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Chapter 1 – Introduction 

Artificial Cells: Synthetic Compartments with Life-Like 
Functionality & Adaptivity 
 

 

 

Abstract 

Cells are highly advanced microreactors that form the basis of all life. Their fascinating complexity 
has inspired scientists to create analogs from synthetic and natural components using a bottom-
up approach. The ultimate goal here is to assemble a fully man-made cell that displays functionality 
and adaptivity as advanced as that found in nature, which will not only provide insight into the 
fundamental processes in natural cells, but also pave the way for new applications of such artificial 
cells. 

But what characterizes a living system, and how can this be imitated in artificial cells? Firstly, 
compartmentalization is crucial to separate the inner chemical milieu from the external 
environment. Current state-of-the-art artificial cells comprise subcompartments to mimic the 
hierarchical architecture of eukaryotic cells and tissue. Furthermore, synthetic gene circuits have 
been used to encode genetic information that creates complex behavior like pulses or feedback. 
Additionally, artificial cells have to reproduce to maintain a population. Controlled growth and 
fission of synthetic compartments have been demonstrated, but the extensive regulation of cell 
division in nature is still unmatched.  

As artificial cells integrate increasing orders of functionality, maintaining a supporting metabolism 
that can regenerate key metabolites becomes crucial. Furthermore, life does not operate in 
isolation. Natural cells constantly sense their environment, exchange (chemical) signals, and can 
move towards a chemoattractant. In this chapter, we specifically highlight recent efforts to 
reproduce such adaptivity in artificial cells. Finally, this chapter also serves to introduce the 
contribution of this thesis to the field and to outline the following chapters. 

 

 

 

Parts of this chapter have been published as:  

Buddingh’, B. C.; van Hest, J. C. M. Acc. Chem. Res. 2017, 50 (4), 769–777. 
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 1 Bottom-up synthetic biology 

Cells are regarded as the basic building blocks of life. The smallest entity generally considered to 
be alive is a single cell, and all life forms are either uni- or multicellular organisms. Contemporary 
cells are a product of nature’s evolutionary sculpting. As such, they are highly complex and efficient 
microreactors, which have inspired scientists to construct synthetic equivalents.  

Currently, we have a fair understanding of many processes that take place in a natural cell. The 
structure and function of individual components and even entire biochemical pathways have been 
elucidated. The interplay between all these factors, however, puts the complexity of a natural cell 
largely beyond the grasp of contemporary science. The field of synthetic biology tries to take the 
next step in understanding the integration of all these processes by creating a minimal cell either 
by genome-editing of a natural organism (top-down approach) or by constructing from individual 
building blocks a structure that mimics the essential aspects of a natural cell (bottom-up 
approach).1 The philosophy behind the bottom-up approach, which we will limit ourselves to in 
this review, is that scientists can only truly understand a natural cell if they can make one from 
scratch. 

Yet to make a living artificial cell, one first has to consider what the minimal criteria for life are. 
The chemoton model, developed by Tibor Gánti, is often used to describe minimal life.2 According 
to his model, an entity comprising i) a chemical boundary system, ii) a chemical information 
system, and iii) a self-reproducing chemical motor (metabolism) can be considered ‘alive’. 
Additionally, iv) growth and reproduction are needed for survival of the species. Finally, v) 
adaptivity is paramount for life’s survival in a dynamic environment (Fig. 1.1).  

Integrating these characteristics in a single synthetic system is an ambitious yet daunting goal. In 
recent years, however, several groups have successfully recreated simplified characteristics of life 
in synthetic systems, in particular employing nano- or micron-sized self-assembled compartments 

 
Figure 1.1   The hallmarks of life. A summary of the five characteristics required for systems to live and thrive. Adopted 
from ref. 7 with permission. 
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 1 that can encapsulate a wide variety of (macro)molecules.3,4 Such systems are usually termed 
artificial cells or semi-synthetic minimal cells.   

Here, we will discuss the design, assembly, and behavior of artificial cells with emphasis on 
strategies that integrate life-like characteristics and display complex and adaptive behavior. The 
five criteria of life defined above will be used to guide our discussion. We have mainly limited 
ourselves to membrane-bound compartments; structures like water-in-oil droplets5 and 
coacervates6 are largely beyond the scope of this introduction. Rather than being comprehensive, 
we aim to highlight the current state of the art, illustrate it with select examples, and discuss the 
direction this field is heading into.  

 

Synthetic compartments 

All living systems necessitate a semipermeable boundary to sustain life in a changing environment. 
Primarily, its permeability should be finely tuned to retain vital components while exchanging 
nutrients and waste with the environment. A natural cell carefully controls these processes using 
a semipermeable lipid membrane that contains channels, receptors, and carrier ionophores, 
amongst others. Over the years a wide variety of synthetic compartments have been developed 
that also allow control over the permeability of their shell. Design factors that influence 
permeability include the chemical nature of the membrane building blocks, membrane thickness, 
the presence of pores and channels, and domain formation in heterogeneous membranes.3 Today, 
there are several established procedures for creating nano- and micro-compartments that can 
facilitate reactions while exchanging reagents and products with the environment.3 These include 
lipid and polymeric vesicles (liposomes and polymersomes)8, hybrids of these9, protein 
nanocages10, proteinosomes11, colloidosomes12, droplet interface bilayers13,14, and membrane-
coated coacervates15–17.  

While our control over the permeability, size, stimuli-responsiveness, and biodegradability of these 
compartments has greatly improved in recent years, they are still fairly basic mimics of the 
architecture of natural cells. Especially eukaryotic cells are characterized by an elaborate internal 
structure through which processes are separated via intracellular membranes. Recently, some 
designs have incorporated multiple compartments to mimic such natural structures.  

Multicompartmentalized vesicles  

Prominent classes of multicompartmentalized systems that have been developed include liposomes 
within layer-by-layer capsules (capsosomes), liposome-in-liposome (vesosomes) and 
polymersome-in-polymersome architectures, and multisomes (Fig. 1.2). Such structures have 
been extensively reviewed elsewhere3,22,23; here we limit ourselves to highlighting some recently 
developed life-like geometries.  
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 1 

We and our collaborators have reported a multicompartmentalized vesicle whose architecture 
resembles a eukaryotic cell, as it contains organelles to create different chemical environments. In 
our system, the successive enzymes of an enzymatic cascade reaction were encapsulated in 
different polymeric nanoreactors within a large polymersome. The semipermeable nature of the 
nanoreactors facilitated the diffusion of reagents and products, while restricting the enzymes to 
their respective subcompartments. This design not only localized the successive reactions to 
specialized compartments, but also successfully separated incompatible enzymes into different 
subcompartments. Consequently, the cascade proceeded more efficiently in the 
multicompartmentalized vesicle than in bulk.19 Contrarily, multivesicular vesicles have also been 
engineered to release the contents of different subcompartments upon applying orthogonal 
triggers, like temperature24, reductants, proteases25 or light26. This could trigger a catalytic reaction 
within the lumen of the large vesicle by mixing of previously-separated substrates and catalysts.  

Whereas the multivesicular vesicles described above are highly reminiscent of a eukaryotic cell and 
its organelles, more tissue-like large networks of tightly connected aqueous compartments can be 
fabricated using the multisome-approach developed by Bayley’s group.27 These networks are 
formed when multiple lipid monolayer-covered water-in-oil droplets make contact and form 
droplet interface bilayers (DIBs). Recently, this approach was used to isolate enzymatic reactions 
in different compartments. Each enzymatic reaction produced the substrate for the following 
metabolic step in an adjacent compartment.28 Rather than mimicking the cellular architecture as 
closely as the above-described vesicle-in-vesicle approach, these multicompartment vesicle 
networks may provide a new tool to make tissue-like soft matter, although the number of bilayers 
separating these synthetic cells is in fact one too few. Nevertheless, impressive 3D networks of 
multisomes with defined geometries and signal propagation have been created.20 

 
Figure 1.2   Prominent classes of multicompartmentalized vesicles. Their design is often inspired by the architecture 
of a eukaryotic cell (middle). Adapted from refs. 18–21 with permission; copyright 2009 and 2014 Wiley, 2013 AAAS, 2010 
ACS. 
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 1 There are also subcompartments that are membraneless, both in nature and in synthetic systems. 
Macromolecular crowding in the cytosol leads to aqueous phase separation and the formation of 
so-called biomolecular condensates, which has been shown to play an important role in biological 
processes.5,29 Keating and coworkers created phase-separated subcompartments by encapsulating 
a dextran/poly(ethylene glycol) (PEG) aqueous two-phase system in a liposome. The resulting 
liposome contained two distinct aqueous compartments to which various macromolecules 
selectively partitioned.30 In addition to such segregative coacervation, recently associative 
(complex) coacervation has been employed to construct membraneless6,31 or membrane-bound16,17 
artificial cells. Very recently, multicompartment vesicles have been constructed that contained 
coacervate organelles within a larger liposome32–34, or polymer-based subcompartments within a 
membrane-stabilized coacervate protocell35. Such systems hold promise for both the dynamic 
localization of macromolecules to distinct compartments of a synthetic cell, but also the dynamic 
formation of membraneless subcompartments. As such, these systems can be used to study the 
effects of macromolecular crowding on essential biological functions and to create dissipative, out-
of-equilibrium subcompartments that can be assembled and disassembled by external triggers. 

For the next step in life-like multicompartmentalized vesicles, better control over the number, 
positioning, and membrane permeability of subcompartments is needed. Although for capsosomes 
the deposition of subcompartments is highly controllable, the traditional formation procedures for 
vesicle-in-vesicle reactors usually prohibit such control. The development of microfluidic 
techniques to construct vesicles promises to provide such control and eliminate the stochastic 
nature of encapsulation.36,37 Vesicles produced by microfluidic approaches are characterized by low 
dispersity, a highly controllable number of subcompartments, and continuous production.38–45 
Initial problems associated with the remaining oil pockets attached to the membrane have in recent 
years been ameliorated, readying these systems for biophysical studies on membrane properties 
in addition to biomimetic capsules for internal molecular programs.  

In addition, increasing the selectivity of import and export of molecules into subcompartments will 
be paramount in engineering the next generation of multicompartment vesicles. Membrane 
transporters enable natural organelles to specifically uptake or excrete certain classes of molecules, 
but such selectivity is unreachable using current lipid or polymeric building blocks. The 
engineering of membrane components to achieve differential permeabilities and the development 
of stimulus-responsive membranes (vide supra) are first steps toward such control, yet the facile 
incorporation of selective membrane transporters into subcompartments would permit more 
diversified subcompartments with specific functions like natural organelles. 

 

Genetically programming artificial cells 

Life not only requires some type of chemical boundary but also a chemical information system. 
Since all life forms use DNA to store information, it is also the information carrier of choice to 
construct a minimal cell. Yet, even the simplest organism contains hundreds of carefully regulated 
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 1 genes. Although regulation of synthetic networks of that size is yet unattainable, simpler synthetic 
genetic circuits (SGCs) can already display complex behavior from temporal expression patterns 
generated by combining genetic modules. Such SGCs have been incorporated into living cells as 
well as in cell-free transcription-translation (TX-TL) extracts46, but their implementation in cell-
like compartments has been limited.  

In 2004, the production of functional proteins using TX-TL extracts inside vesicles was 
demonstrated.47 The behavior of such bioreactors is relatively straightforward; contrarily, SGCs 
that regulate protein expression through feedback systems are much more relevant to constructing 
an artificial cell. A recently developed TX-TL system employing all seven regulatory E. coli sigma 
factors has enabled the construction of more extensive SGCs with complex behavior (Fig. 1.3A–
C). For instance, in serial transcriptional activation cascades the expression of one sigma factor 
activates the expression of a subsequent factor, ultimately producing a reporter protein (Fig. 1.3A). 
Other circuits included AND gates, which require the simultaneous expression of two sigma factors 
to produce the reporter; pulse circuits, in which a single factor first induced reporter expression 
and subsequently repressed it by a delayed repression pathway (Fig. 1.3B); inducible 
transcriptional repression units that switched between two outputs depending on the inducer used 

 

 
Figure 1.3   SGCs are examples of the complex behavior that arises when combining genetic elements. A) A serial 
transcriptional activation cascade that produces green fluorescent protein (deGFP). Each sigma factor (σ) activates its 
successor by interacting with its promoter (P), as indicated by solid arrows. B) This circuit generates a pulse in deGFP 
production due to two competing expression cascades. Addition of σ70 induces deGFP production by the stimulatory 
(lower) circuit, but the inhibitory (upper) circuit is triggered simultaneously and causes a delayed suppression. C) An 
inducible transcriptional repression unit that can switch outputs. In the presence of IPTG, cyan fluorescent protein 
(deCFP) is produced; replacement by ATc represses deCFP production and stimulates deGFP expression. D) The 
polymerase-exonuclease-nickase (PEN) toolbox with its activation and inhibition mechanisms (top and bottom, 
respectively). An input, α, is converted into an output, β, in an autocatalytic cycle catalyzed by DNA polymerase and 
nickase. Inhibitor strands can prevent the binding of α to its template, which inhibits the production of β. The inset shows 
the implementation of the toolbox as an oscillator comprising a positive-feedback loop and a delayed negative feedback 
loop. Panels a–c are adapted from refs. 48, 49 with permission; copyright 2012 and 2016 ACS. Panel d is adapted from ref. 
60 with permission; copyright 2011 EMBO and Macmillan Publishers Ltd.  
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 1 (Fig. 1.3C); positive feedback loops and biosynthetic metabolite pathways. Some of these circuits 
have been constructed in vitro only, others in vesicles as well.48,49  

These examples represent the most extensive SGCs currently realized in synthetic compartments. 
Far more complex behavior, however, like oscillations50 and pattern generation51, has already been 
achieved in bulk systems.52 Additionally, this behavior can be programmed not just by plasmids 
within cell-free protein synthesis systems, but also using DNA-programmed transcriptional and 
enzymatic networks (Fig. 1.3D).53,54 Such behavior, however, usually occurs in a limited parameter 
space only, and, therefore, requires tight control of the concentrations of all reagents. 
Unfortunately, most common techniques for vesicle formation yield a heterogeneous population 
of vesicles due to the stochastic nature of the encapsulation of dilute (macro-)molecules.55 This 
heterogeneity hinders the extent of control over reaction networks in compartments compared to 
bulk systems. Microfluidic platforms may provide a solution here, as they can construct synthetic 
compartments in a highly controlled way. The effect of compartmentalization may be complex, 
however, as surface properties of synthetic compartments have been shown to affect the gene 
expression in cell-free systems.56 Additionally, at low copy number, compartmentalization may 
create additional stochastic variations and partitioning effects, which were shown to affect the 
amplitude, frequency, and dampening of oscillations in simple compartments of low diameter 
dispersity.57 Therefore, increased robustness should be engineered into reaction networks to make 
the translation from bulk reactions to compartments. 

A very interesting next step in the programming of artificial cells would be the development of a 
replicating vesicle with strong genotype-phenotype linkages. That way, the genetic program of an 
artificial cell can alter vital biochemical properties, creating a selective pressure that can be used 
for directed evolution.58 Significant obstacles have to be overcome, however, before programmable 
reaction networks are robust enough to direct downstream effectors that can have a real impact 
on the compartment’s fitness.59  

 

Metabolism & energy  

Many biological processes are dissipative out-of-equilibrium systems that constantly require a 
supply of building blocks and energy to maintain their activity. In natural cells, these are partially 
supplied by catabolic processes that recycle macromolecules and generate building blocks and 
energy-rich compounds like adenosine triphosphate (ATP). Most artificial cells reported to date, 
however, lack the mechanisms to maintain such a balance of resources. Therefore, their 
metabolism usually quickly grinds to a halt due to depletion of nutrients or accumulation of waste. 
Continuous feeding with fresh nutrients temporarily alleviates this problem47,61, but the activity 
eventually decreases due to toxic byproducts or catalyst poisoning.  

Only few attempts to regenerate energy carriers, such as cofactors, in synthetic cells have been 
reported.62 For instance, we have shown that the natural cofactor NADPH could be regenerated in 
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 1 a polymersome using a set of enzymes and electron donors.63 In cell-free protein synthesis, ATP 
regeneration has received more attention, resulting in increased protein production times.64 
Although lysate-based artificial cells in principle contain the machinery to regenerate nutrients, an 
efficient recycling of pivotal nutrients and removal of waste is still a distant goal. In the future, 
maintaining a supporting metabolism in artificial cells will become increasingly important when 
more complicated functions are pursued and maintaining homeostasis becomes pivotal for 
prolonged activity.  

Analogous to photosynthesis, light would in this respect be a great energy source to generate 
energy-rich intermediates to fuel artificial cells. Light-powered ATP production using ATP synthase 
in conjunction with bacteriorhodopsin or another proton-pumping synthetic system has been 
demonstrated in various synthetic materials, most notably liposomes.65–68 Significant hurdles 
currently limit their use to fuel energy-demanding biochemical processes, however. Most notably, 
the orientation of the necessary membrane proteins is difficult to control, which limits the 
efficiency of ATP generation.69 Additionally, they all critically depend on the use of ATP synthase, 
which puts clear restrictions on the conditions that can be used and generate ATP on the external 
face of the compartments. This makes these compartments not artificial cells that can supply their 
own ATP need, but rather they should be encapsulated into larger compartments as artificial, 
energy-generating organelles, much like mitochondria in eukaryotic cells. Such integration with 
an artificial cell system has, however, rarely been demonstrated until now. In the most elegant 
system reported to date, Lee et al. used such artificial organelles comprising bacterial photosystem 
II and ATP synthase to fuel actin polymerization inside a giant lipid vesicle, altering its morphology 
in a reversible, light-dependent manner (Fig. 1.4).70 Similarly, ATP-generating organelles have 
been used to fuel cell-free protein synthesis.71 

 
Figure 1.4   Light-driven artificial organelles that fuel actin polymerization through ATP regeneration. A) Upon 
optical stimulation, artificial organelles that contain photoconverters PSII and PR generate a proton gradient that drives 
the formation of ATP by ATP synthase. B) Encapsulation of the artificial organelles in a giant vesicle filled with G-actin 
induces ATP-dependent actin polymerization upon red light activation. C) Actin polymerization produces morphological 
changes in the giant vesicles. Vesicle membrane: red, actin: white, organelles: green. Adapted from ref 70 with permission. 
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 1 Alternatively, natural organelles, such as thylakoids72 or even complete chloroplasts73, may be 
transplanted into artificial cells without the need to engineer the individual components of 
photosynthesis. Their transplantation, however, is not straightforward due to limited stability ex 
cellulo, and successful ATP synthesis after transplantation has yet to be demonstrated. 

 

Growth and division of synthetic compartments 

Reproduction is essential to maintain a living population. For this, the artificial cell needs to copy 
all its vital components and divide these into daughter compartments. So far, most research has 
focused on replication of the (genetic) information carrier, as reviewed elsewhere.1,74 Recently, 
however, more groups have started to design artificial cells that produce new membranes and are 
capable of division.75,76  

Growth 

Proliferation of cells requires the production of membrane components to prevent shrinkage of 
each subsequent generation. Generally, two approaches have been pursued to feed membranes 
with additional components. For dynamic membranes, like those based on fatty acids, externally 
added membrane components are spontaneously incorporated.58 Phospholipid membranes are 
less dynamic and require in situ production of membrane components for efficient incorporation. 
Polymersomes are generally even more stable and, therefore, used as non-replicating model cells 
only.  

An often-adopted approach to generate membrane components inside an artificial cell comprises 
the encapsulation of a catalyst into the membrane or lumen, where it produces an amphiphilic 
molecule that is incorporated into the membrane. Typically, this membrane growth disturbs the 
compartment’s surface-to-volume ratio, which induces budding and fission (Fig. 1.5).77 Devaraj 
and coworkers have developed several ligations to attach an alkyl tail to a lysolipid derivative, for 
instance by copper-catalyzed azide-alkyne cycloaddition78,79 or native chemical ligation80. This 
resulted in the spontaneous formation and growth of synthetic compartments from a 
homogeneous solution. A problem in these systems, however, is the dilution of the catalyst after 
several rounds of growth and fission. To circumvent this problem, they created a catalyst that can 
both generate new membrane components and undergo autocatalysis.78 Their system could 
perform fifteen cycles of near-complete conversion of lipid precursors that produced many new 
vesicles.  

Next to this biomimetic approach, existing biochemical routes to synthesize phospholipids have 
been explored for their potential to drive the growth of existing lipid vesicles and the synthesis of 
different phospholipid classes. The main drawback of this approach, however, is the complexity of 
the biosynthesis of phospholipids. Although the pathway is well-understood, reconstitution of all 
required enzymes and tuning of their mutual activities is a challenging task. Impressively, the 
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 1 

reconstitution or in situ expression of eight (membrane) proteins into a liposome enabled the  
conversion of fatty acids into a range of phospholipids with different headgroups.81,82 An important 
drawback of this approach, however, is the low production rate of new vesicle components, which 
currently hampers significant membrane expansion. To sustain a functional metabolism after 
division, however, the essential metabolic machinery should be replicated too. So far, little 
development has been realized in this area. Recently, however, the encapsulation of the PURE 
transcription-translation machinery into lipid vesicles has enabled the in situ production of 
enzymes that are involved in membrane synthesis.82,83 Moreover, in an elegant approach Danelon 
et al. realized the complete duplication of an artificial cell’s genetic information by self-encoding 
DNA polymerases.84 For future efforts, it is important that the replication of the information carrier 
and the compartment become coupled, to produce new generations with the same hereditary 
information. The work by Sugawara (Fig. 1.5) has already provided an interesting approach to this 
challenge.77 Subsequently, the occurrence of small changes to the hereditary code and their ensuing 
propagation in the population can pave the way for evolution of such artificial life.  

Division 

Although the division of artificial cells is still far removed from the stringent control over this 
process found in nature, numerous studies have reported basic methods of division (fission or 
budding) in artificial cells. The divisions were instigated by external mechanical shearing86, 
membrane growth77,78, volume reduction87, or phase separation87. Frequently, an increased 
surface-to-volume ratio due to membrane growth makes spontaneous budding and fission 
thermodynamically favorable.88 Indeed, sustained membrane growth can fuel repetitive 
growth/division cycles of artificial cells, albeit with limited control over the divisions.78,86 
Nevertheless, recent studies have demonstrated that macromolecules can provide some control 
over division by interacting with the growing membrane.77,88  

To gain more spatiotemporal control over synthetic division cycles, several groups have used 
regulatory elements from nature, like proteins that play a pivotal role in the division of simple 

 
Figure 1.5   Self-reproduction of vesicles coupled to internal DNA amplification. A polymerase chain reaction (PCR) 
in the vesicle’s lumen amplifies the encapsulated DNA, and a catalyst in the membrane generates new membrane 
components from supplemented precursors. Importantly, the DNA accelerates membrane formation and induces budding 
and fission of the vesicle. Adapted from refs. 77, 85 with permission. Copyright 2011 Macmillan Publishers Ltd.  
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 1 bacteria, to divide artificial cells. Most notably, the FtsZ and Min proteins from E. coli have been 
reconstituted into artificial cells to achieve controlled division.89 Recently, some evidence was 
presented that a contractile Z-ring formed by FtsZ and FtsA could completely pinch off and divide 
an artificial cell.90 Although such strategies could provide much better spatiotemporal control over 
the division process, their drawback is that the regulatory function of these protein networks is 
difficult to reproduce ex cellulo. The need to move toward more complicated division machinery 
is, however, obvious, since the field still faces major challenges here, like equal distribution of 
genetic information upon division, and implementing adequate checkpoints in the cell cycle.91 

 

Adaptivity 

Many of the artificial cells developed over the past years can be used to study processes in isolation 
and under controlled conditions. In the previous sections, we reviewed such systems in our 
discussion of the first four characteristics of life we introduced earlier – i) compartment, ii) 
information carrier, iii) metabolism, iv) reproduction. To survive in a dynamic environment, 
however, cells have to continuously sense and respond to changes in their milieu. Here, we 
examine efforts to mimic such adaptivity in artificial cells that dynamically and reversibly respond 
to their environment or each other, and discuss our recent work on nanomotors that use fuel from 
their surroundings to move. 

Sensing the environment  

While many artificial cells have been engineered to respond to a stimulating or inhibiting signal, 
the response is typically limited to a single transition from active to inactive, or vice versa.34,92–94 
Life itself, however, constantly adapts to its changing environment and maintains itself in a delicate 
homeostatic, dissipative, out-of-equilibrium state. In supramolecular materials chemistry, such 
dynamic and reversible systems have recently received much attention95; yet the translation of 
such dynamic behavior into cell mimics has been hampered by the limited reservoir of fuel and 
other resources these compartments can harbor. This further underlines the need for the 
development of metabolic regenerative pathways that can maintain the artificial cells in a non-
equilibrium state (vide supra). 

We recently developed an artificial cell in which protein-ligand interactions were reversibly 
controlled by the addition of external small molecule triggers.96 The interaction of  a His-tagged 
protein with its ligand in the membrane of giant unilamellar vesicles (GUVs) was regulated by the 
activity of a pH-modifying enzyme, alcohol dehydrogenase (ADH) (Fig. 1.6). The pH inside the 
GUV depended on the redox equilibrium of the natural cofactor NAD(H), which was reduced or 
oxidized by ADH in the presence of isopropanol or acetone, respectively. Thus, addition of either 
substrate could change the pH inside the GUVs, altering the association of protein to the 
membrane. Importantly, this process could be reversed by replacement of the original substrate 
by its antagonist. Hence, this artificial cell provides a platform to drive the dynamic membrane 
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association and dissociation of any His-tagged biomolecule. A similar approach has been taken to 
control the reversible association of proteins to lipid compartments using light as the trigger.97 
Additionally, the covalent addition of targeted proteins to lipid membranes with spatiotemporal 
control has recently been reported as well.98 Such platforms are especially useful for studying 
proteins that change conformation or that form functional complexes upon membrane association. 

Whereas natural cells can alter their membrane composition to regulate signaling or binding, 
synthetic membranes are usually static. Devaraj et al. addressed this discrepancy using a reversible 
native chemical ligation strategy to create lipid analogs that can easily exchange their acyl chains 
and hydrophilic head groups. The lipids self-assembled into GUVs, after which they could exchange 
their tails and head groups by addition of reactive precursors to the GUV solution. This way, the 
GUV’s membrane composition was remodeled to induce the formation of lipid domains, as well as 
to recruit a protein through electrostatic interactions with a newly introduced lipid head group.99 

Not only the composition, but also the shape of natural cells is dynamic; their morphology can 
change upon external or internal triggers. In an effort to translate this property to synthetic 
compartments, polymersomes and colloidosomes were shown to undergo oscillatory shape 
deformations in response to temperature variations and an internal oscillatory reaction (Fig. 
1.7).100,101 

These examples highlight the range of possibilities for creating adaptive artificial cells that 
constantly respond to changes in their environment. Fully reversible association and dissociation 
of complete cell mimics has been realized as well, using light- or chemically triggered coacervation 
and dissolution.31,102 Although many stimulus-responsive cell mimics have been engineered, they 
are typically geared toward processing an input and generating a corresponding output only once. 

 

Figure 1.6   Reversible assembly of a His-tagged protein on the membrane of a GUV. The assembly is driven by the 
catalytic activity of ADH, which changes the pH of the vesicle’s lumen. A) Schematic of the reversible assembly.  
B) Alternating addition of two substrates (indicated by arrows) drives membrane assembly and disassembly of the His-
tagged protein. C) Fluorescence microscopy images of GUVs corresponding to the time points in B. Adapted with 
permission from ref 96. Copyright 2015 Wiley. 
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The design of more dynamic cell mimics that can constantly sense their environment and 
reversibly respond to different stimuli would be an important step towards creating autonomous 
artificial cells. Valuable lessons can be learned, in this regard, from the approaches that have 
already been developed in supramolecular materials chemistry. One key innovation would be the 
selective modulation of membrane permeability upon an external or internal stimulus. The Mann 
group already showed they could influence the overall membrane permeability of a colloidosome 
sufficiently to regulate an internal reaction103, yet preferably the uptake should be more selective 
than based on size or charge. For this, activatable membrane channels could be a very interesting 
option.  Additionally, the construction of entire communities of cell mimics that exchange 
information through molecular signals, and autonomously moving synthetic compartments that 
move along fuel gradients are important developments in adaptive artificial cells, and will be 
discussed separately in the next sections. 

Communication between artificial cells 

Cells actively communicate to coordinate their actions; not only in multicellular but also in 
unicellular organisms. Efforts to mimic this behavior comprise artificial communication between 
both natural and artificial cells. Here we limit ourselves to systems that involve artificial cells. 

The first artificial cell capable of communicating with a natural cell used formaldehyde and boric 
acid as a simple feedstock to generate a variety of sugar derivatives.104 Due to the similarity of these 
borates to an inducer of bioluminescence in the bacterium V. harveyi, the artificial cells could signal 
the bacterium to produce light. More recently, protocell-to-cell signaling was also engineered such 
that artificial cells translated a chemical compound that E. coli cannot sense to a signaling molecule 
that triggered a cellular response in the bacteria.105   

 
Figure 1.7   Oscillating buckling patterns observed for two colloidosomes in response to temperature variations 
and an internal oscillating reaction. Reproduced with permission from ref 101. Copyright 2016 Wiley. 
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 1 In recent years this has started to become an active topic within the field. Several systems 
comprising signaling between two artificial cells have been reported.106–111 Various types of 
(macro)molecules have been employed as signaling molecule, among which hydrogen peroxide 
and genetic inducers are the most prominent. In one example, the Mann group engineered one-
way signaling from a hydrogen peroxide-producing colloidosome to a secondary colloidosome. The 
hydrogen peroxide triggered formation of an outer shell of thermoresponsive PNIPAM on the 
secondary colloidosome. This new shell altered the colloidosome’s permeability, which influenced 
the rate of an enclosed enzymatic reaction (Fig. 1.8A,B).106 The same group also engineered 
interesting predatory behavior in communities of artificial cells. Coacervate droplets could seek 
and attack protein-based vesicles, and, after lysing them, hijack their contents.112 Dupin & Simmel 
used droplet interface bilayers to pattern multicompartmentalized gene circuits that could 
generate pulses within DIBs by feedforward activation loops.109 The DIBs could be precisely 
positioned in defined geometrical patterns, making this a highly controlled approach to direct cell–
cell signaling. Using regularly spaced proteinosomes that allowed the influx and efflux of short 
single stranded DNA, Joesaar et al. realized fully DNA-based, non-enzymatic signaling with Boolean 
logic circuits that programmed amplification, cascading, and feedback loops between synthetic 

compartments (Fig. 1.8C–E).110 

 
Figure 1.8   Intercellular signaling. A) Glucose oxidase (GOx)-filled colloidosome produces hydrogen peroxide, which 
induces polymerization of the NIPAM shell of a secondary colloidosome. Consequently, the permeability of the PNIPAM-
colloidosome becomes thermoresponsive, influencing the kinetics of an internal reaction. B) Fluorescence microcopy 
image of red fluorescent GOx-colloidosomes that induced the polymerization of a green fluorescent shell around a 
PNIPAM-colloidosome. C–E) DNA-mediated communication between proteinosomes. Short single-stranded DNA strands 
can activate DNA strand-displacement circuits within a proteinosome protocell. C) DNA programs encoded in protocells. 
D) Protocell 1 activates protocell 2, which subsequently completes a negative feedback loop affecting protocell 1.  
E) Fluorescence micrographs and simulation of DNA-based intercellular signaling in proteinosomes. Panels A–B are 
adapted with permission from ref 106; copyright 2016 Wiley. Panels C–E are adapted with permission from ref 110; 
copyright 2019 Macmillan Publishers Ltd. 
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 1 Despite these recent examples, interactions between artificial cells remain a relatively unexplored 
part of the field. As such, the current designs are mere primitive versions of the complex 
communication that exists between natural cells. More advanced mutual synchronization between 
artificial cells could form the basis for the design of communities that can coordinate their actions, 
for instance to maintain homeostasis. As such, the behavior of communities of artificial cells merits 
further research because it represents the first steps to the bottom-up synthesis of tissue-like 
organizations.  

Motility & chemotaxis  

Nature offers plenty examples of the importance of motility for natural cells. Many of these 
trajectories follow a chemical gradient, in a process known as chemotaxis. So far, however, in 
synthetic cell-like compartments active and directed motility has seldom been produced. Such 
systems would not only yield insight in the movement of natural cells, but also pose interesting 
platforms for drug delivery as smart materials that can migrate to specific chemical milieus.    

Synthetic compartments can be propelled by a magnetic, acoustic, or electric field, light, or a 
chemical fuel. Using a chemical fuel has the advantage that no external force is needed to drive 
propulsion. However, the examples of fuel-driven propulsion of micro- and nanomotors that have 
been reported are mostly very different from cell-like structures.113 Our group has used bowl-
shaped polymeric vesicles, termed stomatocytes, that are propelled by an encapsulated hydrogen 
peroxide-consuming catalyst (Fig. 1.9).114 These nanomotors are obtained by controlled 
deformation of polymersomes, during which catalytic species such as enzymes are encapsulated in 
their cavity to catalyze the decomposition of fuel molecules like glucose and hydrogen peroxide.115 
The nanomotors were shown to move in a directed manner in presence of fuel, which is thought 
to be caused by a combination of diffusiophoresis and oxygen bubble formation.114  

To demonstrate life-like behavior, synthetic motor systems should also show chemotactic 
characteristics. Until now, however, the number of motors demonstrating guided movement to an 

 
Figure 1.9   Glucose-fueled propulsion of enzyme-loaded stomatocytes. A) The nanomotor’s cavity is loaded with 
enzymes during self-assembly. Fuel can diffuse in, but the enzymes remain trapped, producing thrust. B) The nanomotors’ 
speed varies with glucose concentration. Adapted with permission from ref 115. Copyright 2016 ACS.  
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 1 attractant is limited.116 Mainly, they are based on bimetallic particles or metal-coated microspheres. 
We recently created a more cell-like chemotactic system based on stomatocytes. The nanomotors 
moved along gradients of hydrogen peroxide, which could even direct them towards hydrogen 
peroxide-producing neutrophils.117 This chemotactic behavior is thought to result from the longer 
distances traveled at high fuel concentrations due to a fuel concentration-dependent increase in 
speed. Currently, we are investigating whether the speed, directionality, and temporal behavior of 
such chemotactic nanomotors can be further controlled. For instance, we have created nanomotors 
that use an enzymatic reaction network with several feedforward loops to maintain a constant 
speed independent of fuel concentration.118 The small size of these stomatocytes (< 1 µm) means 
they undergo Brownian motion, whereas microparticles typically are more inert and do not move 
without external flow or active propulsion. Such larger compartments have been shown to undergo 
enhanced diffusion when hydrogen peroxide was added and converted by encapsulated catalase.119 
Additionally, the adhesion of GUVs to a flat substrate could be controlled by light-sensitive 
adhesion proteins.120 However, the mechanisms that dictate movement of such cell-sized synthetic 
compartments are still little-understood.  

 

Conclusions & Outlook 

During the past decade, the bottom-up construction of artificial cells has started to pick up steam. 
Prominent advances in their functionality include the construction of gene circuits that display 
increasingly complex behavior and of self-reproducing compartments with improved control over 
their division. An important recent development is the construction of artificial cells that are 
adaptive. Their dynamic nature and ability to interact with the environment are significant next 
steps in the realization of fully autonomous artificial cells.  

For future developments, it is important to ensure that life-like systems are provided with an 
effective metabolism to sustain the biomimetic processes performed within the compartment. 
Furthermore, strategies should be designed that allow the replication of not only the genetic 
information or the membrane components, but also the functional units that execute the 
biomimetic processes. A first step into this direction would be integrating advanced functional 
elements while maintaining their mutual compatibility. In this regard, accommodating the 
relatively static multicompartmentalized vesicle platforms currently developed with the 
functionality and adaptivity realized in other systems seems a promising strategy. Additionally, 
communication between artificial cells would open up interesting avenues to collective behavior 
inspired by bacterial colonies or multicellular organisms. Taking adaptivity a step further, artificial 
cells would also provide an interesting platform to study the principles of genetic evolution.  

Finally, the bottom-up construction of artificial cells will not only enhance our understanding of 
fundamental physical and chemical processes in living systems, but may also find applications in 
biomedicine and environmental science via the development of smart, autonomous microreactors 
that can monitor their environment, and intervene if necessary. 
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 1 Aim and Outline of this thesis 

In this thesis the next steps in the design and engineering of artificial cells are explored, with an 
emphasis on creating adaptive cell mimics that are integrated within their environment and 
combine the information exchange that characterizes open systems with the autonomous chemical 
entity provided by compartmentalization. Until recently, cell mimics were generally designed to 
perform a single function upon receiving a stimulus within homogeneous populations of 
compartments. For instance, the compartments would function as nano- or microreactors that 
simply converted an externally added fuel in a set of embedded, pre-programmed chemical 
reactions until the available resources had been fully consumed. Such reactions may trigger a 
fluorescent response, growth of the compartment, or the generation of an energy-rich metabolite, 
but they are typically irreversible and the artificial cells do not coordinate their behavior. The cell 
mimics constructed here, on the other hand, are designed to interact with their environment or 
each other and to reversibly respond to changing external factors. As such, their integration with 
other cell mimics is expected to contribute to the emergence of complex behavior from collectives 
of artificial cells that continuously adapt to ever-changing circumstances to maintain their ‘life-
like’ state.  

Signal transduction from the environment of an artificial cell to its internal processes is the 
objective of Chapter 2, which demonstrates that external cues can alter the internal localization of 
a protein from the lumenal phase to the membrane. This is reminiscent of the recruitment of 
downstream signaling proteins to the membrane of cells that are activated by ligand binding to 
their receptors. Similarly, here membrane recruitment induces dimerization of a split enzyme, a 
luciferase, which leads to its activation and active signaling.  

The cell membrane does not only function as a signaling hub for cellular programs that induce 
signaling on the internal side of the cell membrane, but it also integrates signal processing on the 
external face of the cell. In addition to the specific receptors that bind to their respective ligands, 
several classes of proteins can also be recruited to the cell membrane when they are triggered. 
Chapter 3 uses the membrane of lipid vesicles as signaling hub for recruitment of proteins and 
their subsequent activation. The stimulus-responsive recruitment is reversible and can be 
transiently induced by enzymatic signals from either the surrounding solution or different 
populations of artificial cells.   

To further explore the behavior of communities containing different populations of artificial cells, 
we engineered cell mimics that could send and receive chemical signals. Chapter 4 describes the 
design and characterization of these sender and receiver cascades, which are fully based on 
enzymes and common metabolites and incorporate an allosteric amplification step to permit signal 
propagation over long distances. We assembled sending and receiving cells to explore the 
generation of spatiotemporal activation pulses and demonstrate the importance of signal 
amplification to effectively elicit a response in the receiving artificial cells.  
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 1 To maintain artificial cells out-of-equilibrium, the continuous supply of reagents and energy from 
the environment is essential. This can be achieved by using porous membranes that allow the 
influx of reagents and the efflux of products and waste. Biological cells have very refined control 
over this transport, whereas synthetic compartments typically only have a rough size or charge 
filter in place. Chapter 5 explores membrane fusion of phospholipid vesicles to control the import 
of molecules. The phospholipid bilayer is impermeable to most chemical species, except small 
uncharged and hydrophobic molecules. Therefore, the directed delivery of larger and charged 
molecules would be possible by fusing two lipid vesicles. Coiled-coil forming peptides were 
anchored into the membrane of opposing vesicles, and their ability to induce docking and 
subsequent mixing of contents is assessed.  

A relatively new class of artificial cells, that is inherently more permeable, is comprised of complex 
coacervates, which are membraneless, liquid-liquid phase separated compartments. Recently our 
group has engineered terpolymers that can stabilize the coacervates to prevent their spontaneous 
mixing. Chapter 6 investigates the effects this terpolymer has on both the stability of the individual 
coacervates, but also the uptake of a range of molecules that can be used as fuel or catalysts inside 
these crowded, cell-like compartments.  

Finally, Chapter 7 reflects on the findings described in this thesis, puts them into perspective 
within the field, and looks ahead to exciting new avenues of research. 
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Chapter 2 

Reversible enzymatic signaling in artificial cells 
regulated by external triggers 
 

 

 

Abstract 

Structural and spatial organization are fundamental properties of biological systems, where 
dynamic self-assembly processes govern the transient hierarchical assembly of functional 
components. Such nanoscopic organization is of key importance for the regulation of diverse 
biochemical processes, including signal transduction. In synthetic cells, however, this dynamic 
structural organization to activate signaling processes has remained little explored. In this chapter, 
we effectuate spatial organization in a giant unilamellar vesicle (GUV) by organizing effector 
proteins at the lipid membrane to promote a signaling event in response to external environmental 
cues. More specifically, localization of two fragments of a split luciferase to the membrane induced 
their dimerization and activated enzymatic signaling. Importantly, this recruitment and activation 
was reversible, opening up avenues towards continuous spatiotemporal control over 
supramolecular organization and signaling in an artificial cell. 
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Introduction  

Structural and spatial organization as a result of dynamic self-assembly processes is a fundamental 
property of biological systems, and often employed to effectuate desired biological responses. For 
example, so-called ‘supramolecular organizing centers’ like the inflammasome are localized 
higher-order signaling complexes that organize downstream processes and integrate upstream 
signaling events by scaffolding the various proteins involved.1 The functional versatility of 
biological systems often arises from the self-assembly of pre-programmed nanoscopic subunits, 
where chemical interactions are translated via hierarchical layers of organization into the complex 
behaviors that constitute living systems. In general terms, the complexity of molecular interactions 
dictates assembly and recognition through specific surface topologies. Inspired by this biochemical 
logic, researchers have undertaken to mimic such systems and behaviors in synthetic analogs. Self-
assembled microstructures based upon peptides2,3 or DNA4–7 have established our capacity to 
program synthetic systems, however, these systems do not exhibit much of the functionality of 
their biochemical archetype. Contrary to most synthetic materials, living systems exhibit self-
regulating and adaptable behavior that is maintained by complex out-of-equilibrium processes, 
where spatiotemporal regulation and organization of the flow of chemical information is critical 
to the process.8 Successful programming of dynamic behavior in synthetic materials – reminiscent 
to that observed in biology – thus requires implementation of complex regulatory mechanisms that 
exert control over the process.   

Inspired by the complexity of biochemical processes and the supramolecular organization of 
subcellular architectures, scientists from various disciplines have set out to mimic life-like features 
in synthetic systems in a so-called bottom-up approach. Two approaches to this grand challenge 
can be identified: (i) the development of compartmentalized systems that mimic structural aspects 
of the cell9–13, and (ii) in vitro reconstitution and evaluation of biochemical processes such as 
protein expression and enzymatic networks to mimic functional aspects of cellular behavior14–17. 
Although adopting either a compartmentalization or systems approach to this research has been 

 
Figure 2.1   Reversible enzymatic signaling in artificial cells regulated by external triggers. A liposome loaded with 
alcohol dehydrogenase (orange) can modulate its internal pH upon receiving either of two inputs (trigger A or B). When 
the pH is >6, the two components of a split luciferase (NanoBiT; grey semicircles) are recruited to the nickel nitrilotriacetic 
acid (Ni-NTA) moieties anchored to the membrane. This leads to reconstitution of the luciferase activity at the membrane. 
When the pH is decreased, the NanoBiT fragments are released from the membrane and luciferase activity is decreased 
and homogeneously localized.  
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necessary in building up our knowledge and capacity in this emerging discipline, amalgamation of 
these two important properties is the next big target. Despite the great efforts to incorporate 
regulatory mechanisms into artificial structures, integration of functional responses with self-
regulation within a compartmentalized system remains unexplored. The reason for this shortfall 
is the physicochemical complexity associated with integrating regulatory and effector elements in 
one system. In this chapter we work towards bridging this conceptual divide by the development 
of compartmentalized systems that are capable of engaging in dynamic assembly processes and 
activating signaling responses as a consequence of an internal enzymatic program. We induce 
spatial organization in a giant unilamellar vesicle (GUV), a synthetic cell-like compartment, by 
organizing effector proteins at the lipid membrane to promote a signaling response to external 
environmental cues (Fig. 2.1). These cues were utilized to recruit two fragments of a split enzyme 
to the membrane, which induces their dimerization and activates enzymatic signaling. 
Importantly, this recruitment and activation is reversible, providing continuous spatiotemporal 
control over signaling in an artificial cell. Efforts towards a regulatory internal enzymatic program 
showed that these artificial cells could potentially operate as autonomous life-like entities that 
respond to external molecular information through an internal enzymatic program.  

 

Results 

In order to attach biomolecules to a lipid membrane, numerous covalent conjugation strategies 
have been developed, yet these do not offer the dynamic and reversible immobilization that non-
covalent immobilization strategies provide. In order to impart dynamicity to our system, the 
reversible His-tag interactions were utilized. Specifically, the interaction of fusion proteins that 
incorporate a hexahistidine sequence (His-tag) with nickel-charged trinitriloacetic acid (Ni-NTA)-
modified surfaces offers a selective and reversible means to immobilize proteins onto surfaces.18 
The non-covalent nature of the interactions allows the dissociation by treatment with 
ethylenediaminetetraacetic acid (EDTA) or imidazole, or by decreasing the pH of the solution, 
which protonates the histidine side chains. Recently, we used this pH-dependency of the His-
tag/Ni-NTA interaction to control the reversible association of a red fluorescent protein to the 
inner leaflet of the membrane of GUVs that incorporated Ni-NTA head groups into their lipid 
bilayer.19 The specific association of the His-tagged protein with the membrane could be 
programmed by external effector molecules that modulated the pH inside the GUVs via an 
enzymatic process. This demonstrated the potential of this system to control protein localization 
inside a synthetic cell mimic; however, the function of the protein (fluorescence) was not altered 
by the membrane recruitment of this model protein, nor did it have any effect on internal 
processes. Therefore, here we explore an enzymatic system in which reversible localization at the 
membrane induces a clear biochemical response inside an artificial cell. 
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Controlled membrane localization induces enzymatic signaling 

To control the activation of enzymatic signaling by protein localization to the membrane of GUVs, 
we employed the split luciferase protein complementation reporter ‘NanoBiT’, which was evolved 
from NanoLuc, a bright luciferase derived from a deep sea shrimp.20,21 The large and the small 
fragment of NanoBiT (LgBiT and SmBiT, respectively) have a low intrinsic affinity of 190 µM that 
allows their use as complementation reporters for the His/Ni-NTA interaction, which has a Kd well 
below 10 µM – with multivalent interactions increasing the avidity even further.22–25 Upon 
dimerization of the large and small fragment, the active enzyme is reconstituted and catalyzes the 
conversion of furimazine with the concurrent production of bioluminescence. As such, this split 
luciferase is an ideal reporter of protein dimerization as a result of organization at the GUV 
membrane through multiple His/Ni-NTA interactions.  

To load GUVs with the LgBiT and SmBiT fragments we employed the inverted emulsion technique, 
as it ensures high encapsulation efficiencies and can generate GUVs under physiological buffer 
conditions.26 First, a water-in-oil emulsion was prepared containing both protein fragments in the 
water phase and phospholipids in the oil phase. Next, the water droplets were passed through a 
water/oil interface covered by phospholipids. This generated GUVs loaded with both luciferase 
fragments in the desired ratio and concentration. Furthermore, a phospholipid with a Ni-NTA 
moiety conjugated to its head group (DOGS-NTA-Ni) was incorporated into the GUV membrane 
at concentrations up to 2 mol%. LgBiT and SmBiT binding to the membrane through the 

 
Figure 2.2   Ni-NTA-dependent membrane localization and activation of NanoBiT in GUVs. a) Cartoons and 
corresponding bioluminescence micrographs of GUVs without DOGS-NTA-Ni, which did not display a ring of 
bioluminescence at the membrane (left) and GUVs that contained 1% DOGS-NTA-Ni, where the bioluminescence clearly 
originated from the membrane (right). This indicated the recruitment and reconstitution of LgBiT and SmBit at the 
membrane. GUVs were composed of 70/30 (mol/mol) POPC/cholesterol. Scale bar represents 20 µm. Line plots are 
normalized for each image individually. b) Global bioluminescence of GUVs with (2%) and without DOGS-NTA-Ni 
demonstrated the Ni-NTA-dependent reconstitution of the active luciferase. The concentrations of encapsulated LgBiT 
and SmBiT are indicated. Normalized bioluminescence represents the bioluminescence corrected for the GUV 
concentration using a fluorophore in the lumen of the GUVs. All experiments were performed at pH 7.4. GUVs were 
composed of 70/30 (mol/mol) POPC/cholesterol. 
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programmed His/Ni-NTA interactions and subsequent formation of the luminescent complex was 
monitored by bioluminescence microscopy. The weak bioluminescent signal was collected using a 
sensitive electron-multiplier charge-coupled device (EMCCD) camera, while the GUVs were located 
using an inert fluorescent tracer incorporated into the lumen or the membrane. When DOGS-NTA-
Ni was incorporated into the GUVs, the formation of a ring of bioluminescence originating from 
the GUV membrane clearly indicated formation of the active luciferase complex at the membrane 
(Fig. 2.2a & Suppl. Fig. S2.1–2.3). The Ni-NTA dependent luciferase dimerization and activation 
was calculated from the membrane/lumen ratio of the bioluminescent signal to be 1.8 ± 0.4 for 
1% Ni-NTA GUVs. Ni-NTA-independent formation of the active luciferase was also detected and 
was attributed to low levels of spontaneous dimerization of LgBiT and SmBiT at the concentration 
used (5 µM). This rather high concentration, however, was necessary to collect sufficient photons 
to achieve detectable signal to noise ratios. However, the spontaneous dimerization was clearly not 
membrane-dependent, as in the absence of DOGS-NTA-Ni in the membrane the bioluminescence 
originated from the lumen of the GUVs only and the membrane/lumen ratio was < 1 (compare line 
profiles in Fig. 2.2).  

The role of the His/Ni-NTA interaction was further verified using EDTA to chelate the nickel, which 
effectively inhibited the recruitment of the luciferase fragments to the GUV membrane from the 
external solution (Suppl. Fig. S2.4). As the Ni-NTA groups were distributed on both leaflets of the 
GUV membrane, any His-tagged NanoBiT fragments that were not properly encapsulated could 
potentially bind the external face of the membrane. To exclude any contribution of the externally 
facing ligands to the reconstitution of the split luciferase, 2 mM EDTA was added to the external 
solution in any following experiments, which blocked recruitment of both fragments from the 
external solution, yet not from the lumen of the vesicles (Suppl. Fig. S2.5).  

The Ni-NTA moieties thus constitute selective ligands that facilitate the localization of a His-tagged 
protein to the vesicle membrane through recruitment of its hexahistidine domain. This provides 
the synthetic cell mimic with spatial organization of internal signaling processes. Yet, recruitment 
of proteins to the GUV membrane can also activate enzymes by promoting their dimerization and 
subsequent activation, which is a common regulatory process in nature as well. Membrane 
localization increases the local concentration of LgBiT and SmBiT and, as a consequence, is 
expected to enhance their association, which is intrinsically weak and dominated by interactions 
programmed into the fusion domains.27 To investigate the enhancement of signaling responses by 
programmed recruitment of the luciferase fragments, the global bioluminescence output of 
populations of vesicles was monitored in bulk measurements, which allow a more quantitative 
assessment on the overall luciferase reconstitution than that offered by microscopy. To correct for 
the concentration of vesicles in each sample, the bioluminescence was normalized to the 
fluorescence of an inert fluorophore loaded into the GUVs. Indeed, the total bioluminescence of 
vesicles that contained DOGS-NTA-Ni was higher than that of vesicles that did not incorporate Ni-
NTA groups (Fig. 2.2b). This indicated that not only the membrane-associated but also the global 
enzymatic activity is increased by the scaffolding function of Ni-NTA in the membrane, which 
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served to organize the protein fragments and induce their reconstitution. The absolute signal 
further depended on the concentration of both fragments inside the vesicles; the stoichiometry of 
the interaction was unimportant, but – as expected – higher concentrations of LgBiT and SmBiT 
produced higher enzymatic activity. 

Membrane recruitment of both fragments induces dimerization  

To study the dimerization of the SmBiT and LgBiT in more detail, we synthesized a SmBiT 
fragment that did not have a His-tag (NoHis-SmBiT) and evaluated its ability to form the active, 
reconstituted dimer complex at the membrane and in the lumen (Fig. 2.3). The micrographs 
clearly demonstrate that the active luciferase is only formed preferentially at the membrane when 
both SmBiT and LgBiT are His-tagged and, therefore, recruited to the membrane. When SmBiT 
cannot be recruited, low levels of spontaneous reconstitution in the lumen of the vesicles do 
produce active luciferase, but the interaction with the membrane is not strong enough or the extent 
of dimerization is lower than for His-SmBiT. The latter hypothesis is supported by the global 
luminescence signal, which was higher when both fragments were His-tagged than for untagged 
SmBiT (Fig. 2.3b). The binding of both His-SmBiT and LgBiT to the GUV membrane is, therefore, 
thought to induce dimerization and luciferase signaling; protein reconstitution follows membrane 
localization, rather than the other way around. This also further proves that the membrane 
recruitment of LgBiT does not simply increase the catalytic activity of the large luciferase fragment, 
but indeed both fragments are needed to reconstitute the luciferase catalytic activity.  

 

 
Figure 2.3   Organization of both luciferase fragments on the membrane induces dimerization and signaling.   
a) Cartoons and micrographs of GUVs loaded with 5 µM of either His-SmBit or NoHis-SmBiT, and 5 µM LgBiT. 
Bioluminescence (grey) of GUVs loaded with a fluorescent marker (sulforhodamine B; red) clearly demonstrated the 
localization of the reconstituted luciferase to the GUV membrane when both luciferase fragments were His-tagged and 
lumen-based signal when SmBiT was untagged. The GUVs contained 2% DOGS-NTA-Ni; 2 mM EDTA was added to the 
external solution. Scale bars represent 20 µm. b) Global bioluminescence of samples with GUVs containing either  
His-SmBiT or NoHis-SmBiT, corresponding to the micrographs in a. Normalized bioluminescence represents the 
bioluminescence corrected for the GUV concentration using the fluorescence of sulforhodamine B. All experiments were 
performed at pH 7.4. GUVs were composed of 35/35/30 (mol/mol) DOPC/POPC/cholesterol + 1.0% DSPE-PEG-biotin. 
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pH-controlled reversible membrane recruitment  

The Ni-NTA-dependent recruitment of proteins to the membrane of vesicles provides the 
scaffolding to organize protein dimerization and induce signaling in membrane-residing 
supramolecular complexes. The non-covalent nature of the interactions that form these complexes 
enables their reversible formation and dissociation and could provide control over the transient 
activation of enzymatic signaling through dynamic recruitment of the actuators. The strength of 
the His-tag/Ni-NTA interaction can be tuned by several molecular modulators, including imidazole 
and EDTA. We selected pH, however, to control the reversible complexation, as this offers a 
universal framework to interface the internal signaling with programmable self-regulating or 
adaptive molecular programs and networks. The pKa of the imidazole side chains in the His-tag is 
6.0; consequently, acidification of a neutral solution decidedly weakens the His/Ni-NTA 
interactions. To test the responsiveness of the split luciferase reconstitution toward pH, the GUVs 
were permeabilized using a self-inserting membrane pore, alpha-hemolysin (αHL), which allows 
rapid equilibration of the internal and external pH while molecules > 2 kDa remain encapsulated 
inside the vesicles.28 This set-up enabled us to modulate the internal pH by the addition of acid or 
base to the external solution. αHL was incubated with the GUVs for 20 min, followed by addition 
of the Nano-Glo substrate and recording of the bioluminescent activity. At pH 7.4 LgBiT and SmBiT 
formed the active luciferase at the membrane, as expected (Fig. 2.4). When the pH was decreased 
to 5.5 by addition of dilute HCl, the membrane-associated bioluminescence disappeared and a 
somewhat weaker signal originating from the lumen was observed. Not all GUVs emitted a 
detectable luminescence; this was attributed to the lower activity of the luciferase at pH 5.520, and 

 
Figure 2.4   pH-dependent recruitment and reconstitution of the active luciferase at the membrane. 
Bioluminescence (grey) and fluorescence (red) micrographs of GUVs that contained 5 µM LgBiT and SmBiT. GUVs 
contained 1% Ni-NTA; 0.06% DOPE-lissamine rhodamine B (DOPE-LRB) was included to aid their localization. At pH 7.4 
the bioluminescence originated from the GUV membrane. When the pH was decreased to 5.5, the signal intensity 
decreased and was not membrane-associated anymore. Addition of NaOH increased the pH and restored the membrane-
associated luciferase activity. The images show different GUVs for each condition. The GUV composition was 35/35/30 
DOPC/POPC/cholesterol + 1% DSPE-PEG-biotin and GUVs were permeabilized by addition of 20 µg/ml α-hemolysin. 
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possibly partial loss of the smaller fragment (~3.1 kDa) from some vesicles with high αHL content. 
Gratifyingly, when the pH was reversed to 7.5 the bioluminescent ring reappeared, which indicated 
that both protein fragments had associated with the membrane and reconstituted the active 
luciferase once more. Accordingly, pH-controlled reversible switching of the enzyme activity 
through programmable association and dissociation of the His-tagged polypeptides was 
demonstrated.  

Towards reversible regulation of enzymatic signaling by external triggers 

Next, we aimed to put the pH-modulation under control of an enzymatic program within the 
artificial cells. To this end, we turned to alcohol dehydrogenase (ADH), as it can catalyze reactions 
that either produce or consume protons, depending on the substrates used. Conversion of an 
alcohol and oxidized nicotinamide dinucleotide (NAD+) into an aldehyde or ketone and reduced 
nicotinamide dinucleotide (NADH) produces protons stoichiometrically, whereas the reverse 
reaction consumes protons (Fig. 2.5). We have already employed this reaction in a previous study 
to modulate the lumenal pH of a liposome, and showed that the concentration of NAD(H) can be 
used to dictate the operational pH range, while acetone and isopropanol are suitable substrates 
that can cross the lipid bilayer of the liposome when added externally.19 Using the fluorescent pH 
probe pyranine, we investigated the pH change that could be achieved using this system in bulk 
(Fig. 2.5). Addition of ≥100 mM acetone to a solution of ADH and NADH led to a rapid pH increase 

 
Figure 2.5   ADH catalyzed the interconversion of NAD+ and NADH and modulated the pH of the solution. a,b) 
Increasing concentrations of acetone (ACT) drove the equilibrium to NADH and proton consumption, which increased the 
pH. c,d) The addition of isopropanol (IPA) instead of acetone drove the equilibrium to NADH and proton production, 
which decreased the pH. The concentrations of IPA or ACT in b and d are the same as in a and c, respectively. 
(Corresponding curves are numbered or lettered accordingly.) [NAD] = 2.0 mM, [ADH] = 0.50 mg/ml. The fluorescence 
intensity of pyranine (10 µM) was used to track the pH; NADH concentration was incurred from its absorption at 340 nm. 
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from 5.8 to 7.8 and was accompanied by the oxidation of NADH to NAD+. The reverse reaction of 
isopropanol and NAD+ produced a rapid initial pH decrease and NAD+ reduction, yet the reaction 
reached its plateau slowly. This slow oxidation of isopropanol at low pH is in line with our previous 
observations19 and is in line with the equilibrium constant, which favors formation of the alcohol. 
Several other alcohols were screened as well, but although they did improve the reaction kinetics, 
the equilibrium constant for isopropanol proved to be more favorable for proton production.29,30  

Having established suitable conditions for modulating the pH inside ADH-loaded GUVs, all 
components (NAD, ADH, LgBiT, SmBiT, pyranine) were encapsulated into GUVs using the droplet 
transfer technique.31 Of course, to retain the pH gradient over the membrane that would result 
from the ADH-catalyzed reaction, it is critical that the lipid membrane is sufficiently impermeable 
to protons. Phospholipid bilayers can maintain a pH gradient for some time32–34, although the 
permeability towards protons is typically higher than towards other cations like Na+ and K+.35,36 
We tested the ability of GUVs prepared from various mixtures of DOPC, POPC and cholesterol to 
maintain a pH gradient by placing GUVs loaded with pyranine at pH 7.4 into a solution of pH 5.5. 
The DOPC-rich GUVs retained the pH gradient for several hours, whereas increasing amounts of 
POPC formed vesicles that lost their pyranine fluorescence more rapidly. Therefore, we opted to 
use GUVs composed of DOPC + 2% DOGS-NTA-Ni for subsequent experiments. Additionally, the 
osmotic pressure should be carefully balanced to prevent leakage of the contents through transient 
pores that can form to relieve osmotic pressure on the GUV membrane.37 To do so, the osmolalities 
of the inner and outer solutions were carefully matched using a vapor pressure osmometer.  

 
Figure 2.6   Modulation of the internal pH of ADH-loaded GUVs by opposite triggers. Pyranine (green) was used to 
monitor the pH, as it is fluorescent at neutral pH (pKa = 7.2); DOPE-LRB (red) was used to label the GUV membrane. a,b) 
Addition of 500 mM IPA to NAD+-loaded GUVs (pH 7.5) decreased the internal pH, whereas addition of buffer without 
IPA did not change the pH. c,d) When 200 mM acetone was added to NADH-containing GUVs, the internal pH increased 
rapidly. Without acetone, the pH was stable. Micrographs were acquired on a widefield epifluorescence microscope before 
(left) or 25 min after (right) addition of IPA or ACT. GUV composition was DOPC + 2% DOGS-NTA-Ni + 0.06% DOPE-
LRB. GUVs contained 10 µM pyranine, 2.0 mM NAD+ or NADH, 1.0 mg/ml ADH, 5 µM LgBiT, 5 µM SmBiT. Scale bars are 
50 µm.  
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After formation, the GUVs were loaded into observation chambers and the ability of ADH to change 
the internal pH depending on the external trigger was investigated. GUVs loaded with pyranine 
displayed pH-dependent fluorescence, with a strong signal at pH 7.5 (Fig. 2.6a, left) and low 
intensity at pH 5.5 (Fig. 2.6c, left). When 500 mM IPA was added to GUVs that contained 2.0 mM 
NAD+ at pH 7.5, the internal pH decreased rapidly, ultimately reaching a plateau (Fig. 2.6a, right). 
When IPA was omitted, the pH did not change appreciably (Fig. 2.6b). Conversely, when 200 mM 
acetone was added to GUVs that contained 2.0 mM NADH (at pH 5.5), the pH increased markedly 
(Fig. 2.6c,d). Therefore, it can be concluded that the pH modulation inside the GUVs was similar 
to that observed in bulk reactions (Fig. 2.5). We next sought to investigate the effect of the pH 
switch on the localization and activity of NanoBiT. However, when the bioluminescence was 
monitored before and after the pH switch, the pH gradient over the membrane of the GUVs was 
lost rapidly after addition of the furimazine solution. Seemingly, the glycerol and ethanol in this 
solution disturb the GUV membrane such that it cannot maintain a pH gradient anymore. To test 
this, GUVs were assembled at pH 7.5 and incubated in a solution at pH 6. Samples to which 
furimazine solution was added displayed rapid equilibration of the inner and outer pH, whereas 
GUVs without furimazine maintained their pH gradient as described before.  

 

Discussion 

In this study we strived to combine elements of the structural organization found in natural cells 
with the biochemical processes that provide the spatiotemporal regulation of such organization. 
Specifically, we used GUVs as cell mimics to engineer i) localized and induced signaling responses 
by scaffolding of a split luciferase on the membrane, and ii) regulation of this signaling by a 
metabolic process that could transduce environmental cues into an intracellular functional 
response.  

Crucially, the split luciferase we selected could interact with the vesicle membrane through specific 
interaction of its hexahistidine domain with the Ni-NTA moieties in the GUV membrane. This did 
not only guide both luciferase fragments to the membrane, but also induced their reconstitution 
and increased the signal generated compared to the unbound fragments. This structural 
organization, therefore, provided a means to induce enzymatic signaling, and, importantly, it was 
reversible due to the non-covalent interaction of the His-tag with the Ni-NTA-modified 
phospholipid. This is in marked contrast to other systems reported in literature, which typically 
irreversibly conjugate a protein to the membrane by a spontaneous ligation reaction or under 
control of light-activatable chemistries.38,39 Recently, dynamic binding to a GUV membrane under 
influence of light was demonstrated for proteins that were recruited from the external 
environment.40 In a quite different approach, the reversible clustering of metabolic enzymes in 
yeast was realized using optogenetics, and this had implications on metabolic flux within the cell.41 
Yet, dynamic protein recruitment inside a cell mimic was only demonstrated in previous work by 
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our group.19 The work presented here builds upon this design and extends it to protein scaffolding 
and enzymatic signaling responses.  

Indeed, the NanoBiT system proved to be pH-responsive, with detachment from the membrane at 
pH ~5.5. However, the observed decrease in signaling response is likely also partially attributable 
to the impeded enzymatic activity in slightly acidic environments.20 The recapitulation of the 
proposed internal enzymatic program that could direct the signaling response according to 
external cues, however, proved to be incompatible with this luciferase system due to the rapid 
dissipation of the pH gradient over the GUV membrane upon addition of the luciferase substrate 
solution. This is attributed to the suspected presence of glycerol in the assay substrate, although 
other unknown additives may play a role as well. To remedy this incompatibility, we propose to 
modulate not only the internal pH, but also that of the external environment. For this, membrane 
pores should be incorporated into the membrane to facilitate the full equilibration of the pH. 
Additionally, the use of other enzymes that can modulate the pH over a wider range and have 
higher activity may be explored. Both options are further explored in Chapter 3. Indeed, the 
development of responsive systems is recognized as an important development in both artificial 
cells42, and materials science43. Although the variety of possible inputs is very large, pH-responsive 
interactions form a simple yet powerful means to reversibly control molecular responses.44 The 
pH range should be carefully controlled, however, to prevent undesired denaturation of proteins, 
and as such the exploration of different stimuli that can control the structural organization of 
proteins inside artificial cells would be desirable.  

 

Conclusions & Outlook 

Here, we have engineered an artificial cell that can change the localization of two fragments of a 
split luciferase through specific interactions between the hexahistidine domains on the protein 
fragments and a Ni-NTA moiety in the lipid membrane. The achieved structural organization 
resulted in the reconstitution and activation of the split luciferase’s enzymatic signaling. 
Importantly, recruitment of both fragments is needed to efficiently reconstitute the active enzyme, 
thus establishing the importance of higher-order complexes formed by supramolecular 
interactions in the activation of signaling responses and metabolic pathways in artificial cells. Due 
to the non-covalent, dynamic nature of the interactions between the enzyme fragments and the 
membrane, the supramolecular complex could be reversibly assembled and disassembled. 
Attempts to place this under the control of an enzymatic program that could direct the signaling 
response according to environmental cues need further optimization, however, due to the effect of 
the luciferase substrate solution on the permeability of the lipid membrane.  

In the future, we aim to implement other dimerizing proteins that are known to be activated by 
scaffolding, like caspases and kinases. Additionally, recruitment of membrane-modifying enzymes 
could be used to provide temporal control over the modification of the membrane properties 
through an internal signaling response. Combined with spatial modulations like lipid rafts or light-
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activated clustering, this could lead to advanced spatiotemporal control over structural and 
functional responses within an artificial cell.  
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Experimental details 

Materials & Instrumentation 

Materials 

Nano-Glo Luciferase Assay Substrate was obtained from Promega. Phospholipids were supplied by 
Avanti Polar Lipids. Paraffin oil was from JT Baker. ADH from Saccharomyces cerevisiae (373 U/mg 
protein) and αHL from Staphylococcus aureus were purchased from Sigma-Aldrich.  

All other reagents and solvents were of high-quality grade, purchased from commercial suppliers, 
and used without further purification unless stated otherwise. Ultrapure water (“Milli-Q”) was 
obtained from a Merck Millipore Q-Pod system (≥ 18.2 MΩ) with a 0.22 μm Millipore Express 40 
filter. 

Instrumentation 

Bulk fluorescence measurements were obtained using either a Spark 10 M, Safire 2, or Infinite 200 
PRO plate reader (Tecan). Bioluminescence spectroscopy was recorded on a Tecan Spark 10 M. 
Sonication was performed in a Branson 2800 or 2510 bath ultrasonic cleaner. Images were 
processed with Fiji, a program developed by the NIH and available as public domain software at 
https://imagej.net/Fiji. The osmolality of the inner and outer phases was determined using a 
Vapro 5520 (Wescor) osmometer. Bioluminescence microscopy was performed on a Nikon Eclipse 
Ti-e inverted microscope equipped with a Plan Apo Lambda 20x objective (Nikon). To prevent lipid 
adsorption to the glass, slides were treated with 1 mg/ml BSA in Milli-Q for > 1 h, followed by 
washing with Milli-Q. 

 

Methods 

All experiments were performed at room temperature, unless indicated otherwise. All enzyme 
solutions were kept on ice during the procedures, whenever possible. 

Protein expression & characterization 

LgBiT was expressed as a fusion protein (His6-LgBiT-(GGS)10-CT52) as reported previously.27 The 
CT52 domain was not used in the current study.  

Solid-phase peptide synthesis (SPPS) 

The His-tagged and untagged SmBiT fragments were synthesized by SPPS. Couplings were 
performed according to the general SPPS protocol described in Chapter 5. The peptides were 
cleaved from their resin using 1.5 ml of 81.5% TFA, 5% thioanisole, 5% phenol, 5% water, 2.5% 
EDT, 1% TIS (vol%) per 100 mg resin for 2.75 h, followed by filtration and washing of the resin 
with TFA. The filtrates were precipitated into ice-cold diethyl ether, stored at –20 °C for 15 min, 
and centrifuged at 2000 rpm for 10 min (MSE Mistral 1000 centrifuge). The supernatants were 
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decanted and the pellets were washed with fresh ice-cold ether, and centrifuged again. This 
washing was repeated once. The pellets were dried under vacuum overnight and purified by 
preparative RP-HPLC using a gradient of 5–100% MeCN in H2O + 0.1% TFA. Both products were 
obtained after lyophilization as a white powder.  

(His-)SmBiT sequence: H-HHHHHHGGSGGGGSGGSSSGGVTGYRLFEEIL-NH2. LC-MS (ESI+): 
m/z calcd. for C134H196N48O43 [M+3H]3+: 1056.5, observed: 1056.5; LC: Rt = 6.31 min. NoHis-SmBiT 
sequence: H-GGSGGGGSGGSSSGGVTGYRLFEEIL-NH2. LC-MS (ESI+): m/z calcd. for 
C98H154N30O37 [M+2H]2+: 1173.1, observed: 1173.1; LC: Rt = 6.53 min.  

Assembly of GUVs 

GUVs were prepared following the droplet transfer method.26 First, lipid stock solutions in paraffin 
oil were prepared by mixing lipid stock solutions in chloroform with paraffin oil, heating this to 
80 °C for 30–60 min and leaving it under vacuum overnight. These solutions were stored at –20 
°C and used within two weeks. Paraffin stock solutions were mixed to obtain 200 µl of a solution 
containing either 70/30 (mol/mol) POPC/cholesterol, 35/35/30 DOPC/POPC/cholesterol or 100% 
DOPC. To obtain Ni-NTA-displaying GUVs, 1 or 2% of DOGS-NTA-Ni was added. When membrane 
labeling was needed, 0.06% of DOPE-lissamine rhodamine B was incorporated as well. The lipid 
solutions were sonicated at room temperature for 10 min in a bath sonicator and cooled on ice for 
>15 min. Next, 20 µl of inner phase solution (vide infra) was emulsified in 200 µl of lipid solution 
by strong vortexing for 25 s while turning the reaction tube to prevent sedimentation of the water 
droplet. Directly after, the emulsions were incubated on ice for 10 min. Subsequently, they were 
layered on top of 150 µl pre-cooled outer phase solution (vide infra) in a 1.5 ml plastic reaction tube 
and immediately centrifuged at 4 °C for 20 min at 3,300 x g (standard) or at room temperature at 
9,000 x g (POPC/cholesterol GUVs). GUVs were harvested by puncturing the tube at the position 
of the GUV pellet and collecting the aqueous layer. Either 2 mM EDTA was added to the solution 
to prevent binding of unencapsulated proteins, or the GUVs were carefully washed to remove 
unencapsulated material by two steps of centrifugation at 1,500 x g for 2 min and replacement of 
the supernatant.  

Inner phase compositions (IP):  

For NanoBiT recruitment: 10 mM K2HPO4, 300 mM NaCl, 200 mM sucrose,  
5.0 µM LgBiT, 5.0 µM SmBiT or NoHis-SmBiT, pH 7 or 5. 

Where applicable, 10–100 µM of sulforhodamine B (SRB) or calcein was added to track the position 
of the GUVs or to normalize for the concentration of GUVs.  

For ADH-mediated pH switching: 0.5 mM Na2HPO4, 150 mM NaCl, 200 mM sucrose,  
10 µM pyranine, 2.0 mM NAD+ or NADH, 1.0 mg/ml ADH, 5 µM LgBiT, 5 µM SmBiT. 

Outer phase compositions (OP):  

For NanoBiT recruitment: 10 mM K2HPO4, 300 mM NaCl, 200 mM glucose, pH 7 or 5. 

For ADH-mediated pH switching: 0.5 mM Na2HPO4, 150 mM NaCl, 200 mM glucose. 
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The pH of the IP and OP was set at room temperature using a potentiometric pH meter. All 
components were mixed and NaOH and HCl were added as required, followed by adjusting the 
total volume with Milli-Q. 

Osmometry 

20 µl of solution was loaded in the sample holder. The osmometer was calibrated using calibration 
solutions of 1000 and 290 mOsm/kg.  

pH-dependent recruitment in GUVs 

GUVs were composed of 35/35/30 (mol/mol) DOPC/POPC/cholesterol, 1% DOGS-NTA-Ni, 0.06% 
DOPE-LRB and 1% DSPE-PEG(2000)-biotin (the biotin functionality was not used in this study). 
5.0 µM LgBiT and 5.0 µM SmBiT were encapsulated. αHL (20 µg/ml) was added and incubated 
for 20 min. Three series of samples were prepared: one was left untreated (pH 7.4), to another 
dilute HCl was added to decrease the pH to 5.5, yet another was first acidified (pH 5.5) and after 
20 min incubation adjusted to pH 7.5 using dilute NaOH. The pH of all solutions was monitored 
using a potentiometric pH meter. Next, Nano-Glo substrate (1:50 final dilution) was added and the 
bioluminescence recorded. In this case, EDTA was not added to the external solution, as it would 
have diffused into the GUVs and inhibited the membrane recruitment of the internal protein 
fragments as well.  

Monitoring the ADH reaction in bulk 

ADH was dissolved in Milli-Q and spin-filtered twice using 0.5 ml, 10 kDa MWCO spin filters 
(Amicon) at 4 °C, 14,000 x g for 10 min and stored at 4 °C until further use.  

In a black polystyrene 384-well microplate (Nunc, Thermo Scientific) the following components 
were mixed to a final volume of 30 µl: 1.0 mM Na2HPO4, 150 mM NaCl, 200 mM sucrose, 0.50 
mg/ml ADH, 2.0 mM NAD+ or NADH, and 10 µM pyranine. The pH was set using a potentiometric 
pH probe at room temperature after mixing all components: 5.8 and 7.4. The acetone and 
isopropanol were added last, after which the plate was briefly centrifuged, covered with Greiner 

Bio-One Easyseal, and measured immediately at 25 °C. The pyranine fluorescence was recorded at 
515/20 nm, with excitation at 450/20 nm, and the emission intensity was used to monitor the pH 
change.33 

Bioluminescence spectroscopy 

Measurements were performed in a white, low-volume 384-well microplate with non-binding 
surface treatment (Corning) at 25 °C. 20 µl of GUV solution was mixed with 2.0 µl diluted Nano-
Glo substrate (final concentration 1:220). Immediately afterwards, the plate was shaken for 15 s 
and the measurement was started. Luminescence was collected using an integration time of 200 
or 5000 ms (depending on the NanoBiT concentration); the luminescence was recorded with an 
interval of 1 min until a stable output was reached, which was used for quantification. The SRB 
fluorescence was measured to normalize the bioluminescence output to the GUV concentration.  
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Bioluminescence microscopy 

Bioluminescence microscopy was performed on a Nikon Eclipse Ti-e inverted microscope equipped 
with a Plan Apo Lambda 20x objective (Nikon). The GUVs were loaded into a BSA-passivated 8-
well µslide with a #1.5 glass coverslip bottom. Nano-Glo substrate (1:50 or 1:100 dilution) was 
added and directly afterwards the bioluminescent signal was collected using an Andor iXon Ultra 
888 EMCCD camera with an operating temperature of –80 °C, an integration time of 60 s, and the 
EM gain set to 234. Bioluminescence was collected over several minutes until a stable signal was 
obtained. The fluorescent signal from SRB or calcein was recorded to track the position of the GUVs 
using a bandpass filter set with excitation at 460–500 or 540–580 nm, a 505 or 585 nm dichroic 
mirror, and emission at 510–560 or 592–667 nm. 

Image analysis 

Micrographs were analyzed using Fiji.45 To quantify the recruitment of NanoBiT, the 
bioluminescence at the membrane and in the lumen was extracted using the built-in line profile 
tool and from these values the membrane/lumen ratio was calculated.  
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Chapter 2 – Supplementary Information 

 
 
 

 
Figure S2.1   In absence of furimazine, no bioluminescence is produced. Negative controls for bioluminescent signal 
in absence of furimazine, the substrate for NanoBiT. Micrographs display bioluminescence (grey) and fluorescence from 
a marker in the lumen of the GUVs (calcein; red). GUVs contained 5 µM LgBiT and SmBiT and the pH was 7.4. 2.0 mM 
EDTA was present in the external solution. Scale bars represent 30 µm.  

 

 

 

 
Figure S2.2   >1 µM of LgBiT and SmBiT is needed for adequate signal/noise ratio in bioluminescence imaging. 
Bioluminescence micrographs for GUVs that contained 1 µM (left) or 5 µM (right) LgBiT and SmBiT. GUVs contained 2% 
DOGS-NTA-Ni and the pH was 7. 
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Figure S2.3   The amount of DOGS-NTA-Ni in the GUV membrane controls LgBiT and SmBiT binding. Micrographs 
of bioluminescence (gray) and a GUV marker (calcein; red) of GUVs containing different mol% of DOGS-NTA-Ni. GUVs 
were loaded with 5 µM LgBiT and SmBiT and the pH was 7.4. 2.0 mM EDTA was present in the external solution. Scale 
bar represents 20 µm. The Nano-Glo substrate was diluted 1:50. The graphs show the line profiles of the GUVs indicated 
by the white lines. 

 

 
Figure S2.4   EDTA removes NanoBiT from the membrane of GUVs that contain DOGS-NTA-Ni. Micrographs of 
bioluminescence (gray) and a GUV marker (dextran-FITC-TMR conjugate; red). In this case, LgBiT and SmBiT (0.50 µM) 
were added to the external solution after GUV formation. GUVs contained 1% DOGS-NTA-Ni and the pH was 7.4. EDTA 
was added to the indicated concentration after allowing both NanoBiT fragments to bind the GUVs for 20 min. Nano-Glo 
substrate (1:50 final dilution) was added 20 min after starting EDTA incubation. Scale bar represents 20 µm. 
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Figure S2.5   EDTA does not inhibit the recruitment of NanoBiT inside the vesicles. Bioluminescence micrograph 
(left) and fluorescence micrograph (right) of GUVs that contained 5 µM LgBiT and SmBiT. GUVs contained 2% DOGS-
NTA-Ni and the pH was 7.4. EDTA was added to the external solution at 1.0 mM (left) or 2.0 mM (right). Nano-Glo 
substrate was diluted 1:50. Scale bars represent 30 µm. This demonstrates that the EDTA that was added to the external 
solution does not leak into the GUVs, and that the observed bioluminescence originates from the internal reconstituted 
NanoBiT (compare Suppl. Fig. S2.4). The GUVs contained 0.06 mol% DOPE-LRB (red) in their membrane for 
visualization. 
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Chapter 3 

Giant Unilamellar Vesicles as Signaling Hubs that 
Control Protein Recruitment and Activation 
 
 

 

Abstract 

Cells reversibly recruit proteins from their surroundings to the plasma membrane to regulate 
intra- and extracellular signaling and associated processes. Protein binding is often followed by 
clustering or dimerization to form quaternary structures, which regulates their activity. Despite 
the importance of transient protein recruitment in natural cells, the conjugation of proteins to 
synthetic vesicles is generally achieved by covalent chemistries, which lack the dynamics of non-
covalent approaches. Here, we establish the recruitment of hexahistidine-tagged proteins to giant 
lipid vesicles that display a Ni-NTA group as a versatile means to reversibly localize a wide array 
of proteins to cell mimics, controlled by pH. The recruitment provides strong, selective enrichment 
of proteins at the vesicle’s membrane, which can induce protein dimerization and subsequent 
activation of enzymatic signaling. Furthermore, the recruitment is reversible and can be controlled 
by intra- or extracellular autonomous molecular programs which generate dissipative, non-
equilibrium behavior. Therefore, this platform is aptly suited to engineer artificial cells that sense 
and respond to their environment through life-like signaling pathways.  
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Introduction 

Spatial organization of chemical processes is a critical feature of living matter. Multicellular 
organisms organize specialized tissues into organs to perform dedicated tasks like cognitive 
function and digestion. Individual cells compartmentalize reactions into organelles or hierarchical 
protein complexes to separate incompatible reactions or to regulate the flux through metabolic 
pathways.[1–3] As the largest organelle, the plasma membrane plays a crucial role in the 
organization of proteins and lipids to control cellular metabolism and signaling.[4]  Controlled 
recruitment of peripheral membrane proteins to the plasma membrane is mediated through 
specialized interactions with membrane-associated proteins or directly with the lipid bilayer.[5] 
Such amphitropic proteins reversibly bind the membrane through various anchoring strategies 
like fatty acylation or direct electrostatic or hydrophobic interactions with phospholipid 
bilayers.[6,7]  

Peripheral membrane proteins are important in both intracellular and extracellular signaling and 
catalysis. For instance, in many receptor-mediated signaling pathways intracellular effectors are 
recruited to the membrane to transduce the extracellular signal.[8] In the extracellular periphery, 
membrane-anchored serine proteases and matrix metalloproteases are involved in cellular 
signaling, cell adhesion and extracellular matrix (ECM) remodeling, and their activity and 
specificity are regulated by their localization.[9,10] Membrane recruitment regulates signaling not 
only through influencing the localization of enzymes, but also by inducing their homogeneous or 
heterogeneous clustering. Especially dimerization is an important activation mechanism for a 
range of signaling and catalytic processes.[11,12] Well-established examples of such pathways include 
the Fas-ligand–receptor activation[13], tyrosine kinase receptors[14], and cell–cell interactions in 
leukocyte adhesion[15]. 

This unique prominence of lipid membranes in nature is mirrored in synthetic systems, where 
membranes form a crucial interface that influences catalytic processes.  Membrane recruitment of 
inorganic or protein-based catalysts can initiate catalytic conversion[16,17], self-assembly of 
supramolecular architectures[18], or the evolutionary selection of growing vesicles in models of 
protocellular life[19,20], yet this behavior is typically irreversible because the membrane interaction 
is permanent. Contrarily, the membrane–protein interactions found in nature are generally 
transient; their activation is dependent on the context, and proteins dissociate from the membrane 
when the original stimulus ceases. Transient, programmable protein localization to the 
membranes of synthetic vesicles is, therefore, of high importance for the development of synthetic 
compartments with life-like properties, so-called ‘artificial cells’.  

The reversible and tunable nature of supramolecular conjugation approaches would make them 
uniquely appropriate to realize such dynamic recruitment of proteins to artificial cells. Indeed, 
numerous approaches to non-covalently immobilize proteins on surfaces, like quartz crystals or 
supported lipid-bilayers (SLBs), have been reported, including using biotin–streptavidin or 
hexahistidine–nickel-nitrilotriacetic acid (Ni-NTA) interactions, cucurbit[8]uril host-guest 



 
 
 

Giant Unilamellar Vesicles as Signaling Hubs that Control Protein Recruitment and Activation 

  55 

 

 

 3 

chemistry,  or oligonucleotide hybridization.[21–24] These supramolecular interactions are typically 
reversible by addition of non-covalent competitors or by changing the chemical environment. Few 
examples exist, however, of supramolecular interactions that localize a protein to the membrane 
of a synthetic compartment. Typically, protein decoration of vesicles is achieved by covalent 
conjugation, and, therefore, is irreversible.[25] Recently, Wegner and coworkers engineered 
photoswitchable proteins that facilitate the reversible binding of fusion proteins to synthetic 
vesicles triggered by light.[26,27] This provided high spatiotemporal control over protein 
localization, yet it required the cumbersome construction of fusion proteins and the recruitment 
was not consistently strong.[26]  

Therefore, there remains a need for the development of an easily implemented, versatile platform 
that can control the dynamic and reversible recruitment of proteins to the membrane of synthetic 
vesicles. Such a platform would greatly facilitate the investigation and development of the 
activation and signaling that follow localization of proteins to membranes and that play a vital role 
in nature. This is expected to spark the development of life-like synthetic cells with increasing 
complexity and life-like behavior. We aim to engineer a giant unilamellar vesicle (GUV) as a 
versatile signaling hub for proteins, which are recruited from the extracellular environment and 
localized to the artificial cell via the universally applied hexahistidine protein fusion tag (His-tag). 
This tag is widely used for protein purification by immobilized metal affinity chromatography 
(IMAC) due to its specific interaction with Ni-NTA complexes. It offers minimal perturbation of 
protein structure and function and a vast library of His-tagged proteins is already available. 
Furthermore, it affords dynamic, non-covalent protein immobilization on Ni-NTA functionalized 
vesicles, which can be reversed either by the addition of ethylenediaminetetraacetic acid (EDTA) 
or imidazole, or by decreasing the pH of the solution.  

 
Figure 3.1   Reversible recruitment of proteins to giant vesicles under control of molecular programs. a) Proteins 
are recruited to the membrane of GUVs by modulation of the pH of the external environment. Upon membrane binding, 
the increased local concentration causes spontaneous dimerization and activation of a split enzyme. b)  The pH of the 
solution can be molecularly programmed by balancing the enzymatic production of acid or base, which generates a 
dissipative out-of-equilibrium pH change that directs protein recruitment to the GUV membrane. 
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Here, we demonstrate that pH-controlled binding of His-tagged proteins to Ni-NTA displaying 
liposomes provides a universal means to control the reversible and selective recruitment of 
proteins to lipid vesicles. The vesicle’s membrane acts as a signaling hub that organizes the 
supramolecular assembly of proteins and effectively activates enzymatic signaling. The association 
and dissociation of the proteins is controlled by pH-regulating antagonistic enzymes, which 
provides opportunities for creating molecular programs that autonomously direct protein 
recruitment and release (Fig. 3.1).  

 

Results 

pH-controlled membrane recruitment of proteins  

Previously, our group has engineered artificial cells that can send an encapsulated His-tagged 
protein either to the aqueous lumen or the internal face of their membrane.[28] The successful 
control over protein localization within such GUVs led us to adopt this principle to study the pH-
controlled recruitment of  proteins from the surrounding solution to membranes of GUVs that 
displayed Ni-NTA groups. As a proof-of-concept, we used a His-tagged fluorescent protein – 
tdTomato – to investigate its controlled membrane binding and subsequent release into the 
external environment. Indeed, tdTomato bound to Ni-NTA displaying GUVs, and its association 
could be modulated by adjusting the pH of the solution (Fig. 3.2). The protein recruitment was 
selective for both the presence of a His-tag in the protein and Ni-NTA groups on the membrane. 
For acid-sensitive proteins that suffer from decreased stability at pH values around 5.0–5.5 the 
membrane recruitment could also be reversed using EDTA to chelate the nickel ions. Using GFP as 
a pH-sensitive model protein, the controlled detachment of His-GFP from Ni-NTA GUVs by 2 mM 
EDTA was confirmed (Suppl. Fig. S3.2). As such, the recruitment of a fluorescent His-tagged 
protein from the external environment was confirmed to operate similarly to the previously 
reported intracellular recruitment from the GUV lumen.  

 

Figure 3.2   pH-controlled recruitment of His-tagged proteins to the membrane of Ni-NTA GUVs. CLSM 
micrographs of a) tdTomato (red) bound to the membrane of Ni-NTA GUVs filled with calcein (green) at pH 7.3. Addition 
of HCl decreased the pH to 4.5, releasing tdTomato from the membrane. The reversibility of the recruitment was evident 
when the pH was increased to 8.8, which reestablished tdTomato binding to GUVs. GUVs contained 1% of 1,2-dioleoyl-
sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (DOGS-NTA-Ni). b) tdTomato 
binding to the GUVs was dependent on the presence of Ni-NTA moieties on the membrane; no binding was observed in 
absence of DOGS-NTA-Ni, at pH 7.3. The tdTomato concentration was 45 nM for all experiments. Scale bars are 10 µm.  
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Membrane localization induces protein complexation and catalytic activation  

Many receptor–ligand signaling pathways found in nature require the hetero- or 
homodimerization of two proteins to activate downstream signaling pathways.[14]After 
establishing the facile recruitment of His-tagged proteins to the GUV surface, we set out to 
investigate whether we could use this methodology to accommodate protein dimerization and 
activation.. A recently developed complementation reporter for protein–protein interactions based 
on the bright luciferase NanoLuc is an excellent tool to study dimerization of proteins.[29,30] This 
reporter – NanoBiT – consists of two subunits of the original NanoLuc luciferase: a small, 1.3 kDa 
peptide and a larger, 18 kDa fragment that weakly associate in the absence of any dimerizing 
domain (KD = 190 µM). This weak intrinsic association enables the detection of interactions that 
bring these two parts together with KD values up to 10 µM; the affinity of His-tagged proteins for 
Ni-NTA-functionalized surfaces (KD ≈ 1 µM)[21] is well within these boundaries. Here, we used this 
protein complementation reporter to study the His-tag dependent membrane localization and 
subsequent dimerization induced by membrane recruitment of the two fragments. To this effect, 
we synthesized His-tagged variants of both the small (SmBiT) and the large fragment (LgBiT) by 
solid-phase peptide synthesis and bacterial protein expression, respectively.  

To study the pH- and Ni-NTA-dependent recruitment and activation of the split luciferase, GUVs 
were incubated with both His-tagged protein fragments and the formation of reconstituted 
luciferase was monitored by bioluminescence microscopy. Figure 3.3a clearly shows that 
incubation of the NanoBiT fragments with Ni-NTA GUVs produced a strong bioluminescent signal 
that originated from the GUV membrane. This signal was completely eliminated when the 
interaction between the His-tag and Ni-NTA was disturbed, either by lowering the pH of the 
solution to 5.0, omitting Ni-NTA-lipids, or when EDTA was added to the solution (Fig. 3.3b and 
Suppl. Fig. S3.3, S2.4). Importantly, recruitment of the luciferase fragments to the GUVs 
controlled not only their localization, but, due to the increased local concentration of both 
fragments, induced their reconstitution, which increased enzymatic activity tremendously. Indeed, 

 
Figure 3.3   Membrane localization of a split luciferase induces protein reconstitution and enzymatic activity. 
Bioluminescence micrographs demonstrating the catalytic activity of the membrane-associated split luciferase NanoBiT 
in the presence of GUVs. a-b) pH-dependent recruitment of NanoBiT fragments; pH 7.4 (a) or pH 5.0 (b). 200 nM LgBiT 
& SmBiT, 2% DOGS-NTA-Ni. c) Ineffective reconstitution of NanoBiT when the SmBiT fragment did not contain a His-
tag. 500 nM LgBiT & NoHis-SmBiT, pH 7.4, 1% DOGS-NTA-Ni. In all experiments, the NanoGlo substrate was diluted 
1:50 from its stock solution. Bioluminescence is in grayscale and the insets show the GUVs loaded with an inert fluorescent 
marker in red. Scale bar represents 50 µm. 

 



 
 
 
Chapter 3 

58 

 

 

 3 

bulk luminescence measurements demonstrated an increase in total bioluminescence of up to two 
orders of magnitude when both protein fragments were incubated in the presence of Ni-NTA 
GUVs, compared to incubation with GUVs that did not contain Ni-NTA and could not bind both 
fragments (Fig. 3.4). This strong reconstitution at the GUV membrane overshadowed the low 
levels of spontaneous reconstitution in solution that were observed in the absence of GUVs or in 
the presence of non-binding GUVs (Suppl. Fig. S3.4). Increasing the DOGS-NTA-Ni content of the 
GUVs from 1 to 2% did not have a marked effect on the luminescence for 50–200 nM LgBiT and 
SmBiT, probably because at these concentrations the Ni-NTA moieties were not saturated by 
protein fragments. Interestingly, the increase in bioluminescence was largest for 25 nM LgBiT and 
SmBiT at 2% Ni-NTA (Fig. 3.4b). We attribute this to increased binding of both protein fragments 
in combination with the low spontaneous reconstitution in bulk at these concentrations of 
NanoBiT.  

To  further substantiate the hypothesis that the recruitment of both fragments to the membrane 
induced reconstitution of the active luciferase, and to exclude other effects, like the preferential 
recruitment of reconstituted luciferase or the modulation of the enzymatic activity upon 
membrane binding, an untagged small fragment (NoHis-SmBiT) was synthesized and incubated 
with (His-tagged) LgBiT and Ni-NTA GUVs (Fig. 3.3c & Suppl. Fig. S3.3a, S3.5). Indeed, when 
only the LgBiT fragment could bind the GUVs and the SmBit fragment could not, the total luciferase 
activity was low and the observed residual bioluminescence did not originate from the membrane. 
This shows that the recruitment of both fragments to the membrane is necessary for successful 
formation of the reconstituted luciferase and activation of its signaling. As such, this activation by 
membrane-induced dimerization resembles the signaling pathways that are active at the 
membrane of biological cells.  

 
Figure 3.4   The global luciferase activity increases drastically when both fragments are recruited to the GUVs. 
When the protein fragments were incubated with GUVs that displayed Ni-NTA, the global luminescence was markedly 
increased compared to GUVs that did not display Ni-NTA. Bulk luminescence was recorded from GUVs incubated with 
both His-tagged protein fragments in a 384 well microplate at various SmBiT and LgBiT concentrations, and 0, 1, or 2% 
DOGS-NTA-Ni incorporated into the GUV membrane. a) The bioluminescence was normalized to the concentration of 
GUVs using the fluorescence from DOPE-(lissamine rhodamine B) (LRB) in the membrane. b) Signal enhancement was 
calculated by normalizing the bioluminescent signals of GUVs with DOGS-NTA-Ni to those of GUVs without this ligand. 
The NanoGlo substrate was diluted 1:100 from its stock solution. Error bars depict the SD of three replicates. 
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Autonomous enzyme-controlled protein localization 

Taken together, these results demonstrate the powerful platform that His/Ni-NTA-mediated 
protein recruitment poses for the controlled localization and activation of proteins at the 
membrane of liposomes. In nature, the membrane recruitment of signaling proteins is highly 
regulated by intra- and extracellular processes. To mimic this regulation and further integrate the 
membrane recruitment with autonomous molecular programs, we sought to control the pH of the 
solution using a preprogrammed system, rather than by the external addition of acid or base. 
Therefore, we turned to enzymes that can modulate the pH by the consumption or production of 

acidic or basic components. Ureases (EC 3.5.1.5) are stable and highly active metalloenzymes 
present in various animals, plants, and bacteria and convert urea into carbon dioxide and 

ammonia, which increases the pH of a solution.[31–34]  Esterases (EC 3.1.1.1), on the other hand, 

 
Figure 3.5   Enzymatic control over tdTomato localization driven by pH. a) The urease-catalyzed conversion of urea 
into ammonia increased the pH of the solution from 5 to 9, which induced tdTomato recruitment to the GUV membrane 
as demonstrated by the CLSM micrographs. The recruitment was fully reversible by the addition of acid, which reverted 
the pH to 5. Conditions: 18 U/ml urease, 40 mM urea. b) The esterase-catalyzed conversion of ethyl acetate (EA) into 
acetic acid decreased the pH of the solution from 8 to 5, which induced dissociation of tdTomato from the GUVs. 
Conditions: 12.5 U/ml esterase, 170 mM EA. Each column displays the tdTomato fluorescence at the indicated pH value, a 
merged micrograph of tdTomato (red) and a fluorescent membrane marker (DOPE-carboxyfluorescein; green), and the 
tdTomato localization expressed as the ratio of its fluorescence at the membrane and that in solution. The pH values were 
measured using a potentiometric pH electrode and are indicated for each condition. GUVs contained 1.0% DOGS-NTA-Ni 
and the tdTomato concentration was 75 nM. Scale bars represent 20 µm. Error bars depict the SD of 6–14 GUVs.  
# = membrane fluorescence was equal to fluorescence in the external environment.  
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convert esters into alcohols and carboxylic acids, which causes a decrease of the pH.[35] Herein, we 
used a urease from jack bean and an esterase from porcine liver to program a pH increase and 
decrease, respectively.  

First, the enzyme-programmed recruitment to and release of tdTomato from the membrane of 
GUVs was explored. The activity of urease is pH-dependent, following a bell-shaped curve with 
high activity at pH 5–9.[36] Upon activation of urease at low pH values its activity rapidly increases 
through a base-catalyzed autonomous feedback system (AFS), which self-extinguishes the 
enzymatic activity at pH > 8, returning urease to a dormant state. When urease and tdTomato 
were mixed with Ni-NTA GUVs at pH 5, tdTomato did not bind the GUVs because the protonation 
of its His-tag inhibited the interaction with the Ni-NTA groups in the membrane (Fig. 3.5a, left). 
After addition of urea, the dormant urease autocatalyzed its activation by the production of basic 
ammonia. The resulting pH increase reached a plateau at pH 9, where urease had returned to its 
dormant state. The ensuing deprotonation of the His-tag resulted in a strong recruitment of 
tdTomato to the GUVs, in line with the expected effect of pH on protein recruitment (Fig. 3.2). 
The urease-controlled recruitment of tdTomato proved to be reversible by addition of concentrated 
HCl. Conversely, esterase could control the release of tdTomato from the GUV membrane (Fig. 
3.5b). Starting at pH 8 with tdTomato membrane-bound, the esterase-catalyzed conversion of 
ethyl acetate into ethanol and acetic acid decreased the pH of the solution and caused the 
dissociation of tdTomato from the GUVs. Notably, the activity of esterase decreases markedly at 
pH 5, which limited the total pH decrease to a biologically relevant pH plateau. Taken together, 
these two enzymatic reactions are capable of independently programming the recruitment and 
release of His-tagged proteins from the membrane of Ni-NTA GUVs by catalyzing the production 
of acid or base.  

Protein recruitment driven by regulatory artificial cells 

Next to applying externally added enzymes to regulate pH, the pH-mediated tdTomato recruitment 
can also be brought under control of a second, enzyme-loaded population of artificial cells. To 
permit the internal enzymatic programs to control the global pH, however, the GUV membrane 
should be permeable to ammonia and acetic acid as well as protons and hydroxide ions. As 
phospholipid membranes prevent the permeation of ionic species, we increased the permeability 
of the GUVs – without compromising their integrity – using the membrane pore protein alpha-
hemolysin (αHL) from Staphylococcus aureus. αHL inserts spontaneously into the GUV membrane 
and allows the passage of molecules < 2 kDa, yet prevents the leakage of large macromolecules.[37] 
We co-cultured two populations of artificial cells: one which contained urease or esterase and, 
consequently, controlled the pH of the solution, and another population that could bind His-tagged 
proteins through Ni-NTA ligands on its membrane yet depended on the catalytically active GUVs 
to control their recruitment. To rule out the contribution of external enzymatic activity, the 
catalytic GUVs were carefully washed to remove unencapsulated urease and esterase without 
affecting the encapsulated proteins (Suppl. Fig. S3.6). To monitor the pH in situ the fluorescent 
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pH indicator pyranine was added to the solution. When urea was added to the co-culture, a sharp 
pH increase was observed after an initial lag time, which corresponds well to the base-catalyzed 
activation of urease. Concomitantly, tdTomato was recruited to the membrane of the Ni-NTA GUVs 
(Fig. 3.6a). When esterase-loaded GUVs were co-cultured with Ni-NTA GUVs, the tdTomato 
localized to the membrane of the Ni-NTA-containing GUVs only. Upon addition of ethyl acetate, 
the pH decreased quickly and tdTomato dissociated from the membrane (Fig. 3.6b). As such, the 
recruitment of a His-tagged protein to the membrane of a cell mimic was regulated by another 
population of artificial cells, which themselves can be programmed to bind His-tagged proteins as 
well or act as regulators of recruitment only. Such a system is expected to provide a simple model 
for the control of protein recruitment and activation by paracrine signaling in multicellular 
organisms. 

 

 

Figure 3.6   tdTomato recruitment driven by a catalytically active population of GUVs loaded with urease or 
esterase. a) Urease-loaded GUVs were mixed with Ni-NTA GUVs at pH 5. CLSM micrographs show the localization of 
tdTomato (red) before urea addition (left) and 650 min after addition of 40 mM urea (right). Urease-containing GUVs 
were labeled with DOPE-Cy5 (blue) and did not contain DOGS-NTA-Ni, hence they could not bind tdTomato. The Ni-NTA 
GUVs contained 1.0% DOGS-NTA-Ni and were labeled with BSA-ATTO488 in their lumen (green). b) Esterase-loaded 
GUVs were mixed with Ni-NTA GUVs at pH 8. CLSM micrographs show the localization of tdTomato before EA addition 
(left) and 650 min after addition of 240 mM EA (right). Esterase-containing GUVs were labeled with DOPE-CF (green 
membrane) and did not contain DOGS-NTA-Ni. The Ni-NTA GUVs contained 1.0% DOGS-NTA-Ni and were labelled with 
BSA-ATTO488 (green lumen). c,d) The pH of the solution and the tdTomato localization were extracted from the CLSM 
data and plotted versus time. The fluorescence of the pH reporter pyranine was used to follow the pH fluctuations. The 
tdTomato localization is represented by the ratio of the fluorescence at the membrane and in solution. In both experiments 
the tdTomato and αHL concentrations were 75 nM and 33 µg/ml, respectively. Scale bars represent 15 µm. Error bars 
depict the SD.  
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Dissipative non-equilibrium recruitment of proteins to artificial cells  

Life inherently operates out-of-equilibrium, sustained by a metabolism that dissipates the chemical 
fuels necessary to maintain this state. One of the main challenges of systems chemistry and 
bottom-up synthetic biology is to create functional materials that display similar non-equilibrium 
behavior.[38–40] As a next step towards such life-like systems operating out of equilibrium, we 
engineered fully autonomous pH cycles that directed the recruitment of His-tagged proteins to 
artificial cells by the dissipation of chemical energy. Taking inspiration from the tunable generation 
of a DNA hydrogel reported by Walther and coworkers[35], we balanced the kinetics of urease-
catalyzed alkalization and esterase-catalyzed acidification to generate a rapid pH increase by the 
production of ammonia, counteracted by a slower hydrolysis of ethyl acetate to acidify the solution. 
Careful tuning of the reaction rates produced a transient pH increase that directed the recruitment 
of tdTomato to Ni-NTA GUVs. Upon consumption of urea, the alkalization fell short and the 
esterase-catalyzed production of acetic acid induced the subsequent membrane dissociation of 
tdTomato (Fig. 3.7). Interestingly, the tdTomato recruitment displayed a short lag time compared 
to the transient pH jump, which is likely an effect of the slower kinetics of membrane association 

 

Figure 3.7.   A dissipative non-equilibrium pH program directs the transient recruitment of His-tagged tdTomato 
to the GUV membrane. Urease (4 U/ml) catalyzed the rapid production of ammonia, which increased the pH of the 
solution and recruited tdTomato to the GUV membrane. Upon consumption of urea, the rate of ammonia production 
decreased, producing a net acidification of the solution driven by the esterase-catalyzed (18 U/ml) production of acetic 
acid from ethyl acetate. This pH decrease favored the dissociation of tdTomato from the membrane. a) CLSM micrographs 
of Ni-NTA GUVs before urea (40 mM) and ethyl acetate (240 mM) addition at pH 4.8, and 45, 145, 225, 405 min after 
substrate addition (left to right). GUVs contained 1.0% DOGS-NTA-Ni and are labeled with DOPE-Cy5 (blue). The solution 
contained 75 nM tdTomato (red) and 10 µM pyranine (pH probe; green). Scale bars represent 15 µm. Line profiles of the 
tdTomato channel are displayed above each micrograph. The rightmost four micrographs show the same GUV at different 
time points. b) tdTomato localization and pyranine fluorescence are plotted versus time. The tdTomato localization is 
represented by the ratio of the fluorescence at the membrane and in solution (n = 3 GUVs).  
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and dissociation. Moreover, this temporal response could be preprogrammed by the kinetics of the 
competing reactions, as well as the initial concentrations of fuels and catalysts (Suppl. Fig. 
S3.7).[35] 

 

Discussion 

The cell membrane forms a unique interface that essentially delineates non-living from living 
matter. Consequently, many important regulatory and catalytic processes occur at this interface, 
which provides a unique amphipathic environment. Although the dynamic recruitment of proteins 
to the extracellular side of the plasma membrane plays an important role in the regulation of a 
range of (extra)cellular processes, the ability to reversibly and controllably localize proteins to the 
outside of synthetic vesicles has so far been limited.  

The platform we have presented here distinguishes itself from current conjugation strategies that 
use covalent anchoring of proteins in its ability to reversibly, non-covalently recruit proteins to the 
membrane of synthetic vesicles.[25] Although stable anchors, like those based on 
glycosylphosphatidylinositol[41], are abundantly present in nature as well, biological cells rely on 
the temporally controlled binding of proteins for regulatory and signaling purposes. Similarly, the 
platform presented here enables the reversible recruitment of selected proteins using antagonistic, 
external triggers. Furthermore, it mimics the scaffolding function of the plasma membrane, which 
organizes proteins into clusters to affect signaling events, as the localization of two protein 
fragments to the GUV membrane was shown to induce their dimerization and subsequent 
activation. As a next step, protein clustering could be further refined using a lipid composition that 
supports lipid raft formation.[42] The development of this platform that enables the reversible 
recruitment of proteins to GUVs will hopefully enable the detailed study of such transient biological 
processes that occur at the membrane in a well-controlled, fully engineered synthetic system. 
Additionally, the reversible recruitment of proteins may play an important role in the engineering 
of new, hybrid or non-natural systems that can be used to study the structural and catalytic 
implications of transient protein association to membranes or to recruit new functionality to the 
membrane with temporal control.[43–45]  

Although the versatility of the His/Ni-NTA approach renders this platform especially flexible with 
respect to the different proteins that can be studied, this general approach does not offer the 
selectivity in protein recognition found for highly specialized cellular receptors. Integrating this 
platform with other orthogonal approaches for recruiting proteins to the membrane of vesicles, 
such as covalent protein recruitment[46] and reversible optochemical[26] or supramolecular[22] 
methods, would extend the possibilities to construct complex signaling pathways at the interface 
of synthetic cells. Additionally, the use of different chemical triggers to control protein localization 
would be advantageous for acid-sensitive proteins, as the pH-induced association and dissociation 
used here could cause their denaturation. Moreover, optogenetics and optochemical tools enable 
the manipulation of protein recruitment with high spatiotemporal control, up to the level of 
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individual GUVs.[26,27,46,47] Therefore, a synthetic cell that uses orthogonal interactions to recruit 
proteins upon selective triggers would pave the way for the study of the complex interfacial 
contacts that regulate the interaction of cells and their environment, or to build colonies of 
synthetic cells with hierarchical layers imposed by their mutual, programmed interactions.  

 

Conclusions and Outlook 

The platform described here enabled the controlled, reversible and selective recruitment of 
proteins from solution to the membrane of synthetic vesicles. Giant vesicles that displayed Ni-NTA 
moieties could selectively bind proteins bearing a universally applied His-tag, making this platform 
readily applicable to a vast library of existing engineered proteins. Membrane recruitment also 
directed enzymatic signaling by serving as a scaffold that induced dimerization and subsequent 
activation of a split luciferase. Importantly, the non-covalent nature of the His/Ni-NTA interaction 
enabled the dynamic, reversible recruitment of proteins controlled by the global pH – at pH > 6 
the proteins were associated with the membrane; acidification promoted their dissociation. An 
autonomous pH cycle that controlled the protein recruitment was programmed by tuning the 
kinetics of urease- and esterase-catalyzed alkalization or acidification, which steered the system to 
a dissipative, non-equilibrium state of transient protein recruitment to the synthetic vesicles. 

Thus, this synthetic platform can be used as a minimal reconstitution system to study the 
membrane association of interfacial proteins that regulate cellular behavior. On the other hand, 
the creation of bottom-up synthetic cells demands the generation of ever more complex, 
hierarchically structured and programmable functionalities. This platform is well-positioned to 
engineer life-like signaling pathways dependent on membrane association and clustering to elicit 
a downstream response, such as an intravesicular signaling cascade.  
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Experimental details 

Materials & Instrumentation 

Materials 

Recombinant histidine-tagged tdTomato was provided as a plasmid by the Tsien lab (UC San 
Diego).[48] Urease from Canavalia ensiformis (40,318 U/g solid), esterase from porcine liver  
(18 U/mg solid) and α-hemolysin from Staphylococcus aureus were purchased from Sigma-
Aldrich. Nano-Glo Luciferase Assay Substrate was obtained from Promega. Phospholipids were 
supplied by Avanti Polar Lipids. Paraffin oil was from JT Baker. 

All other reagents and solvents were of high-quality grade, purchased from commercial suppliers, 
and used without further purification unless stated otherwise. Ultrapure water (“Milli-Q”) was 
obtained from a Merck Millipore Q-Pod system (≥ 18.2 MΩ) with a 0.22 μm Millipore Express 40 
filter. 

Instrumentation 

Confocal laser scanning fluorescence microscopy was carried out on a Leica TCS SP5X or Leica SP8 
using Ibidi 8 well µslides with a glass bottom. To prevent lipid adsorption to the glass, slides were 
treated with 1 mg/ml BSA in Milli-Q for > 1 h, followed by washing with Milli-Q. For other 
instrumentation, please refer to Chapter 2. 

 

Methods 

All experiments were performed at room temperature, unless indicated otherwise. All enzyme 
solutions were kept on ice during the procedures, whenever possible. 

Protein expression & characterization 

tdTomato was expressed with an N-terminal His-tag, as described previously[28], and its 
concentration was determined by UV/Vis spectroscopy using an extinction coefficient of  
138,000 M-1 cm-1 at 554 nm.[48] LgBiT was expressed as a fusion protein (His6-LgBiT-(GGS)10-CT52) 
as reported previously.[49] The CT52 domain was not used in the current study. The expression of 
(superfolder-)GFP has been described elsewhere.[50] 

Solid-phase peptide synthesis  

His-tagged and untagged SmBiT fragments were synthesized by SPPS, as described in Chapter 2.  

Assembly of GUVs 

GUVs were prepared following the droplet transfer method.[51] First, lipid stock solutions in 
paraffin oil were prepared by mixing lipid stock solutions in chloroform with paraffin oil, heating 
this to 80 °C for 30-60 min and leaving it under vacuum overnight. These solutions were stored 
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at –20 °C and used within two weeks. Paraffin stock solutions were mixed to obtain 200 µl of a 
solution containing DOPC, POPC and cholesterol in a molar ratio of 35/35/30. To obtain Ni-NTA-
displaying GUVs 1 or 2% of DOGS-NTA-Ni was added. When membrane labeling was needed, 
0.06% of DOPE-carboxyfluorescein, DOPE-lissamine rhodamine B or DOPE-cyanine 5 was 
incorporated as well. The lipid solutions were sonicated at room temperature for 10 min in a bath 
sonicator and cooled on ice for > 15 min. Next, 20 µl of inner phase solution (vide infra) was 
emulsified in 200 µl of lipid solution by strong vortexing for 25 s while turning the reaction tube 
to prevent sedimentation of the water droplet. Directly after, the emulsions were incubated on ice 
for 10 min. Subsequently, they were layered on top of 150 µl pre-cooled outer phase solution (vide 
infra) in a 1.5 ml plastic reaction tube and immediately centrifuged at 4 °C for 20 min at  
3,300 x g. GUVs were harvested by puncturing the tube at the position of the GUV pellet and 
collecting the aqueous layer. Urease- or esterase-loaded GUVs incorporated 1% DSPE-PEG(2000)-
biotin in their membrane and were washed to remove any unencapsulated material by two steps 
of centrifugation at 1,500 x g for 2 min and replacement of the supernatant.  

Inner phase (IP) compositions:  

NanoBiT binding:  10 mM K2HPO4, 300 mM NaCl, 200 mM sucrose, pH 7.4 
tdTomato binding:  5 mM K2HPO4, 150 mM NaCl, 200 mM sucrose, pH 7.4 
GFP binding:  1X PBS, 200 mM sucrose, pH 7.4 
Urease/esterase exp.: 20 mM sodium acetate, 150 mM NaCl, 200 mM sucrose, pH 5.0 
Where applicable, 10–100 µM of calcein or sulforhodamine B or 0.02 mg/ml BSA-ATTO488 was 
added to track the position of the GUVs. For the urease- or esterase-containing GUVs, 137 U/ml 
urease or 103 U/ml esterase was loaded, respectively.  

Outer phase (OP) compositions:  

Same compositions as IP solutions, except 200 mM glucose was used instead of sucrose. 10 µM 
pyranine was added to monitor the pH, where indicated. 

Bioluminescence spectroscopy 

Measurements were performed in a white polystyrene 384-well microplate (Perkin-Elmer 
Optiplate) at 25 °C. 10 µl of GUV solution was mixed with 4.5 µl LgBiT and 4.5 µl SmBiT. 1 mg/ml 
BSA was included in the reaction mixture to prevent aspecific lipid and protein adsorption to the 
microplate. The protein fragments were allowed to bind the GUVs for 15 min, after which 1 µl of 
NanoGlo substrate solution was added (final concentration was 1:100). Immediately after, the plate 
was shaken for 15 s and the measurement was started. Luminescence was collected using an 
integration time of 20 ms; the luminescence was recorded with an interval of 1 min until a stable 
output was reached, which was used for quantification. The DOPE-LRB fluorescence was measured 
to normalize the bioluminescence to the GUV concentration.  
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pH cycle monitoring by fluorescence spectroscopy 

Urease and esterase were dissolved in Milli-Q and spin-filtered twice using 0.5 ml, 10 kDa MWCO 
spin filters (Amicon) at 4 °C, 14,000 x g for 10 min and stored at 4 °C until further use.  

In a black polystyrene 384-well microplate (Nunc, Thermo Scientific) the following components 
were mixed to a final volume of 30 µl: 20 mM sodium acetate buffer pH 5.0, 150 mM NaCl, 10 µM 
pyranine, 18 U/ml urease, 2–12 U/ml esterase, 20–40 mM urea and 240 mM ethyl acetate. The 
urea and EA were added last, after which the plate was briefly centrifuged, covered with Greiner 

Bio-One Easyseal, and measured immediately at 25 °C. The pyranine fluorescence was recorded at 

515/20 nm, with excitation at 405/20 and 450/20 nm, and the 450/405 excitation ratio was used 
to monitor the pH change.[52] 

Confocal laser scanning microscopy (CLSM) 

The GUVs were loaded into an 8-well µslide with a #1.5 glass coverslip bottom (Ibidi). For transient 
recruitment experiments, a 384 well Sensoplate Plus microplate with a #1.5 glass bottom (Greiner) 
was used and carefully sealed with Greiner Bio-One Easyseal. All observation chambers had been 
passivated by incubation with BSA (1 mg/ml, >1 h) and subsequently washed with Milli-Q. After 
GUV loading, all other components were added from concentrated stock solutions. Typically, the 
His-tagged proteins were incubated with the GUVs for 10–30 min to allow binding before imaging 
was started or either urea or ethyl acetate was added. CLSM was performed on a Leica TCS SP8 
microscope equipped with 405, 488, 552 and 638 nm laser lines and a HC PL APO CS2 63x/1.30 
glycerol or HC PL APO CS2 63x/1.20 water immersion objective. Emission was collected using HyD 
and PMT detectors at a scan rate of 400 Hz and a resolution of 1024 x 1024 or 2048 x 2048 pixels. 
Fluorophores were excited sequentially; pyranine was excited at 405 or 488 nm and its emission 
was collected at 510–540 nm; DOPE-CF, calcein or BSA-ATTO488 was excited at 488 nm and 
emission was collected at 500–530 nm; tdTomato was excited at 552 nm and emission was 
collected at 560–620 nm; DOPE-Cy5 was excited at 638 nm and emission was collected at 650–
750 nm. The pinhole was set to 1 airy unit. Typically, 2x line averaging was applied. Settings were 
not changed during the experiment to allow direct comparison of the fluorescence intensities.  

Bioluminescence microscopy 

The GUVs were loaded into a BSA-passivated 8-well µslide with a #1.5 glass coverslip bottom. After 
GUV loading, all other components were added from concentrated stock solutions. Typically, the 
NanoBiT fragments were incubated with the GUVs for 30 min before adding the NanoGlo 
substrate. Immediately afterwards, the bioluminescent signal was collected using an Andor iXon 
Ultra 888 EMCCD camera with an operating temperature of –80 °C, an integration time of 60 s, 
and the EM gain set to 234. Bioluminescence was collected over several minutes until a stable 
signal was obtained. The fluorescent signal from sulforhodamine B was recorded to track the 
position of the GUVs using a bandpass filter set with excitation at 540–580 nm, a 585 nm dichroic 
mirror, and emission at 592–667 nm.  
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Image analysis 

CLSM micrographs were analyzed using Fiji.[53] To quantify the recruitment of tdTomato at steady 
state, its fluorescence at the membrane and in solution was extracted using the built-in line profile 
tool and from these values a membrane/solution ratio was calculated. To quantify this ratio with 
a higher temporal resolution (Fig. 3.7) the radial profile extended plug-in, developed by Philippe 
Carl at the University of Strasbourg, was used.[54] GUVs were analyzed individually and the 
integration angle was adjusted to avoid regions where GUVs had clustered.  
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Chapter 3 – Supplementary Information 

 

 
Figure S3.1   tdTomato is trapped in clusters of GUVs at pH 5.3. When GUVs had formed clusters, acidification of the 
medium only partially released tdTomato, as it remained associated to the interfacial regions of the GUVs. This is likely 
caused by a high lipid concentration in such areas combined with limited exposure to the surrounding medium, which 
effectively trapped the bound tdTomato even upon pH decrease. Significantly, the parts of the membrane that were more 
exposed to the medium released the bound tdTomato upon acidification as expected. Conditions: 220 nM tdTomato,  
pH 5.3, 1% DOGS-NTA-Ni. Scale bar represents 10 µm.  

 

 
Figure S3.2   Detachment of His-tagged GFP by treatment with EDTA. pH-sensitive proteins, like GFP (200 nM; 
green), could be easily detached from the GUV membrane by treatment with EDTA (2.0 mM; right image). GUVs 
contained 1% DOGS-NTA-Ni and the pH was 7.4. Scale bar represents 10 µm. 

 

 
Figure S3.3   Ni-NTA- and His-tag-dependent recruitment of NanoBiT. a) Bioluminescence micrographs of NanoBiT 
recruitment with 500 nM His6-SmBiT (left) or NoHis-SmBiT (right). 1% DOGS-NTA-Ni, 500 nM LgBiT, pH 7.4.  
b) NanoBiT was not recruited to GUVs without DOGS-NTA-Ni. 200 nM LgBiT & SmBiT, pH 7.3. The NanoGlo substrate 
was diluted 1:50 from its stock solution. Bioluminescence is in grayscale; the insets show the GUVs loaded with fluorescent 
cargo in red. Scale bar represents 20 µm (panel a) or 50 µm (panel b). 
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Figure S3.4   Global bioluminescence increase by recruitment of NanoBiT to the GUV membrane. At 200 nM LgBiT 
and SmBiT, low levels of spontaneous reconstitution produced a low bioluminescent signal in the absence of GUVs. In the 
presence of GUVs that did not display Ni-NTA, the signal intensity hardly increased, but when both fragments were 
incubated with Ni-NTA-displaying GUVs, the light intensity increased one order of magnitude. The NanoGlo substrate 
was diluted 1:100 from its stock solution. Error bars depict the SD of three replicates. 

 

 

 
Figure S3.5   Both NanoBiT fragments needed to be His-tagged to induce reconstitution of the active luciferase. 
Normalized global bioluminescence at different concentrations of either NoHis-SmBiT or His-tagged SmBiT. The 
bioluminescence of the samples containing NoHis-SmBiT was comparable to background levels of luminescence in the 
absence of GUVs, whereas samples that contained the His-tagged SmBiT (as well as His-tagged LgBiT) had a much higher 
bioluminescent signal. GUVs contained 1% DOGS-NTA-Ni and the total bioluminescence was normalized to the number 
of GUVs using the fluorescence of DOPE-LRB, which was incorporated into the GUV membrane. The NanoGlo substrate 
was diluted 1:200 from its stock solution. Error bars depict the SD of three replicates. 
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Figure S3.6   Efficient encapsulation of proteins in GUVs. a) To demonstrate the encapsulation of proteins and the 
removal of unencapsulated material by washing, fluorescent BSA-Cy5 was encapsulated in the GUVs. b) Urease 
(unlabeled) was encapsulated in the same GUVs. After addition of urea, the GUVs light up because the increase in pH 
unquenched pyranine fluorescence. This proves that urease was encapsulated and was still active.   

 

 

  
Figure S3.7   Tuning an autonomous pH cycle by urea and esterase concentrations. The kinetics and maximum pH 
plateau of an autonomous pre-programmed pH cycle could be tuned by varying the urea and esterase concentrations. 
Pyranine was used to monitor the pH of the samples during the pH cycle with a high 450/405 excitation ratio representing 
a high pH.  a) 40 mM urea was enough to reach the pH plateau at which urea deactivates (pH ~9); b) 20 mM urea was 
insufficient to reach this plateau. The esterase activity further dictated the kinetics of the acidifying reaction. All samples 
contained 18 U/ml urease and 240 mM ethyl acetate, 20 mM NaAc, 150 mM NaCl, 10 µM pyranine. Error bars depict the 
SD of duplicate reactions. pHstart = 5.0  
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Chapter 4 

Intercellular Communication between Artificial Cells by 
Allosteric Amplification of a Molecular Signal 
 

 

 

Abstract 

Multicellular organisms rely on intercellular communication to coordinate the behavior of 
individual cells, which enables their differentiation and hierarchical organization. Various cell 
mimics have been developed to establish fundamental engineering principles for the construction 
of artificial cells displaying cell-like organization, behavior and complexity. However, collective 
phenomena, although of great importance for a better understanding of life-like behavior, are 
underexplored. Here, we constructed collectives of giant vesicles that could communicate with each 
other through diffusing chemical signals that are recognized and processed by synthetic enzymatic 
cascades. Similar to biological cells, the Receiver vesicles could transduce a weak signal originating 
from Sender vesicles into a strong response by virtue of a signal amplification step, which 
facilitated the propagation of signals over long distances within the artificial cell consortia. This 
design advances the development of interconnected artificial cells that can exchange metabolic and 
positional information to coordinate their higher-order organization. 
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Introduction 

Living systems generally do not operate in isolation, rather they are often intimately connected as 
co-operators or competitors.1,2 Intercellular communication is critical to coordinate the behavior 
of individual cells in multicellular communities, whether in multicellular organisms that use 
signaling to organize, synchronize and differentiate their specialized tissues3, or in consortia of 
prokaryotes that control their behavior based on the total population density.4 Biological cells 
utilize a variety of signaling processes to exchange information with each other and to sense their 
environment. Signals can be electrical or mechanical in nature, yet most are based on diffusible 
chemical messengers which are secreted from the senders and recognized by the receivers through 
autocrine, paracrine or endocrine paths.5,6 

In order to understand how cells coordinate their behaviors through intercellular communication, 
the engineering of existing or entirely new synthetic communication networks has been 
undertaken within the field of synthetic biology. In a top-down approach, existing cell lines have 
been engineered to express synthetic communication pathways that are orthogonal to the cell’s 
natural signaling networks, which enabled non-natural signaling and regulatory pathways in 
biological cells.7–10 Although functionally complex, these synthetic information processing 
networks rely heavily on the intrinsic biological machinery and can, therefore, be regarded as 
additional layers of signal processing, rather than a fully engineered system. Bottom-up 
approaches have used synthetic cell-like compartments such as liposomes, polymersomes, 
coacervates, and colloidosomes as the chassis for artificial cells.11,12 Advances in this field have now 
led to the creation of artificial cells with increasing complexity – integrating information 
processing networks13, metabolic functions14 and functional behavior like membrane growth15 and 
molecular sensing.16 Until very recently, however, the focus of artificial cell engineering has been 
on the design of discrete systems that function in isolation.  

The construction of communities of artificial cells that can communicate and self-organize into 
synthetic tissues has remained underexplored to date. For multicellular communities, the 
interaction between the different constituents is critical for the coordination of spatially separated 
functions that supports the emergence of higher-order structures.17,18 Several hybrid 
communication systems between artificial cells and biological cells have been developed, which 
rely on passive diffusion of the signaling molecule over the synthetic membrane and harness the 
biological cell’s resources to transduce the signal into the expression of a reporter gene.19–23  
Recently, the first communities fully comprised of artificial cells were reported that can 
communicate by diffusible chemical signals to coordinate their behavior. Elegant examples of 
signal processing were demonstrated using communities of synthetic particles with information-
encoding DNA sequences24 or supramolecular structures25,26 grafted onto the particles, in which 
signal processing was performed in solution rather than within the compartments. Contrarily, 
information exchange over the membranes of synthetic compartments was more restricted in the 
molecular nature of the messenger and, therefore, relied on small molecules such as hydrogen 
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peroxide27–30 or the expression of a pore-forming protein31. Juxtacrine-like signaling has been 
achieved using droplet interface bilayers32,33, which enabled the controlled geometrical patterning 
of sender and receiver compartments and afforded precisely modulated spatiotemporal signal 
gradients over several connected compartments.34,35 Paracrine-like signaling between individual 
artificial cells by freely diffusing chemical messengers, on the other hand, has been demonstrated 
using molecular messengers like DNA13 and mRNA or proteins36.  Such large signaling molecules, 
however, required porous compartments to allow the exchange of molecular information, yet also 
selective sequestration of messengers and machinery inside the compartments to allow 
differentiation of subpopulations of compartments. Although the collective behavior that can be 
generated is becoming increasingly complex with signaling circuits that can now program feedback 
loops13,34, amplification and logic tasks13 and differentiation34,36,37, most systems rely on cell-free 
protein expression34,36 or DNA-strand displacement circuits13 rather than chemical signals based 
on small molecules and protein-based signal processing like most natural signaling pathways. 
Furthermore, it is crucial that the signal transduction includes a strong amplification step to relay 
low concentrations of secreted chemical signals into an effective intracellular process. Natural 
signaling pathways, like endocrine signaling by hormones, rely on signal amplification to translate 
the stochastic stimulation elicited by dilute molecular messengers into a strong, amplified 
intracellular response.5,38  

Here, we present a communication pathway between two populations of artificial cells that 
demonstrates the importance of signal amplification for efficient signaling by secreted chemicals. 
This is the first allosterically activated communication network in artificial cells, and fully relies on 
protein machinery and small molecules as chemical information agents. We study the interaction 
between artificial cells that produce a chemical signal (Senders) and another population that is 
programmed to perceive the chemical signal, transduce it, and produce an internal response 
(Receivers).  This allosterically activated platform is generic and, because of its enzymatic basis, 
allows facile extension to other biological functions. 

 

Results  

Design of an allosterically activatable enzymatic communication pathway 

In order to implement an intercellular communication platform, we designed two populations of 
artificial cells. First, Senders respond to an external trigger and process this into a signaling 
molecule that is released. This signaling molecule diffuses through the extracellular environment 
until it reaches a Receiver, which recognizes the chemical signal and activates in response to the 
information relayed by the Sender. Upon secretion from the Sender, however, the chemical signal 
is highly diluted; depending on the distance between the Senders and Receivers, the concentration 
of signaling molecules may be extremely low upon reaching a Receiver. Signal amplification is 
therefore highly important to achieve adequate activation of the Receivers. 
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We opted to use giant unilamellar vesicles (GUVs) composed of phospholipids to create the 
communities of artificial cells, because of their semipermeable membrane and their compatibility 
with biological parts, which allows the loading of virtually any (macro)molecule with high 
efficiency.39 To build a communication network capable of signal amplification, we turned to 
allosteric activation, which allows the modulation of the activity of certain enzymes by small 
molecular activators. We selected glycogen phosphorylase b (GPb), an enzyme that plays a key role 
in glycogen homeostasis and can switch between a tense conformational state that has low activity 
and a relaxed state with high turnover of glycogen. The switch to the high-activity state is induced 
by the binding of adenosine 5’-monophosphate (AMP), which is an important metabolic 
intermediate that also regulates various other signaling pathways.40,41 By loading the Receivers 
with GPb, we endowed them with an activation switch that processes low concentrations of AMP 
into an amplified output. Adding two downstream enzymes from the pentose phosphate pathway 
(phosphoglucomutase; PGM, and glucose-6-phosphate dehydrogenase; G6PDH), reconstitutes a 
metabolic pathway that ultimately produces NADH, an important metabolite in the energy balance 
of biological cells (Fig. 4.1). 

 
Figure 4.1   Design of a communication pathway between two populations of artificial cells that is capable of signal 
amplification. a) A signaling molecule (AMP) is produced by the Sender population and diffuses to the Receiver 
population, where it is perceived, processed, and an internal response is generated. The Response Cascade encapsulated 
in the Receivers is capable of signal amplification by allosteric activation of the first enzyme in a cascade that ultimately 
generates NADH, which is an important anabolic metabolite and here specifically used as fluorescent reporter of successful 
communication. b) The signal amplification in the Receivers permits communication over long distances, despite strong 
dilution of the chemical signal in the external milieu.  
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The allosteric activation of GPb by AMP is of key importance, as it provides a powerful 
amplification step that transduces low concentrations of AMP into a strong activation of the 
Receivers, and hence a high NADH output. To generate AMP in the Senders, GUVs were loaded 
with the enzyme apyrase, which readily generates AMP from ADP or ATP by the sequential 
hydrolysis of one or two phosphate groups, respectively. However, AMP cannot readily cross the 
phospholipid bilayer of GUVs because of its charged phosphate group. To facilitate the exchange 
of AMP between populations of GUVs, we used a membrane pore protein, α-hemolysin (αHL), to 
allow the passage of molecules <2 kDa.42 

Thus, Sender cells are designed to convert an external trigger (ATP or ADP) into a signaling 
molecule (AMP) that can diffuse to a population of Receiver artificial cells, which even at low 
concentrations of signal still generate an amplified output upon signal recognition.  

Efficient signal amplification 

To efficiently activate the Receivers and achieve high signal amplification, the three-enzyme 
cascade described above (Response Cascade) was first tested and optimized in bulk reactions.  
Parameters like enzyme concentrations, buffer composition and pH were varied to achieve high 
sensitivity to AMP, sufficient NADH production, and suitable reaction times (Suppl. Note). The 
Response Cascade was optimized such that the GPb concentration was the critical parameter for 
tuning the activation kinetics, and the availability of the final substrate (NAD+) controlled the 
amplitude of the output at constant input strength (Fig. 4.2a–c).  

The Response Cascade has three inputs that can be used to activate it: AMP, phosphate and 
glycogen. Whereas AMP is an allosteric activator of GPb and transforms the enzyme into an active 
state, phosphate and glycogen are both substrates of GPb and are fully converted and further 
processed by downstream enzymes. Due to its allosteric effect, AMP proved to be a strong activator 
of the Response Cascade with up to 80-fold increase of NADH production compared to the 
background activity in absence of AMP (Fig. 4.2d). This strong activation was translated into high 
signal amplification, producing up to 10 equivalents of NADH (‘output’) compared to the AMP used 
to activate the module (‘input’) (Fig. 4.2e). The pronounced effect of signal amplification was also 
effectively illustrated by comparing the activation of the Response Cascade by AMP (‘allosteric 
activation’) or by phosphate (‘substrate activation’) under equivalent conditions. Allosteric 
activation by varying levels of AMP generated a faster and stronger NADH output than substrate 
activation by corresponding phosphate levels (Fig. 4.2f,g). While the phosphate is converted until 
it is depleted, the AMP is not processed but remains bound to the activated GPb, ensuring the 
continuous conversion of substrate.  

We next investigated the effect of signal amplification on spatiotemporal activation patterns. We 
first studied the activation of the Response Cascade homogeneously loaded in a channel device, 
where either AMP or Na2HPO4 was added as a point source to one side of the channel (Fig. 4.2h). 
Fig. 4.2i shows that AMP activated the Response Cascade throughout the channel in a distance-
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dependent manner. When phosphate was added as a point source, however, the activation was 
attenuated at long distances because the phosphate is converted along its diffusion path and its 
concentration decreases sharply over a short distance.  

Signal amplification in Receiver GUVs 

After establishing the desired allosteric response in bulk conditions, the next step was to 
compartmentalize the Response Cascade. To generate giant liposomes loaded with the Response 
Cascade the droplet transfer technique was employed, because it affords the efficient encapsulation 

 

Figure 4.2   Amplification of the AMP signal by activation of a three-enzyme Response Cascade. a–c) Tunable 
amplification of the AMP signal by the Response Cascade (b): a) the GPb activity (0.5–2.7 U/ml) dictates the kinetics of 
the output generation; c) the concentration of NAD+ (0.1–2.3 mM) regulates the amplitude of the NADH output. d,e) AMP 
allosterically activates GPb, which increases the speed of NADH production compared to the inactive Response Cascade 
(expressed as the activation factor) (d), and results in signal amplification, as evidenced by a high ratio of NADH output 
per AMP input (60 µM) (e). f,g) The importance of signal amplification is clear when allosteric activation by AMP (f, in 
the presence of 1.0 mM Na2HPO4) is compared to substrate activation by Na2HPO4 (g, in the presence of 1.0 mM AMP). 
AMP activation is much stronger than when equivalent levels of Na2HPO4 are employed. h,i) Spatiotemporal activation of 
the Response Cascade in a channel device by AMP or Na2HPO4 diffusing from a point source. h) The production of NADH 
was followed by confocal laser scanning microscopy (CLSM) in segments of the channels as a function of time. i) 
Kymograms constructed from the CLSM micrographs plot the NADH concentration along the length of the channel as a 
function of time. 1 mM AMP activates more and over longer distances when added as a point source to a channel loaded 
with the Response Cascade containing 1 mM Na2HPO4 (left) than 1 mM Na2HPO4 added as a point source to a channel 
containing the Response Cascade with 1 mM AMP (right).  
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of complex cargoes and typically produces thousands of GUVs.39 Generally, a sucrose/glucose 
gradient is used to make the GUVs sediment, facilitating their observation by microscopy; because 
of the inhibitory effect of glucose on the Response Cascade, however, here it was replaced by 
sorbitol without affecting the GUV production. Furthermore, α-hemolysin was added to the 
observation chamber containing the GUVs, where it spontaneously self-assembled into membrane 
pores that facilitate the entrance of AMP by diffusion. To compensate for the efflux of crucial 
substrates from the Receivers, the solution containing the Receivers was supplemented with the 
necessary substrates. We employed time-lapse confocal laser scanning microscopy (CLSM) to 
follow the activation of the Receivers by recording the production of the fluorescent output marker 
NADH. When 1.0 mM AMP was added to these Receivers, the Response Cascade activated rapidly, 
as evidenced by their strong NADH fluorescence (Fig. 4.3a). As can be seen from the analysis of 
multiple GUVs, there was some heterogeneity in the NADH fluorescence amongst the Receivers. 
This is caused by small variations in the GUV loading as well as different degrees of αHL insertion, 

 

Figure 4.3   Activation of Receiver GUVs and the effect of signal amplification. a) Receiver GUVs were incubated with 
solutions of either AMP and Na2HPO4 or Na2HPO4 alone. The activation of the Receivers was monitored by time-lapse 
CLSM, which tracked the production of fluorescent NADH (cyan). Receiver GUVs were labelled with DOPE-(Lissamine 
Rhodamine B) (red). When Receiver GUVs were incubated with AMP their Response Cascade was activated, whereas in 
absence of AMP the Receivers did not activate. Scale bars represent 50 µm. Error bars depict the SD from 23 GUVs, tracked 
in the CLSM micrographs. b,c) Kymograms of the activation of Receivers by AMP or Na2HPO4 diffusing from a point 
source, with schemes showing the experimental set-up. 1 mM AMP activated over longer distances when added to the 
Receivers in presence of 1 mM Na2HPO4 (b) than 1 mM Na2HPO4 added to the Receivers in presence of 1 mM AMP (c). For 
each position the NADH production of >40 Receivers was analysed. d) Side-by-side comparison of the production of NADH 
in Receivers with either AMP or Na2HPO4 added as a point source. Each panel displays the Receiver’s activation with either 
AMP or Na2HPO4 at equivalent distances from the point sources (i: close to AMP/ Na2HPO4 point source, iv: furthest from 
point sources). At every distance, AMP activates the Receivers more than Na2HPO4. The decrease in NADH fluorescence 
after the initial activation (panel i, ii) was caused by gradual efflux of NADH through the αHL pores.  
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which result in variable kinetics for the influx of AMP and efflux of NADH. In the absence of AMP, 
however, the Receivers clearly did not activate.  

To study the activation of the Receivers by an AMP point source, the channel device was loaded 
with Receivers and AMP was added to one side of the channel (Fig. 4.3b–d). The NADH production 
in the Receivers was recorded and extracted from the CLSM micrographs and plotted as a 
kymogram. Compartmentalized into the GUVs, the Response Cascade displayed similar behavior 
as in the bulk reactions in Fig. 4.2h-i. AMP could activate the Receivers over larger distances than 
phosphate, clearly revealing the importance of signal amplification for diffusive chemical signaling 
to artificial cells. 

Senders activate Receivers in communities of artificial cells 

The experiments in Fig. 4.2–3 demonstrate that the Response Cascade is capable of strong signal 
amplification and the Receiver GUVs are activated by AMP. We next investigated the transduction 
of a signal from one population of artificial cells (Senders) to another (Receivers). Both populations 
were mixed into a community with the Senders loaded with apyrase and the Receivers with the 
Response Cascade. To ensure that AMP production occurs within the Senders only, the GUVs were 
carefully washed after formation until all unencapsulated apyrase had been removed from the 
outer solution (Suppl. Fig. S4.5). To trigger signaling ATP was added, which was converted by 
the Senders into AMP and released from the GUVs. In the presence of ATP, activation of the 
Receivers was observed, with a delay to allow the conversion of ATP into AMP by the Senders (Fig. 
4.4). Indeed, when ADP was supplied to the community the delay was reduced, which is attributed 

 
Figure 4.4   AMP-mediated signaling from Senders to Receivers. a) Senders and Receivers were mixed and incubated 
with ATP, ADP or buffer, as well as Na2HPO4. Both ATP and ADP (2.6 mM) were converted by Senders into AMP, which 
in turn activated the Receivers. As ATP was converted into AMP via ADP, the delay for activation of the Receivers was 
longer than when ADP was added directly. When ADP and ATP were both omitted, the Senders did not activate the 
Receivers. The decrease in NADH fluorescence after the initial activation was caused by gradual efflux of NADH through 
the αHL pores. Error bars depict the SD from 25 Receivers. b–g) CLSM micrographs corresponding to the graph in a. 
b,d,f) t = 50 min after ATP/ADP/buffer addition; c) t = 690 min (inset: 270 min); e,g) t = 270 min. Overlay of NADH 
(cyan), Sender GUVs (green), Receiver GUVs (red). Scale bars represent 50 µm. 
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to the single hydrolysis of phosphate groups to convert ADP into AMP versus the sequential 
hydrolysis of two phosphates for ATP. Negative controls without either ATP, ADP or apyrase did 
not activate, which confirmed that the activation of the Receivers is dependent on the AMP signal 
generated by the Senders.  

Spatially propagating signaling fronts in communities of artificial cells 

As described above, the strong signal amplification engineered into this pathway permits the 
activation of Receivers over large distances without the strong dampening observed for substrate 
activation (Fig. 4.3). To demonstrate the efficient signaling of a small group of Senders over large 
distances, we loaded Receivers throughout a channel device that contained a cluster of Senders on 
one end. Upon triggering the Senders with ATP, a gradient of AMP was generated, which spread 
along the Receiver population and activated them in a distance-dependent manner (Fig. 4.5). 
Importantly, the amplification of the AMP signal by the Response Cascade allows for efficient 
signaling over distances as large as 200 times the diameter of the Senders.  

Selective signaling to receptive artificial cells 

In multicellular communities, the selective transduction of signals is of high importance for 
regulation of collective behavior. As such, different cell types have distinct susceptibilities to 
chemical signals to allow the selective activation of certain subpopulations. To mimic this behavior 
in a community of artificial cells, we mixed Senders with two subpopulations of Receivers that 
were identical, except in their ability to transduce an AMP signal into the production of NADH as 
mediated by GPb. When ATP was supplemented to the Senders, the AMP they produced diffused 

 
Figure 4.5   Spatially propagating signaling fronts in communities of Senders and Receivers. a) The Senders form 
a colony that was triggered by ATP to send an activation signal to the population of Receivers. From the cluster of Senders, 
a signaling front spread throughout the 5 mm long channel and activated the Receiver GUVs in a distance-dependent 
fashion. Overlay of NADH (cyan), Sender GUVs (green), Receiver GUVs (red). Scale bar represents 50 µm. b) Kymogram 
of the activation of the Receivers by the signaling front. c) Individual GUVs from the positions marked in a, which 
demonstrate the distance-dependent activation of the Receivers.  
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into the extracellular solution and reached the two subtypes of Receivers. The receptive Receivers 
were activated by the increased levels of AMP and produced a strong NADH output, whereas the 
unsusceptible Receivers did not activate at all (Fig. 4.6). This demonstrates that the signal 
produced by the Senders can selectively activate a receptive subpopulation of Receivers. To prove 
that the selective activation is indeed AMP-dependent, we also followed the activation of both 
subtypes of Receivers in the absence of ATP, such that no AMP was produced. Due to the low 
background activity of constitutively active GPa (see Suppl. Notes), a weak NADH signal could be 
observed, but activation of the Response Cascade was not observed for either subtype. 

 

Discussion  

Although communication by diffusing chemical signals is widely used in nature to regulate 
multicellular behavior, the engineering of synthetic, analogous systems remains challenging and 
is little explored.43,44 The handful of designs that explore communication between artificial cells 
mostly rely on signaling molecules that i) can induce protein expression in cell lysates31,34,36 ii) are 
small, uncharged substrates in model enzymatic cascades (most notably hydrogen peroxide)27–30, 
iii) or use DNA oligonucleotides or entire proteins to program a highly selective signal13,24,36. 
Although nucleic acids and proteins do contribute to intercellular signaling, small molecules 
constitute the main class of information carriers secreted by cells, and they are recognized by 
proteins (receptors) that induce an internal enzymatic or genetic response. The communication 

 

Figure 4.6   Selective signaling to receptive artificial cells. a) Differential activation of receptive and unsusceptible 
Receivers by ATP-triggered Senders. Only the receptive Receivers can be activated by the Senders, whereas the 
unsusceptible Receivers cannot recognize the signal and remain inactive. b,c) CLSM micrographs of Senders and Receivers 
triggered with 2.6 mM ATP (b), or without ATP (c); before ATP and Na2HPO4 addition (left) or 270 min after (right). 
Overlay of NADH (cyan), Sender GUVs (blue), receptive Receivers (red), unsusceptible Receivers (green). Scale bar 
represents 30 µm. After 270 min the blue Cy5-signal had decreased due to bleaching, but the Senders were still present. 
d) Differential activation of the two subtypes of Receivers, extracted from the time-lapse CLSM micrographs. Error bars 
depict the SD from 15 Receivers. The decrease in NADH fluorescence after the initial activation was caused by gradual 
efflux of NADH through the αHL pores.  
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system engineered here operates along these lines, as it uses enzymes and metabolites to signal 
between populations of artificial cells. Notably, this would facilitate its integration with other 
enzymatic pathways to extend the Response Cascade with functional behavior like growth and 
differentiation.  Yet these enzymatic pathways currently do not offer the same degree of 
programmability as DNA-based circuits.13,24,45 Modelling of the enzymatic reactions used here by 
differential equations would enable the simulation of signal transduction in space and time to 
predict the relevant parameter space for highly efficient signal propagation and feedback 
mechanisms. Although enzymatic networks have been successfully modelled in open, 
homogeneous systems46,47, compartmentalization complicates their correct simulation. 
Specifically, the heterogeneity in the activation kinetics of the Receivers, caused by both the 
diversity in size and loading of the GUVs and the limited control over permeability offered by a 
generic membrane pore like α-hemolysin, impeded their mathematical description. Microfluidic 
techniques are envisioned to alleviate this issue as they can produce more homogeneous 
populations of GUVs, which would simplify modelling of the current enzymatic circuits to predict 
the emergence of complex, divergent behavior.48–50  

Moreover, by designing a signal amplification step into the target cells, we have engineered a 
communication system capable of efficient signal transduction over large distances. This uniquely 
addresses the critical problem of signal dilution in the extracellular environment, and adopts a 
biomimetic approach to remedy this.51 To advance such amplification strategies, the development 
of selective transporters and receptors that can be readily incorporated into synthetic 
compartments would offer significant advantages, as it enables the transduction of signaling over 
the membrane.52–55 

 

Conclusions & Outlook 

To summarize, we have developed a biomimetic communication pathway between populations of 
artificial cells that can efficiently signal over large distances by virtue of signal amplification. 
Sender cells converted ATP into AMP, which allosterically activated an enzymatic cascade in the 
Receiver cells to produce NADH. As NADH is an important energy-rich metabolite involved in a 
plethora of anabolic reactions, this platform can be extended to generate various functional 
responses within the Receivers. Thus, the controlled construction of such artificial cell 
communities and further integration of this enzyme-based signaling pathway with DNA 
nanotechnology would potentiate the bottom-up research into the hierarchical complexity of 
biological communication networks. 
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Experimental details 

Materials & Instrumentation 

Materials 

All chemicals were used as received unless stated otherwise. All lipids were obtained from Avanti 
Polar Lipids, except cholesterol, which came from Sigma-Aldrich. Glycogen phosphorylase b  
(EC 2.4.1.1) from rabbit muscle, apyrase (EC 3.6.1.5) from Solanum tuberosum (the isoform with 
ATPase/ADPase ratio of ~1) and αHL from Staphylococcus aureus were obtained from Sigma-
Aldrich, α-phosphoglucomutase (EC 5.4.2.2) from Megazyme, and glucose-6-phosphate 
dehydrogenase (EC 1.1.1.49) from Leuconostoc mesenteroides from Worthington. Paraffin oil was 
from JT Baker.  

All other reagents and solvents were of high-quality grade, purchased from commercial suppliers 
and used without further purification unless stated otherwise. Ultrapure water (“Milli-Q”) was 
obtained from a Merck Millipore Q-Pod system (≥18.2 MΩ) with a 0.22 μm Millipore Express 40 
filter. “HBS” buffer contains 10 mM HEPES, 135 mM NaCl, 5 mM KCl at pH 7.4. 

Instrumentation 

Bulk fluorescence and absorption measurements were obtained using either a Spark 10 M, Safire 
2, or Infinite 200 PRO plate reader (Tecan). Sonication was performed in a Branson 2800 or 2510 
bath ultrasonic cleaner. Images were processed with Fiji, a program developed by the NIH and 
available as public domain software at https://imagej.net/Fiji. Confocal laser scanning fluorescence 
microscopy was carried out on a Leica TCS SP5X using Ibidi 8 well µslides with a glass bottom. To 
prevent lipid adsorption to the glass, slides were treated with 1 mg/ml BSA in Milli-Q for > 1 h, 
followed by washing with Milli-Q.  

 

Methods 

All experiments were performed at room temperature, unless indicated otherwise. All enzyme 
solutions were kept on ice during the procedures, whenever possible. Enzymes were purified and 
buffer exchanged twice using Amicon Ultra-0.5 ml 10K MWCO spin filters, snap-frozen and stored 
at –80 °C until further use. Enzyme concentrations were based on the LOT-specific activity as 
indicated by the manufacturer with 1 U being equal to the formation of 1 µmole of product per min 
at the specified temperature and pH. 

Channel device fabrication and coating 

A 1 mm wide channel was cut into three layers of Greiner Bio-One Easyseal. A 13 mm round 
coverslip was glued on top of the mold using double-sided tape. The channel mold was glued onto 
a 50 mm diameter #1.5 glass coverslip, taking care not to introduce air bubbles. Generally, three 
channel devices were glued on the same 50 mm coverslip for parallel imaging of multiple 
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conditions (Suppl. Fig. S4.1). Channels were incubated with a 1 mg/ml BSA solution in Milli-Q to 
passivate the surfaces and prevent lipid adsorption. To remove the BSA, the channels were washed 
4x with outer phase solution. Whenever other microscope slides were used for imaging, they were 
also passivated with BSA and subsequently washed with Milli-Q.  

Assembly of GUVs 

GUVs were prepared according to the droplet transfer method.39 First, lipid stock solutions in 
paraffin were prepared by mixing lipid chloroform stock solutions and paraffin oil, heating this to 
80 °C for 30–60 min and leaving it under vacuum overnight. These paraffin stock solutions were 
stored at –20 °C and used within two weeks. Paraffin stock solutions were mixed to obtain 200 µl 
of a solution with DOPC, POPC and cholesterol in a molar ratio of 35/35/30. 1% DSPE-PEG2000-
biotin and 0.06-0.24% of DOPE-Lissamine Rhodamine B, DOPE-Cy5 or DOPE-carboxyfluorescein 
were incorporated as well. These solutions were sonicated at room temperature for 10 min in a 
bath sonicator and cooled on ice for >15 min. Next, 20 µl of inner phase solution was emulsified 
in 200 µl of lipid solution by strong vortexing for 25 s while turning the reaction tube to prevent 
sedimentation of the water droplet. Directly after, the emulsions were incubated on ice for 10 min. 
Subsequently, they were layered on top of 150 µl pre-cooled outer phase solution in a 1.5 ml plastic 
reaction tube and immediately centrifuged at 4 °C for 20 min at 3,300 x g. GUVs were harvested 
by puncturing the tube at the position of the GUV pellet and collecting the aqueous layer. At this 
point, they were either loaded into the observation chamber or washed to ensure the removal of 
any unencapsulated material. 

Inner phase and outer phase compositions 

The Receiver GUVs were loaded with the Response Cascade, which typically consisted of 1X HEPES-
buffered saline (HBS), 0.20 M sucrose, 2.3 mM MgCl2, 5.8 mM CaCl2, 8 µM glucose-1,6-
bisphosphate (GBP), 2.0 mM NAD+, 2.0 mg/ml glycogen, 0.5 U/ml GPb, 5.0 U/ml PGM, 5.0 U/ml 
G6PDH. The Sender GUVs contained 1 X HBS, 0.20 M sucrose, 2.3 mM MgCl2, 5.8 mM CaCl2, 8 µM 
GBP, 2.0 mM NAD+ and 39-77 U/ml apyrase. The outer phases had the same composition as the 
inner phases, but contained 0.20 M sorbitol instead of sucrose and did not include any enzymes 
nor glycogen.  

Washing of GUVs 

Any unencapsulated material was removed by centrifugation at 1,500 x g for 2 min (at 4 °C) and 
replacement of the supernatant by 40 ul of fresh outer phase solution, which was repeated once. 
Finally, the GUVs were carefully suspended in fresh outer phase solution and transferred to the 
observation chamber. 

Monitoring NADH output in bulk reactions 

30 µl of Response Cascade with 0–5.0 mM sodium phosphate and either 0–1.0 mM AMP or 15 U/ml 
apyrase & 2.6 mM ATP or ADP was mixed in a black 384-wells plate with transparent bottom, and 
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the NADH absorbance was monitored at 340 nm using a multiplate reader. NADH concentrations 
were calculated from a standard curve, which was linear between 0 and 1.5 mM NADH.  

For the kymograms of the Response Cascade (in absence of GUVs), the channel device containing 
the Response Cascade was imaged over its entire length using an objective with 10x magnification. 
To construct the kymograms, the images were lined up along the direction of AMP/phosphate 
diffusion and each image was further divided into four equal rectangular sections. The fluorescence 
intensities of each section and each time point were extracted using Fiji and used to construct the 
kymograms.  

Imaging of GUVs 

The GUVs were loaded into an observation chamber passivated by BSA; either an 8-well µslide 
with a #1.5 glass coverslip bottom (Ibidi), a 384 well Sensoplate Plus microplate with a #1.5 glass 
bottom (Greiner), or the custom-made channel device depicted in Suppl. Fig. S4.1. Next, αHL was 
added and incubated for up to 30 min. Finally, Na2HPO4 and AMP were added and the samples 
were immediately imaged at several positions over various hours. For the channel device, to 
prevent rapid evaporation the GUVs were premixed with αHL and Na2HPO4 and quickly loaded 
into the channel. One side of the channel was sealed with two-component epoxy glue and AMP or 
ATP was added to the other side with minimal disturbance of the buffer in the channel. Finally, 
this side was sealed as well and images along the entire length of the channel were collected as 
soon as all GUVs had settled into position.  

Confocal laser scanning microscopy 

Imaging was performed on a Leica TCS SP5X equipped with a white light laser and either an HCX 
PL APO CS 10x 0.4 NA dry, a 20x 0.7 NA dry or a 40x 1.10 NA water objective. All fluorophores 
were imaged using sequential scanning. NADH was excited using a Chameleon 2-photon laser 
(Coherent) at 725 nm and its emission was collected from 395 to 475 nm. For DOPE-CF the 
excitation wavelength was 495 nm with emission collected at 505–550 nm; for DOPE-LRB it was 
555 nm excitation and 565–630 nm emission; for DOPE-Cy5 it was 631 nm excitation and  
650–750 nm emission. The image resolution was 1024 x 1024 pixels and scanning speed was 400 
Hz. The pinhole was set to 1 Airy unit, except for the NADH channel where it was set to maximum 
to allow multiphoton imaging. Typically, 2–4x line averaging was applied.  

Image analysis 

NADH fluorescence intensities were extracted from the micrographs using Fiji.56 For the bulk 
reactions, images were divided in four sections and the intensities were extracted and plotted vs. 
time and position. For the GUVs, their internal NADH production was either tracked manually 
while correcting for drift (Fig. 4.3a, 4.4a, 4.6d), or their positions were determined using the 
built-in particle analysis tool with subsequent extraction of the NADH production per GUV. For 
this, a threshold was applied to the images to eliminate noise, followed by smoothening and 
conversion to a binary mask. Overlapping GUVs were separated using the watershed algorithm 
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and all particles of 10–100 µm were selected automatically. The obtained selection was checked by 
hand to remove any areas that contained aggregates instead of GUVs. NADH fluorescence 
intensities inside the GUVs were extracted using the obtained selection and plotted vs. time and 
position (Fig. 4.3b–e) 

For the experiment in Fig. 4.5, the images were acquired with >20% overlap to allow manual 
stitching of the images to reconstruct the whole channel. NADH production within the GUVs was 
automatically extracted from the images and normalized to correct for the number of GUVs per 
position.  
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Chapter 4 – Supplementary Information 

 

 

 
Figure S4.2   Identifying the bottleneck in the Response Cascade. To optimize the Response Cascade, various 
concentrations of each enzyme as well as sodium phosphate were screened for their effect on the NADH output. In each 
of the four graphs the concentration of one of the enzymes or sodium phosphate was varied with all other conditions 
being equal. The results demonstrated that both PGM and G6PDH were present in excess at all concentrations tested. The 
concentrations of GPb and Na2HPO4, on the other hand, were rate-limiting under these conditions.  This is optimal for 
our purposes, as GPb is the signaling hub of the Response Cascade where amplification takes place. Therefore, the GPb-
catalyzed conversion of glycogen into glucose-6-phosphate should be rate-limiting with all other enzymes present in 
excess to prevent the accumulation of intermediate metabolites that may provoke product inhibition. Furthermore, if one 
of the enzymes was missing or phosphate was not added, no output was generated, demonstrating the essential 
contribution of all components to the generation of NADH as output. All samples contained 1.0 mM AMP to activate the 
Response Cascade. Experiments were performed in duplicate and the error bars represent the SD. 

 

Figure S4.1   Design of the channel device. 1) Load channel with outer phase solution, 2) Add GUVs to A, 3) Seal A, 4) 
Add AMP/ATP/Na2HPO4 to B, 5) Seal B 
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Figure S4.3   Balancing GPb and phosphate concentrations: speed vs. background activity. Comparison of the NADH 
output in presence of AMP vs. in its absence at different concentrations of Na2HPO4. Due to the low levels of constitutively 
active GPa that are present in the commercial GPb preparations, some background activity is always observed. At high 
concentrations of GPb (and therefore, GPa) and Na2HPO4, these are more pronounced than at lower concentrations. 
However, high concentrations of GPb and Na2HPO4 do increase both the speed and the output of the Response Cascade, 
respectively. The experiment was performed in duplicate and the error bars represent the standard deviation.  

 

 
Figure S4.4   ATP and ADP conversion into AMP activates the Response Cascade. Bulk reactions showed that apyrase 
can convert ATP and ADP into AMP, which in turn activated the Response Cascade. In absence of either substrate, AMP 
was not generated and the Response Cascade did not activate. 

 

 
Figure S4.5   Washing of GUVs removes unencapsulated proteins. Washing apyrase-loaded GUVs according to the 
centrifugation protocol described in the Methods section removed any unencapsulated components from the external 
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solution. Apy = apyrase solution, OP = fresh external solution (=”outer phase”), SN = supernatant, M = protein marker, 
the molecular weights of which are indicated. Before the first washing step apyrase was present in the  
supernatant (SN 1); after the first washing step it was still present at low concentrations (SN 2); the second washing step 
removed all remaining apyrase that was not encapsulated in the GUVs. The purified GUVs were used for subsequent 
experiments. The reported molecular weight of apyrase is 49 kDa.  

 

 

 
Figure S4.6   αHL insertion into GUV membranes. αHL self-inserted into GUV membranes and permeabilized most 
GUVs. The kinetics of protein insertion and the release of low-molecular weight contents were heterogeneous amongst 
the GUV population. Top row: brightfield micrographs of GUVs; left) before αHL addition, right) after αHL insertion. 
Before αHL insertion, the sucrose/sorbitol gradient created a difference in refractive index between the lumen of the 
GUVs and the external solution. This was lost upon equilibration of the sucrose/sorbitol gradient through αHL pores. The 
GUV membrane composition was 35/35/30 (mol/mol) DOPC/POPC/Chol + 1.0% DSPE-PEG2000-biotin.  
[αHL] = 83 µg/ml. Bottom row: calcein release from GUVs upon αHL insertion; left) right after αHL addition, right) t = 
174 min. GUV membrane composition was 70/30 DOPC/Chol + 0.06% DOPE-LRB (red). Calcein (1.0 mM, green) was 
encapsulated in the GUVs during their assembly. [αHL] = 33 µg/ml.  
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Supplementary Notes 

Optimization of the enzymatic reactions in Sender & Receiver  

Sender  

Apyrase was used to generate the AMP since it has a high turnover and, therefore, can produce 
AMP efficiently. It hydrolyzes the γ-phosphate of ATP, and the ß-phosphate of ADP to generate 
AMP and two equivalents of orthophosphate. The enzyme from Solanum tuberosum has two 
isozymes: one with an ATPase/ADPase ratio of ~10/1 and one with similar ATPase and ADPase 
activities. Since the ADP is a non-active intermediate whose build-up would be undesirable, we 
opted for the isozyme with an ATPase/ADPase ratio of ~1. It requires Ca2+ for optimal function, 
which is why this was included in the solutions.  

Since ATP is an important metabolite in the energy metabolism of cells and known to inhibit GPb 
as part of a negative feedback loop, we investigated its influence on the Response Cascade. Low 
millimolar concentrations of ATP did not inhibit the activation, but at >5 mM ATP inhibition was 
observed. Therefore, ATP concentrations below 5 mM were used throughout this study. 

Response Cascade 

The Response Cascade was built using three important enzymes from the glycogen metabolism 
and the pentose phosphate pathway. Glycogen phosphorylase was selected because its 
unphosphorylated form, glycogen phosphorylase b, can be allosterically activated by AMP, and 
would as such provide an inducible enzymatic reaction that leads to high levels of signal 
amplification. It hydrolyzes a terminal α-1,4-glycosidic bond using orthophosphate and produces 
glucose-1-phosphate and a shorter glycogen chain. The phosphorylated isoform of GP, called GPa, 
is constitutively active and insensitive to AMP. The presence of low levels of GPa in the commercial 
GPb preparation accounts for the weak NADH output that can be observed in the absence of AMP. 
Activation of GPb by addition of AMP, however, induces a far stronger NADH output, clearly 
providing a strong on/off modus operandi for the Response Cascade.  

To generate a physiologically relevant output from the Response Cascade, we selected PGM and 
G6PDH to convert the product of GPb, glucose-1-phosphate (G1P), into NADH. Additionally, this 
provided a convenient read-out for the activation of GPb, because NADH is fluorescent with an 
excitation maximum at 340 nm and an emission maximum around 460 nm. PGM needs divalent 
cations for its activity (especially Mg2+) as well as α-D-glucose-1,6-bisphosphate. The equilibrium 
between G1P and G6P that is catalyzed by PGM has a ΔG of –7.5 kJ/mol4, therefore favoring the 
conversion into G6P.  

The concentrations of all three enzymes were optimized as shown in Suppl. Fig. S4.2; 
furthermore, the concentrations of the other components were optimized as well. Subsequently, 
the kinetics and amplitude of the Response Cascade could be tuned as outlined in the main text. 
Due to the presence of a small amount of constitutively active GPa in the commercial GPb 
preparation, some background activity in the absence of AMP is always observed. Therefore, a 
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trade-off has to be made: if a fast reaction (to get an NADH burst) is required, high concentrations 
of GPb (3.0 U/ml vs. 0.5 U/ml) and Na2HPO4 are beneficial. If, however, the background reaction 
should be suppressed (for instance because of the time needed for AMP to diffuse to the Receiver 
GUVs), low concentrations of GPb and Na2HPO4 are preferable (Suppl. Fig. S4.3). 

Activating the Response Cascade in GUVs 

To generate the Receivers, 200 mM sorbitol was used in the outer phase solution instead of the 
widely used glucose, as glucose was shown to have an inhibiting effect on the Response Cascade at 
> 50 mM; most likely this is caused by a negative product feedback loop in the glucose metabolism.  

Since AMP is anionic, it cannot readily permeate phospholipid membranes. Therefore,  
α-hemolysin was added to the GUVs to allow the influx and efflux of small metabolites like AMP 
through the 1.4 nm pores. However, since only macromolecules like enzymes and glycogen could 
be retained inside the GUVs, all other metabolites and ions, like NAD+ and CaCl2, were added to 
the external solution as well to prevent drainage of the Response Cascade from the Receivers.  

As αHL inserts into the phospholipid bilayers spontaneously, controlling the degree of insertion 
per vesicle is difficult. This, therefore, introduced some heterogeneity into the response of the 
Receivers to AMP. The resulting differential permeability of the GUVs was observed in many 
experiments and is the basis for the heterogeneity in the NADH output that is discussed in the 
main text. Additionally, the droplet transfer method, that is used to assemble the GUVs, is known 
to produce some variability in the encapsulation efficiency. This adds to the effect of variable 
permeability of the GUVs. The size of the GUVs is likely irrelevant in this respect, as the activation 
of the Response Cascade is much slower than the diffusion time of AMP within a 50 µm-sized GUV. 
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Chapter 5 

Towards Directed Membrane Fusion for the Selective 
Delivery of Catalysts to an Artificial Cell 
 

 

 

Abstract 

Currently, artificial cells lack a sustained metabolism, as fuel intake from the environment is 
limited by permeability issues. Liposomes, the most widely used cell mimic, are for example only 
permeable to small, hydrophobic molecules and do not possess active, selective uptake 
mechanisms. Therefore, internal processes are typically short-lived. Fusion of cell-sized liposomes 
(GUVs) with 100 nm liposomes (LUVs) loaded with a cargo of interest would pose a universal 
means of fueling artificial cells and endowing them with new function after their formation. 
Membrane fusion is of fundamental importance in various cellular processes, and its mechanism 
has been extensively studied both in cells and in liposomes. Here, we propose to leverage 
membrane fusion to deliver a wide variety of cargo to giant liposomes. We synthesized two pairs 
of coiled-coil peptides (CCPs), which are synthetic fusogens that can be inserted into liposomes 
and induce fusion by bringing two vesicles into close proximity. When LUVs functionalized with 
complementary fusogens were co-incubated, they exchanged their lipids, which indicates 
successful early-stage fusion events. When LUVs were mixed with GUVs, they docked onto the 
giant vesicles; however, this interaction was not fully selective for the complementary fusogen and 
the delivery of cargo from LUVs to GUVs was not unequivocally observed. A dual fusion system, 
with CCPs that selectively dock LUVs onto GUVs and complementary ionic phospholipids that 
subsequently induce membrane fusion, is hypothesized to provide both selective and efficient LUV-
GUV fusion.  
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Introduction  

Living cells exchange information with their environment in many different ways. They use 
chemical, electrical or mechanical cues to coordinate their behavior on all hierarchical levels, from 
the propagation of action potentials in a multicellular organism to the chemotactic behavior of 
bacteria in search for food sources. In the transfer of information from the extracellular to the 
intracellular milieu, the cell membrane fulfills an important gatekeeper function. Some signals can 
cross with little problem, whereas others need more sophisticated mechanisms to deliver their 
message. Receptor–ligand interactions, which transduce selected molecular messages, and 
transporters, that translocate specific molecules to the cytosol, are two prominent classes of such 
regulated signal transduction into a cell.[1] Additionally, fusion of two phospholipid membranes 
poses an efficient way of delivering hydrophilic, charged, or large molecules across the cell 
membrane. This process is especially crucial in the nervous system, where transmission of 
information between neurons mainly relies on vesicle fusion-mediated release of 
neurotransmitters at synapses.[2] In fact, increasing evidence suggests that many cell types release 
vesicles (termed exosomes and microvesicles), which mediate intercellular communication by 
fusing to target cells.[3] Finally, the regulated fusion of phospholipid membranes also plays a vital 
role in the intracellular trafficking of macromolecules.  

Membrane fusion is not a spontaneous process; approaching lipid bilayers experience attractive 
Van der Waals and hydrophobic forces, but these are annulled by the large hydration repulsion 
that stems from the displacement of water molecules from the lipid headgroups.[4,5] To efficiently 
fuse intracellular vesicles, membrane proteins that decrease this free-energy barrier have evolved 
throughout the eukaryotic kingdoms. These SNARE proteins (soluble N-ethylmaleimide-sensitive 
factor attachment protein receptors) are located in the vesicle (v-SNAREs) or plasma membrane 
(t-SNAREs), and form an α-helical bundle that brings the two membranes into close proximity, 
which induces lipid mixing and, subsequently, full fusion (Fig. 5.1a).[6] Due to the large variety of 
v-SNAREs and t-SNAREs, the fusion of intracellular vesicles is a specific process that can be 
controlled by internal and external factors.[7] 

The pivotal role of membrane fusion in life, and the central role of SNARE proteins in this process, 
has inspired the development of synthetic SNARE mimics to study the mechanism of SNARE-
mediated membrane fusion using systems with reduced complexity.[8] Since the driving force of 
SNARE-mediated fusion is the exergonic zippering of the cytosolic domains into an α-helical coiled 
coil, many SNARE mimics use specific hybridizations to achieve both selectivity in the adhesion of 
opposing membranes, and the force necessary to mediate full membrane fusion. Notably, peptide 
sequences capable of forming coiled coils (CCPs) have been successfully applied to fuse both model 
membranes[9–11] and biological membranes.[12,13] These CCPs contain heptad repeats that are 
capable of forming a coiled coil helical dimer (Fig. 5.1b) structurally similar to the four-helix 
bundle formed by the v- and t-SNAREs (Fig. 5.1c). The reduced complexity of these CCP-based 
SNARE mimics simplifies their synthesis and derivatization, for instance to modulate their binding 
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strengths, compared to the engineering of natural SNARE proteins. Other classes of SNARE analogs 
that have been developed include peptide nucleic acids (PNAs)[14,15] and DNA-based mimics[16–19]. 
The PNAs can form different duplex topologies due to the greater flexibility in the design of the 
backbone, whereas DNA offers a high degree of programmability due to the well-understood 
principles of DNA hybridization. 

The mechanistic study of membrane fusion has greatly benefited from advancements in the 
formation of synthetic lipid bilayers, most notably supported lipid bilayers and lipid vesicles 
(liposomes). Liposome fusion is a widely studied phenomenon that is important in fields as diverse 
as DNA transfection, drug delivery, and synthetic biology. Typically, it is mediated by oppositely 
charged vesicles containing ionic lipids. Cationic and anionic vesicles are known to rapidly adhere 
and fuse[20–24], whereas neutral vesicles and those enriched in phosphatidylserine aggregate and 
fuse in the presence of calcium ions.[25] Physiological salt concentrations, however, tend to 
dramatically reduce the fusion efficiency by shielding the ionic lipid headgroups.[23,26] Moreover, 
the aspecific nature of electrostatic interactions renders this fusion process far less selective than 
the SNARE-mediated fusion found in nature. Selective liposome fusion, on the other hand, has 
been engineered using complementary fusogens based on SNARE proteins, CCPs, PNAs, and DNA 
(vide supra), but also by metal-binding ligands[27] and functional groups capable of hydrogen 
bonding[8,28–30].  

Integrating synthetic model SNAREs with synthetic lipid bilayers is a promising approach for 
studying the complex biological mechanisms underlying membrane fusion, but also opens up new 
possibilities in the field of bottom-up synthetic biology. This field aims to build a synthetic cell from 
individual molecular components, which can be both from synthetic and natural origin, to create 

 

Figure 5.1   Mechanism of membrane fusion induced by SNARE proteins and their synthetic analogs. a) Proposed 
transition states in SNARE-mediated fusion according to the stalk hypothesis. b) Coiled coils are composed of repeats of 
seven amino acids (heptad repeats) that form hydrophobic interactions between amino acids a and d and electrostatic 
interactions between e and g on complementary peptides. c) The key members of the SNARE complex in synaptic 
exocytosis. Panels are reproduced with permission from ref. 31 (a); ref. 32 (b); ref. 33 (c).   
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increasingly complex systems that display life-like properties.[34–36] Ultimately, this approach may 
create a new form of life different from anything we have seen before, but en route it is expected 
to yield valuable insights into the most fundamental constituents of life as we know it.  

An important challenge in the creation of life-like synthetic compartments where controlled 
membrane fusion may provide a key solution is the prolonged operation of internal processes. 
Most systems realized so far are short-lived due to the difficulty of maintaining the synthetic cells 
in an out-of-equilibrium state. The semi-permeable nature of many compartments limits the 
continuous supply of new building blocks and energy sources to the synthetic systems.[37] 
Therefore, control over the selective in- and efflux of nutrients and macromolecules as well as the 
exchange of molecular signals is an important challenge in the construction of artificial cells. In 
contrast to transporter proteins, which are typically selective for a limited number of substrates, 
the fusion of small vesicles with the plasma membrane poses a generally applicable mode of 
delivering a large variety of cargo to cells, which has recently been appreciated to play an important 
role in living organisms.[3] Here, we investigate the use of small liposomal vesicles to deliver cargo 
to an artificial cell by fusion of their phospholipid membranes, in order to fuel the artificial cell 
with new nutrients or catalysts and endow them with increased functionality (Fig. 5.2).[38] We use 
giant unilamellar vesicles (GUVs) as cell mimics because of the strong similarity of their membrane 
to natural cells. Although fusion of GUVs with other phospholipid-based entities like large 
unilamellar vesicles (LUVs), other GUVs, or even natural cells has been demonstrated before, most 
of these previously described systems require high voltage DC pulses (electrofusion[39–41]), afford 
little control over the fusion process (fusion driven by electrostatic interactions[21,22,26,42–46]), or rely 
on natural SNARE proteins, which are difficult to incorporate into GUVs [47–49]. Where LUV–GUV 
fusion is concerned, most of the previous work focused on the insertion of membrane proteins into 

 

Figure 5.2   Design of the system. a) Temporal control over the activation of internal cellular processes by sequential 
liposome fusion. b) Orthogonal CCP pairs promote the selective fusion of different vesicle subpopulations. 
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GUVs[26,49] or the interactions of natural SNARE proteins[47,48], and the fusion process was often 
arrested in the meta-stable hemifusion state[22,47].  

Here, we put forward a phospholipid-based artificial cell that could effectively take up a diverse 
array of macromolecular cargo by fusion with LUVs. Delivery of the liposomal cargo is expected to 
provide a powerful means to add new functionality to the artificial cells, which offers temporal 
control over orthogonal internal processes (Fig 5.2a). CCP-based SNARE analogs are used to 
engineer selective fusion pairs that can provide orthogonal fusion pathways of LUVs loaded with 
different cargoes (Fig. 5.2b). Such cargoes can range from small molecules like metabolites to 
macromolecular cargo such as enzymes and other (synthetic) catalysts. Taken together, this design 
would establish an extensive liposomal delivery system mediated by orthogonal fusogens that can 
maintain artificial cells in a long-lived active state or provide temporal control over internal 
processes.  

 

Results 

For the present work, we selected two sets of CCPs from the various CPP pairs reported in 
literature based on their high association constants.[50,51] These CCP pairs will be referred to as 
‘Hodges’ and ‘Vinson’ CCPs, and were previously successfully applied by our group to activate cell-
penetrating peptides.[52] 

Synthesis of the anchored CCPs 

To convert the CCPs into fusogens that can be anchored into the membrane of liposomes, various 
design strategies are available. Several studies using the Hodges CCPs – heptad repeats of EIAALEK 
and KIAALKE – established that a cholesterol anchor increased the rate of lipid and content mixing 
compared to phospholipid-based anchors.[10] In addition, a spacer that links the CCP to the anchor 
is required. In various studies short PEG spacers were employed, and it was shown that the length 
of the PEG spacer is critical for efficient fusion, with an optimal length of 4–8 repeats for 
(KIAALKE)3, and 12 repeats for (EIAALEK)3.[53] Based on these optimizations described in literature 
and initial experiments performed in our group[54], we selected a cholesterol anchor and PEG 
spacers of various lengths to incorporate the CCPs described in Figure 5.3 and Table 5.1 into the 
membrane of both LUVs and GUVs.  

The Vinson fusogens (CPVA and CPVB) were synthesized first (Scheme 5.1). The CCP domains 
were prepared using standard fluorenylmethyloxycarbonyl-based solid phase peptide synthesis 
(Fmoc-SPPS) followed by coupling of the Fmoc-protected PEG spacer (2). To create a (stable) 
amide linkage between the cholesterol anchor and the spacer, we first converted the hydroxyl-
group of cholesterol into an amine following a literature procedure[55], yielding  

amino-cholestene (5),  and subsequently coupled this to the PEG spacer. The resulting fusogen (6) 

was cleaved from the resin and purified by reverse phase-high pressure liquid chromatography 
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(RP-HPLC). Liquid chromatography-mass spectrometry (LC-MS) confirmed the successful 
synthesis of the desired fusogens CPVA and CPVB.  

 For the synthesis of the Hodges fusogens, we decided to explore a shorter synthetic route using a 
cholesteryl hemisuccinate anchor (Scheme 5.2). This would introduce an ester linkage in the 
anchor moiety of the fusogen, which is more susceptible to hydrolysis than an amide linkage, yet 
it would greatly reduce the synthetic burden as cholesteryl hemisuccinate is commercially 
available. Test reactions using this anchor, however, demonstrated that the ester linkage in the 
anchor was cleaved upon removal of the fusogen from the resin by concentrated trifluoroacetic 
acid (TFA). Parallel efforts to couple cholesteryl chloroformate to the PEG spacer produced 
comparable complications and were abandoned. In previous studies using a similar synthetic 
route, the instability of the ester linkage during TFA treatment was apparent from the LC-MS 
analysis as well.[56] The cleavage of the anchor may be mediated by either hydrolysis of the ester 
or elimination of the succinate moiety, the latter of which would also produce a cholesterol 
derivative with conjugated double bonds. Since we could not distinguish between the two 
mechanisms, we attempted to minimize the risk of elimination by selecting a saturated derivative 
of cholesterol, 3β-hydroxy-5α-cholestane (cholestanol) as the anchor moiety. Cholestanol was 
converted into cholestanol hemisuccinate (7) in a single step and coupled to the PEG spacer on 
resin, yielding fusogen (8). This was cleaved from the resin and purified by RP-HPLC, yielding the 
fusogens CNPE and CNPK in good purity.   

 
Figure 5.3   Structure of the fusogens. Two types of anchors were used, which were connected via a poly(ethylene 
glycol) (PEG) spacer to the coiled coil peptide domain (here, (KIAALKE)4 is displayed). For the specific combinations of 
anchor, spacer length, and peptide sequence for the fusogens in this study, refer to Table 5.1.  
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Scheme 5.1   Synthesis of Vinson fusogens containing a 3ß-amino-5-cholestene anchor. 
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Scheme 5.2   Synthesis of Hodges fusogens containing a 3ß-hydroxy-5α-cholestane anchor. 
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Table 5.1   Type of anchor, number of (ethylene glycol)-repeats and peptide sequences used in this study. 

Name Anchor EG repeats Coiled coil peptide 

CNPK Cholestanyl 8 –(KIAALKE)4–NH2 

CNPE Cholestanyl 12 –(EIAALEK)4–NH2 

CPVA Cholesteryl 4 –LEIRAAFLRQRNTALRTEVAELEQEVQRLENEVSQYETRYGPLGGGK–NH2 

CPVB Cholesteryl 4 –LEIEAAFLERENTALETRVAELRQRVQRLRNRVSQYRTRYGPLGGGK–NH2 
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Assembly of fusogenic LUVs 

To prepare a fusogenic delivery vehicle, LUVs were assembled from DOPC/DOPE/cholesterol 
(50/25/25 mol/mol).[16,57]  DOPE has a cone-like geometry and poorly hydrated headgroup, which 
decreases the hydration repulsion between lipid membranes and facilitates the formation of a 
hemifusion stalk (Fig. 5.1a).[57,58] DOPC and cholesterol are added for stability, as DOPE-rich 
vesicles are prone to aggregation. The LUVs were prepared by hydration of the lipid films in a 
buffer that contained the desired cargo. To functionalize the LUVs with selective fusogens,  
1% CNPE or CNPK was mixed in during formation of the lipid film. LUV formation was successful 
for a range of cargoes, and generally the resulting LUVs had a low dispersity with diameters around 

100–150 nm (Fig. 5.4a–c). Incorporation of the fusogens did influence the hydration process to 
some degree; specifically, CNPE-LUVs were more prone to the formation of larger particles, which 
have a disproportionally large contribution in light scattering analysis (Fig. 5.4c). Cryogenic 
transmission electron microscopy (cryo-TEM), however, confirmed the median size of the LUVs 
and indicated that a large population of the LUVs was indeed unilamellar (Fig. 5.4d,e  
& Suppl. Fig. S5.1). Various other structures, such as multilamellar or nested vesicles, were also 
observed to a minor extent, which is in line with previous reports in the literature.[59] Purification 
by size-exclusion chromatography (SEC) was used to remove any unencapsulated cargo from the 
LUVs (Fig. 5.4f).  

 
Figure 5.4   LUV formation, characterization & purification. a-c) Light scattering analysis of fusogenic and non-
fusogenic LUVs. a) Dynamic light scattering (DLS) intensity plot and b) nanoparticle tracking analysis (NTA) number plot 
for enzyme-loaded LUVs without fusogens (three replicates, error bars depict the SD). c) DLS characterization of 
undecorated LUVs (‘plain’) and LUVs displaying 1% CNPE or CNPK after extrusion. Z-ave is the hydrodynamic diameter 
determined by cumulants analysis, Dh is determined by a distribution fit. DI = dispersity index. The mean ± SD from three 
independent experiments are reported. d,e) cryo-TEM micrographs of LUVs without fusogens (d) and with  1% CNPE 
(e). Scale bars represent 100 nm. f) SEC purification of LUVs (1% CNPK) from unencapsulated small molecules like calcein.  
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Assembly of fusogenic GUVs  

GUVs were assembled according to the droplet transfer technique first reported by Pautot et al.[60] 
A water-in-oil emulsion was prepared from a water phase (inner phase, IP) containing the desired 
cargo and an oil phase containing the membrane constituents, which caused a lipid monolayer to 
form around the water droplets. After layering this emulsion on top of an oil-water interface that 
was covered by amphiphiles, the water droplets were forced through the interface by 
centrifugation, thus forming a lipid bilayer around the inner phase droplets. Initially, we aimed to 
produce GUVs with a composition similar to the LUVs using this method, i.e. with a significant 
fraction of DOPE. Incorporation of up to 25% of DOPE into the membrane, however, invariably 
produced low GUV yields, and after centrifugation most lipids had aggregated (Suppl. Fig. S5.2). 
This is likely an effect of DOPE’s cone-like geometry, which forms a small hydration layer around 
the headgroup unable to sufficiently stabilize the emulsion.[61] Because the incorporation of DOPE 
proved troublesome and previous studies on fusogenic liposomes did not always include this 
specific phospholipid[62], we switched to several lipid mixtures containing DOPC, POPC, and 
cholesterol throughout this study. Using these lipid compositions, GUVs containing a variety of 
cargo, including various substrates for enzymes were produced consistently (Fig. 5.5). The 
variations in membrane thickness that were sometimes observed, are likely caused by lipid 
aggregates that adsorbed to the GUV membrane. The overall unilamellarity of the membrane of 
GUVs produced by this technique, however, was verified by α-hemolysin incorporation  
in Chapter 3 & 4.  

Incorporation of fusogens into the GUV membrane 

LUVs were produced directly from lipid films that contained 1% fusogen, but to introduce the 
fusogens into the GUV membrane we used a post-formation modification strategy. This is a 
common strategy for the incorporation of amphiphiles into membranes, and it has already been 

 
Figure 5.5   GUVs loaded with enzyme substrates. CLSM micrographs of a) GUVs loaded with 1 mM NADH (magenta). 
b) GUVs loaded with 100 µM fluorescein diphosphate (FDP). Both GUV populations were composed of  
35/35/30 (mol/mol) DOPC/POPC/cholesterol and contained DOPE-Cy5 as membrane label (blue). Scale bars represent 
25 µm for the full field of view; 10 µm for the insets.  
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applied to decorate GUVs with fusogens.[10,19] A drawback of this method is that it, contrary to the 
LUV formation, provides limited control over the precise concentration of fusogen in the 
membrane, as the lipid concentration in the GUV sample is difficult to estimate. Mixing all 
membrane constituents, including the fusogens, in a known composition during GUV formation 
was not possible, however, due to the poor solubility of the fusogens in the oil phase.  

To verify successful insertion of the fusogens CNPE and CNPK into the pre-formed GUVs, 
fluorescein isothiocyanate (FITC)-labeled complementary peptides (FITC-K and FITC-E) were 
used. First, non-fluorescent CNPE or CNPK was incubated with a solution of GUVs. Next, the 
complementary FITC-CCP was added to the GUV solution. Gratifyingly, CNPE- and CNPK-modified 
GUVs clearly bound their complementary CCPs, whereas undecorated GUVs, which had been 
incubated with neither CNPE nor CNPK, could not bind the FITC-labeled CCPs (Fig. 5.6). This 
clearly demonstrated that both CNPE and CNPE were displayed correctly on the GUV membrane 
and could bind their complementary FITC-labeled CCPs.   

Orthogonality of different fusogen pairs  

To explore the use of multiple CCP pairs to achieve orthogonal LUV–GUV docking, we studied the 
orthogonality of fusogens based on the Vinson and the Hodges CCPs. These fusogens were 
synthesized as described above and incubated with GUVs to display them on the outside of the 
GUV membrane. However, the Vinson-based fusogens proved to be prone to aggregation, despite 
attempts to improve their solubility by addition of organic solvent, acid or base.  

 
Figure 5.6.   Modification of GUVs with cholesterol-anchored fusogens. a) CLSM micrographs of fusogen-dependent 
binding of FITC-labeled complementary CCPs. Either CNPK or CNPE was incubated with GUVs, followed by incubation 
with the complementary fluorescent CCP. Scale bar represents 20 µm. b) Line profiles of the CLSM images. c) Comparison 
of FITC-peptide binding to GUVs decorated with fusogen or undecorated. NGUVs = 5–13. Membrane composition:  
70/30 (mol/mol) DOPC/cholesterol. 
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Therefore, we sought to incorporate them directly during GUV formation by poly(vinyl alcohol) 
(PVA) hydrogel-assisted hydration.[63] This produces GUVs from a lipid film, similar to LUV 
formation, thus circumventing solubility issues. To allow direct comparison of the two fusogen 
pairs, all four fusogens were incorporated into GUVs via PVA-assisted hydration. First, the 
fusogens (0.2 mol%) were mixed with lipids in 1/20 (v/v) methanol/chloroform. Methanol was 
needed to dissolve the fusogens, yet too much of it disturbed GUV formation so it was used at low 
concentrations. Hydration of the lipid films yielded GUVs for all fusogens with the total number of 
GUVs depending on the homogeneity of the hydrogel and lipid films. The orthogonality of the CCPs 
was screened by adding 5 µM of FITC-CCPs to GUVs displaying one type of fusogen and comparing 
the formation of CCP heterodimers at the GUV membrane (Figure 5.7). The theoretically predicted 
coiled coil pairs are grouped along the diagonal (red boxes); all complementary CCP pairs were 
indeed shown to interact at the GUV membrane. Generally, the sequences displayed the expected 
orthogonality, but a few unexpected interactions arose. FITC-K did not only bind CNPE-displaying 

 
Figure 5.7   Orthogonality of fusogens based on the Hodges and Vinson coiled coil motifs. GUVs were grown from 
lipid films composed of DOPC/DOPE/cholesterol (50/25/25 mol/mol) incorporating 0.2 mol% fusogen using PVA 
hydrogel-assisted hydration. GUVs were divided over several observation chambers and incubated with 5.0 µM FITC-CCP. 
Recognition of the coiled coil domains in the GUV membrane by the fluorescent peptide in solution is indicated by the 
formation of a fluorescent corona. The contrast may vary between different FITC-CCPs, but is identical along the rows. 
Scale bar represents 10 µm. The theoretically predicted coiled coil pairs are indicated by red boxes. 
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GUVs, but also all other populations including undecorated GUVs. This is therefore attributed to 
aspecific interactions, possibly electrostatic in nature, between the FITC-K peptide and 
phospholipids or peptides on the GUV membrane. In addition, FITC-VB bound to E-GUVs, which 
could be due to the opposite net charge of the peptides. However, the CPVB-displaying GUVs did 
not bind FITC-E, indicating that the unprogrammed interaction is asymmetrical and may be due 
to differences in local concentration of the fusogens on the GUV membrane.  

Lipid mixing of LUVs with complementary fusogens 

Having confirmed the successful self-assembly of fusogen-functionalized LUVs and GUVs, we next 

tested the ability of the CNPE–CNPK fusogen pair to induce membrane fusion using a benchmark 
lipid mixing assay. Fluorescent phospholipids (0.5% DOPE-NBD and 0.5% DOPE-LRB) were 
incorporated into the membrane of LUVs decorated with 1% CNPE (E-LUVs). When NBD is excited 
in close proximity to LRB, it can transfer its excitation energy via Förster resonance energy transfer 
(FRET) to the nearby LRB. Upon fusion or hemifusion of the fluorescent LUVs with non-fluorescent 
LUVs, the NBD- and LRB-phospholipids are diluted and the FRET efficiency decreases. The ratio of 
NBD to LRB emission is, therefore, a widely-used indicator of lipid mixing of liposomal 
membranes. 

Accordingly, fluorescent E-LUVs were mixed with non-fluorescent LUVs that displayed 1% CNPK 
(K-LUVs) or that did not contain any fusogen (undecorated LUVs), and the FRET efficiency was 
monitored. Indeed, when E-LUVs were mixed with K-LUVs the FRET efficiency decreased, which 
indicated successful lipid mixing between the two LUV populations. When the E-LUVs were mixed 
with undecorated LUVs, which did not display any fusogenic peptide, the lipid mixing efficiency 

 

Figure 5.8   Lipid mixing between two populations of LUVs decorated with complementary fusogens. a) LUVs 
(50/25/25 DOPC/DOPE/cholesterol) decorated with 1% CNPE were fluorescently labeled with 0.5% DOPE-NBD and 
DOPE-LRB. Lipid mixing of the fluorescent LUV and a non-fluorescent LUV dilutes these fluorophores in the increased 
membrane area, which leads to a decreased FRET efficiency as a read-out for successful mixing of the phospholipid 
bilayers. b) E-LUVs were mixed with K-LUVs to quantify the fusogen-dependent lipid mixing. As controls for spontaneous 
lipid mixing or competing processes, E-LUVs were mixed with buffer or undecorated LUVs. The lipid mixing is normalized 
to LUVs that have half the NBD and LRB concentrations in their membrane (100% fusion LUVs), which is more 
representative of full lipid mixing than the commonly reported FRET ratios after complete lysis of the LUVs. 
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was markedly lower (Fig. 5.8 & Suppl. Fig. S5.3). Thus, lipid mixing was significantly increased 
by the interaction between complementary fusogens, yet low levels of spontaneous lipid mixing 
were observed as well. This is in line with observations by other groups[17] and is ultimately a 
consequence of the fusogenic character of the lipid composition used. This likely promotes 
spontaneous aggregation or adsorption of the LUVs or the spontaneous exchange of one or both 
fluorophores between membranes.  

Directed docking of LUVs to GUVs 

After confirming that the fusogenic LUVs displayed lipid mixing and the GUVs could be decorated 
with fusogens, we investigated the selective interaction of fusogenic LUVs and GUVs. To detect 

successful LUV–GUV fusion, the LUVs were loaded with a concentrated, self-quenching solution of 
calcein (100 mM), which is diluted and dequenched upon fusion with a GUV. The specificity of the 

LUV–GUV interaction was studied by comparing the binding of LUVs to GUVs that displayed 
complementary or identical fusogens, or were left undecorated. GUVs were decorated by 
incubation with the fusogens for >30 min, and the LUVs were added subsequently, using the most 

concentrated fractions after SEC purification. LUV–GUV binding was assessed by time-lapse 
confocal laser scanning microscopy (CLSM) over several hours (Fig. 5.9).  

When CNPE was incubated with the GUVs, K-LUVs adhered to the E-GUVs readily. The interaction, 
however, does not appear to be limited to LUVs bearing the complementary fusogen because also 
undecorated LUVs bound the E-GUVs. Conversely, undecorated GUVs did not bind any type of 
LUV. This asymmetry demonstrates that the CNPE fusogen does not mediate binding of 
phospholipid membranes per se, rather that the binding of undecorated LUVs to E-GUVs is caused 
by the process of decorating the GUVs by CNPE. Furthermore, the K-LUVs formed a smooth, 
homogeneous corona around the E-GUVs, whereas the undecorated LUVs displayed an uneven, 
patchy binding pattern with LUVs binding not only the GUV membrane but also each other. This 
differential aggregation behavior was further substantiated by the observed aggregation of 
undecorated LUVs in solution in the presence of CNPE (Suppl. Fig. S5.4). We hypothesize that 
docking and aggregation of the undecorated LUVs is caused by the presence of CNPE that did not 
insert into the GUV membrane and remains available for insertion into the LUVs. This could 
subsequently induce aggregation, possibly by homodimerization of the E domains, which has been 
well-established for these coiled coil motifs.[64,65] Indeed, when the GUVs were washed after 
incubation with CNPE, aggregation and binding of undecorated LUVs was not observed. 
Remarkably, after washing, K-LUVs did not adhere to the GUVs either, which could indicate that 
the cholestanol anchor is too dynamic for stable anchoring of CNPE into the GUV membrane.  

CNPK-displaying GUVs, on the other hand, did not strongly bind undecorated LUVs nor did they 
induce LUV aggregation. CNPK, however, did not dissolve as readily as CNPE and, therefore, did 
not fully insert into the GUVs. As a consequence, in samples with CNPK-decorated GUVs the E-
LUVs adhered to both the GUV membrane and lipid aggregates that are likely enriched in CNPK. 
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E-LUVs did not adhere to undecorated GUVs, which proves the E-LUV docking is mediated by the 
interaction of the CCP domains of CNPE and CNPK.  

Although the LUVs did dock to the GUVs, delivery of calcein into the GUV lumen was not 
unambiguously established. Upon addition of the LUVs to the GUVs, a sudden increase of calcein 
fluorescence in the GUV lumen was observed; however, this happened before extensive LUV 
binding and therefore is attributed to the influx of free calcein. Normally phospholipid membranes 
are impermeable to calcein, but we hypothesize that its entry was facilitated by transient pores in 
the GUVs that formed to relieve small differences in osmotic pressure introduced by addition of 
the LUV solution. Efforts to minimize this effect did not prove satisfactory. Moreover, we 
hypothesized that the lipid composition of the GUV membrane (35/35/30 

 
Figure 5.9   Fusogen-dependent docking of LUVs to GUVs. Several combinations of GUVs and LUVs displaying different 
fusogens on their membrane were incubated for 16 h. Top panels: CNPE-dependent binding of CNPK-displaying and 
undecorated LUVs. Undecorated GUVs did not bind K-LUVs. Bottom panels: K-GUVs preferentially bound E-LUVs; when 
either liposome population did not display a fusogen, binding was not observed. The annotations indicate which fusogen 
was incorporated into the liposomes, using upper case letters for fusogens in GUVs and lower case for fusogens in LUVs. 
CNPK = K, CNPE = E, Undecorated = U. The micrographs are overlays of GUV membranes labeled with DOPE-Cy5 (blue) 
and LUV membranes labeled with DOPE-LRB (red). Insets zoom in on a region of the micrograph imaged at lower laser 
intensity to highlight the different binding patterns of K-LUVs and undecorated LUVs. GUVs were composed of  
35/35/30 (mol/mol) DOPC/POPC/cholesterol with 0.06% DOPE-Cy5 and 0.1% CCP (compared to total lipid in paraffin). 
LUVs were composed of 50/25/25/ DOPC/DOPE/cholesterol with 0.1% DOPE-LRB and 1% fusogen. Scale bar represents 
25 µm. 
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DOPC/POPC/cholesterol) or the persistence of traces of paraffin from the self-assembly process 
hindered full fusion of the LUVs and GUVs. Therefore, DOPC/DOPE/cholesterol (50/25/25 
mol/mol) GUVs were grown from PVA hydrogels. The lipid composition of these GUVs was 
expected to promote fusion compared to the GUVs without DOPE prepared by the droplet transfer 
technique, and their fusion could not be affected by residual paraffin oil. Although LUV binding to 
both types of GUVs was similar, the extent of content mixing remained inconclusive due to the 
even higher permeability of the GUVs formed by hydrogel-assisted hydration. It should be noted, 
however, that leakage of internal components is a common problem in content mixing assays for 
LUVs, and GUVs are even more sensitive to osmotic pressure imbalance and external mechanical 
forces.[18,57] 

 

Discussion 

The directed membrane fusion of LUVs with GUVs is a highly versatile strategy for the delivery of 
a range of (macro)molecules to artificial cells, which could potentially provide temporal control 
over internal processes and enable the selective delivery of bioactive molecules to a targeted 
subpopulation. CCPs are important candidates for the selective fusion of liposomes, as they have 
been shown to mediate LUV–LUV fusion and a range of orthogonal CCP pairs has already been 
developed. Therefore, the ability of CCPs to mediate LUV–GUV fusion was explored in this study. 
However, there are a number of hurdles to be overcome before achieving this lofty goal. Studied 
separately, the many elements that are necessary for efficient LUV–GUV fusion behaved as 
designed, with incorporation of the fusogens in both LUVs and GUVs, selective binding of FITC-
labeled CCPs to their complementary membrane-embedded fusogens, and successful lipid mixing 
of fusogen-displaying LUVs. In a few regards, however, further engineering is needed to potentiate 
these fusogens for LUV–GUV fusion.  

Notably, the current anchoring strategy may need to be improved, as the synthesis and purification 
of cholesterol-anchored CCPs was tedious, and the spontaneous anchoring into GUVs was found 
to be incomplete and possibly dynamic. This did not prevent the docking of LUVs that displayed 
the complementary fusogen, but also promoted the aggregation and aspecific docking of 
undecorated LUVs. The importance of fusogen anchoring is well-known from the literature, and 
has already been explored for a variety of fusogens.[10,57,66] For instance, it is known that single 
cholesterol anchors, although widely-used for oligonucleotide anchoring to lipid membranes, are 
relatively dynamic and, therefore, relatively easily released.[67] The use of double cholesterol 
anchors, as established for DNA-based fusogens by Höök and coworkers[16], could alleviate this 
weak anchoring. Indeed, Meng et al. recently demonstrated that quadruple-anchored DNA fused 
LUVs even more effectively than a double-anchored variant[59], and recent molecular dynamics 
simulations demonstrated that the transmembrane domains of natural SNARE proteins drastically 
lower the free energy barrier of fusion stalk formation through a negative hydrophobic mismatch 
effect.[58] The use of anchors that penetrate both leaflets of the lipid bilayer may also promote the 
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membrane disruption that leads to the formation of the fusion stalk and, hence, full liposomal 
fusion.[68] Transduction of binding energy to membrane deformation seems key, which may also 
explain the successful fusion of liposomes containing the natural SNARE proteins that are anchored 
by their transmembrane domains.[47–49] 

Additionally, several studies point to the crucial influence of linker length on efficient fusion.[57,69,70] 
Here, we based our fusogen design on optimal linker and CCP lengths reported in the literature on 
LUV–LUV fusion[53,56,65], but translation of these optima to LUV–GUV fusion may be less 
straightforward than initially anticipated. The interfacial contact between LUVs and GUVs is quite 
different from that of two LUVs due to the lower curvature of the GUV membrane. In fact, the GUV 
membrane can essentially be regarded as flat at the dimensions involved in LUV–GUV contact. As 
it is well known that the increased membrane tension induced by the strong curvature of small 
liposomes makes them prone to spontaneous fusion[48,71], the flat GUV membrane may have a 
higher energy barrier for fusion with LUVs than the energy required for symmetrical LUV fusion. 
Taken together, the optimal lengths of the linker and CCP domains for efficient LUV–GUV fusion 
may be quite different from those reported for the fusion of smaller liposomes.  

The high energy barrier for the fusion of GUVs is reflected in the successful fusion strategies 
involving GUVs that are reported in the literature. These typically rely on strong multivalent 
electrostatic interactions between oppositely charged membranes[26,45,46,72,73]—in some cases aided 
by lipid packing defects within the GUV membrane[43]—or utilize the natural SNARE machinery[47–

49]. Possibly, the formation of zipper-like coiled coils does not provide the energy necessary to 
overcome the hydration repulsion of GUV and LUV bilayers that are brought into close proximity, 
or the flexibility of the PEG linker and shallow anchoring by cholesterol inhibit effective 
transduction of the CCP-mediated attraction to mixing of the opposing membranes. Possibly, 
efficient yet selective fusion can be mediated by combining the recognition offered by anchored 
CCPs with the efficient fusion oppositely charged membranes can afford. Alternatively, the 
fusogenicity of the GUV composition may be tuned by switching from DOPC/POPC/cholesterol to 
GUVs that incorporate high levels of DOPE. As the formation of DOPE-containing GUVs by droplet 
transfer was problematic, other methods, like electroformation, may offer more flexibility in the 
choice of membrane constituents. Electroformation would also generate membranes free of any 
oil[74] or PVA contaminants[75] that may alter the physicochemical characteristics of the membrane, 
and, hence, its fusogenicity. Overall, in the selection of GUV preparation techniques it is important 
to realize GUVs with a good balance between stability and fusogenicity.  

Parallel to peptide-based fusogens, DNA-based SNARE mimics have in recent years been further 
developed into fusogens capable of directed liposome fusion. The highly programmable nature of 
the DNA–DNA interactions enables the facile design of a highly divergent set of orthogonal DNA-
based fusogens. Until now, however, the potential of orthogonal fusogens has been underexplored, 
although the highly specific recognition offered by DNA-based fusogens has been demonstrated, 
for instance in a microRNA detection assay.[76] A drawback of early reports on DNA-mediated 
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liposome fusion was the low extent of content mixing compared to CCP-based fusogens[16,17,77], but 
recently higher degrees of mixing have been demonstrated for both DNA- and PNA-fusogens.[11,59] 
Direct comparison of the performance of various systems is not straightforward, however, because 
of the different assays and experimental conditions used by the various groups in this field. A 
further, practical advantage of DNA-based fusogens is their high water-solubility, which is 
dominated by the negatively charged phosphate groups, as compared to the amphiphilic nature of 
most CCPs, which hindered their efficient insertion into the membrane of GUVs.  

 

Conclusions & Outlook 

The use of coiled-coil peptides to fuse LUVs with GUVs was explored with the aim of developing a 
generic strategy to deliver cargo to the GUVs. To insert the CCPs into the liposomal membrane 
they were synthesized with a short PEG linker and cholesterol-based anchor. These fusogens 
spontaneously inserted into the membrane of GUVs when added post-formation and could bind 
their complementary peptide, which showed they were correctly displayed on the GUV membrane. 
The fusogens could be directly incorporated into the LUVs, and upon mixing two populations of 
LUVs with complementary fusogens specific recognition of the CCP domains was shown to induce 
lipid mixing between the complementary liposomes. When fusogenic LUVs and GUVs were mixed, 
however, the fusion process was arrested in the docking stage and content delivery could not be 
unequivocally observed. Specifically, the CNPE fusogen induced aspecific aggregation of the LUVs, 
whereas CNPK-displaying GUVs did selectively bind LUVs decorated with the complementary 
CNPE. The general orthogonality of CCPs was further tested using a different CCP pair; this proved 
to be reasonably orthogonal to the CNPE/CNPK fusogens. 

In future studies, the use of a dual fusion mechanism would be advisable, with CCPs that ensure 
the specificity of the fusion process and ionic phospholipids that lower the energy barrier to 
position the membranes for efficient fusion. Orthogonal fusogens may then program the directed 
delivery of various membrane-impermeable bioactives by fusogenic liposomes, thus affording 
temporal control over complex processes within the cell-mimetic GUVs. Additionally, integration 
with DNA-based fusogens could readily expand the range of orthogonal interactions due to the 
high programmability of DNA–DNA interactions.  
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Experimental details 

Materials & Instrumentation 

Materials 

All phospholipids were obtained from Avanti Polar Lipids. Cholesterol and cholesteryl 
hemisuccinate were purchased from Sigma-Aldrich. Tentagel resin was obtained from Rapp 
Polymere (Tübingen, Germany), and amino acids from NovaBioChem/Merck. Fmoc-protected PEG 
spacers were supplied by Iris Biotech. PVA (MW 146-186 kDa, >99% hydrolyzed) was purchased 
from Sigma-Aldrich. Paraffin oil was from JT Baker. The Vinson fusogens were kindly supplied by 
Sevda Jannatirad. 

All other reagents and solvents were of high-quality grade, purchased from commercial suppliers, 
and used without further purification unless stated otherwise. Ultrapure water (“Milli-Q”) was 
obtained from a Merck Millipore Q-Pod system (≥ 18.2 MΩ) with a 0.22 μm Millipore Express 40 
filter. 

Instrumentation 

Analytical LC-MS was performed on a C18 Atlantis T3 5 µm 150 x 1 mm column using a gradient of 
5% to 100% acetonitrile in water (+0.1% TFA) over 15 min, connected to a Thermo Finnigan LCQ 
Deca XP MAX Mass Spectrometer. Preparative RP-HPLC was performed on a T3 Prep OBD 5 µm 
19 x 1 mm column. Bulk fluorescence measurements were obtained using either a Spark 10 M, 
Safire 2, or Infinite 200 PRO plate reader (Tecan). Cryo-TEM imaging was performed using a FEI 
Titan (300 kV electron source) equipped with a LaB6 filament and an autoloader station. DLS 
measurements were performed on a Malvern Panalytical Zetasizer Nano-ZSP. Zetasizer software 
was used to process and analyze the data. NTA measurements were performed on a Malvern 
Panalytical Nanosight NS300. NMR measurements were performed on a Bruker 400 Ultrashield 
spectrometer equipped with a Bruker SampleCase autosampler, using TMS as internal standard. 
Sonication was performed in a Branson 2800 or 2510 bath ultrasonic cleaner. Extrusion was 
performed using a mini-extruder from Avanti Polar Lipids with Whatman Nuclepore Track-etch 
membranes. Confocal laser scanning fluorescence microscopy was carried out on a Leica TCS SP5X, 
Leica SP8, or Zeiss LSM META NLO using Ibidi 8 well µslides with a glass bottom. To prevent lipid 
adsorption to the glass, slides were treated with 1 mg/ml BSA in Milli-Q for > 1 h, followed by 
washing with Milli-Q. Images were processed with Fiji, a program developed by the NIH and 
available as public domain software at https://imagej.net/Fiji.[78] 
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Experimental procedures 

All experiments were performed at room temperature, unless indicated otherwise. All enzymes 
were kept on ice during the procedures, whenever possible. 

Cholestanol hemisuccinate (7) 

3β-hydroxy-5α-cholestane (389 mg, 1.0 mmol) and succinic anhydride (300 mg, 3.0 mmol, 3.0 
eqv.) were dissolved in dry dichloromethane (DCM; 3 ml). Dry triethylamine (TEA; 279 µl, 2.0 
mmol, 2.0 eqv.) was added and the reaction was stirred at room temperature for 24 h under argon 
atmosphere. The solution turned sequentially pink, purple and blue. Thin layer chromatography 
(TLC; 24/1 DCM/MeOH with permanganate and bromocresol green staining) was performed to 
follow the reaction progression. To consume all residual cholestanol, more succinic anhydride (216 
mg) and TEA (279 µl) were added and the reaction was allowed to proceed for another 5 h. After 
TLC indicated the total consumption of cholestanol, the reaction mixture was concentrated under 
reduced pressure, partially redissolved in DCM and filtered over filter paper. Next, it was washed 
with 1 M HCl and brine twice, dried over magnesium sulfate and filtered over filter paper. After 
concentration, it afforded the pure hemisuccinate (7) (241 mg, 0.49 mmol, 49%) as a white 
powder. TLC: (DCM/MeOH 24/1 v/v) Rf = 0.3. 1H-NMR (400 MHz, CDCl3): δ (ppm) 4.76–4.66 (tt, 
J = 10.7, 4.7 Hz, 1H), 2.77–2.46 (m, 4H), 2.00–0.55 (m, 46H). 13C-NMR (100 MHz, CDCl3): δ (ppm) 
178.21, 171.66, 74.36, 56.43, 56.30, 54.22, 44.65, 42.60, 40.00, 39.52, 36.73, 36.18, 35.81, 35.48, 
35.45, 33.93, 32.00, 29.28, 29.07, 28.60, 28.25, 28.01, 27.40, 24.22, 23.86, 22.82, 22.57, 21.22, 
18.69, 12.23, 12.08. HRMS (MALDI-TOF): m/z calcd. for C31H52NaO4 [M+Na]+: 511.38, observed: 
511.47.  

General procedure for solid-phase peptide synthesis 

Peptides were synthesized by standard automated Fmoc-SPPS (Intavis MultiPep RSi) using 
Tentagel S RAM resins. The Fmoc-protected amino acid building blocks (4 eqv.) were dissolved in 
DMF and coupled sequentially to the resin using DIPEA (8 eqv.), and HBTU (4 eqv.) for 30 min. 
Each amino acid coupling was repeated once to increase conversion. After double coupling, a single 
capping step was performed using 20 vol% acetic anhydride, 20 vol% pyridine in DMF to 
terminate any uncoupled chains. Fmoc deprotection was performed twice using 20 vol% 
piperidine in DMF. 

Cleavage from the resin was achieved by incubation with 92.5 vol% TFA, 2.5% water, 2.5% EDT, 
2.5% TIS for 1-4 h, followed by filtration and washing of the resin with TFA. The filtrate was 
concentrated to dryness under reduced pressure because the cholesterol-anchor prevented full 
precipitation in cold diethyl ether.  

The crude pellet was dissolved in H2O/MeCN + 0.1% TFA and purified by preparative RP-HPLC 
using optimized gradient conditions. After purification the desired fractions were pooled, 
concentrated under reduced pressure and lyophilized. The purity and identity of the final products 
was confirmed by analytical LC-MS using a gradient of 5–100% MeCN in H2O + 0.1% TFA.  
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Synthesis of CNPK 

The peptide was synthesized using the standard Fmoc-SPPS strategy described above. After the 
final coupling, the Fmoc group was removed and the resin was washed with DMF (3x). The Fmoc-
protected PEG spacer (Fmoc-NH-dPEG(8)-COOH, 199 mg, 0.30 mmol, 3.0 eqv.) was dissolved in 
DMF and incubated with HBTU (114 mg, 0.30 mmol, 3.0 eqv.) for 5 min. Next, DIPEA (105 µl, 0.60 
mmol, 6.0 eqv.) was added for 1 min and the mixture was added to the resin (700 mg, 100 µmol, 
total volume of DMF = 4 ml). The coupling was allowed to proceed for 19.5 h at room temperature 
under gentle agitation. After washing with DMF (3x), a Kaiser test indicated all free N-termini had 
reacted. A test cleavage was performed to analyze the crude peptide mixture by LC-MS, which 
confirmed successful coupling of the PEG spacer to the peptide. 

Next, 350 mg resin (50 µmol) was swollen in DMF for 30 min, and any uncoupled chains were 
capped using 20 vol% acetic anhydride, 20 vol% pyridine in DMF for 20 min. The resin was 
washed with DMF (10x) and the Fmoc group removed using 20% piperidine in DMF (3 x 15 min) 
with subsequent washing (DMF, 5x). Cholestanol hemisuccinate (7) (70.8 mg, 145 µmol, 2.9 eqv.) 
was dissolved in 1/1 DMF/DCM (2 ml) and activated with HBTU (56.1 mg, 150 µmol, 3.0 eqv., in  
2 ml DMF) for 5 min and DIPEA (52.3 µl, 300 µmol, 6.0 eqv.) for 1 min. The coupling was allowed 
to proceed for 16.5 h at room temperature under gentle agitation. After washing with DMF (3x), 
DCM (1x), and DMF (1x), a Kaiser test indicated all free N-termini had reacted.  

The fusogen was cleaved from the resin by incubation with 92.5 vol% TFA, 2.5% water, 2.5% EDT, 
2.5% TIS (350 mg resin, 3.5 ml cleavage cocktail) for 1 h, followed by filtration. The filtrate was 
concentrated to dryness under reduced pressure, redissolved in 1/1 H2O/MeCN + 0.1% TFA, and 
purified by RP-HPLC using a 7 min gradient of 50-100% MeCN in H2O + 0.1% TFA. The fractions 
containing the desired product were pooled, concentrated under reduced pressure and lyophilized 
to afford a white powder. LC-MS (ESI+): m/z calcd. for C190H342N38O48 [M+3H]3+: 1308.9, 
observed: 1309.8; LC: Rt = 9.75 min.  

Synthesis of CNPE 

The synthesis was performed as described for CNPK. Fmoc-NH-PEG(12)-COOH (126 mg,  
0.15 mmol, 3.0 eqv.) was coupled to 50 µmol peptide (320 mg resin) in presence of activators for 
16 h. The Kaiser test and test cleavage confirmed successful coupling of the PEG spacer. Cholestanol 
hemisuccinate (7) (70.8 mg, 145 µmol, 2.9 eqv.) was reacted with 50 µmol peptide (320 mg resin) 
in presence of activators for 21 h. Cleavage from the resin was achieved using 3 ml of cleavage 
cocktail for 4 h. Due to the high hydrophobicity of this fusogen, RP-HPLC was performed at low 
concentrations of the crude peptide to assure proper separation on the C18 column, using a 17 min 
gradient of 50-100% MeCN in H2O + 0.1% TFA, with a shallower gradient between 80 and 90% 
MeCN. The product was obtained as a white powder. LC-MS (ESI+): m/z calcd. for C194H338N34O60 
[M+3H]3+: 1369.8, observed: 1369.7; LC: Rt = 11.39 min.  
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Synthesis of FITC-labeled CCPs 

The peptides were synthesized according to the general procedure for SPPS without the capping 
step. After coupling the final amino acid, the peptide (15 µmol) was deprotected and coupled to 
Fmoc-ß-Ala-OH (0.1 M, excess) using HBTU (0.1 M, excess) and DIPEA (0.4 M, excess) for 60 min. 
After removal of the Fmoc-group, the peptide was allowed to react with FITC (7 eqv.) in presence 
of DIPEA (14 eqv.) overnight. The peptides were cleaved using the standard cleavage cocktail for  
4 h, precipitated into ice-cold diethyl ether, stored at –20 °C for 30 min, and centrifuged at  
2000 rpm for 10 min. The supernatants were decanted and the pellets were washed with fresh ice-
cold ether, and centrifuged again. The pellets were air-dried overnight and dissolved in 1/9 
MeCN/H2O + 0.1% TFA for purification by preparative RP-HPLC. The products were obtained after 
lyophilization as a yellow powder. FITC-E: LC-MS (ESI+): m/z calcd. for C160H251N35O50S 
[M+4H]4+: 874.0, observed: 875.1; LC: Rt = 5.48 min. FITC-K: LC-MS (ESI+): m/z calcd. for 
C164H271N39O42S [M+5H]5+: 698.4, observed: 699.7; LC: Rt = 4.40 min. FITC-VA: LC-MS (ESI+): 
m/z calcd. for C258H399N75O81S [M+4H]4+: 1470.5, observed: 1470.8; LC: Rt = 7.05 min. FITC-VB: 
LC-MS (ESI+): m/z calcd. for C261H413N83O76S [M+4H]4+: 1491.0, observed: 1491.3; LC: Rt = 6.76 
min. 

LUV formation 

LUVs were composed of 50/25/25 (mol/mol) DOPC/DOPE/cholesterol with 0.1-0.2% DOPE-
Lissamine Rhodamine B (DOPE-LRB) or DOPE-carboxyfluorescein (DOPE-CF) The lipids were 
mixed from their chloroform stock solutions to the appropriate ratios in a glass 4 ml vial. For CCP-
containing LUVs, either 1.0 mol% CNPK or CNPE (1/1 methanol/chloroform stocks) was included 
in the lipid mixture. The final solution had a volume of approximately 200 ul and was composed 
of 1/1 methanol/chloroform. This solvent was evaporated under a flow of argon and the resulting 
homogeneous lipid films were dried under vacuum overnight.  

Next, the lipid film and hydration buffer were prewarmed to 40 °C, and 500 ul of buffer was added 
to the lipid film (1 mM lipids). Typically, the buffer was HEPES-buffered saline (HBS) pH 7.5, with 
200 mM glucose added when the LUVs were to be added to GUVs. The samples were incubated 
under constant shaking (750 rpm) at 40 °C for 15 min, followed by 10 s vortexing. The shaking 
and vortexing was repeated once. This completely detached the lipid film from the glass, yielding 
a cloudy suspension.  

To decrease the size and lamellarity of the LUVs, they were extruded using the Avanti mini-
extruder. Before starting extrusion, the samples were pre-equilibrated to 40 °C for 5 min. 
Extrusion was performed at 40 °C, with 11 passes through a 400 nm filter and 11x through a  
100 nm filter. Samples were filtered over pre-wet 0.45 µm PVDF syringe filters before purification 
by SEC.  
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Light scattering analysis  

DLS measurements were performed at 25 °C using 173° backscatter detection. Depending on the 
sample buffer, the dispersant was set to PBS or PBS + 200 mM glucose to account for the change 
in viscosity. Measurements were performed in triplicate on undiluted samples with automatic run 
duration, attenuator and position selection. NTA was performed on 100x diluted samples.  

Cryo-TEM 

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, 4 μl of the 
liposome 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. 

Size-exclusion chromatography 

LUVs were purified over a Superose 6 column (Ø 1 cm, 20 cm; manually packed; GE Life Sciences) 
at a flow rate of 0.7 ml/min in LUV formation buffer. The elution profile was collected by a UV 
detector at 220 nm. Typically, 200 µl was injected. Fractions were manually collected and the most 
concentrated fraction was used for further assays. 

GUV formation by droplet transfer 

GUVs were prepared according to the droplet transfer method.[79] First, lipid stock solutions in 
paraffin were prepared by mixing lipid stock solutions in chloroform with paraffin oil, heating this 
to 80 °C for 30–60 min and leaving it under vacuum overnight. These stock solutions were stored 
at –20 °C and used within two weeks. Paraffin stock solutions were mixed to obtain a DOPC, POPC 
and cholesterol solution (35/35/30 mol/mol, 200 µl). Where membrane labeling was needed,  
0.06 mol% of DOPE-LRB or DOPE-Cy5 was incorporated as well. These solutions were sonicated 
at room temperature for 10 min in a bath sonicator and cooled on ice for >15 min. Next, 20 µl of 
inner phase solution (1X phosphate- or HEPES-buffered saline, pH 7.4 + 0.20 M sucrose) was 
emulsified in 200 µl of lipid solution by strong vortexing for 25 s while turning the reaction tube 
to prevent sedimentation of the water droplet. Directly after, the emulsions were incubated on ice 
for 10 min. Subsequently, they were layered on top of 150 µl pre-cooled outer phase solution  
(1X phosphate- or HEPES-buffered saline pH 7.4 + 0.20 M glucose) in a 1.5 ml plastic reaction tube 
and immediately centrifuged at 4 °C for 20 min at 3,300 x g. GUVs were harvested by puncturing 
the tube at the position of the GUV pellet and collecting the aqueous layer.  

To modify the GUVs with fusogens, stock solutions of the fusogens in methanol/chloroform were 
prepared and the required volume of fusogen solution (for 1:1000 fusogen to lipid, based on the 
total amount of lipids in the paraffin emulsion) was transferred to a glass vial. The solvent was 
removed and samples were dried under vacuum overnight. Prewarmed outer phase solution  
(PBS + 0.20 M glucose) was added to reach a fusogen concentration of 5.0 µM and the samples 
were sonicated in a bath sonicator at ~50 °C for 20 min, which resulted in clear solutions. GUVs 



 
 
 

Towards Directed Membrane Fusion for the Selective Delivery of Catalysts to an Artificial Cell 

  121 

 

 

 5 

were incubated with this fusogen solution (4 µM) for >1 h while gently swirling the solution from 
time to time. 

GUV formation by PVA hydrogel-assisted hydration 

Glass coverslips were cleaned with MilliQ, acetone and ethanol. Residual solvent was evaporated 
on a heating plate at 60 °C. PVA solution (150 µl, 40 mg/ml in 0.20 M sucrose) was spread on the 
slides (~1.5 cm2) and the water was evaporated at 60 °C in 1 h. Slides were stored at room 
temperature until further use.  

Lipids (10 µl, 5.0 mg/ml in chloroform) and fusogens (1.0 ul, in 1/1 MeOH/CHCl3 (v/v)) were mixed 
in the appropriate ratios. Lipid composition was 50/25/25 DOPC/DOPE/cholesterol (mol/mol) 
with 0.1% DOPE-Cy5 and 0.2 mol% fusogen. This was deposited on the PVA hydrogel (~1.5 cm2) 
and evenly spread using a glass rod. The slides were incubated under vacuum for 60 min to remove 
the organic solvent. Hydration chambers were constructed around the hydrogels using vacuum 
grease and the lipid films were hydrated with PBS + 0.20 M sucrose (300 ul, pH 7.4) in a 
humidified chamber for 60 min. 80 µl of the hydration solution was transferred to observation 
chambers containing PBS + 0.20 M glucose (150 µl, pH 7.4).  

FITC–CCP binding to GUVs  

GUVs were loaded into a BSA-passivated observation chamber and FITC-CCPs were added to a 
final concentration of 5 µM. CLSM was performed on a Zeiss LSM META NLO equipped with a  
C-Apochromat 63 × 1.2 NA water objective and a PMT detector. FITC was excited by a 488 nm 
argon laser and its emission was collected at 500–550 nm. The pinhole was set to 1 airy unit. 
Typically, 2x line averaging was applied. Settings were not changed during the experiment to allow 
direct comparison of the fluorescence intensities.  

Image analysis for Fig. 5.6c: Fluorescence intensity = (membrane fluorescence – outer phase 
fluorescence) / SD of outer phase fluorescence 

Lipid mixing assay 

This assay was performed in 384-well black polystyrene microplates (Nunc-Tec). LUVs were 
diluted 5x after extrusion and filtered over a 0.45 µm PVDF syringe filter (Whatman). Equal 
volumes of different LUV solutions or buffer were mixed (total volume 50 µl). For the 100% fusion 
control, 50 µl of 5x diluted full fusion LUVs was used. The microplate was centrifuged briefly and 
the measurement was started directly after.  

LUV–GUV fusion assays 

GUVs were loaded into a BSA-passivated observation chamber and equal volumes of the most 
concentrated fractions of the purified LUVs were added. Note that divalent cations like Mg2+ and 
Cu2+ promoted fusogen-independent LUV-docking and were, therefore, specifically excluded from 
any buffers. CLSM was performed on a Leica TCS SP5X with an HCX PL APO CS 20 x 0.7 NA UV 
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objective and HyD detectors, scanning at 400 Hz. Fluorophores were excited sequentially;  
calcein: λexc = 490 nm, λem = 500–540 nm; DOPE-LRB: λexc = 565 nm, λem = 575–620 nm; DOPE-
Cy5: λexc = 631 nm, λem = 650–750 nm. The pinhole was set to 1 airy unit. Typically, 2x line 
averaging was applied. Settings were not changed during the experiment to allow direct 
comparison of the fluorescence intensities.  



 
 
 

Towards Directed Membrane Fusion for the Selective Delivery of Catalysts to an Artificial Cell 

  123 

 

 

 5 

References 

[1] D. L. Nelson, M. M. Kox, Principles of Biochemistry, W.H. Freeman & Co, New York, 2008. 
[2] E. R. Kandel, J. H. Schwartz, T. M. Jessell, S. A. Siegelbaum, A. J. Hudspeth, Principles of Neural Science, McGraw-Hill, 

2012. 
[3] I. Prada, J. Meldolesi, Int. J. Mol. Sci. 2016, 17, DOI 10.3390/ijms17081296. 
[4] L. Chernomordik, M. M. Kozlov, J. Zimmerberg, J. Membr. Biol. 1995, 146, 411–425. 
[5] J. Zimmerberg, S. S. Vogel, L. V Chernomordik, Annu. Rev. Biophys. Biomol. Struct. 1993, 22, 433–466. 
[6] T. C. Südhof, J. E. Rothman, Science 2009, 323, 474–477. 
[7] J. Rizo, C. Rosenmund, Nat. Struct. Mol. Biol. 2008, 15, 665–674. 
[8] P. Kumar, S. Guha, U. Diederichsen, J. Pept. Sci. 2015, 21, 621–629. 
[9] H. Robson Marsden, N. a Elbers, P. H. H. Bomans, N. A. J. M. Sommerdijk, A. Kros, Angew. Chem., Int. Ed. 2009, 48, 

2330–2333. 
[10] F. Versluis, J. Voskuhl, B. Van Kolck, H. R. Zope, M. Bremmer, T. Albregtse, A. Kros, J. Am. Chem. Soc. 2013, 135, 8057–

8062. 
[11] K. Meyenberg, A. S. Lygina, G. Van Den Bogaart, R. Jahn, U. Diederichsen, Chem. Commun. 2011, 47, 9405–9407. 
[12] J. Yang, A. Bahreman, G. A. Daudey, J. Bussmann, R. C. L. Olsthoorn, A. Kros, ACS Cent. Sci. 2016, 2, 621–630. 
[13] E. Oude Blenke, J. Van Den Dikkenberg, B. Van Kolck, A. Kros, E. Mastrobattista, Nanoscale 2016, 8, 8955–8965. 
[14] B. E. Hubrich, P. Kumar, H. Neitz, M. Grunwald, T. Grothe, P. J. Walla, R. Jahn, U. Diederichsen, Angew. Chem., Int. Ed. 

2018, 57, 14932–14936. 
[15] A. S. Lygina, K. Meyenberg, R. Jahn, U. Diederichsen, Angew. Chem., Int. Ed. 2011, 50, 8597–8601. 
[16] G. Stengel, R. Zahn, F. Höök, J. Am. Chem. Soc. 2007, 129, 9584–9585. 
[17] Y. M. Chan, B. van Lengerich, S. G. Boxer, Biointerphases 2008, 3, FA17–FA21. 
[18] P. M. G. Löffler, O. Ries, A. Rabe, A. H. Okholm, R. P. Thomsen, J. Kjems, S. Vogel, Angew. Chem., Int. Ed. 2017, 56, 

13228–13231. 
[19] A. Lopez, J. Liu, Langmuir 2018, acs.langmuir.8b01368. 
[20] L. Stamatatos, R. Leventis, M. J. Zuckermann, J. R. Silvius, Biochemistry 1988, 27, 3917–25. 
[21] D. P. Pantazatos, R. C. MacDonald, Membr. Biol. 1999, 170, 27–38. 
[22] A. L. Bailey, P. R. Cullis, Biochemistry 1997, 36, 1628–1634. 
[23] F. Caschera, P. Stano, P. L. Luisi, J. Colloid Interface Sci. 2010, 345, 561–565. 
[24] Christensen, P. Y. Bolinger, Hatzakis, Mortensen, D. Stamou, Nat. Nanotechnol. 2011, 7, 51–55. 
[25] D. Papahadjopoulos, W. J. Vail, W. A. Pangborn, G. Poste, Biochim. Biophys. Acta - Biomembr. 1976, 448, 265–283. 
[26] R. R. Ishmukhametov, A. N. Russell, R. M. Berry, Nat. Commun. 2016, 7, 13025. 
[27] A. Richard, V. Marchi-Artzner, M.-N. Lalloz, M.-J. Brienne, F. Artzner, T. Gulik-Krzywicki, M.-A. Guedeau-Boudeville, 

J.-M. Lehn, Proc. Natl. Acad. Sci. 2004, 101, 15279–15284. 
[28] V. Marchi-Artzner, T. Gulik-Krzywicki, M. A. Guedeau-Boudeville, C. Gosse, J. M. Sanderson, J. C. Dedieu, J.-M. Lehn, 

ChemPhysChem 2001, 2, 367–76. 
[29] Y. Gong, Y. Luo, D. Bong, J. Am. Chem. Soc. 2006, 128, 14430–14431. 
[30] J. Voskuhl, B. J. Ravoo, Chem. Soc. Rev. 2009, 38, 495–505. 
[31] R. Jahn, R. H. Scheller, Nat. Rev. Mol. Cell Biol. 2006, 7, 631–643. 
[32] A. Ljubetič, F. Lapenta, H. Gradišar, I. Drobnak, J. Aupič, Ž. Strmšek, D. Lainšček, I. Hafner-Bratkovič, A. Majerle, N. 

Krivec, et al., Nat. Biotechnol. 2017, 35, 1094–1101. 
[33] R. B. Sutton, D. Fasshauer, R. Jahn, A. T. Brunger, Nature 1998, 395, 347–353. 
[34] B. C. Buddingh’, J. C. M. van Hest, Acc. Chem. Res. 2017, 50, 769–777. 
[35] W. K. Spoelstra, S. Deshpande, C. Dekker, Curr. Opin. Biotechnol. 2018, 51, 47–56. 
[36] N. A. Yewdall, A. F. Mason, J. C. M. van Hest, Interface Focus 2018, 8, 20180023. 
[37] V. Noireaux, A. Libchaber, Proc. Natl. Acad. Sci. U. S. A. 2004, 101, 17669–17674. 
[38] F. Caschera, T. Sunami, T. Matsuura, H. Suzuki, M. M. Hanczyc, T. Yomo, Langmuir 2011, 27, 13082–13090. 
[39] M. Tsugane, H. Suzuki, Sci. Rep. 2018, 8, 9214. 
[40] A. C. Saito, T. Ogura, K. Fujiwara, S. Murata, S. M. Nomura, PLoS One 2014, 9, e106853. 
[41] T. Robinson, P. E. Verboket, K. Eyer, P. S. Dittrich, Lab Chip 2014, 14, 2852. 
[42] T. Tanaka, M. Yamazaki, Langmuir 2004, 20, 5160–5164. 
[43] C. Mauroy, P. Castagnos, M. Blache, J. Teissié, I. Rico-Lattes, M. Rols, M. Blanzat, Chem. Commun. 2012, 48, 6648. 



 
 
 
Chapter 5 

124 

 

 

 5 

[44] G. Lei, R. C. MacDonald, J. Membr. Biol. 2008, 221, 97–106. 
[45] S. Trier, J. R. Henriksen, T. L. Andresen, Soft Matter 2011, 7, 9027. 
[46] R. B. Lira, T. Robinson, R. Dimova, K. A. Riske, Biophys. J. 2018, 116, 79–91. 
[47] D. Tareste, J. Shen, T. J. Melia, J. E. Rothman, Proc. Natl. Acad. Sci. 2008, 105, 2380–2385. 
[48] T.-T. Kliesch, J. Dietz, L. Turco, P. Halder, E. Polo, M. Tarantola, R. Jahn, A. Janshoff, Sci. Rep. 2017, 7, 1–13. 
[49] A. Witkowska, L. Jablonski, R. Jahn, Sci. Rep. 2018, 8, 1–8. 
[50] J. R. Litowski, R. S. Hodges, J. Biol. Chem. 2002, 277, 37272–37279. 
[51] J. R. Moll, S. B. Ruvinov, I. Pastan, C. Vinson, Protein Sci. 2001, 10, 649–655. 
[52] S. A. Bode, I. C. Kruis, H. P. J. H. M. Adams, W. C. Boelens, G. J. M. Pruijn, J. C. M. van Hest, D. W. P. M. Löwik, 

ChemBioChem 2017, 18, 185–188. 
[53] G. A. Daudey, H. R. Zope, J. Voskuhl, A. Kros, A. L. Boyle, Langmuir 2017, 33, 12443–12452. 
[54] R. J. R. W. Peters, Structural and Functional Cell and Organelle Mimics, Radboud University, 2015. 
[55] Q. Sun, S. Cai, B. R. Peterson, Org. Lett. 2009, 11, 567–570. 
[56] N. Crone, D. Minnee, A. Kros, A. Boyle, Int. J. Mol. Sci. 2018, 19, 211. 
[57] G. Stengel, L. Simonsson, R. A. Campbell, F. Höök, J. Phys. Chem. B 2008, 112, 8264–8274. 
[58] Y. G. Smirnova, H. J. Risselada, M. Müller, Proc. Natl. Acad. Sci. 2019, 116, 201818200. 
[59] Z. Meng, J. Yang, Q. Liu, J. W. de Vries, A. Gruszka, A. Rodríguez-Pulido, B. J. Crielaard, A. Kros, A. Herrmann, Chem. - 

A Eur. J. 2017, 23, 9391–9396. 
[60] S. Pautot, B. J. Frisken, D. A. Weitz, Langmuir 2003, 19, 2870–2879. 
[61] D. C. Litzinger, L. Huang, Biochim. Biophys. Acta - Rev. Biomembr. 1992, 1113, 201–227. 
[62] N. López Mora, A. Bahreman, H. Valkenier, H. Li, T. H. Sharp, D. N. Sheppard, A. P. Davis, A. Kros, Chem. Sci. 2016, 

00, 1–5. 
[63] A. Weinberger, F. C. Tsai, G. H. Koenderink, T. F. Schmidt, R. Itri, W. Meier, T. Schmatko, A. Schröder, C. Marques, 

Biophys. J. 2013, 105, 154–164. 
[64] M. Rabe, H. R. Zope, A. Kros, Langmuir 2015, 31, 9953–9964. 
[65] G. A. Daudey, C. Schwieger, M. Rabe, A. Kros, Langmuir 2019, 35, 5501–5508. 
[66] J. A. McNew, T. Weber, F. Parlati, R. J. Johnston, T. J. Melia, T. H. Söllner, J. E. Rothman, J. Cell Biol. 2000, 150, 105–

117. 
[67] S. A. J. Van Der Meulen, G. V. Dubacheva, M. Dogterom, R. P. Richter, M. E. Leunissen, Langmuir 2014, 30, 6525–6533. 
[68] K. M. Flavier, S. G. Boxer, Biophys. J. 2017, 113, 1260–1268. 
[69] Y.-H. M. Chan, B. van Lengerich, S. G. Boxer, Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 979–84. 
[70] M. Sadek, D. Berndt, D. Milovanovic, R. Jahn, U. Diederichsen, ChemBioChem 2016, n/a-n/a. 
[71] B. R. Lentz, T. J. Carpenter, D. R. Alford, Biochemistry 1987, 26, 5389–5397. 
[72] D. Krafft, S. Lopez-Castellanos, R. Dimova, I. Ivanov, K. Sundmacher, ChemBioChem 2019, cbic.201900152. 
[73] M. A. Galkin, A. N. Russell, S. B. Vik, R. M. Berry, R. R. Ishmukhametov, J. Vis. Exp. 2018, 1–13. 
[74] C. Campillo, P. Sens, D. Köster, L. L. Pontani, D. Lévy, P. Bassereau, P. Nassoy, C. Sykes, Biophys. J. 2013, 104, 1248–

1256. 
[75] T. P. T. Dao, M. Fauquignon, F. Fernandes, E. Ibarboure, A. Vax, M. Prieto, J. F. Le Meins, Colloids Surfaces A 

Physicochem. Eng. Asp. 2017, 533, 347–353. 
[76] C. Jumeaux, O. Wahlsten, S. Block, E. Kim, R. Chandrawati, P. D. Howes, F. Höök, M. M. Stevens, ChemBioChem 2018, 

19, 434–438. 
[77] T. Zheng, J. Voskuhl, F. Versluis, H. R. Zope, I. Tomatsu, H. R. Marsden, A. Kros, Chem. Commun. (Camb). 2013, 49, 

3649–51. 
[78] J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S. Preibisch, C. Rueden, S. Saalfeld, B. 

Schmid, et al., Nat. Methods 2012, 9, 676–682. 
[79] S. Pautot, B. J. Frisken, D. A. Weitz, Langmuir 2003, 19, 2870–2879. 

 

  



 
 
 

Towards Directed Membrane Fusion for the Selective Delivery of Catalysts to an Artificial Cell 

  125 

 

 

 5 

Chapter 5 – Supplementary information 

 

 

    
Figure S5.1   Cryo-TEM micrographs of CNPK LUVs. Left) extruded LUVs displaying 1 mol% CNPK; right) LUVs 
displaying 1 mol% CNPK after sonication and filtering. Scale bars represent 100 nm. 

 

 

 

 
Figure S5.2   Incorporation of DOPE into the GUV bilayer using the droplet transfer technique led to extensive 
lipid aggregation. Brightfield (top) and widefield epifluorescence (bottom) micrographs of GUVs prepared with various 
lipid compositions (DOPC/DOPE/cholesterol) and labeled with 2 mol% 1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbo-
cyanine (DiD).  
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Figure S5.3   Lipid mixing is dependent on both the CNPE and CNPK fusogen. Left) CNPK-LUVs display markedly 
higher lipid mixing (represented by the ratio of NBD/LRB emission) than undecorated LUVs when mixed with CNPE-
LUVs. Right) This higher lipid mixing for CNPK-SUVs is dependent on the presence of CNPE in the other population of 
LUVs, as undecorated LUVs (“100% fusion control”) do not display high levels of lipid mixing with CNPK-LUVs. 

 

 

Figure S5.4   Undecorated LUVs aggregate in the presence of CNPE-GUVs. LUV aggregation was assessed in solution 
~50 µm above the glass coverslip by recording the fluorescence from DOPE-LRB in the LUV membrane. Scale bar 
represents 50 µm. 

 

  

E-GUVs  
+ u-LUVs 

E-GUVs  
+ k-LUVs 

U-GUVs  
+ k-LUVs 

U-GUVs  
+ u-LUVs 



 
 
 

Towards Directed Membrane Fusion for the Selective Delivery of Catalysts to an Artificial Cell 

  127 

 

 

 5 

 



 

128 

 

 

  



 

  129 

 

 

 

Chapter 6 

Physicochemical Characterization of Polymer-stabilized 
Coacervate Protocells 
 

 

 

Abstract 

The bottom-up construction of cell mimics has produced a range of membrane-bound protocells 
that have been endowed with functionality and biochemical processes reminiscent of living 
systems. The contents of these compartments, however, experience semi-dilute conditions, 
whereas macromolecules in the cytosol are in a protein-rich crowded environment that affects 
their physicochemical properties such as diffusion and catalytic activity. Recently, complex 
coacervates have emerged as attractive protocellular models because their condensed interior is 
expected to better mimic this crowding. Here, we explore some relevant physicochemical 
properties of a recently developed polymer-stabilized coacervate system, such as the diffusion of 
macromolecules in the condensed coacervate phase compared to dilute solutions, the buffering 
capacity of the core, the molecular organization of the polymer membrane, the permeability 
characteristics of this membrane to a wide range of molecules, and the behavior of a simple 
enzymatic reaction. In addition, either the coacervate charge or cargo charge is engineered to allow 
the selective loading of protein cargo into the coacervate protocells. Our in-depth characterization 
reveals that this polymer-stabilized coacervate protocell has many desirable properties, making it 
an attractive candidate for the investigation of biochemical processes in a stable, controlled, 
tunable, and increasingly cell-like environment. 
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Introduction 

The question of what constitutes life and how it came about is an ancient one. In bottom-up 
synthetic biology, the search for an answer lies in mimicking the complexity of contemporary life 
forms by combining biological, organic, and inorganic elements of varying sources to create simple 
cell mimics with life-like properties.1,2 Certain structural facets of living systems – such as 
compartmentalization and the molecular crowding in the cytosol - have been successfully, but 
separately, mimicked in different approaches to building synthetic life. In order to replicate such 
complex and finely-tuned living cells, these structural facets must be combined, along with other 
hallmarks, in a step-by-step approach to produce functional life-like systems, so called protocells.   

One such facet of living systems is the crowded internal environment within cells, where up to 
30% of the intracellular volume is occupied by biomolecules.3,4 Crowdedness was reported to 
induce the organization of codependent molecules and can be a protection mechanism used by 
cells under stress conditions.5–7 In recent years, this crowded environment has been mimicked in 
bottom-up platforms using condensed polymer phases8–11, where oppositely-charged 
polyelectrolytes condense into a polymer-rich phase due to their mutual electrostatic interactions; 
this process is called complex coacervation. The formation of a coacervate phase has been 
demonstrated using a variety of polyionic molecules, most notably using cationic peptides or non-
natural polymers in combination with nucleotides12, RNA9,13,14, or fatty acids15, or using elastin-like 
polypeptides16. In addition, complex coacervates can be readily loaded with a wide range of cargos, 
including proteins, nucleic acids and metabolites, and have been shown to support various cell-like 
processes like RNA folding and ribosomal activity17, transcription and translation18, and dissipative 
self-assembly of cytoskeletal proteins19. This makes complex coacervates ideal mimics for both the 
liquid organelles that perform specialized functions in the cell, like nucleoli6, as well as the cell 
cytosol8–11.  Despite these important benefits that coacervates offer as cell mimics, their use as 
protocells is severely hindered by the absence of physical stabilization imparted by a membrane. 
Contrarily, the commonly used membrane-bound cell mimics, like liposomes and polymersomes, 
do profit from the mechanical stability offered by their membrane. Yet, they are internally 
unstructured and do not offer the crowded environment that is present inside cells and that 
coacervates mimic more closely. Combining the internal structure offered by coacervates and 
stabilization provided by membrane-bound structures would yield compartments superbly suited 
to mimic the cellular physicochemical properties. For complex coacervates, only a few existing 
strategies have been reported for membranization and subsequent stabilization of coacervate 
microdroplets, which allow their use in longer term, more physically demanding experiments.9,14,20  

We recently described a solution to this problem, utilizing a block terpolymer to stabilize complex 
coacervate microdroplets.21 In this process, coacervation is started by mixing positively-charged 
amylose (modified with a quaternary amine, Q-Am) with negatively-charged amylose (modified 
with a carboxymethyl group, CM-Am). A carefully designed block terpolymer, poly(ethylene 
glycol)-b-poly(caprolactone-gradient-trimethylene carbonate)-block-poly(glutamic acid) (PEG-
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PCLgTMC-PGA) is subsequently introduced, which due to electrostatic interactions self-assembles 
on the surface of nascent coacervate droplets and stabilizes them against coalescence.  

Our platform combines both structural facets found in living systems: a crowded cytosol capable 
of encapsulating biomacromolecules, as well as a semipermeable membrane that permits chemical 
communication between cargo and the outside world. However, some fundamental 
physicochemical parameters of our coacervate system remain unexplored; such as the extent in 
which cytosolic mimicry is imparted by the coacervates, the selective uptake of cargo into the 
polymer-dense phase, and the membrane structure and permeability are yet to be fully 
characterized. Here, we first explored the tunable uptake of protein cargos into the coacervates 
based on electrostatic interactions, which provides an insight into the uptake mechanism. Next, 
the structure of the stabilizing terpolymer membrane was clarified, and the functional 
consequences of this structure on its permeability was determined towards a range of molecules 
with different charges and molecular weights. We then characterized the ability of the coacervate 
interior to mimic the crowded and buffered cytosol by probing both the diffusion of fluorescent 
cargos using fluorescence recovery after photobleaching (FRAP), and the pH response to externally 
added acid/base. Finally, our characterization of this protocell platform enables the study of an 
enzymatic reaction within the coacervate phase, which reveals Michaelis-Menten parameters that 
align with enzymatic reactions occurring in crowded environments. Thus, we describe a coacervate 
protocell which incorporates multiple facets of living systems, which makes it a unique platform 
on which additional cell-like functionalities can be readily incorporated, bringing us one step closer 
to mimicking life itself. 

 

 

Figure 6.1   Overview of important properties  
of polymer-stabilized coacervate protocells. 
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Results and Discussion 

Programmable protein uptake by tuning electrostatic interactions 

Coacervate systems have been reported to spontaneously sequester a wide range of biomolecules, 
with reported partitioning coefficients up to ~10,000-fold.22 This strong uptake of molecules into 
complex coacervates is largely driven by electrostatic interactions,8,22 although other factors, like 
protein conformation or persistence length, influence the partitioning as well. For example, due to 
its negatively charged backbone, RNA is generally taken up effectively.17,22,23 Protein uptake, 
however, is less clear-cut, as their charge at neutral pH differs and hydrophobic as well as 
conformational effects play a larger role than for polynucleotides. To investigate the effect of 
charge on protein uptake into our coacervates, three variants of green fluorescent protein (GFP) 
with increasing isoelectric points (GFP(–30), GFP(–8), GFP(+36)) were recombinantly expressed 
and purified.24,25  Protein uptake was studied by mixing Q-Am and CM-Am with each of the GFP 
mutants, followed by the addition of terpolymer to stabilize the coacervate protocells for analysis 
by confocal laser-scanning microscopy. Charge-dependent partitioning of GFP into the coacervate 
phase was observed, with strong uptake of GFP(–30) into the coacervate interior as opposed to the 
exclusion of GFP(–8) (Fig. 6.1A) The  heterogeneous distribution of GFP(+36) is likely due to this 
protein aggregating, as salt concentrations of the phosphate buffered saline buffer used in these 
experiments were too low (<600 mM salt) to maintain protein stability.25 Taken together, these 
observations support the hypothesis that electrostatic interactions are an important factor in the 
uptake of folded proteins into the coacervate phase, and these can—to an extent—be controlled by 
the total charge on the protein.  

To study whether protein partitioning can also be controlled by tuning the net charge of the 
coacervate phase, the uptake of GFP(–30) was studied for several charge balances. The charge 

 
Figure 6.1   The uptake of proteins into the coacervates is charge-driven.  A) The net charge of three GFP mutants 
dictates their uptake into coacervates formed from 2:1 Q-Am:CM-Am (DSQ = 0.6, DSCM = 0.3). The contrast for GFP(–8) 
has been increased to compensate for very low fluorescence from the polymer-poor phase. B) The uptake of negatively 
charged GFP(–30) is dependent on the ratio of Q-Am to CM-Am. The normalized GFP fluorescence of the coacervate phase 
is indicated for each condition. Scale bar is 5 µm. 
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balance in the coacervates can be tuned by varying the ratio of positively charged Q-Am and 
negatively charged CM-Am and their respective degrees of substitution with ionized groups (DSQ 
and DSCM). Our standard protocol for coacervate formation uses an excess of positive charge on 
the amylose chains (Q-Am:CM-Am = 2:1 (w/w), with DSQ = 0.9, DSCM = 0.4). Here, we tested 
various ratios of Q-Am:CM-Am with DSQ = 0.6, DSCM = 0.3. Coacervate formation was successful 
for Q:CM ratios in the range of 1:1 to 3:1. At ratios below 1:1, coacervation did not occur, indicating 
a preference for a significant excess of positively charged polymer. At a Q:CM ratio of 1:1, GFP(–
30) uptake was negligible, whereas a larger excess of positively charged amylose clearly increased 
the partitioning of the GFP into the coacervate phase (Fig. 6.1B). However, GFP(–8) was excluded 
from the coacervate at all charge balances (Suppl. Fig. S6.1), indicating that some proteins are not 
sufficiently negatively charged to be taken up at all. As demonstrated before, however, proteins 
can be endowed with sufficient negative charge by converting basic amino acids on the surface of 
the protein into negative hemisuccinate groups.21 In summary, these experiments demonstrate 
that cargo loading into the coacervate protocells can be programmed by both tuning the charge 
balance of the coacervate phase and considering the charge density of the cargo.  

Terpolymer membrane structure and permeability 

One of the most important aspects of a protocell is compartmentalization; a physical interface 
separating internal environments from the outside world.1,21,26,27 While our previous initial report 
of this system demonstrated the unique ability of the PEG-PCLgPTMC-PGA terpolymer to form 
stable and discrete populations of protocells21, little was known about the precise molecular 
arrangement of molecules at the interface, nor its permeability characteristics. The molecular 
structure is hypothesized to be a monolayer, with the negatively charged glutamic acid block facing 
inwards, interacting electrostatically with the predominantly positively charged coacervate core 
(Fig. 6.2A). This is due to the fact that without the PGA block, self-assembly of the polymer on the 
membrane and subsequent stabilization did not occur (Suppl. Fig. S6.2). The terpolymer 
membrane was rapidly and easily visualized in solution by utilizing the fluorophore Nile red, which 
fluoresces in hydrophobic environments. However, while this analysis indicated that the 
membrane is uniform over the entire protocell surface, the measured thickness of 470 ± 150 nm 
was orders of magnitude too large to correspond to a monolayer (Fig. 6.2C); this overestimation 
is due to the diffraction-limited nature of traditional light microscopy. To further investigate the 
membrane structure, a multi-angle light scattering (MALS) experiment of the terpolymer was 
performed, which provided information on the polymer length in tetrahydrofuran (THF), a 
plasticizing solvent. This analysis indicated that the modal polymer length was 16.4 ± 2.4 nm (Fig. 
6.2D). In order to confirm the monolayered membrane structure, and rule out multilayered, 
aggregated, or pickering emulsion conformations of the terpolymer, ultrathin sections of 
chemically fixed coacervate protocells were prepared via microtomy and imaged in a transmission 
electron microscope (TEM) after negative staining. These images (Fig. 6.2E) clearly show a 
continuous region of high contrast at the interface of each protocell, which corresponds to the 
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terpolymer membrane. The aspherical and folded nature of the protocells in the TEM images is an 
artifact of sample preparation. The measured thickness of this interfacial region is 18.7 ± 2.5 nm, 
which correlates closely with the MALS data, and confirms the hypothesized monolayered 
arrangement of terpolymer molecules on the surface of coacervate microdroplets. These structural 
investigations frame the following permeability experiments, as the monolayered structure of the 
membrane should be more permeable to molecules than other, bilayer membranes. 

To function as a catalytically active cell mimic the coacervates need to be able to exchange 
molecular cargo, like substrates and cofactors, with their environment. Previously, certain 
uncharged or weakly charged substrates, like hydrogen peroxide, glucose, and amplex red, were 
indirectly observed to diffuse through the terpolymer membrane.21 To study this permeability 
towards a range of small molecules with varying net charges at physiological pH, stabilized 
protocells with no cargo were first formed, followed by the addition of a small fluorescent molecule 
(molecular weight < 1,000 g mol-1). A four-fold excess of positive charge on the amylose was used, 
therefore a strong partitioning of polyanionic fluorophores was expected, and also observed (Fig. 
6.3), with uptake showing a charge-dependency where higher anionic charge density promoted 
partitioning into the coacervate. Other physicochemical properties, such as hydrophobicity or 
hydrogen-bonding, may account for the small differences in partitioning for molecules of similar 
net charge. Interestingly, positively charged or zwitterionic molecules showed two types of 
behavior; they either partitioned weakly into the coacervate or were localized to the periphery of 
the coacervate phase. We attribute this localization to a combination of electrostatic interactions 

 
Figure 6.2   Detailed characterization of the stabilizing terpolymer membrane. A) Chemical structure of the 
terpolymer. B) A 3D representation of the hypothesized structural organization at the protocell interface, with terpolymer 
molecules aligned in a monolayer with the glutamic acid block (light blue) interacting with the coacervate core and the 
PEG block (green) oriented into the solution. C) Confocal micrograph of a single terpolymer-stabilized coacervate 
protocell, with Nile red indicating the membrane. D) Gaussian fit of polymer lengths dissolved in THF as determined by 
multi-angle light scattering measurements. E) TEM analysis of a single coacervate protocell prepared via microtomy.  
F) Zoomed region of a different protocell.  
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with the polyglutamate block of the terpolymer, which is anchored in the coacervate phase, and 
also possibly hydrophobic interactions with the PCLgTMC block. The possible association of 
cationic species with the terpolymer is supported by the observation that cationic molecules, when 
mixed with unstabilized coacervates, were not sequestered at the interface but partitioned inside 
the coacervate phase (Suppl. Fig. S6.3). These findings show that the partitioning and localization 
of small molecules is dependent on the charge and other chemical properties of the molecule, which 
has important implications for implementing biochemical reactions inside coacervates.  

In addition to small molecule permeability, we were interested in investigating the molecular 
weight cut-off for our semi-permeable terpolymer membrane assembled on the coacervate surface, 
because the controlled translocation of functional macromolecules such as DNA, polypeptides, and 

 
Figure 6.3   The uptake of small molecules into the coacervates is dominated by electrostatic interactions. A) 
Confocal micrographs of the partitioning of ionic low-molecular weight fluorophores of different net charges into 
coacervates formed from 2:1 Q-Am:CM-Am (DSQ = 0.9, DSCM = 0.4). Scale bar represents 5 µm. B) Molecular properties 
of the fluorophores in A. The charge state of the molecules is estimated for physiological pH. CF: carboxyfluorescein; SRB: 
sulforhodamine B. C) The uptake of low-molecular weight fluorophores into the coacervates as a function of the net charge 
at physiological pH. Averaged partitioning coefficients for the fluorophores in A, excluding those that preferentially 
partition to the membrane (Rhodamine B, Crystal Violet and Rhodamine 6G).  
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fully folded enzymes across membranes is an important characteristic to mimic in future 
protocellular applications. In order to determine at which molecular weight a molecule is too large 
to readily permeate the membrane, stabilized protocells were first formed with no cargo, followed 
by the addition of a fluorescently labelled macromolecular species. Confocal microscopy was then 
used to determine the fate of these externally added macromolecules (Fig. 6.4). Interestingly, the 
permeability of the membrane is independent of size, and depends more strongly on the charge of 
macromolecular species, supporting our observations for small molecules. For negative and 
neutrally charged species, the rate of membrane translocation is influenced by the density of 
charge as even a large macromolecule, such as 70 kDa dextran, is attracted to the coacervate 
interior through the terpolymer membrane. This is likely due to the fact that the PCLgPTMC 
hydrophobic block is relatively thin for a polymeric membrane, and in addition is highly disordered 
with a glass transition temperature below 0 °C. This results in a membrane that is highly mobile 
and easily penetrated by species experiencing an attractive force to the coacervate core. Such high 
permeability, even to macromolecules, is likely due to this explanation rather than a patchy or 
incomplete membrane, as experiments show that even with a large excess of added terpolymer 
succinylated BSA can still cross the membrane (Suppl. Fig. S6.4). In addition, when the 
terpolymer is added in excess, increased amounts of unstructured hydrophobic aggregates are 
observed, suggesting that the interface is saturated under normal formation conditions. These 
findings demonstrate the strong sequestration potential of the coacervate, and that the terpolymer 
membrane, in its current form, is vital only for the structural integrity of the coacervate protocell 
itself and has a limited role in permeability. Together with the small molecule permeability data, 
we observe that the terpolymer membrane is both non-selective and readily permeable. It also 
imbues spatial organization for small positively-charged or zwitterionic species which can become 
localized at the coacervate periphery. Importantly, the terpolymer membrane enables our system 
to maintain an open environment for the easy exchange of molecules – which is a feature that 

 

Figure 6.4   The permeability of the terpolymer membrane to macromolecules is predominantly dependent on 
their charge density. Macromolecules with a high negative charge (A, succinylated BSA; B, single stranded DNA with  
13 base pairs; C, single stranded DNA with 27 base pairs) are sequestered immediately despite their large size, similarly 
to small, neutral molecules (D, 4 kDa dextran). Macromolecules with a lower negative charge density (E, non-succinylated 
BSA; F, sfGFP) are excluded. Large, neutral molecules such as 70 kDa dextran are initially excluded (G), but slowly 
permeate the membrane (H). The protocells imaged in G and H are not the same particle, hence the small size difference. 
Coacervates were formed from 2:1 Q-Am:CM-Am (DSQ = 0.9, DSCM = 0.4). Scale bar represents 5 µm.  
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limits many liposomal systems. Since the coacervate protocell is a modular and modifiable system, 
these findings will enable us to design next generation membranes with programmed 
permeability. In addition, these findings can be used to confidently and precisely functionalize the 
internal or external face of the membrane; or take advantage of the monolayered structure to 
insert membrane-bound proteins to add biomimetic functionality to this protocellular platform.   

Coacervate interior as crowded and buffered cytosol mimic 

Although coacervates have been touted as mimics of the crowdedness in the cellular cytosol2, the 
specific characteristics of macromolecular diffusion and pH are rarely interrogated for each 
particular system. Here we studied the diffusion of biomolecules inside the terpolymer stabilized 
coacervates using FRAP experiments. The coacervates were loaded with various biomolecules: 
either FITC-labelled dextran, a negatively charged green fluorescent protein variant (GFP(–30)), 
or succinylated bovine serum albumin (BSA) labelled with Alexa488 dye. These negatively charged 
biomolecules have respective molecular weights of 4 kDa, ~29 kDa, and ~66 kDa. A clear difference 
in fluorescence recovery was observed between the different protocell populations containing each 
of the biomolecules (Fig. 6.5A).  By fitting the time-dependent fluorescence recovery in the 
bleached area (Fig. 6.5B), the apparent diffusion constants (Dapp) were calculated, which resulted 
in 0.46 ± 0.04 µm2/s, 0.39 ± 0.03 µm2/s and 0.10 ± 0.01 µm2/s for the dextran, GFP(–30) and 
succinylated BSA, respectively. Dapp for these biomolecules are lower by one order of magnitude 
when compared to the diffusion of similar molecules in bacterial cells.28,29 However, the decrease 
of Dapp with increasing molecular weight that we observed here was also reported for proteins of 
similar molecular weights inside Escherichia coli cells29, which is to be expected as larger 
macromolecules will inevitably diffuse more slowly. The apparent diffusion of biomacromolecules 
in free solution, as reported in the literature30,31, is at least two-orders of magnitude higher than 

 
Figure 6.5   FRAP experiments undertaken to determine the diffusion characteristics of macromolecular cargo in 
coacervate protocells. A) Representative confocal images indicating fluorescence recovery due to diffusion of cargo 
(either fluorescein-labeled 4 kDa dextran, a negatively-charged variant of GFP, or an Alexa488-labelled succinylated BSA) 
within the protocell core over time. B) The relative fluorescence recovery over time as determined from the FRAP analysis. 
The errors are derived from three separate measurements. Coacervates were formed from 2:1 Q-Am:CM-Am (DSQ = 0.9, 
DSCM = 0.4). 
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our measured values, thereby establishing our system as a closer approximation to the cellular 
cytosol than traditional protocell models such as liposomes or polymersomes, where encapsulated 
biomacromolecules essentially experience an unchanged solvent environment compared to the 
bulk. 

Biochemical interactions are often dictated and influenced by the pH of a solution, therefore pH 
within the protocell is a vital parameter to monitor. In nature, the pH of the cytosol is tightly 
controlled and is typically 7.2 in mammalian cells32,33, and from 7.2-7.8 in E. coli cells34, depending 
on the external environment of the cell and whether or not it is proliferating. A micro pH probe 
was used to measure the pH of a 2:1 of Q-Am:CM-Am coacervate phase, which is a representative 
environment as found in coacervate microdroplets. The pH of the polymer-rich phase following 
formation in phosphate buffered saline (PBS) is 7.3, which is slightly more acidic than the value 
measured for neat PBS, a variation likely attributable to the change in hydrogen ion activity in the 
highly charged and viscous coacervate phase. Another important characteristic of the cytosol is its 
buffering capacity and resistance to external changes in pH35, which was investigated by measuring 
the coacervate pH in response to added acid or base in comparison to neat PBS (Fig. 6.6). The 
internal coacervate pH largely follows the behavior of neat PBS, with a slightly worse buffering 
capacity in acidic conditions, and a significantly better buffering capacity in alkaline conditions. 
This can be explained by the chemical structures of the functional groups within the complex 
coacervate droplets. The quaternary amine of Q-Am is non-ionizable in the pH range examined, 
and thus has no capacity to react with any added H+ ions. This is in contrast to the carboxylic acid 
moiety on CM-Am, which is able to react with added OH- ions. It should be noted that the pH of 
both the polymer-rich and –poor phases was roughly the same throughout the titration 
experiments, within 0.05 pH units. Furthermore, the buffering capacity of this system renders it 
attractive for the incorporation of chemical reactions that are sensitive to a change in pH. However, 

 
Figure 6.6   The buffering capacity of the complex coacervate phase utilized in this protocellular system. The pH 
was determined using a micro pH meter. The horizontal axis represents the amount of acid or base added to the system 
using a 1 M stock solution (1 µL of 1 M stock is 1 µmol). Coacervates were formed from 2:1 Q-Am:CM-Am (DSQ = 0.9,  
DSCM = 0.4). 
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it should be noted that the buffering capacity of this system is finite, in contrast to living cells, 
which employ an array of both active and passive processes to maintain cytosolic pH. 

Coacervates as platforms to study enzyme kinetics in cell-like environs 

Living systems are characterized by an extraordinary number of concurrent enzymatic reactions 
occurring in compartmentalized and crowded microenvironments, a characteristic that bottom-up 
protocells struggle to recreate. We have shown that our coacervate protocells are permeable to 
most small molecules and can readily sequester negatively charged macromolecules into the 
interior, allowing us to study the effects of the crowded microenvironment on enzyme activity. The 
rate of enzyme activity is highly system dependent because different phase-separated systems can 
variably partition not only enzymes, but also their substrates, intermediates and products.8,36 In 
addition, macromolecular crowding was observed to have a variable effect on enzymatic activity, 
depending on the nature of the system.4,36–41 Therefore, it is crucial to investigate the effect of 
coacervate encapsulation on enzyme activity for this system, as this can have downstream effects 
on the application of the protocells.  

Negatively charged proteins were shown to be readily taken up into the positively charged 
coacervate interior (Fig. 6.1). To prompt the uptake of relatively neutral proteins, succinylation 
can be employed to increase the number of negatively charged surface residues.42 However, this 
strategy may not be applicable to all proteins, as this modification is known to affect protein 
oligomerization43 and alter enzyme activity44. Indeed, we also observed this for several proteins 
such as catalase, alcohol dehydrogenase and esterase, where either aggregation occurred, or key 
active site residues were modified that destroyed enzyme activity (data not shown). Horseradish 
peroxidase (HRP; EC 1.11.1.7), however, was amenable to succinylation and, after this modification, 
was readily taken up into the positively-charged coacervate interior (Suppl. Fig. S5).21 HRP was 
chosen here as a model enzyme because it has been extensively used to study the effects of 

 

 
Figure 6.7   A) Horse radish peroxidase (HRP) consumes H2O2 and amplex red to produce a fluorescent product, resorufin. 
B)  The Michaelis-Menten curves for succinylated HRP (30 pM final concentration) in a bulk solution (black) or within 
coacervates (red) containing 250 µM amplex red and varied concentrations of H2O2. C) The Michaelis-Menten curves for 
succinylated HRP (30 pM final concentration) in a bulk solution (black) or within coacervates (red) containing 250 µM 
H2O2 and varied concentrations of amplex red. The kinetic constants derived from the Michaelis-Menten fits are in Table 
6.1. The error bars are standard deviations of the rates from duplicates of at least two separate experiments. Coacervates 
were formed from 2:1 Q-Am:CM-Am (DSQ = 0.9, DSCM = 0.4). 

 

https://www.sigmaaldrich.com/catalog/search?term=1.11.1.7&interface=Enzyme%20Commission%20(EC)%20Number&N=0&mode=partialmax&lang=en&region=NL&focus=product


 
 
 
Chapter 6 

140 

 

 

 6 

molecular crowding.38,41,45–47 In order to study the effects of the coacervate microenvironment on 
enzymes, the activity of succinylated HRP encapsulated in the coacervate phase was compared to 
that of the same amount of protein in bulk solution (in absence of coacervates). HRP consumes 
profluorescent substrate amplex red (AR) and hydrogen peroxide (H2O2), to produce the 
fluorescent product resorufin (Fig. 6.7A). The enzyme activity was studied over a range of 
substrate concentrations to afford the Michaelis-Menten curve fits for both substrates (Fig. 
6.7B,C).  

The Michaelis-Menten reaction parameters revealed interesting enzymatic behavior inside the 
coacervates compared to the enzyme free in solution. The KM(H2O2) was comparable for both HRP 
inside and outside the coacervate. This suggests similar substrate binding capacity, which is 
unsurprising as H2O2 is a small substrate unlikely to be hindered within the coacervate 
environment. However, a three-fold decrease in Vmax(H2O2) was observed for HRP localized inside 
coacervates compared to HRP in a bulk solution. The decrease in Vmax, but similar KM, has also been 
observed for other enzyme kinetics occurring in crowded milieu38,39,48,49, and has been attributed 
to both the coacervate-protein interactions and the excluded volume effect hindering the 
movement of the enzyme active site. This delayed exploration of conformational space can hinder 
substrate binding, decreasing the maximum velocity of catalysis for the enzyme. A similar decrease 
in Vmax was observed for samples of HRP within coacervates compared with those in bulk solutions 
when amplex red concentrations were varied. However, the KM(amplex red) for coacervate-
localized proteins is significantly higher, by circa 57 %, than that of bulk proteins. This increase in 
KM(amplex red) indicates that the substrate could be interacting with the coacervate interior, 
therefore limiting its interaction with the HRP active site. Amplex red interacting with the 
coacervate interior would be expected as we have observed the resorufin product – which shares 
many structural characteristics with amplex red – to also readily localize within the coacervate 
interior (Fig. 6.3). A similar difference in reaction parameters (increased KM and decreased Vmax) 
was also observed for HRP when substrates interacted with increasing concentrations of crowding 
agents.38 These results confirm that this particular enzyme exhibits kinetic parameter changes that 
align with the effect of placing enzymes in crowded milieus, further demonstrating that our 
polymer-stabilized coacervate protocells are an ideal platform for the study of enzyme kinetics in 
a tailorable, controlled, and open environment that resembles the cellular cytosol.  

 

Table 6.1   Michaelis-Menten reaction parameters for succinylated HRP in bulk solution or localized inside the 
coacervate. Reactions were performed in PBS, pH 7.4 at 25 °C. The values and errors are derived from curve fitting 
performed using Origin software.  

Location of 
succinylated HRP 

 H2O2  Amplex Red 

 KM (µM) Vmax (µM/min)  KM (µM) Vmax (µM/min) 

Bulk  58.1 ± 9.5 9.9 ± 0.4  63.2 ± 4.4 9.3 ± 0.2 

Coacervates  42.2 ± 8.1 3.1 ± 0.1  99.2 ± 14.8 3.8 ± 0.2 
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Conclusions & Outlook 

The condensed core of our polymer-stabilized coacervate protocells creates a crowded 
environment that decreases the diffusivity of biomacromolecules to more closely resemble that 
found in the cytosol of cells than in semi-dilute conditions of many other protocells. This 
molecularly dense coacervate core is stabilized by a terpolymer that forms a homogeneous 
monolayered membrane whose semipermeable nature allows the exchange of small molecules of 
various net charges and macromolecules with sufficient charge density. We demonstrated that the 
loading of proteins into the coacervate phase can be controlled by both protein charge and the 
composition of the coacervate phase, while the sequestration of a model enzyme does not abolish 
its activity. These experiments show that these coacervate protocells are highly interesting mimics 
of the crowding in the cellular cytosol, which has remained relatively unexplored in the bottom-
up construction of protocells. The control over protein loading and semipermeable nature of the 
membrane excellently position this system to expand the scope of biochemical reaction networks 
that can be studied in the crowded protocell interior.  
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Experimental details 

Materials 

All chemicals were used as received unless stated otherwise.  

Methods 

Terpolymer synthesis 

The block terpolymer was synthesized as described previously.21 Briefly, poly(ethylene glycol) 
monomethyl ether was used to initiate the ring opening polymerization of ε-caprolactone and 
trimethylene carbonate. The terminal alcohol of this polymer was subsequently modified via a 
steglich esterification with Boc-L-Phe-OH to yield a primary amine after TFA deprotection. The 
final poly(L-glutamic acid) block was introduced by the ring opening polymerization of  
N-carboxyanhydride γ-benzyl L-glutamate followed by hydrogenation. 

Amylose modification 

Both quaternized (Q-Am) and carboxymethylated (CM-Am) were prepared in accordance with 
previously published procedures.21 Briefly, amylose was dissolved in aqueous NaOH. For Q-Am,  
3-chloro-2-hydroxypropyltrimethylammonium chloride solution (60 % (w/v) in water) was added 
dropwise into the stirring reaction mixture, which was subsequently left to react overnight at  
35 °C. For CM-Am, chloroacetic acid was added and the reaction mixture was left to stir for 2 hours 
at 70 °C. Both were purified by precipitation into cold ethanol followed by extensive dialysis against 
ultrapure water before lyophilization. Amyloses with different degrees of substitution (DS) were 
synthesized by using different equivalents of electrophilic reagents. 1H-NMR was employed to 
determine the degree of substitution from the integration of the respective signals.  

Protein preparations 

The recombinant green fluorescent proteins were synthesized according to previously published 
protocols.51,52 A full description of recombinant green fluorescent protein expression and 
purification is provided in the supplementary information. The succinylated and fluorescently 
labelled BSA protein was synthesized using a previously reported protocol.21 The succinylated HRP 
protein was made using the same protocol21, and purified from excess succinic acid using extensive 
dialysis into phosphate buffered saline, pH 7.4.  

GFP partitioning inside coacervates 

All experiments were performed in 1X PBS, pH 7.4 (10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM 
NaCl, 2.7 mM KCl). Q-Am (DSQ = 0.6) was mixed with CM-Am (DSCM = 0.3) to a final concentration 
of 0.33 mg/mL in 375 µL and shaken at 1500 rpm. Immediately after mixing, 2 µL GFP was added 
to a final concentration of 100 nM and the sample was shaken for 5 min at room temperature.  
7.5 µL dissolved terpolymer (50 mg/mL in DMSO) was gently added and samples were shaken for 
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another 30 s. Imaging was performed within 2 hours after coacervate formation on a Zeiss LSM 
510 Meta NLO using a 63x water immersion objective and excitation at 488 nm with emission 
recorded at 500-550 nm. 

Transmission electron microtomy 

For TEM analysis of coacervates, 300 µL coacervate suspension (same method as FRAP 
experiments) was spun down for 3 min at 2700 x g and the pellet was washed three times for  
5 min in 0.1 M sodium cacodylate buffer (centrifugation for 3 min at 2700 x g in between washes). 
Subsequently, the sample was stained with 1% osmium tetroxide (w/v) in 0.1 M cacodylate, 5 mM 
CaCl2 buffer for 1 h and washed twice for 5 min with 0.1M cacodylate, 5 mM CaCl2 buffer. The 
sample was then washed twice with deionized water filtered through a 0.22 µm filter (Milli-Q 
water) for 5 min and subsequently stained with 2% uranyl acetate (w/v) in Milli-Q water for  
1 hour. After washing the sample twice with Milli-Q water for 5 min, the sample was dehydrated 
(2 x 10 min 50% acetone in Milli-Q water (v/v), 2 x 10 min 70% acetone, 2 x 10 min 96% acetone, 
3 x 10 min 100% anhydrous acetone). For infiltration, the sample was incubated with increasing 
concentrations of Epon resin in anhydrous acetone (30% Epon resin in anhydrous acetone (v/v) 
for 2 h, 50% Epon resin for 16 hours, 70% Epon resin for 8 hours, 100% Epon resin for 16 hours) 
and subsequently incubated in freshly prepared Epon resin for 3 hours before transferring it to an 
embedding mold filled with freshly prepared Epon resin. After polymerization at 60°C for 24 
hours, ultrathin sections (70 nm) were cut from the sample using a diamond knife and transferred 
to TEM grids (FCF-200-Cu, EMS). The samples were then studied on a FEI Tecnai 20 TEM (type 
Sphera) (operated at 200 kV, equipped with a LaB6 filament and a FEI BM-Ceta CCD camera).  

Light scattering analysis of terpolymer 

The gel permeation chromatography (using a PL gel 5 µm mixed D column and THF as an eluent) 
– multi-angle light scattering experiments (GPC-MALS) were performed using a Wyatt DAWN 
HELEOS II light scattering detector (MALS), which is operated with 664.5 nm laser. Detectors are 
installed at the following angles: 12.9 °, 20.6 °, 29.6 °, 37.4 °, 44.8 °, 53.0 °, 61.1 °, 70.1 °, 80.1 °, 
90.0 °, 99.9 °, 109.9 °, 120.1 °, 130.5 °, 149.1 ° and 157.8 °. Prior to the measurements, SLS detectors 
were normalized using Bovine Serum Albumin (BSA). The processing and analysis of the data were 
performed using Astra 7.1.2 (Random Coil model).  

Small molecule partitioning 

All experiments were performed in 1X PBS, pH 7.4. 133 µL 5.0 mg/mL Q-Am (DSQ = 0.9) was 
mixed with 66 µL 5.0 mg/mL CM-Am (DSCM = 0.4) and shaken at 1500 rpm for 4 min at room 
temperature. 6 µL terpolymer (50 mg/mL in PEG350) was gently added and samples were shaken 
for another 30 s. The coacervate solution was mixed with the respective fluorophores (20 µM) and 
imaged within 30 min. Imaging was performed on a Zeiss LSM 510 Meta NLO using a 63x water 
immersion objective and the following laser and filter settings: 488 nm excitation, 500-550 nm 
emission (fluorescein); 543 nm excitation, 565-615 nm emission (rhodamine); 458 nm excitation, 
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500-530 nm emission (pyranine); multiphoton laser: 725 nm excitation, emission up to 650 nm 
(NADH); 633 nm excitation, 650-710 nm emission (methylene blue); 543 nm excitation,  
650-710 nm emission (crystal violet). Partitioning into the coacervate was determined by 
calculating the ratio of fluorescence intensity inside the coacervate phase and outside. 

FRAP experiments 

Coacervate protocells were formed by mixing 300 µL of 1 mg/mL Q-Am (DSQ = 0.9) and CM-Am 
(DSCM = 0.4) in a 2:1 ratio, together with 4 kDa Dex-FITC (1 mg/mL), GFP(–30) (3.6 mg/mL) or 
succinylated BSA-Alexa488 (1 mg/mL), while mixing at 1500 rpm in an Eppendorf shaker for  
4.5 minutes before 9 µL terpolymer (50 mg/mL in PEG350) was added for stabilization. For FRAP 
analysis, 100 µL of each sample was loaded on a µ-side 8 well glass bottom (Ibidi). The samples 
were analyzed with a Zeiss LSM510 META NLO equipped with a C- Apochromat, 63x 1.2 UV-VIS-
IR water objective and a PMT detector. For imaging an Argon laser set at 488 nm 25% laser power 
was used, pinhole set to 1 Airy Unit (110 µm).  Transmission and detector gain were optimized for 
each different fluorophore to utilize the maximum amount of gray values of the detector. FRAP 
experiments were performed using the Zen 2009 software bleaching interface. First an image of 
1024x1024 pixels with a pixel dwell time of 0.8 µs/pixel was obtained. A region of interest (ROI) 
of 7 µm in diameter was defined. The samples were measured three times pre bleaching, followed 
by bleaching with a Chameleon by Coherent two-photon laser set at 810nm, 50% laser power for 
10 iterations. Afterwards images were acquired every 5 seconds for a total of 33 images.  Images 
were analyzed using ImageJ to generate the recovery curves. The data was normalized as described 
by Jia et al.10 using eq. 1.  

Eq. 1  𝐹𝐹(𝑡𝑡) =
� 𝐵𝐵𝐵𝐵(𝑡𝑡)−𝐵𝐵𝐵𝐵(𝑡𝑡)
𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡)−𝐵𝐵𝐵𝐵(𝑡𝑡)�

� 𝐵𝐵𝐵𝐵(0)−𝐵𝐵𝐵𝐵(0)
𝑅𝑅𝑅𝑅𝑅𝑅(0)−𝐵𝐵𝐵𝐵(0)�

 

The data was fitted with a first order exponential equation, Eq. 2, were F(t) is the normalized 
fluorescence at time point t, A is the amplitude of the recovery, C represents the Y intercept.  

Eq. 2  𝐹𝐹(𝑡𝑡) = 𝐴𝐴�1 − 𝑒𝑒−𝑡𝑡 𝜏𝜏� � + 𝐶𝐶 

As described by Poudyal et al.11, the half-life of the recovery was determined using Eq. 3 which was 
used to calculate the Dapp using Eq. 4. In which ω is the radius of the ROI.  

Eq. 3 𝑡𝑡1
2�

= ln(2) ∗ 𝜏𝜏 

Eq. 4 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 =  0.88𝜔𝜔2

4 ∗𝑡𝑡1
2�

 
 

Determination of coacervate pH and buffer capacity 

The pH of the polymer-rich coacervate phase was measured using a micro pH meter. To obtain 
sufficient volume of this phase to cover the pH electrode (approximately 50 µL), 2 mL of 10 mg/mL 
Q-Am (DSQ = 0.9) was mixed with 1 mL of 10 mg/mL CM-Am (DSCM = 0.4), followed by 
centrifugation of the suspension of coacervate droplets at 4000 x g for 10 minutes. The buffer 
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capacity of the system was determined by adding 1 µL of either 1 M NaOH or 1 M HCl, vortexing 
briefly, and centrifuging again before measuring the pH of the polymer-rich phase. 

Macromolecule partitioning 

Coacervate protocells were formed by mixing 300 µL of 1 mg/mL Q-Am:CM-Am in a 2:1 ratio at 
1500 rpm for 4.5 minutes before 9 µL terpolymer (50 mg/mL in PEG350) was added for 
stabilization. Protocells were transferred into an 8 well glass bottomed slide (Ibidi), followed by 
the addition of 1 µL of the labelled macromolecule. Protocells were measured via confocal 
microscopy using the above conditions. 

Enzyme assays and deriving kinetic parameters 

Succinylated HRP was synthesized and purified as previously described using commercially 
available lyophilized protein (77332 from Sigma).21 The protein concentration was determined 
using the Nanodrop™ by the heme absorbance at 403 nm and the extinction coefficient  
ε403 = 91,000 M-1cm-1.50 For the bulk reaction samples, the protein was diluted in pH 7.4 phosphate 
buffered saline (PBS) buffer, prior to mixing with other assay reagents. For the coacervate samples, 
the succinylated protein was added to forming coacervates (300 µL of 0.5 mg/mL Q-Am:CM-Am 
in a 2:1 ratio with DSQ = 0.9 and DSCM = 0.4), and the samples were mixed at 1500 rpm for  
4.5 minutes before 10 µL terpolymer (50 mg/mL in PEG350) was added to stabilize the coacervate 
samples.  

The enzymatic assays were performed in a total volume of 150 µL per reaction at 25 °C in PBS 
buffer, pH 7.4 (P3813 from Sigma). The substrates, H2O2 and amplex red, were both pre-mixed in 
the wells to achieve the final total concentrations described in Fig. 6.7B,C. To initiate the reaction, 
130 µL protein sample (either in bulk or in coacervates) was added to the wells for 30 pM final 
concentration of enzyme (whether as free protein or as proteins encapsulated inside coacervates) 
in each reaction. The reaction was monitored over 10 min using resorufin fluorescence  
(λex = 530 nm, λem = 590 nm) on the Spark 10M microplate reader (Tecan), and the fluorescence 
values were background subtracted. A standard curve of resorufin was used to determine the 
concentration of product from fluorescence values. To obtain the Michaelis-Menten plots, the 
initial rate was determined by measuring the linear increase in resorufin production over the first 
minute, and this rate was plotted against substrate concentration. The error bars on the plot are 
the standard deviations between the rates of duplicates from at least two different experiments.   
The Michaelis-Menten curves were fitted using the Origin 2015 software, with the kinetic 
parameters from this fit indicated in Table 6.1.   
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Chapter 6 – Supplementary Information 

 

              
Figure S6.1.   Protein uptake into coacervates. The uptake of GFP(–8) proteins at various charge balances.  
Q-Am : CM-Am ratios are A) 1:1, B) 2:1, C) 3:1. 

 

 
Figure S6.2   Effect of PGA group on terpolymer assembly. The poly(glutamic acid) moiety of the terpolymer is 
essential for interfacial self-assembly and stabilization of coacervate droplets. These microscopy images show that when 
the diblock copolymer PEG-b-PCLgPTMC is used instead of the terpolymer, no evidence of membrane organization around 
the droplets is observed, and no stabilization occurs. Left: transmission, middle: Nile red (membrane), right: Cy5 
(coacervate core). Cy5 emission is from encapsulated Cy5-labelled, succinylated BSA. Scale bar represents 20 µm. 

 

 
Figure S6.3   Uptake of several fluorophores into coacervate phase is affected by the terpolymer membrane.  
Left: uptake by terpolymer-stabilized coacervates. Right: uptake by unstabilized coacervates. 
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Figure S6.4   Effect of excess terpolymer on BSA permeability. Confocal micrographs demonstrating the effect of 
excess terpolymer (red, stained with Nile red) compared to normal formation conditions on the permeability of 
succinylated BSA added after protocell formation (green, FITC). BSA is taken up despite a large excess of terpolymer, 
which only results in increasing amounts of polymer aggregation. Scale bar represents 20 µm. 

 

 
Figure S6.5   Uptake of succinylated HRP into the coacervate phase. An SDS-PAGE gel showing proteins in buffer 
without coacervates (-) and the polymer-poor phase of proteins mixed with coacervates (+). Non-succinylated proteins 
do not readily enter the coacervate phase as shown by presence of protein bands in the (+) samples, whereas succinylated 
HRP (HRPsucc) is readily sequestered into the coacervate phase as indicated by the absence of a corresponding protein 
band. The diffuse 22 kDa band is present in all (+) samples and is likely to be low molecular weight amylose which 
interacts with Coomassie dye. 
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The state of the art in the bottom-up construction of artificial cells 

The construction of life-like artificial cells from synthetic materials is one of the grand challenges 
in contemporary science. Following the elucidation of biological processes and the development of 
synthetic techniques to reliably produce and manipulate biomolecules and biomaterials along 
several length scales, the construction of synthetic, cell-like compartments has taken a flight in the 
last decade. This has led to the construction of compartments built from various materials, such 
as lipids, (bio-)polymers, inorganic clays, and hybrids thereof, with tunable and stimuli-responsive 
membrane properties and increased control over production parameters, internal structure, and 
spatial organization. Furthermore, the development of cell-free transcription-translation systems 
(TX-TL) has proven a pivotal development, as it enables the integration of genetic regulation with 
the in situ production of proteins of interest within artificial cells, similar to the on-demand protein 
expression found in natural cells. 

 

Contributions from this research 

Until recently, however, these efforts have mostly generated cell mimics that perform a single 
function, irreversibly, in uniform populations of artificial cells. As such, their resulting behavior 
was generally uniform, and with little influence from the environment or input from other cell 
types. In the work presented in this thesis, we have extended the complexity of the behavior of 
such artificial cells by designing reversible, dynamic interactions with the environment, transient 
structural organization and signaling, and intercellular differential signaling between populations 
of artificial cells. Furthermore, we have explored means to fuel different classes of cell mimics with 
the aim to move towards dissipative, membrane-bound chemical systems that can operate out of 
equilibrium, or attain new functions by the controlled uptake of molecules from the environment.  

Chapters 2 & 3 demonstrate that pH-dependent supramolecular interactions can be used to direct 
the spatial organization of proteins both within and at the periphery of a lipid vesicle, and that this 
organization can induce localized enzymatic signaling on both the internal and external side of the 
compartment’s membrane. Moreover, the non-covalent nature of the membrane-protein 
interactions ensures their reversibility, which can be controlled by orthogonal, autonomous 
enzymatic programs that modulate the internal and external pH. Taken together, these systems 
are an important step from the irreversible pathways that relied on a single trigger towards 
dynamic life-like signaling pathways that continuously adapt to and integrate fluctuating 
environmental conditions. The further development of similar systems that are orthogonal to the 
pH-responsive elements engineered here would diversify the inputs possible for responsive 
artificial cells. Importantly, such systems may be easily adapted from supramolecular systems-
chemistry approaches, that have shown elegant molecular control over macroscopic properties in 
materials as diverse as hydrogels, supramolecular polymers, and nanoparticles.  
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Besides interacting with their environment, natural cells also synchronize their behavior and 
metabolic state by exchanging diffusive chemical signals between subpopulations within a 
multicellular community. Chapter 4 shows that such signaling can be rendered much more 
efficient when signal amplification modules are implemented in the communication pathways 
between sender and receiver cells. This permitted signaling over long distances, with strong 
activation of metabolic pathways in receptive cell populations. As such, signal amplification was 
established as an important engineering principle for the development of higher-order 
organization of differentiated multicellular communities. An important further step would be the 
incorporation of feedback loops and transient responses in such multicellular systems, which are 
currently limited to one-way communication.  

In order to sustain such long-lived, adaptive artificial cells, they require a metabolism that 
maintains an out-of-equilibrium state by dissipating energy imported from the environment. To 
enable the specific uptake of energy-rich or catalytically active molecules, we have explored the 
use of lipid vesicle fusion to selectively and controllably deliver cargo to artificial cells (Chapter 5). 
Although the synthesized fusogens could induce lipid mixing of liposomes and docking of small, 
cargo-loaded vesicles onto larger cell-sized liposomes, successful fusion has not been realized yet. 
To accomplish efficient yet selective fusion of large and giant liposomes, we propose to use 
electrostatic interactions between the lipid membranes to decrease the energy barrier for 
membrane fusion, while optimization of the developed fusogens can provide the required 
specificity for fusion in diverse populations of artificial cells.  

Alternatively, complex coacervates have recently attracted much interest as cell mimics that can 
readily exchange essential fuel and waste products with the environment. Following on the recent 
development of polymer-stabilized coacervate protocells by our group, in Chapter 6 we explored 
their physicochemical properties in greater detail. Specifically, we aim to use them as cell mimics 
that can readily harbor metabolic pathways and selectively concentrate desired (macro)molecules. 
Although further engineering of the polymer membrane is required to further tune its 
permeability, we showed that the uptake of proteins could be controlled by electrostatic 
interactions, and that enzymes remained active upon encapsulation in the crowded environment 
these cell mimics offer. Further modification of both the amylose-derived polyelectrolytes and the 
stabilizing terpolymer membrane are expected to increase the selectivity in the uptake of molecules 
both during and after formation of such artificial cells.  

 

Further outstanding challenges 

What then, are further important hallmarks the field should realize in the coming years? Besides 
the avenues for further engineering discussed above, several important areas for exploration and 
innovation can be identified. Building on the development of separate modules, it is of great 
importance to integrate the various model systems and realize artificial cells that consolidate more 
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than two of the hallmarks of life. The main challenge here will be increasing the mutual 
compatibility of current artificial cell designs. Many of the present systems require cofactors, ions, 
and assembly procedures that are not necessarily reconcilable with each other; for instance, the 
Mg2+-dependence of many enzyme-free nucleic acid circuits is incompatible with several enzymes 
and fatty acid-based membranes. The development of multicompartmentalized artificial cells can 
mitigate such undesired interactions, similar to the unique chemical milieu created in natural 
organelles. For this to be a fruitful strategy, however, it is imperative that significant advances are 
realized in the regulation of the permeability of synthetic membranes. Most synthetic 
compartments realized thus far have little potential for stimuli-responsive as well as selective 
permeation of ions, small molecules, and macromolecules over their membrane. Indeed, they are 
still quite far from the exquisite specificity of membrane receptors, ion channels, and active pumps 
found in nature. Recent improvements in the incorporation of membrane proteins into lipid or 
polymeric vesicles, however, may pave the way for the development of subcompartments with 
adequate selectivity in the uptake of essential metabolites and signaling molecules. Fully synthetic 
analogs have recently been developed as well, yet their de novo design is still challenging. The 
development of synthetic derivatives of natural receptors that incorporate an invariable 
transmembrane domain and modular external and internal domains, like the synNotch and 
chimeric antigen receptors, has already led to the successful transduction of bioorthogonal signals 
from the environment to engineered cells. Although these chimeric receptors have thus far only 
been realized in natural cells, where they can rely on the natural machinery for expression and 
signal propagation, they may prove highly relevant in bottom-up synthetic biology as well. 

Additionally, another challenge for the next generation of artificial cells is their further integration 
into artificial multicellular tissues that contain different types of synthetic cells. Such tissue-like 
communities can form complex systems capable of new, collective behaviors unattainable by 
uniform populations of unconnected compartments. Many contemporary designs, however, are 
best compared to bacteria; unicellular lifeforms that can operate in isolation. Analogous to 
multicellular organisms, the possibilities to form multicellular communities from synthetic cells, 
like biofilms or specialized cell collectives, should be explored. For this, it is imperative to create 
selective signaling pathways that can facilitate communication between subtypes of artificial cells 
within such multicellular populations. In top-down approaches to synthetic biology, synthetic 
signaling pathways were implemented in natural cells and have already shown such orthogonal 
signaling can lead to synchronized behavior with new, emergent properties. To realize such 
complex behavior, however, it is imperative that synthetic systems shift from reactions that move 
to thermodynamic equilibrium to dissipative pathways that keep the artificial cells out of 
equilibrium. This has the combined advantage that both the resulting phenotypes become more 
transient and reversible, and the response to environmental cues can be more rapid. 

One final, frequently overlooked issue is the design of artificial cells with various material 
properties and geometries. Although some more exotic types of materials have been used to create 
non-spherical microparticles, the majority of cell mimics is spherical with an unstructured, low-
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viscosity interior. The effects of the shape and stiffness of artificial cells on their spatial 
organization, mechanochemical sensing, and the construction of higher-order tissue-like materials 
is, therefore, largely unexplored. In natural cells, the cytoskeleton and extracellular matrix are 
important for their physical stability, motility, and signal processing. Although synthetic 
equivalents of both have been developed, their integration with and influence on artificial cells 
remains to be explored.  

 

Enabling technologies 

In recent years, several technological developments have been realized, which are expected to push 
the boundaries of engineering within this field. Most notably, the development simple, highly 
versatile microfluidic platforms for the construction of synthetic compartments composed of a 
variety of amphiphiles is expected to greatly simplify the construction of uniform populations of 
such compartments in high yields. This would eliminate several problems associated with 
spontaneous self-assembly of such compartments, such as stochastic encapsulation events, high 
dispersity in the compartment size, and batch-to-batch production variations. Furthermore, it 
greatly simplifies the loading of sensitive cargoes and boasts encapsulation efficiencies unrivaled 
by many other techniques. Recent efforts have greatly simplified the microfluidic formation of 
defect-free compartments with low levels of contaminants resulting from the production process 
in the membrane.  

Secondly, the establishment of standardized cell-free transcription-translation kits and protocols, 
such as the PURE system, as well as miniaturization of the reaction vessels to probe their activity, 
have opened the way for the rapid prototyping of synthetic gene networks, the assessment of cross-
reactivity between engineered pathways, and the long-term operation of such networks out of 
equilibrium. To endow artificial cells with broad functionality and more complex behavior, the 
implementation of far more extensive genetic programs is required. However, creating such 
genetic interdependencies is already far from straightforward in vitro or in cellulo, and their 
integration in synthetic compartments only adds to the complexity of the design. Rapid screening 
and prototyping of such networks in vitro would significantly increase the chances of successful 
implementation of robust genetic programs dictating complex behavior in artificial cells.  

Finally, such drive towards increased complexity cannot be sustained without robust support from 
mathematical models that can analyze and predict the output of the interconnected pathways 
under construction. Important lessons can be learned from systems biology and systems 
chemistry, where careful characterization of critical interactions and parameters have already led 
to the development of models that aid in the design and description of new systems.  
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Concluding remarks 

This chapter has sketched some of the directions the field is expected to explore in the nearby 
future. Of course, the realization of a fully synthetic living cell is still in its infancy, and many 
important milestones are to be expected before this grand challenge will be realized. Amongst these 
are the construction and autonomous replication of genetic information carriers, the growth, 
duplication and controlled separation of artificial cells into two or more daughter cells, and the 
realization of a fully self-sustaining metabolism. It is, therefore, clear that only a combined, 
multidisciplinary effort with contributions from both experimentalists and theoreticians from 
fields as diverse as chemistry, biology, physics, engineering, and mathematics can sustain these 
developments and push these scientific frontiers. 
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List of abbreviations 
 

4NP   4-nitrophenol 

ACT  acetone 

ADH  alcohol dehydrogenase 

ADP  adenosine 5’-diphosphate 

αHL   alpha-hemolysin 

AFS   autonomous feedback system 

ALP   alkaline phosphatase 

AMP  adenosine 5’-monophosphate 

AR  amplex red 

ATc   anhydrotetracycline 

ATP   adenosine triphosphate 

BSA   bovine serum albumin 

CCP  coiled-coil peptide 

CFP   cyan fluorescent protein  

Cholestanol 3ß-hydroxy-5α-cholestane 

CLSM   confocal laser scanning microscopy 

CM-Am  amylose modified with carboxymethyl group 

CNPE & CNPK ‘Hodges’ fusogens 

CPVA & CPVB ‘Vinson’ fusogens 

Dapp   apparent diffusion constants 

DCM  dichloromethane 

DIBs   droplet interface bilayers 

DiD  1,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine 

DIPEA  diisopropylethylamine 

DMF  dimethylformamide 

DLS  dynamic light scattering 

DNA   deoxyribonucleic acid 

DS  degree of substitution 

EA   ethyl acetate 

ECM   extracellular matrix 

EDT   ethanedithiol 

EDTA   ethylenediaminetetraacetic acid  

EG  ethylene glycol 

E-LUVs/-GUVs LUVs/GUVs functionalized with 1% CNPE 

EMCCD  electron-multiplier charge-coupled device 

ESI  electron-spray ionization 

FITC  fluorescein isothiocyanate 
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FITC-E  fluorescein isothiocyanate-(EIAALEK)4 

FITC-K  fluorescein isothiocyanate-(KIAALKE)4 

FRAP  fluorescence recovery after photobleaching 

FRET  Förster resonance energy transfer 

G1P  D-glucose-1-phosphate 

G6P  D-glucose-6-phosphate 

G6PDH  D-glucose-6-phosphate dehydrogenase 

GFP   green fluorescent protein 

GOx   glucose oxidase 

GPa  glycogen phosphorylase a 

GPb  glycogen phosphorylase b 

GPC  gel permeation chromatography 

GUV   giant unilamellar vesicle 

HBS  HEPES-buffered saline (10 mM HEPES, 135 mM NaCl, 5 mM KCl, pH 7.4) 

His-tag  hexahistadine sequence 

HRMS  high-resolution mass spectrometry 

HRP  horse-radish peroxidase 

IMAC   immobilized metal affinity chromatography  

IP  inner phase 

IPA  isopropanol 

IPTG  isopropyl β-D-1-thiogalactopyranoside 

K-LUVs/-GUVs LUVs/GUVs functionalized with 1% CNPK 

λem  emission wavelength 

λex  excitation wavelength 

LC-MS  liquid chromatography-mass spectrometry 

LgBiT  large fragment of NanoBiT 

LUV  large unilamellar vesicle 

MALS  multi-angle light scattering 

Milli-Q  ultrapure water (>18.2 MΩ), filtered 

mRNA   messenger ribonucleic acid  

MW  molecular weight 

MWCO  molecular weight cut-off 

NAD+  ß-nicotinamide adenine dinucleotide (oxidized) 

NADH  ß-nicotinamide adenine dinucleotide (reduced) 

NADPH   ß-nicotinamide adenine dinucleotide phosphate (reduced) 

Ni-NTA  nickel nitrilotriacetic acid 

NoHis-SmBiT small NanoBiT fragment without His-tag 

NTA  nanoparticle tracking analysis 

OP  outer phase 

PBS phosphate-buffered saline  
(10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4) 
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PCLgTMC  poly(caprolactone-gradient-trimethylene carbonate) 

PCR   polymerase chain reaction 

PEG   poly(ethylene glycol)  

PEN   polymerase-exonuclease-nickase 

PGA   poly(glutamic acid) 

PGM  phosphoglucomutase 

PMF   proton motive force 

PNA  peptide nucleic acid 

PNIPAM   poly(N-isopropylacrylamide) 

pNPP   para-nitrophenylphosphate 

PURE   cell-free transcription-translation system 

PVA  poly(vinyl alcohol) 

Q-Am  amylose modified with quaternary ammonium group 

RLU   relative light units 

ROI  region of interest 

RP-HPLC   reverse-phase high-pressure liquid chromatography 

Rt   retention time  

SD   standard deviation 

SEC  size-exclusion chromatography 

SGC   synthetic genetic circuit  

SLB  supported lipid-bilayer 

SmBiT  small fragment of NanoBiT 

SN  supernatant 

SNARE  soluble N-ethylmaleimide-sensitive factor attachment protein receptors 

(Fmoc-)SPPS (fluorenylmethyloxycarbonyl-based) solid-phase peptide synthesis 

SRB  sulforhodamine B 

(cryo-)TEM (cryogenic) transmission electron microscopy 

TEA  triethylamine 

TFA   trifluoroacetic acid 

THF   tetrahydrofuran 

TIS   triisopropylsilane  

TLC  thin-layer chromatography 

TMR   tetramethylrhodamine 

TX-TL   cell-free transcription-translation 

 

 

Phospholipids 

DOGS-NTA-Ni 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel) 

DOPC  1,2-dioleoyl-sn-glycero-3-phosphocholine 

DOPE  1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 



 

  163 

 

 

DOPE-CF  1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(carboxyfluorescein) 

DOPE-Cy5  1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cyanine 5) 

DOPE-LRB  1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) 

DSPE-PEG-biotin  1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] 

POPC  1-palmitoyl-2-oleoyl-glycero-3-phosphocholine 
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Summary 
 

Engineering Interactive Artificial Cells 

How does life come about? For many centuries, abiogenesis (also known as ‘spontaneous 
generation’) was the dominant theory, but, since the pivotal experiments by Pasteur and others, 
we know that a living organism can only form by reproduction of living matter—i.e. Omne vivum 
ex vivo. The distinction between life and death, however, is not completely black and white; many 
blockbuster movies attest to mankind’s fear and, perhaps, ambition that someday robots will be so 
sophisticated that they can be considered ‘alive’ (and possibly take control of the Earth…). Yet 
creating life-like entities does not necessarily lead to apocalyptic scenarios, and is not restricted to 
electric, inorganic robots. By staying somewhat closer to the life forms we currently know, and 
studying the way they are built, programmed, and interact with their environment, we can learn 
a great deal on both the functioning of life itself, and how we could engineer a new, or slightly 
altered, life-like complex system from scratch.  
 

The construction of a life-like entity, composed of soft matter, that comprises most fundamental 
aspects of life—and, therefore, can be considered ‘alive’—is the holy grail of an interdisciplinary 
area of research that combines approaches from biology, chemistry, physics, informatics and 
engineering. Besides a fundamental understanding of the hierarchical organization of complex 
systems—such as life itself—this grand challenge is expected to provide valuable insights into the 
proper functioning of biological cells, as well as a means to alter cellular behavior to create 
powerful biotechnological tools, for instance in the production of biopharmaceuticals. This thesis 
builds upon the research in this area, and aims to further our understanding of the construction 
and programming of interactions between synthetic cell mimics (artificial cells), with the aim of 
creating synthetic compartment with life-like properties. 
 

The basic requirement of a living entity is a chemical boundary, which enables it to create and 
control physicochemical conditions different from its environment. Chapter 1 highlights various 
types of compartments, programmed behaviors, and acquired functions that have been developed 
in recent years. As the production of synthetic compartments and their loading with selected cargo 
has become more and more feasible due to technological advancements in the past decade, the 
integration of such artificial cells with both each other and their physicochemical environment has 
become a crucial next challenge in their development. Specifically, this thesis focuses on the 
establishment of interaction pathways for cell-sized lipid-based vesicles (GUVs) with 
preprogrammed, dynamic and reversible exchange of information between populations of vesicles 
and their environment.  
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Firstly, Chapter 2 describes the programmed translocation of an enzyme inside an artificial cell in 
response to environmental cues. Similar to biological cells, that sense, process and respond to 
chemical changes in their environment, the artificial cells can detect the presence of molecular 
triggers in their surroundings and adjust both their internal organization and generate a signal as 
output through the combined effect of two enzymes. Whereas this is all dictated by internal 
processes, in Chapter 3 the artificial cells function as signaling centers that recruit proteins from 
their external environment. Enzymatic programs that influence the acidity of the surrounding 
medium can be used to direct the binding and release of proteins from the artificial cells. This can 
be achieved for a variety of proteins, and can control the activation of enzymes by bringing two 
enzyme fragments in close proximity through scaffolding.  
 

Rather than being influenced by their environment only, biological cells also exchange information 
between each other, whether in swarms of unicellular organisms like bacterial biofilms, or within 
complex multicellular organisms like humans. In Chapter 4 such exchange of (chemical) signals 
between two different types of artificial cells is explored as a means to create tissue-like 
interactions between subtypes of artificial cells. A key step in this approach is the selective 
recognition and amplification of the signal, which is reminiscent of the ligand–receptor 
interactions found in biological cells. This amplification of a dilute signal was shown to support 
communication over much longer distances than for unamplified signals, and is one of the few 
examples of diffusive signaling in synthetic tissue-like materials.  
 

Finally, to sustain an active metabolism over an extended period, artificial cells will have to 
incorporate some means to take up nutrients and other essential molecules, while simultaneously 
removing waste and toxic byproducts. Chapters 5 & 6 explore two different types of 
compartments with intrinsically disparate permeabilities and, hence, ways of exchanging fuel and 
waste with the environment. Lipid-based compartments are relatively impermeable, which makes 
them ideal containers for a wide range of molecules, but hinders the selective delivery of new 
compounds to the internal phase. We explored the use of dimerizing peptides that were 
incorporated into different lipid vesicles as a means of fusing the two vesicle types and mixing 
their contents. Alternatively, we explored a different type of compartment, termed polymer-
stabilized complex coacervates, as a cell mimic that offered much higher permeability, yet more 
limited selectivity in the uptake of cargo and fuel.  
 

The different research chapters thus offer a variety of approaches to the construction and 
programming of interactions between artificial cells and their environment. Finally, Chapter 7 
summarizes the main findings of each chapter, while reflecting on their significance to the field. 
Additionally, it identifies and explores further promising avenues of research and philosophizes on 
the future of the bottom-up construction of life-like artificial cells.   
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Samenvatting 
 

Het Bouwen van Interactieve Kunstmatige Cellen  

Hoe ontstaat nieuw leven? Eeuwenlang dacht men dat dit gebeurde via een proces genaamd 
abiogenese (ook wel bekend als ‘spontane generatie’), maar sinds de tweede helft van de 
negentiende eeuw weten we, dankzij de belangrijke experimenten van o.a. Louis Pasteur, dat een 
levend organisme alleen kan ontstaan door reproductie van levende materie. Het verschil tussen 
leven en dood is echter niet volledig zwart-wit. Veel populaire films gaan over doemscenario’s dat 
robots zo geavanceerd zullen worden dat zij hun makers verdrijven en de aarde overnemen; zijn 
die robots dan ‘levend’…? Maar de zoektocht naar alternatieve, volledig nieuwe levensvormen 
hoeft niet per se via robots te lopen; als we wat beter kijken naar de levensvormen zoals wij ze nu 
kennen, valt er nog een heleboel te leren over de basisregels van het leven. Er is nog veel onbekend 
over hoe levende organismen zijn opgebouwd en geprogrammeerd en over hoe zij precies reageren 
op elkaar en op hun omgeving. Door meer te weten te komen over deze essentiële processen, 
kunnen we ze niet alleen beter begrijpen en verbeteren, maar misschien ook wel een nieuwe of 
licht aangepaste levensvorm creëren, waarbij we alle stappen om deze te maken doorgronden.  
 

Een levensvorm die lijkt op wat wij nu al kennen en herkennen als ‘leven’ volledig gecontroleerd 
opbouwen, vergt een aanpak als van een ingenieur. Zo’n aanpak waarbij kennis uit de biologie, 
scheikunde, natuurkunde en informatica wordt gecombineerd, kan antwoord geven op 
fundamentele vragen over de opbouw van complexe systemen (waarvan levende wezens het meest 
geavanceerde voorbeeld zijn) en over de manier waarop biologische cellen normaal gesproken 
functioneren. Deze kennis kan vervolgens bijvoorbeeld benut worden voor nieuwe biotech-
toepassingen als de productie van ingewikkelde medicijnen en bioplastics.  
 

Dit proefschrift borduurt voort op ander onderzoek in dit vakgebied, met vragen als: hoe bouw je 
een kunstmatige cel die op een biologische cel lijkt? Meer specifiek is getracht inzicht te krijgen in 
interacties tussen verschillende typen kunstmatige cellen en tussen deze cellen en hun directe 
omgeving. Uiteindelijk hopen we hiermee een bijdrage te leveren aan de kennis en vaardigheden 
die nodig zijn om levensechte kunstmatige cellen te kunnen bouwen. 
 

Hoe maak je dan zo’n kunstmatige cel? Ten eerste heb je een compartiment nodig dat de binnen- 
en buitenwereld van elkaar scheidt. Hoofdstuk 1 gaat in op verscheidene typen compartimenten 
uit de literatuur en de mogelijkheden die deze bieden om een functie of simpel programma in te 
bouwen in zo’n compartiment. De afgelopen jaren begrijpen we steeds beter hoe we zulke 
compartimenten kunnen maken en is het technologisch makkelijker geworden om ze aan te passen 
aan onze specifieke wensen. De volgende stap, waar dit proefschrift ook nadrukkelijk op in gaat, is 
de integratie van dit soort kunstmatige cellen met elkaar en hun omgeving door middel van 
voorgeprogrammeerde, dynamische en omkeerbare informatie-uitwisseling. Hiervoor hebben wij 
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specifiek gebruikgemaakt van compartimenten op basis van lipiden, zogeheten GUVs. Deze zijn 
vergelijkbaar met zeepbellen, maar dan ter grootte van een biologische cel, d.w.z. kleiner dan de 
dikte van een haar.  
 

Hoofdstuk 2 beschrijft hoe omgevingssignalen de locatie van een enzym (een eiwit) dat in zo’n 
kunstmatige cel gestopt is, kunnen beïnvloeden. Als er een signaal in de omgeving van de 
kunstmatige cel aanwezig is, zal dit leiden tot een interne verandering van de zuurgraad (pH), 
waardoor eiwitfragmenten die ongericht in het midden van zo’n compartiment drijven, naar de 
randen van het compartiment worden gedirigeerd. Omgekeerd kan bij een ander signaal uit de 
omgeving het eiwit weer loskomen van de rand en teruggaan naar het midden van het 
compartiment. Deze locatieverandering van de eiwitfragmenten is ook gekoppeld aan de activiteit 
ervan: als ze aan de rand binden vormen zij samen een actief enzym, terwijl ze al drijvend in het 
midden inactiever zijn. Ditzelfde principe wordt toegepast in Hoofdstuk 3, maar dan voor 
processen die vooral aan de buitenkant van de kunstmatige cellen plaatsvinden. Eiwitten in de 
omgeving van de kunstmatige cellen kunnen binden aan de rand van de cellen, waardoor ze lokaal 
geactiveerd worden. Deze binding kan weer gestuurd worden door de zuurgraad van de omgeving 
aan te passen; dit is van tevoren te programmeren door bepaalde enzymen en hun substraten te 
mengen.  
 

Biologische cellen worden niet alleen beïnvloed door hun directe omgeving, zij kunnen elkaar ook 
berichten sturen en dus elkaars gedrag sturen. Dit speelt bijvoorbeeld een zeer belangrijke rol in 
ons lichaam: allerlei organen en de cellen waaruit zij bestaan moeten samenwerken om jou deze 
tekst te laten lezen terwijl je ondertussen ademt, je bloed rondgepompt wordt en je wellicht honger 
begint te krijgen. Zulke complexe communicatiepatronen zijn nog onmogelijk na te bootsen in 
kunstmatige cellen, maar in Hoofdstuk 4 laten we zien dat een sterk versimpelde communicatie 
over relatief grote afstanden mogelijk is. Van groot belang hierbij is een soort ‘moleculaire 
versterker’, die een zwak signaal van een zendende kunstmatige cel kan herkennen, versterken en 
omzetten in een krachtige respons. Dit is een truc die veel voorkomt in de natuur en wij laten hier 
zien dat het ook bij materialen die in het lab worden gemaakt een belangrijke rol kan spelen.  
 

Tot slot is het meestal de bedoeling dat een verse kunstmatige cel ook een tijdje meegaat en niet 
binnen een paar uur het loodje legt. Hiervoor is een metabolisme nodig, met de bijbehorende aan- 
en afvoer van voedsel en afvalproducten. Dat kan alleen als een kunstmatige cel 
transportmechanismen heeft om (selectief) moleculen op te nemen en uit te scheiden. 
Hoofdstukken 5 & 6 onderzoeken twee mogelijke manieren om dit – niet zo triviale – probleem 
op te lossen. In het eerste geval maakten we gebruik van de inmiddels bekende zeepachtige 
compartimenten, die relatief restrictief zijn in hun uitwisseling van moleculen met de omgeving. 
Wij hebben getracht twee typen van deze compartimenten selectief te laten fuseren; dit zou hun 
inhoud laten mengen en dus een manier zijn om nieuwe moleculen toe te voegen aan een bestaand 
compartiment. Een alternatief systeem, beschreven in Hoofdstuk 6, wordt gevormd door de 
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fasescheiding tussen twee vloeistoffen (denk aan vinaigrette, maar dan net een tikje anders), 
waarbij de resulterende vloeibare compartimenten worden gestabiliseerd door een polymere 
membraan. Het grote voordeel van deze systemen is dat ze veel makkelijker moleculen doorlaten, 
wat de uitwisseling tussen binnen- en buitenkant een stuk eenvoudiger maakt dan voor de 
zeepachtige compartimenten. Het bijkomstige nadeel is dat het moeilijker is om te sturen welke 
moleculen wel opgenomen worden en welke niet. In dit hoofdstuk verkennen we de mogelijkheden 
tot sturing van de mate van opname voor deze relatief nieuwe klasse van kunstmatige cellen.  
 

Zoals uit het voorgaande moge blijken, bieden de verschillende hoofdstukken dus een breed 
spectrum aan manieren om de interacties tussen kunstmatige cellen en hun omgeving te 
programmeren en te begrijpen. Tot slot worden in Hoofdstuk 7 de belangrijkste bevindingen van 
dit proefschrift opgesomd en in een breder perspectief geplaatst. Daarnaast bespreken we 
belangwekkende toekomstige onderzoekslijnen en wordt er gespeculeerd over de toekomst van het 
vakgebied van de kunstmatige cellen.  
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Dankwoord 
 

Na meer dan vier jaar zit het er dan uiteindelijk toch op. Soms denk je dat het einde nooit in zicht 
komt en op andere momenten zit je je gestrest af te vragen waar je de tijd vandaan moet halen om 
alles af te krijgen (hint: avonden en weekenden zijn hiervoor uiterst geschikt). En hoewel er de 
nodige avondjes tussen zaten in mijn eentje werkend in het cel lab met de muziek op hoog volume, 
doe je promoveren natuurlijk niet louter alleen. Zeker niet als je op twee universiteiten gewerkt 
hebt!  

Ten eerste gaat mijn dank natuurlijk uit naar Jan. Jan, we hebben elkaar nu alweer heel wat jaartjes 
geleden ontmoet, maar mijn herinnering gaat nog wat verder terug, namelijk naar de 
eerstejaarscolleges die jij ons gaf in Nijmegen. Je was een uitstekend docent, die niet alleen helder 
kon uitleggen, maar ook de studenten kon enthousiasmeren. Ik denk dat dat voor vrijwel alle zaken 
geldt waar jij bij betrokken bent; je hebt altijd een scherpe kijk op zaken, geeft goede suggesties, 
en droeg altijd creatieve ideeën aan als we de recente experimenten bespraken. Ik denk dat we 
zeker in de eerste jaren wel tien promotietrajecten hadden kunnen vullen met alle vergezichten en 
projectdoelen die we bedacht hebben. Ik waardeer vooral de grote vrijheid die je geeft bij het 
invullen van een promotie en het vertrouwen dat daaruit spreekt. Hoewel de verhuizing in het 
begin nogal als een schok kwam voor de meesten, denk ik dat je een mooie start gemaakt hebt op 
de TU/e en ik verwacht dat er nog mooie jaren in het vooruitzicht liggen. Het allerbeste gewenst! 

Loai, mijn copromotor, maar ook voormalig medestudent en medepromovendus. Wie van ons had 
destijds gedacht dat jij zo meteen de laatste vragen mag stellen voor het “Hora Est” voor mij klinkt? 
We waren allebei masterstudenten in de groep van Jan, en ik moet zeggen: je hebt het sindsdien 
fantastisch gedaan, petje af. Je hebt bewezen dat je niet alleen een uitstekend experimentator bent 
(al zou ik zeggen dat de tijd van polymerisaties inzetten misschien wel over is nu je UD bent… ;) ), 
maar je enthousiasme als projectleider en je directe, constructieve manier van commentaar geven 
waren erg prettig tijdens onze samenwerkingen. Ik ben diep onder de indruk van hoe jij je tijd 
weet te verdelen tussen je gezin en je werk en toch nog altijd opgewekt koffie komt drinken of ons 
kantoor binnen loopt voor wat onzinnig geklets. Heel veel succes met het opzetten van je eigen 
onderzoekslijnen en ik hoop dat onze paden in de toekomst nog eens zullen kruisen.  

Dan wil ik verder graag nog de andere leden van mijn promotiecommissie bedanken die de tijd 
hebben genomen om mijn proefschrift te lezen en van commentaar te voorzien. Sommigen zijn 
bekenden uit Eindhoven en hebben ook in eerdere stadia al bijgedragen door interessante 
discussies, heldere visies, ondersteuning en organisatie van het departement, en onvermoeibare 
betrokkenheid bij de moleculaire wetenschappen op de TU/e. Luc, Ilja, Tom en Lorenzo, van harte 
dank voor jullie onvermoeibare inzet. Furthermore, I would like to thank the external members of 
my committee, Sijbren Otto and Hagan Bayley, for their critical assessment of my thesis and their 
participation in the doctoral defense ceremony.  
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Onderzoek doen aan de universiteit zou nooit mogelijk zijn zonder al het ondersteunend personeel 
dat elke dag weer zorgt voor het draaiend houden van het departement in het algemeen, en de 
apparatuur in het bijzonder. Marieke en Marjo, bedankt voor alle administratieve zaken waarvoor 
ik altijd binnen kon lopen, maar ook voor de kletspraatjes die daar meestal bij hoorden. Labwerk 
zou zeker heel snel een onmogelijkheid worden als er niet een heel keurkorps aan mensen achter 
de schermen bezig zou zijn om alles draaiende te houden. Hans wist alles wat je nodig had op de 
kop te tikken, al moest er een of andere knakker van VWR of Sigma voor gebeld worden. Hetzelfde 
geldt voor Peter van Dijk en JanDo, het altijd olijke en vriendelijke duo van OrgChem. Op het lab 
zelf werd de boel strikt georganiseerd gehouden door Ralf, Jolanda, Peggy, Lou en Lech. “Ik maak 
me geen zorgen om de microscoop, maar om de gebruikers,” was niet alleen van toepassing op de 
microscopen van Mark, die ongetwijfeld weleens gek werd van al mijn vragen en mailtjes, maar 
altijd bereid was mee te denken, maar ook op zo’n beetje alle andere gevoelige apparatuur. Joost, 
bedankt voor je altijd verhelderende wedervragen en het puin ruimen als de peptide-HPLC weer 
eens aan het bokken was; Liesbeth, je bent van grote waarde geweest voor mijn eerste stappen op 
het lichtmicroscopievlak (en geloof me, er zijn vele uurtjes gevolgd); Peter van Galen, bedankt voor 
je immer verhelderende mailtjes met “LCQ MAX DOWN” en “LCQ MAX UP again” en alles wat 
daartussenin gebeurde. Henk, als er iemand voor zorgde dat alles bij MST soepeltjes verliep, dan 
was jij het wel. Bedankt voor je onvermoeibare inzet, de vele bakkies die we zijn komen halen bij 
je, en de verhalen die daarbij hoorden. Over verhalen gesproken, Hans Adams is van onschatbare 
waarde geweest voor zowel het doorgronden van de geheimen van peptiden (het ene peptied is 
het andere niet), het leren omgaan met veiligheidsvoorschriften (vroeger pipetteerden we dat 
gewoon met de mond…) en de levenslessen en verhalen-uit-de-oude-doos die er op een gegeven 
moment altijd aan te pas kwamen. En ook voor alle anderen die hun steentje bijgedragen hebben 
aan het soepel functioneren en wegnemen van bureaucratische dan wel praktische hindernissen: 
heel erg bedankt. Speciale dank gaat ook uit naar de deelnemers van de Microscopy meetings van 
het ICMS, die mijn kijk op microscopie verbreed hebben en nuttige tips opleverden. Last but not 
least, I am very much indebted to my academic mentors and supervisors, Marina, Ger, Wilbert, 
Ruud, Chelsea and Carolyn, for teaching me many of the skills I have used during the past four 
years. 

Natuurlijk draait het op een universiteit niet alleen om onderzoek, maar ook om onderwijs. Naast 
de vele practica en werkcolleges die ik gegeven heb, mocht ik ook een aantal studenten begeleiden 
tijdens hun stages. Janneke, jij kwam in mijn eerste jaar al onder mijn hoede. Op dat moment was 
het nog een beetje zoeken naar de juiste invulling van projecten, wat een hoge mate van creativiteit 
en zelfstandigheid vereiste. Gelukkig bezat jij allebei, en ik hoop dat je je promotieonderzoek even 
succesvol afrondt als je stage! Niels, jij was voor een kortere tijd bij mij, en wist eigenlijk al dat je 
het onderwijs in ging na je stage. Desondanks toonde je een grote inzet, en was het prettig 
samenwerken met je. Miguel, jij bent onze groep gevolgd naar Eindhoven, en legde een tomeloos 
enthousiasme aan de dag, gecombineerd met een grote hoeveelheid kennis. Hopelijk heeft de 
realiteit van het onderzoek doen – die soms best wel een beetje weerbarstiger was dan verwacht – 
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je enthousiasme niet aangetast. Ik wens je het beste in je verdere carrière en dank jullie alle drie 
voor de bijdragen aan mijn onderzoek. 

Door zowel in het OrgChem cluster in Nijmegen als bij MST in Eindhoven te hebben gewerkt, heb 
ik het genoegen gehad om ontzettend veel fijne collega’s gehad te hebben. Ik kan ze niet allemaal 
opnoemen hier, maar jullie zijn allemaal belangrijk geweest voor de gezelligheid tijdens lunches, 
in het lab, op congres en daarbuiten. My special thanks goes out to the evening crew in Nijmegen: 
Ivan the Great, thank you for all your silly talk, crazy ideas, and endless enthusiasm; Alejandra & 
Abbas, two hardworking members of the evening crew, thanks for sharing fun and conversations 
when the department was mostly empty. Marlies, David en Sjoerd, het was altijd leuk om met jullie 
te kletsen; jullie vormen een optimale mix van seriositeit en gekkigheid. Het blijft altijd leuk om 
jullie weer tegen te komen op congressen en verdedigingen. Joep (buurman!), Marcel, Saskia, 
Annika, Melek, Lise, Lianne, Fleur, Rens, Imke, Pascal, Selma, Jan, Ilmar en Bas, bedankt voor alle 
lunches, Aesculaafjes, adviezen, delen van frustraties, feestjes, bezoekjes aan de Vierdaagsefeesten, 
literatuurbesprekingen-met-een-biertje, enz.  

Het voelt inmiddels al als een eeuwigheid geleden, maar eind 2016 kwamen we als groep aan in 
Eindhoven, met achterlating van al die leuke collega’s in Nijmegen, een duik in het onbekende. Ik 
hoop dat we in het begin niet te veel geklaagd hebben over wat er vroeger beter was, en hoe het 
allemaal net een tikje anders werkte op de TU. Helaas is onze ‘3rd floor social room’ geen lang leven 
beschoren geweest, maar een gezellige boel werd het vanzelf wel. De Van-Hesters van het eerste 
TU/e-uur waren belangrijk voor de ‘social bonding’ die de verhuizing bracht: Pascal & Imke, jullie 
zijn een dream team op alle mogelijke vlakken. Bedankt voor alle lunches met zwarte humor, 
filosofieën over de zin(?) en onzin van promoveren en het leven, de plantjes op kantoor, 
cocktailavonden bij jullie thuis, en ongelofelijke hoeveelheid slap geouwehoer. Heel veel succes nog 
met het afronden van jullie eigen promoties. Pascal, ik ben vereerd dat jij mijn paranimf wilde zijn, 
al weet ik nog niet zeker of dat een goed idee was voor mijn reputatie. Dave, you were of vital 
importance as the senior post-doc that had to keep all of us newbies in line during those first 
months. Furthermore, you are a great guy that loves his daily dose of banter and is not afraid to 
share his opinion on any subject. I learned a lot from you, and miss your humour and stubbornness. 
Alex and Amy, as we say in Dutch: “Wat van ver komt, is goed.” This is certainly true of you two, 
as you have become valuable members of our group, and good friends. Alex, jongen, you are a 
great scientist and a great guy, always ready to help out, and your mastery of Dutch is impressive 
(who taught you all those bad words?!). Amy, you are passionate about proteins, even though most 
chemists just abuse them, mountains, gin, and much more. Please forever keep your enthusiasm, 
it’s contagious. Ilja, it’s been great to have you as a colleague in both Nijmegen and Eindhoven. I 
hope we keep meeting each other at random locations, like we usually do.  

To my office buddies, thanks for all the good times. I hope I didn’t drive you crazy with the constant 
clutter on my desk and the sounds of me munching on some carrots… Our office is highly 
populated, and always something is going on, which can either drive you crazy or be very ‘gezellig’. 
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I hope it was mostly the latter. Rarely I would find the office empty, with so many hard-working 
people in it. Mainly I should thank Shoupeng, Jianzhi and Hailong for making any evening or 
weekend work pleasant rather than lonely, Roxane for her positive messages that filled the office, 
Marleen, Pascal en Imke voor de vele koffiepauzes en de zin en onzin die becommentarieerd werd 
over de computerschermen heen. Also, thanks to the other office members, Dave, Lise, Liduo, Jan, 
Mona, Vittorio, Giulia and occasional visitors Victor and Jaleesa, for the nice working atmosphere. 

The MST family is a large one and there are many people I am indebted to for their help, kindness, 
and the fun we had. It is impossible to do justice to everyone, but I’ll highlight a few here. My 
fellow-graduates Eline, Bas and Eva – team EBBE! – thanks for all your advice, preventing any 
lock-ins after hours, the shared frustrations and excitement, thesis printing trouble and 
‘geouwehoer’ when our eyes were sore from staring at the computer screens. Roy O., Marleen en 
Annelies voor de gezellige kaartspelletjes en discussies over de juiste uitspraak van “ui” midden in 
de Albert Heijn. Ook voor de fantastische dansmoves natuurlijk, tijdens feestjes op congres en in 
de stad. De andere Roy (B.) voor zijn prachtige snor, een verrijking van eenieders leven. Maar ook 
voor de vele lunches en koffiepauzes, waarbij de woordgrappen bleven komen totdat alle anderen 
afgehaakt of weggejaagd waren, alsook de gedeelde momenten in de lift en weer buiten. Jaleesa… 
Amaai! Wie is nu ook alweer wiens stalker op het moment? Bedankt voor alle gekkigheid door de 
jaren heen, en wie weet tot in Parijs? ;) Hailong, I started my PhD shortly before you, yet you 
finished before me! That must be because of your equanimity and work ethic. It was good to have 
you as a colleague all of those years, and I wish you a happy life with your family. The TGIF 
committee: Dan Jing, Lenne, Elisabeth, Eva, Annelies, Brigitte & co, bedankt voor het mede-
organiseren van deze gezellige borrels en het altijd weer weten te onderscheppen van de Albert 
Heijn bestelwagen. Carla, bedankt voor het altijd enthousiast klaar staan en ondersteunen van dit 
soort initiatieven. Alex J., Pascal P. en Ardjan, thanks a lot for all your help whenever I was using 
the microfluidic chips or the microscope in Ceres. You are not only great and skilled scientists, but 
also funny and really nice people. The same goes for those of you that made my time here so much 
more enjoyable, by chatting in the corridors or over lunch, going for a drink on campus or 
somewhere in town, the visits to de Vooruitgang or the Irish Pub (for some reason we always 
ended up there…), tapas at ‘t Zusje, marathons through Eindhoven (well ok, maybe it was 5 km), 
visits to Glow, fitness/spinning/yoga/pilates/fencing classes at the sports center, birthday parties, 
defense parties, conferences, and so much more. Thank you for all of that, Dan Jing (we argue, but 
that’s just for show, right?), Maaike & Lenne (burrito!), Eva (love your laugh), Jurgen (Mr. Perfect), 
Elisabeth (tijd voor koffie?), Sebas (de beste zanger van Lab 5 en misschien wel heel MST), Pim 
(“heeeee…. Wie heeft er zin in bier?”), Glenn (evening crew! ff een gelletje afmaken…), Patri 
(Cuando vamos a practicar tu holandés y mi español? :) ), Shidong (sorry for all the scares I gave 
you, it was just too much fun), Eline & Sam (hopelijk bevalt jullie nieuwe huisje nog beter dan het 
ouwe!), Bente & Emira (party time!), Suzanne (de groenste vingers van de groep), Toni & Gilad 
(liposome experts), Wiggert (tdFlamingo), Simone, Yigit, Daan, Victor, Marcos, Wouter, Peter, Jan 
Pille, Teresa, Xavier and Emilien. 
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To be honest, part of the work on this thesis has been conducted at a third university. To all my 
occasional Parisian colleagues (Olivier, Joseph, Matteo, Maria, Stephanie, Fumihiro, Pablo, 
Valentin, Xiaojuan, and others) a big thank you for welcoming me in your midst whenever I was 
around and sharing office space, coffee breaks, lunch, and ‘pique-niques’ in the park. My visits to 
Paris were never complete without meeting up with some of my international crew in that town. 
Thomas, Asheley, Shin and Taylor, you are a great group of people and I’m happy to see you so 
often. Lennart en Kevin, behalve dat jullie op de perfecte locatie wonen voor een tussenstop op 
weg naar Parijs, is het ook gewoon altijd heel gezellig om op bezoek te komen. Ik hoop dat we dat 
nog vaak zullen blijven doen! #visitbrussels #visitghent :)  

Promoveren is niet alleen een unieke ervaring waarin je veel nieuwe inzichten opdoet en contacten 
legt, maar ook een erg intensieve periode, met hoge werkdruk en lange dagen. Zeker tegen het 
einde werden ook de vrije weekenden steeds schaarser, en dat maakte het niet altijd makkelijk om 
oude vriendschappen te onderhouden. Gelukkig is dat wel gelukt, en boden afspraken en uitstapjes 
met vrienden de broodnodige afleiding. Jaap, mijn biologen-sidekick, de wormenman, fervent 
boulderaar, meester van de huisfeestjes, jij mag natuurlijk niet onvermeld blijven. Al sinds 
mensenheugenis trekken wij samen op, en aangezien ik de oude en wijze van het stel ben, 
promoveer ik vlak voor jou. We hebben ondanks dat we niet meer in dezelfde wijk wonen altijd 
contact gehouden en ook de laatste jaren lief en leed rondom dat verdomde promoveren gedeeld. 
Ik weet niet of het ooit nog wat gaat worden met dat bedrijf dat we zouden oprichten, maar laten 
we in ieder geval samen blijven filosoferen over van alles met een goed glas wijn erbij! Alvaro, 
andere helft van ‘Los dos locos’, met je werklust, discipline en ambitie vorm je een groot voorbeeld 
voor mij. De jaren aan de academie waren tropenjaren, maar je hebt het met vlag en wimpel 
gehaald, super goed gedaan! Bedankt voor je oprechte interesse door de jaren heen. Ik ben 
benieuwd wat de toekomst gaat brengen voor ons allebei. Niels, jij bent misschien wel mijn oudste 
vriend, en ondanks dat ons contact heel onregelmatig verloopt, komt er toch altijd weer een 
berichtje binnen van de ander. Als DJ-duo op de spelcomputer waren we niet per se een succes, 
maar ons profielwerkstuk vormt toch wel mijn wetenschappelijke basis, zou ik zo zeggen. Hopelijk 
krijg je hiermee een beter idee hoe het mij verder is vergaan in het onderzoek.  

Dan is er natuurlijk nog de Nijmeegse crew, aka de BFFs, aka Lianne, Ian, Pjotr, Peter, Anneloes, 
Shane, Daniël, Leoni en Frank. De tijd dat we na afloop van college met z’n allen spontaan gingen 
barbecueën is wel een beetje voorbij, en we zijn tegenwoordig uitgewaaierd over de halve wereld. 
Maar altijd zijn er wel wat mensen te porren voor een biertje op de Grote Markt, een verjaardag of 
een weekendje weg. Bedankt voor alle afleiding die jullie hebben verzorgd, en de afkeurende 
blikken als ik weer eens te veel had gewerkt. Afspraken met jullie hadden altijd prioriteit, of ik er 
nou met de laatste trein of een NS-bus voor terug moest of niet. Bedankt daarvoor, het heeft 
geholpen de dingen in het juiste perspectief te zien. Bovendien was het ook altijd gewoon zo gezellig 
dat die laatste trein de enige logische optie was. Laten we dit tot op hoge leeftijd blijven doen! 
Daniël en Lianne, het was natuurlijk extra speciaal dat jullie ook mijn collega’s waren bij OrgChem. 
Lianne, onze vele (baal)koffies en streepjesborrels waren vertrouwde hoogtepunten van mijn 
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eerste jaar. We hadden het eindelijk mooi getimed, maar toen werden we bruut gescheiden door 
de verhuizing. Je werklust, inzet en synthetische kennis werden vergezeld door gezelligheid en 
behulpzaamheid; het is dan ook niet gek dat iedereen naar jou keek als er geborreld moest worden 
en je verdediging drukbezocht was. Het was me een eer dat ik je paranimf mocht zijn. :) Veel 
plezier nog op reis met Rens, die onverstoorbare knappe man van de suikers. Alleen in Kiev had ie 
het even moeilijk… Daniël (of is het ook voor mij dr. Schoenmakers?), al sinds het practicum 
waarbij jij besloot dat ik ‘jouw’ MLW’er was, zijn we maatjes. Onze fitnesssessies zijn legendarisch, 
want ze draaiden om veel meer dan alleen sporten (o.a. projecten doorspreken, beslissen of we al 
honger hadden, en discussiëren over wat we gingen eten en hoeveel sambal daarbij moest). Ik snap 
nog steeds niet hoe jij zo georganiseerd kan zijn dat je stipt om half zes mij van het lab kwam 
trekken, petje af daarvoor. Mede daarom ben ik heel blij dat je mijn paranimf wilde zijn, dan weet 
ik zeker dat alles stipt volgens tijdsschema verloopt. ;)  

The Pineapples – Lise, Jack, Lianne, Rens, Imke en Pascal – jullie vormen een constante bron van 
prettige onzin, met af en toe wat serieusheid erbij. De beste festival- en concertcrew, met een 
voorliefde voor cocktails, zoat en zaot (ofzo). De pubquizzen met Jack & The Daniels, bezoekjes aan 
Dordt, Eindhoven of Nijmegen, Paradiso, DTRH, of Tivoli zijn memorabele momenten die het leven 
leuk hebben gemaakt en de batterijen opgeladen hielden de afgelopen jaren. 

Mam, pap en Jasper, het is altijd fijn om weer thuis te zijn. De afgelopen jaren waren het soms 
flitsbezoekjes, en werd er soms wat hoofdschuddend geïnformeerd of ik dit weekend weer ging 
werken. Maar altijd wist ik dat jullie oprecht geïnteresseerd waren en het geen probleem was of ik 
nou voor of na het eten aan kwam waaien, of ik een uurtje bleef of spontaan bleef slapen. Jullie 
deur staat altijd open, en dan is het toch weer een beetje als vroeger. Bedankt voor alle steun tijdens 
mijn studie en promotie, verhuizingen en buitenlandse avonturen. Die steun is onvoorwaardelijk 
en dat is een geruststellend, liefdevol idee. Auch meiner Deutsche Familie – Hella, Joost, Paul und 
Natalia – möchte ich herzlich danken für euer Interesse und euere ‘gezelligheid’. Es ist immer 
wieder schön einige Tagen mit euch zu verbringen.  

En dan natuurlijk Nora. Eigenlijk had ik je hiervoor al heel vaak kunnen noemen, want onze levens 
zijn door de jaren heen steeds dichter met elkaar verweven. En dat ondanks de afstand die we 
telkens moesten overbruggen, en mijn daaruit resulterende haat–liefdeverhoudingen met zowel 
Flixbus als Whatsapp spraakoproepen. Maar ik stap altijd weer met plezier op de bus of trein, want 
er is niets zo fijn als met jou langs de oevers van de Seine banjeren, samen te koken of zelfs maar 
naast elkaar te zitten werken. Ik hou van onze gekkigheid, en kan geen andere persoon bedenken 
met wie ik semi-serieuze gesprekken over Mendeliaanse overerving van tongrollen kan hebben, 
midden op Nation. Sorry als ik soms kortaf was door de stress, of mijn gedachten van tijd tot tijd 
afdwaalden. Uiteindelijk was een weekend met jou doorbrengen de beste remedie tegen een zware 
week. Ik kan niet wachten om je weer dicht bij me te hebben. Het leven is leuker met jou!  

 

~ Bastiaan 
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