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Chapter 1
Adaptive Polymer Self-assemblies
Abstract
Amphiphilic block copolymers can self-assemble into well-defined nanoparticles with
various morphologies which have gained much research interest in a great variety of
fields ranging from cell mimics to nanomedicine. To facilitate their various emerging
applications such as polymersome nanoreactors or nanomotor system, the structural and
functional adaption should be taken into account when designing and constructing selfassembled architectures. Introducing an external stimulus to these systems can give rise
to relatively large functional outputs based on a physicochemical adjustment of their
architectures. In addition, out-of-equilibrium processes are ubiquitous in nature and often
characterized by adaptive, transient behavior. Translating this behavior onto functional
self-assemblies is an exciting way to create complex, biomimetic systems. In this regard,
fuel-driven structural and functional operations under temporal control are thought to
play a key role in bridging man-made materials and biology in terms of natural
organization and function.

Part of this Chapter has been published as：
H. Che, J. C. M. van Hest, J. Mater. Chem. B, 2016, 4, 4632.
H. Che, J. C. M. van Hest, ChemNanoMat, 2019, doi.org/10.1002/cnma.201900245.

Chapter 1

1.1 Polymer self-assemblies
Compartmentalization is a process abundantly found in nature in order to
confine, protect and regulate biological processes and to enable transport of cargo.
Over the years, extensive research has been performed to design and construct
compartments to mimic the structure of living cells and their organelles. [1] For
example, fatty acids spontaneously form dynamic bilayer vesicles capable of
growing and dividing that makes them ideal candidates for protocell membranes.[2]
Phospholipids are another class of appropriate components which due to their
amphiphilic nature can be assembled via a wide range of methodologies into
different vesicular nanostructures to create artificial cells.[3] Despite their ability to
successfully form vesicles, fatty acids and phospholipids often lack sufficient
robustness due to their small bilayer thickness, which leads to low mechanical
stability and leakiness. This hampers to some extent applications in the area of
cargo transport and confinement. This has triggered research in the area of
polymer-based self-assembled nanostructures.
Amphiphilic block copolymers are able to self-assemble in aqueous solution to
produce nano-objects, analogously to lipids but with enhanced stability. [4]
Controlled polymerisation methods such as atom transfer radical polymerization
(ATRP), reversible addition-fragmentation chain transfer (RAFT) and ringopening polymerization (ROP) make it possible to prepare various types of
polymers with controlled molecular weight, polydispersity index (Ð) and welldefined compositions. Generally speaking, amphiphilic diblock copolymers can
form a wide range of classic morphologies such as spherical micelles, worm-like
micelles, vesicles and even tubular vesicles in block-selective solvents with
appropriate polymer

hydrophilic-hydrophobic

balance.[5] In principle,

the

morphologies are primarily governed by three factors: molecular weight, weight
fraction of the hydrophilic block, and the effective interaction strength of its
hydrophobic fraction with water. Different structures and morphologies in aqueous
solution can be yielded by adjusting the hydrophilic-hydrophobic balance
according to Equation (1.1):
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𝑣

𝑝 = 𝑎𝑙

(1.1)

where p is the “packing parameter,” v is the volume of the hydrophobic chains, a is
the area occupied by the head group, and l, the length of the hydrophobic tail.
Generally, amphiphiles are more likely to form vesicles with 1/2 ≤p≤ 1, while
spherical micelles and cylindrical micelles can be expected to be formed when p ≤
1/3, and 1/3 ≤p≤ 1/2, respectively (Figure 1.1).[6] In addition, the morphologies of
amphiphilic block copolymers can also be predicted based on the hydrophilic
volume fraction (fphilic). Theoretically, spherical micelles should be formed when
fphilic> 50%, worm-like micelles when 40% < fphilic < 50%, and vesicle/lamellar
structures when fphilic < 40%.[7]

Figure 1.1. The types of formed nanostructures of amphiphilic diblock copolymers due to the
inherent curvature of the polymer, as estimated by the chain packing parameter.Adapted from
reference 6e. [6e]
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1.2 Polymersomes
Among these polymeric aggregates, significant progress has been made on polymeric
vesicles, often called polymersomes; they have received widespread scientific attention in
view of their specific characteristics such as improved stability, architectural control, and
intriguing shape-transformation capability.[4a, 8] Generally, polymersomes can be created
by a wide variety of techniques, such as film rehydration, bulk hydration, layer-by-layer
self-assembly, electroformation, and nano-precipitation.[9] The chemical and physical
properties of the polymersomes are highly dependent on the type of amphiphilic
copolymers applied. To further increase the versatility and

applicability of the

polymersomes, in some cases, regular block copolymers have been combined with low
molecular weight components and biomolecules (e.g. phospholipids, nucleic acid,
proteins, peptides).[9a]
One of the most inherent and interesting properties of polymersomes is their capability
to encapsulate both hydrophobic molecules in their membranes and hydrophilic
compounds within the aqueous lumen which allows for numerous applications in
nanomedicine.[10] For example, polymersomes have demonstrated their applicability as
drug delivery system (DDS) not only owing to their well-tailored surface modification,
mechanical stability, and tunable morphology and size, but also because of their high
drug loading efficiency as a result of the large hydrophobic domain of the membranes.[11]
Furthermore, polymersomes have been transformed into nanoreactors by incorporating
enzymes or other catalytic species into the lumen, hydrophobic membrane or on the
particle surface.[12] Such synthetically developed compartments hold great potential for
confined catalysis, to separate catalytic species from each other and to protect catalysts
from undesired influences from the environment. Besides applications in regular organic
synthesis they can also be applied as therapeutic modalities by efficiently operating
biological tasks in living cells, thereby replacing dysfunctional enzymes. Furthermore,
the integration of biologically active segments associated with the polymersome
architecture could provide a useful strategy for the construction of artificial cells, which
contributes to origin of life research.
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1.3 Permeable polymersome nanoreactors
Most benefits of polymersomes as nanoreactors are very similar to the use of
polymersomes for DDS, with one exception: poor bilayer permeability; the high
molecular weight constituents of the polymersome bilayer membrane not only endow the
structure with robustness and stability, but also with an increased barrier against diffusion
in comparison to their counterparts, liposomes. For nanoreactor applications this is a
crucial feature, as the membrane permeability plays a key role in transporting substrates
and products to and from the catalytic centre. With this challenge in mind, facile
approaches need to be employed to produce membranes with tunable permeability,
imparting sufficient efficiency to the polymersome nanoreactors.
To date, only a few polymersomes are found to be intrinsically permeable enough to
serve as a versatile platform for the construction of nanoreactors. For instance,
polymersomes

composed

of

polystyrene-b-poly(isocyanoalanine(2-thiophen-3-yl-

ethyl)amide) (PS-b-PIAT) are proven to be semipermeable in nature, by accommodating
enzymes in their structure while small molecules can diffuse in and out of the
nanoparticle.[13] Van Hest and co-workers have shown that the amphiphilic copolymer
PS-b-PIAT is able to self-assemble into polymersomes which are inherently porous,
owing to the frustrated packing structure in the polymer membranes.[13a,

13d, 14]

When

these polymersomes were functionalized by encapsulating enzymes, small molecules like
substrates and products could diffuse across the polymer bilayers. In one example, they
developed a multi-compartmentalized eukaryotic cell mimetic polymersome-inpolymersome system in which encapsulated PS40-b-PIAT50 polymersome nanoreactors
operated as artificial organelles in multistep biocatalytic reactions. The formed PS-bPIAT nanoreactors, together with free (cytosolic) enzymes, reagents and cofactors were
quantitatively

[15]

encapsulated in micron-sized polybutadiene-b-poly(ethylene oxide)

(PB-b-PEO) polymersomes by an emulsion-centrifugation strategy[16] to generate a multicompartmentalized polymersomes-in-polymersome structure (Figure 1.2a).[14c] Activity
analysis showed that enzymatic reactions inside the synthetic cell proceeded smoothly as
the substrate could diffuse from one artificial organelle to the next.
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Another widely reported polymersome nanoreactor system developed by Meier et al. is
comprised

of

poly(2-methyl-2-oxazoline)-block-polydimethylsiloxane-block-poly(2-

methyl-2-oxazoline)

(PMOXA-b-PDMS-b-PMOXA).

These

polymersomes

were

intrinsically permeable for O2 and superoxide radicals (O2•−), allowing them to be used
as antioxidant nanoreactors via the encapsulation of Cu, Zn superoxide dismutase.[12b]
When the polymer membrane was accommodated with channel proteins, such as
aquaporin B, the polymersomes became permeable for a wider variety of small molecule
substrates.[17] Recently, the same group developed functional PMOXA-b-PDMS-bPMOXA polymersome nanoreactors which allowed for the local production and release
of antibiotics (Figure 1.2b).[17b] Additionally, they demonstrated the immobilization of
polymersome nanoreactors on a solid support to generate “active surfaces”, which were
utilized as efficient biosensors for sugar alcohols (Figure 1.2c).[18] E. coli glycerol
facilitator (GlpF) was selected to transport sugar alcohols through the polymer
membranes. Ribitol dehydrogenase (RDH), which is able to catalyze a variety of sugar
alcohol reactions, was encapsulated in the PDMS-b-PMOXA polymersomes. The active
surface was accomplished by immobilizing the nanoreactors, and the subsequent “smart”
surface demonstrated precise spatial and temporal responses to ribitol.
Polymerization-induced self-assembly (PISA) has become a powerful technique for the
preparation of polymeric nanoparticles in the form of micelles, worm-like micelles, and
vesicles.[19] Hence, PISA may provide a versatile approach to the construction of
polymersome nanoreactors by simply blending enzymes with the monomers during the
process of polymerization. For example, O’Reilly et al. described the preparation of
intrinsically permeable polymersomes loaded with functional enzymes by the method of
visible light mediated polymerization-induced self-assembly (photo-PISA) in aqueous
media.[20] The scope of enzyme-loaded PISA vesicles was expanded to the field of
immunotherapy by successfully preparing L-Asparaginase (ASNS) loaded polymersome
nanoreactors.[21] As certain tumor cells have lost the ability to produce asparagine, this
enzyme will deplete these cells from this crucial metabolite, leading to cell death.
Although this is a widely used injectable treatment for acute lymphoblastic leukemia,
ASNS is also associated with a set of side-effects which are induced by the production of
anti-ASNS antibodies.[22] To increase the proteolytic stability and reduce the antibody
6
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recognition compared to the free ASNS, the authors demonstrated the one-pot synthesis
of ASNS-loaded PEG-b-PHPMA vesicles using PISA (Figure 1.2d). This approach
yielded well-defined enzyme loaded polymersomes at high solids content (11 wt %) in
short reaction times. Compared to both the free enzyme and the PEGylated conjugate, the
binding of ASNS antibodies was significantly reduced and the stability of the enzymes to
proteolytic degradation was greatly enhanced when ASNS was encapsulated in these
vesicles.
Another class of permeable vesicles is constructed from polyelectrolytes. Layer-bylayer polymeric capsules derived from multilayers of polyanions and polycations have
shown good permeability for substrates, and have found applications in a series of
nanoreactors.[23] Polymersomes with a semipermeable membrane can easily be prepared
by mixing pairs of oppositely charged polyelectrolytes in an aqueous medium; these
polymeric vesicles are also known as PICsomes. The oppositely charged block
copolymers can form stable micro and nano-scaled vesicles by simply adjusting the
polymer length and concentrations. Because of their easy and biologically friendly (no
organic solvent involved) preparation, PICsomes have shown much promise as
biomedical nanoreactors. [24]

7
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Figure 1.2.

(a) A multicompartmentalized functional cell mimic, which demonstrates the initial

encapsulation of different enzymes in PS-b-PIAT polymersomes (1), followed by mixing of the
nanoreactors, cytosolic enzymes, and substrates (2), and encapsulation of the reaction mixture in PB-b-PEO
vesicles (3) to create the artificial cells (4), inside which enzymatic multicompartment catalysis takes place.
Adapted from reference 14c.

[14c]

(b) Schematic representation of a penicillin acylase-loaded nanoreactor.

Adapted from reference 17b.

[17b]

(c) Schematic representation of an “active surface” serving as a sugar

alcohol biosensor based on immobilized protein-polymersome nanoreactors with reconstituted membrane
protein (GlpF) for selective transport of sugar alcohols, and encapsulated enzymes (RDH) for sensitive
detection of sugar alcohols. Adapted from reference 18.[18] (d) Schematic of the ASNS-loaded vesicle
preparation by PISA. Adapted from reference 21. [21]
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1.4 Stimuli-responsive polymersome nanoreactors
In order to endow polymersomes with adaptivity, they have been designed to respond
to a diverse set of biological signals (e.g. glucose) or external stimuli (e.g. pH,
temperature, light). Stimulus-responsiveness can easily be introduced by the tailor-made
design of block copolymers with specific functional groups that can intrinsically sense
minimal changes in the local environment. Under specific stimulation, these
polymersomes can undergo morphology or phase changes, which induce membrane
disruption to release cargo or regulate membrane permeability to allow catalytic reactions
to occur.[25] This latter feature provides a unique tool for the engineering of
polymersomes to be adaptive nanoreactors. Although responsiveness to a wide range of
stimuli has been incorporated in polymersomes,[26] there have only been very limited
reports on responsive polymersome nanoreactors, and existing examples to date have
only involved pH, temperature, carbon dioxide (CO2) or light as the stimulus.
1.4.1 pH-responsive polymersome nanoreactors
pH can be considered as one of the most important parameters in biological systems,
(e.g. the lower pH value in lysosomes of cells gives rise to the

degradation of

biomacromolecules). pH-responsive polymersomes can be easily obtained by including a
pH-sensitive block in the copolymer chains. Upon a change in pH, the sensitive part of
such polymersomes will undergo a hydrophobic-hydrophilic transition, leading to finetuning of the permeability.
Voit et al. reported a series of pH-responsive polymersome systems based on poly(2‐
(diethylamino)ethyl) methacrylate (PDEAEMA), which has a pKa suitable for application
in the cellular environment.[27] A polymersome nanoreactor with pH controllable
permeability was developed on the basis of pH-sensitive copolymers with PEG as the
hydrophilic part and PDEAEMA, together with the photo-cross-linking unit 3,4-dimethyl
maleic imidoethyl methacrylate (DMIEM,) or 3,4-dimethyl maleic imidobutyl
methacrylate (DMIBM) as hydrophobic part.[27b] After crosslinking a stable membrane
was obtained, which was swollen upon protonation of the diethyl amine groups. In this –
state, the polymersomes were semi-permeable, whereas this feature was lost after
9
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deprotonation. This methodology was extended with polymersomes consisting of the
ABA type triblock copolymer poly(N-isopropyl acrylamide) (PNIPAM-PDEAEMAPNIPAM) which demonstrated both pH and temperature multiresponsive membrane
permeability.[27i] The polymersomes with a controllable valve-like membrane (permeable,
impermeable and semipermeable) were obtained by assembling of the polymers onto a
silica particle, followed by photo-cross-linking the polymer brushes and removal of the
template. These polymeric nanocapsules were used as a biocatalytic nanoreactor system,
in which the enzymatic reaction was reversibly switched between “on” and “off” states
mediated by pH and temperature (Figure 1.3a).
The reconstitution of channel proteins into polymer membranes is an interesting option
to construct functional nanoreactors. Palivan et al. demonstrated a pH-responsive
PMOXA6–b-PDMS44–b-PMOXA6 polymersome nanoreactor by inserting the channel
protein OmpF in the membranes.[28] OmpF was chemically modified with a pHresponsive molecular cap to serve as sensitive “gate’’. Therefore, the “on-off” switch of
the OmpF gates was achieved by tuning the pH value of the nanoreactor solution, which
regulated the diffusion of molecules through the channel in the polymersome membrane.
When the catalytic activity of horseradish peroxidase (HRP)-filled nanoreactors was
investigated, the enzyme activity was shown to be much higher at pH = 5.5 than at pH =
7.4, suggesting the pH-mediated control of the accessibility of the enzyme for its
substrate (Figure 1.3 b). This system opens new opportunities for the design of adaptive
polymersome nanoreactors capable of responding ‘‘on demand’’.
Another versatile approach towards permeable nanoreactors is to introduce a sacrificial
copolymer, which is blended with normal amphiphilic copolymers during the formation
of polymersomes. The sacrificial hydrophobic block bearing stimulus-responsive groups
becomes hydrophilic in response to a trigger, and is subsequently removed from the
polymersome membranes, leading to a porous structure. Van Hest et al. have shown this
principle by developing a PEG-b-PS polymersome mixed with PEG-poly(styrene boronic
acid) (PSBA), which is pH-responsive.[29] In the presence of alkaline media and upon
addition of glucose or fructose, the boronic acid moieties were ionized to boronates and
complexed with the saccharides, giving rise to an increased solubility of the PSBA block
in water, and subsequent removal from the polymer bilayer, leaving behind permeable
10
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polymersomes. The degree of porosity of the polymersomes was adjusted by varying the
ratio between PEG-b-PS and PEG-b-PSBA, allowing for the transport of substrates
across the membranes and the execution of enzymatic reactions inside the polymersomes
(Figure 1.3c).

Figure 1.3. (a) Schematic representation of a pH and temperature-mediated enzymatic reaction within
polymersomes with a “valve-like” behavior. Adapted from reference 27i.

[27i]

(b) Schematic representation

of a nanoreactor with triggered activity by a chemically engineered protein “gate” inserted in a
polymersome membrane. A change in pH induces the release of the sensitive molecular cap (green dots)
from the protein “gate” allowing the entrance of substrates (red dots), and the release of the products of the
enzymatic reaction (yellow dots). Adapted from reference 28.

[28]

(c) Schematic representation of the

formation of polymersome nanoreactors with a permeable membrane utilizing the pH responsiveness of the
block copolymer PEG-b-PSBA. Adapted from reference 29. [29]
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1.4.2 CO2-responsive polymersome nanoreactors
As one of the well-known intracellular biosignals, CO2 has been widely used to
mediate responsive systems because of its features such as easy manipulation, good
biocompatibility, and excellent biomembrane permeability.[30] It can efficiently interact
with some specific functional groups such as tertiary amines, amidine, and guanidine
groups to render them hydrophilic. Since these reactions are reversible, CO2 can be
readily removed by introducing an inert gas (e.g. argon or nitrogen) into the system or by
heating, which allows the CO2-sensitive species to be restored to their initial state.
Compared to traditional responsive systems, the CO2-switched on/off cycles can be
performed many times by repeated addition and removal of CO2 without any
contamination or dilution derived from the inevitable accumulation of chemicals.
Moreover, the strength or magnitude of CO2 responsiveness can be easily achieved by
regulating the amount of CO2 by controlling the flow of the gas. Hence, CO2 is
particularly regarded as a truly ‘‘green’’ and smart stimulus to the system, and great
efforts have been devoted to this concept.[31]
In a similar fashion to the design of pH-sensitive polymersomes, CO2-responsive
polymersomes were obtained by integrating CO2-sensitive units in amphiphilic block
copolymers.[32] For example, Yuan et al. reported the first example of CO2-responsive
polymersomes consisting of amidine-containing amphiphilic copolymer PEG-b- poly(Namidino) dodecyl acrylamide (PAD).[31a] The polymer self-assembled into a vesicular
structure with a diameter of 60 nm. When these polymersomes were treated with CO2 for
20 min, they swelled to a size of 120 nm, because of the CO2 induced protonation of
PAD, and their volume underwent a remarkable increase up to 800%. Interestingly, these
polymersomes were able to contract back to the original size when Ar was passed
through the solution to remove CO2. In such a way, the size and volume of these
polymersomes were well modulated by alternating treatment with CO2 and Ar (Figure
1.4a). These polymersomes with intriguing expansion and contraction can be regarded as
functional ‘‘breathing’’ nanocontainers for controlled drug release. Inspired by the
exclusive “breathing” feature of these polymersomes, this principle was extended to an
intelligent gas-tuned polymersome nanoreactor to mimic the selectivity of cell
membranes.[33] The volume expansion and contraction of the polymersomes was
12
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expected to give rise to a significant change in polymer membrane thickness, which
allowed for the selective transportation of small molecules across the membrane (Figure
4b).

Figure 1.4. (a) Schematic representation of the self-assembly of diblock copolymer PEO-b-PAD into
vesicles and their reversible gas-responsive ‘‘breathing’’ in aqueous media as CO2-responsive
polymersomes. Adapted from reference 31a.

[31a]

(b) Illustration of the compartmentalization of two

enzymatic reactions in PEG-b-PAD polymersomes modulated by CO2 levels. Adapted from reference 33.[33]

1.4.3 Light-responsive polymersome nanoreactors
Photo-responsive self-assembled systems have recently gathered considerable attention
because the sensitive behavior of the assemblies can be rapidly and conveniently
triggered at a specific time and location upon exposure to visible, ultraviolet, and nearinfrared light.[34] In general, photosensitive species are incorporated in copolymers that
function as light-cleavable linkers undergoing light-mediated degradation, or that can
adopt light-responsive conformational changes, such as azobenzene. Integrating these
light-responsive groups in polymersomes can be employed to regulate polymer
membrane properties, such as permeability. This principle has already been utilized to
some extent to design photo-responsive polymersome nanoreactors.
For example, Bruns et al. described a convenient and versatile approach to create UVresponsive nanoreactors by encapsulating enzymes inside the polymersomes which

13
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contained a hydroxyalkylphenone within the membrane (Figure 1.5a).[35] The
polymersomes were composed of three kinds of amphiphilic block copolymers: hydroxy-end-capped PMOXA-b-PDMS-b-PMOXA, -acrylate-end-capped PMOXAb-PDMS-b-PMOXA, and PEO-b-PB polymer. The two latter polymers, bearing double
bonds at the chain ends or in the main chain PB block tend to be attacked by radicals. To
generate

radicals,

one

water-soluble

-hydroxyalkylphenone,

2-hydroxy-4-2-

(hydroxyethoxy)-2-methylpropiophenone (PP-OH), was embedded in the membranes.
Applying UV irradiation to the polymersome solution, PP-OH produced two primary
radicals which reacted with the polymer membranes. By choosing the appropriate
reaction conditions, the formed radicals did not lead to crosslinking but instead were
added to the hydrophobic polymer domains, thereby increasing their hydrophilicity,
which enhanced the permeability of the polymersome membranes. HRP was
encapsulated inside the polymersomes to generate nanoreactors with a photo-triggered
“ON” state; the protective effect of the nanoreactors was shown as the encapsulated
enzymes were protected against degradation by proteases.
Another interesting work regarding light-responsive polymersome nanoreactors based
on Donor-Acceptor Stenhouse Adducts (DASAs) was recently reported by Bruns and coworkers.[36] The polymersomes consisted of hydrophilic PEG and hydrophobic
poly(pentafluorophenyl methacrylate) (PFPMA) and poly(hexyl methacrylate) (HMA).
DASAs were able to isomerize upon irradiation with visible light, which gives rise to a
permeability change of the polymersome membranes by a transition from a nonpolar
triene-enol state to a cyclopentenone form with increased polarity. The release of
hydrophilic payload could be triggered by light and stopped as soon as the light was
turned off. Encapsulating enzymes inside these polymersomes led to the formation of
photoresponsive nanoreactors in which case enzymatic reactions could be triggered “on”
by light and stopped immediately when the light irradiation was removed. Interestingly,
mixing two classes of polymersome nanoreactors, which were switched with green light
and red light respectively, allowed for light-controlled wavelength-selective catalysis that
enabled specific regulation of individual biocatalytic steps of a cascade reaction in a one
pot process (Figure 1.5b).

14

Adaptive polymer self-assemblies

Figure 1.5. (a) Left: Illustration of the photoreaction of a hydroxyalkyphenone with the membrane of
polymersomes enabling the generation of semipermeable photo-responsive polymersome nanoreactors.
Right: HRP activity assays with ABTS as a substrate to prove the concept of light-induced activation of
nanoreactors. (1−3) HRP-filled polymersomes before photoreaction with PP-OH. (4−6) HRP-filled
polymersomes after photoreaction with PP-OH. (7) Free HRP. Adapted from reference 35.

[35]

(b) Left:

Schematic representation of DASA-bearing visible light-responsive polymersome nanoreactors. Two
different DASAs were conjugated with the polymersomes to serve as enzyme-loaded nanoreactors which
responded to irradiation with green light and red light respectively. Right: Wavelength-specific DASAbased biocatalytic nanoreactors. GOx-HRP cascade reaction catalyzed by a mixed dispersion of
MELDHRP and PYRA-GOx nanoreactors, and pyrogallol assay to probe the light-response of this cascade
reaction (purple). As a comparison, the blank reaction without nanoreactors is presented (black). Adapted
from reference 36. [36]

1.5 Out-of-equilibrium self-assemblies
The past decades have witnessed substantial progress in self-assembly, which is
regarded as one of the most powerful approaches for the construction of molecular
nanostructures. However, self-assembling systems face several challenges, one of which
is to better mimic the structural complexity underlying living systems. In general,
15
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synthetic self-assembled materials research has put much focus on the formation of
equilibrium structures because of the inspiration that some biological self-assembly
processes are thermodynamically triggered.

[37]

For example, great contributions have

been made to the development of stimuli-responsive nanomaterials that can undergo
chemical or physical property changes when they receive external or internal signals.[38]
Through the tailor-made molecular design, these systems can give rise to a high level of
structural control, coupled with functional properties. Although the responsive processes
of such materials are reversible, an outside trigger is always needed to switch the system
back to its initial state. Thus, autonomous regulation or self-adaptive behavior is largely
absent compared to biological self-assemblies.
In most cases, naturally occurring systems are associated with an energy consumption
process to obtain spatial and

temporal control over the biological complexity and

functionality.[39] Most frequently, this spatiotemporal control is manifested in the form of
energy dissipation, concentration diffusion, autonomous dynamics, and feedback loops.
Scientists call this energy-driven out-of-equilibrium behavior. Translating this behavior
to functional self-assemblies is an exciting way to create complex, biomimetic systems.
In this regard, fuel-driven structural and functional processes under temporal control are
thought to play a key role in providing man-made materials with biological features in
terms of natural organization and function.
Over the years, out-of-equilibrium been demonstrated for a range of synthetic
molecular or nanoscaled active or self-adaptive materials. For example, Van Esch and coworker developed a series of active fibers able to mimic the transient behavior of
microtubules. Their strategy was based on the a pH-responsive gelator, dibenzoyl-Lcystine (DBC), the pKa of which is around 4.5.[40] When the pH was below the pKa, the
carboxylic groups were protonated which led to neutralization and consequent selfassembly of DBC in long fibers through intermolecular hydrogen-bonding. By
introducing the DBC-diester (DBC-(OMe)2) that can self-assemble at all pH ranges, a
dissipative self-assembly system was created. The addition of methyl iodide (MeI) to
DBC under basic conditions resulted in the transient formation of DBC-(OMe)2 fibers,
which over time were disassembled because of the spontaneous hydrolysis of the formed
esters, returning the system back to its original state (Figure 1.6). To reduce the long
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lifetimes of the systems, a follow-up study was recently performed by the same group.[41]
They showed that the concentration of the chemical fuel can be used to control the
mechanical properties of the gel. Short-lived weak gels were obtained in the presence of
lower concentrations of MeI, while addition of higher concentrations of MeI caused the
formation of long-lived stiff gels.

Figure 1.6. (a) Chemically fueled transient self-assembly of a pH-responsive gelator. Adapted from
reference 40.

[40]

(b) (i) Cryogenic transmission electron microscopy (cryo-TEM) micrographs of a gel at t

= 120 min (pH 9, scale bar = 100 nm), and (ii) a typical sample in a reaction cycle (pH 11) at t = 0.1, 1, and
12 hours, with 1 mM of fluorescein added for coloring. Adapted from reference 41. [41]

More recently, a peptide hydrogel system was reported by the Walther group which
contained a biocatalytic pH regulated feedback-induced transient state.[42] At high pH the
peptide employed was in a molecularly dissolved state. Upon addition of acidic buffer
and the concomitant fast pH decrease peptide assembly was induced. This effect was
counteracted by the enzyme urease, which was present in the reaction medium and which
converted urea into the basic ammonia, restoring the original pH levels. Urea was added
to the medium together with the acidic buffer. The lifetimes of the transient acidic profile
were adjusted by varying the urease concentration triggering the self-regulated pH
reversal. This feedback-induced pH regulation enabled access to time-programmed
hydrogels with lifetimes being regulated from a few minutes to several hours (Figure
1.7a). Those autonomously regulated hydrogels were employed to temporally block
microfluidic channels and reroute fluid flow in a simplistic vascular network model in a
time-preprogrammed fashion.
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Although most biomimetic out-of-equilibrium assemblies are based on fibres and gels,
there are a number of noteworthy exceptions. Prins et al. reported a strategy for the
transient stabilization of vesicular structures based on a surfactant containing a cationic
1,4,7-triazacyclononane (TACN)·Zn(II) head group. The presence of ATP led to the
formation of vesicular structures owing to the stabilizing interactions between ATP and
the oppositely charged head groups. The introduction of apyrase, which can hydrolyze
ATP into AMP + 2Pi, kept the system in the out-of-equilibrium state, since the rate of
vesicle formation triggered by ATP is more rapid than the consumption rate of ATP. The
process of transient vesicle formation was coupled to a chemical reaction to create ATPmediated temporal control of vesicular nanoreactors (Figure 1.7b).

Figure 1.7. (a) (i) Schematic representation of the temporal programming of pH-switchable self-assemblies
by controlling the availability of the deactivator, and (ii) influence of the peptide on the pH–time profiles,
as programmed by the use of different urease concentrations. Adapted from reference 42.[42] (b) Schematic
representation of the dissipative self-assembly of vesicles mediated by ATP. Adapted from reference 43.[43]
(c) (i) Schematic representation of the feedback mechanism in the trypsin oscillator and (ii) actual
molecular network. Adapted from reference 44. [44]
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Another interesting approach towards the design of out-of-equilibrium assemblies is
the development of network systems consisting of enzymatic reactions. Despite the
presence of many existing enzymatic reactions that direct the regulation pathways of
assemblies in living organisms, translating them into synthetic systems is still in its
infancy because of the limited availability of purified enzymes and their narrow window
of operation.[45] One interesting approach regarding the utilization of enzymatic reaction
networks for the design of out-of-equilibrium systems is based on the autocatalytic
conversion of trypsinogen to trypsin.[44] Trypsin (Tr), a protease, is able to hydrolyze a
peptide chain at the C-terminal side of a lysine residue. It furthermore is able to activate
upon hydrolysis trypsinogen (Tg), a trypsin precursor. Hence, trypsin can self-catalyze its
own formation from trypsinogen, resulting in a positive feedback. A negative feedback
loop was generated by a trypsin inhibitor precursor that was activated by trypsin,
followed by a second hydrolysis with an aminopeptidase. This supplementary
deprotection step was introduced to obtain sufficient control over the rate of the processes
to allow oscillations to take place (Figure 1.7c). The periods of these oscillations in an
open reactor system (CSTR) were modulated between 5 and 10 hours by controlling the
flow rate and chemical composition of the injected solutions.
In spite of the excellent performance of these systems, it still remains a major
challenge to include out-of-equilibrium behavior in polymersome systems, creating selfadaptive polymersome nanoreactors which are mediated by energy input and
consumption. Recently, van Hest and coworkers described a compartmentalized out-ofequilibrium enzymatic reaction network for sustained autonomous movement.[46] The
system was based on bowl-shaped PEG-b-PS polymersomes, named stomatocytes, which
are formed via the osmotic pressure induced shape transformation of PEG-b-PS spherical
polymersomes. These stomatocytes were turned into nanoreactors by the encapsulation of
a multienzyme metabolic network (Figure 1.8). As basic sources of fuel glucose and
phosphoenol pyruvate (PEP) were used. Glucose was converted by hexokinase (HK) in
an ATP dependent manner. ATP was recreated using Pyruvate Kinase (PK). As the
conversion of glucose was dependent on the ATP concentration, the flux of glucose
through the system was decoupled from its initial concentration. PK also contributed to
the formation of pyruvate, which entered the pyruvate−L-lactate cycle, where L-lactate
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dehydrogenase (LDH) consumed pyruvate; this reaction was at the same time opposed by
L-lactate oxidase (LO). Continuous addition of pyruvate allowed for the acceleration of
this cycle until a steady state was reached which was caused by the feedforward
inhibition at high concentrations of pyruvate on LDH (pyruvate−L-lactate cycle).
Compared to a simple one-step enzymatic reaction, the out-of-equilibrium enzymatic
network in this work was able to control the energy consumption while keeping the
constant velocity of the stomatocytes, even with widely varying concentrations of fuel
(glucose).

Figure 1.8. (a) Schematic representation of the stomatocyte nanoreactors containing four enzymatic cycles
which are utilized to convert glucose and phosphoenolpyruvate (PEP) into movement of the nanoparticles.
(b) cryo-TEM (left) and TEM (right) images of the nanoreactors loaded with the enzymatic network.
Scalebars 100 nm (left) and 1 μm (right). (c) Rational design of a metabolic pathway for double cycling of
natural substrates leading to autonomous movement. Adapted from reference 46. [46]
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1.6 Aim and outline of the thesis
Polymer self-assembly plays an important role in the construction of sophisticated
architectures and shows much promise for a next generation of synthetic materials. To
actually serve as active materials, however, the polymer self-assembling systems need to
be developed as out-of-equilibrium and feedback-controlled systems, which are capable
of sensing and communicating with their environment thereby controlling their structure
and function. Specifically in the fields of nanomedicine and artificial cell research,
introducing adaptivity into polymer self-assembling systems provides possibilities for
mimicking more closely cellular structures and functions. The aim of the research
described in this thesis is to develop adaptive or self-adaptive polymer self-assembling
systems, towards the construction of autonomous artificial soft materials that regulate
their structure and function in a life-like manner.
Chapter 2 describes the construction of a self-regulated “breathing” hybrid microgel
that uses chemical fuels to keep the system in the out-of-equilibrium state. The size
switch and fluorescence on/off adjustment of the microgel was driven by ureasecatalyzed base generation in combination with a urea-containing acidic buffer that acted
as the chemical fuel. Importantly, the microgel could be refueled several times upon the
repeated addition of fuel.
In Chapter 3, self-adaptive properties were introduced in a polymersome nanoreactor
system that showed transient catalytic activity by temporal control of the permeability of
the polymersome membranes. The nanoreactors were based on pH-sensitive
polymersomes loaded with horse radish peroxidase (HRP) and urease. Addition of an
acidic urea solution (“fuel”) endowed the polymersomes with a transient size increase
and permeability enhancement, driving a temporal “ON” state of the HRP enzymatic
catalysis; subsequent depletion of fuel led to shrinking of the polymersomes, resulting in
the catalytic “OFF” state. Additionally, the non-equilibrium nanoreactors could be
reinitiated several cycles as long as fuel was supplied.
Block copolymer self-assemblies with well-organized morphological properties have
recently gathered considerable research attention. Chapter 4 describes the pathway
dependent shape-transformation of polymersomes into bowl-shaped polymer vesicles
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known as stomatocytes and ordered inverse morphologies by varying salt concentration
and polymersome surface chemistry. When dialyzing against salt solution, methoxy-end
functional PEG-b-PS polymersomes were able to transform into stomatocytes, while
hexagonally packed hollow hoops (HHHs) were obtained when N3-PEG-b-PS
polymersomes were used. The deformation process was highly affected by the
concentration of salt and the amount of azide groups Moreover, reverse dialysis of these
HHHs enabled access to the formation of porous structures.
Among the most inherent and interesting features of living systems, autonomous
motion has been an important source of inspiration for scientists who, over the years,
have created a variety of synthetic motor systems, imitating biological motility. In
Chapter 5, an ATP-apyrase enzymatic reaction network is introduced as a generic
strategy to mediate the transient behavior of the polymersome stomatocyte nanomotor
system. Stomatocytes were functionalized with Pt nanoparticles in their cavity, which
endowed them with motile behavior upon decomposition of hydrogen peroxide. The
surface of the stomatocyte was decorated with polylysine (PLL), and regulation was
achieved by addition of ATP. The dynamic interaction between PLL and ATP led to an
increase in the hydrophobicity of the PLL-ATP complex and subsequently to a collapse
of the polymer; this caused a narrowing of the opening of the stomatocytes and
subsequent motor deceleration. Introduction of the enzyme apyrase, which hydrolyzes
ATP, led to a decrease of the ATP concentration, decomplexation of PLL and
enlargement of the opening. This switched the motors back to their initial active state.
The competition between ATP input and consumption gives rise to temporally
programmed movement that is out-of-equilibrium.
Chapter 6 describes the design and implementation of a catalytically controlled
stomatocyte nanoreactor system that operates in an adaptive manner with its enzymatic
activity modulated by ATP and AuNPs. The surface of the stomatocytes was decorated
with negatively charged molecules, poly(glutamic acid) (PGlu) which had a reversible
binding with AuNP that were decorated with 1,4,7-triazacyclononane (TACN)·Zn(II)
complexes (AuNP·Zn(II)). In presence of AuNP·Zn(II) the stomatocyte nanoreactor
opening was blocked. Addition of ATP to the blocked stomatocytes resulted in removal
of the AuNP·Zn(II) complex because of its stronger affinity for ATP, restoring the
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original unblocked “opening”. In presence of an ATP consuming enzyme, the
stomatocyte nanoreactors could be operated in an out-of-equilibrium state.
Finally, in Chapter 7 the most important findings in this thesis are reflected and
discussed, after which a number of opportunities for future research are identified. In
addition, important hurdles or encountered bottlenecks that need to be overcome to
develop life-like polymer self-assembling systems are discussed.
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Chapter 2
Self-Regulated and Temporal Control
of a “Breathing” Microgel
Abstract
Naturally occurring systems have the ability to self-regulate, which plays a key role in
their structural and functional adaption. The autonomous behavior in living systems is
biocatalytically controlled by the continuous consumption of energy to remain in a nonequilibrium condition. In this Chapter, we show the construction of a self-regulated
“breathing” microgel that uses chemical fuels to keep the system in the out-ofequilibrium state. The enzyme urease is utilized to programme a feedback-induced pH
change which in turn tunes the size switch and fluorescence intensity of the microgel.
Continuous supply of chemical fuels to the system allows for the process to be reversible.
This microgel with tunable autonomous properties provides insights into the design of
artificial systems and dynamic soft materials.

This Chapter has been published as：
H. Che, B. C. Buddingh’, J. C. M. van Hest, Angew. Chem. Int. Ed. 2017, 56, 1258112585.

Chapter 2

2.1 Introduction
The design and construction of stimuli-responsive self-assemblies has been the
subject of intense research because of their exciting potential in the fields of
materials science and nanotechnology.[1] For these self-assemblies, the produced
switchable features are governed by external signals, installed by pH, light,
temperature, enzymes, redox agents, gas or electrochemistry, leading to different
amplified physical or chemical output.[2] In general, such property changes are
energetically downhill processes which lead to thermodynamically stable states. In
other words, a counter-trigger is required to revert the one-way transition of the
synthetic responsive systems, which do not possess self-regulating behavior.
However, a hallmark of natural self-assembly processes is the fact that they are
energetically uphill and exhibit out-of-equilibrium behavior in their response to an
external signal, making them self-regulated and programmed in the time domain.[3]
This requires a continuous supply of energy to maintain for example biological
adaptability in living cells, including cell division, organelle motility and signal
transduction.[4] It is this principle that has inspired scientists over the past decades
to design “life-like” assemblies as a simplified way to mimic natural dynamic
behavior and to create access to a variety of out-of-equilibrium molecular
structures.[5] These non-equilibrium or dissipative self-assemblies are dependent on
consumption of energy sources which can activate the building blocks, and thereby
temporarily form diverse structural conformations. In this regard, higher levels of
self-regulated systems can be obtained via the introduction of a chemical fuel,
giving rise to chemical modification of the building blocks, which are
simultaneously deactivated by the external triggers.[5b] Autonomous cycles can be
achieved by these two continuous opposing activation and deactivation processes.
However, how to precisely control the kinetics of competing activation and
deactivation processes is the key towards the development and construction of
time-programmed systems. The principle underlying main strategies to kinetically
temporal programming systems is that activation has to be faster than deactivation
to trigger the system, but in the long term deactivation needs to take over to
reverse the process.[6] By controlling the reaction rates of activation and
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deactivation, Ulijn and co-workers have demonstrated the formation of
supramolecular

peptide

nanofibers

through

non-equilibrium

biocatalytic

assembly.[5f] In another example, Walther and co-workers reported a facile
approach to program the time domain of pH-responsive self-assemblies by
installation of base or an alkaline buffer promoter and dormant deactivator, lactone
or an ester.[7] They extended this generic concept to a transient acidic profile by
coupling of a fast acidic activator to the biocatalytically, time-controlled
generation of a deactivator, alkaline ammonia, from urea via urease.[8] The
transient state can be time-programmed by simply modulating the enzyme
concentration and this platform was utilized to show biocatalytic feedback-driven
transient hydrogels (sol-gel-sol) with programmed lifetimes. More recently, they
demonstrated a pH-responsive block copolymer photonic gel with autonomous
transient memories, remotely controlled signal propagation, and sensing by the
propagation of pH-waves through the urease-based enzymatic switch.[9] In nonbiological systems, shape or conformational changes under non-equilibrium
conditions have rarely been reported. In one recent example using enzymes, a
synthetic supramolecular system with fuel-driven temporal and tunable helical
conformational changes could be achieved.[5d] With the long-term goal of
developing functional artificial systems with precisely controlled adaptive dynamic
behavior (e.g. “breathing” and shape transformation), In this Chapter we report a
hybrid microgel with a pH-induced temporal size control or “breathing” feature,
which is mediated by an enzymatic reaction.
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Scheme 2.1 (a) The self-regulated “breathing” hybrid microgel with an automatic fluorescence “ON/OFF”
switch mediated by the urease-based enzymatic reaction. (b) Chemical composition of the hybrid microgel
with covalently-immobilized urease.

2.2 Design of the pH-responsive hybrid microgel
The

pH-responsive

part

of

the

microgel

is

formed

by

poly(N,N-

diethylaminoethyl methacrylate) (PDEAEMA), whereas the enzyme involved is
urease. Upon exposure to an acidic buffer containing urea, first protonation of
PDEAEMA leads to swelling of the microgel. This swelling is subsequently
counteracted by the urease-mediated conversion of urea to ammonia, which leads
to an increase in the local pH, deprotonation of PDEAEMA and shrinkage of the
hydrogel. Addition of the acidic buffer allows repetition of this cycle (Scheme 2.1).
The microgel was synthesized via free radical emulsion polymerization of
poly(oligoethylene glycol methacrylate) (POEGMA), DEAEMA and ethylene
glycol dimethacrylate (EGDMA). POEGMA was used to ensure solubility in water
of the microgel particles irrespective of the protonation state of PDEAEMA;
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EGDMA was used for crosslinking (Scheme 2.2). Furthermore, during
polymerization, fluorescein moieties were introduced into the microgel, of which
the pH-dependent fluorescence was used as a measure of the local pH. Finally,
urease was chemically attached to the microgel via reaction between amino groups
from the enzyme and N-acryloxysuccinimide groups incorporated in the microgel.
Urease was chosen first of all as it is able to change the pH upon substrate
conversion. Furthermore, the bell-shaped pH-activity curve of urease with low
enzyme activity at low and high pH provides a positive feedback which allows a
dormancy period before the subsequent pH elevation due to the generation of
base.[10] As a result, the microgel is able to first swell before it automatically
shrinks, recovering to its original contraction state. The transient swelling of the
microgel is accompanied by the transient fluorescence “OFF” switch in the out-ofequilibrium low pH state. Upon return to high pH fluorescence is switched back
“ON” again.

Scheme 2.2. General procedure for the synthesis of the hybrid microgel.

For the hybrid microgels, their size and morphology were confirmed by
transmission electron microscopy (TEM) and scanning electron microscopy (SEM).
The microgel exhibited a uniform round shape, and the introduction of the enzyme

31

Chapter 2
did not have an effect on the formation of the microgel (Figure 2.1). To confirm
the pH-responsiveness of the microgel, dynamic light scattering (DLS) was first
conducted to monitor changes in the particle diameter at different pH. When the
pH was decreased from 9.0 to 3.5 by adding acid to the microgel solution, DLS
measurements indicated a remarkable size increase from 420 nm to 820 nm
(Figure 2.2a). This significant size change was consistent with the result obtained
from TEM images (Figure 2.3). The average microgel radius is plotted versus pH
in Figure 2.2b. Substantial swelling occurred from pH 6.0 to 4.5, which is viewed
as a result of the protonation process of the tertiary amine groups from PDEAEMA
whose pKa is around 7.0. Thereafter, a slight swelling was observed from pH 4.5 to
3.5. The reversibility of the pH-induced size switch was also examined. Figure
2.3c depicts multiple-run reversibility experiments of the diameter responses of the
microgel to pH variation. The results indicate that the size of the microgel
alternately increases and decreases during a cycle of low pH and high pH. Thus,
these results show adequate evidence that the swelling/collapse of the microgel
with high stability can be tuned in response to different pH, which provides the
platform for the development of a self-regulated “breathing” out-of-equilibrium
system.
Contrary to other reports in which free urease was utilized as pH regulator in
bulk solution, in this case urease was conjugated to the microgel by covalent
bonding in order to prevent release of the enzyme and ensure that the pH increase
was achieved inside the microgel particles. The concentration of urease in the
hybrid microgel was measured by determining the UV absorption at 280 nm.
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Figure 2.1. (a) TEM and (b) SEM images of the hybrid microgel at pH 7.5.

Figure 2.2. (a) DLS analysis of the microgel at pH 9.0 and 3.5, respectively. (b) Correlation between the
pH and diameter of the microgel in an aqueous solution.
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Figure 2.3. TEM images of the hybrid microgel at (a) pH=9.0 and (b) pH=3.5. (c) DLS data depicting
multiple-run reversibility of the microgel diameter between pH=9.0 and pH=3.5.

2.3 pH regulation of the system
At the start of the experiment the microgel particles were brought to pH 9.0, to
bring them into a collapsed state and to keep urease at low activity. Then,
concentrated urea-containing acidic buffer (citric acid/sodium citrate, CA/Na3C)
was injected into the microgel solution. As expected, the pH of the microgel
solution rapidly decreased to 3.5, at which the activity of urease is low. However,
the activity was still sufficient to raise the pH of the system after a defined time
period, from the conversion of urea into CO2 and NH3. This led to an increase in
urease activity which was maximal at intermediate pH (from 5.0 to 8.0). At higher
pH the enzymatic reaction rate was self-diminished, and thus the final pH levelled
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off at almost the same as the original value. The duration of the dormancy period
could be adjusted by variation of the chemical fuel concentration. As shown in
Figure 2.4a, higher urea concentrations resulted in faster recovery under otherwise
constant conditions. In the absence of urea, the pH remained constant in time. This
relationship between reaction rate and substrate concentration follows MichaelisMenten kinetics, which rationalizes an asymptotic increase of the enzyme reaction
rate with substrate concentration.[8, 11] The reversible fast pH decrease and slow pH
increase was expected to occur by repeated addition of chemical fuel (Figure 2.4b).
As a control experiment, urea-containing acidic buffer was also added to the
microgel with enzyme in the bulk solution instead of chemically conjugated with
the microgel (Figure 2.5). In this case, the enzyme-regulated pH changes were
also obtained except that it took less time to return to the starting level; after four
cycles the reversibility was strongly affected compared to the hybrid microgel
which showed reversible behavior for at least six cycles. This can be interpreted as
that diffusion of substrate into the microgel is a non-negligible process.
Furthermore, the incorporation of the enzyme inside the microgel can have a
stabilizing effect on urease activity, leading to good reversibility.

Figure 2.4. (a) Influence of the fuel concentrations on the pH changes of the microgel solution. (b)
Reversible pH changes of the microgel in time following several repetitive additions of chemical
fuels (60 mM urea).
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Figure 2.5. Reversible pH changes of the microgel following several repetitive additions
of urea-containing acidic buffer in the presence of urease in the bulk solution (60 mM
urea, 0.6 mg/mL urease, 9 mM CA/Na3C (9:1) buffer).

2.4 Size regulation of the system
Next, we investigated if the pH changes can yield a hybrid microgel with
switchable sizes. For this purpose, samples were taken after the injection of
chemical fuels to perform fast DLS measurements. Size distribution analysis
revealed a fast size increase with an induction period and subsequent slow size
recovery (Figure 2.6a). As seen in Figure 2.6b, in the first section, a size jump
from 420 nm to 820 nm was observed. This was reversed gradually over a different
time period, which could be changed by varying concentrations of the chemical
fuel. Increasing the concentration of urea led to a fast size recovery with a short
time delay because the rate of formation of ammonia is greatly enhanced by the
enzymatic reaction. The generated swollen microgel is only the transient state, and
the system is able to revert back to the initial contracted state; the microgel with an
enzyme-induced “breathing” feature thus follows a self-regulated mechanism,
corresponding to the dynamic pH changes of the system. The production of
ammonia can give rise to a gradual increase in pH, which results in a transition of
PDEAEMA from protonation to deprotonation, and thus a step-wise decrease in
size was observed since the size of the microgel is highly pH-dependent. More
36

Temporal control of a “breathing” microgel
interestingly, this “breathing” cycle could be performed at least six times with the
same sample, adding new batches of urea-containing acidic buffer (Figure 2.6c).
More importantly, the urease activity assays show that the urease in the microgel
maintained around 90% activity after six cycles, demonstrating the high durability
of the system (Figure 2.7).
The transient period is highly dependent upon the rate of production of ammonia
and increases with decreasing concentrations of chemical fuels. Figure 2.6d
clearly shows that the lifetimes of the temporal “breathing” state of the microgel
can be regulated from 5 to 25 min by altering the urea concentration from 80 to 10
mM. Average induction periods within six cycles are depicted in Figure 2.6e.
Clearly, pH and size are almost synchronously changed and they have close
transient time scales. It needs to be pointed out that the efficiency of the enzymatic
reaction in adjusting the “breathing” behavior of the microgel decreased after six
cycles. One possible reason is that the repeated addition of chemical fuels leads to
the accumulation of waste products in the closed reaction system.

Figure 2.6. (a) Size distribution changes of the microgel after the addition of chemical fuel. (b) Influence
of the fuel concentrations on the size changes of the microgel. (c) Reversible diameter changes of the
microgel in time following several repetitive additions of chemical fuels (60 mM urea). (d) Average
transient periods of pH and size as a function of the urea concentrations. (e) Average transient periods of
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pH and size within six cycles. Experimental conditions in all cases: 0.6 mg/mL urease, 9 mM CA/Na 3C
(9:1) buffer.

Figure 2.7. (a) Urease activity assays by determining the pH increase in the microgel upon addition of urea.
(b) Relative urease activity after each cycle. Experimental conditions in all cases: 0.15 mg/mL urease, 10
mM urea.

2.5 Fluorescence regulation of the system
Finally, the dynamic behavior of the microgels was monitored by using
fluorescence spectroscopy. After formation, the microgel showed strong
fluorescence with an emission maximum at 515 nm (Figure 2.8a), indicating that
the formation of the microgel did not affect the fluorescence of the fluorescent dye.
Kinetic fluorescence data demonstrated a rapid decay in fluorescence intensity
upon the addition of urea-containing acidic buffer, and a transient plateau was
observed. Similar to the results obtained for the size switch in time, a gradual
signal increase occurred, reaching a maximum with a rate that depended on the
urea concentration (Figure 2.9 a). The step-wise increase in fluorescence intensity
is ascribed to the pH-dependence of fluorescein moieties. At high pH, fluorescein
exhibits strong fluorescence because of the ring-opening of the lactone moiety,
while gradual fluorescence quenching is observed when the pH decreases, which is
attributed to ring-closing of the lactone (Figure 2.8b). With an increase in the urea
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concentration, the ammonia production rate increased, and the lifetimes of the
transient state decreased (Figure 2.9 b).

Figure 2.8. (a) Fluorescence spectra of the microgel, indicating strong emission at 515 nm. (b) The
fluorescence responses of the microgel to different pH. (c) Confocal fluorescence images of the microgel at
pH 9.0 and 3.5, respectively.

Figure 2.9. (a) Influence of the fuel concentration on the changes in fluorescence of the microgel. (b)
Average transient periods of intensity as a function of the urea concentration. Experimental conditions in
all cases: 0.6 mg/mL urease, 9 mM CA/Na3C (9:1) buffer.
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Laser scanning confocal microscopy studies allow for the direct visualization of
fluorescence changes. At high pH, the microgel showed a strong fluorescent
signal, while at low pH, quenched fluorescence was observed (Figure 2.8c), which
is in accordance with the fluorescence data. The fluorescent objects disappeared
immediately after addition of urea-containing acidic buffer, after which they
gradually reappeared in number (Figure 2.10). These results clearly show the
functioning of a “breathing” microgel accompanied by an “ON/OFF” switching of
a fluorescence signal with a lifetime that can be controlled by regulating the
enzymatic reaction.

Figure 2.10. Confocal images over time, showing the appearance and disappearance of fluorescent
objects upon the addition of urea-containing acidic buffer (60 mM urea, 0.6 mg/mL urease, 9 mM
CA/Na3C (9:1) buffer). Scale bars:10 μm.
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2.6 Conclusions
In conclusion, we have developed a self-regulated, biocatalytically controlled and time
programmed “breathing” hybrid microgel that requires a chemical fuel to maintain the
non-equilibrium state. The size switch and fluorescence “ON/OFF” adjustment of the
microgel is driven by urease-catalyzed base generation in combination with ureacontaining acidic buffer that acts as the chemical fuel. Importantly, the microgel could be
refueled several times upon the repeated addition of fuel. This hybrid microgel offers a
step towards the construction of artificial systems and autonomous soft materials, and it is
expected to be useful in adaptive biomedical applications. Additionally, limited cycle
performance because of the accumulation of products is still an issue, and new
approaches such as the introduction of microfluidics will be developed in future work.

2.7 Experimental section
Materials
N,N-diethylaminoethyl methacrylate (DEAEMA), poly(ethylene glycol) methyl ether
methacrylate
fluorescein

(PEGMA,

Mn=2000),

O-methacrylate,

citric

ethylene
acid,

glycol

sodium

dimethacrylate (EGDMA),
citrate,

acrylic

acid

N-

hydroxysuccinimide ester, potassium persulfate (KPS), urease from Canavalia ensiformis
(Jack bean) were purchased from Sigma and used as received. DEAEMA and PEGMA
were passed through a plug of alumina prior to use.

Instrumentation and measurements
Ultraviolet–visible Spectroscopy (UV/Vis). The UV absorbance spectra were recorded
on a Jasco V-650 UV/Vis spectrometer at 293 K.
Fluorescence Spectroscopy. The fluorescence spectra were acquired using a
PerkinElmer LS55 fluorescence spectrometer, with 2.5 nm slit width. The excitation
wavelength was set as 515 nm for all the samples.
Dynamic Light Scattering (DLS). A Malvern Z90 Zetasizer equipped with a 633 nm
He-Ne laser and an avalanche photodiode detector was used to characterize the
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hydrodynamic size of the particles. The scattering light at 90°angle was detected and
used to analyze the size and distribution.
Transmission Electron Microscopy (TEM). TEM images were recorded by a JEM2010 microscope at 120 kV. To prepare TEM samples, 10 μL of sample was dropped
onto a carbon-coated copper grid. After removing the excess solution by blotting paper,
the samples were dried at ambient conditions. For staining, it was placed on a drop of
phosphotungstic acid (2 %) solution for 30 s.
Scanning electron microscopy (SEM). SEM images were obtained on a JEOL 6330
Scanning Electron Microscope. To prepare SEM samples, 10 μL of sample was dropped
onto a small piece of silicon wafer, and the samples were dried at room temperature.
Confocal Laser Scanning Microscopy (CLSM). The observation of the fluorescent
microgel was carried out on a Leica TCS SP5 AOBS Confocal Laser Scanning
Microscope, using a 515 nm laser as excitation source.

General procedure for the synthesis of the hybrid microgel
PEGMA was first dissolved in deionized water and then EGDMA, fluorescein Omethacrylate and acrylic acid N-hydroxysuccinimide ester were dissolved in DEAEMA
and added dropwise to the solution. The mixture, whilst stirred, was degassed with
nitrogen for 30 min and further heated at 65 °C for 30 min. The initiator KPS (0.093
mmol), was dissolved in water and degassed with nitrogen before being added to the
reaction mixture. The reaction was stirred at 65 °C for 6 h under a nitrogen atmosphere.
(Molar ratio: DEAEMA: acrylic acid N-hydroxysuccinimide ester: PEGMA : EGDMA:
KPS: fluorescein O-methacrylate = 400: 100: 40: 20: 10: 1). The particles were
purified by exhaustive dialysis (MWCO 3.5 kDa) against deionised water. The microgel
powder was obtained by freeze drying. Then 20 mg microgel was re-dispersed in 10 mL
water, and 10 mg urease in 1 mL DMSO was added into the solution. The mixed solution
was stirred at 4 oC for two days. After that, the solution was centrifuged at 5000 g for 30
minutes. The solid in the bottom of the tube was washed several times with water. The
conjugation efficiency of urease in the microgel was measured by determining the UV
absorption at 280 nm of the supernatant and the combined wash fractions;[12] the amount
of free urease was determined via a calibration curve. After subtracting the determined
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amount of free urease from the originally applied amount of the enzyme, the amount of
urease conjugated to the microgel was calculated, which was 24% .

Urease activity assays
Urease activity assays were performed by measuring the pH change within 10 minutes
upon addition of urea to the hybrid microgel in Milli-Q water. After each cycle, the
microgel was washed and centrifuged several times to remove the products and waste.
Then the pH of the microgel was adjusted to 4.0 by adding HCl. Urea was added and the
pH change in time was recorded. Relative urease activity was calculated via the following
equation:
Relative activity=

∆𝑝𝐻(𝑢𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑚𝑖𝑐𝑟𝑜𝑔𝑒𝑙)
∆𝑝𝐻 (𝑓𝑟𝑒𝑒 𝑢𝑟𝑒𝑎𝑠𝑒)

×100%
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Chapter 3
Feedback-Induced Temporal Control
of Self-Adaptive Nanoreactors
Abstract
Over the years, scientists have been inspired by nature to construct synthetic nonequilibrium systems which show life-like properties. In this Chapter we present the
development of self-regulated “breathing” polymersome nanoreactors that show
temporally programmable bio-catalysis induced by a chemical fuel. pH-sensitive
polymersomes loaded with horseradish peroxidase (HRP) and urease were developed.
Addition of an acidic urea solution (“fuel”) endowed the polymersomes with a transient
size increase and permeability enhancement, driving a temporal “ON” state of the HRP
enzymatic catalysis; subsequent depletion of fuel led to shrinking of the polymersomes,
resulting in the catalytic “OFF” state. Moreover, the non-equilibrium nanoreactors could
be reinitiated several cycles as long as fuel was supplied. This feedback-induced temporal
control of catalytic activity in polymersome nanoreactors provides a platform for
functional non-equilibrium systems as well as for artificial organelles with precisely
controlled adaptivity.

This Chapter has been published as：
H. Che, S. Cao, J. C. M. van Hest, J. Am. Chem. Soc. 2018, 140, 5356-5359.

Chapter 3

3.1 Introduction
Self-regulation or self-organization driven by continuous consumption of energy such
as ATP (adenosine triphosphate) or GTP (guanosine triphosphate) is a crucial feature in
living systems.

Inspired by biology, chemists have created a plethora of synthetic

adaptive or life-like materials with temporal control over structure and function by
employing chemical and enzymatic reaction networks. These materials are endowed with
unique features because of their out-of-equilibrium state, compared to conventional
equilibrium systems that demonstrate thermodynamic stability.[1] Although nonequilibrium systems have been well studied, these are mostly related to structural
changes, whereas systems with biomimetic self-adaptive function are less common. In
this regard, fuel-driven functional operations under temporal control are thought to play a
key role in bridging man-made materials and biology in terms of natural organization and
function. For example, DNA-based systems have paved the way for the development of
autonomous molecular walkers and nanomotors mediated by fuel and catalytic units.[2]
Polymeric vesicles, or polymersomes, are versatile compartments which have been
developed for a range of applications. They have been employed as nanoractors and
artificial organelles, by loading the polymersomes with catalysts and by making the
polymer membrane semipermeable.[3] To regulate the transport of substrate across the
polymer membrane barrier, stimuli-responsive polymersomes that can sense minimal
changes in the environment have been designed and constructed.[4] External triggers such
as pH, temperature or light can be used to improve the polymersome membrane
permeability, thereby turning the nanoreactor “ON”. Despite some progress on smart
nanoreactors that can undergo tunable catalysis in response to external stimuli,[5] these
polymersome nanoreactors do not possess self-regulating behavior compared to
organelles in living systems when it comes to structural and functional self-adaptation.
The bell-shaped pH-activity curve of urease coupled with its ability to produce base,
has provided a platform to attain temporal control over pH feedback systems.[6] In
Chapter 2, we have shown the construction of a self-regulated and time-programmed
“breathing” microgel that uses chemical fuels to keep the system in an out-of-equilibrium
state.[7] In this Chapter we report an artificial organelle with precisely controlled adaptive
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dynamic behavior and enzymatic activity. The envisioned feedback-induced temporal
control of the polymersome nanoreactors is depicted in Scheme 3.1. Urease, which
controls the pH change, and HRP, which acts as model enzyme, are encapsulated in the
polymersomes. First, polymersome nanoreactors are dispersed in a high pH buffer. This
causes the polymersomes to shrink due to deprotonation of the pH-sensitive polymers. In
this situation, the nanoreactors are non-permeable and substrates cannot pass the polymer
membranes, giving rise to a nanoreactor “OFF” state (left). Addition of chemical fuel
(HCl and urea) results in a fast pH decrease, thereby increasing the size of the
polymersomes. The swelling leads to increased polymer membrane permeability, turning
the nanoreactor in the “ON” state as the substrate is able to penetrate into the
polymersomes (above). Over time, a gradual increase in pH occurs through the
conversion of urea into ammonia. Thus, polymersomes return to their initial shrunken
state and the enzyme catalysis automatically changes to “OFF” again. A continuous
addition of chemical fuels to the system allows the “ON” and “OFF” process to be
reversible.

Scheme 3.1. Schematic overview of feedback-induced temporal control of polymersome nanoreactors.
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3.2 Construction of polymersome nanoreactors

Figure 3.1. Synthetic route for the block polymer mPEG45 -b-P(DEAEMA130-co-BMA12-co-FMA0.35) via
ATRP.

To realize this aim, amphiphilic copolymers consisting of poly-(ethylene glycol) (PEG)
and pH-responsive poly[2-(diethylamino) ethyl methacrylate (PDEAEMA) were
synthesized. Poly[2-hydroxy-4-(methacryloyloxy) benzophenone] (PBMA) was used as a
photo-cross-linkable block, and a fluorescein group was introduced as a fluorescence
read-out platform (Figure 3.1). Block copolymers mPEG45-b-P(DEAEMA130-co-BMA12co-FMA0.35)

were

self-assembled

into

pH-responsive

polymersomes

by

a

nanoprecipitation method and subsequently crosslinked.[8]
In order to determine the enzyme encapsulation efficiency, urease was labelled with
Rhodamine-B (RhB), and high activity of urease was kept. From HRP’s characteristic
Soret band with a maximum at 403 nm

[5a]

and RhB’s absorbance at 550 nm, the urease

and HRP loading content was determined to be 25% and 14%, respectively after
disassembly of a non-crosslinked polymersome sample (Figure 3.2).
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Figure 3.2. UV−vis spectra of disassembled polymersomes, free RhB-urease, HRP and disassembled
enzyme-filled polymersomes.

Asymmetric flow field-flow fractionation (AF4) was used in order to obtain a
quantitative understanding of the formed polymersomes. The particle morphology was
determined via the ratio between the radii of gyration (Rg) and the hydrodynamic radii
(Rh) where values of Rg/Rh for vesicles are around 1.0.[9] Elution profiles clearly showed
that the assemblies have a uniform Rg/Rh ratio value close to 1.0 (Figure 3.3a), which
quantitatively shows that the predominant shape is that of vesicles. Cryogenic TEM
(Figure 3.3b) and dry TEM (Figure 3.4) images of the polymersomes confirmed a
vesicular structure at both basic and acidic conditions. Dynamic light scattering (DLS)
measurements revealed a remarkable Rh increase from102 nm to 183 nm when the pH
was decreased from 9 to 5 by adding acid to the polymersome solution.
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Figure 3.3. (a) AF4 chromatogram of polymersomes (black line), and radii of gyration (Rg) divided by the
hydrodynamic radii (Rh) over the entire size distribution peak of polymersomes (red dots). The Rg/Rh ratio
value is around 0.9 which is close to 1.0, and indicates that the predominant shape is that of vesicles. (b)
Cryo-TEM images of polymersomes at pH 9.0 and pH 5.0. All scale bars are 100 nm.

Figure 3.4. Dry-TEM images of polymersomes at pH 9.0 (left) and pH 5.0 (right).The samples are stained
with phosphotungstic acid (2 %). All scales bars are 100 nm.
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3.3 Temporal control of polymersome size
The feedback-driven pH regulation of the polymersomes was first investigated. At
the start of the experiment, the polymersome solution was brought to pH 9.0 (Ncyclohexyl-2-aminoethanesulfonic acid (CHES) buffer, 10 mM), under which conditions
urease is inactive. Upon addition of a concentrated solution of urea and HCl, the pH of
the polymersome solution was instantaneously brought down to 5.0, at which point the
urease was activated. This was reflected by a gradual increase in pH due to the
conversion of urea into ammonia. The final pH value leveled off at approximately the
original level as the urease activity was self-diminished at high pH. In an effort to explore
the possibility to tune the pH switch, the urea concentration was varied. With an increase
of [urea] from 2 to 10 mM (urease level fixed at 30 U/mL), the polymersome solution
underwent a similar trend with different pH recovery time (Figure 3.5a). A high urea
concentration caused rapid pH elevation under otherwise constant conditions, while
lower urea concentrations (2 mM) made the system difficult to return to the initial pH
value. More interestingly, the out-of-equilibrium situation was reinitiated by the repeated
addition of chemical fuel over five cycles (Figure 3.6a).

Figure 3.5. Plots of the (a) pH and (b) fluorescence intensity switch of the polymersome nanoreactor
solution against time in a non-equilibrium cycle for different initial urea concentrations. The concentration
of urease in the polymersomes is 30 U/mL.
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Figure 3.6. Reversible (a) pH and (b) fluorescence changes of the enzyme-filled polymersomes in time
following repeated additions of chemical fuels (indicated by the arrows). (c) Size distribution changes of
enzyme-filled polymersomes in time upon addition of chemical fuels. 5 μL concentrated HCl (1M) and
aqueous urea solutions were added to 0.8 mL polymersome solution (2.5 mg/mL polymer, 30 U/mL
urease).The final urea concentration was 6 mM.

The dynamic pH regulation behavior was also validated by using fluorescence
spectroscopy, as fluorescein incorporated in the polymersome membranes could change
its fluorescence intensity concurrently with the change in pH, which is attributed to the
transition from the ring-closed to the ring-opened lactone moiety upon pH increase. A
similar dependence on the urea concentration was observed for the fluorescence profile as
for the pH change (Figure 3.5b). Subsequent addition of fresh urea refueled this process
which gave rise to similar behavior, demonstrating the refuel-ability of the system
(Figure 3.6b).
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Figure 3.7. (a) Influence of the urea concentration on the size changes of the polymersome nanoreactor
solution. Urea concentrations from top to bottom: 10 mM, 8 mM, 6 mM and 4 mM. (b) Average transient
periods of polymersome “breathing” as a function of the urea concentration. (c) Reversible Rh changes of
the polymersomes in time following repeated additions of chemical fuel (6 mM urea). (d) Average transient
periods of “breathing” within five cycles (6 mM urea in all cases). Concentrations of urease in the
polymersomes are 30 U/mL.

Next, polymersome size evolution upon addition of the acidic urea solution was
investigated by DLS. As expected, the polymersomes first quickly increased to a
maximum size of Rh =182 nm, followed by an autonomous size recovery, until they
finally reached the starting situation (Rh =101 nm) (Figure 3.6c). The spontaneous
expansion and contraction of these polymersomes endows them with a “breathing”
feature. In contrast to other reported “breathing” vesicles with changeable sizes,[10] our
system follows a self-regulated mechanism. In addition, this polymersome size evolution
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process was perfectly modulated by varying concentrations of the substrate (Figure
3.7a). High urea concentration led to a fast size recovery because the temporal swollen
state was quickly reverted by the fast rate of ammonia formation. As shown in Figure
3.7b, the lifetime of the non-equilibrium “breathing” state in the presence of 2, 4, 6, 8 and
10 mM urea obtained was 40, 25, 13 11 and 8 mins, respectively. Thus, an increase in
substrate concentration gives rise to a decrease in the swelling lifetimes and an
acceleration of the rate of polymersome “breathing”. Figure 3.7c shows average
induction periods within five cycles. The expansion-contraction process was reinitiated
with controllable lifetimes by urea supply over five cycles, and the pH and size
modulations followed almost a similar trend during each cycle (Figure 3.7d).

3.4 Activity assay of the polymersome nanoreactors
As the self-regulated “breathing” behavior of the polymersomes is correlated to
a temporal change in membrane permeability, these compartments are attractive as
adaptive nanoreactors with automatically modulated catalysis. First, the effect of
pH on the activity of free and encapsulated HRP was investigated, using an ABTS
assay. As shown in Figure 3.8a, HRP displays pH-dependent activity, with a slight
increase from pH 5.0 to 6.0, and a gradual decrease from pH 6.0 to 9.0. When HRP
was encapsulated in the responsive polymersomes, nearly the same activity profile
was observed in the pH range from 5.0 to 6.0. However, the HRP activity
significantly dropped below 5% when the pH was increased above 6.5, while the
corresponding free HRP activity remained above 40% (Figure 3.8b). This enzyme
activity difference between free HRP and encapsulated HRP can be ascribed to the
pH-triggered polymersome permeability change. At high pH value, the
PDEAEMA block is deprotonated, therefore, the polymersome membranes are
fully hydrophobic, and substrates cannot diffuse into the polymersome lumen.
When the pH is below the pKa (around 7.0) of PDEAEMA, the polymersome
membranes change to a swollen and permeable state, which allows for the catalytic
reaction to occur.
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Figure 3.8. (a) Relative enzymatic activity as a function of pH for free HRP at room temperature using
ABTS as a substrate. (b) Relative enzymatic activity as a function of pH for HRP encapsulated
polymersome nanoreactors at room temperature using ABTS as a substrate. Error bars are based on
standard error of mean.

3.5 Transient behavior of the polymersome nanoreactors
Next, we sought to develop dissipative polymersome nanoreactors with out-ofequilibrium catalytic behavior. For this purpose, polymersomes were loaded with
both HRP and urease. Initially, the samples were incubated in pH 9.0 buffer, and
no absorbance at 416 nm was observed, suggesting the catalytic “OFF” state due to
the non-permeable polymersome membrane. When acidic urea was applied to the
system, the HRP enzymatic reaction first became activated and subsequently
turned dormant (Figure 3.9a). This self-controlled catalysis behavior of the
nanoreactors was caused by the temporally programmed “breathing” feature and
permeability modulation of the polymersome membranes.
As the concentration of urea determines the lifetime of the membrane shrinking
and swelling process, we reasoned that we could tune the yield of the ABTS
oxidation process. Samples with different urea concentration (4, 6, 8 and 10 mM)
underwent a gradual increase in the absorbance at 416 nm after addition of
chemical fuel, which leveled off to a constant value. The higher the concentration
of urea, the faster the catalysis reached its end point. Most interestingly, an
approximately linear relationship between the concentration of added urea and the
nanoreactor “ON” lifetimes as well as the final yield was observed (Figure 3.9b).
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As this fuel-driven temporal nanoreactor is in principle a switchable process, the
self-adaptive cycle was refueled by the consecutive introduction of urea. In a
control experiment where the free HRP-based enzymatic reaction was performed,
the absorbance over time (60 minutes) at 416 nm was linear, which confirms that
the amount of substrate is not limiting in the study. Identical to polymersome
swelling and shrinking behavior, three consecutive nanoreactor “OFF-ON-OFF”
cycles could be achieved, supporting the above mechanism of feedback-driven
membrane permeability modulation (Figure 3.9c). We need to note, however, that
the efficiency of the self-regulated catalytic reaction decreased after three cycles,
whereas the reversible polymersome expansion and contraction could be
performed for at least six cycles. One possible reason is that the activity of HRP is
affected by continuous pH regulation and accumulation of waste (ammonia and
CO2).

Figure 3.9. (a) UV absorbance at 416 nm of the oxidation of ABTS by nanoreactors upon the addition of
different concentrations of urea. (b) Lifetimes (black line) of the nanoreactor “ON” state and relative yield
(red line) as a function of urea concentration. (c) Reversible nanoreactor “ON-OFF” modulation in time
following repeated additions of 6.0 mM urea. Experimental conditions: Urease: 30 U/mL; HRP: 10 U/mL;
ABTS: 8 mM; H2O2: 5 mM.
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3.6 Conclusions
In summary, we have presented a self-adaptive polymersome nanoreactor that
drives a catalytic reaction out-of-equilibrium by temporal control of the
permeability of the polymersome membrane. This is achieved by implementing the
urease-based pH feedback system in HRP-filled polymersomes, which induces
“breathing” behavior in the nanoreactor. Compared to the previously reported
classical nanoreactors that operate in a thermodynamically controlled one-way
transition, the non-equilibrium nanoreactor functions with an “ON/OFF” switch in
a biocatalytically controlled fashion. Hence the catalytically active period of HRP
in the nanoreactors is governed by the amount of fuel present to steer the urease
cycle, and the reversible nature is demonstrated for several cycles by refueling the
system. The principle of feedback-induced temporal control of nanoreactors is an
important addition to the area of non-equilibrium systems. We anticipate that the
basic design rules in this work will promote engineering of artificial organelles
with adaptive features.

3.7 Experimental section
Materials
Poly(ethylene glycol) methyl ether (mPEG, Mn 2 kg/mol,

Sigma, 99%), α-

bromoisobutyryl bromide (Sigma, 99%), triethylamine (Sigma, 98%), 2,2’-bipyridine
(bpy, Sigma, 99%), 2-hydroxy-4-(methacryloyloxy) benzophenone (BMA, Alfa Aesar
98%), fluorescein O-methacrylate (FMA, Sigma, 98%), Rhodamine B isothiocyanate
(Sigma, 98%), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS, Sigma,
98%), urease from Canavalia ensiformis (Jack bean, Sigma, 50 U/mg) and horseradish
peroxidase (HRP, Sigma) were used as received. N,N-diethylaminoethyl methacrylate
(DEAEMA, Sigma, 99%) was passed through a basic alumina column to remove the
inhibitor prior to use. Copper (I) bromide (CuBr, Sigma, 99.99%) was purified by stirring
in acetic acid, followed by washing with acetone three times. All the solvents were used
as received.
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Instruments
Nuclear Magnetic Resonance Spectroscopy (NMR). 1H NMR spectra were recorded on a
Bruker (400MHz) spectrometer with CDCl3 as the solvent and TMS as an internal standard.

Gel permeation chromatography (GPC). The molecular weights and dispersities of the
polymers were characterized by GPC. GPC measurements were conducted using a
Shimadzu Prominence-i SEC system with a PL gel 5 µm mixed D and mixed C column
(Polymer Laboratories) with PS standard and equipped with a Shimadzu RID-20A
differential refractive index detector. THF was used as an eluent with a flow rate of 1 mL
min-1.
Dynamic Light Scattering (DLS). A Malvern Z90 Zetasizer equipped with a 633 nm He−Ne
laser and an avalanche photodiode detector was used to characterize the hydrodynamic size of the
particles. The scattering light at 90° angle was detected and used to analyze the size and
distribution.
Transmission Electron Microscopy (TEM). TEM images were recorded by a FEI Tecnai 20
(type Sphera) at 200 kV. 10 μL of sample was dropped onto a carbon-coated copper grid. After
removing the excess solution by blotting paper, the samples were dried at ambient conditions. For
staining, a drop of phosphotungstic acid (2 %) solution was placed on the grid for 30 s.
Cryogenic transmission electron microscopy (cryo-TEM). Experiments were performed using
a FEI Tecnai G2 Sphera (200 kV electron source) equipped with LaB6 filament utilizing a
cryoholder or a FEI Titan (300 kV electron source) equipped with autoloader station. Samples for
cryo-TEM were prepared by treating the grids (Lacey carbon coated, R2/2, Cu, 200 mesh, EM
sciences) in a Cressington 208 carbon coater for 40 seconds. Then, 3 µl of the polymersome
solution was pipetted on the grid and blotted in a Vitrobot MARK III at 100% humidity. The grid
was blotted for 3 seconds (offset -3) and directly plunged and frozen in liquid ethane.
Ultraviolet–visible Spectroscopy (UV/Vis). The UV absorbance spectra were recorded on a
Jasco V-650 UV/Vis spectrometer at 293 K.
Fluorescence Spectroscopy. The fluorescence spectra were acquired using a PerkinElmer
LS55 fluorescence spectrometer at 293 K, with 2.5 nm slit width. The excitation wavelength was
set as 515 nm for all the samples.
pH Measurement. The pH change of the solution was recorded using a Mettler Toledo™
FiveEasy Plus™ FEP20 pH Meter.
Asymmetric Flow Field-Flow Fractionation. The asymmetric flow field-flow fractionationUV-Quels (AF4-UV-Quels) experiments were performed on a Wyatt Dualtec AF4 instrument
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connected to a Shimadzu LC-2030 Prominence-i system with Shimadzu LC-2030 autosampler.
The AF4 was connected to 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 (BSA). The processing and analysis of the LS data and radius of gyration (Rg)
calculations were performed on Astra 7 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.
Table 3.1 General method for the AF4 elution of polymersomes. The flow conditions applied for the
elution of enzymes were the following: 0.7 mL min-1 detector flow, 1.50 mL min-1 focus flow and 0.20 mL
min-1 injection flow.
Start time

End time

Mode

Cross flow start (mL
-1

Cross flow end (mL
min-1)

(min)

(min)

min )

0

1

Elution

0.50

0.50

1

2

Focus

-

-

2

3

Focus +

-

-

inject
3

4

Focus

-

-

4

14

Elution

0.50

0.50

14

17

Elution

0.50

0.00

17

33

Elution

0.00

0.00

33

44

Elution

0.00

0.00

0.00

0.00

+ inject
44

45

Elution
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Synthetic Procedures
Synthesis of mPEG ATRP macro-initiator

mPEG (5.00 g, 2.5 mmol) and triethylamine (TEA, 1.04 g, 7.50 mmol) were dissolved
in 50 mL of THF at 0 oC, α-bromoisobutyryl bromide (616 μL, 5.00 mmol) in 10 mL of
THF was slowly added dropwise for about 1 h. After addition, the mixture reacted for 36
h at room temperature. After evaporating off the THF, 15 mL toluene was added and the
water-soluble triethylamine hydrochloride was removed. The filtrate was concentrated
and then precipitated twice into 50 mL of ice cold diethyl ether. Finally, the product was
collected and dried in a vacuum oven at 50 oC for 24 h, yielding 4.7 g white solid (yield:
94%).
1

H NMR (CDCl3, 400 MHz): δH (ppm) =4.31 (s, -CH2OOC-), 3.64 (s, -CH2CH2O-),

3.20 (s, -OCH3), 1.95 (s, -OOCC(CH3)2Br).
GPC (THF, polystyrene calibration): Mn=2.12 kDa, Mw/Mn=1.06.
Synthesis of block polymer mPEG45-b-P(DEAEMA130-co-BMA12-co-FMA0.35) [11]
The above described macro-initiator mPEG-Br (0.426 g, 0.2 mmol), DEAEMA (5.55 g,
30 mmol), BMA (0.846 g, 3 mmol), FMA (0.04 g, 0.1 mmol), CuBr (28 mg, 0.2 mmol),
bpy (36.3mg, 0.25 mmol), and 2-butanone (2 mL) were added to a round bottom flask,
followed by degassing with nitrogen for 30 min. The reaction mixture was heated to 50
o

C for 24 h with magnetic stirring. After the reaction, the resulting solution was immersed

into a liquid nitrogen bath in order to stop the radical polymerization. Then the solution
was diluted in 50 mL of THF and passed through a neutral alumina column twice to
remove the copper catalyst. The filtrate was concentrated and then dialyzed (MWCO 3.5
kDa) against dioxane. The product was obtained by freeze drying, yielding 4.7 g product
(yield: 92%).
1

H NMR (CDCl3, 400 MHz): δH (ppm) = 6.60-7.72 (m, Ar-H), 4.04 (s, -OCH2CH2N-),

3.65 (s, -CH2CH2O-), 3.35 (s, -OCH3), 2.84 (s, -OCH2CH2N-), 2.55 (s,-N(CH2CH3)2),
2.44 (s, -N(CH2CH3)2), 2.15 (br, -(CH2-CH(CH3)n-), 1.25-1.98 (br,-(CH2-CH)n-), 0.95 (s,
-(CH2-CH(CH3)n-). With 1H NMR, the polymerization degree (DP) of DEAEMA and
BMA was determined, which is 130 and 12, respectively. The DP of the fluorescein
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monomer in the block polymer was determined to be around 0.35 with UV−vis
spectroscopy.
GPC (THF, polystyrene calibration): Mn =29.9 kDa, Mw/ Mn=1.08.
Preparation of the Rhodamine-B-labeled urease (RhB-urease)[12]
To calculate the encapsulation of urease in polymersomes, urease was labeled with
Rhodamine B (RhB). In brief, RhB isothiocyanate was first dissolved in DMSO to get a
10 mg/mL stock solution. Then, 50 μL of the DMSO solution of RhB isothiocyanate was
added gradually into 5 mL urease solution (20 mg enzyme/mL, pH=8, sodium carbonate,
10 mM). The reactions were performed overnight at 4°C. Labeled urease was then
dialyzed against phosphate buffer (5 mM, pH =7.4) for two days, followed by
concentration via centrifugal filtration (MWCO = 10 kDa) and storage at 4°C for further
use. RhB numbers conjugated to urease were determined by the extinction coefficients of
108,000 M-1cm-1 at 550 nm (RhB) and 20800 M-1cm-1 at 280 nm (urease). The number of
conjugated RhB per urease was estimated to be 1.9.
Urease activity assays
Urease activity assays were performed by measuring the pH change within 10 minutes
upon addition of urea. The initial pH of the urease solution (995 μL) was adjusted to 4.0
by adding 1 M HCl. 5 μL Urea was added and the pH change in time was monitored with
a pH meter. The relative activity of urease and RhB-urease was calculated by comparing
the different slopes. Experimental conditions: 50 U/mL urease, 6 mM urea.
Formation of polymersome nanoreactors
1 mL enzyme solution (5 mg urease/mL, 2 mg HRP/mL, pH=7.4, phosphate buffer, 5
mM) was added into a 15 mL vial equipped with a magnetic stirring bar. The vial was
capped with a rubber septum followed by the addition of 1 mL THF solution of block
polymer (5 mg/mL) via a syringe pump with a rate of 1 mL h-1. The resulting cloudy
suspension was transferred to a dialysis membrane (molecular weight cutoff: 12,00014,000 Da, flat width 25 mm). The polymersomes were dialyzed against water (1000 mL)
at 4 oC for at least 48 h. After dialysis, the polymersome and enzymes mixture was
centrifuged for 5 min at 5000 rpm via spin filtration over 0.22 μm membranes, the filtrate
was withdrawn and fresh medium was added. This centrifugation process was repeated
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until no obvious absorption at 550 nm (RhB-urease) and 403 nm (HRP’s characteristic
Soret band) was observed from the filtrate, which indicates that free enzymes were
removed from the polymersome solution.
The enzyme incorporation efficiency was measured by determining the UV absorption
of RhB-urease at 550 nm and HRP at 403 nm, respectively.[5a, 13] After removing free
enzymes, 50 v% DMSO was added to the polymersome solution to destroy the
polymersome structure, releasing the encapsulated enzymes. UV-vis spectra of free RhBurease, HRP and released enzymes were recorded. From the disassembled polymersome
mixture three typical absorbances were observed: 403 nm for HRP, 485 nm for
fluorescein connected to the block copolymer, and 550 nm for RhB-labelled urease. The
amount of urease and HRP encapsulated in the polymersomes was calculated, which was
25% and 14%, respectively.
Photo cross-linking of polymersome nanoreactors
The prepared polymersome solution was placed in the UV chamber and irradiated (350
nm) for 10 minutes.
Activity assay of polymersome nanoreactors
The activity of HRP-loaded polymersomes was determined by means of activity assays
for HRP using ABTS as substrate. The formation of the oxidized products was monitored
by UV−vis spectroscopy. The activity assay was performed at room temperature in 1 cm
silica glass cuvettes by mixing 0.8 mL solution of the HRP-encapsulated polymersomes
and ABTS. The enzymatic reaction was started by the addition of 50 μL H2O2 solution.
The final concentrations for HRP, ABTS and H2O2 were 20 U/mL, 10 μM and 5 mM,
respectively. Absorbance at 416 nm was recorded every 60 s. The relative activity of the
polymersome nanoreactors was calculated by comparing the different slopes of the
absorption increase in the original linear phase.
Chemical fuel programmed pH switch
The concentrated enzyme-filled polymersomes were first dispersed in N-cyclohexyl-2aminoethanesulfonic acid (CHES) buffer (10 mM, pH 9.0) to get a 0.8 mL polymersome
dispersion (2.5 mg/mL polymer, 30 U/mL urease), at which point urease was deactivated.
5 μL concentrated HCl (1M) and aqueous urea solutions were added to the mixture, and
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the reaction mixture was incubated at room temperature. The final urea concentration was
set as 4, 6, 8 and 10 mM. The pH change was recorded every 30 s with a Mettler
Toledo™ FiveEasy Plus™ FEP20 pH Meter. When the pH value leveled off at
approximately the same level as the starting pH, the polymersome solutions were
refueled by fresh HCl and urea solution. To study the influence of urea concentration on
the programmed pH switch, the urea concentration was varied under otherwise constant
conditions.
Chemical fuel programmed polymersome nanoreactors
Experiments were performed in 1 cm silica glass cuvettes by mixing 0.8 mL solution
of the HRP-encapsulated polymersomes (2.5 mg/mL polymer, 30 U/mL urease, 10 U/mL
HRP) and 5 μL ABTS (20 mM). Then, 5 μL concentrated HCl (1M) and urea was added
to the mixture. The HRP-based catalytic reaction was activated by the addition of 5 μL
H2O2 (0.8 M). Absorbance at 416 nm was recorded every 60 s. For the effect of urea
concentration (4, 6, 8 and 10 mM) on product conversion, other experimental conditions
were kept constant. For the self-adaptive cycle experiment, the polymersome solution
was refueled by the consecutive introduction of HCl (1M) and urea. In control
experiments, the free HRP-based enzymatic reaction was performed under identical
conditions.
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Chapter 4
Pathway-Dependent ShapeTransformation of Polymersomes
Abstract
Block copolymer assemblies with well-organized morphological properties have recently
gathered considerable attention. In this Chapter, we report the pathway dependent shapetransformation of polymersomes into stomatocytes and ordered inverse morphologies
which are induced by the salt concentration of the medium and the presence of azide
groups on the polymersome surface. When dialyzing against salt solution, mPEG-b-PS
polymersomes were able to transform into stomatocytes, while hexagonally packed
hollow hoop vesicles (HHHs) were obtained when N3-PEG-b-PS were used. Moreover,
reverse dialysis of these HHHs enabled access to the formation of porous structures. This
work provides facile access to the formation of sophisticated polymeric nanoparticles
with internal structures, which is expected to find applications in the field of
nanotechnology and materials science.

This Chapter is going to be submitted as：
H. Che, L. N. J. de Windt, J. Zhu, I. A. B. Pijpers, A. F. Mason, L. K. E. A. Abdelmohsen, J. C.
M. van Hest. To be submitted.

Chapter 4

4.1 Introduction
One of the most intriguing features of nature is its ability to create self-organized,
complex and sophisticated architectures, which display various morphologies. The past
years have witnessed substantial progress in mimicking

the complexity of natural

architectures using synthetic strategies.[1] Amphiphilic block copolymers (BCP) have
gathered considerable attention because of their capability to form various nanoscale
structures in the form of spherical micelles, worm-like micelles, and vesicles.[2] Among
the most reported self-assembled polymeric nanoparticles, polymer vesicles, commonly
referred to as polymersomes, have demonstrated morphological diversity due to their
improved tailor-made chemical design in comparison to their counterparts, liposomes,
and their ability to be assembled under kinetic control. Furthermore, polymersome
morphology transformations can be well tuned by exploiting external chemical or
physical stimuli (i.e., osmosis, pH, light, temperature, redox, or gas),[3] which is
promising for the design and development of adaptive artificial biomimetic systems.
Well-defined polymersomes with morphology control also have biomedical relevance.[4]
For example, it has been shown that the cellular uptake efficiency of the nanoparticles is
highly dependent on the particle shape by influencing the rate and pathway of cellular
internalization.[5] In addition, bowl-shaped polymersomes, such as stomatocytes are
clearly showing many exciting opportunities in the field of nanomotors/nanoreactors.[6]
Among the unusual polymer assemblies, BCP-based ordered inverse morphologies
have gained much research interest owing to their high internal surface area and
accessibility for a wide range of molecules, which enable their use in biomedical science,
as controlled delivery vehicles, and as templates for materials preparation.[7] More than
20 years ago, Eisenberg’s group was the first to report mesosized crystal-like aggregates
with an internal structure of hexagonally packed hollow hoops (HHHs) by self-assembly
of polystyrene-b-poly(acrylic acid) (PS-b-PAA).[8] More recently, Kim and co-workers
developed cubosomes and hexasomes with inverse bicontinuous cubic structures by
dendritic-linear

BCP

bearing

a

dendritic

hydrophilic

block.[9]

Additionally,

polymerization-induced self-assembly (PISA) was found to be a facile strategy to
generate such inverse morphologies.[10] Despite these significant achievements, most
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reported inverse morphology preparation methods require complex synthesis of the
building blocks and strict preparation conditions with limited robustness, which restricts
their utility. Thus, it is highly required to create well-defined and sophisticated polymeric
inverse morphologies via a facile, easily applicable strategy.
Previously our group reported the formation of bowl-shaped stomatocytes via the
osmotically triggered shape transformation of poly(ethylene glycol)-b-poly(styrene)
(PEG-b-PS) polymersomes.[3a] To enhance their utility in nanomedicine, we have
recently shown the shape transformation of poly(ethylene glycol)-block-poly(D, Llactide) (PEG-b-PDLLA) into biodegradable nanotubes and stomatocytes with the help of
dialysis methodology.[11] In order to further explore the osmotically induced shape
transformation of polymersomes and gain more control over such deformations, here we
present an unusual morphology transition from polymersomes to stomatocytes and
hexagonally packed hollow hoops (HHHs), respectively, mediated by salt in the solution
and azide groups on the polymersome surface (Scheme 4.1).

Scheme 4.1. Schematic illustration of the pathway dependent shape-transformation of polymersomes
mediated by salt and surface azide groups. During the process of dialysis against NaCl, mPEG 45-b-PS205
polymersomes transformed into stomatocytes, while N3-PEG45-b-PS200 polymersomes transformed into
internally structured HHHs.
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4.2 Formation of the stomatocytes

Scheme 4.2. Synthetic route of mPEG45-b-PS205 and N3-PEG45-b-PS200.

Two types of block copolymers mPEG45-b-PS205 and N3-PEG45-b-PS200 were prepared
by atom transfer radical polymerization (ATRP) (Scheme 4.2). The self-assembly of
these polymers was performed using a nanoprecipitation method, whereby deionized
water was added dropwise to a copolymer solution in an organic solvent (4:1
THF/dioxane) up to 50 vol%, producing a cloudy suspension. The produced suspension
was dialyzed against pure water or aqueous solutions with varying salt (NaCl)
concentrations (5, 10, 25, and 50mM) at room temperature.
After overnight dialysis against pure water, mPEG45-b-PS205 yielded well-defined
vesicular polymersomes, similar to rapidly quenched polymersomes which was
confirmed by transmission electron microscopy (TEM) (Figure 4.1 a). After dialysis of
the suspension against NaCl solution, the average hydrodynamic radius (Rh) of the
assemblies demonstrated a slight decrease compared to the samples dialyzed against
water (Figure 4.3a), based on dynamic light scattering (DLS) measurements. TEM
demonstrated that the morphology of the polymersomes completely changed from
spheres to bowl-shaped stomatocytes, which was further confirmed by scanning electron
microscopy (SEM) and cryo-TEM (Figure 4.1b, d). Moreover, with an increase in salt
concentration, the average opening size of the stomatocytes witnessed a continuous
decrease from an original value of 245±50 nm (5 mM NaCl) to 170±20 nm (10 mM
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NaCl), 90±15 nm (25 mM NaCl), and 55±10 nm (50 mM NaCl) (Figure 4.2), which is in
accordance with our previous work.[11b]

Figure 4.1. TEM images of mPEG45-b-PS205 (a) polymersomes and (b) stomatocytes. (c) cryo-TEM and
(d) SEM images of mPEG45-b-PS205 stomatocytes. The stomatocytes were prepared via dialysis of a
mPEG45-b-PS205 suspension against 50 mM NaCl solution. All scale bars are 400 nm.

Figure 4.2. TEM images of mPEG45–b-PS205 after dialysis against 5 mM, 10 mM, and 20 mM NaCl,
respectively.

69

Chapter 4

Figure 4.3. DLS analysis of (a) mPEG45–b-PS205 and (b) N3-PEG45–b-PS200 after dialysis against pure
water, 10 mM NaCl, and 50 mM NaCl, respectively.

6.3 Formation of the hexagonally packed hollow hoops (HHHs)
In the case of N3-PEG45-b-PS200 assemblies, polymersomes were obtained after
dialysis against pure water, suggesting that the azide groups do not have an influence on
the morphology in the absence of salt (Figure 4.4a).However, when the same dialysis
method against NaCl was applied to N3-PEG45-b-PS200 polymersomes, to our surprise
unusual self-assemblies were formed, which were very similar to previously reported
HHHs by the Eisenberg group. As shown in Figure 4.4b, the dark regions with a width
of 20-30 nm denote the block copolymer, while the bright regions with a diameter of 3040 nm represent hollow space, which is close to previously reported results.[8] The special
swirling patterns are proposed to be generated because of the alignment of the
bicontinuous channels which are formed between neighboring channels during the
process of dialysis. Compared to traditional spherical polymeric particles with smooth
surfaces, the distinct swirling patterns on the surface of these particles underscore their
organized internal structures, which was confirmed by Cryo-TEM (Figure 4.4c). These
nanoparticles with inverse mesophases were confirmed by SEM, from which we can
clearly see that these particles comprise patterned surfaces (Figure 4.4d).
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Figure 4.4. TEM images of N3-PEG45-b-PS200 (a) polymersomes and (b) HHHs. (c) cryo-TEM and (d)
SEM images of N3-PEG45-b-PS200 HHHs. The HHHs were prepared by dialysis of an N3-PEG45-b-PS200
suspension against 50 mM NaCl solution. All scale bars are 200 nm.

The above results indicate that N3-PEG45-b-PS200 forms particles with an internal
structure in the presence of salts. To characterize these particles, we performed light
scattering measurements on dilute solutions of N3-PEG45-b-PS200 dialyzed against 50 mM
NaCl solution (Figure 4.5). These samples were studied at multiple angles to determine
the hydrodynamic radius and the radius of gyration (Rg). Interestingly, we found that the
values of Rg were an order of magnitude smaller than the values of Rh (Table 4.1). This
finding suggests that the mass of the particles is distributed over not only an outer surface
but also an internal structure, which further supports the formation of HHHs.
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Figure 4.5. Mean decay rate and natural logarithm of the scattering intensity as a function of the squared
magnitude of the scattering vector measured for N3-PEG-45-b-PS200 in pure water at (a, b) 2.8, (c, d), 4.2
and (e, f) 5.6 µg/mL. Diffusion coefficients and radii of gyration were obtained by linear regression of the
data (see text for details of analysis).

Table 4.1. Hydrodynamic radii (Rh) and radii of gyration (Rg) determined for N3-PEG45-b-PS200
HHHs in pure water at various concentrations.

[N3-PEG45-b-PS200]/µg/mL
2.8
4.2
5.6
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Rh/nm
1.2±0.2×103
1.17±0.08×103
0.8±0.1×103

Rg/nm
9±2×101
8±1×101
9±1×101
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To further study how the azide-functionalized polymersomes transformed into HHHs,
the self-assembled N3-PEG45-b-PS200 polymersomes were dialyzed against aqueous
solutions with varying salt concentrations (5, 10, 25 and 50 mM). It was observed that
after dialysis against 5 mM NaCl, the polymersomes transformed into stomatocytes,
while when higher salt concentrations (10 mM and 25 mM) were applied, the
stomatocytes started transforming into HHHs (Figure 4.6), demonstrating that
stomatocytes are the intermediate morphologies, which can further evolve into HHHs by
increasing salt concentrations. Similar to the transformation of mPEG45-b-PS205
polymersomes into stomatocytes, there is a significant decrease in Rh of N3-PEG45-bPS200 assemblies with the increase of salt concentration (Figure 4.3b).

Figure 4.6 TEM images of N3-PEG45–b-PS200 after dialysis against 5 mM, 10 mM, and 25 mM NaCl,
respectively.

Next we sought to explore whether it is the presence of azide groups that induces the
deformation of polymersomes. To do this, the N3-PEG45-b-PS200 assembly suspensions
were first reacted with dibenzocyclooctyne-PEG4-alcohol (DBCO-PEG4-OH) to make
sure that there were no azide groups exposed on the surface of the assemblies. After
overnight reaction, the mixture was dialyzed against pure water or salt solution.
Interestingly, no shape-transformation was observed irrespective whether they were
dialyzed against pure water or NaCl solution (Figure 4.7). These results suggest that
azide groups play a key role in the morphology transition from polymersomes to HHHs,
in the presence of salt.
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Figure 4.7. TEM images of N3-PEG45–b-PS200 reacted with DBCO-PEG4-OH followed by dialysis against
pure water or 50 mM NaCl.

To understand the effect of the azide groups causing the formation of HHHs, mPEG45b-PS205 and N3-PEG45-b-PS200 were blended to construct mixed polymersomes and the
azide-modified BCP content was varied from 10% to 50. The resulting morphologies
were studied by TEM (Figure 4.8). Only stomatocytes were observed at a N3-BCP
content ≤ 10%. When a higher N3-BCP content (20% and 30%) was used, stomatocytes
with internal hollow hoop structures were obtained. When the N3-BCP content was
further increased (≥40%), a more ordered internal morphology was observed and the
blended polymersomes completely transformed into HHHs. These results indicate that
only a small proportion of azide groups can result in the formation of ordered internal
structures during the process of dialysis against salt.
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Figure 4.8. TEM images of mPEG45–b-PS205 blended with (a) 10 %, (b) 20%, (c) 30%, and (d) 40% N3PEG45–b-PS200 after dialysis against 50 mM NaCl.

4.4 Reversibility of the shape-transformation

Figure 4.9. Schematic illustration of the reverse dialysis process of mPEG45-b-PS205 stomatocytes. TEM
images (a) before and (b) after dialysis against 50 vol % organic solvent. Stomatocytes are reverted to
spherical polymersomes. Scale bars are 1μm.
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Having successfully represented a pathway dependent shape-transformation of
polymersomes mediated by salt and azide groups, the reversibility of the method was
studied. Our previous work showed that reverse dialysis allows PEG-PDLLA
stomatocytes to regain their original spherical polymersome structure. Here we
performed a similar procedure on deformed mPEG45-b-PS205 stomatocytes and N3-PEG45b-PS200 HHHs, which were dialyzed against 50 mM NaCl solution mixed with 50 vol %
organic solvent (4:1 THF/dioxane) at room temperature. After 1 h dialysis, the
morphologies of the particles were characterized by TEM. In the case of mPEG45-b-PS205,
the reverse dialysis resulted in recovery of spherical polymersomes since organic solvent
can replasticize the PS membrane, and thus the assemblies tend to form the energetically
favored spherical state (Figure 4.9). However, in the case of N3-PEG45-b-PS200 HHHs,
the results are more complex. As shown in Figure 4.10, after reverse dialysis, the N3PEG45-b-PS200 HHHs transformed into porous-like structures other than spherical
vesicular polymersomes. The surface morphology of these self-assemblies was further
probed using SEM to reveal that the patches on the particle surface were nanopores, as
shown in Figure 4.10b.One possible reason for the formation of porous structures is that
the internal bicontinuous structures become swollen in the presence of an organic solvent,
and the internal structure folded outwards, forming the porous-like structures.
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Figure 4.10. Schematic illustration of the reverse dialysis process of N3-PEG45-b-PS200 HHHs. (a) TEM
and (b) SEM images of the porous structures after dialysis against 50 vol % organic solvent. Scale bars are
500 nm.

4.5 Mechanism of the shape-transformation
After establishing experimentally the transformation process, we sought to understand
the mechanism on how salt and azide groups act as driving forces to direct the
morphology transformation of the polymersomes. According to Equation 4.1, the
spontaneous curvature (C0) of the BCP membrane plays a critical role in directing the
deformation process.
𝑘

Eb= 2 ∮(2𝐶 − 𝐶0 )2 d𝐴

(4.1)

where Eb is the bending energy of the membrane, k is the bending rigidity of the
membrane, C is the mean surface curvature, Co is the spontaneous curvature and A
is the surface area. Generally, spherical polymersome undergoes a reduction in
volume during the process of dialysis against salt, and the effect of osmotic
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pressure can be orders of magnitude greater than Eb. Based on existing theory,
spherical polymersomes tend to transform into oblates (toward discs and
stomatocytes) if the contribution of C0 can be realized during the shape
transformation process.[12] The dialysis process causes quick outflow of organic
solvent and water, giving rise to internal volume reduction and transient changes in
PEG conformation. However, the rate of which the outflow of water can be
enhanced by increasing the ionic strength of the dialysis medium-leading to a
higher organic solvent to water ratio inside the polymersomes. Such rate
enhancement accentuates the PEG anisotropy between the inner and outer surfaces,
leading to a greater contribution of C0 during the shape transformation process.
This is the process by which the spherical polymersomes shape transform into
stomatocytes. In the case of azide polymersomes, the PEG anisotropy is further
enhanced by forming solvation shells as a result of azide coordination to water
molecules.[13] In comparison to the outer volume (1000 mL), inner polymersome
volume is very small and therefore, coordination of water molecules to the azide
moieties intensifies the solvation effect of organic solvent to PEG, leading to an
increased PEG anisotropy and greater contribution of Co to the shape
transformation process. Thus, great disproportionate alteration of the internal
Vh(int) and external Vh(ext) hydrodynamic chain volume acts as a steric driving
force for directing the shape transformation via the oblate pathway toward
stomatocytes and further towards the formation of HHHs. We therefore
hypothesize that the presence of azide groups would strengthen anisotropic PEG
chain volume during the process of dialysis against NaCl, which may give rise to
more negative C0 and thus leading to the formation of internal hexagonally packed
structures. Additionally, control experiment (Figure 4.11) shows that when N3PEG45–b-PS200 was first dissolved in THF/Dioxane (4/1, v/v) solvent, and then
dialyzed against NaCl, only HHHs were obtained. Thus we anticipate that transmembrane solvent anisotropy derived from increasing salt dialysis can lead to an
anisotropic PEG chain volume, that Vh(int)>Vh(ext), thus triggering negative C0.
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Figure 4.11 TEM images of N3-PEG45–b-PS200 after dialysis against 50 mM NaCl. N3-PEG45–b-PS200 was
first dissolved in THF/Dioxane (4/1, v/v) sovent, and then dialysized against NaCl.

4.6 Conclusion
In conclusion, we have presented the shape-transformation of PEG-PS polymersomes
mediated by salt and azide groups present at the polymersome surface. Traditional PEGPS polymersomes deformed into stomatocytes induced by osmotic pressure during the
process of dialysis against salt solution, while azide-modified N3-PEG-b-PS underwent a
transition from polymersomes to high internally organized HHHs. Importantly, the
formation of stomatocytes and HHHs could be finely tuned by the concentration of salt
and blending ratio of the block copolymers. Additionally, the presence of azide groups
gave rise to totally different shape changes of the assemblies via reverse dialysis. This
new approach towards the formation of stomatocytes and HHHs provides an interesting
additional method for the development of polymeric nanoparticles with various structures.
The detailed underlying mechanism of the reported polymeric inverse morphology still
needs to be further verified, for example, by systematic computer simulations.
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4.7 Experimental section
Materials
Poly(ethylene glycol) methyl ether and poly(ethylene glycol) (Mn 2 kg/mol， Sigma,
99%), α-bromoisobutyryl bromide (Sigma, 99%), triethylamine (Sigma, 98%), styrene
(Sigma-Aldrich,

98%)

N,N,N’,N”,N”-pentamethyl-diethylenetriamine

(PMDETA)

(Sigma, 99%), dibenzocyclooctyne-PEG4-alcohol (DBCO-PEG4-OH, Sigma) were used
as received. Copper (I) bromide (CuBr, Sigma, 99.99%) was purified by stirring in acetic
acid, followed by washing with acetone three times. N3-PEG2K-OH was synthesized
according to a literature procedure.[14]
Instruments
Nuclear Magnetic Resonance Spectroscopy (NMR). 1H NMR spectra were recorded on
a Bruker (400MHz) spectrometer with CDCl3 as the solvents and TMS as an internal
standard.
Gel permeation chromatography (GPC). The molecular weights and dispersities of the
polymers were characterized by GPC. GPC measurements were conducted using a
Shimadzu Prominence-i SEC system with a PL gel 5 µm mixed D and mixed C column
(Polymer Laboratories) with PS standard and equipped with a Shimadzu RID-20A
differential refractive index detector. THF was used as an eluent with a flow rate of 1 mL
min-1.
Dynamic Light Scattering (DLS) and Zeta Potential (ζ). A Malvern Z90 Zetasizer
equipped with a 633 nm He−Ne laser and an avalanche photodiode detector was used to
characterize the hydrodynamic size and surface zeta potential of the particles. The
scattering light at a 90°angle was detected and used to analyze the size and distribution.
Light scattering. Measurements were performed on an ALV Compact Goniometer
(CGS-3) Multi-Detector (MD-4) equipped with an ALV-7004 Digital Multiple Tau Real
Time Correlator and an Nd-YAG laser operating at a wavelength (λ) of 532 nm.
Scattering intensities (I) were recorded at detection angles (θ) ranging from 30°to 150°
in increments of 10°, in three runs of 20 s per angle. Scattering intensities were corrected
for the sample holder, solvent and scattering volume according to
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𝐼(𝜃) = (𝐼sample (𝜃) − 𝐼solvent (𝜃))

(4.2)

× sin(𝜃)
where Isample and Isolvent are scattering intensities measured for the sample and solvent,
respectively. Detection angles were converted to scattering vectors (q) according to
𝑞=

4𝜋𝑛0
𝜃
sin ( )
𝜆
2

(4.3)

where n0 = 1.332 is the refractive index of water.
Transmission Electron Microscopy (TEM). TEM images were recorded by a FEI
Tecnai 20 (type Sphera) at 200 kV. 10 µL of a sample was dropped onto a carbon-coated
copper grid. After removing the excess solution by blotting paper, the samples were dried
at ambient conditions.
Cryogenic transmission electron microscopy (cryo-TEM). Experiments were
performed using a FEI Tecnai G2 Sphera (200 kV electron source) equipped with LaB6
filament utilizing a cryoholder or a FEI Titan (300 kV electron source) equipped with
autoloader station. Samples for cryo-TEM were prepared by treating the grids (Lacey
carbon coated, R2/2, Cu, 200 mesh, EM sciences) in a Cressington 208 carbon coater for
40 seconds. Then, 3 µL of the polymersome solution was pipetted on the grid and blotted
in a Vitrobot MARK III at 100% humidity. The grid was blotted for 3 seconds (offset -3)
and directly plunged and frozen in liquid ethane.
Scanning electron microscopy (SEM). SEM images were obtained on a JEOL 6330
Scanning Electron Microscope. To prepare SEM samples, 10 μL of the sample was
dropped onto a small piece of silicon wafer, and the samples were dried at room
temperature.
Synthesis
Synthesis of mPEG45-b-PS205 and N3-PEG45-b-PS200
ATRP macro-initiator mPEG45-Br and N3-PEG45-Br were prepared according to the
method described in Chapter 3.[15] mPEG45 (5.00 g, 2.5 mmol) or N3-PEG45 (5.00 g, 2.5
mmol) and triethylamine (TEA, 1.04 g, 7.50 mmol) were dissolved in 50 mL of THF at 0
o

C, α-bromoisobutyryl bromide (616 μL, 5.00 mmol) in 10 mL of THF was slowly added

dropwise for about 1 h. After addition, the mixture reacted for 36 h at room temperature.
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After evaporating off the THF, 15 mL toluene was added and the water-soluble
triethylamine hydrochloride was removed. The filtrate was concentrated and then
precipitated twice into 50 mL of ice cold diethyl ether. Finally, the product was collected
and dried in a vacuum oven at 50 oC for 24 h, yielding 4.7 g mPEG45-Br (yield: 94%) or
4.3 g N3-PEG45-Br (yield: 86%).
1

H NMR (CDCl3, 400 MHz) of mPEG45-Br: δH (ppm) =4.31 (s, -CH2OOC-), 3.64 (s, -

CH2CH2O-), 3.20 (s, -OCH3), 1.95 (s, -OOCC(CH3)2Br).
GPC (THF, polystyrene calibration) of mPEG45-Br: Mn=2.7 kDa, Mw/Mn=1.04.
1

H NMR (CDCl3, 400 MHz) of N3-PEG45-Br: δH (ppm) =4.31 (s, -CH2OOC-), 3.64 (s,

-CH2CH2O-), 3.39 (t, -CH2-N3), 1.95 (s, -OOCC(CH3)2Br).
GPC (THF, polystyrene calibration) of N3-PEG45-Br: Mn=2.7 kDa, Mw/Mn=1.04.
mPEG45-b-PS and N3-PEG45-b-PS were synthesized by atom transfer radical
polymerization (ATRP). Briefly, mPEG45-Br or N3-PEG45-Br (100 mg, 0.05 mmol),
styrene (2.6 g, 25 mmol) and CuBr (7 mg, 0.05 mmol) were added into a 5 mL round
bottom flask, followed by degassing with nitrogen for 30 min. Subsequently, PMDETA
(10 μL, 0.05 mmol) dissolved in 0.5 mL toluene was added to the flask, after which the
mixture was purged with nitrogen for another 30 min. Then the flask was placed into a
90 °C oil bath. After the desired monomer conversion was reached, the solution was
immersed in a liquid nitrogen bath in order to stop the radical polymerization. Then the
solution was diluted in 50 mL of THF and passed through a neutral alumina column
twice to remove the copper catalyst. Then the filtrate was concentrated and precipitated
into 50 mL methanol twice. The white precipitate was collected and dried in a vacuum
oven at room temperature for 24 h, yielding 0.84 g mPEG45-b-PS (yield: 41%) and 0.77 g
N3-PEG45-b-PS (yield: 40%).
1

H NMR (CDCl3, 400 MHz): δH (ppm) = 6.39-7.21 (br, -C6H5), 3.61 (s, -CH2CH2O-),

3.39 (s, -OCH3), 1.2-2.00 (br, -(CH2-CH)n-). With 1H NMR, the PS polymerization
degrees (DPs) of mPEG45-b-PS and N3-PEG45-b-PS were determined, which are 205 and
200, respectively.
GPC (THF, polystyrene calibration) of mPEG45-b-PS: Mn =30.3 kDa, Mw/Mn=1.13.
GPC (THF, polystyrene calibration) of N3-PEG45-b-PS: Mn =31.2 kDa, Mw/Mn=1.19.
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Polymer self-assembly
mPEG45–b-PS205 (10 mg) or N3-PEG45-b-PS200 (10 mg) were dissolved in a 1 mL mixture
of THF/dioxane (80:20 v/v), followed by addition of 1 mL Milli-Q water via a syringe
pump at a rate of 1 mL h−1. A fraction of this solution (10 μL) was taken from this
suspension before dialysis was performed and added at once to 1 mL pure water to
rapidly freeze the morphology of the aggregates, which is a common method to prepare
spherical polymer vesicles. The assemblies were transferred into a dialysis bag
(molecular weight cutoff: 12,000-14,000 Da, flat width 25 mm) and dialyzed against pure
water and sodium chloride solution with the dialysis solution changed after one hour. The
dialysis process was performed during 24 h. The same procedure was applied to prepare
mPEG45–b-PS205/N3-PEG45-b-PS200 blended polymersomes.
Light scattering analysis
Mean decay rates (Γ) were obtained by inverse Laplace transformation of the intensity
autocorrelation functions, performed by CONTIN software (AfterALV 1.0e, Dullware).
Apparent diffusion coefficients (D) were obtained by linear regression of the mean decay
rates according to
𝛤 = 𝐷𝑞 2 .

(4.4)

Diffusion coefficients were converted to apparent hydrodynamic radii (Rh) using the
Stokes–Einstein equation,
𝑅ℎ =

(4.5)

𝑘𝐵 𝑇
6𝜋𝜂𝐷

where kB is Boltzmann’s constant, T = 293 K is the temperature and η = 1.0006 cP is the
viscosity of water.
Radii of gyration (Rg) were obtained by linear regression of the scattering intensities
using the Guinier approximation,
ln(𝐼) = ln(𝐼0 ) −

𝑅𝑔2 2
𝑞
3

(4.6)

where I0 is the scattering intensity at zero scattering-angle.
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Chapter 5
ATP-Mediated Transient Behavior of
Stomatocyte Nanomotors
Abstract
Despite the great efforts to incorporate life-like behavior into artificial materials,
temporal control of nanosystems (e.g. nanoreactors and nanomotors) by means of
supramolecular processes has so far remained a hardly explored area of research. In this
Chapter, we present the development of a transient stomatocyte nanosystem of which the
dynamic properties are mediated by molecular interactions. We coupled motility to a
dynamic process, which is maintained by transient events; namely, binding and
unbinding of the biomolecule adenosine triphosphate (ATP). The surface of the
stomatocyte nanosystem is decorated with polylysine (PLL), and regulation is achieved
by addition of ATP. The dynamic interaction between PLL and ATP leads to an increase
in the hydrophobicity of the PLL/ATP complex and subsequently to a collapse of the
polymer; this causes a narrowing of the opening of the stomatocytes and subsequent
motor deceleration. The presence of the enzyme apyrase, which hydrolyzes ATP, leads to
a decrease of the ATP concentration, decomplexation of PLL and reopening of the
stomatocyte. The competition between ATP input and consumption gives rise to a
transient state that is controlled by the out-of-equilibrium process.
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Chapter 5

5.1 Introduction
One of the most inherent and interesting features of living systems is their adaptability,
to show complex behavior, in response to a variety of signals. Among these behaviors,
autonomous motion has been an important source of inspiration for scientists who, over
the years, have created a variety of synthetic motor systems, imitating biological
motility.[1] For example, molecular motors[2], micro- and nanoscale sized Janus motors[3],
self-assembled polymeric motors[4], movable tubules and rods[5] have been developed.
Regardless of the excellent performance of these motor systems, there is a fundamental
difference in the way movement is regulated in synthetic and natural systems. Cellular
autonomous motion (e.g. vesicular transport and motility)[6], displays adaptive features as
a result of competing transient activation and deactivation processes, which are governed
by enzyme-mediated energy input and consumption, and molecular interactions. Such
dynamic processes are also referred to as out-of-equilibrium or dissipative; mimicking
these behaviors in synthetic systems has recently drawn much attention from the
scientific community.[7] Introducing transient behavior into synthetic molecular or
nanoscaled systems has been demonstrated for active materials with unique properties
such as dissipative fibers[8], transient peptide hydrogels, vesicles or microcapsules[9],
temporally programmed “breathing” microgels and polymersomes[10], and nonequilibrium molecular recognition and colloidal systems[11]. In synthetic motor systems
switchable behavior has been introduced, for example by making nanomotors
temperature responsive[3b]. Compared to the above-mentioned transient systems, these
nanomotors require a second stimulus to switch back to their initial states and operate as
such not in a transient fashion. Arguably, closest to transiently regulated motile systems
are the DNA-based molecular motors or walkers.[12]
In order to couple motility to an out-of-equilibrium process, motion should be
mediated by a specific response to a stimulus, of which the regulation is transiently
attenuated by the dynamic process itself over time. This regulation should be decoupled
from the actual propulsion mechanism of the motor. In this Chapter we describe such
transient behavior in a stomatocyte nanosystem which is mediated by the addition of the
biomolecule adenosine-5’-triphosphate (ATP). Our design relies on our previously
reported bowl-shaped polymer vesicle, or stomatocyte, which is composed of
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poly(ethylene glycol)-block-polystyrene (PEG-b-PS) block copolymers and loaded with
catalytically active species. The stomatocyte has one narrow opening connecting the
cavity with the external milieu and was previously already shown to act as a nanoreactor
or to display autonomous movement. We, therefore, utilize stomatocytes as nanoreactors
and nanomotors, and in both cases we couple catalytic activity to a molecularly regulated
dynamic process. Activation and deactivation of the function is a result of transient
unbinding and binding processes of ATP to the stomatocyte nanosystem.

5.2 Preparation of ATP-responsive stomatocytes
In order to modulate the output of such stomatocytes by ATP, the stomatocyte surface
was decorated with polylysine (PLL). Considering the fact that ATP contains a
hydrophobic adenine group and four negative charges, we hypothesized that the
formation of PLL/ATP complexes would introduce hydrophobic adenine groups along the
PLL backbone. In the presence of sufficiently high concentrations of ATP, the PLL
polymer should thereby undergo a structural change from a hydrophilic extended
molecule into a neutral hydrophobic collapsed state. This phenomenon has been
previously reported for other systems.[13] Thus, the opening of the stomatocyte would
then be blocked to prevent access of substrates (for the nanoreactor) or fuel (for the
nanomotor) in the stomatocyte, leading to a decreased activity or speed, respectively. To
introduce transient behavior in the system, binding of ATP to polylysine should be
counteracted. This can be achieved when potato apyrase is present in the system, which
hydrolyzes ATP into AMP, resulting in disassembly and recovery of the original
switched-on output. Moreover, by refeeding ATP to the system, the transient behavior of
the stomatocytes could be reinstalled, endowing it with non-equilibrium behavior
(Scheme 5.1).
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Scheme 5.1. (a) Schematic representation of the transient deactivation and activation of a stomatocyte
nanoreactor system mediated by ATP. (b) Chemical structure of mPEG45-b-PS210, N3-mPEG45-b-PS215,
PLL200, ATP, and AMP, respectively.

Previously, our group reported a general procedure for the formation of bowl-shaped
stomatocytes via osmotically triggered shape transformation of, for example, PEG-b-PS
and poly(ethylene glycol)-block-poly(D, L-lactide) (PEG-b-PDLLA) polymersomes.[14]
In this work, PEG45-b-PS210 stomatocytes which contained, besides the regular methoxy
end-functional PEG45-b-PS210, also 10% azide-modified PEG45-b-PS215 were employed.
The addition of 10% azide moieties did not hamper this shape change process via dialysis
into stomatocytes. The azide groups were used to decorate the stomatocyte surface with
dibenzocyclooctyne (DBCO)-functionalized poly(ε-L-lysine)200 (PLL)200 via copperfree click chemistry. These PLL moieties were introduced to participate in the dynamic
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non-covalent complexation with ATP, to alter the size of the opening of the stomatocytes.
The morphology of the assemblies was characterized by transmission electron
microscopy (TEM). Polymer stomatocytes with an almost closed opening (smaller than 5
nm) were observed (Figure 5.1a, b). These bowl-shaped structures with small nanopores
were further confirmed by cryo-TEM (Figure 5.1c), and scanning electron microscopy
(SEM) (Figure 5.1d).

Figure 5.1. (a) TEM, (b) magnified TEM, (c) cryo-TEM and (d) SEM images of PLL-modified
stomatocytes. The red arrows in the images indicate the opening of the stomatocytes. All scale bars
represent 200 nm.

Zeta potential (ζ) measurements were performed to indicate whether PLL was
successfully coupled to the surface of the stomatocytes. After surface modification, the ζ
value of the stomatocytes in a 2-(N-morpholino) ethanesulfonic acid (MES) buffer
solution (5 mM, pH 6.5) increased from -2.2 mV to 6.1 mV due to the protonated primary
amine groups at the stomatocyte surface. To confirm that ATP was able to complex with
PLL the change of the stomatocyte surface charge was studied over a wide range of
charge ratios (r), where r=(4ATP4-):(200PL200+). With an increase in r, the ζ value of the
samples witnessed a continuous decrease from an original value of 6.1 mv (no ATP) to
1.2 mV (r=1) (Figure 5.2a). It is well known that the enzyme potato apyrase can
effectively hydrolyze ATP into AMP and two phosphate Pi species.[15] Due to the
decreased charge of AMP compared to ATP this will lead to a much weaker interaction
with PLL, and recovery of the initial positive surface charge. As expected, the addition of
apyrase resulted in a gradual increase in the zeta potential of the ATP complexed
stomatocyte solution, which then remained constant over time (Figure 5.2b).
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Interestingly, we found that the zeta potential recovery rates of the system are highly
dependent on the concentration of apyrase. Control experiments demonstrated that the
addition of AMP only led to a 0.4 mV surface charge change, which means that the
interaction between AMP and PLL is indeed very weak.

Figure 5.2. (a) The zeta potential change of the PLL-stomatocytes in the presence of ATP at different
concentrations. (b) Zeta potential changes of the ATP-complexed PLL-stomatocytes as a function of time
upon the addition of apyrase. The PLL-stomatocytes were pretreated with ATP (62.5 μM, r=1).
Experimental conditions: 0.5 mg mL-1 PLL-stomatocytes; MES buffer (5 mM, pH 6.5).

5.3 ATP-mediated stomatocyte nanoreactors
To demonstrate that PLL/ATP complexation indeed led to hydrophobic collapse and
therefore to the closure of the narrow stomatocyte opening, we used this system to
construct ATP-mediated transient nanoreactors. For this purpose, horseradish peroxidase
(HRP) as a model enzyme was encapsulated in the cavity of the stomatocytes to generate
nanoreactors. The hybrid stomatocytes were purified by spin filtration, and size exclusion
chromatography (SEC) data confirmed the complete removal of unencapsulated enzymes
(Figure 5.3a). To determine enzyme loading efficiency, after purification organic solvent
was added to the stomatocyte solution to reshape the stomatocytes back into spherical
polymersomes, thereby releasing encapsulated enzymes (Figure 5.3b).[16] The released
enzymes were collected to analyze incorporation efficiency, which was calculated to be
9.5% based on the bicinchoninic acid (BCA) assay.
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Figure 5.3. (a) Normalized preparative SEC traces of HRP-loaded stomatocytes (red trace) and that of the
free HRP enzyme (black trace) in MES buffer (5 mM, pH 6.5). In each case, the injection volume was 1
mL, and the absorbance of the enzyme was 280 nm. (b) TEM image of the polymersomes reshaped by
addition of organic solvent to the stomatocyte solution. Scale bar represents 1 μm.

Enzyme incorporation was further indicated by the black aggregates at the bottom of
stomatocytes as observed by TEM, and also by a combination of asymmetric flow field
flow fractionation (AF4) and static light scattering (LS) analysis, which showed a
significant decrease in radius of gyration (Rg) after enzyme encapsulation (Figure 5.4b,
c,). HRP was used to catalyze the oxidation of 3,3’-dimethoxybenzidine (DMB), and the
product was monitored via the gradual increase in absorbance at 492 nm (Figure 5.5).
Different ATP levels gave rise to different biocatalytic activity, and the more ATP was
added, the slower the enzymatic reaction, as shown in Figure 5.6a. In the absence of
ATP, the nanoreactors showed the highest activity. This controllable catalytic behavior is
attributed to the ATP-induced collapse of the PLL chains on the surface of the
stomatocytes, which hinders diffusion of the substrate into the cavity. The degree of
collapse of the PLL chains is regulated by the concentration of ATP, thereby leading to
modulated, and even switched-off enzymatic activity at the highest ATP concentration.
Next, we sought to re-open the closed “mouth” of the stomatocytes by apyrase. As shown
in Figure 5.6b, in the absence of apyrase, the ATP-gated stomatocyte nanoreactors
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demonstrated hardly any activity and were in the “OFF” state. However, in presence of
apyrase, a noticeable increase in the enzymatic reaction was observed, which is caused by
the reopening of the stomatocytes, allowing substrate diffusion into the cavity. Moreover,
higher concentrations of apyrase led to faster catalysis, which means switching “ON” the
nanoreactors is dependent on the amount of apyrase.

Figure 5.4. (a) Scheme of the ATP-mediated responsive nanoreactors. HRP was encapsulated inside the
cavity of the stomatocyte. (b) TEM image of HRP loaded PL-stomatocytes. Scale bar represents 200 nm. (c)
Asymmetric flow field-flow fractionation (AF4) fractograms and radius of gyration (Rg) of empty PLLstomatocytes and HRP loaded PLL-stomatocytes.
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Figure 5.5. Activity assay of (a) free HRP and (b) HRP loaded stomatocyte nanoreactors with DMB as
substrate at pH 6.5 (HRP: 5 U mL-1; DMB: 400 µM; H2O2: 100 mM).

Figure 5.6. (a) UV absorbance at 492 nm of the oxidation of DMB as a function of time upon the addition
of different concentrations of ATP. (b) Addition of apyrase switches nanoreactors back to the ‘ON” state.
Experimental conditions in a and b: 0.5 mg mL-1 PLL-stomatocytes; MES buffer (5 mM, pH 6.5); [HRP]=5
U mL-1 and [DMB]=400 µM.
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4.4 ATP-mediated adaptive nanomotors
After establishing the strong dependence of the activity of the nanoreactors on ATP and
the responsiveness of the system toward apyrase, we then adapted this responsive
behavior to autonomous movement (Figure 5.7a). PLL-modified nanomotor systems
were constructed by encapsulation of platinum nanoparticles (PtNPs) inside the
stomatocyte; these particles are known to decompose hydrogen peroxide (H2O2) into
oxygen, driving the nanomotor. TEM characterization confirmed the incorporation of
PtNPs in the cavity of the stomatocytes (Figure 5.7b). Static lights cattering analysis
showed that after encapsulation of PtNPs, the Rg value of the stomatocytes decreased
from 151.5±9.8 nm to 136.8 ±13.4 nm, which is another sign that PtNPs were
successfully loaded into the cavity of the stomatocytes(Figure 5.7c).

Figure 5.7. (a) Schematic representation of ATP-regulated PtNP loaded stomatocyte nanomotors. (b)
TEM image of PtNP loaded PLL-stomatocytes. Scale bar represents 100 nm. (c) Asymmetric flow
field−flow fractionation (AF4) fractograms and radius of gyration (Rg) of empty PLL-stomatocytes and
PtNP loaded PLL-stomatocytes.
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To study in detail the transient behavior of the nanoparticles, nanoparticle-tracking
analysis (NTA) was used to follow, in real time, the motion of the stomatocytes and
calculate their average mean square displacement (MSD). Such a technique was
previously implemented to analyze the speed of stomatocyte nanomotors.[4a,

16-17]

The

NTA technique allows bi-dimensional extraction of coordinates (x, y) by measuring the
trajectories of single particles. Per each experiment, 20 stomatocyte nanoparticles were
tracked for 30 s. In order to analyze the motion of our platinum-encapsulated
stomatocytes it was recorded at different concentrations of H2O2. According to
Golestanian’s self-diffusiophoretic model,[18] we could calculate the average velocity or
speed of the motors based on MSD curves. According to this model, the motion of
particles in medium with low Reynolds number is a net result of the contribution of
rotational and translational velocity. This diffusiophoretic model suggests that a linear
component of the mean squared displacement (MSD) curves according to equation ∆r2 =
(4D)∆t can be extracted if the observed particles are in Brownian motion. Indeed, this
was the case when there was no H2O2 added to the system (Figure 5.8a). Another control
experiment whereby H2O2 was added to empty stomatocytes confirmed that hydrogen
peroxide did not affect neither the Brownian motion nor the extracted trajectories, and a
linear MSD fitting was extracted (Figure 5.8b).
Addition of H2O2 (at different concentrations) to platinum-loaded stomatocytes
resulted in a (propulsive) directional motion. The rotational velocity coefficient along the
symmetry axis of our stomatocytes (which has an average radius of 250 nm) is described
by the equation 𝐷𝑟 = 𝜏𝑟−1 = 𝑇𝐾𝐵 ⁄(8𝜋𝜂𝑅 3 ), where r is the reorientation time. At 25 oC
(the average temperature of the experiments) the reorientation time of the stomatocytes is
0.095 s, which is relatively rapid. Such a rapid r would cause such stomatocytes to
undergo a random walk for long ∆t and translational velocity can be observed for short ∆t.
According to the self-diffusiophoretic model, the equation ∆r2 = (4D)∆t +(v2)(∆t2) was
used to extract the MSD of moving particles and when ∆t is smaller than r, the MSD
would display a non-linear fitting. In presence of high H2O2 concentrations (50 mM and
100 mM), moving stomatocytes exhibited indeed a nonlinear fitting, at relatively large ∆t
(0.51 s). By correlating fuel concentration to the MSD curve fitting (and its slope) it was
observed the lower the fuel concentration the slower the nanomotors move, leading to a
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transition from an MSD parabolic fit to a linear fit, suggesting a change of the propulsion
mechanism from propulsive to diffusive. At high fuel concentrations, bubble propulsion
is expected to contribute to motion, which is expected to diminish any effect of rapid r.
Therefore, we used the MSD curves (and velocities which were extracted from the fitting
of the average MSDs) as a qualitative indication on how active our motors are as a result
of their transient binding or unbinding to ATP.

Figure 5.8. MSD of (a) Pt loaded stomatocytes in the absence of H2O2, and (b) empty stomatocytes in the
presence of 50 mM H2O2.

Table 5.1 DLS results of empty stomatocytes, HRP loaded stomatocytes, HRP loaded PLL-stomatocytes,
PtNPs, PtNPs loaded stomatocytes, and PtNPs loaded PLL-stomatocytes, respectively.
Sample

Size (nm)

PDI

Stomatocytes

375

0.096±0.02

HRP loaded stomatocytes

380

0.102±0.02

HRP loaded PLL-stomatocytes

378

0.105±0.03

PtNPs

45

0.103±0.02

PtNPs loaded stomatocytes

395

0.098±0.03

PtNPs loaded PLL-stomatocytes

393

0.116±0.02

As a control, upon applying H2O2, PLL-modified motors in absence of ATP
demonstrated directional autonomous movement, even though they displayed slightly
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lower velocity compared to the unmodified ones, which implies that the attachment of
PLL on the surface of the stomatocyte has a limited effect on the movement of the motors
(Figure 5.9a).

Figure 5.9. (a) MSD and velocity of Pt loaded stomatocytes (solid line) and PLL-stomatocytes (dotted line)
in the presence of H2O2 at different concentrations. (b) MSD and velocity of PtNP loaded PLLstomatocytes in the presence of ATP at different concentrations.

Next, we performed measurements of motion with NTA in the presence of ATP. As
shown in Figure 5.9b, the MSD of the stomatocyte nanomotors experienced a significant
decrease upon the addition of ATP, and the more ATP was applied, the more the MSD
decreased. Upon increasing ATP levels, the velocity of the motors decreased steadily
from 35 μm/s (no ATP) to 7 μm/s (r=1), respectively, which agrees remarkably well with
what we observed for the ATP-modulated nanoreactors. Furthermore, PLL-motors in
absence of ATP showed consistently a five times higher rate of motion than for the
motors exposed to the highest ATP concentration. When 62.5 μM ATP (r=1) was added,
the movement was reduced to levels close to Brownian motion, indicating a near
complete closure of the opening. The formation of PLL/ATP complexes leads to
collapsed hydrophobic domains around the surface of the stomatocytes which thus
hinders the penetration of fuel into the nanocavity, reducing the speed of the motors. To
demonstrate the importance

of the size ofthis hydrophobic domain formation we

employed a shorter polylysine (PLL100). When this polymer was used to decorate the
surface of the stomatocytes, the velocity profiles did not noticeably change after injection
of ATP, even though the PLL chains were completely complexed with ATP (r=1)
highlighting that the PLL length drastically affects the modulation (Figure 5.10). In
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addition, the measurement of the x and y trajectories of the particles at different ATP
concentrations suggested that the motors could undergo a transition from directional
movement to Brownian motion, as evidenced by the observed linearity of the MSD
curves (Figure 5.11).

Figure 5.10. Velocity of PtNP loaded PLL200-stomatocytes and PLL100-stomatocytes (control) in the
presence of ATP at different concentrations. Error bars show the s.d. of the velocity of 20 particles.

Figure 5.11. The trajectories of Pt loaded PLL-stomatocyte nanomotors in the presence of different ATP
levels.
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5.5 Coupling dynamicity to motion
Finally, we investigated the ability of such nanomotors to transiently respond, with
their output being regulated by an external dynamic process (Scheme 5.2). To fulfill this
goal, potato apyrase was introduced into the system to compete with PLL for the ATP that
was added to the nanomotors, by decomposing ATP to AMP, of which the latter is unable
to regulate the movement of the nanomotors (Figure 5.12a). To trigger the adaptive
movement, 62.5 μM ATP (r=1) was added to the nanomotor system in presence of
apyrase and the nanomotor movement was observed in real-time. NTA showed that after
the addition of ATP, two distinct regimes could be observed. In the first regime, the
motors spontaneously diminished their motion from the original 35 μm s-1 to a minimum
value of 7 μm s-1 (Figure 5.13a). The switched “OFF” state of the motors was however
not stable and the motors slowly auto-accelerated back to their initial state (second
regime). The recovery process took much longer than the deceleration process, which
was completed within 30 seconds. These results indicate that there is a reversible
molecular complexing process inside this system. ATP induced the formation of ATP/PLL
complexes to block the “mouth” of the stomatocytes, turning the motors into an “OFF”
state; subsequently, the system was taken over by enzyme-mediated ATP depletion in
turn, which turned the motors into an “ON” state owing to the increase of the
hydrophilicity of the polymers, and the subsequent increased access of substrate to the
nanocavity of the stomatocytes.

Scheme 5.2. Schematic illustration of the ATP-mediated adaptive stomatocyte nanomotors.
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Figure 5.12. (a) Velocity of the PLL-stomatocyte nanomotors in the presence of AMP at different
concentrations. (b) Velocity of the PtNPs loaded PLL-stomatocytes as a function of time in the absence of
ATP. Error bars are based on the measurement of 20 nanomotors.

To demonstrate control over this coupling of transient motor function, we studied the
dynamic regulation of the motors under different apyrase levels. Notably, in all situations,
the motors attained Brownian motion upon addition of ATP，followed by a spontaneous
increase in velocity until it leveled off to almost the starting value (Figure 5.13a). At the
highest concentration of apyrase (0.15 U mL−1), the velocity returned to the initial value
after just 10 min. When a lower enzyme concentration (0.1 U mL−1) was applied, the
system reached its approximately original state of motion after a longer time (around 15
min), which shows that increasing the enzyme concentration leads to a faster recovery
and a shorter lifetime of the temporal “OFF” state. At the lowest apyrase level (0.05 U
mL−1), the motors also rapidly switched off movement, followed by a gradual speed
increase but the final velocity (22 μm s-1) of the motors was significantly lower than the
initial value, which was caused by the lower ATP hydrolytic rate. These observations
demonstrate that the biocatalytic pathway which dissipates energy plays a crucial role in
controlling the transient states of the motors.
Next, we investigated the fatigue behavior of our system to see whether this adaptive
process can be re-activated by consecutive ATP addition. When the system returned back
to its initial state, fresh ATP (62.5 μM) was re-added into the motor solutions, leading to a
new cycle. To tune the periodicity of this transient behavior, we varied the level of
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apyrase and kept the ATP concentration constant. As expected, a significant enhancement
of movement was observed when the enzyme level was increased from 0.1 to 0.15 U
mL−1 (Figure 5.13b). In a control experiment, where motion was recorded in the absence
of ATP, the velocity of the motors was maintained sufficiently long (40 min), which
confirms that the amount of H2O2 is not limiting in the study (Figure 5.12b). These
results indicate that our nanomotor system could be used to power cellular machines and
act as transmitter module in ATP-dependent physiological feedback systems.[19] However,
similar to most existing out-of-equilibrium systems, the efficiency of the adaptive
movement decreased after 40 min, which could be attributed to an accumulation of waste,
probably of AMP and Pi in the solution. To improve the cycling performance,
experiments in flow could be employed to remove the accumulated waste products.

Figure 5.13. (a) Velocity of the nanomotors as a function of time on the addition of ATP (62.5 μM) to a
PtNP loaded PLL-stomatocyte solution in the presence of different concentrations of apyrase. (b) Three
cycles of an adaptive nanomotor system upon the repeated addition of ATP (62.5 μM) showing the out-ofequilibrium movement of the system. The arrows in a and b indicate the addition of ATP. Experimental
conditions: 0.5 mg mL-1 PtNP loaded PLL-stomatocytes; MES buffer (5 mM, pH 6.5) and [H2O2]=100
mM. Before the addition of ATP, the velocity of the motors was premeasured.
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5.6 Conclusion
In summary, we have successfully shown the development of a transient stomatocyte
nanosystem, in which its activity can be regulated by a molecule-mediated dynamic
process, which captures the physicochemical complexity of biology in a synthetic system.
The competition between ATP and PLL complexation on the surface of the stomatocytes
with the decomposition of ATP by apyrase enables the precise regulation of the
activity/movement in a catalytically and time programmed fashion. The ATP/PLL
complexes have a considerable effect on the diffusion of substrate into the cavity of the
stomatocyte via the collapsed hydrophobic domains, leading to the diminished activity of
the nanoreactors and speed of the nanomotors. Consumption of ATP switches the system
back to the initial condition. Moreover, the temporal control over movement relies on the
amount of ATP input and the rate of ATP consumption, endowing the system with “lifelike” properties. This design is distinct from traditional responsive motors that operate at
a thermodynamic ground state. This work presents a step toward the design of man-made
adaptive nanosystems, to mimic and understand the dynamic behavior found in nature.
We expect that the concept in this work could promote a novel class of artificial adaptive
nanosystems, guided by biological design principles.
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5.7 Experimental sections
Materials
Poly(ethylene glycol) methyl ether and poly(ethylene glycol) (Mn 2 kg/mol， Sigma,
99%), α-bromoisobutyryl bromide (Sigma, 99%), triethylamine (Sigma, 98%), styrene
(Sigma-Aldrich,

98%)

N,N,N’,N”,N”-pentamethyl-diethylenetriamine

(PMDETA)

(Sigma, 99%), dibenzocyclooctyne-amine (Sigma), Nε-carbobenzyloxy-L-lysine Ncarboxy anhydride (LysZ NCAs, Sigma) K2PtCl4 (Alfa Aesar, 98%), ascorbic acid (TCI),
poly(vinyl pyrrolidone) (PVP, MW= 10,000, Sigma), 3,3’-dimethoxybenzidine (DMB,
Sigma, 98%), horseradish peroxidase (HRP, Sigma) were used as received. Copper (I)
bromide (CuBr, Sigma, 99.99%) was purified by stirring in acetic acid, followed by
washing with acetone three times. N3-PEG2K-OH was synthesized according to a
literature procedure.[20]
Instruments
Nuclear Magnetic Resonance Spectroscopy (NMR). 1H NMR spectra were recorded on
a Bruker (400MHz) spectrometer with CDCl3, DMSO and D2O as the solvents and TMS
as an internal standard.
Gel permeation chromatography (GPC). The molecular weights and dispersities of the
polymers were characterized by GPC. GPC measurements were conducted using a
Shimadzu Prominence-i SEC system with a PL gel 5 µm mixed D and mixed C column
(Polymer Laboratories) with PS standard and equipped with a Shimadzu RID-20A
differential refractive index detector. THF was used as an eluent with a flow rate of 1 mL
min-1.
Dynamic Light Scattering (DLS) and Zeta Potential (ζ). A Malvern Z90 Zetasizer
equipped with a 633 nm He-Ne laser and an avalanche photodiode detector was used to
characterize the hydrodynamic size and surface zeta potential of the particles. The
scattering light at a 90°angle was detected and used to analyze the size and distribution.
Transmission Electron Microscopy (TEM). TEM images were recorded by a FEI
Tecnai 20 (type Sphera) at 200 kV. 10 µL of a sample was dropped onto a carbon-coated
copper grid. After removing the excess solution by blotting paper, the samples were dried
at ambient conditions.
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Cryogenic transmission electron microscopy (cryo-TEM). Experiments were
performed using a FEI Tecnai G2 Sphera (200 kV electron source) equipped with LaB6
filament utilizing a cryoholder or a FEI Titan (300 kV electron source) equipped with
autoloader station. Samples for cryo-TEM were prepared by treating the grids (Lacey
carbon coated, R2/2, Cu, 200 mesh, EM sciences) in a Cressington 208 carbon coater for
40 seconds. Then, 3 µl of the polymersome solution was pipetted on the grid and blotted
in a Vitrobot MARK III at 100% humidity. The grid was blotted for 3 seconds (offset -3)
and directly plunged and frozen in liquid ethane.
Scanning electron microscopy (SEM). SEM images were obtained on a JEOL 6330
Scanning Electron Microscope. To prepare SEM samples, 10 μL of the sample was
dropped onto a small piece of silicon wafer, and the samples were dried at room
temperature.
Nanosight. To track the movement of the particles, a Nanosight LM10HS instrument
(Malvern Instruments) equipped with an Electron Multiplication Charge Coupled Device
(EMCCD) camera was used. 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 (405 nm). The
concentration of the particles was between 107 and 109 particles mL-1. Samples were
injected into the nanosight chamber which has a 0.5 mL volume. The mean square
displacement (MSD) of the particles was extracted from NTA 2.2 software.
Ultraviolet–visible Spectroscopy (UV/Vis). The UV absorbance spectra were recorded
on a Jasco V-650 UV/Vis spectrometer at 293 K.
Asymmetric Flow Field-Flow Fractionation. The asymmetric flow field-flow
fractionation-UV-Quels (AF4-UV-Quels) experiments were performed on a Wyatt
Dualtec AF4 instrument connected to a Shimadzu LC-2030 Prominence-i system with a
Shimadzu LC-2030 autosampler. The AF4 was connected to 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 (BSA). The
processing and analysis of the LS data and radius of gyration (Rg) calculations were
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performed on Astra 7 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 a spacer of
350 µm.

Table 5.1. General method for the AF4 fractionation of the stomatocytes. The flow conditions applied were
as follows: 0.7 mL min-1 detector flow, 1.50 mL min-1 focus flow and 0.20 mL min-1 injection flow.

Start time (min)

End time(min)

Mode

Cross flow start
-1

Cross flow end

(mL min )

(mL min-1)

0

2

Elution

1.00

1.00

2

3

Focus

-

-

3

6

Focus + inject

-

-

6

8

Elution

1.00

1.00

8

9

Elution

1.00

0.50

9

21

Elution

0.50

0.50

21

23

Elution

0.50

0.00

23

35

Elution

0.00

0.00

35

36

Elution

0.00

0.00

36

37

Elution +

0.00

0.00

0.00

0.00

inject
37

40

Elution
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Synthesis
Synthesis of mPEG45-Br and N3-PEG45-Br
ATRP macro-initiator mPEG45-Br and N3-PEG45-Br were prepared according to the
method described in Chapter 3.[10b] mPEG45 (5.00 g, 2.5 mmol) or N3-PEG45 (5.00 g, 2.5
mmol) and triethylamine (TEA, 1.04 g, 7.50 mmol) were dissolved in 50 mL of THF at 0
o

C, α-bromoisobutyryl bromide (616 μL, 5.00 mmol) in 10 mL of THF was slowly added

dropwise for about 1 h. After addition, the mixture reacted for 36 h at room temperature.
After evaporating off the THF, 15 mL toluene was added and the water-soluble
triethylamine hydrochloride was removed. The filtrate was concentrated and then
precipitated twice into 50 mL of ice cold diethyl ether. Finally, the product was collected
and dried in a vacuum oven at 50 oC for 24 h, yielding 4.7 g mPEG45-Br (yield: 94%) or
4.3 g N3-PEG45-Br (yield: 86%).
1

H NMR (CDCl3, 400 MHz) of mPEG45-Br: δH (ppm) =4.31 (s, -CH2OOC-), 3.64 (s, -

CH2CH2O-), 3.20 (s, -OCH3), 1.95 (s, -OOCC(CH3)2Br).
GPC (THF, polystyrene calibration) of mPEG45-Br: Mn=2.7 kDa, Mw/Mn=1.04.
1

H NMR (CDCl3, 400 MHz) of N3-PEG45-Br: δH (ppm) =4.31 (s, -CH2OOC-), 3.64 (s,

-CH2CH2O-), 3.39 (t, -CH2-N3), 1.95 (s, -OOCC(CH3)2Br).
GPC (THF, polystyrene calibration) of N3-PEG45-Br: Mn=2.7 kDa, Mw/Mn=1.04.

Synthesis of mPEG45-b-PS210 and N3-PEG45-b-PS215
mPEG45-b-PS210 and N3-PEG45-b-PS215 were prepared according to Chapter 4.
mPEG45-Br or N3-PEG45-Br (100 mg, 0.05 mmol), styrene (2.6 g, 25 mmol) and CuBr (7
mg, 0.05 mmol) were added into a 5 mL round bottom flask, followed by degassing with
nitrogen for 30 min. Subsequently, PMDETA (10 μL, 0.05 mmol) dissolved in 0.5 mL
toluene was added to the flask, after which the mixture was purged with nitrogen for
another 30 min. Then the flask was placed into a 90 °C oil bath. After the desired
monomer conversion was reached, the solution was immersed in a liquid nitrogen bath in
order to stop the radical polymerization. Then the solution was diluted in 50 mL of THF
and passed through a neutral alumina column twice to remove the copper catalyst. Then
the filtrate was concentrated and precipitated into 50 mL methanol twice. The white
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precipitate was collected and dried in a vacuum oven at room temperature for 24 h,
yielding 0.84 g mPEG45-b-PS (yield: 41%) and 0.77 g N3-PEG45-b-PS (yield: 40%).
1

H NMR (CDCl3, 400 MHz): δH (ppm) = 6.39-7.21 (br, -C6H5), 3.61 (s, -CH2CH2O-),

3.39 (s, -OCH3), 1.2-2.00 (br, -(CH2-CH)n-). With 1H NMR, the PS polymerization
degrees (DPs) of mPEG45-b-PS and N3-PEG45-b-PS were determined, which are 210 and
215, respectively.
GPC (THF, polystyrene calibration) of mPEG45-b-PS: Mn =30.4 kDa, Mw/Mn=1.11.
GPC (THF, polystyrene calibration) of N3-PEG45-b-PS: Mn =26.3 kDa, Mw/Mn=1.17.
Synthesis of DBCO- poly-L-lysine (DBCO-PLL)
The reaction scheme to DBCO-PLL was as follows (Scheme 5.3):
The synthesis was modified from previous literature reports.[21] LysZ NCA (3 g, 10
mmol) and DBCO-NH2 (13.8 mg, 0.05 mmol) were dissolved in 20 mL anhydrous N,Ndimethylformamide (DMF). Then the mixture was allowed to react at room temperature
for 24 h under nitrogen. After most of the solvent was removed by evaporation, the
mixture was precipitated in excess cold diethyl ether. The precipitates were purified by
repeated filtration and then dried in a vacuum oven at room temperature for 24 h. Yield:
1.41 g (47%).
1

H NMR (400 MHz, DMSO-d6, ppm): 8.02 (w, -NH), 7.4-7.17 (s, C6H5 in Z), 5.0 (s,

CH2 in Z group), 2.8 and 1.80-1.15 (m,-CH2 in pLys). The 1H NMR result before
purification confirmed that all the monomers were converted into polymer, suggesting
that the DP of PLZ is 200.
DBCO-PLZ200 (600 mg, 0.01 mmol) dissolved in 10 mL DMF with 10%
trifluoroacetic acid was added to a 33% solution of HBr in acetic acid (1.55 g, 19 mmol,
10 eq. with respect to the Z groups). The reaction was performed for 1 h at room
temperature, and then precipitated in excess cold diethyl ether. The solid was washed
several times with diethyl ether and dried under vacuum. The obtained dry solid was
dissolved in distilled water, transferred into a dialysis bag (molecular weight cutoff:
12,000-14,000 Da, flat width 25 mm) and dialyzed against water. Finally the product was
obtained by freeze-drying. Yield: 121 mg (40%).
FT-IR (cm-1):v=3331 (w; NH), 1660 (s; C=O in amide group),1545 (s; NH in amide
group). 1H NMR (400 MHz, D2O, ppm): 8.2-7.9 (w, α-NH), 4.25 (w, α-CH), 2.8 (m, ε109
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CH2) 1.64-1.21 (s, β-CH2, γ-CH2 and δ-CH2 in pLys). The resonances of the phenyl
protons (-C6H5, 7.4-7.17 ppm) and methylene protons (-CH2, 5.0 ppm) of the Z groups in
PLZ disappeared, confirming the successful deprotection of the amines of the lysine side
chains. Control polymer DBCO-PLL100 was synthesized according to the procedure
similar to that of DBCO-PLL200. Unless stated otherwise, PLL-stomatocytes indicate
PLL200 modified stomatocytes.

Scheme 5.3. Synthetic route toward DBCO-PLL.

Stomatocyte assembly
Preparation of stomatocytes with encapsulated HRP
mPEG45–b-PS210 (9 mg) and N3-PEG45-b-PS215 (1 mg) were dissolved in a 1 mL
mixture of THF/dioxane (80:20 v/v), followed by addition of 0.6 mL Milli-Q water via a
syringe pump at a rate of 1 mL h−1. Then 0.4 mL Milli-Q water containing 1 mg HRP was
added at the same rate. Next, the resulting cloudy polymersome/HRP mixture was
transferred into a dialysis bag (molecular weight cutoff: 12,000-14,000 Da, flat width 25
mm) and dialyzed against 50 mM sodium chloride with the dialysis solution changed
after one hour to generate almost “closed” stomatocytes. After 24 h, the stomatocyte and
enzyme mixture was centrifuged for 5 min at 5000 rpm via spin filtration over 0.22 µm
membranes. The filtrate was withdrawn and fresh medium was added. This centrifugation
process was repeated until no obvious absorption at 403 nm (HRP’s characteristic Soret
band) was observed from the filtrate, which indicates that free enzymes were completely
removed from the stomatocyte solution.
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Preparation of PtNP loaded stomatocytes
mPEG45–b-PS210 (9 mg) and N3-PEG45-b-PS215 (1 mg) were dissolved in a 1 mL
mixture of THF/dioxane (80:20 v/v), followed by addition of 1 mL Milli-Q water via a
syringe pump at a rate of 1 mL h−1. Then the resulting cloudy polymersome solution was
transferred into a dialysis bag (molecular weight cutoff: 12,000-14,000 Da, flat width 25
mm) and dialyzed against 50 mM sodium chloride with the dialysis solution changed
after one hour to generate almost “closed” stomatocytes. After 24 h, the stomatocyte
solution was concentrated to 1 mL with a final polymer concentration of 10 mg mL-1.
Then PtNPs were in situ formed inside the stomatocytes. More specifically, 8.8 mg
ascorbic acid was completely dissolved in 0.5 mL Milli-Q water, after which 0.5 mL of a
20 mM aqueous solution of K2PtCl4 and 5 mg PVP was added. Then, 0.5 mL of the
above mentioned stomatocyte solution was added. The mixture was allowed to stir for 30
min, followed by sonication at room temperature for one hour. Free PtNPs were removed
via spin filtration over 0.22 µm membranes. The PtNPs loading efficiency is around 35 %
(35% of the cavities contain nanoparticles) according to TEM images of 100
stomatocytes.
Preparation of PLL-modified HRP or PtNPs loaded stomatocytes
To decorate the surface of the stomatocytes with PLL, 1.5 mg DBCO-PLL100 or 3 mg
DBCO-PLL200 was added to the above prepared HRP or PtNP loaded stomatocytes. Then
the mixture was stirred for 24h at room temperature. Subsequently, free polymers were
removed via spin filtration over 0.22 µm membranes. The purified stomatocyte solution
was lyophilized, and the weight change of the sample was utilized to calculate the
coupling efficiency, which is around 94 %.
Morphology characterization of the stomatocytes
The morphology of the prepared stomatocytes was investigated by TEM and CryoTEM. The introduction of PLL on the surface of the stomatocytes did not have any
influence on the final structure of the stomatocytes, and the particles were stable for at
least six months at room temperature (Figure 5.14).
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Figure 5.14. TEM images of (a) stomatocytes and (b) PLL-modified stomatocytes after six months storage
at room temperature. All scale bars are 200 nm.

Enzyme encapsulation efficiency
The complete removal of HRP was confirmed by size exclusion chromatography
(SEC). Encapsulated HRP was released from the stomatocytes by reshaping the bowlshaped structures back into polymersomes by addition of 200 μL of THF/dioxane (4:1,
v/v) directly to the nanoreactors. The released enzymes were collected for analysis of the
incorporation efficiency, which was calculated as 9.5% by bicinchoninic acid (BCA)
assay. A BCA Protein Assay Kit was purchased from ThermoFisher. The enzyme
concentration was determined using a standard BCA protein assay protocol. Briefly, a
standard curve of the enzyme was first established using the native enzyme with a series
of enzyme concentrations (10 mg mL-1, 8 mg mL-1, 6 mg mL-1, 4 mg mL-1, 2 mg mL-1
and 1 mg mL-1). 25 μL of each standard or unknown sample was pipetted into a
microplate well, then 200 μL of the BCA working reagent (50:1, Reagent A:B) was
added to each well and the solution was mixed thoroughly on a plate shaker for 30
seconds. After incubation at 37°C for 30 min, the absorbance at 562 nm was recorded in
the plate reader. The enzyme concentration was calculated referring to the standard curve.
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Confirmation of successful encapsulation of enzymes and PtNPs inside the
stomatocytes
To confirm that the enzymes were successfully encapsulated inside the stomatocytes,
the AF4 technique was applied. Aliquots of free HRP, empty stomatocytes and HRPencapsulated stomatocytes were injected in the AFFF separation channel. Enzymes were
first eluted while the stomatocytes or HRP loaded stomatocytes were eluted much later
owing to their smaller diffusion coefficient. The same analysis method was used to
characterize the encapsulation of PtNPs inside the stomatocytes.
Determination of HRP activities
The activity of HRP-loaded stomatocytes was determined by means of activity assays
for HRP using DMB as a substrate. The formation of the oxidized products was
monitored by UV−vis spectroscopy. The activity assay was performed at room
temperature in 1 cm silica glass cuvettes by mixing 0.8 mL MES buffer solution (5 mM,
pH 6.5) of the HRP-encapsulated stomatocytes (0.1 mg mL-1) and DMB. The enzymatic
reaction was started by the addition of 10 µL H2O2 solution. The final concentrations for
HRP, DMB and H2O2 were 5 U mL-1, 400 µM and 100 mM, respectively. Absorbance at
492 nm was recorded every 60 s. As a control experiment, a free HRP activity assay with
DMB as substrate was carried out at the same experimental conditions. The relative
activity of the nanoreactors was calculated by comparing the different slopes of the
absorption increase in the original linear phase condition.
ATP-mediated nanoreactors
10 µL ATP was added in 0.75 mL MES buffer solution (5 mM, pH 6.5) containing the
HRP-encapsulated PLL-stomatocytes (0.5 mg mL-1). Then 10 µL H2O2 and 10 µL DMB
were added. Absorbance at 492 nm was recorded every 60 s. ATP at different
concentrations (25 µM, 50 µM and 62.5 µM) was added to study the ATP-controlled
biocatalytic reaction. To reopen the nanoreactors, 62.5 µM ATP with the charge ratio r=1,
where r=(4ATP4-):( 200PLL200+) was first added, after which 5 µL apyrase was introduced
to hydrolyze ATP. The influence of different apyrase concentrations (0.05 U mL-1, 0.1 U
mL-1 and 0.15 U mL-1) on the reactivation of the nanoreactors was studied. To study the
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effect of apyrase on the enzymatic reaction of the nanoreactors, ATP was introduced
before adding apyrase.
Movement analysis
In a typical procedure, PtNP encapsulated stomatocytes were diluted to the appropriate
concentration of 1-9 × 108-109 particles per milliliter, then 10 μL H2O2 (35% vol/vol) was
added to 1 mL PtNP encapsulated PLL-stomatocytes. The mixture was immediately
injected into the sample cell of the Nanosight. A typical video of 30 seconds was
recorded. By averaging over 20 nanoparticles within the major size distribution from
Nanosight, we obtained the MSD, which was plotted versus the time intervals. (Please
note that particles that show drift (due to gas production for example) have been excluded
from the MSD calculation. This is an automated process, in which the NTA software
cannot track such particles for sufficient time periods and therefore, it clearly indicates
that such trajectories are FALSE, and therefore cannot be used. Only TRUE trajectories
were used for the MSD analysis.
ATP-mediated movement analysis
To 10 mL PtNP encapsulated PLL-stomatocytes with a concentration of 1-9 × 108-109
particles per milliliter was added 10 μL ATP to close the opening of the stomatocytes.
Then 100 μL H2O2 (35% vol/vol) was added to the ATP-containing nanomotor solution,
and 10 mL of the sample was immediately taken out to do an NTA measurement. At
every time point, particles were tracked for 60 s. The MSD and velocity of the motors
were calculated from 20 nanoparticles. To study the influence of ATP on the movement
of the motors, ATP was added at six different final concentrations 0 µM, 12.5 µM, 25
µM, 37.5 µM, 50 µM and 62.5 µM. In a control experiment, AMP (125 μM) was applied
instead of ATP (62.5 µM). DLS results show that the increase in ATP concentration
causes an increase in the apparent hydro-dynamic size of the motors, highlighting the
effective binding of stomatocytes to ATP and thus, reducing the speed of these
nanomotors. The instantaneous velocity of the motors is shown in Figure 5.15a. The
higher velocity in the absence of ATP indicates the faster movement of motor and the
highest speed is two-folded higher than motor with ATP and motor without Pt. Moreover,
DLS results show that the increase in ATP concentration causes an increase in the
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apparent hy-drodynamic size of the motors (Figure 5.15b), highlighting the effective
binding of stomatocytesto ATP and thus, reducing the speed of these nanomotors.

Figure 5.15. (a) Instantaneous velocity of the nanomotors in the presence of 62.5 and 0 µM ATP with 50
mM H2O2 as fuel. Empty PLL-stomatocyte was used as a control. (b) DLS correlation data showing the
apparent increase in hydrodynamic size of the PLL-stomatocyte nanomotors with the increase of ATP
concentrations in the presence of 100 mM H2O2.
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Chapter 6
ATP-Activated Temporal Control of
Stomatocyte Nanoreactors
Abstract
This chapter describes an ATP activated transient stomatocyte nanoreactor system, in
which the activity is mediated by the interplay between ATP and gold nanoparticles
which are surface modified with Zn(II) complexes (AuNP·ZnII). The surface of the
stomatocytes was decorated with negatively charged molecules, poly(glutamic acid)
(PGlu) which have a reversible binding with AuNP·ZnII. Addition of AuNP·ZnII to the
system gave therefore rise to a blocked “opening” of the stomatocyte due to the binding
between the particles and the PGlu. Since ATP has a higher binding affinity to
AuNP·ZnII than PGlu, addition of ATP led to the release of the AuNP·ZnII from the
stomatocyte surface, thereby opening up the cavity and activating the nanoreactor. The
introduction of alkaline phosphatase resulted in decomposition of ATP and therefore
permitted the system to return to its dormant state.

This Chapter was performed in collaboration with Prof. Leonard J. Prins, and is going to
be submitted as:
H. Che, R. Chen, L. J. Prins, L. K. E. A. Abdelmohsen, J. C. M. van Hest. ATP-activated
temporal control of hybrid stomatocyte nanoreactors. In preparation.
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6.1 Introduction
Over the past decades, supramolecular chemists have utilized non-covalent interactions
to synthesize functional structures that typically possess thermodynamic equilibrium. For
example, great contributions have been made to the development of stimuli-responsive
nanomaterials that can undergo chemical or physical property changes when they receive
external or internal signals.[1] Through tailor-made molecular design, these systems can
give rise to a high level of structural and functional control. Regardless of their enormous
potential in the fields of nanotechnology,[2] materials science,[3] and nanomedicine,[4] the
complexity of these synthetic systems is still far away from that of living systems, which
operate out-of-equilibrium. Indeed, nature exploits chemical energy to drive and mediate
biological processes (e.g. motility, adaptation, evolution, and oscillation) that display
transient behavior. Translating this behavior into functional self-assemblies is an exciting
way to create complex, biomimetic systems. In this regard, fuel-driven structural and
functional operations under temporal control are thought to play a key role in bridging
man-made materials and biology in terms of natural organization and function. Although
significant efforts have been made in creating synthetic out-of-equilibrium systems, most
of the examples are limited to macroscopic levels such as gels,[5] and polymer-based
nanoscaled dissipative systems have received relatively little attention.[6] A main reason
is that introducing energy input into an intricate self-assembly nanosystem to trigger a
temporally programmed process is quite difficult.
Recently, Prins and co-workers have shown that adenosine-5’-triphosphate (ATP) can
form a multivalent complex with AuNP·ZnII, which are gold nanoparticles (davg=1.8±0.4
nm) decorated with a monolayer of C9-alkanethiolates bearing a 1,4,7-triazacyclononane
(TACN)·ZnII complex as head group. Under dissipative conditions, installed by the
presence of a hydrolytic enzyme, ATP was gradually converted into waste products, AMP
and 2Pi, with a low affinity for AuNP·ZnII. This principle has been utilized to design a
series of out-of-equilibrium nanosystems including transient signal generation,[7]
dissipative self-assembly of vesicles,[8] and DNA-based nanodevices for the transient
loading and release of molecular cargo.[9] In Chapter 5, we described temporal control of
a bowl-shaped polymer vesicle, or stomatocyte nanomotor system which uses ATP as a
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deactivator. Considering the fact that ATP functions as an activating biochemical fuel in
living systems, we were interested to see if the abovementioned concept developed by
Prins et al could be employed

to use ATP as an activator to tune the activity of

stomatocyte nanoreactors. In this Chapter, we design a catalytically controlled
nanoreactor system that operates in an out-of-equilibrium manner with its activity
modulated by ATP and AuNPs. The nanoreactor is based on a stomatocyte,[10] which has
one narrow opening connecting the internal cavity with the outside environment. The
surface of the stomatocytes is decorated with negatively charged polyglutamate (PGlu)
molecules, which reversibly bind to AuNP·ZnII. Addition of AuNP·ZnII to the
nanoreactor system gives therefore rise to a blocked “opening” of the stomatocyte due to
the binding between the particles and PGlu. Since ATP has a stronger affinity for
AuNP·ZnII, it will successfully compete with PGlu for complexation with AuNP·ZnII,
which will lead to release of these particles from the stomatocyte surface, restoring the
original unblocked “opening”.

By the introduction of alkaline phosphatase, ATP is

hydrolyzed into AMP, endowing the system with non-equilibrium properties (Figure
6.1a) as the AuNP·ZnII will form a complex again with PGlu, turning the nanoreactors in
the OFF state.
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Figure 6.1. (a) Schematic representation of temporal control of stomatocyte nanoreactors mediated by ATP
and AuNP·ZnII. (b) Preparation process of PGlu-modified stomatocytes by “click” chemistry.

6.2 Preparation of the AuNPs
The ligand and ligand-modified AuNPs were prepared according to literature.[11]
Diffusion-ordered 1H NMR spectra were recorded using the low Eddy currents distortion
bipolar gradients (LEDbp) sequence,[12] which allows differentiation of molecules based
on their diffusion coefficients. The results indicated that all ligands were conjugated to
the AuNP and that there was therefore no free ligand present (Figure 6.2). The
hydrodynamic diameter of the prepared AuNPs was 5.8±0.6 nm, which was determined
by DLS (Figure 6.3a). The absence of the surface plasmon resonance band at 520 nm in
the UV/Vis spectrum demonstrated the presence of sub 3 nm sized AuNPs (Figure 6.3b).
This was consistent with the TEM measurements in which the AuNPs have a core
diameter equal to 1.8±0.5 nm (Figure 6.3c and d).
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Figure 6.2. Characterization of AuNP by 1H NMR spectroscopy (D2O, 500 MHz, 298 K). (a): ligand. (b):
AuNP. (c): AuNP recorded with LEDbq pulse resonance. (d): AuNP with CPMG-z pulse sequence. These
are diffusion-ordered 1H NMR spectra which were recorded using the low Eddy currents distortion bipolar
gradients (LEDbp) sequence [D. H. Wu, A. D. Chen, C. S. Johnson, J. Magn. Res. Series A 1995, 115, 260264] which allows differentiation of molecules based on their diffusion coefficients. Not only does this
provide unequivocal confirmation that the thiols are bound to the Au NP surface, but also provides a way to
assess the purity of the samples. Rui Chen from the Prins group provided the NMR result.
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Figure 6.3. (a) DLS, (b) UV-Vis absorption spectrum, (c) TEM, and (d) size distribution from TEM of the
ligand-modified AuNPs. Experimental conditions: [AuNPs]=54 μM, [HEPES]= 10 mM; pH 7.0, 25 oC.

6.3 Interactions between AuNP·ZnII and PGlu-stomatocytes
Negatively charged molecules were introduced onto the stomatocytes through “click
chemistry” between the N3-stomatocyte and poly(L-Glutamic Acid)alkyne (PGlu50-yne)
in a similar fashion as described in Chapter 5. Zeta potential (ζ) measurements were
performed to indicate whether PGlu was successfully coupled to the surface of the
stomatocytes. After surface modification, the ζ value of the stomatocytes in a N-(2hydroxyethyl)piperazine-N-(2-ethanesulfonic acid) (HEPES) buffer solution (5 mM, pH
7.0) decreased from -2.2 mV to -7.5 mV due to the presence of the negative charges at the
stomatocyte surface (Figure 6.4a). To confirm that AuNP·ZnII were able to complex
with PGlu, the ζ change of the PGlu-stomatocytes upon addition of AuNP·ZnII was
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studied. With an increase in charge ratios (r), where r=(2AuNP·ZnII2+):(50PGlu50-), the ζ
value of the samples witnessed a continuous increase from an original value of -7.5mV
(no AuNP·ZnII) to 2.1 mV (r=1) (Figure 6.4b). More addition of AuNP·ZnII (r=1.5) did
not lead to a further increase of ζ. Moreover, no significant ζ change was observed when
unmodified stomatocytes were mixed with AuNP·ZnII, indicating that it is the presence
of PGlu that causes the interactions between the stomatocytes and AuNP·ZnII.

Figure 6.4.

(a) Zeta potential (ζ) of unmodified stomatocytes, PGlu-modified stomatocytes, PGlu-

modified stomatocytes complexed with AuNP (AuNP·ZnII/PGlu-stomatocytes), and unmodified
stomatocyteswith AuNP (AuNP·ZnII/stomatocytes), respectively. (b) ζ change of PGlu-stomatocytes upon
addition of AuNP·ZnII. Experimental conditions: [HEPES] = 10 mM; pH 7.0, 25 oC.

The ATP-mediated affinity of the AuNP·ZnII for PGlu-modified stomatocytes was
further studied by size exclusion chromatography (SEC). AuNP·ZnII, PGlu-stomatocytes,
AuNP·ZnII/PGlu-stomatocytes and mixtures of the unmodified stomatocytes and
AuNP·ZnII were eluted with SEC. As shown in Figure 6.5, PGlu-stomatocytes eluted
after 10 minutes, while the AuNP·ZnII eluted much later, as expected, because of their
smaller size. When AuNP·ZnII was eluted together with PGlu-stomatocytes, the
population of AuNP·ZnII disappeared (Figure 6.5d), implying the complexation between
these two kinds of nanoparticles. The complex of Au NP·ZnII/PGlu-stomatocytes
showed nearly the same elution behavior as PGlu-stomatocytes, which can be ascribed to
the large size difference between AuNP·ZnII and PGlu-stomatocytes. A control
experiment with a mixture of AuNP·ZnII and unmodified stomatocytes showed two
125

Chapter 6
populations (Figure 6.5c), which is a good indication that the AuNP·ZnII do not
aspecifically adsorb to the outer surface of the stomatocytes. The impressive ability of
AuNP·ZnII to bind ATP was evidenced by the fact that upon addition of ATP two
populations of nanoparticles were observed, which indicates the release of AuNP·ZnII
from the surface of the stomatocytes (Figure 6.5e). This can be explained by the fact that
ATP can drive the formation of a multicomponent complex (ATP/AuNP·ZnII) of
significantly higher valency compared to the negatively charged PGlu.[11] These results
clearly show that ATP can be used as a switch to release the AuNP from the stomatocyte
surface, thus providing a method for the construction of ATP-mediated temporal control
of stomatocyte nanoreactors.

Figure 6.5. Normalized preparative SEC traces of (a) AuNP·ZnII, (b) PGlu-stomatocytes, (c) AuNP·ZnII
+stomatocytes, and (d) AuNP·ZnII /PGlu-stomatocytes complex. (e) Addition of ATP allows AuNP·ZnII
to be released from the stomatocyte because of the stronger affinity of AuNP·ZnII for ATP. Experimental
conditions: [HEPES]= 5 mM; pH 7.0, 25 oC; Flow: 0.5 mL/min.
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6.4 ATP-mediated temporal control of stomatocyte nanoreactors
Through encapsulation of enzymes, such as horseradish peroxidase (HRP), we
evaluated the performance of stomatocytes as autonomous nanoreactors. A bicinchoninic
acid (BCA) assay was used to calculate the loading efficiency of HRP, which was 3.8 %.
In order to study the effect of the binding of AuNP·ZnII with the stomatocyte
nanoreactors, the activity of HRP loaded in the AuNP·ZnII /PGlu-stomatocytes was
compared to that of the same amount of enzyme in PGlu-stomatocytes (in absence of
AuNP·ZnII). 3,3’-dimethoxybenzidine (DMB) was chosen as the substrate which can be
converted by HRP to generate a colored dimer product (Figure 6.6a). The kinetics of the
nanoreactors were evaluated over a range of substrate concentrations (Figure 6.6b and c).
Interestingly, the Michaelis-Menten reaction parameters indicated that addition of Au
NP·ZnII to the stomatocyte nanoreactors caused a significant decrease in both the
Michaelis constant (KM) and Vmax of the enzyme with respect to H2O2 conversion. As
shown in Table 6.1, KM (H2O2) decreased from ca. 55 µM to 44 µM (r=0.5) and 26 µM
(r=1.0), respectively. Moreover, a nearly three-fold decrease in Vmax (H2O2) was observed
for AuNP·ZnII/PGlu-stomatocytes (r=1.0) compared to the nanoreactors in the absence of
AuNP·ZnII. This suggests that the differences in activity of the nanoreactors come from
the differences in “opening” of the stomatocytes, and hence substrate diffusion. The
effect of AuNPs on the enzymatic behavior with regard to the conversion of DMB
showed a similar trend as for H2O2.

The more AuNPs were complexed onto the

nanoreactors, the more KM and Vmax were lowered. However, H2O2 demonstrated a
relatively higher KM and Vmax compared to DMB, which can be understood to arise from
the lower molecular weight of H2O2. These results clearly show that in the presence of
AuNP·ZnII, the enzymatic activity of the nanoreactors could be remarkably decreased
due to the binding of AuNPs on the surface of PGlu-stomatocytes.
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Table 6.1. Michaelis‐Menten reaction parameters for HRP-loaded PGlu-stomatocytes and AuNP·ZnII
/PGlu-stomatocytes nanoreactors. Reactions were performed in HEPES (5 mM), pH 7.0 at 25 °C. The
values are derived from curve fitting performed using Origin software.

Nanoreactors

H2O2
Km(µM)

Vmax (µM/min)

DMB
Km(µM)

Vmax(µM/min)

PGlu-stomatocytes

55±6.5

7.1±0.3

40±4.7

5.9±0.1

AuNP·ZnII/PGlu-stomatocytes

44±5.3

5.8±0.1

26±3.1

3.8±0.2

26±3.8

2.4±0.2

19±2.3

1.6±0.1

(r=0.5)
AuNP·ZnII/PGlu-stomatocytes
(r=1.0)

Figure 6.6. (a) AuNP·ZnII-mediated stomatocyte nanoreactor “ON/OFF” switch. (b) The MichaelisMenten curves for HRP loaded PGlu-stomatocytes, AuNP·ZnII/PGlu-stomatocytes (r=0.5), and
AuNP·ZnII/PGlu-stomatocytes (r=1.0) respectively, with 100 µM DMB and different concentrations of
H2O2. (c) The Michaelis-Menten curves for HRP loaded PGlu-stomatocytes, AuNP·ZnII/PGlustomatocytes (r=0.5), and AuNP·ZnII/PGlu-stomatocytes (r=1.0) respectively, with 300 µM H2O2 and
different concentrations of DMB. Experimental conditions: [HEPES]= 5 mM; pH 7.0, 25 oC.
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Next, we shifted our attention to studying the possibilities for developing
temporal control of stomatocyte nanoreactors with out-of-equilibrium catalytic
behavior. As a starting point AuNP·ZnII/PGlu-stomatocytes (r=1.0) were used,
which showed considerable lower activity than a positive control (Figure 6.7a).
Then, we added ATP and substrates (H2O2 and DMB) to this solution, in the
presence of the enzyme alkaline phosphatase. When ATP was applied to the
system, the HRP enzymatic activity first increased and subsequently slowed down
(Figure 6.7b). This self-controlled catalytic behavior of the nanoreactors was
caused by the temporally induced complexation between AuNP·ZnII and ATP,
which gave rise to a transient “opening” of the stomatocytes.

Figure 6.7.

(a) UV absorbance at 492 nm of the oxidation of DMB by PGlu-stomatocyte

nanoreactors and AuNP·ZnII/PGlu-stomatocyte nnaoreactors, respectively. (b) UV absorbance at
492 nm of the oxidation of DMB by AuNP·ZnII/PGlu-stomatocyte nanoreactors upon the addition
of ATP in the presence of 0.25 U/mL and 0.5 U/mL phosphatase, respectively. Experimental
conditions: [HEPES]= 5 mM; pH 7.0, 25 oC.

As the concentration of ATP determines the lifetime of the complex with
AuNP·ZnII, we expected that we could tune the product yield of the HRPmediated reaction. We therefore performed the catalytic cycle in the presence of
two different concentrations alkaline phosphatase, 0.5 U/mL and 0.25 U/mL. In
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both cases, addition of ATP led to an immediate rapid increase in absorbance (492
nm), indicating product formation, which stabilized after around 20 and 25 minutes,
respectively. In the presence of 0.25 U/mL alkaline phosphatase, the relative
catalytic conversion of the nanoreactors was therefore higher than in case of the
0.5 U/mL alkaline phosphatase experiment, since the lower concentration of
alkaline phosphatase led to a prolonged nanoreactor “ON” state. In both cases,
repeated addition of ATP allowed for a second transient nanoreactor activity cycle.

6.4 Conclusion
We have developed a strategy to transiently regulate the enzymatic activity of
the stomatocyte nanoreactors, by modulating the binding of AuNP·ZnII with PGlumodified stomatocytes. When bound to AuNP·ZnII, the nanoreactors are turned
“OFF”, but they are turned “ON” upon the competitive complexation of the
nanoparticles with ATP, because of the multivalent interactions between ATP and
AuNP·ZnII, which induces release of the particles from the stomatocyte surface.
The introduction of alkaline phosphatase which can hydrolyze ATP returns the
system back to its original state. The concentration of alkaline phosphatase
regulates the lifetime of the transient state of the system and thereby controls the
activity time span of the enzyme HRP encapsulated in the stomatocyte. This work
provides a new concept for nanosystems with “life-like” properties, which are
expected to be extended to adaptive nanomotor systems.

6.5 Experimental section
Materials
Poly(ethylene glycol) methyl ether and poly(ethylene glycol) (Mn 2 kg/mol， Sigma,
99%), α-bromoisobutyryl bromide (Sigma, 99%), triethylamine (Sigma, 98%), styrene
(Sigma-Aldrich,

98%)

N,N,N’,N”,N”-pentamethyl-diethylenetriamine

(PMDETA)

(Sigma, 99%), poly(L-glutamic acid)alkyne (PGlu50-yne) (Alamanda Polymers), 3,3’dimethoxybenzidine (DMB, Sigma, 98%), horseradish peroxidase (HRP, Sigma), were
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used as received. Copper (I) bromide (CuBr, Sigma, 99.99%) was purified by stirring in
acetic acid, followed by washing with acetone three times. N3-PEG2K-OH was
synthesized according to a literature procedure.[13]
Instruments
Nuclear Magnetic Resonance Spectroscopy (NMR). 1H NMR spectra were recorded on
a Bruker (400MHz) spectrometer with CDCl3, DMSO and D2O as the solvents and TMS
as an internal standard.
Gel permeation chromatography (GPC). The molecular weights and dispersities of the
polymers were characterized by GPC. GPC measurements were conducted using a
Shimadzu Prominence-i SEC system with a PL gel 5 µm mixed D and mixed C column
(Polymer Laboratories) with PS standard and equipped with a Shimadzu RID-20A
differential refractive index detector. THF was used as an eluent with a flow rate of 1 mL
min-1.
Dynamic Light Scattering (DLS) and Zeta Potential (ζ). A Malvern Z90 Zetasizer
equipped with a 633 nm He−Ne laser and an avalanche photodiode detector was used to
characterize the hydrodynamic size and surface zeta potential of the particles. The
scattering light at a 90°angle was detected and used to analyze the size and distribution.
Size-exclusion chromatography (SEC). SEC purification of the nanoparticles was conducted
using a Shimadzu system (equipped with an SPD-M20A photodiode array) with a Superose 6
column (GE Healthcare) using an eluent identical to that of the nanoparticles solution.

Ultraviolet–visible Spectroscopy (UV/Vis). The UV absorbance spectra were recorded
on a Jasco V-650 UV/Vis spectrometer at 293 K.
Synthesis
The synthesis of mPEG45-b-PS210 and N3-PEG45-b-PS215 was described in Chapter 5. The
ligand and ligand-modified AuNPs were provided by Rui Chen from University of
Padova.
Stomatocyte assembly
Preparation of stomatocytes with encapsulated HRP
mPEG45-b-PS210 (9 mg) and N3-PEG45-b-PS215(1 mg) were dissolved in a 1 mL
mixture of THF/dioxane (80:20 v/v), followed by addition of 0.6 mL Milli-Q water via a
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syringe pump at a rate of 1 mL h−1. Then 0.4 mL Milli-Q water containing 1 mg HRP was
added at the same rate. Next, the resulting cloudy polymersome/HRP mixture was
transferred into a dialysis bag (molecular weight cutoff: 12,000-14,000 Da, flat width 25
mm) and dialyzed against 50 mM sodium chloride with the dialysis solution changed
after one hour to generate almost “closed” stomatocytes. After 24 h, samples were
purified over a SEC column to remove non-encapsulated enzymes.
Preparation of PGlu-modified stomatocytes with encapsulated HRP
To decorate the surface of the stomatocytes with poly(L-glutamic acid), 1.5 mg
poly(L-glutamic acid)50-alkyne (PGlu50-yne) was added to the above prepared HRP
loaded N3-stomatocytes (Figure 6.1 b). Then CuSO4•5H2O (100 mM), sodium ascorbate
(250 mM) and 10 μL of a tris-(benzyltriazolylmethyl)amine (TBTA) solution in DMSO
(100 mM) were added to the mixture. The reaction was allowed to proceed for 24 hours.
Subsequently, the solution was dialyzed for 2 days against a 0.5 mM solution of
ethylenediamine-tetraacetic acid tetrasodium salt tetrahydrate (EDTA) in deionized H2O.

Enzyme encapsulation efficiency
The encapsulated HRP was released from the stomatocytes by reshaping the bowlshaped structures back into polymersomes by addition of 200 μL of THF/dioxane (4:1,
v/v) directly to the nanoreactors. The released enzymes were collected for analysis of the
incorporation efficiency, which was calculated as 3.8% by bicinchoninic acid (BCA)
assay.
Determination of HRP activities
The activity of HRP-loaded stomatocytes was determined by means of activity assays
for HRP using DMB as a substrate. The formation of the oxidized products was
monitored by UV−vis spectroscopy. The activity assay was performed at room
temperature in 1 cm silica glass cuvettes by mixing 780 µL HRP-encapsulated PGlustomatocytes (0.1 mg/mL) and 10 µL DMB in HEPES buffer solution (5 mM, pH 7.0).
The enzymatic reaction was started by the addition of 10 µL H2O2 solution. The
concentrations of H2O2 and DMB were described in Figure 6.6b and 6.6c. Absorbance at
492 nm was recorded every 60 s. As a control experiment, a free HRP activity assay with
DMB as substrate was carried out at the same experimental conditions. To obtain the
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Michaelis-Menten plots, the initial rate was determined by measuring the linear increase
in absorbance at 492 nm over the first minute, and this rate was plotted against substrate
concentration. To study the influence of AuNP·ZnII on the activity of PGlu-stomatocytes,
778 µL PGlu-stomatocytes nanoreactors were pretreated with 2 µL AuNP·ZnII before
addition of 10 µL H2O2 and 10 µL DMB. The final concentrations of AuNP·ZnII were
around 0 µM (r=0), 40 µM(r=0.5), and 80 µM (r=1.0), respectively. The final
concentrations of HRP for all the experiments were around 0.5 U mL-1.
ATP-mediated nanoreactors
Experiments were performed in 1 cm silica glass cuvettes by mixing 770 µL HEPES
buffer solution (5 mM, pH 7.0) of the HRP-encapsulated AuNP·ZnII/PGlu-stomatocytes
nanoreactors, 10 µL H2O2 and 10 µL DMB in the presence of the 10 µL alkaline
phosphatase. Absorbance at 492 nm was recorded, and after 5min 2 µL ATP was added
to the mixture (final concentrations: PGlu-stomatocytes: 0.1 mg/mL; AuNP·ZnII: 80 µM;
HRP: 0.5 U mL-1; H2O2: 100 µM; DMB: 50 µM; ATP:100 µM ). The influence of
different alkaline phosphatase concentrations (0.25 U/mL and 0.5 U/mL) on the
nanoreactors was studied. The enzymatic reaction of PGlu-stomatocytes nanoreactors in
the absence and presence of AuNP·ZnII was performed under identical conditions.
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Summary and Outlook
Summary
Since the advent of self-assembly as a significant subject in chemistry, scientists have
had a strong desire to design and construct various polymeric self-assemblies with welldefined and sophisticated structures which allows them to be used in mimicking the
complexity of natural architectures. Chapter 1 describes and discusses the recent
impressive developments of polymer self-assemblies, with an emphasis on adaptive
polymersome systems. To facilitate their application as polymersome nanoreactors or
nanomotor systems, the structural and functional adaptability should be taken into
account when designing and constructing self-assembled architectures. Much progress
has been made by making these systems stimulus-responsive, which enables functional
control based on a physicochemical adjustment of their architectures. Despite of these
promising advances, the complexity of synthetic polymeric self-assembling systems is
still far away from that of living systems, where out-of-equilibrium processes are
ubiquitous and often characterized by self-adaptive, transient behavior. Translating this
behavior into functional self-assemblies is an exciting way to create complex, biomimetic
systems. In this regard, fuel-driven structural and functional operations under temporal
control are thought to play a key role in bridging man-made materials and biology in
terms of natural organization and function. However, the challenge of introducing out-ofequilibrium properties into polymeric self-assembling systems was not yet widely
explored.
In Chapter 2, a new approach was presented towards the temporal control of a selfregulating “breathing” microgel driven by an enzymatic reaction. For this purpose a pHresponsive microgel was functionalized with the enzyme urease, which, by converting
urea into ammonia, allows for a programmed pH profile in time. This control was
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furthermore improved because of the enzyme’s bell-shaped rate-pH curve. When an
acidic solution of urea was added to a solution of urease-conjugated microgel, the initial
pH value rapidly decreased and gradually increased to an alkaline state after an induction
period. Accordingly, the microgel is able to first swell before it automatically shrinks,
recovering to its original contraction state, which clearly expresses self-regulated
“breathing” behavior. Additionally, the dynamic behavior of the hybrid microgel was
monitored by using fluorescence spectroscopy of a pH-sensitive fluorophore incorporated
in the gel, which displayed a rapid decay in fluorescence intensity upon the addition of
urea-containing acidic buffer, and a gradual signal increase after an induction period.
Moreover, the lifetime of the transient state of the microgel could be well controlled
through the initial concentrations of chemical fuel.
To expand the scope of autonomously self-regulating, transient pH states in polymer
self-assemblies, the design and construction of a self-adaptive polymersome nanoreactor
system was demonstrated in Chapter 3. Here the time-programmed pH regulation was
coupled to polymersomes to create self-adaptive nanoreactors. poly-(ethylene glycol)-bpoly[2-(diethylamino)

ethyl

methacrylate

(PEG-b-PDEAEMA)

polymersome

nanoreactors, encapsulating the enzymes horse radish peroxidase (HRP) and urease,
could drive a catalytic reaction out-of-equilibrium by temporal control of the
permeability of the polymersome membranes. It was observed that upon addition of a
concentrated solution of urea and HCl, the automatic pH and size regulation of the
polymersomes was obtained, similar as with the microgels of Chapter 2. The swelling of
the membrane now however also led to an increase in polymer membrane permeability,
which gave rise to the “ON” state of the nanoreactors, while, due to the action of urease,
the pH was increased again and a subsequent non-permeable state was restored,
switching the HRP mediated catalysis automatically to “OFF” again. The nonequilibrium state of the system was maintained upon continuous addition of chemical
fuels.
An interesting polymersome shape-transformation was described in Chapter 4.
Typical poly(ethylene glycol)-b-poly(styrene) (PEG-b-PS) polymersomes can transform
into stomatocytes via dialysis against NaCl solution, while polymersomes comprising of
N3-PEG-b-PS can change into hexagonally packed hollow hoops under the same
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condition. It was observed that the size of the opening of the PEG-b-PS stomatocytes
decreased with increasing concentrations of NaCl. However, in the case of N3-PEG-b-PS
self-assemblies, salt concentration increase resulted in morphology evolution from
polymersomes to stomatocytes, and then inverse mesophases. Furthermore, when PEG-bPS and N3-PEG-b-PS were blended to construct polymersomes, only 10 % of azide
groups was sufficient to cause the formation of hollow hoops during dialysis against salt.
This work provides access to sophisticated polymeric nanoparticles with internal
structures, which are expected to find applications in the field of nanotechnology and
materials science.
The chemical fuel utilized in the systems described in Chapter 2 and 3 is urea. To
gain out-of-equilibrium self-assembling systems which can be driven by the predominant
biochemical fuel, ATP, different approaches were followed in Chapter 5 and Chapter 6.
In both Chapters methods are described for ATP-mediated temporally programmed
polymeric self-assembling nanosystems. As a basis, the PEG-b-PS polymersome
stomatocyte system was employed because of its promising potential in nanoreactor and
nanomotor applications.
As one of the most inherent features of living cells, autonomous motion has been an
important source of inspiration for scientists, who over the years have developed a wide
range of artificial motor systems. In Chapter 5, we showed that ATP can participate in
the self-regulation of the movement of a PEG-b-PS stomatocyte nanomotor which is
loaded with catalytically active Pt nanoparticles. The surface of the stomatocytes was
decorated with poly-L-lysine (PLL) and regulation was achieved by addition of ATP. The
dynamic interaction between PLL and ATP led to an increase in the hydrophobicity of the
PLL/ATP complex and subsequently to a collapse of the polymer on the surface of the
stomatocytes; this caused a narrowing of the opening of the stomatocytes and subsequent
motor deceleration due to limited diffusion of chemical fuel into the cavity. By
introducing apyrase, which is capable of hydrolyzing ATP into AMP and Pi, the system
was reverted back to the original “open” state because of the decomplexation of PLL, and
the initial speed of the nanomotors was retained.
An additional strategy to temporally control the opening of the stomatocytes was
devised in Chapter 6 by introducing hybrid nanosystems. For this approach, gold
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nanoparticles (davg=2 nm) modified with C9-alkanethiolates bearing a 1,4,7triazacyclononane (TACN)·ZnII complex as head group were prepared. The AuNP·ZnII
were able to bind with poly-(L-glutamate) (PGlu)-functionalized stomatocytes, which
again led to blockage of the opening and hence decrease of the activity of the enzymes
encapsulated in the cavity of the stomatocytes. Upon addition of ATP, which has a
stronger affinity for AuNP ·ZnII because of the multivalent electrostatic interactions, the
nanoparticles were released from the stomatocyte surface. Under dissipative conditions,
installed by the presence of alkaline phosphatase, ATP was gradually converted into
AMP, which has a low association with AuNP ·ZnII, causing a spontaneous binding
between AuNP·ZnII and PGlu-stoma. The transient supramolecular interactions leading
to competition between complexation and the dissociation of the two particles endowed
the system with non-equilibrium properties.

Outlook
Implementing the principle of out-of-equilibrium in synthetic systems has recently
gathered considerable attention since it enables access to active materials with
unprecedented properties. However, most of the existing reports are limited to moleculelevel systems; nanoscale out-of-equilibrium systems have received little attention.
Considering the higher structural complexity of living organisms, this is a profound
challenge for the understanding of assembled nanosystems with a more interactive,
autonomous and life-like state. Noteworthily, the difficulty of achieving and studying outof-equilibrium nanosystems lies in developing a delicate balance between energy input
and response output to allow the formation of a transient state of the system. Additionally,
it is more difficult to couple chemical or enzymatic reaction networks to an intricate
nanosystem, especially polymer self-assembling systems, to generate precisely controlled
output. The work presented in this thesis focused on the design and implementation of
adaptive polymeric self-assembling systems, and their applications in mimicking cellular
structure and function. The temporally programmed states were successfully coupled to
well-defined polymer self-assemblies to yield self-regulated dynamic systems with
attractive properties for morphology regulation, switchable nanoreactors and nanomotors.
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The results described in Chapter 2 and Chapter 3, displayed the use of an internal
feedback-induced pH regulation system to construct polymer self-assembling systems
with transient structure and function. These systems demonstrated exciting out-ofequilibrium properties, representing an important step to integrate self-adaptivity into
polymer-based self-assemblies. It would be highly interesting to explore the possibilities
for the rational design of oscillators by tailoring chemical or enzymatic reaction networks,
which enable access to precise control of the regulation. However, these systems suffer
from limited cycle performance owing to the accumulation of waste products, which
makes the implementation of oscillation more difficult. Therefore, new approaches such
as the introduction of microfluidics have to be explored in future work to achieve access
to nanoreactors with oscillatory potential.
In a similar manner to the shape changes of organelles, polymersomes have been
shown to be capable of transforming into non-spherical polymersome shapes. The pathway dependent shape-transformation of PEG-b-PS polymersomes was shown in Chapter
4. The shape-transformation of polymersomes into stomatocytes and hexagonally packed
hollow hoops (HHHs) was observed and the deformation process is highly affected by
the concentration of salt and the amount of azide group content. The approaches
described here can be further applied to study the shape evolution process of tubes apart
from polymersomes. Also, their potential applications need to be explored. Moreover,
most of the reported polymeric inverse morphologies are still only phenomenologically
described, and their underlying mechanism needs to be further resolved. Ideally,
systematic computer simulations would be helpful to study the formation process of these
well-defined inverse structures.
An ATP-mediated stomatocyte nanomotor system was established in Chapter 5,
providing a generic and supramolecular approach to automatically control the speed of
the nanomotors. The principle design in this chapter is generally applicable and presents a
route toward the design of man-made self-adaptive nanosystems, imitating biological
mobility. The systems used here would be also interesting to explore the capability of
other positively charged polymers. Another exciting follow-up work would be to devise
molecule-driven nanomotors, with nicely controlled direction, which has rarely been
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studied. Furthermore, a deeper understanding of the analysis of movement needs to be
attained since NTA measurements always give rise to convection in the cell.
Finally, Chapter 6 introduced hybrid stomatocyte nanoreactor systems, of which the
activity of the incorporated catalysts can be temporally regulated with great precision by
competitive non-covalent interactions between two nanosystems, Zn-functionalized gold
nanoparticles (AuNP·ZnII) and polyglutamate modified stomatocytes. However,
biodegradable and biocompatible polymer building blocks are needed to enhance the
utility of these nanoreactors to allow for their cellular integration without any toxic side
effects in the field of nanomedicine. Additionally, the methods devised here are expected
to be coupled to motion by introducing AuNP·ZnII-mediated transient behavior into
stomatocyte nanomotors.
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