as a solvent and TMS as internal
standard.
Gel permeation chromatography (GPC): GPC was conducted using a Shimadzu
Prominence GPC system with a PL gel 5 μm mixed D column (Polymer Laboratories) with

173

Chapter 6

a differential refractive index detector and THF used as an eluent with a flow rate of 1 mL
min-1.
Differential scanning calorimetry (DSC): DSC was conducted using a Mettler Toledo
DSC822 calorimeter.
Dynamic light scattering measurements (DLS): DLS measurements were conducted
using a Malvern Instruments Zetasizer (ZEN 1600), and Zetasizer Software (Malvern
Instruments) was used for processing and analyzing the data.
Cryogenic transmission electron microscopy (cryo-TEM): Experiments were performed
using a JEOL TEM 2100 microscope (JEOL, Japan). Analysis and processing of the data
was performed using ImageJ, a program developed by the NIH and available as public
domain software at http://rsbweb.nih.gov/ij/.Samples for CryoTEM measurements were
prepared by first treating the grids (Quantifoil R2/2 Cu 200 mesh grids) in a 208HR sputter
coater for 20 seconds. Afterwards, 3 µL of sample was brought on the grid and blotted in a
FEI Vitrobot Mark IV, at 100 % humidity. Subsequently, the grid was blotted and directly
frozen in liquid ethane.
Asymmetric Flow Field-Flow Fractionation, multi-angle light scattering and quasi
elastic light scattering (AF4-MALS-QELS): AF4-MALS-QELS experiments were
performed on a Wyatt Eclipse AF4 instrument connected to a Shimadzu LC-20A
Prominence system with Shimadzu CTO20A injector. The AF4 was further connected to the
following detectors: a Shimadzu SPD20A UV detector; a Wyatt DAWN HELEOS II light
scattering detector (MALS) installed at different angles (12.9 , 20.6 , 29.6 , 37.4 , 44.8
, 53.0 , 61.1 , 70.1 , 80.1 , 90.0 , 99.9 , 109.9 , 120.1 , 130.5 , 149.1 , and 157.8 )
using a laser operating at 664.5 nm; a QELS detector installed at an angle of 140.1 and a
Wyatt Optilab Rex refractive index detector. Detectors were normalized using Bovine
Serum Albumin. The processing and analysis of the LS data and radius of gyration (RG)
calculations were performed on Astra 6.1.1 software (using the Berry model, which is
recommended for particles of size > 50 nm). All AF4 fractionations were performed on an
AF4 short channel with regenerated cellulose (RC) 10 KDa membrane (Millipore) and
spacer of 350 µm.
Polymersomes purification via size exclusion chromatography (SEC): SEC purification
of the polymersomes was conducted using a Shimadzu system (equipped with an SPD-
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M20A photodiode array) with a Superose 6 column (GE Healthcare) using an eluent
identical to that of the polymersomes solution.
Inductively coupled plasma-mass spectrometry (ICP-MS): ICP-MS measurements of
Ru- labelled enzymes were performed in a Thermo Fischer Scientific X series I quadrupole
machine.
Release assay measurements: Calcein release assays were performed in a 96- black well fbottom microplate (Greiner-Bio-One) in a Berthold Tristar2 LB942 Multidetection
Microplate Reader equipped with a 550nm excitation filter and a 610 nm emission filter.
UV-VIS: Absorbance was recorded on a Varian Cary-50-UV-VIS spectrophotometer.
5.2 Experimental procedures
5.2.1 Synthesis and characterization of poly(ethylene glycol)-b-poly(-caprolactone)-gpoly(trimethylene carbonate) block copolymers: Monomethoxy-PEG-OH macroinitiator
was weighed into a round bottom flask along -caprolactone (-CL) and trimethylene
carbonate (TMC) in a flame dried round bottom flask. For all polymers, stoichiometric
amounts of CL and TMC were added to the reaction mixture. In all cases, dry toluene (ca.
50 mL) was then added to the flask and the solvent evaporated in order to dry the contents
before polymerization. The dried reagents were then re-dissolved in dry DCM (10 mL) and
MSA was added (0.1 mmol = 6.2 µL) under argon. The reaction was stored at RT for around
4 hours, until there was no evidence of the monomer from the 1H-NMR spectra (see
supplementary figure 1). After completion was confirmed by 1H-NMR, the reaction mixture
was diluted using DCM and washed twice with 1 M KHSO4 and once with brine before
drying with Na2SO4, filtering and evaporating most of the solvent. The concentrated
copolymer solution (in DCM) was then precipitated into ice cold methanol (100 mL) and
the remaining wax was partially dried under nitrogen before dissolving in dioxane and
lyophilisation to yield a wax of 80-90 % yield.
Copolymer composition was calculated by comparing the protons of PEG (3.65-3.7 ppm),
terminal methyl unit (singlet at 3.40 ppm) to PCL CH2 (multiplet at 2.40-2.25 ppm) and
PTMC CH2 (multiplet at 2.2-1.8 ppm), (see supplementary figure 1). All PDI values were
calculated to be less than 1.1 using PEG standards for calibration.
5.2.2 General procedure for polymersome formation via direct hydration method: In a
5 mL vial, 20 L of PEG-b-P(CL-g-TMC) block-copolymer (10 % in PEG 350 w/w) was
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added. A magnetic stirring bar was added and a thin film of the polymer solution was created
by slow stirring. Subsequently, 80 L of aqueous solution was directly added, followed by
continuous stirring for 5 min. Polymersomes were subsequently diluted until the desired
concentration was reached.
5.2.3 General procedure for encapsulation: In a 5 mL vial, 20 L of PEG-b-P(CL-g-TMC)
block-copolymer (10 % in PEG 350 w/w) was added. A magnetic stirring bar was added and
a thin film of the polymer solution was created by slow stirring. Subsequently, 80 L of
aqueous solution, containing high concentration of the desired material for encapsulation
was directly added (>5 mg mL-1), followed by continuous stirring for 5 min. Polymersomes
were subsequently diluted until the desired concentration was reached.
5.2.4 Calcein release assay: polymersomes encapsulating calcein were prepared by adding
80 L of calcein (100 mM) in 10 mM phosphate buffer (pH 7.4) into 20 L of PEG-b-p(CLg-TMC) block-copolymer (10 % in PEG 350 w/w) followed by continuous stirring for 5 min.
Volume was adjusted to 0.5 mL using the same buffer. Polymersomes encapsulating calcein
were purified using a sepharose SEC column. Purified polymersomes were collected and
divided into 2 aliquots. The first aliquot was treated with 5 % of SDS to establish maximum
release of calcein by breaking the polymersomes and the second aliquot was kept as is.
Fluorescence resulting from calcein leakage was recorded through a period of 24 hours and
its intensity was compared to the fluorescence intensity resulting from the SDS treated
sample. All experiments were performed in triplo and the average of fluorescence intensity
was calculated.
5.2.5 Biodegradation of PEG-b-P(CL-g-TMC) polymersomes: Biodegradation studies of
polymersomes were performed by adding 400 L of human blood serum (HBS) directly into
the polymersomes (100 L) after their self-assembly. Degradation was recorded using a UVVis spectrophotometer by monitoring scattering (turbidity) at 450 nm.
5.2.6 Evaluation of membrane integrity: P1 and P4-based polymersomes encapsulating
FITC-labelled BSA were prepared by adding 80 L of FITC-BSA (5 mg mL-1 in PBS) to 20
L of P1 or P4 (10 wt % in PEG 350). Polymersome samples were subsequently purified
over a SEC column to remove all non-encapsulated FITC-BSA. Successful encapsulation of
FITC-BSA was confirmed by releasing it from the polymersomes and subsequent
appearance of a fluorescent signal at 520 nm after treating the polymersomes with 5% SDS
solution (20 % v/v). SDS causes soft membrane disruption and consequent release of cargo.
176

P1 and P4 membrane integrity was confirmed by the absence of fluorescence when both
polymersomes samples were separately mixed with proteinase K solution (1 mg mL-1 in
PBS) in a ratio of 1:1 v/v.
5.2.7 Ruthenium-labeling of enzymes: 2 mg of enzymes, GOx or HRP, were dissolved in
phosphate buffer (0.5 mL, 20 mM, pH 7.4). Enzymes were then washed (3 times) by
centrifuging them over 10 KDa Amicon Ultra centrifugal filters. The supernatant containing
the enzymes was suspended in 400 L phosphate buffer between every washing step and
resuspended in 500 L phosphate buffer after the last washing step. K2CO3 (60 L, 1 mg
mL-1)
and
bis(2,2’-bipyridine)-(5-isothiocyanatophenanthroline)
ruthenium
-1
bis(hexafluorophosphate) (1 mg mL ) were added into the enzyme solution and they were
incubated overnight at 25 C. Labeled enzymes were purified next over 10 kDa spin filters
by centrifuging them for 3 times using phosphate buffer and were finally stored at 4 C prior
to use.
5.2.8 Determination of encapsulation efficiency via ICP-MS: polymersomes
encapsulating Ru-functional enzymes were prepared and purified as described previously.
Nitric acid (0.5 mL, 65%) was added to the polymersomes and the mixture was let to stir at
90 C. After 3 hours, samples were cooled down to room temperature and the final volume
of all samples was adjusted to 5.0 mL. Ru counts resulting from the polymersomes with the
encapsulated Ru-enzymes were compared to Ru counts of a known amount or Ru-labelled
enzymes.
5.2.9 PEG-b-P(CL-g-TMC) for nanoreactor application: Two polymersome batches
with encapsulated enzymes were prepared (one encapsulating GOx and the other
encapsulating HRP) by adding 80 L of GOx (8.2 mg mL-1 in PBS) or 80 L of HRP (8 mg
mL-1 in PBS) to 20 L of P1 (10 wt % in PEG 350). Samples were subsequently purified
over a SEC column to remove all non-encapsulated enzymes. Next, both polymersome
samples were mixed together in a ratio of 1:1 v/v. A third polymersome batch (encapsulating
GOx and HRP together) was prepared by adding 80 L of a combined GOx and HRP
solution (8.2 mg mL-1 of GOx and 8 mg mL-1 of HRP in PBS). The polymersome sample
was purified as previously described. Enzyme activity was evaluated at different glucose
concentrations by mixing 2125 L ABTS solution (5mg mL-1 in PBS) with 125 L of
polymersome solution. After 5 minutes 250 L of glucose solution (25, 100 and 500 mM in
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PBS) were added. After exactly 10 minutes, fluorescence of the formed ABTS●+ was
recorded at 420 nm.
6. Supplementary figures and tables

Supplementary figure 1: 1HNMR spectra of P1 (a), and P4 (d), both comprising CL and TMC
with a ratio of approximately 1:1.
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Supplementary figure 2: Cryo-TEM image of micelles resulting from slow direct hydration of
P1. Scale bar is equal to 200 nm.
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Mode
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3.00
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-

-

-

-
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-

-

6
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3.00

1.17

6

8

Elution

1.17

0.70

8
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Elution

0.70

0.40

10

15

Elution

0.40

0.10

15

32

Elution

0.10

0.10

32

33

Elution

0.00

0.00

33

34

0.00

0.00

34

39

0.00

0.00

(min)

(min)

0

1

1

2

2

3

3

4

4

Focus +
inject

Elution +
inject
Elution

-1

Supplementary table 1: The flow conditions applied for the FFF separation were: 1.50 mL
min-1 detector flow, 2.00 mL min-1 focus flow and 0.20 mL min-1 injection flow.
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Supplementary figure 3: Asymmetric flow field flow fractionation (AF4) fractograms of empty
polymersomes formed by direct hydration of 20 L of P1 block-copolymer (10 wt % in PEG 350)
with different MilliQ volumes. a, 1 mL, b, 20 L, c, 40 L , d, 60 L and e, 80 L.
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Supplementary figure 4: DSC curves for P1 (blue trace), P4 (red trace) and typical PEG22PCL59 copolymer (black trace).

Supplementary figure 5: DLS correlograms for polymersomes in PBS (red trace) or in human
blood serum (HBS) (blue trace) a) P1 polymersomes and b) P4 polymersomes. Note that
aggregation of PEG-b-P(CL-g-TMC) polymersomes did not occur in HBS, as evidenced by their
identical correlograms in both PBS and HBS. The black trace in a represents the DLS
correlogram of human blood serum without polymersomes (black trace).
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Supplementary figure 6: Biodegradation of P1 (red trace), P4 (blue trace) in human blood
serum (black trace). As P4 polymersomes degrade, the background turbidity decreases to that
of the background of human blood serum.

Supplementary figure 7: ICP-MS calibration curves of Ru-labelled GOx and HRP. a, calibration
curve for Ru-GOx. b, calibration curve for Ru-HRP.
Sample

Samples Dilution
factor

ppb Ru101

[enzyme] (10-3 mg
mL-1)

% encapsulation

HRP+Ru-GOx

26.19

46.7

[GOx] = 12.3

3.8

Ru-HRP+GOx

77.43

16.1

[HRP] = 4.08

1.3

Ru-GOx

23.91

50.2

[GOx] = 13.2

4.2

Ru-HRP

81.24

14.87

[HRP] = 3.77

1.2

Supplementary table 2: enzyme encapsulation efficiency via ICP-MS analysis. The same initial
concentrations of unlabeled GOx and HRP were used for the nanoreactor related experiments
(figure 7).
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1. Summary
In this thesis, we have described our experiments for the bottom-up design and
assembly of a fully biodegradable/compatible polymersomal nanomotor system. In 2012,
our lab reported the bottom-up approach to construct supramolecular nanomotors, which is
based on the self-assembly of poly(ethylene glycol)-polystyrene (PEG-PS) block
copolymers into polymersomal structures.1 Under osmotic stress, these spherical
polymersomes underwent shape transformation forming unique bowl shaped architectures,
known as stomatocytes. Performing this shape transformation process in presence of
platinum nanoparticles allowed their encapsulation within the cavity of the stomatocytes via
“artificial endocytosis”. Platinum is a known catalyst for the decomposition reaction of
hydrogen peroxide into water and oxygen. In presence of hydrogen peroxide, the
encapsulated platinum nanoparticles produced a rapid discharge of oxygen, after which the
latter escaped the stomatocytes through their opening, propelling the structures forward. This
work has been the main inspiration of this thesis, where we developed the system further to
make the nanomotors biodegradable and compatible, with future biomedical applications as
a major motivation.
Shape-characterization of nanoscale polymeric particles usually requires costly and
time-consuming methods, such as cryo-TEM. Therefore, in chapter 2 we investigated the
possibility to characterize the shape of various PEG-PS polymersome morphologies by
means of light scattering techniques (both static and dynamic). We first presented theoretical
descriptions for the possible shape factors (Rg/Rh) of various polymersomal shapes (spheres,
discs and rods). We then supported our theoretical descriptions of polymersome
morphologies with light scattering and cryo-TEM microscopy experiments.
In Chapter 3, we described our first attempt to form a hybrid nanomotor system,
replacing the previously used platinum with enzymes, using glucose as a natural fuel for
propulsion. We integrated catalase or its combination with glucose oxidase (GOx) in the
cavity of the PEG-PS stomatocytes to form a hybrid polymeric supramolecular nanomotor.
These motors were able to decompose H2O2 - either when added directly or as side product
of the breakdown of glucose - into oxygen that escapes the stomatocyte through its tight,
almost closed neck, resulting in nanomotor propulsion. Previously, platinum was
encapsulated in presence of a large amount of organic solvents (50 % vol/vol) in a timeconsuming process, which might lead to denaturation of most proteins. Therefore, shape
transformation procedures were modified for enzyme encapsulation to prevent enzyme
denaturation. Enzymes were first mixed with opened-neck stomatocytes and subsequently,
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the neck was closed by adding only 150 L of organic solvent over a period of 30 minutes.
The presence of enzymes within the stomatocytes cavity was confirmed by means of light
scattering techniques and energy dispersive X-ray. Retention of activity was also confirmed
after performing standard enzyme activity assays.
Autonomous movement of catalase- and GOx/catalase-filled stomatocytes was
tested with various fuel types, H2O2 and glucose, respectively, and a range of concentrations
thereof using the nanoparticle-tracking analysis (NTA) technique. Catalase-filled
stomatocytes were propelled with average speeds of 15 m s-1 and a remarkable high speed
of 60 m s-1 at 11 mM and 111 mM of H2O2, respectively. Stomatocytes encapsulating
GOx/catalase showed propulsion at biologically relevant glucose concentration (5 mM). In
presence of trypsin, a proteolytic enzyme known to inhibit enzyme activity and usually
present in biological settings, stomatocytes did not stop and continued moving. This
experiment showed the ability of stomatocytes to confine and protect enzymes against
deactivating macromolecules that are usually present in biological environments.
Chapter 4 builds on chapter 3 by replacing the simple GOx/catalase cascade to a
functional out-of-equilibrium enzymatic network for sustained autonomous movement. The
rationally designed enzymatic reaction network was able to convert naturally present
substrates into molecular oxygen. This enzymatic network consisted of four metabolic
modules, working together for a tunable and sustained output. The first module, the
“activation module”, was based on hexokinase (HK) and pyruvate kinase (PK), which
scavenged the phosphate donor phosphoenolpyruvate (PEP) to activate ATP necessary for
glucose uptake and consequent network activation. Conversion of PEP into pyruvate
triggered activation of the pyruvate–L-lactate cycle. In this cycle, two opposing reactions
took place: the consumption and production of pyruvate by the action of lactate
dehydrogenase (LDH) and lactate oxidase (LO), respectively. The concentration of pyruvate
built up till the point that it became inhibitory towards LDH (feed-forward inhibition).
Production of L-lactate from pyruvate by the action of LDH occurred when β-NADH was
present, which was regenerated by the action of the second cycle (conversion of glucose-6phosphate (G-6-P) to 6-glucosephosphogluconolactone (6-p-g) by the action of glucose-6phosphate dehydrogenase (G6PDH)). The net product of these previous three modules was
hydrogen peroxide. The last module depicts a functional cycle, which decomposed H2O2
into molecular oxygen.
This enzymatic reaction network was encapsulated in the cavity of PEG-PS
stomatocytes and their motion was further analyzed in the presence of glucose as fuel. At 10
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mM glucose concentration, the speed of the nanomotors was approximately 7 m s-1. After
180 min, the speed output remained constant, highlighting the ability of this network to
sustain its output over extended periods of time by regulating its fuel consumption. The
network output was also tuned by changing the ATP concentration. ATP determines the
concentration of β-NADH and the consequent lactate and H2O2 production. Varying ATP
concentrations from 0.25 mM to 1 mM resulted in an increase of speed by approx. 40 %
over this ATP regime. The ability of this enzymatic network to maintain a fixed nanomotor
speed during glucose consumption and the possibility of tuning this output by controlling
the speed of certain cycles in the network is unique and advantageous.
In this case, the protective element and the confinement effect of the stomatocyte
nanomotor was highlighted by showing its functioning in complex media, human blood
serum (HBS). HBS contains many different proteins and enzymes, amongst which catalase.
When hydrogen peroxide was not produced in the cavity, but in bulk, it was converted by
free catalase present in the medium. As a result, the hydrogen peroxide concentration was
lowered to such an extent that the entrapped catalase could not induce any propulsion
anymore. In HBS, motion of stomatocytes was maintained and unaffected by the medium.
This aspect is important when considering the use of these systems in a biological context.
In the following chapters, we aimed to exchange the polystyrene hydrophobic
material with a biodegradable and biocompatible one. In chapter 5, we show the
construction of poly(ethylene glycol)-b-poly(D,L-lactide) (PEG-PDLLA) polymeric
vesicles and their shape transformation. PEG-PDLLA is readily dissolved in organic
solvents and its self-assembly into spherical polymersomes was promoted by the addition of
water. Interestingly, introducing an osmotic shock to the flexible construct, allowed its shape
transformation into nanotubes instead of stomatocytes. A closer look into the physical origin
of PEG-PDLLA shape transformation shows that the main determinant in this process is the
𝑘

bending energy (Eb), which is described by 𝐸𝑏 = ∮(2𝐶 − 𝐶0 )2 𝑑𝐴, where k is bending
2
rigidity (depends on material properties), C is mean surface curvature and Co is the
spontaneous surface curvature. When inner and outer surfaces of a flexible membrane are
exposed to distinct solvent environments, the contribution of Co is not significant inducing
positive surface curvature and thus, formation of tubes is favored as it follows lower Eb
energy profile. Increasing the osmotic pressure during this shape transformation resulted in
volume reduction and subsequent elongation of the final construct. We have further
demonstrated the capacity of these nanotubes to be loaded with enzymes and drugs after
their formation, which is important for future biomedical applications.
188

Although PEG-PDLLA polymersomal system is biodegradable and biocompatible,
its formation requires large amounts of organic solvent, which is not suitable when
encapsulation and compartmentalization of enzymes is considered. This notion led us to
consider a different biodegradable and biocompatible polymersomal system that can be
formed via a biocompatible method. In chapter 6, we describe our results in that direction.
Inspired by previously reported poly(ε-caprolactone) (PCL) polymersomal systems, we set
out to synthesize a copolymer comprising a blend of PCL and poly(trimethylene carbonate)
PTMC in the hydrophobic block and PEG in the hydrophilic block. Applying the
biocompatible direct hydration method of self-assembly on PEG-b-P(CL-g-TMC) promotes
its self-assembly into polymersomes. We show that polymer composition and the
formulation conditions used for self-assembly are of great importance to produce
polymersomes reproducibly. Self-assembly of CL-rich polymers revealed formation of both
polymersomes and worm-like micelles, while TMC rich polymers resulted in the formation
of micelles. Copolymers with equal amounts (by mass) of CL and TMC consistently yielded
polymersomes. The membrane thickness of PEG-b-P(CL-g-TMC) polymersomes could be
easily tuned by changing the molecular weight of the copolymers, whereas a copolymer with
Mw ≈ 7.6 KDa yielded a ~ 14 nm thick polymersomal membrane and polymer with Mw ≈ 4.2
KDa resulted in a ~ 7 nm thick polymersomal membrane. The degradation behavior of these
polymersomes was found to be dependent on their membrane thickness. 7 nm thick
membrane polymersomes were fully degraded in human blood serum in a course of 3 hours,
while the thicker ones (15 nm membrane) were stable even after 24 hours. These
polymersomes were able to entrap active enzymes and to perform reactions within one
polymersome or across two polymersomes due to the semipermeable nature of the PEG-bP(CL-g-TMC) membrane.
2. Outlook:
2.1. Mechanism of motion
Constructing a hybrid enzymatic nanomotor utilizing natural fuels for movement is
an exciting prospect, and a complete understanding of its motion is crucial. Several
mechanisms were suggested in this thesis, yet it is not clear what the exact mechanism(s) of
motion is/are. For all previous stomatocyte systems, both platinum- and enzyme-driven
(average radius is 250 nm), the rotational diffusion coefficient along the symmetry of axis
is described by the equation 𝐷𝑟 = 𝜏𝑟−1 = 𝑇𝐾𝐵 ⁄(8𝜋𝜂𝑅3 ), where r is reorientation time. At
22 C (the average temperature in the experiments) the stomatocytes would have a
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reorientation time of 0.092 s, which is relatively rapid.2 Such a rapid r would cause the
stomatocytes to exhibit a random walk for long ∆t and translational diffusion can be noticed
for short ∆t. A diffusiophoretic model that was proposed by Golestanian et al. suggests that
a linear component of mean squared displacement (MSD) curves according to equation ∆r2
= (4D)∆t can be extracted if the observed particles are in typical Brownian motion.3 When
∆t is smaller than r, according to the latter model, MSD of moving particles would exhibit
a non-linear fitting according to the equation ∆r2 = (4D)∆t +(v2)(∆t2), and from which
velocity could be extracted. As regard to the platinum, catalase, and GOx/cat-filled
stomatocytes system, a non-linear fitting was observed, which indicates motion at large ∆t.
The mechanism of motion was further investigated by correlating fuel concentration with
MSD curve fitting and its slope. The lower the fuel concentration the slower the nanomotors
move, and a transition from a parabolic fit of the MSD to a linear fit was observed,
suggesting a change of the propulsion mechanism from propulsive to diffusive. At high fuel
concentrations, motion is expected to be a result of a contribution of bubble propulsion
mechanism, which diminishes any effect of rapid r. These suggested mechanisms are
merely hypotheses and theoretical and experimental confirmation is of great importance.
2.2 Shape transformation of PEG-PDLLA polymersomes
In chapter 3, osmotically induced shape transformation of PEG-PS polymersomes
resulted in the formation of oblates, stomatocytes and nested vesicles. However, in chapter
5, we have shown the deflation of spherical PEG-PDLLA polymersomes into nanotubes
rather than stomatosomal or nested structures in presence of salt (NaCl). Increasing the
[NaCl] during dialysis resulted in greater volume reduction and elongated nanotubes. These
results suggest that not only does NaCl contribute towards solution osmolarity, which drives
volume reduction and elongation, but it also contributes towards a positive C0, promoting
the formation of prolates and tubes. These findings warrant further investigation into the
unique properties of PEG-PDLLA in order to develop experimental insight into the
contribution of C0 to the shape transformations. Since NaCl is quite a small salt, its
permeation of the PDLLA membrane is a possibility that should not be excluded and
therefore, various salts and their possible contribution towards C0 should be considered.
2.3 Biodegradable nanomotors
In chapter 3 and 4, we have proved the ability of various enzyme cascades and
networks to propel polymeric stomatosomal structures in an efficient manner. However,
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these stomatosomal architectures were based on polystyrene, which is a major drawback for
their application in biological settings. It is therefore of critical importance to develop a fully
biodegradable and compatible nanomotor system for biomedical applications.
In Chapter 5, we set out to use the glassy polylactide as a substitute for polystyrene.
However, its spherical polymersomal vesicles transformed into elongated nanotubes instead
of stomatocytes upon an osmotic shock. We also showed that these nanotubes could be
functionalized by tethering GFP on its surface as a model protein. In principle, GFP can be
substituted by any different protein, e.g. GOx and catalase for nanomotor formation. Indeed,
our preliminary experiments in which GOx and catalase were attached onto the nanotube
surface to form a tubular nanomotor show promising results, as autonomous movement in
presence of glucose or hydrogen peroxide was observed.
The conceptually new approach to design a nanomotor operating out of equilibrium
was enabled by the encapsulation of an enzymatic reaction network in PEG-PS stomatocytes
(chapter 4). Immobilizing the whole network on the PEG-PDLLA polymersomes surface is
not suggested, due to the complexity associated with the network. We believe that
compartmentalization of the same network in the PEG-b-P(CL-g-TMC) polymersomes
described in chapter 6 is possible and promising. However, developing a nanomotor from
such a structure remains challenging due to a lack of asymmetry. To create an asymmetric
PEG-b-P(CL-g-TMC), we suggest usage of channel proteins such as OmpF or Aquaporin Z,
as has been reported previously. 4-5 We predict that creating pores in the PEG-b-P(CL-gTMC) polymersomes encapsulating the enzymatic reaction network reported in chapter 4,
might lead to a successful nanomotor operating under out-of-equilibrium conditions.
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In dit proefschrift hebben we onze experimenten beschreven voor het 'bottom-up'
ontwerp en assemblage van volledig biologisch afbreekbare en compatibele (nano)blaasjes
gemaakt van polymeren. Deze blaasjes, beter bekend als polymeersomen, zijn ontworpen
om te bewegen als nanomotoren. Nanomotoren zijn zeer kleine kunstmatige machines die
chemische of externe energie om kunnen zetten in mechanische beweging. Een mogelijke
toepassing van deze nanomotoren in de toekomst is bijvoorbeeld 'drug delivery', d.w.z. een
geneesmiddel op de juiste plaats in het lichaam krijgen.
In 2012 heeft onze onderzoeksgroep de bottom-up benadering gepubliceerd waarin
supramoleculaire nanomotoren werden gebouwd, die gebaseerd zijn op de zelf-assemblage
van
poly(ethyleenglycol)-b-polystyreen
(PEG-PS)
blokcopolymeren
naar
1
polymeersoomen. Onder osmotische druk ondergaan deze bolvormige polymeersomen een
vormtransformatie, waarbij unieke komvormige architecturen ontstaan, bekend als
stomatocyten. Het uitvoeren van dit vormtransformatieproces in aanwezigheid van platina
nanopartikels (Pt NP) zorgde voor de inkapseling van de Pt NP in de holte van de
stomatocyten via 'kunstmatige endocytose'. Platina is een bekende katalysator voor de
ontledingsreactie van waterstofperoxide naar water en zuurstof. In aanwezigheid van
waterstofperoxide produceerden de platina nanopartikels een snelle ontlading van zuurstof,
waarna de zuurstof uit de stomatocyten ontsnapte door hun opening en daardoor naar voren
werden gedreven.
Dit werk is de belangrijkste inspiratie voor dit proefschrift, waarin we het systeem
verder ontwikkelen om de nanomotoren biologisch afbreekbaar en compatibel te maken voor
mogelijke toekomstige biomedische toepassingen.
Vormkarakterisatie van polymeersomen vereist normaal gesproken kostbare en
tijdrovende methoden, zoals cryo-TEM. In hoofdstuk 2 hebben we daarom de mogelijkheid
onderzocht om de vorm van verschillende PEG-PS polymerisatie morfologieën te
karakteriseren door middel van licht verstrooiingstechnieken (zowel statisch als dynamisch).
We presenteren eerst de theoretische beschrijvingen van de mogelijke vormfactoren (Rg/Rh)
van verschillende polymersoomvormen (bollen, schijven, staven). Vervolgens ondersteunen
we onze theorieën met experimenten, gebruikmakende van lichtverstrooiing en cryo-TEM
microscopie.
In hoofdstuk 3 beschrijven we onze eerste poging om een hybride nanomotorisch
systeem te maken, waarbij we het eerder beschreven platina hebben vervangen door
enzymen, gebruikmakende van glucose als natuurlijke brandstof voor voortstuwing. We
hebben katalase of de combinatie van katalase met glucoseoxidase (GOx) in de holte van de
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PEG-PS stomatocyten geëncapsuleerd om een hybride polymere supramoleculaire
nanomotor te vormen. Deze motoren waren in staat om H2O2 te ontleden - hetzij direct of
als bijproduct van afbraak van glucose - in zuurstof die door de smalle, bijna gesloten nek
van de stomatocyt ontsnapt, leidend tot voortstuwing van de nanomotor. In het eerdere
onderzoek werd platina ingekapseld in aanwezigheid van een grote hoeveelheid organische
oplosmiddelen (50% vol/vol) in een tijdrovend proces, dat kan leiden tot denaturatie van de
meeste eiwitten. Om die reden werden de vormtransformatieprocedures aangepast voor
inkapseling van enzymen, om enzymdenaturatie te voorkomen. Enzymen werden eerst
gemengd met 'open nek' stomatocyten en vervolgens werd de nek afgesloten door slechts
150 L organisch oplosmiddel toe te voegen gedurende een periode van 30 minuten. De
aanwezigheid van enzymen in de holte van stomatocyten werd bevestigd door middel van
lichtverstrooiingstechnieken en energie-dispersieve röntgenstraling. Behoud van activiteit
werd ook bevestigd middels het uitvoeren van standaard enzymactiviteitsbepalingen.
Autonome beweging van katalase- en GOx/katalase-gevulde stomatocyten werd getest met
verschillende brandstoftypes en concentraties respectievelijk H2O2 en glucose, met gebruik
van de NTA (nanoparticle-tracking analyses) techniek. Stomatocyten gevuld met katalase
werden aangedreven met een gemiddelde snelheid van 15 m s-1 bij een concentratie van 11
mM H2O2. Bij een concentratie van 111 mM H2O2 werd een opmerkelijk hoge snelheid
bereikt van gemiddeld 60 m s-1. Stomatocyten met ingekapselde GOx/katalase lieten
voortstuwing zien bij een biologisch relevante glucoseconcentratie (5 mM). Stomatocyten
bleven bewegen in aanwezigheid van trypsine, een proteolytisch enzym dat vaak aanwezig
is in een biologische omgeving en enzymactiviteit kan remmen. Dit experiment toonde het
vermogen van stomatocyten om enzymen in te kapselen en te beschermen tegen deactivering
door macromoleculen die vaak aanwezig zijn in een biologische omgeving.
Hoofdstuk 4 borduurt voort op hoofdstuk 3, waarbij de eenvoudige GOx/katalasecascade werd vervangen door een enzymatisch reactienetwerk, dat in staat is tot duurzame
autonome beweging onder 'uit-evenwicht' condities. Het rationeel ontworpen enzymatische
reactienetwerk was in staat om de natuurlijk aanwezige substraten om te zetten in
moleculaire zuurstof. Het enzymatische reactienetwerk bestond uit vier metabolische
modules, die samen zorgen voor een afgestemde en duurzame output.
De eerste module, de 'activatiemodule', was gebaseerd op hexokinase (HK) en
pyruvaatkinase (PK), die het fosfaat donor fosfo-enolpyruvaat (PEP) pakte om ATP te
activeren die nodig was voor de opname van glucose en de consequente netwerkactivering.
Omzetting van PEP in pyruvaat zorgde voor activatie van de pyruvaat-L-lactaatcylus. In
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deze cyclus vonden twee tegengestelde reacties plaats: de consumptie van pyruvaat door de
werking van lactaatdehydrogenase (LDH) en productie van pyruvaat door lactaatoxidase
(LO). De concentratie van pyruvaat werd opgevoerd tot op het punt dat het remmende
werking kreeg ten opzichte van LDH ('feed-forward' remming). Productie van L-lactaat uit
pyruvaat door de werking van LDH vond plaats in aanwezigheid van β-NADH, dat werd
gegenereerd bij de tweede cyclus (omzetting van glucose-6-fosfaat (G-6-P) naar 6glucosefosfogluconolacton (6-p-g) door glucose-6-fosfaatdehydrogenase (G6PDH)). Het
netto product van de drie modules was waterstofperoxide. De laatste module geeft een
functionele cyclus weer, die H2O2 ontleedt in moleculaire zuurstof.
Dit enzymatische reactienetwerk werd ingekapseld in de holte van PEG-PS
stomatocyten en hun beweging werd verder geanalyseerd in aanwezigheid van glucose als
brandstof. Bij een concentratie van 10 mM glucose was de snelheid van de nanomotoren
ongeveer 7 m s-1. De snelheid bleef constant na 180 minuten, wat de capaciteit van dit
netwerk laat zien om de output gedurende langere tijd te behouden door het reguleren van
diens brandstofverbruik. De netwerkoutput werd ook afgestemd door het wijzigen van de
ATP-concentratie. ATP bepaalt de concentratie van β-NADH en de daaruit voortvloeiende
lactaat- en H2O2-procuctie. Het variëren van ATP-concentratie tussen 0.25 mM tot 1 mM
resulteerde in een toename van snelheid van ongeveer 40%. Het vermogen van dit
enzymatische netwerk om een vaste nanomotorische snelheid te handhaven tijdens het
glucoseverbruik en de mogelijkheid om deze output af te stemmen door de snelheid van
bepaalde cycli in het netwerk te regelen is uniek.
Het beschermende element van de stomatocytcapsule werd getoond door het
functioneren ervan in complexe media, humaan bloedserum (HBS). HBS bevat veel
verschillende eiwitten en enzymen, waaronder katalase. Wanneer waterstofperoxide niet in
de holte werd geproduceerd, maar in de bulk, werd het omgezet door vrije katalase aanwezig
in het medium. Als gevolg hiervan werd de concentratie zo verlaagd dat de ingesloten
katalase geen voortstuwing meer kon induceren. In HBS werd de beweging van
stomatocyten gehandhaafd en werd niet aangetast door het medium. Dit aspect is belangrijk
wanneer gedacht wordt aan het gebruik van deze systemen in een biologische context.
In de laatste hoofdstukken beoogden we het hydrofobe polystyreen in de
blokcopolymeren te vervangen door een biologisch afbreekbaar en compatibel materiaal.
In hoofdstuk 5 tonen we de constructie van poly(ethyleenglycol)-b-poly(D, Llactide) (PEG-PDLLA) polymere blaasjes en hun vormtransformatie. PEG-PDLLA wordt
makkelijk opgelost in organische oplosmiddelen en zijn zelfassemblage in sferische
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polymeersomen werd bevorderd door de toevoeging van water. Een interessante bevinding
was dat het introduceren van een osmotische shock aan het flexibele construct zorgde voor
vormtransformatie naar nanobuizen in plaats van stomatocyten. Een nadere blik op de
fysieke oorsprong van de vormtransformatie van PEG-PDLLA laat zien dat de belangrijkste
determinant in dit proces de buigende energie (Eb) is, die wordt beschreven door 𝐸𝑏 =
𝑘
2

∮(2𝐶 − 𝐶0 )2 𝑑𝐴, waarbij k buigstijfheid is (afhankelijk van materiaaleigenschappen), C

de gemiddelde oppervlaktekromming en Co de spontane oppervlaktekromming. Wanneer
binnen- en buitenoppervlakken van een flexibel membraan worden blootgesteld aan
verschillende omgevingen van oplosmiddelen is de bijdrage van Co niet significant,
waardoor positieve oppervlaktekromming wordt geïnduceerd waarbij buizen gevormd
worden. Het verhogen van de osmotische druk tijdens deze vormtransformatie resulteerde
in volumevermindering en daaropvolgende verlenging van het uiteindelijke construct. We
hebben tevens aangetoond dat deze nanobuizen kunnen worden geladen met enzymen en
medicijnen na hun vorming, wat belangrijk is voor toekomstige biomedische toepassingen.
Hoewel het PEG-PDLLA polymeersomale systeem biologisch afbreekbaar en
biocompatibel is, vereist zijn vorming grote hoeveelheden organisch oplosmiddel, wat niet
geschikt is bij de inkapseling en compartimentering van enzymen. Hierdoor overwogen we
een ander biologisch afbreekbaar en biocompatibel polymersomaal systeem te maken, dat
middels een biocompatibele methode gevormd kan worden.
In hoofdstuk 6 beschrijven we onze resultaten in die richting. Geïnspireerd door
eerder beschreven poly(ε-caprolactone) (PCL) polymeersomale systemen, hebben we een
copolymeer gemaakt dat een mengsel is van PCL en poly(trimethyleencarbonaat) PTMC in
het hydrofobe blok en PEG in het hydrofiele blok. Het toepassen van de biocompatibele
directe hydratatiemethode van zelfassemblage op PEG-b-P(CL-g-TMC) bevordert zijn
zelfassemblage naar polymeren. We laten zien dat de polymeersamenstelling en de
formuleringsomstandigheden die worden gebruikt voor zelfassemblage van groot belang
zijn voor het produceren en reproduceren van polymeersomen. Zelfassemblage van CL-rijke
polymeren toonde de vorming van zowel polymeersomen en wormachtige micellen, terwijl
TMC-rijke polymeren resulteerde in de vorming van micellen. Het copolymeer met een
gelijke massa van CL en TMC leverde consistent polymeersomen. De membraandikte van
PEG-b-P(CL-g-TMC) polymeersomen kunnen eenvoudig afgestemd worden door het
moleculair gewicht van de copolymeer te veranderen, waarbij een copolymeer met Mw ≈ 7.6
KDa resulteerde in een 14 nm dik polymersoomaal membraan en een polymeer met Mw ≈
4.2 KDa in een 7 nm dik polymeersomale membraan. De afbraak van deze polymeersomen
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bleek afhankelijk te zijn van hun membraandikte. Polymeersomen met een 7 nm dik
membraan werden in een periode van 3 uur volledig afgebroken, terwijl de polymeersomen
met een dikker membraan (15 nm) zelfs na 24 uur stabiel bleven.
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