
Stuck inside-

Strategies for improving the stability of enzyme-containing 

complex coacervate core micellesStuck inside-Strategies for im
proving the stability of enzym

e-containing com
plex coacervate core m

icelles
R

iahna K
em

baren

Stuck inside-
Strategies for improving the stability 

of enzyme-containing complex 
coacervate core micelles

Stuck inside- Strategies for im
proving the stability of enzym

e-containing com
plex coacervate core m

icelles

Riahna Kembaren

Riahna Kem
baren

2022

Stuck inside-

Strategies for improving the stability of enzyme-containing 

complex coacervate core micelles

Riahna Kembaren

Stuck inside-Strategies for im
proving the stability of enzym

e-containing com
plex coacervate core m

icelles
R

iahna K
em

baren
2022



Propositions 

 

 

1. Increasing the net charge of a protein can be done more effectively by following a 

genetic engineering strategy than by bioconjugation (This thesis). 

2. For keeping enzymes inside complex coacervate core micelles, crosslinking of the 

core is by far the most effective strategy (This thesis). 

3. Regular or non-organic foods are just as healthy and nutritious as organic foods. 

4. Lack of industrial and business perspectives make many research results dormant. 

5. The Covid19 pandemic has been a powerful stimulus for the rapid growth of science 

and technology. 

6. To see the truth clearly, we need to see and learn from many perspectives. 

7. Like Förster Resonance Energy Transfer (FRET) efficiency, human relationships are 

also highly affected by distance, overlap of spectral/interests, and orientation. 

8. A scientist is also an artist that has ability to conceptualize and create original works. 
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Chapter 1 : 

General introduction 

 

 

Encapsulation of proteins is important in many applications, such as controlled delivery of 

functional ingredients in foods and medical formulations. Amongst many other methods, 

encapsulation of proteins can be realized by generating micelles composed of polyelectrolyte 

complexes, so-called complex coacervate core micelles (C3Ms).1 Protein-containing C3Ms are 

simple to prepare by just mixing a charged protein solution with an oppositely charged neutral-

ionic diblock copolymer solution at stoichiometric charge ratio. Micellar structures are 

spontaneously formed and remain in solution. Furthermore, C3Ms typically have a high loading 

capacity: many protein molecules can be incorporated into one micelle.2,3 The micellar core 

provides a relatively water-rich environment,4,5 thereby shielding protein molecules from the 

bulk solution, while the protein structure is preserved.2,6,7 

Despite all these advantages, practical application of protein-containing C3Ms is hampered 

by their low salt stability (salt-induced disintegration)8–10 and the high exchange dynamics 

between protein and diblock copolymer in the micelles and free in solution.10–12 The salt 

stability of C3Ms and their exchange dynamics determine the level of protection and controlled 

delivery offered by C3Ms as protein carriers. This thesis describes several strategies to address 

these challenges and aims to contribute to the design of C3M protein carriers of which the 

stability and dynamics can be tuned to specific applications. 

This chapter serves as an introduction to protein encapsulation in general, polyelectrolyte 

complexes, C3Ms as protein carriers, and the properties of the model proteins used in our study: 

the spore coat protein A (CotA) laccase and fluorescent protein. Furthermore, we discuss the 

strategies followed in this thesis to face the challenges related to salt-induced disintegration of 

C3Ms and C3Ms exchange dynamics: adding a charged homopolymer to form three-component 

C3Ms, increasing the total charge on the protein molecules (either by bioconjugation or by 

genetic engineering techniques), and crosslinking the core of C3Ms. We also describe the main 

techniques that we have used to investigate the formation, size and shape, salt stability and 

exchange dynamics of protein-containing C3Ms, as well as the effect of encapsulation in C3Ms 

on the structure and activity of CotA. This chapter is concluded by providing an outline of the 

thesis.   
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1.1.   Protein encapsulation 

Proteins are biomolecules consisting of a variation of 20 amino acids as building blocks, 

covalently linked by peptide bonds. The amino acid sequence of a protein determines its 

structure and function. In living organisms proteins have many functions that can be divided 

into different classes such as enzymes, transport proteins, carriers (e.g., for ligands and nucleic 

acids), structural proteins, storage proteins, and motor proteins.13 Enzymes catalyze 

biochemical reactions by accelerating conversion of substrates into products in their active 

site.14 

Proteins are used in many applications such as food and beverage production, personal 

care products formulations, manufacture of commodities such as pulp and paper, leather, and 

textile, and also as therapeutic agents such as insulin and monoclonal antibodies.15,16 Generally, 

proteins are sensitive to (potentially detrimental) environmental conditions such as temperature 

and pH; their activity can be suppressed by substances that act as inhibitors; and they can be 

broken down by proteases. When a protein is denatured or degraded, it has lost its conformation 

and biological function. Immobilization of proteins may reduce protein unfolding and improve 

their stability against denaturing and degrading conditions.17–19 Besides protection, protein 

immobilization can facilitate protein reutilization and recovery. In addition, particular protein 

immobilization and encapsulation techniques show potential for controlled protein release, 

which is beneficial for many applications especially therapeutic protein delivery.  

 Protein immobilization is a physical or chemical confinement of proteins onto a solid 

surface or into a polymeric matrix or a polymeric membrane, which can be reversible or 

irreversible. There are several methods for protein immobilization such as adsorption, covalent 

bonding, entrapment, crosslinking, and encapsulation.17,19 The most important method of 

protein immobilization is encapsulation. For protein encapsulation many (micro)structures can 

be used, such as complex coacervates, emulsions, nanogels, (hollow) polymeric microspheres, 

liposomes and polymeric vesicles (Figure 1.1). 

Several methods exist for protein encapsulation in emulsions. For example, a single water-

in-oil (W/O) emulsion can be produced by dispersion of a protein solution in an organic solvent. 

A double emulsion, i.e. a water-in-oil-in-water (W/O/W) emulsion can be prepared in a further 

step by dispersing the W/O emulsion in an external aqueous phase using an emulsifier.21 

However, emulsion preparation often involves high shear stresses that can denature the 

protein.21 Moreover, some proteins unfold at the W/O interface and generally emulsions have 
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a low encapsulation efficiency (implying that a large fraction of protein is lost during the 

manufacturing process).22,21 

 

Figure 1.1. Methods for protein encapsulation.20 Reprinted with permission. Copyright 2020 

John Wiley and Sons, Inc. 

 

The use of liposomes (lipid vesicles) or polymersomes (polymeric vesicles) involves 

capturing the protein inside a bilayer system.23,24 This bilayer structure serves as a compartment. 

The bilayer structure of liposomes and polymersomes is formed by lipids and amphiphilic 

polymers, respectively. The internal volume for polymersomes is dependent on the membrane 

thickness and vesicular size and affects the encapsulation efficiency. Vesicle preparation 

usually involves organic solvents to promote the self-assembly of the amphiphiles, after which 

the organic phase is removed by the aqueous phase (solvent displacement). However, residual 

organic solvent may remain in the system, trapped in the hydrophobic bilayer or dissolved in 

the aqueous phase, causing exposure of protein to this solvent.23 

Nanogels are nanoparticles consisting of crosslinked swellable polymer networks that can 

hold a lot of water without dissolving in the aqueous media. This method allows for the 

incorporation of proteins into the nanoscale size hydrogels.25,26 Although nanogels can transport 

and protect proteins from denaturation, their structural and colloidal stability is determined by 

many parameters like size, shape, charge, pH, temperature, composition, and surface 

composition.25,27–29 

The most frequently used (hollow) polymeric microspheres for protein encapsulation have 

shells composed of poly(lactide-co-glycolide) (PLGA) and poly(lactic acid) (PLA).30–32 The 
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most common process to encapsulate protein in such microspheres is forming a double 

emulsion of water-in-oil-in-water (W/O/W) followed by solvent removal. The PLGA/ PLA is 

first dissolved in the organic solvent. An aqueous solution of the protein is then added to the 

polymer solution. Subsequently, a water-in-oil (W/O) emulsion is formed through stirring or 

homogenizing with or without addition of emulsifier. This W/O emulsion is then added to an 

aqueous solution of poly(ethylene glycol) (PEG) or poly(vinyl alcohol) (PVA) as a stabilizer 

resulting into a W/O/W emulsion. The solvent is then eliminated by extraction or 

evaporation.31,32 However, in the process, the organic solvents used can lead to enzyme 

denaturation. Moreover, in the W/O/W solvent extraction, protein aggregation and protein 

activity loss can occur. A limitation of PLGA/ PLA microspheres for protein delivery is the 

inconstant protein release in which an initial burst is followed by a prolonged and incomplete 

release.32  

Protein encapsulation using complex coacervates is based on the attractive interactions 

between oppositely charged macromolecules in aqueous solution resulting in a liquid-liquid 

phase separation. The formation of complex coacervates is a spontaneous process that does not 

require organic solvent, heat, or additional chemical reagents.1,33 Moreover, a high 

encapsulation efficiency can be achieved in complex coacervates.2,34 Besides encapsulation of 

proteins in macroscopic complex coacervates phases, it is also possible to form complex 

coacervate core micelles (C3Ms) in aqueous solution.1,2,8 The key of protein encapsulation in 

such micelles is using a diblock copolymer with a neutral hydrophilic part and a part with a 

charge opposite to the protein. Since this thesis deals with protein encapsulation in C3Ms we 

will describe the formation and properties of complex coacervates and C3Ms in more detail in 

the next sections. 

  

1.2.  Polyelectrolyte complexes  

A polymer is a long molecule that consists of many repeating subunits or monomers that are 

covalently bound. The skeletal structures of polymers can be linear or branched. Polymers can 

be classified into natural polymers (biopolymers) and synthetic polymers. Synthetic polymers 

can be furthermore divided into homopolymers and copolymers. A homopolymer consists of 

one type of monomer, while a copolymer is derived from more than one type of monomer. 

Copolymers that consist of two blocks (long sequences) of different types of monomers, are 

known as diblock copolymers, and polymers with three blocks of different compositions are 

known as tri-block copolymers. A particular class of polymers encompasses polymers with 
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charged groups, known as polyelectrolytes. This charge gives polyelectrolytes different 

physical, mechanical, and chemical properties compared to non-ionic polymers.35,36 The charge 

of a polyelectrolyte can be positive (cationic) or negative (anionic). Polyelectrolytes with a pH-

dependent charge are weak polyelectrolytes, and polyelectrolytes with a pH-independent charge 

are strong polyelectrolytes. 

When charged macromolecules such as proteins, DNA or synthetic polymers 

(polyelectrolytes) are dissolved in an aqueous solution, they are surrounded by a diffuse electric 

double layer of small counterions. Oppositely charged polymers tend to bind to each other by 

electrostatic interaction, which induces the release of counterions from both polyelectrolytes. 

Under the right conditions this results in the formation of polyelectrolyte complexes and a 

liquid-liquid phase separation: the solution phase separates into a polymer-rich coacervate 

phase and a polymer-poor phase that mainly contains water and released counterions (Figure 

1.2).  

 

Figure 1.2. Complex coacervate formation by mixing two oppositely charged polyelectrolytes. 

 

The formation of complex coacervates depends on many factors, such as the length of the 

polyelectrolytes, their charge densities, concentrations, the charge mixing ratio, ionic strength, 

pH, and temperature.33,37–40 The charge of weak polyelectrolytes varies with pH, which 

influences the charge balance between oppositely charged polyelectrolytes and influences 

electrostatic forces in the complex formation.  

The energy (enthalpy) and the entropy of the system of two opposite polyelectrolytes in 

solution change when they are mixed. This change is strongly affected by the salt concentration 
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(ionic strength) (Figure 1.3). The salt concentration also influences the enthalpy of 

complexation, which can be either exothermic or endothermic. At low ionic strength the two 

separate polyelectrolytes have a large Debye screening length and dilute counterion clouds. 

However, after mixing and complex formation, dense and tight ion-pairing between oppositely 

charged groups occurs. In this condition, the complexation is exothermic because the Coulomb 

energy of the system decreases. However, as the salt concentration increases, complexation 

becomes endothermic: the counterion clouds around the separate polyelectrolytes are compact, 

and the increase in electrostatic energy of the released ions is not compensated for by the 

decrease in energy due to the inter-polyelectrolyte ion pairs formation. Furthermore, the 

entropic gain due to counterion release steadily decreases with increasing salt 

concentration.1,41,42 Above a certain salt concentration phase separation is completely 

suppressed, which is known as the critical salt concentration (CSC). The salt concentration 

where exothermic complexation, endothermic complexation, and no complexes occur varies 

depending on charge density of polyelectrolytes.6,41 Polyelectrolytes with low charge densities 

have lower critical salt concentration than polyelectrolytes with high charge densities. 

 

Figure 1.3. Schematic representation of the effect of salt concentration on the change in 

electrostatic energy (ΔU) upon polyelectrolyte complex formation, the counterion release 

entropy (-TΔS), and the total free energy of complexation (ΔF).41  

 

The relation between the phase separation and salt concentration is represented by a 

coacervation phase diagram. This is a binodal phase boundary diagram as a function of the salt 

and polymer concentration (Figure 1.4). In the two-phase region the mixing composition of 

polymer concentration and salt concentration results into a liquid-liquid phase separation. The 

samples prepared with mixing combination above the binodal result in the single-phase region. 
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The binodal’s critical point corresponds to the critical salt concentration beyond which no phase 

separation occurs. 

Complex coacervates can be formed between charged biopolymers; between charged 

biopolymers and synthetic polyelectrolytes; and between synthetic polyelectrolytes. Complexes 

of synthetic polyelectrolytes with biopolymers such as proteins are much weaker than 

complexes between synthetic polyelectrolytes due to their relatively low charge density.41 

Nevertheless, in nature complex coacervation is a frequently observed and important 

phenomenon. For example, DNA is compacted by positively charged histone proteins into 

chromatin fibers,44 complex coacervation plays a role in blood clothing,45 and organisms use 

complex coacervates as a natural underwater glue.46 

 

Figure 1.4. Coacervation phase diagram as a function of salt concentration (csalt) and polymer 

concentration (cAA) with different length of polymer poly(acrylic acid) (PAA) (N).4 Reprinted 

with permission. Copyright 2010 American Chemical Society. 

 

1.3.   Complex coacervate core micelles for protein encapsulation 

Polyelectrolytes can also form complexes with diblock copolymers which have an oppositely 

charged part and a neutral-hydrophilic part. When these two components are mixed in water, 

the oppositely charged parts bind electrostatically and form small soluble complexes (SCs). 

Above a certain concentration, known as the critical micellar concentration (CMC), these SCs 

start to aggregate and form an almost electroneutral complex coacervate core that grows 

spontaneously. The growth is limited by the hydrophilic neutral chains of the diblock 

copolymer. The neutral hydrophilic of diblock copolymer form a stabilizing corona prohibiting 

the growth of the complex coacervate droplets to macroscopic sizes and thus preventing 
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macroscopic phase separation, and protecting the micelles against aggregation by steric 

repulsion.1,10,47,48 These core-shell coacervate micelles (Figure 1.5) are known as C3Ms1,48 or 

block ionomer complexes49 or polyion complex micelles.50  

The formation of C3Ms depends on the charge mixing composition. When the total charge 

on the cationic and anionic polyelectrolytes is about equal, the number of micelles formed is 

highest and this composition is known as the preferred micellar composition (PMC). A 

deviation of the PMC from the charge balance may happen if additional driving forces (not only 

by electrostatic interactions and entropy gain from the counterion release) such as hydrophobic 

interactions are at play. Proteins have several hydrophobic amino acid residues on their surfaces 

with different exposure levels. Moreover, some polyelectrolytes also contain hydrophobic 

groups such as alkyls or phenyls.1,2,7 The shape of C3Ms is generally spherical because in 

thermodynamic equilibrium such structures possess the lowest free energy.51 However, other 

shapes such as rods and wormlike micelles can be found depending on the polymer chain 

composition, the strengths of interactions and additional driving or destabilizing forces, such as 

hydrophobic interactions,  or for non-stoichiometric conditions.1 Van der Kooij et al. reported 

the transition from spherical to worm-like micelles after addition of salt into C3Ms solutions.52 

 

Figure 1.5. Complex coacervate core micelle formation between a charged-neutral hydrophilic 

diblock copolymer and an oppositely charged polyelectrolyte.  

 

C3Ms can be used as carriers of biomolecules such as proteins and DNA. Previous research 

has shown that proteins can be easily encapsulated into C3Ms.2,8,7 These protein-containing 

C3Ms are soluble in aqueous solution and can contain many (up to hundreds) protein molecules 

in one micelle.2 Protein-containing C3Ms are formed by mixing a protein solution with an 

oppositely charged-neutral diblock copolymer solution (Figure 1.6). Because proteins also 

contain hydrophobic amino acid residues, the formation of protein-containing C3Ms may be 
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partly driven by hydrophobic interactions.1,2,53 For protein encapsulation in C3Ms, the pH of 

the system is important since this influences the net charge of the protein molecules. At solution 

pH conditions below the isoelectric point (pI) of the protein, it has a net positive charge, while 

above the pI, it has a net negative charge. Moreover, clustering of charges on the outside of 

globular proteins (charge anisotropy) significantly impacts coacervation. Next to the 

advantages of C3Ms as packing systems for proteins, i.e. solubility in aqueous solution and 

high packing capacity, C3Ms offer the possibility of controlled release.54,55 For example, C3Ms 

that dissociate in response to decreased pH levels have been designed to free their incorporated 

drug molecules upon accumulation at a tumor site.54 Enzyme-containing C3Ms can also be used 

as microreactors, for example to overcome incompatibility problems between polar enzymes 

and non-polar substrates.56 

 

Figure 1.6. Scheme of the formation of protein-containing complex coacervate core micelles. 

 

Despite the many advantages, application of C3Ms to encapsulate proteins still has some 

significant challenges: the micelles can swiftly disintegrate with increasing salt 

concentration8,10 and furthermore they are in dynamic equilibrium with protein and diblock 

copolymer free in solution.10 Increasing the salt concentration lowers the entropic gain of 

complex formation and screens the charged parts of the diblock copolymer and protein, 

resulting in weaker electrostatic interactions, leading to disintegration of the micelles. Protein-

containing C3Ms are very sensitive to this salt-induced disintegration due to the low charge 

density of proteins3,10,57 Nolles et al. reported that C3Ms containing green fluorescent protein 

(GFP) already fall apart at NaCl concentrations less than 40 mM.10 When the micelles are 

undesirably disintegrated, the protein is undesirably released and no longer protected. 

Moreover, the CMC of C3Ms increases almost exponentially with the square root of salt 

concentration.58,59
 

After mixing a diblock copolymer with an oppositely charged protein, complexes are 

obtained and rearranged into micelles quickly, within milliseconds to seconds timescales.10 
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Zhang et al. observed that the complexation process between poly(ethylene oxide)-b-

poly(quaternized 2-(dimethyl amino)ethyl methacrylate) (PEO-b-PQDMA) and poly(ethylene 

oxide)-block-poly(sodium 4-styrene sulfonate) (PEO-b-PSSNa) was fast and could finish 

within seconds.60 These protein-containing C3Ms are dynamic complexes.1,10 There is an 

exchange between encapsulated protein inside the C3Ms and free protein in solution. It is 

necessary to minimize their exchange dynamics to limit the undesired exposure of the protein 

to the environment and to protect and deliver the protein. Some models describe the exchange 

dynamics of amphiphilic diblock copolymer micelles based on theoretical frameworks and 

experimental studies. Dormidontova presented two kinetic theories for micelles formed by 

polymeric surfactants (hydrophilic-hydrophobic block copolymers): the unimer exchange, and 

micelle fusion/ fission.61 Holappa et al. observed the exchange dynamic of C3Ms composed of 

diblock copolymer poly(ethylene oxide)-block-poly(sodiummethacrylate) (PEO-b-(PMA)Na) 

and homopolymer poly((methacryloyloxyethyl) trimethylammonium chloride) (PMOTAC) 

using fluorescence spectroscopy. They concluded that there are two processes involved in 

micellization kinetics, i.e., merging/ splitting of micelles and insertion/ expulsion of single 

chains. They found that the exchange mechanism via insertion/ expulsion of single chains is 

faster than merging/ splitting of C3Ms.62 The rate of exchange kinetics of C3Ms strongly 

depends on the salt concentration. Increasing the ionic strength will lead to a higher rate of 

exchange.1 

Nolles et al. observed the exchange of protein and relaxation of protein-containing C3Ms 

using Förster resonance energy transfer  (FRET). On the basis of their results they proposed 

that addition of diblock copolymer into the protein solution rapidly leads to formation of small 

soluble protein-polymer complexes (SCs).10 Above the CMC, these SCs will aggregate to form 

C3Ms. These C3Ms then relax by association and dissociation of SCs and micelles. The easy 

dissociation and association of the near-neutral SCs also results in a rapid exchange of protein 

between the micelle core and the bulk solution. Bos and Sprakel (2019) studied the exchange 

dynamics of C3Ms during the initial micellization in Langevin dynamics simulations.63 This 

confirmed the proposed model of Nolles et al. that small charge-neutral complexes are the 

primary mediator for exchange. They demonstrated that the kinetic stability of C3Ms can be 

tuned not only by electrostatic interaction but also by non-electrostatic attraction between the 

polyelectrolytes, the polyelectrolyte length ratio, and the overall polyelectrolyte length. The 

salt-induced disintegration and the generally high exchange dynamics between micelles and 

solution determine the packing stability of the protein in the core of C3Ms and the level of 

protection offered by C3Ms as carriers for protein encapsulation. 
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1.4.  Model proteins to study protein encapsulation 

1.4.1. The spore coat protein A (CotA) laccase as a model enzyme 

A number of proteins has already been used as model protein to study protein encapsulation in 

complex coacervate core micelles, such as GFP and other fluorescent proteins2,7 and the 

enzymes: lysozyme, lipase and organophosphate hydrolase.8,57,64,65 Using fluorescent proteins 

enables observation of the formation of C3M and their dynamic behavior with fluorescence 

techniques like fluorescence spectroscopy and FRET without an extra fluorescent labeling step. 

However, using an enzyme as a model protein allows to study preservation of enzyme activity 

after encapsulation and release, which is important for delivery and application purposes. For a 

model protein, it is convenient to use a well-studied enzyme, which is already used in many 

applications. 

In this study, we have chosen the recombinant spore coat protein A (CotA) laccase as a 

model enzyme. Some laccases have already been used to study protein immobilization. Pich et 

al. used fungus laccase to study composite magnetic particles as enzyme carriers.66 Bryjak et 

al. immobilized fungus laccase by covalently binding it to a copolymer of butyl acrylate and 

ethylene glycol dimethacrylate.67 Here, we use recombinant CotA laccase to study protein 

encapsulation in complex coacervate core micelles because this enzyme has already been well-

characterized, is relatively stable, easy to handle (CotA is high temperature and high pH 

resistant), can be efficiently overexpressed in Escherichia coli bacteria,68 and is also relatively 

easy to purify. 

Laccases belong to the family of multicopper oxidases (MCOs), together with, for 

example, ascorbate oxidase, ferroxidase, nitrite reductase, and ceruloplasmin.69 Multicopper 

oxidases (MCOs) are a group of oxidoreductases that can oxidize a wide range of substrates 

and use copper ions as the initial electron acceptor. Laccases can be found in plants, insects, 

fungi, and bacteria. Based on their redox potential, laccases are divided into two main groups: 

low redox potential laccases and high redox potential laccases. The first group is found in 

bacteria, plants, and insects. In contrast, high redox potential laccases are found in fungi.70  

The most well-known bacterial laccase is spore coat protein A (CotA) laccase that is 

present in Bacillus subtilis. This enzyme is located at the outer coat of the endospore of B. 

subtilis. Its function is to protect endospores from an unfavorable environment such as high 

temperature. The CotA gene also participates in the biosynthesis of a brown spore pigment that 

is responsible for protection against UV radiation. CotA is highly thermostable and high pH 

resistant.  
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CotA has a molecular weight of 65 kDa and an isoelectric point at pH 5.84. The crystal 

structure of CotA (Figure 1.7) shows a larger, putatively substrate-binding, cavity in CotA 

compared to fungal or plant laccases.71 CotA has three domains, and there is a positively 

charged patch on its surface at the interface between domains 1, 2, and 3. The positive patch in 

the CotA structure is composed of ten lysine and five arginine amino acid residues and has a 

biological function in the assembly of CotA into the spore outer coat layer. 

Like other MCOs, CotA is characterized by four copper (Cu) ions, which are commonly 

classified into three classes based on their absorption in the UV/ visible region and their 

electronic paramagnetic resonance (EPR) spectra. The classes are type 1 (T1), type 2 (T2), and 

type 3 (T3).72,73 The T1 Cu is located in the cavity close to the enzyme's surface, whereas T2 

and T3 Cu are buried in the center of the enzyme.74 The T1 Cu contributes to the enzyme's 

intense blue color, and its absorbance can be detected around 600 nm and is also EPR 

detectable. T2 Cu does not absorb in the UV/ visible spectrum but is EPR detectable. T3 Cu 

contains a pair of Cu ions in a binuclear conformation and has a weak absorbance at 330 nm 

but is undetected using EPR.72  In the protein structure, the Cu ion from T2 and the two Cu ions 

from T3 together form the trinuclear center (TNC).75 T1 Cu is bound to CotA by one cysteine, 

one methionine and two histidine ligands. The T2 Cu is bound by two histidine ligands, while 

the two T3 Cu are bound by six histidine ligands.69  

 

Figure 1.7. The spore coat protein A (CotA) laccase structure. Copper ions are represented as 

yellow spheres. The red spheres at the top represent the channels within CotA that provide 

access to the trinuclear center for dioxygen. The red spheres at the bottom represent the release 

of water molecules into the outlet channel from the reduction of dioxygen molecules.76,80,81 

Reprinted with permission. Copyright 2005 Royal Society of Chemistry. 
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CotA can catalyze the oxidation of various kinds of substrates. Substrate oxidation occurs 

at T1 Cu (binding pocket of the substrate), and four electrons from four laccase substrates are 

transferred to the TNC, in which the reduction of dioxygen to water occurs.76,77 The reduction 

of T1 Cu is the rate-limiting step in the reactions catalyzed by laccase.69 Mutation of ligands in 

the T1 Cu site impairs copper coordination, which alters the CotA biochemical properties 

drastically. CotA laccase can oxidize phenolic compounds that has been used in the pulp and 

paper industry78 and bioremediation.79 

 

1.4.2. Fluorescent proteins (FP) as model proteins to study exchange dynamics 

Next to CotA, in this study we also used a FRET pair of fluorescent proteins: mTurquoise2 (a 

cyan FP) and SYFP2 (a strong enhanced yellow FP) to study exchange dynamics of C3Ms. 

Nolles et al. have used these proteins to study the protein-containing C3Ms.2,7,10 mTurquoise2 

has monomeric behavior, high photostability and high quantum yield, that make this protein as 

a preferable donor for resonance energy transfer to SYFP2 (Figure 1.8).82,83 

 

Figure 1.8. (A) Fluorescent protein structure with its chromophore in the center of the barrel. 

(B) Chromophore of mTurquoise2. (C) Chromophore of SYFP2.7 

 

1.5.  Strategies to improve the stability of protein-containing C3Ms 

This thesis describes some strategies to improve salt stability and decrease the exchange 

dynamics of protein-containing C3Ms. Since the low charge density on protein molecules is an 

important cause for the low salt stability of protein-containing C3Ms, we will include 

homopolymers (polyelectrolytes) of the same charge sign as the enzyme (three-component 

C3Ms), and add extra charge to the enzyme by bioconjugation and by genetic engineering. 

Furthermore, we investigate covalent crosslinking of the core of the C3Ms. Below we outline 

these strategies in more detail. 
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1.5.1. Three-component C3Ms 

Three-component C3Ms are formed by adding a homopolymer that has the same charge sign 

as the enzyme into the enzyme solution before the diblock copolymer is added. Such three-

component C3Ms have already been used to encapsulate enzymes. For example, Mills et al. 

packed organophosphate hydrolase (OPH) into three component micelles by mixing OPH with 

poly(acrylic acid) (PAA) and poly(oligo(ethylene glycol) methacrylate)-block-poly(4-vinyl N-

methylpyridyl iodide) (POEGMA-b-qP4VP).64 Moreover, Lindhoud et al. also encapsulated 

lysozyme into three component micelles by mixing lysozyme with poly(acrylic acid)-block-

poly(acryl amide) (PAA-b-PAAm) and poly(N,N dimethylaminoethyl methacrylate) 

(PDMAEMA).8 These previous studies showed that the addition of a homopolymer with the 

same charge sign as the protein improved the stability of protein-containing C3Ms. However, 

it is still unclear how exactly such a three-component system affects the encapsulation 

efficiency and salt stability of the micelles. To investigate these aspects, we added the 

negatively charged homopolymer poly(4-styrenesulfonate)215 (PSS215) to the CotA/ PM2VP128-

b-PEO477 system, with varying ratios of homopolymer and enzyme.  

 

1.5.2. Adding extra charge to the enzyme 

Previously, Obermeyer et al. increased the net charge of several proteins by converting lysine 

residues by chemical modification using succinic anhydride to improve the stability of C3Ms. 

This modification results to higher negatively charged proteins.84 They indeed found an 

improvement in salt stability of C3Ms although the effect was limited: the micelles were stable 

up to maximally 50 mM NaCl. The micelles were also stable to dehydration and elevated 

temperatures. In this study we added extra charges to the enzyme in two different ways, by a 

chemical approach (bioconjugation) and a biological approach (genetic engineering). 

 

1.5.2.1.    Bioconjugation  

Bioconjugation is a technique to form a stable covalent link between two molecules, at least 

one of which is a biomolecule.85,86 The bioconjugation process can be controlled by choosing 

an appropriate target reactive/ functional group, linker agents, and reaction conditions. 

Bioconjugation has already been used for many applications, such as fluorescent labelling of 

antibodies and to biotinylate enzymes. Bioconjugation techniques can be used for biosensing, 

bioimaging, and targeted drug delivery.87  In this study, we use the bioconjugation technique to 

increase the protein's charge by coupling it to a charged polymer.  
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Bioconjugation is carried out by using a reactive linker agent. This reactive linker agent 

binds one reactive group to another reactive group. In addition, a secondary linker agent may 

be used to create a more stable intermediate of one of the components to be conjugated. The 

nucleophilicity of the functional group is essential for bioconjugation because it determines 

how reactive this group is. Based on nucleophilicity, there are three important reactive groups 

for bioconjugation, for which the order of this reactivity is R-S− (thiol or sulfhydryl groups) > 

R-NH2 (amine groups) > R-COO− (carboxylate groups).88–90  

 

1.5.2.1.i. Thiol reactions  

Some reactive groups can react with sulfhydryl-containing biomolecules. The coupling reaction 

for sulfhydryl is proceeded by alkylation to form a thioether bond or disulfide exchange reaction 

with another thiol to form a new disulfide bond (also called disulfide interchange). Maleimides 

are often used for coupling thiol. Maleimide reacts with sulfhydryl to form a stable thioether 

bond (Figure 1.9). This reaction is popular for protein labeling. Some fluorescent probes have 

maleimide derivates that can react with cysteine residues. 

 

Figure 1.9.  Bioconjugation of a maleimide reactive group with protein using the thiol 

reaction.88,91 Reproduced from Koniev and Wagner88 with permission from the Royal Society 

of Chemistry. 

 

1.5.2.1.ii. Amine reactions 

For amine-containing biomolecules the amine can be targeted as functional group for 

bioconjugation. For primary amines the coupling reaction can be conducted in two ways, by 

acylation or alkylation. In alkylation, an activated alkyl group is coupled to the amine 

nucleophile under release of one hydrogen. In acylation, an activated carbonyl group is linked 

to the amine (Figure 1.10). Amine reactions are commonly used in bioconjugation because the 

amine functional group can react with many different reactive groups, such as isothiocyanate, 

isocyanate, acyl azide, N-hydroxysuccinimide (NHS), sulfonyl chloride, imido, carbodiimide, 

and aldehyde groups.86,88,90,92–94 
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Figure 1.10. Bioconjugation of NHS reactive group with protein using the amine reaction.88 

Reproduced from Koniev and Wagner88 with permission from the Royal Society of Chemistry. 

 

1.5.2.1.iii. Carboxylate reactions  

The carboxylate group has a low nucleophilicity, which limits the range of functional groups 

that react with carboxylic acids. Some groups that can react with the carboxylate group are 

diazoalkanes, and carbodiimides (Figure 1.11). 

 

Figure 1.11. Reaction of a carbodiimide group with the carboxylic acid side chain of glutamate 

using the carboxylate reaction.88 Reproduced from Koniev and Wagner88 with permission from 

the Royal Society of Chemistry. 

 

Proteins can be modified to perform a variety of functions, including cellular tracking, 

imaging biomarkers, and target drug delivery. In addition, protein-polymer bioconjugation 

improves the stability and the potential storage capacity of proteins.95 Nucleophilic amino acid 

side chains such as aspartic acid, glutamic acid, lysine, and cysteine are the most used targets 

for bioconjugation. The sulfhydryl group of cysteine is the strongest nucleophile in the protein. 

The second most nucleophilic targets in proteins are the amine groups (e.g., the α-amines at the 

N-terminus, and the amine in the lysine side chain). Finally, the least nucleophilic groups in 

proteins are the oxygen-containing ionizable groups (e.g., the α-carboxylate at the C-terminus, 

and the carboxyl in the aspartic acid and glutamic acid side chains). However, lysine is the most 

accessible amino acid at the surface of proteins, while cysteine is the least exposed amino acid 

and is naturally buried inside the protein conformation. These features make lysine a more 

popular amino acid residue for bioconjugation. Moreover, using lysine increases the efficiency 
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of bioconjugation.85 Moreover, the abundance of lysine in the protein surface result in a less 

specific bioconjugation site and can result in multiple polymer chains that are covalently bound 

to proteins/ peptides.85 For protein bioconjugation in general, lysine is targeted with 

electrophilic reagents such as activated carboxylic acids, and by using a carbodiimide linker, 

an amide bond is formed.96  

For bioconjugation protein in this study, we used lysine as a target amino acid because it 

has possibility to couple more charged polymer chain to protein, so that the protein can has 

higher net charged and strongly bound in the core of C3Ms. We bioconjugated lysine residues 

of CotA laccase to poly(acrylic acid) (PAA) (with several length and concentration ratio of 

PAA) using 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC) and N-

hydroxy succinimide (NHS) linker.   

 

1.5.2.2. Genetic engineering  

Genetic engineering is a modification of genes by inserting genes, removing some parts of 

genes, or changing genes. This modification can be random or targeted to a specific part of the 

gene. A protein generated from a gene that has been cloned into a host using genetic engineering 

is known as a recombinant protein.97,98  Genetic engineering is used in many fields, such as 

medicine, industrial biotechnology, and agriculture.97 Modifying DNA and transferring it to 

another organism such as Escherichia coli bacteria facilitates the bulk manufacturing of various 

substances such as enzymes, monoclonal antibodies, hormones, and vaccines. In this study we 

used genetic engineering to modify the genetic code of CotA by adding a sequence that encodes 

for a string of charged amino acids (glutamic acid residues) of varying length (10, 20, 30, and 

40 additional glutamic acids) to the C-terminus of protein. The length of this glutamic acid 

chains can be used to tune the salt stability properties. Expression in E. coli results in the 

recombinant protein with extra charges in its structure. 

Cloning is essential in genetic engineering. The first step in cloning is to isolate and modify 

DNA. In conventional cloning strategy, restriction enzymes are used to isolate targeted DNA 

fragments. Restriction enzymes cut the DNA at specific sites and generate a DNA fragment 

with blunt or sticky ends. This gene is then ligated into a plasmid as vector using DNA ligase. 

For ligation, the ends of this gene should be compatible to the ends of the plasmid. The 

procedure of using restriction enzymes has many limitations: it depends on the presence of 

appropriate restriction sites to generate both vector and inserted DNA and often leaves 

unwanted sequences at the junction sites. Moreover, it requires restriction enzymes and ligase 

that are expensive, which makes this procedure highly costly. To overcome these limitations, 
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in this study, we have used SLiCE (Seamless Ligation Cloning Extract). SLiCE is a new cloning 

method that does not require restriction sites and ligase. It is based on in vitro recombination of 

short regions of homologies (about 15–52 base pairs overlap sequences between target DNA 

fragment and vector) in bacterial cell extracts.99 Moreover, SLiCE allows the assembly of 

several DNA fragments in one cloning step, making this method ideal for assembling multiple 

DNA fragments during gene synthesis.  

 

1.5.3. Crosslinking the core of C3Ms  

Crosslinking is the general term for the process of forming bonds between polymer chains, in 

that way creating a polymer network. Crosslinking strategies are usually implemented to 

functionally modify the mechanical, biological, or degradation properties of materials.100  

Crosslinks can be formed by chemical reactions (chemical crosslinks, covalent bonds) or by 

physical interactions (physical crosslinks). Chemical crosslinks can be induced by irradiation 

(photo-polymerization), a pH change, enzymes, or by using "click" chemistry. Physical 

crosslinks are resulting from weak interactions such as ionic/ electrostatic interactions, 

hydrogen bonding, metal coordination, or hydrophobic interactions.101  

Chemical crosslinking gives a stable network. For chemical crosslinking at room 

temperature various reactive functional groups can be used such as carboxylic acids, primary 

amines, acetoacetyl groups, acetal groups, acrylamide derivates, and carbonyl groups 

(aldehydes, ketones).102 Amines are a highly nucleophilic functional groups compared to 

carboxylic acid groups.102 For chemical crosslinks using an amine group, a number of 

crosslinking agents are available such as isothiocyanate, NHS ester, imidoester, and 

glutaraldehyde. For chemical crosslinks using the carboxylic acid group the two main 

crosslinking agents are carbodiimides and diazoalkanes. Regarding the crosslinkers one can 

discriminate between zero-length crosslinkers, homobifunctional crosslinkers, and 

heterobifunctional crosslinkers.25,100,103 A zero-length crosslinker connects two molecules by 

forming covalent bonds without an additional spacer. Homobifunctional crosslinkers conjugate 

two molecules with the same type of functional group. Heterobifunctional crosslinkers couple 

two molecules with different functional groups.  

In this study, we crosslinked the core of C3Ms using a chemical crosslinker. With the core-

crosslink C3M strategy, it entrapped the protein in the core of micelles that result in higher salt 

stability and reduce its exchange dynamics. It is necessary to have a reactive functional group 

on diblock copolymer to be able to couple the core of C3Ms. Through quaternization, we 

functionalized diblock copolymer with primary amine group. We investigated two types of 
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crosslinkers to crosslink the core of C3Ms: 1-ethyl-3-(3’-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC) and dimethyl 3,3′-dithiopropionimidate dihydrochloride (DTBP). EDC is 

a zero-length crosslinker that creates irreversible crosslinks between carboxylate and amine 

groups. DTBP is a homobifunctional crosslinker that joins two amine groups. Additionally, 

because DTBP crosslinks contain disulfide bridges, they can be broken again by adding a 

reducing agent.  

  

1.6. The properties of C3Ms and the effect of encapsulation on the structure and 

activity of CotA 

In this thesis, we will discuss several techniques that have been used to observe properties of 

the enzyme-containing C3Ms. These properties include the preferred micellar composition 

(PMC) and micellar morphology (size and shape), the protein loading, salt stability and, when 

relevant, the exchange dynamics. We also investigated the effect of encapsulation (and release) 

on the properties of CotA: secondary structure and activity.  

 

1.6.1. Formation, size, and shape of protein-containing C3Ms 

The formation of C3Ms and their properties (i.e., size and shape) has been investigated by 

dynamic light scattering (DLS) and fluorescence correlation spectroscopy (FCS). In DLS, the 

Brownian motion of light scattering particles is monitored by recording the real-time 

fluctuations of scattered light intensities.104,105 From the autocorrelation function of these 

fluctuations, the diffusion coefficient can be determined, enabling to calculate the size of 

molecules by using the Stokes-Einstein equation.  

In DLS a laser is used as the source for light scattering measurements, for example a 

Helium-Neon laser, Argon laser, or diode-pumped solid-state laser (DPSS) laser. Detection of 

the scattered light can be done at a fixed scattering angle or at multiple scattering angles. We 

used a fixed angle of 90o to follow the formation of C3Ms and to determine the PMC, 

hydrodynamic radius, and polydispersity index (PDI). On the other hand, multi-angle DLS has 

been used to determine the shape of the protein-containing C3Ms by plotting the correlation 

decay rate () against the squared scattering wave vector (q2). The diffusion coefficient D can 

be estimated from the linear fit of this plotting function:  

 

 = −𝐷𝑞2                                                             (1.1) 

 

𝑞 = (
4𝜋𝑛

𝜆
) sin(

𝜃

2
)                                                          (1.2) 
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where θ is the detection angle, n is refractive index of solvent, and λ is the wavelength of the 

laser light.106,107 

In FCS, the Brownian motion of fluorescent particles or molecules is monitored by 

recording the real-time fluctuations of the fluorescence intensity in the confocal volume (the 

detection volume depending on the confocal optics of the FCS instrument). Several lasers are 

available to excite the fluorescent molecules in the confocal volume, such as an Argon laser or 

a white light laser. The fluorescence emission passes through a pinhole and is detected by a 

highly sensitive detector. Non-fluorescent particles or molecules should be labeled with a 

fluorescent dye first to be able to observe them by FCS. FCS can be used to measure diffusion 

coefficients; like in DLS these follow from the autocorrelation functions of the fluctuations of 

the emitted light and from these hydrodynamic radii can be derived. In addition to this, for 

protein-containing C3Ms, FCS can be used to determine the distribution of protein molecules 

over micelles and solution as well as the number of protein molecules incorporated per micelle.2  

 

1.6.2. C3M stability  

The salt stability of enzyme-containing C3Ms was observed using DLS and FCS. In DLS, 

disintegration of the protein-containing C3Ms upon addition of salt to the system is observed 

as a decrease in light scattering intensity. In FCS this process can be followed by monitoring 

the number of fluorescent particles (N) detected in the confocal volume: this number increases 

as disintegration of the micelles leads to release of the (fluorescently labelled) enzyme 

molecules. Moreover, with FCS, we can follow the changes in the fractions of enzyme free in 

solution and of encapsulated enzyme during the addition of salt. 

 

1.6.3. Exchange dynamics 

Exchange dynamics of proteins between the C3Ms and the bulk solution is studied using FRET 

analysis. FRET is a photophysical phenomenon in which a fluorophore (the donor) in an excited 

state transfers its energy non-radiatively to a neighboring fluorophore (the acceptor) in the 

ground state by weak dipole-dipole interaction.108–110 FRET occurs when two fluorophores 

(donor and acceptor) have a spectral overlap, a favorable dipole-dipole orientation, and are in 

close proximity of each other (< 10 nm) (Figure 1.12). As a result of the energy transfer, the 

donor fluorescence is quenched and its fluorescence lifetime is decreased, while the 

fluorescence intensity of the acceptor increases.111  
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Figure 1.12. FRET (A) Energy transfer from donor to acceptor. (B) FRET depends on spectral 

overlap. (C) FRET depends on distance. (D) FRET depends on orientation.109 Reproduced from 

Teunissen et al.109 with permission from the Royal Society of Chemistry. 

 

The FRET efficiency (𝐸𝐹𝑅𝐸𝑇) can be calculated with the Förster equation below: 

 

𝐸𝐹𝑅𝐸𝑇 = 1 [1 + (𝑅 𝑅0⁄ )6]⁄                                                  (1.3) 

 

where R is the distance between donor and acceptor molecules, and R0 is the distance where the 

FRET efficiency is 50 percent. R0 can be calculated using the equation: 

 

𝑅0 = 0.02108 [𝑘2𝑄𝐷 𝜂−4𝐽(𝜆)]1/6                  (1.4) 

 

where k2 is the orientation factor, QD is the quantum yield of donor fluorescence (without 

acceptor), 𝜂 is the refractive index of the medium surrounding the fluorophore, and J(λ) is the 

degree of spectral overlap between the donor fluorescence spectrum and acceptor absorption 

spectrum, that is given by: 

𝐽(𝜆) = ∫ 𝑓𝐷(𝜆) 𝜀𝐴(𝜆) 𝜆4 𝑑𝜆      (1.5) 

 

Where 𝑓𝐷(𝜆) is the donor fluorescence intensity at wavelength λ and 𝜀𝐴 is the (wavelength 

dependent) extinction coefficient of the acceptor. FRET efficiency (𝐸𝐹𝑅𝐸𝑇) can also be 

measured as the relative fluorescence intensity of the donor in the presence (IDA) and absence 

(ID) of the acceptor.110,111  
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𝐸𝐹𝑅𝐸𝑇 =  1 −  
𝐼𝐷𝐴

𝐼𝐷
      (1.6) 

 

Quantification of FRET can be done based either on donor fluorescence lifetime or 

fluorescence intensity. The first approach is more straightforward because it is concentration-

independent while fluorescence intensity is a concentration-dependent quantity.108 FRET 

analysis allows determining the kinetics of C3M formation and protein exchange between 

C3Ms.10 The kinetics of C3M formation can be studied by fluorescent labeling one batch of the 

protein with a donor label and another with an acceptor label, mixing these first, then add the 

diblock copolymer to form C3Ms and immediately start observing FRET over time. To 

determine the dynamics of protein exchange between C3Ms, one needs to prepare separate 

C3Ms of donor and acceptor (fluorescent) protein, then mix the two C3Ms solutions and 

immediately follow the changes in fluorescence intensity or fluorescence lifetimes over time. 

 

1.6.4.  Protein secondary structure  

The secondary structure of proteins is the way in which its amino acid chains are locally folded 

in a three-dimensional structure. Secondary structure elements typically spontaneously form as 

an intermediate before the protein folds into its three-dimensional tertiary structure. The most 

common structural elements are α-helices and β-sheets. The secondary structure can be 

observed using circular dichroism (CD).112 Circular dichroism is the differential absorption of 

the left and right circularly polarized components of plane-polarized radiation.  

Circular dichroism is divided into far-UV CD and near-UV CD. From far-UV CD, the 

proportions of α-helix, β-sheet, β-turns and random coil in a protein can be reliably estimated 

based on absorption by the peptide bonds.112  The α-helix structures will appear as two intense 

negative bands at about 222 nm and at 208 nm, and a positive band at 193 nm (Figure 1.13). 

Moreover, well-defined antiparallel β-pleated sheets (β-helices) will appear as negative bands 

at 218 nm and positive bands at 195 nm. A disordered structure (random coil) in the protein 

will have very low ellipticity above 210 nm and negative bands near 195 nm (Figure 1.13).113,114 

The CD spectrum of a protein is a linear combination of the CD responses of the different 

structural elements in its secondary structure. Moreover, near-UV CD provides information on 

the tertiary folding of the protein: if a disulfide bond is present, it is manifested in the CD 

spectrum in the 240 to 290 nm region. We applied CD to investigate whether chemical or 

genetic modification of CotA and/ or encapsulation in C3Ms results into structural changes. 
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Figure 1.13. Far-UV CD spectra from various types of secondary structure. The red line 

represents the α-helix; the green line represent the β-sheet; blue line represent the disordered 

structure or random coil.114,115 Reproduced from Rogers et al.115 with permission from Elsevier. 

 

1.6.5.  Enzyme activity 

The activity of enzymes is an important feature and we measured the activity of CotA in this 

study to see how it changes after chemical or genetic modification as well as after encapsulation 

and release. The activity test that we used is based on conversion of a substrate to a colored 

oxidation product which can be detected using UV VIS spectrometry. The substrate chosen is 

azino-bis-(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) which is converted to the stable 

blue-green radical cation (ABTS•+) after the loss of one electron during the oxidation.116 One 

unit (U) of laccase activity is defined as the enzyme amount that is able to oxidize one µmol of 

substrate per minute.  

 

1.7.     Outline of this thesis 

In Chapter 2, we report on the encapsulation of the spore coat protein A (CotA) laccase into 

complex coacervate core micelles (C3Ms). First, we describe the production and purification 

of CotA laccase from Escherichia coli Rosetta cells. Then, we present the stability of CotA as 

a function of pH as measured by activity measurements and circular dichroism (CD). Enzyme 

containing two-component C3Ms were prepared by mixing solutions of CotA laccase and the 

positive diblock copolymer, poly(N-methyl-2-vinyl-pyridinium)128-block-poly(ethylene 

oxide)477 (P2MVP128-b-PEO477), at pH 10.8. Enzyme-containing three-component C3Ms were 

prepared by adding the negatively charged homopolymer poly(4-styrene sulfonate)215 (PSS215) 

into the CotA solution (we used different ratios CotA/ homopolymer) before adding P2MVP128-

b-PEO477. Subsequently, we observed the formation and salt stability of enzyme-containing 
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C3Ms by using fluorescence correlation spectroscopy (FCS) and dynamic light scattering 

(DLS). DLS showed improved stability of the three-component C3M system against salt 

addition compared to the two-component system. However, FCS showed that CotA is excluded 

from the C3Ms already at ionic strengths much lower than that at which the micelles actually 

disintegrate, because the homopolymer acts as a competitor of the enzyme for encapsulation. 

In Chapter 3, based on the results described in Chapter 2, we investigate the 

bioconjugation technique to increase the enzyme's net charge to achieve more stable enzyme-

containing complex coacervate core micelles. In this chapter, we couple poly(acrylic acid) 

(PAA) to lysine residue of CotA using 1-ethyl-3-(3’-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC) and N-hydroxy succinimide (NHS) linker. The effect of the length and 

the concentration ratio of the PAA chain and the average number of PAA chains per CotA 

molecule was investigated. Successful bioconjugation was confirmed by native agarose gel 

electrophoresis, SDS PAGE, and zeta potential measurements that showed the increase of 

negative charge in the conjugate CotA-PAA. Enzyme-containing C3Ms were prepared at pH 

10.8 by titrating the diblock copolymer PM2VP128-b-PEO477 solution into to the CotA-PAA 

solution and micelle formation was observed with DLS. The stability of enzyme-containing 

C3Ms was observed by using DLS and FCS. From the results, we conclude that bioconjugation 

of PAA to CotA is a successful strategy to improve the salt-stability of the enzyme-containing 

C3Ms. 

In Chapter 4, we explore a biological approach to increase the charge density of the 

enzyme. We used genetic engineering to increase the negative charge of CotA by adding some 

glutamic acid residues to the C-terminus of CotA. First, we describe the CotA gene's 

modification by using PCR and SLiCE (Seamless Ligation Cloning Extract) cloning methods. 

Then, we discuss the production and purification of genetically modified CotA laccase from 

Escherichia coli Rosetta cells. We investigated the effect of different numbers of glutamic acid 

added to the stability of CotA by activity measurements. Enzyme-containing C3Ms were 

prepared by mixing the genetically modified CotA laccase with the diblock copolymer 

P2MVP128-b-PEO477, at pH 10.8. The stability of the C3Ms was observed by DLS and FCS. 

The results show a significant improvement of the enzyme-containing C3Ms’ stability against 

high salt conditions. 

In Chapter 5, we investigate a chemical crosslinking approach to achieve stable C3Ms 

between homopolymer and diblock copolymer. We discuss quaternizing of diblock copolymers 

with amine-protected quaternization reagents in this chapter. After deprotection, the diblock 

copolymer has positive charges and primary amine functional groups. The C3Ms were prepared 
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by mixing the PAA with the modified diblock copolymer. Crosslinking of the micellar core was 

achieved by two type of crosslinkers; 1-ethyl-3-(3’-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC) and dimethyl 3,3′-dithiopropionimidate dihydrochloride (DTBP). The 

stability of the C3Ms was observed by DLS. The results show a significant improvement of the 

C3Ms’ stability against high salt conditions and pH changes. In addition, when the disulfide 

bridges in the DTBP of core-crosslinked micelles were reduced at pH 7.4, the original salt-

stability profile was largely restored.  

In Chapter 6, we continue our study on core-crosslink strategies of C3Ms composed of 

CotA laccase and amine-functionalized diblock copolymer. For the core-crosslinking of 

enzyme-containing C3Ms, we used DTBP crosslinker. Then, we present the effect of 

crosslinking on the activity of CotA. The formation and the salt stability of core-crosslinked 

C3Ms were observed by DLS and FCS. The results reveal that the C3Ms' resilience against high 

salt environments has significantly improved. 

In Chapter 7, we examine the effect of the additional charges by genetic engineering and 

micellar core-crosslinking on the exchange dynamics of micelles by using the Förster resonance 

energy transfer method (FRET). For genetic engineering strategy, we used CotA laccase that 

were labeled with a FRET pair, Alexa Fluor 488 (donor) and Alexa Fluor 568 (acceptor). For 

core-crosslink strategy, we used the FRET pair of fluorescent proteins mTurquoise2 and 

SYFP2. The micelles composed of donor and acceptor proteins were mixed and the emission 

at donor excitation at donor and acceptor channel was recorded over time. Fitting the FRET 

efficiency data with an analytical model for FRET-based micelle exchange using two exchange 

rates (k1 and k2), we found that core-crosslink strategy decreases the exchange dynamics 

significantly which makes this strategy the most effective strategy to increase the salt stability 

and limiting protein exchange between C3Ms. 

In Chapter 8 we present a general discussion on the most critical findings from this study. 

From this work, we show that C3Ms are promising to encapsulate CotA. Our chemical and 

biological approaches (bioconjugation and genetic engineering) to increase the number of 

charges on the enzyme can be used to improve the stability of enzyme-containing C3Ms against 

the high salt environment. The core-crosslink strategy is the most effective strategy to 

increasing the salt stability and decreasing the exchange dynamic of the protein between 

micelles. Here we also discuss some recommendations that can be done to optimize the 

proposed strategies and some possible alternative strategies for future study. Finally, we 

described the implementation of strategies for potential applications of enzyme-containing 

C3Ms. 
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Abstract 

Encapsulation of charged proteins into complex coacervate core micelles (C3Ms) can be 

accomplished by mixing them with oppositely charged diblock copolymers. However, these 

micelles tend to disintegrate at high ionic strength. Previous research showed that the addition 

of a homopolymer with the same charge sign as the protein improved the stability of protein-

containing C3Ms. In this research, we used fluorescence correlation spectroscopy (FCS) and 

dynamic light scattering (DLS) to study how the addition of the homopolymer affects the 

encapsulation efficiency and salt stability of the micelles. We studied the encapsulation of 

laccase spore coat protein A (CotA), a multicopper oxidase, using a strong cationic-neutral 

diblock copolymer, poly(N-methyl-2-vinyl-pyridinium)-block-poly(ethylene oxide) 

(PM2VP128-b-PEO477), and a negatively charged homopolymer, poly(4-styrenesulfonate) 

(PSS215). DLS indeed showed an improved stability of this three-component C3M system 

against the addition of salt compared to a two-component system. Remarkably, FCS showed 

that the release of CotA from a three-component C3M system occurred at a lower salt 

concentration and over a narrower concentration range than the dissociation of C3Ms. In 

conclusion, although the addition of the homopolymer to the system leads to micelles with a 

higher salt stability, CotA is excluded from the C3Ms already at lower ionic strengths because 

the homopolymer acts as a competitor of the enzyme for encapsulation. 
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2.1. Introduction 

Complex coacervate core micelles (C3Ms) can be formed by mixing a diblock copolymer 

composed of a neutral block and a charged block with an oppositely charged polyelectrolyte or 

a charged biomolecule such as DNA,1 RNA,2 or protein.3–5 The oppositely charged parts bind 

electrostatically to form an almost electroneutral coacervate.6 This coacervate forms the core of 

the micelle, surrounded by a corona consisting of the neutral hydrophilic parts of the diblock 

copolymer, which keeps the micelles in solution.7 C3Ms can be used for a wide variety of 

applications, for example, as nanoreactors,8 diffusional nanoprobes,9 anti-biofouling coatings,10 

and drug delivery systems.11 Advantages of C3Ms as packing system for proteins are their 

solubility in aqueous solution, that many protein molecules can be encapsulated in one micelle,3 

and that they offer opportunities for controlled release.12 Encapsulation of proteins can protect 

them against detrimental environmental effects and protease activity, and enzyme-containing 

C3Ms can be used as a microreactor to overcome incompatibility problems between polar 

enzymes and non-polar substrates.13 

For the encapsulation of a protein in C3Ms, the total protein charge and charge distribution 

over its surface are very important and are dependent on amino acid composition, structure, and 

pH of the surrounding solution.4 In addition, because of the hydrophobic nature of various 

amino acid residues, the formation of protein-containing C3Ms may not only be driven by 

electrostatic interactions and entropy gain due to counterion release,14 but hydrophobic 

interactions may also contribute significantly.15 

One of the most significant challenges regarding the use of C3Ms as packing systems for 

proteins is that they easily disintegrate, often due to the low charge density of proteins. 

Lindhoud et al. showed, using dynamic light scattering (DLS), that the most stable enzyme-

containing C3Ms could be obtained by adding homopolymer with the same charge sign as the 

protein to the two-component system, in excess over the protein concentration.16 Research from 

Black et al. showed that bovine serum albumin (BSA) could be encapsulated in coacervate 

droplets of two oppositely charged polypeptides. However, increasing the ratio of BSA to the 

total amount of polypeptides in the system led to a less than linear increase of BSA in the 

coacervate, as observed using a Bradford colorimetric assay.17 This illustrates the need for 

further investigation of three-component coacervate systems for protein encapsulation, studied 

using additional techniques, as already suggested by Blocher and Perry (2016).18  

In 2010, Gapinski et al. showed that the relatively novel technique of fluorescence 

correlation spectroscopy (FCS) could be used to measure micellar sizes and shapes.19 Research 
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of Nolles et al. showed that DLS and FCS provided similar results concerning the 

hydrodynamic radius and preferred micellar composition (PMC) of two-component C3Ms that 

contained green fluorescent protein (GFP).3,5 In addition, FCS enabled them to obtain the 

distribution of protein over micelles and solution and the number of protein molecules 

incorporated per micelle.3 Compared to DLS, FCS has a relative low background noise due to 

the Stokes shift of the fluorescence emission, and measurements can be conducted at very low 

(nanomolar) concentrations. Furthermore, FCS has a selectivity that allows for the 

measurement of specific fluorescent molecules in systems.20 On the other hand, FCS 

experiments and analysis are more labor-intensive than DLS measurements, and often 

fluorescence labelling of biomolecules is required. 

The spore coat protein A (CotA) laccase is the model enzyme of the present study. CotA 

is originally found in the outer coat layer of the Bacillus subtilis endospore.21 CotA has an 

isoelectric point (pI) at pH 5.84 and a molar weight of 65 kDa. It is a multicopper oxidase 

(MCO), characterized by the presence of four copper ions22 (Figure 2.1). These four copper 

ions are classified into three categories based on the ultraviolet/ visible (UV/ vis) and electronic 

paramagnetic resonance (EPR) spectra, denoted as type 1 (T1), type 2 (T2) a type 3 (T3).23 The 

T1 Cu ion is responsible for the intense blue color of the enzyme, and its absorption can be 

detected around 600 nm. The T2 and two T3 Cu ions form the trinuclear center (TNC) in the 

protein structure.24 CotA can catalyze the oxidation of a wide variety of substrates using 

dioxygen as an electron acceptor. Substrate oxidation occurs at the T1 binding pocket, and the 

electrons are then transferred to the TNC, where the reduction of dioxygen occurs.25–27 CotA 

has a region of positive charge on its surface at the interface between domains 1, 2 and 3, 

including ten lysine and five arginine amino acid residues. The biological function of this 

positively charged patch is its involvement in the assembly of CotA into the spore outer coat 

layer.8, 27 

Some types of laccases have already been used as a model to study enzyme immobilization. 

For example, Pich et al. used laccase from fungus in their study of composite magnetic particles 

as enzyme carriers,28 while Bryjak et al. immobilized laccase from fungus by covalently binding 

it to a copolymer of butyl acrylate and ethylene glycol dimethacrylate.29 However, so far 

laccases have not been used to study encapsulation in complex coacervate core micelles. In this 

research, we studied the stability and encapsulation efficiency of CotA containing C3Ms. We 

show that a combination of DLS and fluorescence correlation spectroscopy (FCS) data is 

necessary to optimize the balance between micelle stability and encapsulation efficiency.  
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Figure 2.1. (A) native CotA structure. Cu atoms are represented as spheres colored in brown. 

The protein contains one disulfide bridge, which is represented as a red line. (B) Copper 

coordination in CotA laccase structure.25,30 

 

2.2. Experimental section  

2.2.1. Materials 

2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) was 

purchased from Sigma-Aldrich. The probe Alexa Fluor C5 maleimide (Alexa 488) was 

purchased from Thermo Fisher Scientific. The diblock copolymer poly(2-vinyl pyridine)128-

block-poly(ethylene oxide)477 (Mn = 34.5 kg/ mol, Mw/ Mn = 1.1) was obtained from Polymer 

Source Inc. This diblock copolymer then was quaternized with iodomethane following the 

procedure described by Lindhoud et al.31 The quaternization degree was about 70 % as 

measured by 1H-NMR (Figure S2.1., Supplementary information).32 The homopolymer poly(4-

styrenesulfonate)215 (Mn = 43 kg/ mol, Mw/ Mn =1.03, degree of sulfonation about 90 %) was 

purchased from Polymer Source Inc. 

 

2.2.2. CotA production  

The production and purification of CotA were done following the procedure described by 

Martins et al.21 The CotA gene was cloned into a pLOM 10 vector and heterologously expressed 

in Escherichia coli Rosetta cells. The induction of CotA laccase expression was done by adding 

0.1 mM isopropyl β-D-1- thiogalactopyranoside (IPTG) and 0.25 mM CuSO4 at 25 ºC. The 

purification of CotA laccase was performed using cation exchange chromatography (cIEX 

using a SP-Sepharose FF column from GE Healthcare) and gel filtration chromatography 

(Superdex 200 column from GE Healthcare).  
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A variant of CotA was obtained by replacing a serine at position 313 in the amino acid 

sequence by a cysteine (CotA S313C). Copper is an oxidation catalyst that can promote the 

oxidation of free sulfhydryl in cysteine of CotA S313C. Because of that reason, for this variant, 

apoenzyme was produced, i.e. without the addition of 0.25 mM CuSO4
 during induction.33 

The CotA containing fractions from cIEX were pooled and subsequently labeled with Alexa 

Fluor 488 C5 maleimide with a molar ratio of 1:10 at 4 ºC by incubation in the dark for 16 h. 

Next, the mixture was loaded to a Biogel-P6DG gel filtration column (BioRad) to separate the 

labeled protein from the unreacted label. The fractions that showed fluorescence and contained 

protein were pooled and concentrated by using an Amicon concentrator (cutoff of 10 kDa). The 

pooled concentrated enzyme was then loaded to a gel filtration column (Superdex 200 column). 

The fractions that showed absorptions both at 280 nm and 490 nm were collected and 

concentrated. The purity of labeled CotA was analyzed using SDS-PAGE analysis (Figure 

S2.2., Supplementary information). 

 

2.2.3. pH stability of CotA: enzyme activity test and Circular Dichroism (CD) 

For the activity assay (standard assay), we used 1.0 mM ABTS as a substrate for CotA. The 

assay was done in 0.1 M sodium acetate buffer at pH 4.4. The oxidation product, the green-

colored cationic radical (ABTS•+), was measured spectrophotometrically at 420 nm (ε =  36 000 

M-1 cm-1). One unit of laccase activity was defined as the amount of laccase that oxidized one 

µmol of ABTS per minute at 25 ºC.  

To determine the stability of CotA at different pH values, the buffer of the enzyme solution 

was exchanged with buffers of pH 7.6, 9.0, and 10.8 at 4 ºC. The enzyme solutions were 

incubated at the three-pH values room temperature and sampled every five minutes up to a total 

of 1 h. The samples were assayed using the standard assay. Next to the activity measurements, 

we also performed Circular Dichroism (CD) spectroscopy at the three pH values, after 

incubation for one hour, to determine any secondary structure changes of CotA. CD 

experiments were performed on a JASCO J-715 spectropolarimeter with a Jasco PTC 348 WI 

temperature controller. The far-UV CD spectra were recorded from 200 to 260 nm at 25 ºC. 

The sample was a load to quartz cuvette with an optical path length of 1 mm. Twenty spectra, 

each recorded with a resolution of 1 nm and a scan speed of 50 nm/ min were accumulated and 

averaged.  
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2.2.4. Preparation of protein-containing C3Ms 

Enzyme and polymer solutions containing 10 mM sodium carbonate buffer were prepared, with 

a final pH of 10.8. All of the solutions were filtered using a 0.2 µm poly(ether-sulfone) 

membrane syringe filters (Advanced Microdevices Pvt. Ltd.). The PMC of the two-component 

C3Ms was determined by mixing a constant concentration of CotA with different 

concentrations of PM2PV-b-PEO. DLS measurements were performed to determine at which 

charge composition optimal micelle formation took place.  

The amino acid sequence of CotA and the pH value of the buffer determines to a great 

extent the net charge of the enzyme. The pH-charge profile can be calculated from the protein’s 

three-dimensional structure using the PROPKA 3.1 software package.3,34 Using this approach, 

we determined a net charge for CotA of about −41 at pH 10.8 (Figure S2.3., Supplementary 

information). PM2PV-b-PEO has a pH-independent charge of about +90. To form three-

component micelles, the homopolymer PSS, which has a charge of about −188, was added to 

CotA solutions with a charge concentration two, four, or six times higher than that of CotA. To 

find the PMC for each of these cases, different concentrations of PM2PV-b-PEO were added 

to the CotA-PSS mixtures and, using DLS, the charge composition at which optimal micelle 

formation took place was determined. The order of mixing for creating three-component C3Ms 

does not affect micelle formation to a great extent (Figure S2.4 and S2.5., Supplementary 

information).  

Two- and three-component C3M solutions were prepared at their PMCs and stored at room 

temperature overnight before measurements. To monitor the salt stability of the C3Ms, a 4 M 

solution of NaCl was titrated to enzyme-containing micelles at their PMCs and observed by 

both DLS and FCS.  

 

2.2.5. Dynamic light scattering (DLS) 

Dynamic light scattering (DLS) was performed with an ALV instrument equipped with a DPSS 

laser operating at 660 nm. All measurements to determine the preferred micellar composition 

(PMC), hydrodynamic radius, and polydispersity index (PDI) were performed at a scattering 

angle of 90º. Multi-angle DLS was performed to determine the shape of the protein-containing 

C3Ms. The laser power used was 100 mW. The hydrodynamic radius Rh was calculated from 

the diffusion coefficient D,35 obtained from the autocorrelation function by cumulants analysis, 

and using the Stoke-Einstein equation, assuming spherical particles: 

𝐷 =  
𝑘B𝑇

6π𝜂𝑅h
      (2.1) 
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where kB is the Boltzmann constant, T is the absolute temperature, and η is the viscosity of the 

solution.   

 

2.2.6. Fluorescence correlation spectroscopy (FCS) 

Fluorescence correlation spectroscopy (FCS) was performed using a Leica TCS SP8 X system 

equipped with a 63× 1.20 NA water immersion objective and a supercontinuum laser. CotA 

labeled with Alexa Fluor 488 was excited by selecting the 488 nm laser line with a pulse 

frequency of 40 MHz. Fluorescence was collected through a size-adjustable pinhole, set at 1 

Airy unit, and filtered using a 495−525 nm spectral filter using a hybrid detector coupled to a 

PicoHard 300 TCSPC module (PicoQuant). FCS data were analyzed with software FFS data 

processor version 2.3 (Scientific Software Technologies Software Centre, Belarus), using a 

two-component 3D diffusion model including triplet state.36,37 Rhodamine 110, which has a 

diffusion coefficient of 4.3 x 10-10 m2s-1, was used to determine the confocal structure parameter 

(a = ωz/ ωxy with ωxy and ωz the equatorial and axial radii of the detection volume, respectively). 

In FCS, fluorescent particles move in and out of the confocal volume, causing intensity 

fluctuations. These intensity fluctuations can be correlated with an autocorrelation function as 

follows: 

𝐺(𝑡) =
⟨𝐼⟩2+ ⟨∆𝐼 (𝑡)  ∆𝐼 (𝑡+ τ)⟩

⟨𝐼⟩2
    (2.2) 

 

where G(t) is the normalized fluorescence fluctuation autocorrelation function, I is the 

fluorescence intensity, and ∆I(t) is the deviation of the average signal intensity at time t.  

After excitation, intersystem crossing may occur, i.e., the transition of a fluorophore from 

the singlet state to the triplet state. Relaxation from the triplet state to the ground state can occur 

without emission of photons, and as a result, the fluorophore appears to be dark for a short 

interval. For autocorrelation analysis, this phenomenon needs to be considered because 

intersystem crossing to the triplet state may lead to an additional shoulder on the microsecond 

time scale.37 For autocorrelation analysis, including the triplet state, the following equation 

applies:  

 

𝐺(𝑡) = 1 +
1

⟨𝑁⟩
 . (1 +  

𝐹𝑡𝑟𝑖𝑝

1−𝐹𝑡𝑟𝑖𝑝
) 𝑒−𝑡/ 𝑇𝑡𝑟𝑖𝑝  . ∑

𝐹𝑖

(1+
𝑡

𝜏𝑑𝑖𝑓,𝑖
) .√1 + (

𝜔𝑥𝑦

𝜔𝑧
)

2
.  

𝑡

𝜏𝑑𝑖𝑓,𝑖

𝑛
𝑖=1   (2.3) 

 

where ⟨N⟩ is the average number of fluorescent particles in the confocal volume, Ftrip is the 

fraction of molecules in the triplet state, Ttrip is the average time a fluorophore resides in the 
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triplet state, Fi is the fraction of species i, and τdif is the diffusion time of the fluorophore in the 

confocal volume. From the diffusion time, the diffusion coefficient D can be calculated using 

this equation:  

𝐷 =
𝜔𝑥𝑦

2

4𝜏𝑑𝑖𝑓
      (2.4) 

 

2.2.7. Activity and secondary structure of encapsulated enzyme 

The activity of CotA-containing C3Ms was measured by using the ABTS assay, and the protein 

secondary structure was determined using far-UV CD as described above. During 

measurements, the temperature was kept to 25 ºC. For each sample, the far-UV CD spectrum 

was recorded between 200 and 260 nm. 

 

2.3. Results and discussion 

2.3.1. pH stability of CotA: enzyme activity and secondary structure 

To encapsulate CotA in C3Ms using a positively charged diblock copolymer, a high pH of 10.8 

was chosen to establish a sufficient negative charge on the enzyme and to eliminate the effect 

of the positively charged patch on its surface. 

The activity of CotA as a function of incubation time at different pH values is presented in 

Figure 2.2. It shows that CotA laccase activity does not depend on the time of incubation and 

is an alkali-resistant enzyme. As described in the introduction, the active site of CotA involves 

Cu ions; incubation of the enzyme at high pH results in an increase of the redox potential of 

CotA, where the T1 Cu in the enzyme will have a higher tendency to gain electrons from the 

substrate, speeding up the catalytic cycle.38,39,40 

 

Figure 2.2. Specific activity of CotA measured at pH 4.4 after incubation of enzyme at different 

pH values (●, pH 10.8; ▲,pH 9.0; and ■, pH 7.6)  as a function of incubation time at 25 ºC . 
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The CD spectra presented in Figure 2.3 show that the secondary structure of CotA laccase 

is not significantly affected by incubation at high pH: the functional conformation of the 

enzyme is maintained despite of the deprotonation of amino acid residues at alkaline pH. 

 

Figure 2.3. CD spectra of CotA measured after incubation for 1 hour at different pH values 

measured at the pH of incubation (at pH 10.8 (orange), pH 9.0 (grey), and pH 7.6 (blue)). 

 

2.3.2. Complex coacervate core micelles: two-component micelles 

Two-component complex coacervates core micelles were obtained by mixing CotA with 

PM2PV128-b-PEO477. At neutral pH, CotA has a highly positive patch on its surface due to ten 

lysines and five arginines that are located at the interface between domains 1, 2, and 3,25,27 while 

the net charge of the CotA molecules is negative (−10). Adding the diblock copolymer PM2PV-

b-PEO to the protein solution at neutral pH led to the formation of heterogeneous large 

aggregates and precipitation (data not shown). For the formation of C3Ms it is therefore 

essential to decrease the protein’s charge anisotropy by neutralization of the lysine residues in 

the protein by increasing the pH.15 

At pH 10.8 the formation of C3Ms consisting of CotA and PM2PV-b-PEO was successful. 

At this pH, the net charge on the protein amounts to −41. The charge composition of the system 

can be described by partition coefficient F− according to the equation: 

 

   𝐹− =
𝑛−

𝑛−+𝑛+      (2.5) 

 

where n− = c− N− and n+ = c+ N+, i.e., the total concentration of negative charges and the total 

concentration of positive charges on the two types of macromolecules, respectively, with c their 

molar concentrations and N the number of charged groups per molecule. 
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To determine the preferred micellar composition (PMC) usually a solution with a constant 

amount of polyelectrolyte or charged biomolecule is mixed with increasing amounts of diblock 

copolymer. At the PMC, the concentration of micelles reaches a maximum and using DLS this 

can be detected as a maximum in light scattering intensity.10 When F− is far from the PMC, the 

interaction between polyelectrolyte (biomolecule) and oppositely charged diblock would only 

produce a limited number of small soluble complexes resulting in low light scattering 

intensities.3,10 

DLS measurements on solutions with varying charge compositions (mixing ratios) show 

the highest intensity at F− = 0.5 (Figure 2.4A), implying that the PMC corresponds to equal 

concentrations of positive and negative charges on the diblock and the protein. At the PMC, the 

scattering objects have a hydrodynamic radius of 34.0 ± 0.8 nm (Figure 2.4B). At the PMC, a 

minimum in the polydispersity index (PDI) is found (Figure 2.4C), indicating a narrow size 

distribution of the formed micelles. 

 

Figure 2.4. DLS results for mixtures of CotA and PM2PV128-b-PEO477 as a function of charge 

composition F−. (A) Scattering intensity (I), (B) hydrodynamic radius (Rh), and (C) 

polydispersity index (PDI).  

 

The shape of the micelles can be determined using multi-angle DLS. At each detection 

angle, the decay rate  of the DLS correlation function is determined by means of cumulant 

fits. From Figure 2.5 it can be seen that  fitted with the first, second, and third cumulant as a 

function of the squared wave vector (q2) gives three overlapping straight lines, showing that the 

C3Ms are spherical and monodisperse.41 The slope of the lines equals the diffusion coefficient. 
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Figure 2.5. Multi-angle DLS results for two-component enzyme-containing C3Ms. Decay rate 

 (q) obtained from the DLS correlation curves by a first (blue), second (orange), and third 

(grey) cumulant fit. 

 

Activity measurements were performed for samples with various mixing ratios of CotA 

and diblock copolymer, where F− = 0 is only polymer, and F− = 1 is only enzyme. Except for 

F− = 0, all samples had the same enzyme concentration. The activity of CotA was found to be 

constant (Figure 2.6) and similar to the activity of free enzyme incubated at pH 10.8 (Figure 

2.2). It should be noted that the mixed samples were prepared at pH 10.8, but the ABTS test 

was carried out at the pH 4.4. At this lower pH, CotA will be released from the micelles and 

then oxidize the substrate ABTS. Packing and subsequent release from the C3Ms apparently 

did not affect the activity of the enzyme significantly. The CD results (Figure 2.7) confirmed 

that the secondary structure of the enzyme was maintained when the enzyme was encapsulated 

in C3Ms. 

 

Figure 2.6. Specific activity of CotA measured after being encapsulated in different charge 

ratios with diblock copolymer. 
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Figure 2.7. CD spectra of two component enzyme-containing C3Ms (orange lines) and the free 

enzyme (blue lines). 

  

2.3.3. Complex coacervate core micelles: three-component micelles 

To obtain three-component micelles, the negatively charged homopolymer PSS215 was added 

to mixtures of CotA and PM2PV128-b-PEO477 with a charge concentration two, four or six times 

higher than that of CotA. DLS measurements showed that for all PSS/ CotA charge 

concentration ratios, a maximum in light scattering intensity was observed at an overall charge 

composition of F− = 0.6 (Figure 2.8A), indicating that micelles are mostly formed at this mixing 

composition. The deviation of the PMC from 0.5 suggests that micelle formation is not only 

due to electrostatic interactions and counterion release, but that other interactions also play a 

role, most probably hydrophobic interactions. CotA has several hydrophobic residues at its 

surface with different levels of exposure. The polyelectrolytes used in this study also have 

hydrophobic parts, i.e., the vinyl backbone of PM2PV-b-PEO and the styrene group of PSS, 

and these could be involved in protein-polyelectrolyte interactions.15 It seems that hydrophobic 

interactions are more important in the three-component micelles than in the two-component 

ones (PMC at F− = 0.5). 

At the PMC of the three-component C3Ms, the lowest PDI was found compared to other 

mixing ratios (Figure 2.8C). The hydrodynamic radii of the three-component micelles are about 

26.6 ± 0.5 nm, 24.2 ± 0.2 nm, and 23.6 ± 0.5 nm for two, four, six times higher of charge 

concentration to CotA, respectively (Figure 2.8B). This is smaller than the size of two-

component C3Ms, which suggests that the amount of encapsulated enzyme molecules per 

micelle is less in the three-component C3Ms. As shown in Figure 2.9, multi-angle DLS results 

indicate that three-component C3Ms also have a spherical shape and are fairly monodisperse, 

similar to the two-component C3Ms.  
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Figure 2.8. DLS results for three-component C3Ms (with a PSS/ CotA charge ratio of 2:1) as 

function of charge composition F−. (A) Scattering intensity (I), (B) hydrodynamic radius (Rh) 

and (C) polydispersity index (PDI). 

 

 

Figure 2.9. Multi-angle DLS results for three-component C3Ms with a PSS/ CotA charge ratio 

of 2. Decay rate  (q) obtained from the DLS correlation curves by a first (blue), second 

(orange), and third (grey) cumulant fit. Similar trend lines were also observed for the PSS/ CotA 

charge ratio of 4 and 6.  

 

2.3.4.     FCS analysis of two- and three component C3Ms 

Native CotA is not fluorescent in the visible spectrum, therefore the CotA S313C variant was 

used for labeling with the fluorescent dye Alexa Fluor 488 via a maleimide reaction and after 

purification (Figure S2.2, Supplementary information), applied in FCS experiments.42  

The two- and three-component C3Ms were prepared using labeled CotA at their PMCs 

obtained from the DLS measurements. FCS analysis allows to discriminate between CotA free 

in solution (small particles) and incorporated into micelles (large particles) based on their 

different diffusion times. In addition, the enzyme-containing C3Ms are much brighter than the 

free enzyme molecules. The fluorescence intensity of the C3Ms is expected to be proportional 

to the number of encapsulated proteins. 
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The normalized autocorrelation curves in Figure 2.10 show a faster decay, and thus a larger 

diffusion coefficient for the solution that contained only fluorescently labeled CotA than for the 

mixture of CotA and the diblock copolymer. In addition, the number of fluorescent particles 

detected in the confocal volume (N) was much higher for the solution without the diblock 

copolymer (87 versus 3 particles, data not shown), with a much lower fluorescence intensity. 

These results confirm the encapsulation of labeled CotA in C3Ms upon mixing with PM2PV-

b-PEO and show that a large amount of CotA can be entrapped in the core of the two-component 

C3Ms.  

 

Figure 2.10. Autocorrelation curves obtained with FCS. (A) Not normalized G(t). (B) 

Normalized G(t). Blue curves represent free labeled CotA, and red curves represent the two-

component C3Ms. Grey, yellow, and green curves represent the three-component C3Ms made 

using two, four, and six-fold charge excess of PSS over CotA, respectively. The total CotA 

concentration was identical in all samples. 

 

The three-component systems also show a decrease in diffusion coefficients compared to 

the free CotA, while N decreased from 87 to 20, 19, and 30 for PSS charge concentrations of 

two, four, and six times that of CotA, respectively. The amplitude of the autocorrelation curve 

of the particles in the three-component systems is in between the amplitude of the free labeled 

CotA and that of the two-component C3Ms. These results show that CotA is also encapsulated 

in the three-component C3Ms, with a lower amount of encapsulated enzyme molecules per 

micelle than in the two-component system. 

Further analysis of the FCS results revealed that free labeled CotA has Rh of about 2.4 ± 

0.2 nm. In the two-component system, about 84 % of the enzyme was present in micelles with 

an Rh of about 38 nm. The three-component C3Ms appeared smaller, having a size of about 24 
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nm, and here about 80 % of the CotA is encapsulated in the core of micelles. Apparently, there 

is no significant difference in encapsulation efficiency among the three-component micelles 

made with different charge ratios of CotA and PSS. This is probably because for the samples 

with different CotA/ PSS ratios, the total CotA concentration was kept constant, while the 

concentration of the diblock copolymer PM2PV-b-PEO was increased with the concentration 

of PSS to keep F− at −0.6 (the PMC). As a result, more micelles are formed but with a lower 

amount of CotA per micelle. The hydrodynamic radii found with FCS are similar to those 

obtained with DLS.  

 

2.3.5. Stability of two- and three component C3Ms against salt 

FCS can provide information on the fractions of CotA encapsulated in C3Ms and free in 

solution, data which is not provided by DLS. We used both techniques to monitor the change 

in stability of the enzyme-containing C3Ms upon the addition of salt (NaCl). From the DLS 

results in Figure 2.11 it can be seen that by stepwise adding salt to the two-component C3M 

system, the scattering intensity as well as the Rh of the micelles gradually decreases. These 

phenomena occur because upon increasing the salt concentration, the electrostatic interactions 

become weaker and the entropy gain from counter ion release becomes smaller, leading to a 

lower stability constant for C3M formation.43
 As a result, the micelles start to disintegrate.44–50  

 
Figure 2.11. Normalized DLS scattering intensity for salt titration (NaCl) of C3M solutions. 

Circles (red) represent the two-component C3MS of CotA and diblock copolymer. Triangles 

(black) represent micelles formed only by homopolymer and diblock copolymer. Squares 

represent three-component C3Ms made with 2 (grey), 4 (yellow), and 6 (green) -time charge 

excess of PSS over CotA. 

 

The DLS data clearly shows that addition of homopolymer improved the salt stability of 

the protein-containing C3Ms. The more PSS is present in the system, the more resistant it is 

0.0

0.2

0.4

0.6

0.8

1.0

0 50 100 150 200

N
o

rm
al

iz
ed

 i
n

te
n

si
ty

[NaCl] (mM)



Chapter 2 

49 

 

towards salt addition. We found that in the limiting case of an infinite ratio PSS/ CotA, i.e., for 

micelles consisting of only homopolymer PSS and diblock copolymer PM2VP-b-PEO, the 

system was still stable at 1 M NaCl (data not shown). This is in line with the observation of 

Van der Gucht et al. that for mixtures of the polyelectrolytes PM2VP88 and PSS165 the critical 

salt concentration, i.e., the salt concentration above which no coacervate phase is formed, 

amounts to about 2 M (KCl).6 We assume the limit of the salt stability of the C3Ms with 

increasing the PSS content is also well above 1.5 M salt. 

DLS data cannot provide changes in the number of CotA encapsulated in C3Ms upon 

increasing the ionic strength. Therefore, we used FCS as a read-out as this technique allows for 

distinguishing between the fraction of free enzyme (fraction 1) and the fraction of enzyme 

encapsulated in C3Ms in the confocal volume (fraction 2). By adding salt, fraction 2 decreased, 

corresponding to an increase in fraction 1. As shown in Figure 2.12, the total number of 

fluorescent particles detected in the confocal volume (N) also increased upon stepwise addition 

of salt, indicating the release of CotA as well. These results clearly show that CotA was released 

from the three-component C3Ms at a significantly lower salt concentration and over a narrower 

salt concentration range than from the two-component C3Ms. Evidently, the presence of PSS 

caused CotA to be expelled from the micelles upon addition of salt, even though the DLS results 

showed that the micelles become more salt resistant with the presence of PSS. Therefore, 

addition of homopolymer with the same charge sign as the enzyme is not an appropriate strategy 

for improving the stability of enzyme-containing C3Ms in high salt environment. 

 

Figure 2.12. FCS analysis for salt titration of two-component and three-component C3Ms: 

normalized number of particles N in the confocal volume. Circles (red) represent the two-

component C3MS of CotA and diblock copolymer. Squares represent three-component C3Ms 

made with 2 (grey), 4 (yellow), and 6 (green) -time charge excess of PSS over CotA. 
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An explanation for the FCS results is that the attraction between PM2PV-b-PEO and PSS 

is stronger than between PM2PV-b-PEO and CotA, because PSS has a much higher charge 

density than CotA. Therefore, the homopolymer is preferably taken up in the micelles, and only 

a relatively small amount of negatively charged CotA contributes to the stoichiometry.  When 

salt is added to the micellar solution, the electrostatic interactions decrease and especially the 

attraction between protein and diblock copolymer becomes very weak. Moreover, the enzyme 

is a bulky molecule with only a few charges and by adding small ions it becomes entropically 

no longer favorable to incorporate the enzyme in the C3Ms.45 As a result, the enzyme is expelled 

from the complex coacervate core and replaced by homopolymer.46 

Adding salt to C3Ms solutions also affects the micellar dynamics. With increasing ionic 

strength, intermolecular exchange processes will be faster, as well as rearrangements in the 

micellar core.3,51 This facilitates the replacement of CotA by PSS. 

 

2.4. Conclusions 

Using DLS and FCS, we showed that at high pH (10.8) the enzyme CotA can be encapsulated 

with the diblock copolymer PM2PV-b-PEO into complex coacervate core micelles. At neutral 

pH micelle formation does not take place, most probably because of the low net negative charge 

of the enzyme and the presence of a positively charged patch on its surface. To improve the salt 

stability of the micelles the negatively charged homopolymer PSS was added to create three-

component C3Ms. The three-component C3Ms are smaller (hydrodynamic radius 24 nm versus 

32 nm for the two-component system) and FCS measurements showed that per micelle less 

CotA is encapsulated, although the fraction of enzyme that is encapsulated is still high (80 % 

versus 84 %). DLS measurements confirmed that the three-component C3Ms are indeed more 

salt resistant than the two-component C3Ms. However, FCS analysis revealed that CotA is 

expelled from the three-component C3Ms already at relatively low salt concentrations.  

From our results it is clear that FCS experiments are vital to get insight into the 

composition and salt stability of the three-component C3Ms, since this technique enables to 

discriminate between free CotA and encapsulated CotA. From these analyses it can be 

concluded that adding homopolymer with the same charge sign as the protein is not a good 

strategy to improve the salt stability of protein-containing C3Ms. We suggest that it is important 

to increase the charge density of enzyme by bioconjugation technique then enzyme-containing 

C3Ms more salt resistant. 
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Supplementary information 
 

S2.1. 1H NMR of quaternized diblock copolymer 

 

Figure S2.1. 1H-NMR of PM2PV128-b-PEO477. Quaternization degree was measured by 

compared the integral of pyridine ring with the methyl group. The spectrum was recorded in 

D2O. 

 

 

S2.2. SDS-PAGE analysis 

 
Figure S2.2. SDS-PAGE analysis for CotA laccase. (A) Holo CotA wild. 1a: flow through 

(FT), 2a: cell free extract (CFE), 3a: pooled from cation exchange exchanger (CEC), 4a: pooled 

from gel filtration column (Superdex), 5a: marker. (B) Apo CotA labeled Alexa Fluor 488 C5 

maleimide.  
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S2.3. Charges of CotA 

 
Figure S2.3. Charge of CotA as a function of pH calculated by using the PROPKA 3.1 software 

package. 

 

 

 

S2.4. Effect of changing the mixing order for three-component C3Ms preparation 

Effect of changing the mixing order for three-component C3Ms preparation are listed in Figure 

S2.4 and Figure S2.5.  

 
Figure S2.4. DLS results for the formation of three-component C3Ms (with a PSS/ CotA charge 

ratio of 2:1) as function of charge composition F−. The three components were mixed in a 

different order than in the main text: first enzyme and diblock copolymer, and then PSS. (A) 

Scattering intensity (I), (B) hydrodynamic radius (Rh) and (C) polydispersity index (PDI). Laser 

power 150 mWatts. 
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Figure S2.5. DLS results for three-component C3Ms formation (with a PSS/ CotA charge ratio 

of 2:1) as function of charge composition F−. The three components were mixed as follows: 

PSS, diblock copolymer, and then enzyme. (A) Scattering intensity (I), (B) hydrodynamic 

radius (Rh) and (C) polydispersity index (PDI). Laser power 150 mWatts. 
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Abstract 

Enzyme-containing complex coacervate core micelles (C3Ms) are generated by mixing an 

aqueous charged enzyme solution with an oppositely charged-neutral hydrophilic diblock 

copolymer solution. The preparation of enzyme-containing C3Ms is simple and it can be used 

to protect enzymes against a detrimental environment and for controlled delivery. However, 

due to the low charge density of enzymes, enzyme-containing micelles are easily disintegrated 

already at moderate salt conditions. In this study, we aimed to improve the salt stability of 

enzyme-containing C3Ms by bioconjugation of the enzyme with a charged homopolymer. We 

used 1-ethyl-3-(3’-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and N-

hydroxysuccinimide (NHS) to covalently bind the enzyme CotA laccase to poly(acrylic acid) 

(PAA). The increase in negative charge on the enzyme after bioconjugation was determined by 

native agarose gel electrophoresis, SDS-PAGE, and zeta potential measurements. Circular 

dichroism and activity measurements showed that the structure and activity of CotA were 

preserved after bioconjugation; it even improved the heat resistance of the enzyme. Diblock 

copolymer poly(N-methyl-2-vinyl-pyridinium)128-block-poly(ethylene oxide)477 (PM2VP128-b-

PEO477) was added to the enzyme solutions to form C3Ms. The characteristics of the enzyme-

containing C3Ms and their salt stability were determined using dynamic light scattering (DLS) 

and fluorescence correlation spectroscopy (FCS). It was found that the micelles formed with 

the bioconjugated enzymes are smaller than the native CotA micelles, but their concentration 

is higher. Bioconjugation of the enzyme with PAA improves the stability of the enzyme-

containing C3Ms against the addition of NaCl, shown by both FCS and DLS. Therefore, 

coupling enzymes with homopolymers of the same charge sign as the enzyme effectively 

improves the salt stability of enzyme-containing C3Ms. 
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3.1. Introduction 

Protein encapsulation is important for many applications such as protein drug delivery, 

environmental remediation, and biocatalysis, and is used in, e.g., personal and skincare 

products.1–4 Previous studies have shown that proteins can be easily encapsulated into complex 

coacervate core micelles (C3Ms).5–7 These protein-containing C3Ms are soluble in an aqueous 

solution and have high loading efficiencies.5,8–10 Protein-containing C3Ms are formed by 

mixing an aqueous solution of a charged protein and an oppositely charged-neutral hydrophilic 

diblock copolymer. The formation of C3Ms is driven by electrostatic attraction between the 

charged block of the polymer and the protein, which together form an electroneutral complex 

coacervate core, and by the accompanying entropy gain due to the release of counter ions. This 

coacervate core is surrounded by a corona formed by the neutral hydrophilic blocks of the 

polymers, preventing macroscopic phase separation of the coacervate and aggregation of the 

micelles by steric repulsion.11–14 Protein incorporated in the core of C3Ms is protected from a 

harmful environment or proteases. In addition, C3Ms can be applied to control and target 

protein release.  

One of the most significant challenges in the application of C3Ms to encapsulate proteins 

is to avoid disintegration of the micelles at higher salt concentrations (salt-induced 

disintegration). Even at moderate salt concentrations (in the order of 50-100 mM), protein-

containing C3Ms appear not stable.7,10,13 When the micelles unintentionally disintegrate, the 

protein will be released and is no longer protected. Improved salt-resistant enzyme-containing 

C3Ms can be obtained by adding a homopolymer with the same charge sign as the protein to 

form three-component C3Ms.10,15 However, in a previous study,7 we found that in assembling 

a three-component system, the enzymes were expelled from the micelles when salt was added, 

already at much lower salt concentrations than at which the micelles actually disintegrated.7 

The cause for this phenomenon is that the charged homopolymer competes with the enzyme, 

and when salt is added, the attraction between the protein and diblock copolymer becomes 

weaker. Moreover, due to the low charge density of the enzyme, with the addition of small ions, 

it is entropically no longer favorable to incorporate the enzyme in the core of the micelles. 

Protein-containing C3Ms could be stabilized by increasing the protein net charge. This 

could be achieved through post-translational chemical modifications or genetic engineering.16–

22 With genetic engineering, high charged recombinant proteins can be produced in high yield 

and precise composition.16,23,24 Alternatively, a homopolymer with the same charge sign as the 
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protein can be easily covalently coupled to protein to increase the charge. This will improve the 

salt stability of the C3Ms and keep the enzyme in the core of the micelles. 

One method to couple biomolecules such as proteins with polyelectrolytes is 

bioconjugation.16,25–32 Protein bioconjugation is usually performed by reacting to nucleophilic 

amino acids, such as lysine or cysteine.16,33–36 Of these two, lysine is the most used amino acid 

residue for bioconjugation because proteins generally have many lysine side chains exposed on 

the proteins’ surface, while the side chain of cysteine residues are usually buried in the protein 

structure. Thus, lysine typically yields higher efficiency of bioconjugation.25 The most common 

linker to couple a polymer to lysine is the carbodiimide linker.37 

This study aims to enhance the salt stability of enzyme-containing C3Ms by using 

bioconjugation. As in our previous studies7,32, the spore coat protein A (CotA) laccase was used 

as a model enzyme to achieve this goal. Here, we made bioconjugates of this enzyme with the 

anionic homopolymer poly(acrylic acid) (PAA) of two different lengths and with two different 

ratios of PAA to CotA during bioconjugation. To link PAA to the enzyme, 1-ethyl-3-(3’-

dimethylaminopropyl)carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) 

were used. C3Ms were prepared by adding the diblock copolymer poly(N-methyl-2-vinyl-

pyridinium)128-block-poly(ethylene oxide)477 (PM2VP128-b-PEO477) to the enzyme solutions. 

The preferred micellar composition (PMC), structural features, and salt stability of the CotA-

PAA-containing C3Ms were determined using dynamic light scattering (DLS) and fluorescence 

correlation spectroscopy (FCS). For the FCS experiments, we used fluorescently labeled CotA 

with a fluorescent dye (Alexa Fluor 488) via maleimide reaction as described previously.7,32 

 

3.2. Experimental section  

3.2.1. Materials 

The diblock copolymer poly(2-vinyl pyridine)128-block-poly(ethylene oxide)477 (Mn = 34.5 

kg/mol, Mw/ Mn = 1.1) was obtained from Polymer Source Inc. This diblock copolymer was 

quaternized with iodomethane following the procedure described by Lindhoud et al.,38 resulting 

in a degree of quaternization (DQ) of about 70 % (measured by 1H-NMR).39 Poly(acrylic acid) 

(PAA) with Mn = 3.4 kg/ mol (Mw/ Mn = 1.3) (PAA47) and Mn = 8.5 kg/ mol (Mw/ Mn = 1.07) 

(PAA118) were also purchased from Polymer Source Inc. The coupling reagent 1-ethyl-3-(3’-

dimethylaminopropyl)carbodiimide hydrochloride (EDC) was purchased from Thermo Fisher 

Scientific. N-Hydroxysuccinimide (NHS) was purchased from Sigma-Aldrich. Alexa Fluor 488 

C5 maleimide obtained from Thermo Fisher Scientific was used to fluorescently label the native 
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and bioconjugated enzymes. The substrate 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic 

acid) diammonium salt (ABTS) for the activity assay was purchased from Sigma-Aldrich. 

 

3.2.2. CotA production and purification 

The CotA gene was cloned into pBAD vector and heterologously expressed in Escherichia coli 

Rosetta cells. The induction of CotA laccase overexpression was done after the optical density 

of the culture medium reached 0.6 - 0.8 by adding 0.15 % L-arabinose and 0.25 mM CuSO4 at 

25 ºC. CotA laccase was purified using two chromatography methods: cation exchange 

chromatography (cIEX using a SP-Sepharose FF column) and gel filtration chromatography 

(Superdex 200 column). 

Specific fluorescence labeling of CotA with Alexa Fluor 488 C5 maleimide was done by 

following the procedure as described in our previous paper.7,32 In short, a variant of CotA was 

obtained by changing an amino acid at position 313 from serine to cysteine (CotA S313C). 

During the induction of CotA S313C expression, no copper salt solution was added to the 

culture because copper promotes the oxidation of the sulfhydryl (thiol) group in the cysteine 

residue. The pooled fractions from cIEX were subsequently labeled with Alexa Fluor 488 C5 

maleimide with a molar ratio of 1:10 at 4 ºC by overnight incubation in the dark. Separation of 

the labeled CotA from the unreacted label was performed by a Biogel-P6DG gel filtration 

column (BioRad) and a gel filtration column (Superdex 200 column).7,32 

 

3.2.3. Bioconjugation of CotA with PAA 

For protein bioconjugation in general, lysine residues are targeted by electrophilic reagents such 

as activated carboxylic acids through carbodiimide linker.40 We coupled one or few carboxyl 

groups from PAA to the primary amines of CotA using a combination EDC/ NHS linker41,42 

(Scheme 3.1). EDC facilitates amide bond formation between the activated carboxylic acids 

and primary amines.34,43 EDC is water-soluble and has been used widely for protein 

bioconjugation. However, the reactive intermediate, O-acylisourea ester, formed when EDC 

couple to carboxylate group, is also not stable. Using NHS improves the stability of EDC and 

its reactive intermediate. The combination EDC/ NHS is known to be more efficient for the 

coupling reaction.36,44 EDC-mediated amide bond formation effectively occurs between pH 4.5 

and 7.5. Above this pH range, the coupling reaction occurs slower with lower yields.27 

This study used poly(acrylic acid) (PAA) of two different chain lengths: PAA47 and 

PAA118. Bioconjugation to CotA was done by the following procedure. First, a 1 % w/v of PAA 

solution was prepared in phosphate buffer pH 7.4. A fresh solution of EDC and NHS was added 



Enzyme-polymer bioconjugation increases the salt stability of enzyme-containing C3Ms 

62 

 

with a molar ratio of 1.2:1 and 1:1 to the carboxylic acid group of PAA, respectively. The 

reaction was allowed to run for 15 minutes at room temperature. Subsequently, CotA solution 

in sodium phosphate buffer pH 7.4 was added dropwise. This was done separately for two 

enzyme ratios to PAA, 1:2 and 1:5, respectively. The coupling reaction was done overnight at 

room temperature. Unreacted compounds and EDC–urea as a by-product were removed using 

Biogel-P6DG gel filtration (BioRad). Subsequently, the enzyme solutions were concentrated 

several times using an Amicon concentrator (cutoff of 10kDa). Successful bioconjugation of 

CotA with PAA was confirmed by native agarose gel electrophoresis, SDS-PAGE, zeta 

potential measurements, circular dichroism (CD), and activity tests. After the bioconjugation 

step, we had four samples of bioconjugated enzymes: CotA-PAA47 prepared with enzyme-PAA 

molar ratio 1:2, CotA-PAA47 with ratio 1:5, CotA-PAA118 with ratio 1:2, and CotA-PAA118 

with ratio 1:5. These bioconjugates are referred to in the remainder of this paper as CotA-

2PAA47, CotA-5PAA47, CotA-2PAA118, and CotA-5PAA118, respectively. 

 

Scheme 3.1. Bioconjugation of CotA with PAA using EDC and NHS linker. 

 

3.2.4. Native agarose gel electrophoresis and SDS-PAGE 

For native agarose gel electrophoresis the procedure described by Thilakarathne et al.45 was 

used. The native agarose gel was prepared by dissolving 0.5 % w/v of agarose in 40 mM Tris-

acetate buffer at pH 6.5 and heating this solution in a microwave. The gel was placed in a 

horizontal gel electrophoresis apparatus and poured with a running buffer of 40 mM Tris-

acetate of pH 6.5. The samples were mixed with loading buffer (50 % v/v glycerol and 0.1 % 
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w/v bromophenol blue) and then loaded into the gel wells. The electrophoresis was carried out 

for 45 min at 100 mV at room temperature. The gel was stained overnight with 10 % v/v acetic 

acid and 0.02 % m/v Coomassie brilliant blue and then destained with 10 % v/v acetic acid 

overnight.45 SDS-PAGE analysis was performed by following the standard SDS-PAGE 

Laemmli protocol.46–48 

 

3.2.5. Zeta potential measurements and circular dichroism (CD) 

Zeta potential measurements were performed using a Malvern Zetasizer. The buffer of the 

enzyme solutions was exchanged into 10 mM sodium carbonate buffers of pH 10.8 using an 

ultrafiltration unit (Amicon concentrator, cutoff of 10 kDa). Samples were placed in a cuvette 

with Dip Cell from Malvern. We used the Smoluchowski fit from the software to calculate the 

zeta potential of the bioconjugated enzymes and the unconjugated enzyme. 

Circular dichroism (CD) was performed to determine the protein's secondary structure. CD 

experiments were carried out on a JASCO J-715 spectropolarimeter with a Jasco PTC 348 WI 

temperature controller. The bioconjugated enzyme and the unconjugated enzyme (control) 

solutions were put in a quartz cuvette with an optical path length of 1 mm. The far-UV CD 

spectra were recorded from 200 to 260 nm with 50 nm/ min scan speed. 

 

3.2.6. Activity and thermal stability measurements 

We investigated the effect of bioconjugation on the catalytic activity of CotA by using an assay 

with 2,2′azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as a substrate. CotA 

laccase oxidizes ABTS to the green-colored cationic radical ABTS•+, which was detected using 

a spectrophotometer at wavelength 420 nm (ε = 36 000 M-1 cm-1). For this test, we used 1.0 

mM ABTS in 100 mM sodium acetate buffer at pH 4.4. The specific activity of CotA was 

calculated as the activity per milligram of CotA (μmol min−1 mg−1). The relative activity was 

calculated as the ratio between the specific activity of the sample of interest and the native CotA 

(control) activity and presented as a percentage.49–51 

The activity of the enzymes after heating was also investigated. Solutions of native CotA 

and CotA-PAA bioconjugated enzymes were heated to 80 ºC and kept at that temperature for 

an hour. Every 10 min, small volumes were taken out and cooled to room temperature (25 ºC), 

and the activity of the enzymes was measured in the same way as described above.  
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3.2.7. Determination of the preferred micellar concentration and salt stability of the 

CotA-PAA containing C3Ms  

For each of the CotA-PAA conjugates, we determined the preferred micellar composition 

(PMC), i.e., the ratio of enzyme and diblock copolymer in solution at which the concentration 

of C3Ms is at its maximum. To this end, solutions with different concentrations of diblock 

copolymer poly(N-methyl-2-vinyl-pyridinium)-block-poly(ethylene oxide) (PM2VP128-b-

PEO477) and a constant concentration of enzyme (3 µM) were prepared (with a 1 : 1 mix volume 

ratio). First, the enzyme and polymer solutions were prepared separately in 10 mM sodium 

carbonate buffer at pH 10.8 and filtered through 0.2 µm poly(ether-sulfone) membrane syringe 

filters. After mixing, the solutions were left to equilibrate at room temperature overnight. The 

PMC for the various bioconjugated CotA variants was identified using dynamic light scattering 

(DLS). The salt stability of the various enzyme-containing micelles was established at their 

PMC. This was done by titrating a 4 M NaCl solution to the C3M solutions and observation 

using DLS and fluorescence correlation spectroscopy (FCS).  

 

3.2.8. Dynamic light scattering (DLS) 

DLS was performed using ALV equipment and a DPSS laser with a 660 nm wavelength and a 

laser power of 150 mW. Measurements of the scattering intensity (I), hydrodynamic radius (Rh), 

and polydispersity index (PDI) were performed at a fixed 90º angle. Cumulant analysis and the 

Stoke-Einstein equation for spherical particles were used to analyze the autocorrelation function 

and determine the hydrodynamic radius Rh.
52 The Stoke-Einstein equation for spherical 

particles is given by: 

𝐷 =  
𝑘𝐵𝑇

6πη𝑅ℎ
      (3.1) 

 

where D is the diffusion coefficient, kB is the Boltzmann constant, T is the absolute temperature, 

and η is the solvent's viscosity. We determined the shape of the C3Ms by plotting the DLS 

decay rate data (Γ) obtained between detection angles from 40º to 130º as a function of the 

square of wave vector (q2) for cumulant 1, 2, and 3.32,53,54 

 

3.2.9. Fluorescence correlation spectroscopy (FCS) 

Fluorescence correlation spectroscopy was performed on a Leica TCS SP8 X system with a 

63× 1.20 NA water immersion objective and a supercontinuum laser. Fluorescently labeled 

enzymes (labeled with Alexa Fluor 488) were placed in a µ-Slide-8 well-chambered coverslip 

(Ibidi®) and excited at 488 nm with a pulse frequency of 40 MHz. Fluorescence was detected 
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between 495 and 550 nm using a hybrid detector coupled to a PicoHarp 300 TCSPC module 

(PicoQuant) with 1 Airy unit on pinhole setting. Rhodamine 110 (diffusion coefficient 4.3 × 

10−10 m2 s−1) was used to determine the confocal structure parameter a (a = ωz/ωxy, where ωz 

and ωxy are axial and equatorial radii of the detection volume, respectively). 

FCS data were analyzed with software FFS data processor version 2.3 (Scientific Software 

Technologies Software Centre, Belarus) using a two-component 3D diffusion model including 

a triplet state:  

𝐺(𝑡) = 1 +
1

⟨𝑁⟩
 . (1 +  

𝐹𝑡𝑟𝑖𝑝

1−𝐹𝑡𝑟𝑖𝑝
) 𝑒−𝑡/𝑇𝑡𝑟𝑖𝑝  . ∑

𝐹𝑖

(1+
𝑡

𝜏𝑑𝑖𝑓,𝑖
) .√1 + (

𝜔𝑥𝑦

𝜔𝑧
)

2
.  

𝑡

𝜏𝑑𝑖𝑓,𝑖

𝑛
𝑖=1    (3.2) 

 

where ⟨N⟩ is the average number of fluorescent particles in the confocal volume, Ftrip is the 

fraction of molecules in the triplet state, Ttrip is the average time a fluorophore resides in the 

triplet state, Fi is the fraction of species i, and τdif,i is the diffusion time of the species i in the 

confocal volume, respectively. From the diffusion time, the diffusion coefficient D can be 

calculated using this equation:  

𝐷 =  
𝜔𝑥𝑦

2

4 .  𝜏𝑑𝑖𝑓
     (3.3) 

 

The fluorescent molecules' hydrodynamic radius can then be calculated from D using the 

Stokes-Einstein equation for spherical particles (Equation 3.1). 

 

3.3. Results and discussion 

3.3.1.   Effect of bioconjugation on net charge and mass of CotA 

In this study, we bioconjugated CotA with a weak polyanion, poly(acrylic acid) (PAA) (pKa 

PAA = 4.5), thereby increasing the negative charge of this enzyme.55 The CotA-PAA 

bioconjugation was confirmed using native agarose gel electrophoresis, zeta potential 

measurements, and SDS-PAGE. The native agarose gel electrophoresis results show the 

difference in electrophoretic mobility among CotA and the CotA-PAA bioconjugated enzymes 

that depend on the net charge of enzymes55 (Figure 3.1A). Native CotA shows a band that has 

slightly moved towards the positive pole due to the net charge on this enzyme (about −12 at pH 

7.4, determined using PROPKA 3.1 software).5,7,32 As expected, the bands of the bioconjugated 

enzymes show significantly larger shifts towards the positive pole due to their increased 

negative charge. The CotA-5PAA118 sample, which has the longest PAA chains and the highest 

ratio of CotA to PAA during the bioconjugation reaction, has migrated the most to the positive 
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pole, indicating that has the highest negative charge. Bioconjugated enzymes have higher 

negative zeta potentials when measured by the Zetasizer, showing the same trend as native 

agarose gel electrophoresis (Figure S3.1., Supplementary information). 

Figure 3.1A further shows that the bands of the samples of CotA-2PAA47 to CotA-5PAA118 

are broader and more diffuse than the one of native CotA, which indicates that the 

bioconjugated enzymes have distribution in their charges due to the heterogeneity in the PAA 

attached to CotA (not all CotA molecules in a sample have the same amount of PAA chains 

attached and one chain of PAA could be attached to more than one CotA). CotA has 25 lysines 

in its sequence plus an N-terminus amine as the source of primary amine (NH2). In addition, 

each monomer of PAA has a COOH group. The abundance of NH2 and COOH groups increases 

the efficiency of bioconjugation and leads to random bioconjugation between CotA and PAA 

(no specific bioconjugation sites).25  

The mixture of PAA and CotA without bioconjugation reaction in columns C1 and C2 of 

Figure 3.1B provides a band of similar molecular weight as native CotA. Furthermore, 

bioconjugation between CotA and PAA leads to heterogeneous mixtures of higher molecular 

weights bioconjugated enzymes due to the covalently bound PAA chains.  The bands of CotA-

2PAA47, CotA-5PAA47, CotA-2PAA118, and CotA-5PAA118 samples are more diffuse and 

smeared than the band of native CotA. However, it should be noted that all bioconjugated 

enzymes dissolved perfectly in buffer, and no protein aggregation was observed. 

 

Figure 3.1. (A) Native agarose gel electrophoresis of bioconjugated enzymes (at pH 7.4): CotA-

2PAA47, CotA-5PAA47, CotA-2PAA118, CotA-5PAA118 and native CotA (control). (B) SDS-

PAGE for native CotA and the bioconjugated enzymes. M = marker. The size of the marker is 

presented in kDa. WT = native CotA. C1 = CotA mixed with PAA47. C2 = CotA mixed with 

PAA118. 
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3.3.2. Effect of bioconjugation on the secondary structure, activity, and temperature 

stability of CotA 

The secondary structure of the enzymes before and after bioconjugation was determined using 

far-UV CD. The CD spectra show no significant differences between the secondary structures 

of native CotA and the bioconjugated enzymes (Figure 3.2). Thus, bioconjugation with PAA 

did not affect the secondary structure of the enzyme. Similarly, Thilakarathne et al. reported 

that hemoglobin-PAA bioconjugation did not lead to significant changes in the hemoglobin 

secondary structure.45,56 

 

Figure 3.2. CD spectra of native CotA (blue), and bioconjugated enzymes CotA-2PAA47 

(orange), CotA-5PAA47 (red), CotA-2PAA118 (brown), and CotA-5PAA118 (green). 

 

Activity measurements were performed to evaluate the effect of bioconjugation on the 

catalytic activity of CotA. Figure 3.3 shows the activity of the enzymes relative to the native 

enzyme activity in percentage. The bioconjugated enzymes displayed relative activities of 116 

± 2 %, 85 ± 8 %, 77 ± 4 %, and 39 ± 7 % for CotA-2PAA47, CotA-5PAA47, CotA-2PAA118, 

and CotA-5PAA118, respectively. The activity of the CotA-2PAA47 sample is slightly higher 

than that of the native CotA. This activity improvement could be due to an increase in the 

enzyme's solubility and improvement of the binding capacity between the enzyme and ABTS 

as a result of the attachment of a short PAA chain.17 Han et al. also found an increase in the 

catalytic activity of several enzymes after increasing the solubility of the enzymes.17 However, 

for the other samples of the CotA-PAA bioconjugated enzymes the activity decreased, 

especially the bioconjugated enzymes with the longer PAA chain (PAA118) and higher 

concentration ratio of PAA to CotA during bioconjugation. Apparently, longer PAA chains or 

many PAA chains attached to CotA hinder ABTS bind to the catalytic site of CotA. 
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Figure 3.3. Relative activity measurements of native CotA and the various bioconjugated CotA 

variants. 

 

The structural stability of the enzymes was also investigated by determining their activity 

after heating (80 ºC) over a certain period of time. The results are presented as relative activity 

to the native enzyme activity (before heating) (Figure 3.4). The activity of native CotA 

decreased sharply with heating time. However, all bioconjugated enzymes showed increased 

activity after 10 minutes of heating and a more gradual decreasing activity after longer heating 

times than native CotA. Possibly, a short period of heating provides better access for the 

substrate to the active sites of enzymes, thus resulting in faster substrate conversion.57,58 For 

native CotA, heating for a shorter period (less than 10 minutes) may also increase the activity; 

however, it is not observed after 10 minutes of heating in this study. 

  

Figure 3.4. Preservation of enzyme activity after heating (80 ºC) for native CotA (blue), CotA-

2PAA47 (orange), CotA-5PAA47 (red), CotA-2PAA118 (brown), and CotA-5PAA118 (green). 
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After 40 minutes of heating, the native CotA was completely deactivated due to 

denaturation, while the relative activity of bioconjugated enzymes was still above 50 %. It has 

been reported that bioconjugation prevents conformational transitions at high temperatures and 

inhibits the unfolding transition at the transition temperature.59 Ghimire et al.56 also reported 

that denaturation after thermal treatment and cooling at room temperature is reversible for 

hemoglobin-PAA. The relative thermal stability of bioconjugated enzymes can also because 

bioconjugation raises the free energy (∆G) of denaturation and decreases the conformational 

entropy (∆S) of denaturation of the enzyme.41,55 Protein-polymer bioconjugation also benefits 

for improving the potential storage capacity of proteins.60  

 

3.3.3. Determination of PMC and characterization of enzyme-containing C3Ms by DLS 

To determine the preferred micellar composition (PMC) for the enzyme-containing C3Ms, 

samples were prepared with varying concentrations of PM2VP128-b-PEO477 and a constant 

concentration of native or bioconjugated CotA (1.5 µM). This concentration is above the critical 

micelles concentration of native CoA-containing C3Ms (Figure S3.4. Supplementary 

information). The PMC was observed using dynamic light scattering (DLS). In addition, this 

technique enabled us to determine the size and overall shape of the C3Ms. From the PMCs it 

was possible to estimate for each of the bioconjugated enzymes how much PAA chains were 

attached on average to each CotA molecule. 

Figure 3.5 shows that with increasing PM2VP128-b-PEO477 concentration, the light 

scattering intensity of the samples increased due to the formation of C3Ms. The negatively 

charged enzymes and the positively charged PM2VP128-b-PEO477 bind and form micelles. The 

solutions composition that gives the maximum the light scattering intensity and lowest value of 

polydispersity index (PDI) is identified as PMC. If no other than electrostatic interactions drive 

the C3M formation, the PMC corresponds to the composition where the charge concentration 

ratio between enzymes and PM2VP128-b-PEO477 is about equal.  

Figure 3.5 shows, as expected, that for the bioconjugated enzymes, higher concentrations 

of PM2VP128-b-PEO477 are needed to reach the maximum scattering intensity than for native 

CotA: in other words, more PM2VP128-b-PEO477 is needed to compensate for the negative 

charge of the bioconjugated enzymes. Among the bioconjugated enzyme samples, the PMC of 

the CotA-5PAA118 sample is found at the highest concentration of diblock copolymer, 

indicating that this enzyme has the highest negative charge due to the longest chains of PAA, 

and the highest ratio of PAA to CotA during bioconjugation. At PM2VP128-b-PEO477 

concentrations far above the PMC, the interaction between the enzymes and PM2VP128-b-
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PEO477 will lead to the formation of small soluble complexes resulting in low light scattering 

intensity and increased PDI values. 

 

Figure 3.5. Light scattering intensity (I), hydrodynamic radius (Rh), and polydispersity index 

(PDI) for different mixtures of CotA-PAA bioconjugated enzymes and the diblock copolymer 

PM2PV128-b-PEO477 (pH 10.8). (A) Native CotA, (B) CotA-2PAA47, (C) CotA-5PAA47, (D) 

CotA-2PAA118, and (E) CotA-5PAA118. 
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In general, the aggregation number in the core and the length of the PEO-block of the 

polymer influence the overall size of micelles.61–63 DLS results show that at the PMC, the 

micelles have a hydrodynamic radius of 32.4 ± 0.8 nm, 27.0 ± 0.7 nm, 25.3 ± 0.6 nm, 24.9± 0.6 

nm, and 26.7 ± 1.2 nm for native CotA, CotA-2PAA47, CotA-5PAA47, CotA-2PAA118 and 

CotA-5PAA118, respectively. The decrease in C3M size from native CotA to CotA-2PAA118 

can be explained by the presence of fewer enzyme molecules in the core, since fewer enzyme 

molecules are required to neutralize the charge of the diblock molecules. However, the size of 

the micelles containing CotA-5PAA118 is slightly larger compared to the CotA-2PAA118 

micelles. Maybe this is because the average size of the CotA-5PAA118 conjugates is relatively 

large as a result of the binding of many PAA chains to one CotA molecule during 

bioconjugation, and possibly more than one enzyme molecule was attached to the same PAA 

chain, resulting in clusters of several enzyme molecules. The DLS results also show that at the 

PMC the CotA-5PAA118 C3Ms are less monodisperse than the other C3Ms: for all other C3Ms 

a PDI ≤ 0.1 was found, indicating a narrow size distribution of the C3Ms, while the CotA-

5PAA118 sample at the PMC has a PDI of about 0.2, which indicates a moderate size 

distribution.64  

PM2VP128-b-PEO477 has a charge of about +93 (elementary units). At pH 10.8, PAA47 and 

PAA118 have charges of about −47 and −118 (elementary units), respectively. The net charge 

of CotA at pH 10.8 is about −41.5,7,32 Van der Kooij et al.65 reported that the PMC of micelles 

formed between PAA and PM2VP-b-PEO, was at a charge concentration ratio of 1:1. 

Furthermore, from our previous research, we know that CotA and PM2VP-b-PEO also have a 

PMC at 1:1 charge concentration ratio. Based on these findings, we assume that the PMC of 

CotA-PAA and PM2VP128-b-PEO477 also at equal charge concentrations of protein and diblock 

copolymer. With this assumption, we could estimate the average number of PAA chains 

attached per CotA molecule to be about 1, 4, 2, and 5 molecules for CotA-2PAA47, CotA-

5PAA47, CotA-2PAA118 and CotA-5PAA118, respectively (Table S3.1., Supplementary 

information).  

The shape of the enzyme-containing C3Ms was determined using multi-angle DLS. At 

each detection angle, the decay rate ( ) of the DLS correlation function was fitted with the 

first, second, and third cumulant as a function of squared wave vector (q2), resulting in three 

overlapping straight lines (Figure 3.6). The slope of these overlapping lines equals the diffusion 

coefficient. This data trend is typical for spherical particles. From this observation, we know 
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that the shape of the enzyme-containing C3Ms for all bioconjugated enzymes is spherical, the 

same as the shape of C3Ms composed of native CotA.7,32,53,54 

 

Figure 3.6. Multi-angle DLS results at the PMC of C3Ms composed of (A) CotA-2PAA47, (B) 

CotA-5PAA47, (C) CotA-2PAA118, and (D) CotA-5PAA118. Decay rate  (q) obtained from the 

DLS correlation curves by a first (blue), second (orange) and third (grey) cumulant fit. 

 

3.3.4. Encapsulation of CotA and CotA-PAA in C3Ms observed using FCS 

Enzyme encapsulation was also investigated using FCS and fluorescently labeled native CotA 

and bioconjugated CotA (Figure S3.2, Supplementary information). FCS provides information 

on the size of the fluorescent free enzymes and the fluorescent C3Ms and the efficiency of 

protein encapsulation (the fraction of enzyme incorporated in the core of the micelles). 

Encapsulating enzymes into C3Ms leads to a lower diffusion coefficient and an increased 

fluorescence intensity per particle. The fluorescence intensity of the C3Ms is proportional to 

the number of fluorescent proteins inside.5,32,66  

The FCS data in Figure 3.7B show that free CotA-PAA bioconjugated enzymes diffuse 

slightly slower than native CotA, due to the covalently bound PAA chains. When the diblock 

copolymer was added to the enzyme solutions (end composition corresponding to the PMC), 

the diffusion of the enzymes became significantly slower, indicating that C3Ms were formed. 

In addition, the number of fluorescent particles in the confocal volume (N) also decreased 

significantly, illustrated by the amplitude increase, due to the encapsulation of many CotA in 

one micelle (Figure 3.7A).  



Chapter 3 

 

73 

 

 

Figure 3.7. FCS measurements on free CotA and CotA-PAA enzymes and their C3Ms with the 

diblock copolymer PM2PV128-b-PEO477 (pH 10.8). (A) FCS autocorrelation curves (G(t)), (B) 

normalized G(t).  Native CotA (blue), CotA-2PAA47 (orange), CotA-5PAA47 (red), CotA-

2PAA118 (brown), and CotA-5PAA118 (green). Triangles represent free enzymes and circles 

represent enzyme-containing C3Ms. 

 

For the C3Ms containing CotA-PAA bioconjugated enzymes, more fluorescence particles 

in the confocal volume (N) were detected than for the C3Ms containing native CotA. We found 

N was 4 ± 1, 10 ± 2, 13 ± 1, 19 ± 3, 28 ± 13, for C3Ms composed of native CotA, CotA-2PAA47, 

CotA-5PAA47, CotA-2PAA118, and CotA-5PAA118, respectively. This implies that the 

concentration of micelles in the samples is higher for the bioconjugated enzymes than for native 

CotA, and the concentration increases with the length of the PAA chains and the PAA to CotA 

ratio during bioconjugation.  

Further analysis of the FCS data showed that free native CotA has a size of 2.2 ± 0.3 nm. 

Encapsulation of this enzyme resulted in micelles with Rh of 31.1 ± 1.8 nm. About 77 ± 4 % of 

the native CotA was encapsulated in the core of micelles. The size of the free CotA-PAA 

enzymes was 3.6 ± 0.1 nm, 4.0 ± 0.5 nm, 2.9 ± 0.5, and 6.0 ± 2.7 nm for CotA-2PAA47, CotA-

5PAA47, CotA-2PAA118, and CotA-5PAA118, respectively. The hydrodynamic radius increases 

with the length of the attached PAA chains and the ratio PAA to CotA applied in the 

bioconjugation reaction. Not only several PAA chains can be attached to CotA, but it is also 

likely that more than one CotA can bind to one PAA molecule, especially for the sample with 

the longer PAA chain and a higher ratio of PAA to CotA.  

The hydrodynamic radii of the micelles formed from the CotA-PAA enzymes are 32.4 ± 

3.1 nm, 26.4 ± 0.7 nm, 19.8 ± 2.4 nm, and 28.5 ± 2.7 nm for CotA-2PAA47, CotA-5PAA47, 
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CotA-2PAA118 and CotA-5PAA118, respectively. These sizes are similar to those obtained with 

DLS. Moreover, the FCS data confirm the DLS observation that the micelles containing CotA-

5PAA118 are larger than the CotA-2PAA118 micelles.  

The encapsulation efficiency of the C3Ms containing the bioconjugated enzymes is about 

79 ± 1.4 %, 80 ± 0.0 %, 74 ± 4.9 %, and 67.0 ± 4.2 % for CotA-2PAA47, CotA-5PAA47, CotA-

2PAA118 and CotA-5PAA118, respectively. Thus, the encapsulation efficiency for the CotA-

PAA with the shorter PAA chains (PAA47) is similar to that of native CotA. However, slightly 

lower encapsulation efficiencies were observed for the CotA-PAA118 samples, possibly because 

from the heterogeneous conjugated enzyme mixtures, the higher charged bioconjugated enzyme 

molecules are preferentially incorporated into the core over the lower charged bioconjugated 

enzyme molecules. 

 

3.3.5. Effect of bioconjugation on the salt stability of enzyme-containing C3Ms 

We used both DLS and FCS to determine the stability of C3Ms containing native CotA and the 

CotA-PAA enzymes upon the addition of NaCl. With DLS, the disintegration of the micelles is 

reflected by a decrease in light scattering intensity. In addition, FCS provides information on 

the salt-induced disintegration by following the enzyme fractions encapsulated in the C3Ms and 

free in solution and the increase in the number of fluorescent particles detected in the confocal 

volume (N).  

We studied the salt stability of five types of micelles by stepwise adding an NaCl solution: 

micelles composed of native CotA, CotA-2PAA47, CotA-5PAA47, CotA-2PAA118, and CotA-

5PAA118. The DLS results in Figure 3.8 show that the light scattering intensity of the samples 

gradually reduces when the salt concentration increases. The increasing salt concentration 

decreases the entropy gain from counter ion release and screens the charged parts of the protein 

and polymer that weaken the electrostatic interactions. As a result, the micelles disintegrate, 

and the enzyme is released.65,67 The light scattering intensity of the solution with C3Ms 

composed of native CotA declines significantly faster with NaCl concentration than those with 

C3Ms composed of the bioconjugated enzymes. After adding 140 mM NaCl, the relative 

scattering intensity of the native CotA-C3M solution was reduced to almost zero (< 0.05), 

indicating an almost complete disintegration of the C3Ms. Figure 3.8A further shows that the 

salt resistance of the C3Ms of the bioconjugated enzymes is higher as more negative charge is 

added to CotA by bioconjugation (longer PAA chains, higher PAA to enzyme ratio during 

bioconjugation).  
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Figure 3.8. Salt stability of enzyme-containing C3Ms observed using DLS. (A) Normalized 

light scattering intensity (I), (B) hydrodynamic radius (Rh), and (C) polydispersity index (PDI). 

Native CotA (WT) (blue). CotA-2PAA47 (orange), CotA-5PAA47 (red), CotA-5PAA118 

(brown), and CotA-5PAA118 (green).  

 

Van der Kooij et al.65 studied the stability of C3Ms composed of PM2VP-b-PEO and PAA 

and reported that the salt stability of these C3Ms is also increasing with increasing PAA chain 

length. They found that the micelles fully disintegrated after adding 250 mM NaCl and 400 mM 
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NaCl for PAA13 and PAA139, respectively. We estimate that by conjugating enzymes with PAA, 

the limit to prevent total disintegration of enzyme-containing C3Ms is near 400 mM NaCl. 

In Figure 3.8B, the micelles' hydrodynamic radii (Rh) as a function of NaCl concentration 

are given. For native CotA micelles, Rh decreased significantly compared to micelles from 

bioconjugated CotA. For the CotA-PAA47 micelles, Rh was about constant with NaCl 

concentration, and for CotA-5PAA118 C3Ms, Rh increased, indicating swelling of the micelles 

before they disintegrated.67 The increasing of size also can occurs due to change in the 

morphology of C3Ms from spherical to worm-like micelles during salt addition.65 The PDI of 

all C3M samples (Figure 3.8C) increased with the addition of NaCl, indicating a broadening of 

size distribution upon salt addition. 

FCS results regarding the salt stability of the C3Ms are presented in Figure 3.9. Figure 

3.9A shows that the number of fluorescent particles detected in the confocal volume N increased 

with salt concentration, which indicates the release of CotA. In line with this, adding salt 

resulted in a decreased fraction of enzymes in C3Ms, while the fraction of free enzymes in the 

solution increased (Figure S3.3, Supplementary information). The results clearly show that for 

native CotA micelles, the enzymes were released at significantly lower salt concentrations than 

for micelles of the bioconjugated enzymes. After the addition of 150 mM NaCl, for native CotA 

C3Ms, N was almost the same as for the free enzyme sample (normalized N about equal to one), 

pointing to complete disintegration of the micelles. For the bioconjugated enzymes, N increased 

more gradually, and after the addition of 150 mM NaCl the normalized N for C3M was still less 

than one, indicating the micelles are more salt-resistant than the native CotA micelles. The size 

of the C3Ms composed of native CotA decreased significantly more upon salt addition than the 

size of the C3Ms composed of the various bioconjugated enzymes (Figure 3.9B). Like with 

DLS, we observed an increase in Rh for the CotA-5PAA118 C3Ms during the salt titration.  

The FCS and DLS results on the salt resistance of C3Ms composed of native CotA and 

conjugated CotA are similar. Both techniques revealed that increasing the net charge of CotA 

by coupling it to PAA keeps the enzyme more tightly in the micellar core because the attraction 

between the enzyme and the diblock copolymer is stronger, making the micelles more salt 

resistant. The bioconjugation strategy to improve the salt stability of enzyme-containing C3Ms 

works better than the so-called ‘three components strategy’, which involves adding a polymer 

with the same charge sign as a third component to the micelles. Our previous study7 showed 

that although the homopolymer contributes to the salt stability of the micelles, there is 

competition between the homopolymer and CotA, and with increasing salt concentration, CotA 

leaves the core earlier. However, there is no competition when CotA and PAA are linked by 
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bioconjugation. Therefore, coupling an enzyme to a homopolymer with the same charge sign 

is an appropriate strategy for improving the salt stability of enzyme-containing C3Ms. 

 

Figure 3.9. Salt stability of enzyme-containing C3Ms observed using FCS. (A) Normalized N 

and (B) hydrodynamic radius Rh for C3Ms composed of native CotA (blue), CotA-2PAA47 

(orange), CotA-5PAA47 (red), CotA-2PAA118 (brown), and CotA-5PAA118 (green). 

  

3.4. Conclusions 

In this study, we enriched the net negative charge on the enzyme CotA laccase by 

bioconjugation with poly(acrylic acid) (PAA) of two different lengths (PAA47 and PAA118) and 

with two different PAA to CotA ratios during the bioconjugation reaction (2:1 and 5:1) using 

EDC/ NHS linker. Native agarose gel electrophoresis, SDS-PAGE, and zeta potential 

measurement showed that the bioconjugation was successful. This bioconjugation did not 

change the secondary structure of CotA laccase. A decrease in enzyme catalytic activity was 

found for the CotA- PAA118 conjugates, probably because the longer PAA chains hinder the 

substrate from accessing the catalytic site of the enzyme. We also observed that the enzyme-

polymer bioconjugation improved the thermal stability of CotA. FCS and DLS revealed that all 

CotA-PAA enzymes can be encapsulated with the diblock copolymer PM2PV-b-PEO into 
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complex coacervate core micelles at pH 10.8, as the native CotA. The CotA-PAA C3Ms are 

smaller than the native CotA C3Ms, but the concentration of micelles formed with the CotA-

PAA enzymes is higher than with native CotA, resulting in almost the same encapsulation 

efficiency. DLS and FCS measurements confirmed that the CotA-PAA-containing C3Ms are 

more salt-resistant than CotA-containing C3Ms. This study shows that increasing the net charge 

of enzymes by bioconjugation is a good strategy to improve the salt stability of enzyme-

containing complex coacervate core micelles (C3Ms). 
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Supplementary information 

 

S3.1. Zeta potential measurement for native CotA, and the bioconjugated enzymes 

 

Figure S3.1. Zeta potential distribution data for native CotA (blue), and the bioconjugated 

enzymes (pH = 10.8): CotA-2PAA47 (orange), CotA-5PAA47 (red), CotA-2PAA118 (brown), 

and CotA-5PAA118 (green). 

 

The CotA-5PAA118 sample has the highest and native CotA has the lowest negative zeta 

potential. There is not much difference in zeta potential distribution of CotA-2PAA118 and 

CotA-5PAA118 as also showed from native agarose gel electrophoresis. 
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S3.2. Calculation of the average number of PAA chains attached to CotA based on the 

concentration of diblock copolymer added to enzymes that give the highest scattering 

intensity 

 

In the table below the average number of PAA chains per CotA molecule is given, based on 

electroneutrality of the C3Ms at their PMC. Used data: the charge of PM2VP128-b-PEO477 is  

about +93 (elementary units), for PAA47 and PAA118 the charge at pH 10.8 is −47 and −118 

(elementary units), respectively, and the net charge of CotA at pH 10.8 is −41.5,7,32  

 

Table S3.1. Estimation of PAA attached based on the preferred micellar composition (PMC) 

No Sample 
[PM2VP-b-

PEO] (µM) 

(+) 

Charged 

PM2VP-b-

PEO 

(-) 

Charged 

PAA 

(-) 

Charged 

CotA 

[CotA-

PAA] 

(µM) 

Estimation 

of PAA 

attached 

1. 
CotA-PAA47 

with ratio 1:2 
1.75 90 47 41 1.5 1 

2. 
CotA-PAA47 

with ratio 1:5 
3.85 90 47 41 1.5 4 

3. 
CotA-PAA118 

with ratio 1:2 
5.25 90 118 41 1.5 2 

4. 
CotA-PAA118 

with ratio 1:5 
11.55 90 118 41 1.5 5 
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S3.3. Native agarose gel electrophoresis on fluorescent labeled enzymes 

 

Figure S3.2. Native agarose gel electrophoresis on native CotA and CotA-5PAA118 

bioconjugated enzyme. (A) Observation under UV light, (B) after staining with Coomassie 

blue. 
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S3.4. Fractions of free enzyme and enzyme bound in C3Ms 

 

Figure S3.3. Fraction of enzyme encapsulated (red dots) and fraction of enzyme free in solution 

(blue dots) obtained by two-component FCS analysis. (A) Native CotA, (B) CotA-5PAA47, and 

(C) CotA-5PAA118. 
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S3.5. Determination of the critical micelle concentration (CMC) of CotA-containing C3Ms 

 

Figure S3.4. Determination of the critical micelle concentration (CMC) at the PMC as a 

function of enzyme concentration observed by using FCS. (A) Fraction of free enzyme (blue) 

and fraction encapsulated (orange). (B) Normalized number of fluorescent particles (N). 

 

With FCS, the fluorescent particles can be detected at very low concentrations (nM range), 

allowing us to estimate the critical micelle concentration (CMC). Figure S2.6 shows that the 

C3Ms already appear above a concentration of 125 nM CotA-Alexa 488 with P2MVP128-b-

PEO477, which we estimated as the CMC. 
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Abstract 

Encapsulation of proteins can have advantages for their protection, stability, and delivery 

purposes. One of the options to encapsulate proteins is to incorporate them in complex 

coacervate core micelles (C3Ms). This can easily be achieved by mixing aqueous solutions of 

the protein and an oppositely charged-neutral hydrophilic diblock copolymer. However, 

protein-containing C3Ms often suffer from salt-inducible disintegration due to the low charge 

density of proteins. The aim of this study is to improve the salt stability of protein-containing 

C3Ms by increasing the net charge of the protein by tagging it with a charged polypeptide. As 

a model protein, we used CotA laccase and generated variants with 10, 20, 30, and 40 glutamic 

acids, respectively, attached at the C-terminus of CotA by using genetic engineering. Micelles 

were obtained by mixing the five CotA variants with poly(N-methyl-2-vinyl-pyridinium)-

block-poly(ethylene oxide) (PM2VP128-b-PEO477) at pH 10.8. Hydrodynamic radii of the 

micelles of approximately 31 nm, 27 nm, and 23 nm for native CotA, CotA-E20, and CotA-

E40, respectively, were determined using dynamic light scattering (DLS) and fluorescence 

correlation spectroscopy (FCS). The encapsulation efficiency was not affected using enzymes 

with a polyglutamic acid tail but resulted in more micelles with a smaller number of enzyme 

molecules per micelle. Furthermore, it was shown that the addition of a polyglutamic acid tail 

to CotA indeed resulted in improved salt stability of enzyme-containing C3Ms. Interestingly, 

the polyglutamic acid CotA variants showed an enhanced enzyme activity. This study 

demonstrates that increasing the net charge of enzymes through genetic engineering is a 

promising strategy to improve the practical applicability of C3Ms as enzyme delivery systems. 
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4.1. Introduction 

Protein encapsulation can shield valuable proteins in denaturing or degrading environments, 

and also offers the possibility of targeted release, which is beneficial for many applications, 

especially for protein drug delivery. Many methods have been developed to encapsulate 

biomacromolecules and one of the most promising is the use of complex coacervate core 

micelles (C3Ms).1–3 Encapsulation of proteins into C3Ms can be achieved by mixing a charged 

protein with a diblock copolymer, which has a counter-charged part and a neutral-hydrophilic 

part.1,3–6 When these two components are mixed in a low ionic strength buffer solution, the 

oppositely charged parts bind electrostatically to form a complex coacervate core. The neutral-

hydrophilic part of the diblock copolymer acts as shell/ corona that ensures that this core-shell 

structure remains soluble in an aqueous solution. The formation of C3Ms is also driven by the 

entropy gain upon release of counterions, which makes this packing system sensitive to high 

ionic strength. Therefore, a high salt environment will result in disintegration of protein-

containing C3Ms. Since proteins have a pH-dependent charge, this packing system is also 

sensitive to pH.1,6–10  

One way to improve the stability of protein-containing C3Ms is by increasing the net 

charge of the protein using post-translational chemical modification or genetic engineering.9–15 

Bioconjugation approaches allow the addition of negative charges to the protein, for example 

by coupling the protein with poly(acrylic acid) (PAA).16,17 Acetylation of lysine residues using 

acetic anhydride has also been shown to result in protein variants with an increased negative 

charge.18 However, this acetylation approach lacks bioconjugation specificity and results in 

heterogeneous labelling.9 Alternatively, the net charge of proteins can be changed by the 

addition of a genetically engineered charged polypeptide tag at a specific site of the 

protein.9,13,19,20 Genetic engineering thus allows to produce supercharged recombinant proteins 

with a high yield and with precise composition.9 Kapelner and Obermeyer (2019) demonstrated 

that the addition of an anionic polypeptide tag at the C-terminus of green fluorescent protein 

(GFP) promoted coacervation at higher salt concentrations.13  

The aim of this study is to improve the stability of protein-containing C3Ms by increasing 

the net charge of the protein by the addition of a charged polypeptide tag. Genetic engineering 

enables us to add tags or specific sequences after the start codon (N-terminus part of a protein) 

or before the stop codon (C-terminus part of a protein), or in exposed surface loops.21 In 

comparison to N-terminus or loop tagging, introducing a tag at the C-terminus has generally 

less effect on protein folding and its biological function.22,23 We used CotA laccase as a model 
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protein and added different polyglutamic acid tags at the C-terminus of the enzyme (Figure 

4.1). C3Ms were formed in a buffer solution of pH 10.8. As described in our previous paper,24 

this pH was chosen to establish a sufficient negative charge on native CotA to form C3Ms and 

to eliminate the effect of the positively charged patch on its surface. The salt stability of 

differently charged CotA containing C3Ms was determined using dynamic light scattering 

(DLS) and fluorescence correlation spectroscopy (FCS). The enzyme activity of the various 

CotA variants was tested before and after encapsulation. 

 

Figure 4.1. Comparison of electrostatic potentials at the molecular surface of three CotA 

variants. (A) Native CotA (CotA wild type), (B) CotA with additional 10 glutamic acids tags 

(CotA-E10), and (C) CotA with additional 20 glutamic acids tags (CotA-E20). Color surface 

overlay indicates the electrostatic potential in a scale from negative (red), neutral (white), and 

positive potential (blue). This figure was created by using the default parameters of the PyMOL 

APBS Tools plugin in PyMol_2.3.4 software. 

 

4.2. Experimental section  

4.2.1. Materials 

The diblock copolymer poly(2-vinyl pyridine)128-block-poly(ethylene oxide)477 (P2VP128-b-

PEO477) (Mn = 34.5 kg/ mol, Mw/ Mn = 1.1) was obtained from Polymer Source Inc. After 

quaternization with iodomethane,25 the quaternization degree of this diblock copolymer was 73 

% (measured by 1H-NMR) (Figure S4.1, Supplementary information).26 All primers for gene 

modification were obtained from Integrated DNA Technologies (IDT). DNA purification kits 

(miniprep, PCR purification, and gel purification) were purchased from Thermo Fisher 

Scientific. Lysogeny broth and agar medium for growth of Escherichia coli were purchased 

from Duchefa Biochemie. Columns for enzyme purification (SP-Sepharose FF, Q-Sepharose 

FF, Superdex 200, and Heparin Sepharose) were obtained from GE Healthcare. Alexa Fluor 

488 C5 maleimide obtained from Thermo Fisher Scientific was used to fluorescently label the 
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CotA variants. To remove unreacted label, a Biogel-P6DG gel filtration column obtained from 

Bio-Rad was used. A Pierce bicinchoninic acid (BCA) protein assay kit for determination of 

total protein concentration was obtained from Thermo Fisher Scientific. The substrate 2,2′-

azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) for the activity 

assay was purchased from Sigma-Aldrich. 

 

4.2.2. Modification of the CotA gene and cloning using the seamless ligation cloning 

extract (SLiCE) method 

To clone the gene of our model protein, we used the SLiCE method. This method is based on 

in vitro recombination of short regions of homologies (about 15–52 base pairs overlap 

sequences between target DNA fragment and vector) in bacterial cell extracts. It is an easy and 

inexpensive cloning method compared to conventional cloning methods. The CotA gene was 

modified with primers, which contained an overlap part with the pBAD vector sequences and 

glutamic acid sequences of different lengths, i.e., 10 (CotA-E10), 20 (CotA-E20), 30 (CotA-

E30), and 40 (CotA-E40). Native CotA was also mutated at position 313 where a serine was 

replaced by a cysteine (CotA-S313C). This mutation allows to specifically label the enzyme 

with Alexa Fluor 488 C5 maleimide. After the S313C mutation, this CotA gene was used as a 

template for additional glutamic acid tags with a length of 20 (CotA-S313C-E20) and 40 (CotA-

S313C-E40). Agarose electrophoresis results show that the genetic engineering of CotA with 

several additional units of glutamic acids tags was successful (Figure S4.2, S4.3, and S4.4, 

Supplementary information). These modified genes were then cloned into the pBAD vector. 

The cloned genes were transformed in Escherichia coli DH5α and the bacteria were let to grow 

on ampicillin-containing Lysogeny broth (LB) media. After one day growing, colonies were 

checked by colony-PCR and the presence of correct inserts was confirmed by digestion of 

purified plasmids using restriction enzymes NdeI and HindIII. The positive plasmids were sent 

for sequencing to Macrogen Europe.  

 

4.2.3. CotA Production and Purification 

The CotA and modified CotA genes were transformed into Escherichia coli Rosetta cells. 

Single colonies were picked and grown overnight in LB medium containing 100 µg/mL 

ampicillin. The overnight culture was inoculated on 500 mL LB medium, and the cells were 

grown until an optical density of 0.6-0.8. CotA laccase expression was induced by adding 

0.15% L-arabinose and 0.25 mM CuSO4, and the cells were grown for 20 hours at 25 °C. For 

CotA-S313C, CotA-S313C-E20 and CotA-S313C-E40, the induction was done by only adding 
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0.15% L-arabinose (without copper salt solution) since copper can promote the oxidation of 

free sulfhydryl of the cysteine. Native CotA, CotA-S313C and CotA-E10 were purified using 

cation exchange chromatography (cIEX using an SP-Sepharose FF column) and gel filtration 

chromatography (Superdex 200 column). CotA-E20, CotA-E30, and CotA-S313C-E20 were 

purified using anion exchange chromatography (aIEX using a Q-Sepharose FF column) 

followed by gel filtration chromatography (Superdex 200 column). CotA-E40 and CotA-

S313C-E40 were purified using anion exchange chromatography (aIEX using a Q-Sepharose 

FF column) followed by gel filtration chromatography (Superdex 200 column) and Heparin 

Sepharose column chromatography. 

Specific fluorescence labeling of the enzyme was performed by mixing the enzyme with 

Alexa Fluor 488 C5 maleimide with a molar ratio of about 1:10 followed by incubation at 4 °C 

in the dark overnight. To remove the unreacted label, the mixture was loaded to a Biogel-P6DG 

gel filtration column using buffer 20 mM Tris HCl containing 10 mM NaCl. The fractions that 

showed fluorescence and contained protein were pooled and concentrated using a spin filter 

concentrator. Next, the labeled CotA was further purified on a gel filtration column (Superdex 

200 column). The fractions that showed absorption at both 280 and 490 nm were collected and 

concentrated using a spin filter concentrator. The purity of CotA was analyzed by SDS-PAGE. 

 

4.2.4. CotA activity measurement 

We investigated the effect of polyglutamic acid tags on the CotA C-terminus by measuring the 

enzyme activity using 2,2′azino-bis-(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) as a 

substrate for the assay. The activity of the CotA variants before and after C3M formation has 

been measured. We used 1.0 mM ABTS in 100 mM sodium acetate buffer at pH 4.4. CotA will 

oxidize ABTS resulting in a green-colored cationic radical (ABTS•+), which can be detected by 

measuring the absorption at wavelength 420 nm (ε = 36 000 M-1 cm-1). The relative activity was 

defined as the ratio between the specific activity of modified CotA and the specific activity of 

native CotA and expressed as a percentage.27–29 The total protein concentration was determined 

using the BCA protein assay.  

 

4.2.5. Formation of C3Ms containing CotA and CotA variants and determination of their 

salt stability 

Enzyme solutions and solutions of the polymer PM2VP128-b-PEO477 were prepared separately 

in a 10 mM sodium carbonate buffer at pH 10.8. All solutions were filtered through 0.2 µm 

poly(ether-sulfone) membrane syringe filters (Advanced Microdevices Pvt. Ltd). Mixtures of 
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these solutions were prepared with the same final enzyme concentration but increasing 

concentrations of the diblock copolymer and stored at room temperature overnight before 

measurement. The mixed ratio composition F- is calculated by using the equation F- = 
[𝑛−]

[𝑛+] + [𝑛−]
 

, where n- refers to the concentration of net negative charge on the enzyme molecules and n+ 

refers to the positive charge concentration on the diblock copolymer. PM2VP128-b-PEO477 has 

a charge of about +93 (elementary units). We used software PROPKA 3.1 to calculate the net 

charge of the various CotA variants from their three-dimensional structure (Figure S4.5, 

Supplementary information).4,5 This resulted for native CotA laccase in buffer pH 10.8 in a net 

charge of about −41, while the genetically engineered CotA-E10, CotA-E20, CotA-E30, and 

CotA-E40 have net charges of about −51, −61, −71, and −81, respectively.  

For salt stability determination, 4 M NaCl solution was titrated to solutions of enzyme-

containing micelles, and the effect on the micelles was followed using dynamic light scattering 

(DLS) and fluorescence correlation spectroscopy (FCS). For the DLS and FCS measurements, 

(each n = 3) were performed and these measurements consisted of 10 repetitions of 10 s 

duration for DLS and 8 repetitions of 20 s duration for FCS. Each of these repetitions were 

composed of 10 measurements of 10 s for DLS and 8 measurements of 20 s for FCS were done. 

For FCS measurements, Alexa Fluor 488 labeled enzymes of native CotA, CotA-E20, and 

CotA-E40 were used. FCS data were analyzed with the software FFS data processor, version 

2.3 (Scientific Software Technologies Software Centre, Belarus), using a 3D-diffusion 

including triplet state model.4,5,24  

 

4.2.6. Dynamic light scattering 

DLS was performed with an ALV-LSE 41/ CGS-8F goniometer instrument equipped with a 

DPSS laser operating at 660 nm, and the laser power used was 200 mW. Measurements of 

scattering intensity, hydrodynamic radius (Rh), and polydispersity index (PDI) were performed 

at a fixed scattering angle of 90. The shape of the C3Ms was determined by using multi-angle 

DLS. 

The principle of DLS is to measure the fluctuation of scattered light intensity which occurs 

when laser light hits the diffusing particles. This fluctuation of scattered light intensity depends 

on particle movement caused by Brownian motion.30 Tracing this fluctuating intensity over 

time (t) enables us to plot a second-order autocorrelation function as shown in equation: 

 

𝐺2(𝜏) =
 ⟨𝐼(𝑡)⟩ .  𝐼 (𝑡+ 𝜏)⟩

⟨𝐼(𝑡)⟩2          (4.1) 
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where I(t) is the time-dependent scattered light intensity. The field-correlation function of 

monodisperse particles can be described with an equation featuring the decay rate (Γ) and the 

passed time (τ): 

𝐺1(𝑞, 𝜏) = 𝑒−𝛤𝜏           (4.2) 

 

The relation of the decay rate (Γ) and the diffusion coefficient (D) is given by   

 

𝛤 = 𝑞2. 𝐷             (4.3) 

 

where q is the wave vector, which is defined by the used wavelength (𝜆0), the refractive index 

of the medium (n), and the detection angle (θ) according to the equation: 

  

𝑞 =
4𝜋𝑛

𝜆0
sin (

𝜃

2
)        (4.4) 

 

The hydrodynamic radius (Rh) was calculated from the diffusion coefficient (D) obtained 

from the autocorrelation function by a cumulant fit method, and the Stokes−Einstein equation 

for spherical particles: 

𝐷 =  
𝑘𝐵𝑇

6π𝜂𝑅ℎ
     (4.5) 

 

where kB is the Boltzmann constant, T is the absolute temperature, and η is the viscosity of the 

solution. The polydispersity index (PDI) is a representation of the particle size heterogeneity in 

a sample and is in DLS usually calculated from the width at half height of the relevant peak in 

the particle size distribution using the equation: 

PDI = (
width

radius
)

2

     (4.6) 

 

where the radius is the mean hydrodynamic radii of the peak. Samples with a PDI of 0.0 - 0.1 

are considered to be very monodisperse, while PDI values ranging from 0.1 - 0.4 indicate a 

moderate polydisperse sample and PDI values > 0.4 are indicative for highly polydisperse 

samples.31 

 

4.2.7. Fluorescence correlation spectroscopy 

FCS was performed using a Leica TCS SP8 X system equipped with a 63× 1.20 NA water 

immersion objective and a supercontinuum laser. CotA labeled with Alexa Fluor 488 was 

excited at 488 nm with a pulse frequency of 40 MHz. Fluorescence was detected between 495-

550 nm using a hybrid detector coupled to a PicoHarp 300 TCSPC module (PicoQuant) with a 

pinhole setting of 1 Airy unit. FCS data were analyzed with software FFS-data processor 
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version 2.3 (Scientific Software Technologies Software Centre, Belarus), using a two-

component 3D-diffusion model including triplet state.32 Rhodamine 110 (diffusion coefficient 

4.3 x 10-10 m2s-1) was used to determine the confocal structure a parameter (a = ωz/ωxy with ωxy 

and ωz the equatorial and axial radii of the detection volume). 

In FCS, the fluctuations in fluorescence intensity, resulting from fluorescent particles 

traversing the confocal detection volume, are recorded over time and used to calculate the 

autocorrelation function G(t) as follows:  

 

𝐺(𝑡) =
 ⟨𝐼(𝑡)⟩ .  𝐼 (𝑡+τ)⟩

⟨𝐼(𝑡)⟩2     (4.7) 

 

where I(t) is the time-dependent fluorescence intensity. After excitation of a fluorophore, 

transition from the singlet state to the triplet state (intersystem crossing) may occur. Relaxation 

from the triplet state to the ground state (microsecond time scale) can occur without emission 

of photons. This intersystem crossing may lead to an additional component in the 

autocorrelation function. In the following autocorrelation equation, the triplet state component 

is included:  

 

𝐺(𝑡) = 1 +
1

⟨𝑁⟩
 . (1 +  

𝐹𝑡𝑟𝑖𝑝

1−𝐹𝑡𝑟𝑖𝑝
) 𝑒−𝑡/𝑇𝑡𝑟𝑖𝑝  . ∑

𝐹𝑖

(1+
𝑡

𝜏𝑑𝑖𝑓,𝑖
) .√1 + (

𝜔𝑥𝑦

𝜔𝑧
)

2
.  

𝑡

𝜏𝑑𝑖𝑓,𝑖

𝑛
𝑖=1     (4.8) 

 

where ⟨N⟩ is the average number of fluorescent particles in the confocal volume, Ftrip is the 

fraction of molecules in the triplet state, Ttrip is the average time a fluorophore resides in the 

triplet state, Fi is the fraction of species i, τdif,i is the diffusion time of the species i in the confocal 

volume, and ωxy and ωz are the equatorial and axial radii of the detection volume, respectively. 

From the diffusion time, the diffusion coefficient D can be calculated using this equation:  

 

𝐷 =  
𝜔𝑥𝑦

2

4 .  𝜏𝑑𝑖𝑓
      (4.9) 

 

Subsequently, from D the hydrodynamic radius of the fluorescent particle can be calculated 

using the Stokes-Einstein relation (Equation 4.5). 

 

4.3. Results and discussion 

4.3.1. CotA production and purification 

The engineered CotA proteins were overexpressed in the Escherichia coli Rosetta strain and 

purified by a combination of ion exchange chromatography and size exclusion chromatography. 
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Figure 4.2 shows the results of an SDS-PAGE of the purified native CotA and the glutamic acid 

CotA variants. The purified CotA samples are 85-95 % pure (analyzed by using ImageJ 

software). The addition of polyglutamic acid tags resulted in a stepwise increase in molecular 

weight, more precisely from 65 kDa (native CotA) to 66.5 kDa (CotA-E10), 67.9 kDa (CotA-

E20), 69.4 kDa (CotA-E30), and 70.9 kDa (CotA-E40). Moreover, the purified native CotA 

and glutamic acid CotA variants also show an intense blue color as a sign of incorporation of 

the copper ion (T1 Cu ion)22,33 in the enzyme (Figure S4.6, Supplementary information). From 

these results, we conclude that the CotA variants are well expressed and purified. 

 

Figure 4.2. SDS-PAGE of purified CotA WT, CotA-E10, CotA-E20, CotA-E30 and CotA-

E40. 

 

4.3.2. Encapsulation of CotA and CotA variants in C3Ms 

In this study, we encapsulated CotA and the higher charged CotA variants using a cationic-

neutral hydrophilic diblock copolymer, PM2VP128-b-PEO477. For each CotA variant several 

mixed ratio compositions (F−) were prepared with a constant concentration of enzyme and an 

increasing concentration of diblock copolymer. The different mixtures were analyzed with DLS 

(Figure 4.3). The negatively charged enzymes and the positively charged block of PM2VP128-

b-PEO477 bind electrostatically, which is the foundation to generate C3Ms.1,4,6,34–36 When the 

charge ratio between enzyme and PM2VP128-b-PEO477 is about equal, the number of C3Ms in 

solution is expected to be highest. This composition is known as the preferred micellar 

composition (PMC) and is manifested by a maximum in light scattering intensity. Figure 4.3 

shows that the PMC for native CotA and all CotA variants is indeed observed at a mixing 

composition (F−) of about 0.5.  
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Figure 4.3. Light scattering intensity (I), hydrodynamic radius (Rh), and polydispersity index 

(PDI) for mixtures of different CotA variants with the diblock copolymer PM2PV128-b-PEO477 

observed with DLS. (A) Native CotA, (B) CotA-E10, (C) CotA-E20, (D) CotA-E30, (E) CotA-

E40. The maximum in light scattering intensity as a function of F- corresponds to the preferred 

micellar composition (PMC). 
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At the PMC, the C3Ms containing native CotA have a hydrodynamic radius (Rh) of 32.0 ± 

3.1 nm. For the C3Ms containing CotA with additional charges this is 31.2 ± 1.3 nm, 28.4 ± 1.3 

nm, 25.9 ± 2.3 nm, and 25.4 ± 2.1 nm for CotA-E10, CotA-E20, CotA-E30, and CotA-E40, 

respectively. The decrease in micellar size with increasing charge on the enzyme probably 

results from the fact that less enzyme molecules are needed to neutralize the charge of the 

diblock molecules and therefore the number of CotA molecules within one micelle is lower. At 

the PMC, all C3Ms show a minimum in the polydispersity index (PDI) compared to other 

mixing compositions. This indicates a narrow size distribution of the C3Ms around the PMC. 

At other mixing compositions, charged soluble complexes have been formed, resulting in lower 

light scattering intensities and higher PDI values.1,4–6,8,37,38 

We conducted multi-angle DLS to determine the shape of CotA containing C3Ms. If C3Ms 

have a spherical shape, multi-angle DLS will result in a linear relationship between the squared 

wave vector (q2) and the decay rate (Γ).39,40 Figure 4.4 shows the decay rate (Γ) of the first, 

second, and third cumulants as a function of the squared wave vector (q2) on C3Ms composed 

of native CotA (Figure 4.4A) and CotA-E40 (Figure 4.4B). Three overlapping straight lines 

were obtained, indicating that from native CotA and CotA-E40 variants C3Ms with a spherical 

shape are formed.39,40 Similar results were found for C3Ms composed of CotA-E10, CotA-E20 

and CotA-E30 variants (Figure S4.7, Supplementary information). 

 

Figure 4.4. Multi-angle DLS results of C3M solutions containing (A) native CotA and (B) 

CotA-E40. The decay rate Γ obtained from the DLS correlation curves by a first (blue), second 

(orange), and third (gray) cumulant fit with squared wave vector q2.  
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4.3.4. Higher charged CotA variants show improved C3M stability against salt 

The addition of salt to a solution of enzyme-containing C3Ms will decrease the entropy gain of 

counterion release and at the same time will weaken the electrostatic interaction between the 

enzyme and polymer resulting in disintegration of micelles.1,4–6,14,38,41,42 To reveal if the 

additional charges fused at the C-terminus of CotA affect C3M stability, we performed DLS 

measurements monitoring the scattering intensity versus salt concentration. 

Figure 4.5A shows the scattering intensity, normalized to its value at zero added salt, 

against NaCl concentration for C3Ms composed of native CotA, CotA-E20 and CotA-E40 (see 

Figure S4.8 in Supplementary information for the results for all CotA variants). For C3Ms 

composed of native CotA, the addition of salt results in a faster decline of light scattering 

intensity compared to C3Ms composed of additionally charged CotA variants. At a 

concentration of 140 mM NaCl, the normalized scattering intensity is zero, meaning there are 

no native CotA-C3Ms present anymore. Increasing the negative charge of CotA results in an 

improved salt stability of the C3Ms. Notably, the more negative charge is added to CotA, the 

better the resistance of the C3Ms against salt.  

Differences in salt stability of C3Ms containing CotA variants are also reflected by their 

difference in hydrodynamic radii (Rh) as a function of NaCl concentration. Figure 4.5B shows 

that the Rh of C3Ms composed of native CotA decreases significantly with increasing NaCl 

concentration. After the addition of 100 mM NaCl, the size of the micelles was reduced by 

about 25 %. However, for the higher charged CotA variants CotA-E20 and CotA-E40 the size 

of the C3Ms remained fairly constant (reduction about 3 %).  

During the addition of NaCl to the C3Ms samples also an increase in PDI was observed, 

ranging from 0.1 at zero salt (monodisperse) to values above 0.4 (highly polydisperse) at 140 

mM NaCl (Figure 4.5C).  We observed that at the higher salt concentrations not only the particle 

size distributions were broadened, but that they also showed multiple peaks. These findings 

indicate disintegration of the micelles and release of the enzyme from the micellar cores. 

Cumulant fitting on such heterogeneous/ polydisperse samples may result in inaccurate Rh 

values. 
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Figure 4.5. Salt stability of enzyme-containing C3Ms was observed by using DLS. (A) 

Normalized light scattering intensity (I), (B) hydrodynamic radius (Rh), (C) polydispersity 

index (PDI). C3Ms composed of native CotA (blue), CotA E-20 (orange), and CotA-E40 (dark 

red). Error bars represent the standard deviation from three repetitions (n = 3).  

 

4.3.5. C3Ms formation and salt stability observed with FCS 

Micelle formation and the effect of increasing the net charge of CotA on the salt stability of 

enzyme-containing C3Ms were also monitored by FCS. FCS and DLS are based on similar 

principles, but the main difference is the ability of FCS to discriminate between free enzymes 
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in solution and encapsulated enzymes. However, for FCS CotA needs to be labeled with a 

fluorescent probe, for which we used Alexa Fluor 488. 

Figure 4.6 shows FCS measurements on solutions of free CotA and CotA encapsulated in 

C3Ms. It becomes clear that the addition of diblock copolymer to the CotA solution shifts the 

auto-correlation function to a higher diffusion time, indicating that the diffusion of enzymes 

becomes slower due to the formation of C3Ms (Figure 4.6D). Moreover, FCS allows to quantify 

the number of fluorescent species in the confocal volume indicated at the intercept of the Y-

axis (Figure 4.6A-C). Encapsulation of CotA results in a decrease of the number of fluorescent 

particles detected in the confocal volume (N). Furthermore, the brightness of the micelles 

increases with the number of fluorescent CotA molecules encapsulated.4,5,24,43  

 

Figure 4.6. FCS measurements on C3Ms composed of labeled enzymes. FCS autocorrelation 

curves (G(t)) for: (A) Native CotA (blue), (B) CotA-E20 (orange), and (C) CotA-E40 (dark 

red). The spheres represent the free enzyme, the triangles represent enzyme-containing C3Ms, 

and the squares represent enzyme-containing C3Ms with an additional 200 mM NaCl. (D) 

Normalized G(t) for free enzymes and C3Ms samples of native CotA and higher charged CotA 

variants. 

 

The autocorrelation functions were analyzed using a two-component 3D diffusion model 

including triplet state (Equation 4.8). The fraction of encapsulated enzyme was found to be 
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about 77 ± 4 %, 77 ± 1 %, and 75 ± 7 % for native CotA, CotA-E20, and CotA-E40, 

respectively. These results show that the encapsulation efficiency for all enzymes is 

approximately the same. However, the concentration of C3Ms composed of the higher charged 

CotA variants is higher than that of the native CotA containing C3Ms, illustrated by the higher 

number of fluorescent particles detected in the confocal volume (N) (Table 4.1).  

Furthermore, for native CotA free in solution, FCS analysis revealed a Rh of about 2.2 ± 

0.3 nm, and for C3Ms containing native CotA a Rh of 30.5 ± 2.1 nm was obtained. Free CotA-

E20 and CotA-E40 have a size of 3.5 ± 0.4 nm, and 3.1 ± 1.6 nm, respectively, whereas the Rh 

of micelles formed from CotA-E20 and CotA-E40 is 26.0 ± 1.3 nm and 22.3 ± 1.6 nm, 

respectively. Micellar sizes determined with FCS and DLS are in good agreement (Table 4.1). 

In conclusion, more charge added to CotA results in a higher concentration of micelles of 

smaller size, while the encapsulation efficiency is not significantly affected. 

 

Table 4.1. Characterization of C3Ms by FCS and DLS 

Sample 
N (FCS) 

Fraction encapsulated 

(FCS) 

Rh (nm) 

(FCS) 

Rh (nm) 

(DLS) 

C3M Native CotA  4.9 ± 0.1  77 ± 4 % 30.5 ± 2.1 32.0 ± 3.1 

C3M CotA-E20 6.5 ± 3.6 77 ± 1 % 26.0 ± 1.3 28.4 ± 1.3 

C3M CotA-E40 10.7 ± 1.5 75 ± 7 %  22.3 ± 1.6 25.4 ± 2.1 

 Error margins represent the standard deviation from three repetitions (n = 3) 

 

FCS was also used to monitor the salt stability of CotA containing C3Ms. This was done 

by quantifying the total number of fluorescent particles in the confocal volume (N) as a function 

of NaCl concentration. Figure 4.7A shows that N, normalized to the number of particles 

detected in a solution of free CotA with the same protein concentration as the C3M systems, 

increases with salt concentration, which indicates the release of CotA from the core of the 

micelles. These results clearly show that native CotA is released at a lower salt concentration 

from the micelles than the higher charged CotA variants. Native CotA-containing micelles 

reached a normalized N of 1.0 above 80 mM salt, pointing to a total disintegration of the 

micelles. For micelles containing CotA-E20 and CotA-E40, N increased much more gradually 

compared to micelles containing native CotA, and these C3Ms do not completely fall apart even 

at the highest salt concentration applied. In addition, the more negative charge is added to CotA, 

the better the resistance of the C3Ms against salt. 

Figure 4.7B shows the hydrodynamic radius (Rh) of the various C3Ms as a function of 

NaCl concentration. The Rh of C3Ms composed of native CotA decreases significantly more 
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with increasing NaCl concentration than the Rh of C3Ms composed of the higher charged CotA 

variants: after addition of 100 mM NaCl, the size of the native CotA micelles was decreased by 

about 64 %, while the reduction in Rh for CotA-E20 and CotA-E40 was about 29 % and 33 %, 

respectively. These FCS measurements confirm the conclusions from the DLS measurements 

that the addition of polyglutamic acid tags to CotA results in improved salt stability of CotA-

containing C3Ms, and that the salt stability of the C3Ms increases with increasing charge on 

the CotA variants.  

 

Figure 4.7. Salt stability of enzyme-containing C3Ms was observed by using FCS. (A) 

Normalized number of fluorescent particles in the confocal volume (N), (B) hydrodynamic 

radius (Rh). C3Ms composed of native CotA (blue), CotA E-20 (orange), and CotA-E40 (dark 

red). Error bars represent the standard deviation from three repetitions (n = 3). 

 

Quenching of fluorescence upon enzyme encapsulation was observed by a reduced 

fluorescence intensity (Figure S4.9, Supplementary information).4,5,7 However, this quenching 

has no implication for the present study, since we use only the number of fluorescent objects 

(C3Ms and free protein) in the confocal volume and their diffusion times to calculate their 

hydrodynamic size. 
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4.3.6. Comparison of FCS and DLS results 

Although the DLS and FCS results show the same trends and lead to the same conclusions, 

there are quantitative differences in the values obtained for the mean hydrodynamic radius Rh. 

As long as the particle size distribution in the samples is relatively narrow (before the addition 

of salt), FCS and DLS measurements on Rh are in good agreement (Table 4.1). However, after 

the addition of salt the results start to deviate. Especially above a concentration of 50 mM NaCl 

the Rh values obtained from FCS clearly decrease faster with the addition of salt than those 

obtained with DLS. Under these conditions, we are dealing with a mixture of free enzyme 

molecules, C3Ms and/ or soluble complexes. Thus, with the addition of salt a broadening of the 

particle size distribution and the development of multiple peaks takes place, reflected in 

increasing PDI values. These changes in the particle size distribution can explain the observed 

deviations in Rh values from DLS and FCS as follows. In DLS the scattered intensity of small 

particles (i.e., the free enzymes) is negligible with respect to that of the larger particles (C3Ms 

and soluble complexes), so the calculated Rh value is dominated by the contribution of the C3Ms 

and soluble complexes.28,41 On the other hand, in FCS every fluorescent particle in the confocal 

volume contributes equally to the determination of the average diffusion time and thus to the 

mean hydrodynamic radius (see Equations 4.5, 4.8, and 4.9). This leads to lower Rh values than 

those following from the DLS analysis.30,41 Hirschle et al. also observed larger average particle 

sizes by using DLS compared to FCS on broader size distribution samples.28 Moreover, at very 

low scattered light intensities, Rh determination using DLS becomes inaccurate. Overall, the Rh 

results of FCS are considered more reliable.  

Finally, we note that the deviations in the Rh values may be also partly due to the different 

fitting models used in DLS and FCS. In DLS, the autocorrelation function was fitted using the 

cumulant method, while in FCS the autocorrelation function was fitted using a two-components 

model.   

 

4.3.7. The effect of genetic modification and encapsulation on the activity of CotA 

Enzyme activity measurements were conducted to evaluate whether the addition of charged 

amino acids influences the enzyme function. Here, CotA activity measurements were done with 

the substrate ABTS (for details see experimental section). Figure 4.8 shows a relative activity 

histogram for native CotA and CotA variants free in solution as well as after being encapsulated 

in C3Ms. The activity of native CotA free in solution is set to 100 %. Remarkably, the higher 

charged CotA variants showed significantly higher activities than native CotA: their relative 

activities amount to about 170 ± 1.1 %, 140 ± 0.5 %, 140 ± 0.5 % and 160 ± 1 % for CotA-E10, 
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CotA-E20, CotA-30, and CotA-40, respectively. A possible explanation for the enhanced 

activity of the charged variants is the improvement of their solubility.10,45,46 Han et al. also found 

an increased solubility and catalytic activity of several enzymes (tyrosine ammonia lyase, 

aldehyde dehydrogenase, and 1-deoxy-D-xylulose-5-phosphate synthase) after the addition of 

short polyglutamic acid tags.10  

 

Figure 4.8. Activity measurement of native CotA (CotA-WT), CotA-E10, CotA-E20, CotA-

E30, and CotA-E40 and its C3Ms. 

 

Next, we aimed at measuring the activity of CotA when encapsulated in C3Ms also with 

the substrate ABTS. However, this was not possible since the ABTS assay procedure involves 

a low pH buffer (pH 4.4), resulting in a positive net charge on the enzyme (pI at pH 5.84 for 

native CotA) and therefore disintegration of the C3Ms. C3Ms composed of higher charged 

CotA variants also disintegrate at this pH (Figure S4.10, Supplementary information). Figure 

4.8 shows that encapsulation and subsequent release in the ABTS assay buffer does not affect 

the activity of native CotA. For the higher charged CotA variants the activity decreases 

somewhat as a result of encapsulation and pH induced release, but it is still higher than that of 

native CotA free in solution.  

 

4.4. Conclusions 

In this study we produced variants of CotA that have polyglutamic acid tags of different lengths 

at the C-terminus. These polyglutamic acid tags contribute to a higher negative charge of the 

enzyme and are therefore expected to increase the salt stability of C3Ms containing the enzyme. 

DLS measurements revealed that for all CotA variants the PMC for C3M formation with the 
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cationic-neutral hydrophilic diblock copolymer PM2PV128-b-PEO477 is at a mixing composition 

(F−) of about 0.5. FCS measurements showed that increasing the net charge of CotA results in 

the formation of more C3Ms, but with a lower number of CotA molecules within one micelle. 

The overall encapsulation of the native and modified enzymes was approximately the same, 

i.e., 75 – 77 % of the enzyme molecules were incorporated in the micelles. DLS and FCS 

measurements confirmed that C3Ms composed of CotA with additional charges are 

significantly more salt-resistant than native CotA-containing micelles. The more extra charge 

is added to the CotA, the better the salt stability of C3Ms. Furthermore, it was found that adding 

a polyglutamic tag to the enzyme enhances its activity, which is largely maintained upon 

encapsulation and pH induced release from the C3Ms. This study therefore shows that 

increasing the net charge of enzymes by genetic engineering is a promising strategy to improve 

the practical applicability of C3Ms as enzyme delivery systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 

 

107 

 

References 
 
1. Voets, I. K., de Keizer, A. and Cohen Stuart, M. A. Complex coacervate core micelles. Adv. Colloid 

Interface Sci. 147–148, 300–318 (2009). 

2. Blocher, W. C. and Perry, S. L. Complex coacervate-based materials for biomedicine. Wiley Interdiscip. 

Rev. Nanomedicine Nanobiotechnology 9, 76–78 (2017). 

3. Blocher McTigue, W. C. and Perry, S. L. Protein encapsulation using complex coacervates: what nature 

has to teach us. Small 16, 1–17 (2020). 

4. Nolles, A., Westphal, A. H., de Hoop, J. A., Fokkink, R. G., Kleijn, J. M., van Berkel, W. J. H., and Borst, 

J. W. Encapsulation of GFP in complex coacervate core micelles. Biomacromolecules 16, 1542–1549 

(2015). 

5. Nolles, A., Westphal, A. H., Kleijn, J. M., van Berkel, W. J. H. and Borst, J. W. Colorful packages: 

Encapsulation of fluorescent proteins in complex coacervate core micelles. Int. J. Mol. Sci. 18, 1557-1576 

(2017). 

6. Lindhoud, S., de Vries, R., Norde, W. and Stuart, M. A. C. Structure and stability of complex coacervate 

core micelles with lysozyme. Biomacromolecules 8, 2219–2227 (2007). 

7. Nolles, A., Hooiveld, E., Westphal, A. H., van Berkel, W. J. H., Kleijn, J. M., and Borst, J. W. FRET 

Reveals the formation and exchange dynamics of protein-containing complex coacervate core micelles. 

Langmuir 34, 12083–12092 (2018). 

8. Lindhoud, S., De Vries, R., Schweins, R., Cohen Stuart, M. A. and Norde, W. Salt-induced release of 

lipase from polyelectrolyte complex micelles. Soft Matter 5, 242–250 (2009). 

9. Ma, C., Malessa, A., Boersma, A. J., Liu, K. and Herrmann, A. Supercharged Proteins and Polypeptides. 

Adv. Mater. 32, 1905309-1905330 (2020). 

10. Han, X., Ning, W., Ma, X., Wang, X. and Zhou, K. Improving protein solubility and activity by introducing 

small peptide tags designed with machine learning models. Metab. Eng. Commun. 11, 138-147 (2020). 

11. Obermeyer, A. C., Mills, C. E., Dong, X. H., Flores, R. J. and Olsen, B. D. Complex coacervation of 

supercharged proteins with polyelectrolytes. Soft Matter 12, 3570–3581 (2016). 

12. Cummings, C. S. and Obermeyer, A. C. Phase Separation Behavior of Supercharged Proteins and 

Polyelectrolytes. Biochemistry 57, 314–323 (2018). 

13. Kapelner, R. A. and Obermeyer, A. C. Ionic polypeptide tags for protein phase separation. Chem. Sci. 10, 

2700–2707 (2019). 

14. van der Gucht, J., Spruijt, E., Lemmers, M. and Cohen Stuart, M. A. Polyelectrolyte complexes: Bulk 

phases and colloidal systems. J. Colloid Interface Sci. 361, 407–422 (2011). 

15. Obermeyer, A. C. and Olsen, B. D. Synthesis and application of protein-containing block copolymers. 

ACS Macro Lett. 4, 101–110 (2015). 

16. Collins, J., Tanaka, J., Wilson, P., Kempe, K., Davis, T. P., McIntosh, M. P., Whittaker, M. R., and 

Haddleton, D. M. In situ conjugation of dithiophenol maleimide polymers and oxytocin for stable and 

reversible polymer-peptide conjugates. Bioconjug. Chem. 26, 633–638 (2015). 

17. Di Marco, M., Razak, K. A., Aziz, A. A., Shamsuddin, S., Devaux, C., Borghi, E., Levy, L., and Sadun, 

C. Overview of the main methods used to combine proteins with nanosystems : absorption , bioconjugation 

, and encapsulation. Int. J. Nanomedicine 5, 37–49 (2010). 

18. Shaw, B. F., Arthanari, H., Narovlyansky, M., Durazo, A., Frueh, D. P., Pollastri, M. P., Lee, A., Bilgicer, 

B., Gygi, S. P., Wagner, G., and Whitesides, G. M. Neutralizing positive charges at the surface of a protein 

lowers its rate of amide hydrogen exchange without altering its structure or increasing its thermostability. 

J. Am. Chem. Soc. 132, 17411–17425 (2010). 

19. Sun, J., Xiao, L., Li, B., Zhao, K., Wang, Z., Zhou, Y., Ma, C., Li, J., Zhang, H., Hermann, A., and Liu, 

K. Genetically Engineered Polypeptide Adhesive Coacervates for Surgical Applications. Angew. Chemie 

- Int. Ed. 60, 23687–23694 (2021). 

20. Li, J., Li, B., Sun, J., Ma, C., Wan, S., Li, Y., Göstl, R., Herrmann,A., Liu, K.,Zhang, H. Engineered Near-

Infrared fluorescent protein assemblies for robust bioimaging and therapeutic applications. Adv. Mater. 

32, 2000964-2000971 (2020). 

21. Kanca, O., Bellen, H. J. and Schnorrer, F. Gene tagging strategies to assess protein expression, localization, 

and function in Drosophila. Genetics 207, 389–412 (2017). 

22. Booher, K. R. and Kaiser, P. A PCR-based strategy to generate yeast strains expressing endogenous levels 

of amino-terminal epitope-tagged proteins. Biotechnol. J. 3, 524–529 (2008). 

23. Wang, Q., Xue, H., Li, S., Chen, Y., Tian, X., Xu, X., Xiao, W., Fu, Y. V. A method for labeling proteins 

with tags at the native genomic loci in budding yeast. PLoS One 12, 1–15 (2017). 

24. Kembaren, R., Fokkink, R., Westphal, A. H., Kamperman, M., Kleijn, J. M., and Borst, J. W. Balancing 

enzyme encapsulation efficiency and stability in complex coacervate core micelles. Langmuir 36, 8494–

8502 (2020). 



 Charged polypeptide tail boosts the salt resistance of enzyme-containing C3Ms 

108 

 

25. Lindhoud, S., Norde, W. and Cohen Stuart, M. A. Effects of polyelectrolyte complex micelles and their 

components on the enzymatic activity of lipase. Langmuir 26, 9802–9808 (2010). 

26. Fulmer, G. R., Miller, A. J. M., Sherden, N. H., Gottlieb, H. E., Nudelman, A., Stoltz, B. M., Bercaw, J. 

E., and Goldberg, K. I. NMR chemical shifts of trace impurities: Common laboratory solvents, organics, 

and gases in deuterated solvents relevant to the organometallic chemist. Organometallics 29, 2176–2179 

(2010). 

27. Huang, J., Xiao, H., Li, B., Wang, J. and Jiang, D. Immobilization of Pycnoporus sanguineus laccase on 

copper tetra-aminophthalocyanine–Fe3O4 nanoparticle composite. Biotechnol. Appl. Biochem. 44, 93-100 

(2006). 

28. Kolomytseva, M. P., Myasoedova, N. M., Chernykh, A. M., Gaidina, A. S., Shebanova, A. D., Baskunov, 

B. P., Aschenbrenner, J., Rosengarten, J. F., Renfeld, Z. V., Gasanov, N. B., Pinchuk, I. P., Classen, T., 

Pietruszka, J., and Golovleva, L. A. Laccase isoform diversity in basidiomycete Lentinus strigosus 1566: 

Potential for phenylpropanoid polymerization. Int. J. Biol. Macromol. 137, 1199–1210 (2019). 

29. Xu, H. M., Sun, X. F., Wang, S. Y., Song, C. and Wang, S. G. Development of laccase/graphene oxide 

membrane for enhanced synthetic dyes separation and degradation. Sep. Purif. Technol. 204, 255–260 

(2018). 

30. Hirschle, P., Preiß, T., Auras, F., Pick, A., Volkner, J., Valdeperez, D., Witte, G., Parak, W. J., Radler, J. 

O., Wuttke, S. Exploration of MOF nanoparticle sizes using various physical characterization methods-is 

what you measure what you get? CrystEngComm 18, 4359–4368 (2016). 

31. Bhattacharjee, S. Review article DLS and zeta potential – What they are and what they are not ? J. Control. 

Release 235, 337–351 (2016). 

32. Skakun, V. V., Hink, M. A., Digris, A. V., Engel, R., Novikov, E. G., Apanasovich, V. V., and Visser, A. 

J. W. G. Erratum: Global analysis of fluorescence fluctuation data. Eur. Biophys. J. 34, 972 (2005). 

33. Durão, P., Chen, Z., Fernandes, A. T., Hildebrandt, P., Murgida, D. H., Todorovic, S., Pereira, M. M., 

Melo, E. P., and Martins, L. O. Copper incorporation into recombinant CotA laccase from Bacillus subtilis: 

Characterization of fully copper loaded enzymes. J. Biol. Inorg. Chem. 13, 183–193 (2008). 

34. Cohen Stuart, M. A., Besseling, N. A. M. and Fokkink, R. G. Formation of micelles with complex 

coacervate cores. Langmuir 14, 6846–6849 (1998). 

35. Olijve, L. L. C. and Voets, I. K. Morphological evolution of complex coacervate core micelles revealed 

by iPAINT microscopy. 107, 450–455 (2016). 

36. Magana, J. R., Sproncken, C. C. M. and Voets, I. K. On complex coacervate core micelles: Structure-

function perspectives. Polymers 12, 1953-1990 (2020). 

37. Lindhoud, S., Norde, W. and Stuart, M. A. C. Reversibility and relaxation behavior of polyelectrolyte 

complex micelle formation. J. Phys. Chem. B 113, 5431–5439 (2009). 

38. Van der Kooij, H. M., Spruijt, E., Voets, I. K., Fokkink, R., Cohen Stuart, M. A., and van der Gucht, J. On 

the stability and morphology of complex coacervate core micelles: From spherical to wormlike micelles. 

Langmuir 28, 14180–14191 (2012). 

39. Harada, A. and Kataoka, K. Chain length recognition: core-shell supramolecular assembly from oppositely 

charged block copolymers. Science 283,65−67 (1999). 

40. Harada, A. and Kataoka, K. Novel polyion complex micelles entrapping enzyme molecules in the core. 2. 

Characterization of the micelles prepared at nonstoichiometric mixing ratios. Langmuir 15, 4208–4212 

(1999). 

41. Shah, S. and Leon, L. Structural dynamics, phase behavior, and applications of polyelectrolyte complex 

micelles. Curr. Opin. Colloid Interface Sci. 53, 101424 (2021). 

42. Heo, T. Y., Kim, I., Chen, L., Lee, E., Lee, S., and Choi, S. H. Effect of ionic group on the complex 

coacervate core micelle structure. Polymers 11, 16–19 (2019). 

43. Elson, E. L. Fluorescence correlation spectroscopy: Past, present, future. Biophys. J. 101, 2855–2870 

(2011). 

  

 

 

 

 

 

 



Chapter 4 

 

109 

 

Supplementary information 

 

S4.1. 1H NMR spectrum of the quaternized diblock copolymer 

 

Figure S4.1. 1H-NMR spectrum of PM2PV128-b-PEO477 was recorded in D2O. The degree of 

quaternization (DQ) was calculated by comparing the sum integral of the pyridine ring peak 

with that of the methyl group. 

DQ = ((4.17 + 0.97) / (4+3)) *100 % = 73 %. 
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S4.2. Primer sequences for cloning  

Primers that were used to add polyglutamic acid tags were purchased from IDT. For 

PCR, the template that has been used is the native CotA gene. The primer sequences used are 

listed below: 

a. Forward primer (for all engineered CotA): CotA-N-forward 5'- 

GGCTAACAGGAGGAATTACATATGACACTTGAAAAATTTGTGGATGCTC 

 

b. Reverse primer for native CotA: CotA-wt-rev 5'- 

GAGTTTTTGTTCGGGCCCAAGCTTTTATTTATGGGGATCAGTTATATCCATCGG 

 

c. Reverse primer for CotA-E10: CotA-E10-rev 5’- 

GAGTTTTTGTTCGGGCCCAAGCTTTTATTCCTCTTCTTCCTCTTCTTCCTCTTCTTCT

TTATGGGGATCAGTTATATCCATCGG 

 

d. Reverse primer for CotA-E20: CotA-E20-rev 5'- 

GAGTTTTTGTTCGGGCCCAAGCTTTTATTCTTCCTCTTCTTCCTCTTCTTCCTCTTCT

TCCTCTTCTTCCTCTTCTTCCTCTTCTTCTTTATGGGGATCAGTTATATCCATCGG 

 

e. Reverse primer for CotA-E30: CotA-E30-rev 5'- 

GAGTTTTTGTTCGGGCCCAAGCTTTTACTCTTCTTCCTCTTCTTCCTCTTCTTCCTCT

TCTTCCTCTTCTTCCTCTTCTTCCTCTTCTTCCTCTTCTTCCTCTTCTTCCTCTTCTTC

TTTATGGGGATCAGTTATATCCATCGG 

 

f. Reverse primer for CotA-E40: CotA-E40-rev 5' – 

GAGTTTTTGTTCGGGCCCAAGCTTTTATTCCTCTTCTTCCTCTTCTTCCTCTTCTTCC

TCTTCTTCCTCTTCTTCCTCTTCTTCCTCTTCTTCCTCTTCTTCCTCTTCTTCCTCTTC

TTCCTCTTCTTCCTCTTCTTCCTCTTCTTCTTTATGGGGATCAGTTATATCCATCGG 
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S4.3. Agarose gel electrophoresis 

CotA-E10 

 

Figure S4.2. Agarose gel electrophoresis results for CotA-E10. (A) After running PCR, (B) 

after digestion using restriction enzymes NdeI and HindIII on the isolated plasmid after cloning 

and transformation. V is vector, M are markers. 

 

Figure S4.2A shows the successful modification of the CotA with 10 additional glutamic acid 

residues by PCR using annealing temperatures of 65 ºC or 68 ºC. Figure S4.2B shows that 10 

randomly selected E. coli colonies contain the inserted gene of CotA-E10.  

 

 

CotA-E20 

 

Figure S4.3. Agarose gel electrophoresis results for CotA-E20. (A) After running PCR, (B) 

after digestion using restriction enzymes NdeI and HindIII on the isolated plasmid after cloning 

and transformation. V is vector, M are markers. 

 

Figure S4.3A shows the successful modification of the CotA with 20 additional glutamic acid 

residues by PCR using annealing temperatures of 65 ºC or 67 ºC or 69 ºC. Figure S4.3B shows 

that 10 randomly selected E. coli colonies contain the inserted gene of CotA-E20.  
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CotA-E40 

 

Figure S4.4. Agarose gel electrophoresis results for CotA-E40. (A) After running PCR, (B) 

after digestion using restriction enzymes NdeI and HindIII on the isolated plasmid after cloning 

and transformation. V is vector, M are markers. 

 

Figure S4.5A shows the successful modification of the CotA with 40 additional glutamic acid 

residues by PCR using annealing temperatures of 66 ºC or 68 ºC or 69 ºC. Figure S4.4B shows 

that 10 randomly selected E. coli colonies contain the inserted gene of CotA-E40.  

 

 

S4.4. Calculated charge of CotA as a function of pH 

 

Figure S4.5. Charge of CotA as a function of pH calculated by using the PROPKA 3.1 software 

package. Blue dots and line represent the unfolded state of CotA, and orange dots and line 

represent the folded state of CotA. 
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S4.5. Color of the solutions of purified native CotA and the glutamic acid CotA variants 

 

Figure S4.6. The color of the enzyme solutions: (A) the purified native CotA and the glutamic 

acid CotA variants (CotA-E10, CotA-E20, CotA-30, and CotA-E40). (B) holoprotein, 

apoprotein and reconstructed protein. The blue color (absent in apo CotA) is a sign of the copper 

ion (T1 Cu ion) incorporated in the protein resulting in active enzyme. 

 

 

S4.6. DLS multi-angle results on C3Ms containing higher charged enzyme variants  

 

Figure S4.7. Multi-angle DLS results of C3M solutions containing (A) CotA-E10, (B) CotA-

E20, (C) CotA-E30. The decay rate Γ obtained from the DLS correlation curves by a first (blue), 

second (orange), and third (gray) cumulant fit with squared wave vector q2.  
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S4.7. DLS results on salt stability of enzyme-containing C3Ms for all C3Ms samples 

 

Figure S4.8. Salt stability of enzyme-containing C3Ms observed by using DLS. (A) 

Normalized light scattering intensity (I), (B) hydrodynamic radius (Rh), (C) polydispersity 

index (PDI). C3Ms composed of native CotA (blue), CotA E-10 (yellow), CotA E-20 (orange), 

CotA E-30 (red), and CotA-E40 (dark red). Error bars represent the standard deviation from 

three repetitions (n = 3), and for each of these repetitions the result was the average of 10 

measurements of 10 seconds. 
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S4.8. Fluorescence spectra of labeled enzymes free in solution and encapsulated in C3Ms 

 

Figure S4.9. Normalized fluorescence emission spectra showing the effect of quenching upon 

encapsulation of CotA (A) Native CotA (CotA WT), (B) CotA-E40. Free enzyme (blue), C3Ms 

(orange). The fluorescence emission spectra were recorded using Cary Eclipse 

Spectrofluorimeter (Varian Inc.) by exciting Alexa-488 CotA at a wavelength of 490 nm and 

scanning the fluorescence emission from 500 to 600 nm. 
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S4.9. DLS results on pH stability of enzyme-containing C3Ms 

 

Figure S4.10. pH stability of enzyme-containing C3Ms observed by using DLS. (A) 

Normalized light scattering intensity (I)), (B) hydrodynamic radius (Rh), (C) polydispersity 

index (PDI). C3Ms composed of native CotA (blue), CotA E-10 (yellow), CotA E-20 (orange), 

CotA E-30 (red), and CotA-E40 (dark red). 
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Abstract 

Complex coacervate core micelles (C3Ms) are formed by mixing aqueous solutions of a 

charged (bio)macromolecule with an oppositely charged-neutral hydrophilic diblock 

copolymer. The stability of these structures is dependent on the ionic strength of the solution; 

above a critical ionic strength the micelles will completely disintegrate. This instability at high 

ionic strengths is the main drawback for their application in, e.g., drug delivery systems or 

protein protection. In addition, the stability of C3Ms composed of weak polyelectrolytes is pH-

dependent as well. The aim of this study is to assess the effectiveness of covalent crosslinking 

of the complex coacervate core to improve the stability of C3Ms. We studied the formation of 

C3Ms using a quaternized and amine-functionalized cationic-neutral diblock copolymer, 

poly(2-vinylpyridine)-block-poly(ethylene oxide) (QP2VP-b-PEO), and an anionic 

homopolymer, poly(acrylic acid) (PAA). Two different core-crosslinking strategies were 

employed that resulted in crosslinks between both types of polyelectrolyte chains in the core 

(i.e., between QP2VP and PAA) or in crosslinks between polyelectrolyte chains of the same 

type only (i.e., QP2VP). For these two strategies we used the crosslinkers 1-ethyl-3-(3’-

dimethylaminopropyl)carbodiimide hydrochloride (EDC) and dimethyl 3,3′-

dithiopropionimidate dihydrochloride (DTBP), respectively. EDC provides permanent 

crosslinks, while DTBP crosslinks can be broken by a reducing agent. Dynamic light scattering 

showed that both approaches significantly improved the stability of C3Ms against salt and pH 

changes. Furthermore, reduction of the disulfide bridges in the DTBP core-crosslinked micelles 

largely restored the original salt-stability profile. Therefore, this feature provides an excellent 

starting point for the application of C3Ms in controlled release formulations. 
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5.1. Introduction 

Complex coacervate core micelles (C3Ms), also known as block ionomer complexes1 or 

polyion complex micelles2 are polymeric nanostructures with a complex coacervate core and a 

neutral hydrophilic shell.3–5 C3M formation is based on self-assembly of ionic-neutral 

hydrophilic diblock copolymers and oppositely charged macromolecules at concentrations 

exceeding the critical micelle concentration (CMC).3,6–8 The driving forces for C3M formation 

are Coulombic attraction between the oppositely charged parts of the polyelectrolyte chains and 

the entropy gain from the release of the counterions upon complex formation.3,9–11 C3Ms are 

easy to prepare as it only involves a simple mixing step of aqueous solutions. C3Ms can be used 

as carrier for charged macromolecules such as proteins, DNA, and RNA.3,12,13 Furthermore, 

C3Ms are interesting for many other applications, including their use as bionanoreactors or 

nanoprobes, for the encapsulation of biomolecules, and as drug delivery systems.2,3,14–18  

Despite their ease of preparation, C3Ms can easily disintegrate, in particular at high ionic 

strength, which is the main limitation for their practical application.3,14,18–21 Increasing the salt 

concentration decreases the driving forces for C3M formation, resulting in a reduced stability 

of the C3Ms. Above a certain salt concentration, also known as the critical salt concentration 

(CSC), C3Ms will completely disintegrate. In addition, in case of weak polyelectrolytes, the pH 

is an essential parameter for the stability of C3Ms as well.3,14  

A strategy to overcome undesired disintegration of C3Ms is by crosslinking the polymers. 

This can be done reversibly or irreversibly, either in the core or in the corona of the 

micelles.14,22–25 However, crosslinking the corona/ shell may affect the surface characteristics 

and reduces the hydrophilicity and thus the solubility of the micelles.24 With the core-

crosslinking strategy, on the other hand, we expect that the micelles' surface characteristics will 

remain the same. Core-crosslinking of C3Ms can be achieved by binding together one or both 

types of polymers present in the core of C3Ms, either physically or covalently.26–28 Chemical 

crosslinking of the components in the core will provide a more stable network. Chemical 

crosslinks can be introduced, for example, by irradiation (photo-polymerization), an enzymatic 

reaction, or by using "click" chemistry.27 To crosslink C3Ms, the polymers must contain 

reactive functional groups, such as amines, thiols, carboxylates, hydroxyls, acetoacetyl groups, 

acetal groups, acrylamide derivates, or carbonyl groups.29,30  

The aim of this study is to determine the effectiveness of covalently crosslinking the core 

of C3Ms to improve their stability against salt addition and pH changes. C3Ms were prepared 

using a cationic-neutral diblock copolymer, poly(2-vinylpyridine)128-b-poly(ethylene oxide)477 
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(P2VP128-b-PEO477), and an anionic homopolymer, poly(acrylic acid)118 (PAA118). Beforehand, 

the P2VP-containing diblock copolymer was functionalized with primary amine groups via 

quaternization. Since primary amines are known to participate in quaternization reactions 

themselves, protection chemistry was required during the quaternization procedure. Several 

amine protecting groups are convenient to use like 9-fluorenylmethyl carbamate (FMOC), t-

butyl carbamate (BOC), and phthalimides.31–33 We have chosen N-(2-bromoethyl)phthalimide 

because of its stability under the conditions required for the quaternization reaction (including 

heating to 150 C). After deprotection, the amine can be used for core-crosslinking by adding 

a bifunctional crosslinker to the C3M solution.14,24 In this study, we used two types of 

crosslinkers, 1-ethyl-3-(3’-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and 

dimethyl 3,3′-dithiopropionimidate dihydrochloride (DTBP). EDC forms irreversible 

crosslinks between amine and carboxylic groups, while DTBP connects two amine groups. 

Furthermore, since DTBP crosslinks contain disulfide bridges, these crosslinks can be broken 

again by addition of a reducing agent. We have investigated these two types of crosslinkers to 

crosslink the core of C3Ms (Scheme 5.1).  

 

Scheme 5.1. Schematic overview of core-crosslinking strategies of C3Ms using the crosslinkers 

EDC and DTBP. The use of EDC results in permanent crosslinks, whereas DTBP provides 

crosslinks that can be broken by reducing agents like 1,4-dithiothreitol (DTT). Red-blue: 

charged-neutral diblock copolymer. Black: oppositely charged homopolymer. Green and 

yellow: crosslinks formed by EDC and DTBP, respectively. 
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We have compared these different core-crosslinking strategies, i.e., network formation 

between only one or between both types of polymers in the core, and permanent versus 

reversible crosslinking. Using dynamic light scattering (DLS), we investigated the formation 

of C3Ms, their size and stability as a function of ionic strength and pH before and after 

crosslinking, and in case of DTBP also after breaking the crosslinks. 

 

5.2. Experimental section 

5.2.1. Materials 

The diblock copolymer poly(2-vinylpyridine)128-block-poly(ethylene oxide)477 (P2VP128-b-

PEO477) (Mn = 34.5 kg/ mol, Mw/ Mn = 1.1) and homopolymer poly(acrylic acid)118 (PAA118) 

(Mn = 8.5 kg/mol, Mw/ Mn = 1.07) were obtained from Polymer Source Inc. The crosslinkers 1-

ethyl-3-(3’-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and dimethyl 3,3′-

dithiopropionimidate dihydrochloride (DTBP) were purchased from Thermo Fisher Scientific. 

The quaternization reagent N-(2-bromoethyl)phthalimide and the hydrazine hydrate solution 

(78-82 % in H2O) were obtained from Sigma-Aldrich. 1,4-dithiothreitol (DTT) was purchased 

from Carl Roth.  

 

5.2.2. Polymer quaternization 

N-(2-bromoethyl) phthalimide (5 eq. with respect to 2VP, 1.18 g, 4.64 mmol) and diblock 

copolymer poly(2-vinylpyridine)128-block-poly(ethylene oxide)477 (0.25 g, 0.93 mmol of 2VP 

units) were mixed and subsequently heated at 150 °C for 2 hours in a small vial with stirring 

bar. No additional solvents were added; the molten quaternization agent simultaneously acts as 

a solvent (Tm = 82 °C). After cooling to room temperature, about 5 mL of dichloromethane was 

added to dissolve the solidified product and then the solution was precipitated in diethyl ether. 

The precipitated polymer was filtered and washed five times with diethyl ether.  Finally, the 

polymer was dried in a vacuum oven, resulting in an off-white powder. 

 

5.2.3. Deprotection of the quaternized diblock copolymer 

The polymer powder (0.3 g) that was obtained after the quaternization reaction was dissolved 

in 8 mL of ethanol and heated at 80 °C with reflux under an N2 atmosphere. Subsequently, 

hydrazine hydrate solution (78-82 % in H2O) (10 eq. with respect to 2VP) was added for 

deprotection of the quaternized diblock copolymer. The mixture was kept at 80 °C for 18 hours. 

After that, the mixture was cooled to 4 °C and filtered to remove phthalhydrazide. The filtrate 
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was collected, and the volume of filtrate was reduced to about 3 mL by using a rotary 

evaporator. The solution was then dialyzed (MWCO 3.5 kg/mol) for three days against water 

to remove excess hydrazine hydrate and the side product phthalhydrazide.34 After lyophilization 

the polymer product was obtained as a white powder and analyzed by using 1H-NMR (using a 

Bruker Avance III 400 MHz NMR spectrometer), FTIR (using a Bruker Tensor 27 IR 

spectrometer), and a ninhydrin assay. For the ninhydrin assay, the polymer (0.5 mg) was 

dissolved in 50 µL of water, then 200 µL of ninhydrin solution (2 % in ethanol) was added. The 

solution was heated at 90 °C for 3 min, then cooled to room temperature. An overview of the 

quaternization and deprotection reactions is presented in Scheme 5.2. 

 

Scheme 5.2. Synthetic pathway for the preparation of amine-functionalized diblock 

copolymer, P2VP128-b-PEO477, via quaternization and deprotection. 

 

5.2.4. Formation of C3Ms 

PAA and quaternized diblock copolymer solutions were prepared separately in a 10 mM sodium 

phosphate buffer at pH 7.4. All solutions were filtered through 0.2 µm polyethersulfone 

membrane syringe filters. To determine the preferred micellar composition (PMC), i.e., the 

optimal polymer composition for C3M formation, different concentrations of poly(acrylic acid) 

from the stock solution of 60 µM were added to a constant concentration of quaternized diblock 

copolymer solution (5 µM) with a 1:1 volume ratio (volume total of 1 mL). The mixed solutions 

were left to equilibrate at room temperature overnight before measurement. The extent of C3M 

formation was determined by using DLS. After establishment of the PMC, all C3M preparations 

were made at the PMC and several dilution series with 10 mM sodium phosphate buffer at pH 

7.4 were prepared to determine the critical micelle concentration (CMC). 
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5.2.5. Core-crosslinking of C3Ms 

Core-crosslinking of the C3Ms (at the PMC) was achieved by using two different kinds of 

crosslinking agents. After mixing of the quaternized diblock copolymer with PAA to form 

C3Ms (total volume of 5 mL), either EDC (2.0 eq. to amine) or DTBP (3.9 eq. to amine) 

crosslinker was added to the micellar solutions. The crosslinking reaction was performed in 10 

mM buffer sodium phosphate pH 7.4 at room temperature. The solution was stirred for at least 

3 hours.  Unreacted crosslinking agent is expected to degrade eventually due to the hydrolysis 

of linker. 

 

5.2.6. C3M stability 

The stability of C3Ms was investigated by salt and acid-base titrations while monitoring the 

scattering intensity of the micelles by using DLS. For salt stability observation, a 4.0 M NaCl 

solution was titrated into the C3M solution. For assessment of the pH stability, 0.1 M NaOH 

and 0.1 M HCl solutions were titrated into the C3M solutions. To cleave the crosslinks 

originating from DTBP, a final DTT concentration of 50 mM was added to DTBP core-

crosslinked C3Ms and incubated for 30 minutes. Subsequently, the solution was titrated with a 

4 M NaCl and the extent of micelle disintegration was monitored by using DLS.  

 

5.2.7. Dynamic light scattering (DLS) 

Light scattering measurements were performed on an ALV-LSE 41/ CGS-8F goniometer 

system equipped with a DPSS laser (λ = 660 nm, 200 mW).6,35 The PMC, mean hydrodynamic 

radius of the micelles (Rh), and polydispersity index (PDI) were measured at a fixed 90 angle. 

The shape of the C3Ms was resolved by using multi-angle DLS at angles ranging from 50 to 

120 in steps of 10. Intensity correlation functions were recorded for 10 seconds and averaged 

over 8 runs per angle. Hydrodynamic radii and polydispersity indices were acquired through a 

second order cumulant analysis. 

 

5.3. Results and discussion 

5.3.1. Functionalization of the diblock copolymer for crosslinking purposes 

Quaternization of P2VP using N-(2-bromoethyl)phthalimide aims to simultaneously introduce 

positive charges and primary amine functional groups onto the P2VP-b-PEO diblock 

copolymer.36–39 Primary amines are interesting, as they allow a large variety of click reactions 

for crosslinking. We used a phthalimide-protected primary amine group in order to prevent self-
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cyclization or polymerization during the quaternization reaction, which can be easily 

deprotected afterwards by hydrazinolysis using hydrazine hydrate.33,40 In this study, we tested 

the homopolymer P2VP first before using the diblock copolymer P2VP128-b-PEO477. The 

homopolymer functionalization was successful with a degree of quaternization (DQ) of 92 % 

(Figure S5.1 and S5.2, Supplementary information). 

Figure 5.1A shows the 1H-NMR spectrum of the P2VP128-b-PEO477 copolymer before 

quaternization. After quaternization with N-(2-bromoethyl)phthalimide, the signals from 

P2VP’s aromatic ring are clearly shifted (6-8.5 ppm) and an intense peak appeared at 7.78 ppm 

from the phthalimide aromatic rings (Figure 5.1B; protons [j] and [k]). Moreover, a new broad 

signal showed up around 3.5-5.5 ppm originating from the two CH2 groups of ethyl phthalimide 

(protons [h] and [i]). This result indicates that the polymer was successfully quaternized and a 

degree of quaternization of about 85 % was calculated from the ratio of the integral area of the 

aromatic rings and the integral area of P2VP’s backbone (Figure S5.3 and S5.4, Supplementary 

information). After treatment of the quaternized diblock copolymer with hydrazine hydrate, the 

disappearance of the peak at 7.78 ppm originating from protons [j] and [k] indicates full 

deprotection of the primary amine groups (Figure 5.1C).36,40,41 

 

Figure 5.1. 1H-NMR spectra of the functionalized diblock copolymer P2VP128-b-PEO477. 

(A) Diblock copolymer before quaternization, (B) diblock copolymer after quaternization 

using N-(2-bromoethyl)phthalimide, (C) quaternized diblock copolymer after deprotection 

using hydrazine hydrate. Spectra A, B, and C were recorded in DMSO-d6. 
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Next, we conducted Fourier-transform infrared spectroscopy (FTIR) to further 

characterize the functionalized diblock copolymer. Figure 5.2 demonstrates FTIR 

spectra of quaternized P2VP128-b-PEO477. After quaternization of P2VP128-b-PEO477, the 

spectrum of the diblock copolymer shows new bands at 1774 cm-1 and 1710 cm-1 

originating from the carbonyls (C=O stretching) of the phthalimide groups (Figure 

5.2B). These changes confirm that the copolymer was successfully quaternized with N-

(2-bromoethyl)phthalimide. After hydrazinolysis and dialysis (Figure 5.2C), the removal 

of the phthalimide groups led to the disappearance of the stretching modes of the 

carbonyl group (C=O) in the 1774 - 1710 cm-1 region. This result proves that the 

deprotection reaction was successful and that the phthalhydrazide by-product was 

completely removed.42–44 Furthermore, a new band appeared at 1641 cm-1 which can be 

assigned to the bending vibration of the NH group, as well as an increase in the intensity 

of the bands in the 3250–3400 cm−1 region that can be assigned to the stretching vibration 

of –NH2. This confirms the successful formation of primary amine groups. 

 

Figure 5.2. FTIR spectra of the functionalized diblock copolymer P2VP128-b-PEO477. (A) 

Diblock copolymer before quaternization, (B) diblock copolymer after quaternization using N-

(2-bromoethyl)phthalimide, (C) quaternized diblock copolymer after deprotection using 

hydrazine hydrate. 

 

To further support the presence of accessible primary amines in the deprotected diblock 

copolymer, we have conducted a ninhydrin assay. This assay is a colorimetric method 

that enables qualitative and quantitative determination of amino groups.45–47 The 
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presence of primary amines will give a dark purple product known as “Ruhemann’s 

purple”. Figure 5.3 shows that the diblock copolymer solutions before quaternization 

and deprotection only give a pale-yellow color, identical to the control sample, indicating 

that there are no primary amines in these polymer samples present. This is in large contrast 

to the deprotected diblock copolymer, for which the solution turned deep purple upon 

addition of ninhydrin as a direct result of ninhydrin-amine complex formation. Taken 

together, we have generated diblock copolymers that have accessible primary amines 

suitable for crosslinking validated by different approaches like 1H-NMR and FTIR. 

 

Figure 5.3. Ninhydrin test (using ninhydrin 2 %) of the functionalized diblock copolymer (2 

mg/mL). (A) Blank/ negative control, (B) diblock copolymer before quaternization, (C) diblock 

copolymer after quaternization, (D) diblock copolymer after being deprotected. 

 

5.3.2. C3M formation between the functionalized diblock copolymer and 

homopolymer 

After successful quaternization of the diblock copolymer, this copolymer was mixed with 

homopolymer to form C3Ms. DLS measurements were performed to observe the formation of 

these C3Ms. Different aliquots of a solution of the anionic homopolymer (PAA118) were added 

to solutions with a constant concentration of cationic-neutral hydrophilic diblock copolymer, 

quaternized P2VP128-b-PEO477, to determine the preferred micellar composition (PMC). The 

PMC is identified as the mixing composition where the scattering intensity reaches its 

maximum. After equilibrating the mixtures overnight, the light scattering intensity (I), the 

hydrodynamic radius of the micelles (Rh), and the polydispersity index (PDI) were determined 

as a function of the PAA concentration. 

Figure 5.4 shows the DLS results for mixtures with different concentrations of PAA 

and a constant concentration of quaternized P2VP128-b-PEO477 (final polymer 

concentration of 2.50 µM). The light scattering intensity (Figure 5.4A) increases rapidly 

with increasing PAA concentration, indicating formation of C3Ms. At a concentration 

of 1.81 µM PAA118, the light scattering intensity reached a maximum, implying that this 



Chapter 5  

 

127 

 

mixing composition contains the highest number and most well-defined micelles. Thus, 

this point is considered to be the PMC. 

 

Figure 5.4. DLS results for mixtures of different concentrations of PAA and a constant 

concentration of quaternized P2VP128-b-PEO477 (final polymer concentration of 2.5 µM). (A) 

Scattering intensity (I), (B) hydrodynamic radius (Rh), and (C) polydispersity index (PDI). 

 

At the pH used (pH 7.4), the primary amines of the quaternized diblock copolymer 

are protonated (pKa of ethyleneamine = 10.4)48,49 and bear a positive charge, thereby 

contribute to the total number of positive charges on this polymer; it amounts to 218 

elementary charges per molecule (DQ * n(2VP) * 2 = 0.85 * 128 * 2 = 218). At this pH 

the carboxylic groups of PAA are all deprotonated, so the number of negative charges 

on PAA is 118. Thus, at the PMC, the ratio between the total concentration of negative 

charges on the PAA and the total concentration of positive charges on the diblock 

([−]/[+]) is 0.39 ((1.81*118) / (2.5*218) = 0.39). Clearly, the PMC of these C3Ms is far 

from charge stoichiometry ([−]/[+] = 1), indicating that interactions other than 

electrostatic play a role in micelle formation for this polymer couple. These are probably 

hydrophobic interactions, since the diblock copolymer still contains hydrophobic 

pyridine units due to incomplete quaternization.3,12,14  

At the PMC, the C3Ms have a hydrodynamic radius of 25.1 ± 1.0 nm (Figure 5. 4B), 

and a minimum value for the PDI of 0.1 ± 0.03 is found (Figure 5.4C), indicating a 

narrow size distribution of the C3Ms.50 Addition of PAA beyond the PMC leads to 

excess charge and results in reduction of light scattering intensity because of 

disintegration of micelles into negatively charged soluble complexes.20,51  

Besides the ratio between the charged homopolymers and diblock copolymers, 

micelle formation also depends on their absolute concentration: micelles are only formed 

above a certain concentration, the CMC.1 Diluting a 2.50 μM C3M stock solution 
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prepared at the PMC with 10 mM sodium phosphate buffer (pH 7.4) initially leads to a 

linear decrease of the scattering intensity as observed by DLS (Figure S5, Supplementary 

information), reflecting the decrease in number of micelles.52,53 Although the intensity 

becomes small compared to the background at low polymer concentrations, from this 

dilution series it is safe to assume the CMC being equal or possibly even lower than 0.59 

µM, the concentration at which C3Ms can still be identified. For comparison, the typical 

range of CMC values reported for polymeric micelles is in the order of 10-6 to 10-7 M.3,52–

54 The CMC of low molecular weight surfactant micelles is in the order of 10-3 to 10-4 

M. This makes polymeric micelles less prone to dissociation at low concentrations 

compared to surfactant-based micelles.55  

 

5.3.3. Core-crosslinking of C3Ms using two different strategies 

The aim of our present study is to enhance the stability of the micelles for which we have 

explored different crosslinking strategies. Here, we used two types of crosslinking agents that 

allow crosslinking of the core of C3Ms: EDC and DTBP. After 3 hours, the crosslinking 

reaction was expected to stop due to the short half-life of these linkers in aqueous solution.56–58 

EDC facilitates formation of a permanent amide bond between the primary amine groups of the 

quaternized P2VP-b-PEO diblock copolymer and the carboxylic acid groups of PAA in the core 

of C3Ms. This amide bond formation is irreversible (Scheme 5.3). Efficient amide formation 

by the EDC linker can be achieved at a pH in the range of 4.5-7.5.59–61 

On the other hand, DTBP has imido ester groups that can only react with amine-containing 

polymers to form an amidine bond, and works best in a pH range of 7 to 10. DTBP has an 

internal disulfide group that can be cleaved using a reducing agent.62–65 The addition of DTBP 

to a solution of C3Ms results in crosslinking of the core of the micelles by amidine bond 

formation between amine groups of two P2VP units of the quaternized diblock copolymer 

(Scheme 5.4). Thus, if DTBP is used as crosslinker, PAA is not incorporated in the crosslinked 

network. Furthermore, the imido ester groups of DTBP maintain the overall positive charge on 

the diblock copolymer after reacting with primary amines66 ensuring that the negatively charged 

PAA remains in the core. The addition of reducing agents such as 1,4-dithiothreitol (DTT) 

and tris(2-carboxyethyl)phosphine (TCEP) results in dissociation of the crosslinks. DLS 

demonstrated that the hydrodynamic radius of EDC and DTBP core-crosslinked micelles was 

23.9 ± 0.9 nm and 24.3 ± 1.4 nm, respectively. These sizes are similar to the size of the non-

crosslinked micelles. Multi-angle DLS revealed that their shape remained spherical (Figure 

5.5), which  can be deduced from the three overlapping linear relationships between the decay 
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rate  and wave vector q for each type of micelle67,68 which are unaffected by the crosslinking 

agents. 

 

Scheme 5.3. Crosslink formation between a primary amine group of the quaternized diblock 

copolymer P2VP-b-PEO and a carboxylate group of the homopolymer PAA using EDC. 

  

 

Scheme 5.4. Crosslink formation between primary amine groups of the quaternized diblock 

copolymer P2VP-b-PEO using DTBP. The crosslinks can be cleaved using reducing agents 

such as DTT. 
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Figure 5.5.  Multi-angle DLS results for all C3M formulations. The decay rate  as a function 

of the wave vector q was obtained from the DLS correlation curves by a first (blue), second 

(orange), and third (grey) order cumulant fit. (A) C3Ms without crosslinks, (B) C3Ms core-

crosslinked with EDC, (C) C3Ms core-crosslinked with DTBP. 

 

5.3.4. Stability of C3Ms 

The stability of the micelles, prepared at the PMC, was studied using a salt titration. In Figure 

5.6., the normalized scattering intensity, Rh and PDI for four different C3Ms samples (C3M 

control, C3M crosslinked by EDC, C3M crosslinked by DTBP, and C3M crosslinked by DTBP 

and treated with DTT) are plotted against the salt concentration, up to 1.0 M of NaCl. All 

samples showed a decrease in scattering intensity with increasing salt concentration. However, 

for non-crosslinked C3Ms, the scattering intensity decreases significantly faster than for core-

crosslinked C3Ms. At 1.0 M NaCl, the scattering intensity of non-crosslinked C3Ms is 

practically zero, indicating total disintegration of the micelles. However, core-crosslinked 

micelles turned out to be much more resistant to salt addition. Both EDC and DTBP core-

crosslinked C3Ms demonstrate a more gradual decrease in scattering intensity, which seems to 

reach a plateau at the highest NaCl concentrations applied. At 1.0 M NaCl a large fraction of 

the micelles was still present. The salt stability of EDC core-crosslinked micelles seems to be 

higher than that of the DTBP core-crosslinked ones, which can be explained from the fact that 

in EDC core-crosslinked micelles the two types of polymer chains are bonded together in the 

core. For EDC crosslinked micelles the scattering intensity at 1.0 M NaCl was about 77 % of 

its initial value. This may be caused by the loss of some polymer chains that where not properly 

connected via crosslinks. For DTBP core-crosslinked micelles the scattering intensity at 1.0 M 

salt is about 55 % of its value before NaCl addition. Since the PAA chains are not covalently 

attached to the crosslinked P2VP chains, they can diffuse out from the micelles via reptation69,70 

at high salt conditions when all charges are screened. However, possibly a part of the PAA 



Chapter 5  

 

131 

 

chains remains entangled in the cross-linked network formed by the P2VP chains and cannot 

dissociate from the complexes, even at very high salt concentrations.14,66  

An additional feature of DTBP crosslinking is the presence of a disulfide bridge, offering 

the possibility to cleave the network by simply adding a reducing agent. We treated DTBP core-

crosslinked C3Ms with the reducing agent DTT and observed a gradual disintegration of C3Ms 

upon addition of salt (see Figure 5.6A). After core-crosslinking using DTBP and subsequently 

reducing the disulfide bridges, the original salt-stability profile of the non-crosslinked C3Ms 

was largely restored. 

 

Figure 5.6. Stability measurements of C3Ms as a function of salt concentration using DLS. 

C3Ms without crosslinks (control) (blue), C3Ms core-crosslinked with EDC (red), C3Ms core-

crosslinked with DTBP (orange), C3Ms core-crosslinked with DTBP after addition of 50 mM 

DTT (green). (A) Normalized scattering intensity (I), (B) hydrodynamic radius (Rh), (C) 

polydispersity index (PDI). 
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Figure 5.6B presents the hydrodynamic radii of different C3Ms as a function of NaCl 

concentration, showing that these are rather constant in all cases. It should be noted that for low 

scattering intensities the error in Rh is relatively large. DTT-treated crosslinked micelles are 

larger than non-crosslinked micelles, presumably due to the (cleaved) DTBP moieties present 

in the cores. These micelles seem to have a much stronger tendency to swell than other 

C3Ms.14,54 The PDI of non-crosslinked C3Ms and DTT-treated crosslinked micelles increased 

with increasing salt concentration and reached above 0.4 at 1.0 M NaCl, pointing to highly 

polydisperse samples due to disintegration of the micelles (Figure 5.6C). However, the PDI of 

crosslinked C3Ms only slightly increased with increasing salt concentration, and reached PDI 

values of 0.2 at most at 1.0 M salt, which indicates moderately polydisperse samples with the 

micelles still being intact.50 

We also investigated the effect of pH on micelle stability since the pH determines 

the degree of dissociation of carboxylic groups of poly(acrylic acid) and amine 

functional groups of the quaternized diblock copolymer. In Figure 5.7 and Figure 5.8, 

the pH-dependence of the scattering intensity, Rh, and PDI are plotted for the different 

micellar systems: non-crosslinked C3Ms, EDC core-crosslinked C3Ms, and DTBP core-

crosslinked C3Ms. When the pH decreases by the addition of 0.1 M HCl, the negative 

charge on PAA becomes lower (pKa of PAA = 4.5). At pH 3 the charge of the PAA 

functional groups is practically zero (dissociation degree α = 0.03). For the non-

crosslinked micelles, we observed a decrease in scattering intensity with decreasing pH 

and especially below pH 4 the intensity decreased sharply (Figure 5.7A). Obviously, in 

this case the reduction of negative charge on PAA results in disruption of the C3Ms. On 

the other hand, core-crosslinked C3Ms are stable over the full pH range covered by the 

HCl titration, as evidenced by a constant high scattering intensity. For crosslinking using 

EDC, the core-crosslinked C3Ms cannot fall apart because a network between PAA and 

diblock copolymer is established. Surprisingly, for the crosslinking using DTBP, which 

only connects the QP2VP chains, the PAA apparently also remains trapped inside the core. 

At low pH, PAA adopts a globular conformation (but not collapsed for PAA with molar 

mass less than 16.5 kg/ mol).71 This globular structure is most likely the cause that PAA 

cannot diffuse out of the QP2VP network in the core of micelles.71 

The size of the non-crosslinked micelles decreased at a pH close to the pKa of PAA, 

suggesting that some PAA and also diblock copolymer leave the micelles before they 

fully disintegrate (Figure 5.7B). The PDIs of these non-crosslinked micelles increased 

upon addition of acid (Figure 5.7C) and measured values above 0.4 at a pH below the pKa 
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of PAA, an indication for highly polydisperse samples.50 However, for the core-crosslinked 

C3Ms, both EDC and DTBP, the size of the micelles and the PDI are rather constant 

upon the addition of acid. 

 

Figure 5.7. Stability measurements as a function of the pH (with addition of 0.1 M HCl) 

as observed by using DLS. Blue (C3Ms without crosslinks/ control), red (C3Ms core-

crosslinked with EDC), orange (C3Ms core-crosslinked with DTBP). (A) Normalized 

scattering intensity (I), (B) hydrodynamic radius (Rh), (C) polydispersity index (PDI). 

 

 

Figure 5.8. Stability measurements as a function of the pH (with addition of 0.1 M 

NaOH) as observed by using DLS. Blue (C3Ms without crosslinks/ control), red (C3Ms 

core-crosslinked with EDC), orange (C3Ms core-crosslinked with DTBP). (A) 

Normalized scattering intensity (I), (B) hydrodynamic radius (Rh), (C) polydispersity 

index. 

 

When the pH is increased by addition of 0.1 M NaOH, the total number of positive 

charges on the diblock copolymer  decreases because the deprotected amino groups 

become deprotonated (pKa of ethyleneamine = 10.4).48,49 Above pH 11, these groups are 

barely charged anymore. However, as the quaternization reaction leads to permanent 

(pH-independent) charges on the pyridine rings, a high pH does not lead to such a 

A B 

C 

A B 
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dramatic decrease in scattering intensity of the non-crosslinked C3Ms compared to the 

addition of acid. In other words, non-crosslinked C3Ms do not entirely fall apart since 

the positive charges of the quaternized pyridine ring are still present at a high pH (Figure 

5.8A). However, we still observe a lower C3M stability than for the core-crosslinked 

C3Ms. 

 The size of the non-crosslinked micelles slightly increased at a pH above the pKa 

of ethyleneamine, and is accompanied by an increase of the PDI (Figure 5.8B and Figure 

5.8C). This suggests a slight swelling of the micelles and possibly a structural 

rearrangement and some loss of PAA due to the deprotonation of amino groups. 

However, with the addition of base, the Rh and PDI of the core-crosslinked C3Ms, both 

EDC and DTBP, are rather constant showing that the micelles stay intact and unchanged. 

In summary, crosslinks between the two components in the core (EDC) result in a 

slightly higher stability against pH changes compared to crosslinks between only one 

component (DTBP). Again, this is likely a result of EDC being able to keep both 

components of the C3Ms together in the core, while with DTBP, PAA may diffuse out 

as it is not included in the network. We note that the difference between the two 

crosslinking strategies is less pronounced for stability against pH changes than for the 

stability against salt addition. In the latter case all charges on both polymers gradually 

become effectively screened, while changing the pH has no effect on the permanent 

positive charges of the diblock copolymer and only limited effect (at low pH) on the 

charges of the PAA homopolymer. 

 

5.4. Conclusions 

In this study, we modified a P2VP-b-PEO diblock copolymer via quaternization that 

simultaneously resulted in permanent positive charges on the pyridine rings and, after 

deprotection, in primary amine functional groups. C3Ms were prepared by mixing aqueous 

solutions of the anionic homopolymer PAA and the quaternized diblock copolymer. DLS 

measurements confirmed the formation of C3Ms. The PMC of the C3Ms was not found at the 

charge balance between negative charges on PAA and positive charges on the quaternized 

P2VP-b-PEO but at a lower ratio ([-]/ [+] = 0.39). This points to the role of other types of 

interactions besides electrostatic attraction in the complex formation, such as hydrophobic 

interactions. Covalent core-crosslinking of the micelles resulted in a significant improvement 

of the stability of C3Ms against salt addition and pH changes. Using the crosslinker EDC, 
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permanent crosslinks between PAA and quaternized P2VP in the micellar core are formed; the 

crosslinker DTBP provides cleavable (reversible) bonds between P2VP chains only. Core-

crosslinking using EDC provides a slightly higher stability compared to core-crosslinking using 

DTBP because it keeps these two components of the C3Ms together in the micelle core. In case 

of DTBP-crosslinked micelles, PAA can diffuse out of the core due to charge screening when 

the salt concentration is increased, although some of the polymer chains may remain trapped in 

the crosslinked network. An advantage of the second approach is the ability to cleave the 

internal disulfide bridges via addition of a reducing agent (DTT), thereby largely restoring the 

original disintegration profile of C3Ms as a function of salt concentration. This type of 

reversible crosslinkers offers great opportunities for controlled release of functional ingredients 

using C3Ms. 
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Supplementary information 

 

S5.1. 1H NMR spectra of the homopolymer poly(2-vinylpyridine)44 (P2VP44) before and 

after quaternization 

 

These data show that the quaternization and deprotection of the homopolymer were successful, 

so that the quaternization procedure could also be applied to the diblock copolymer poly(2-

vinylpyridine)128-block-poly(ethylene oxide)477 (P2VP128-b-PEO477).  

 

Figure S5.1. 1H NMR spectra of the homopolymer P2VP44. (A) Homopolymer before 

quaternization, (B) homopolymer after quaternization using N-(2-bromoethyl)phthalimide, (C) 

quaternized homopolymer after deprotection using hydrazine hydrate. Spectra A, B, and C were 

recorded in DMSO-d6 
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S5.2. The quaternization degree of the homopolymer P2VP44 was calculated from the ratio 

of the integral area of the aromatic rings and the integral area of P2VP's backbone 

 

Figure S5.2. 1H NMR spectrum of the homopolymer P2VP44 after quaternization using 

N-(2-bromoethyl)phthalimide. The spectrum was recorded in DMSO-d6. Degree of 

quaternization (DQ) was calculated from the ratio of the integral area of the aromatic 

rings and the integral area of P2VP’s backbone. DQ = (((7.69 – 4)/4) : (3/3)) * 100 %  = 

92%. 
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S5.3. 1H NMR spectrum of the diblock copolymer poly(2-vinylpyridine)128-block-

poly(ethylene oxide)477 (P2VP128-b-PEO477) before quaternization in CDCl3, to confirm the 

composition of P2VP-b-PEO before quaternization 

 

Figure S5.3. 1H-NMR spectrum of the neat diblock copolymer P2VP128-b-PEO477 in CDCl3. 

The block ratio of P2VP and PEO was calculated from the ratio of the integral area of the 

aromatic rings and the integral area of PEO. Block ratio = (0.93 + 3.08) : 14.9 = 4.0 : 14.9 

= 128 : 477. 
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S5.4. The quaternization degree of the diblock copolymer P2VP128-b-PEO477 was 

calculated from the ratio of the integral area of the aromatic region and the integral area 

of P2VP’s backbone 

 

Figure S5.4. 1H-NMR spectrum of the diblock copolymer P2VP128-b-PEO477 after 

quaternization using N-(2-bromoethyl)phthalimide. The spectrum was recorded in DMSO-

d6. The degree of quaternization (DQ) was calculated from the ratio of the integral area 

of the aromatic rings and the integral area of P2VP’s backbone.  

DQ = (((7.4 – 4)/4) : (3/3)) * 100 % = 85 %. 
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S5.5. For determination of the CMC, a 2.50 μM C3M stock solution was diluted 

with buffer and analyzed by dynamic light scattering (DLS)  

 

From this dilution series, the CMC was estimated to be equal to or lower than 0.59 μM. 

at even lower polymer concentrations the measurement becomes inaccurate due to 

relatively strong scattering of the buffer (17 – 20 kHz).  

 

 
 

Figure S5.5.  Determination of the critical micelle concentration (CMC) at the PMC. 

DLS results are plotted as a function of the quaternized P2VP128-b-PEO477 concentration. 

(A) Absolute scattering intensity (I), (B) hydrodynamic radius (Rh), and (C) 

polydispersity index (PDI). Dashed lines indicate the slope of the scattering intensity 

values during dilution. Orange data points indicate weak scattering below the estimated 

CMC. 
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Chapter 6 : 

Core-crosslinking enhances the salt resistance of 

enzyme-containing complex coacervate core micelles 
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Abstract  

Enzymes are biomolecules that are often used in pharmaceutical and food applications. 

Enzymes can lose their enzymatic activity upon denaturation or degradation by proteases. 

Protection of enzymes can be achieved by encapsulating them in complex coacervate core 

micelles (C3Ms). The encapsulation of enzymes into C3Ms is easily achieved by 

mixing solutions of enzyme and oppositely charged-neutral hydrophilic diblock copolymer. 

Despite the simple preparation, the application of C3Ms is limited because they quickly 

disintegrate when salt is added, even when salt concentrations are moderate. In the previous 

chapter, we studied C3Ms composed of purely synthetic polyelectrolytes and found that core-

crosslinking significantly improved the stability of C3Ms against high salt concentrations and 

pH changes. This chapter aims to increase the salt stability of enzyme-containing C3Ms by 

applying the same crosslinking strategy. The C3Ms were composed of a quaternized amine-

functionalized cationic-neutral diblock copolymer and a negatively charged enzyme, CotA 

laccase. Dimethyl-3,3'-dithiobispropionimidate (DTBP) was used as a crosslinker. Based on 

DLS and FCS results, it was concluded that crosslinked enzyme-containing C3Ms are more 

stable against salt than non-crosslinked C3Ms. Only a slight reduction in enzyme activity was 

observed, which was attributed to the polymer network in the core that hinders the substrate 

from binding to CotA. Core-crosslinking is a very effective strategy for encapsulating proteins 

in C3Ms. 
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6.1. Introduction 

Complex coacervate core micelles (C3Ms) are formed by mixing aqueous solutions of ionic-

neutral hydrophilic diblock copolymers with oppositely charged macromolecules at 

concentrations above their critical micelle concentration (CMC).1–4 The structure of C3Ms 

consists of a complex coacervate core and a neutral hydrophilic shell/ corona.5–7 The core of a 

C3M contains a significant amount of water, making this nanostructure suitable for the 

encapsulation of charged and hydrophilic biomolecules, such as proteins, DNA, and RNA.2,5,8–

13 Moreover, the corona of C3Ms can protect the encapsulated material against the external 

environment. Therefore, C3Ms can be useful for many applications such as gene and drug 

delivery,14 nanobioreactors,13 biosensors,15 and nanoprobes.8  

The driving force for the formation of C3Ms is the electrostatic attraction between the 

oppositely charged polyelectrolyte chains and the entropy gain from the release of counterions 

upon complex formation. The application of C3Ms is limited since they quickly disintegrate 

when salt is added. Moreover, due to the lower charge density of proteins, C3Ms composed of 

proteins are even more vulnerable to disintegration than C3Ms composed of synthetic 

polyelectrolytes.16–19 C3Ms typically disintegrate completely above a certain salt concentration, 

the so-called critical salt concentration (CSC).5,8  

In the previous chapter, we demonstrated that by crosslinking the core of C3Ms, which is 

composed of a primary amine-functionalized cationic-neutral hydrophilic diblock copolymer 

and an anionic homopolymer, the C3Ms’ stability is significantly improved against salt and pH 

changes.20–22 In this chapter, we implemented this core-crosslink strategy to improve the salt 

stability of enzyme-containing C3Ms. Moreover, by using an active enzyme, we were able to 

measure the effect of crosslinking on the enzyme's catalytic activity. To achieve this goal, we 

used the amine-functionalized diblock copolymer poly(N-methyl-2-vinyl-pyridinium)128-

block-poly(ethylene oxide)477 (QNH2
PM2VP128-b-PEO477). This diblock copolymer was 

generated via a two-step quaternization reaction, by first using N-(2-bromoethyl)phthalimide 

and then iodomethane as reagents. We used this two-step quaternization procedure to increase 

the degree of quaternization and enzyme encapsulation efficiency into C3Ms.   

In this study, we used CotA laccase as a model enzyme. The crosslinker dimethyl-3,3′-

dithiopropionimidate dihydrochloride (DTBP) was used because it can form a covalent link 

between primary amines at high pH and contains a cleavable disulfide bond in its structure. The 

ability to disrupt a disulfide-bond is beneficial for drug delivery as the reduction (cleavage) 
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occurs inside a cell in response to glutathione concentrations higher than those at the 

cell's exterior.23  

The formation, structural features, and the salt stability of the enzyme-containing C3Ms 

were investigated using dynamic light scattering (DLS) and fluorescence correlation 

spectroscopy (FCS). With DLS and FCS, we can observe the C3M formation and stability. In 

addition, with FCS, we can observe the encapsulation efficiency since FCS can discriminate 

between fluorescently labeled enzymes in micelles and free in solution. We also examined the 

effect of crosslinking on enzyme activity in this study. 

 

6.2. Experimental section  

6.2.1. Materials 

The diblock copolymer poly(2-vinylpyridine)128-block-poly(ethylene oxide)477 (P2VP128-b-

PEO477) (Mn = 34.5 kg/ mol, Mw/ Mn = 1.1) was obtained from Polymer Source Inc. Dimethyl-

3,3′-dithiopropionimidate dihydrochloride (DTBP) and the fluorescent probe for the enzyme, 

Alexa Fluor 488 C5 maleimide, were obtained from Thermo Fisher Scientific. The 

quaternization agents N-(2-bromoethyl)phthalimide and iodomethane (99 %, stabilized with 

copper), and the substrate for the activity assay, 2,2′-azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid) diammonium salt (ABTS) were purchased from Sigma-Aldrich. The reducing 

agent 1,4-dithiothreitol (DTT) was purchased from Carl Roth.  

 

6.2.2. Amine-functionalization of diblock copolymer 

Quaternization of the diblock copolymer poly(2-vinylpyridine)128-block-poly(ethylene 

oxide)477 was performed following a modified procedure that was described previously.24 The 

diblock copolymer (0.21 g, 0.78 mmol of 2VP units) was added to N-(2-

bromoethyl)phthalimide (5 eq. with respect to 2VP, 0.99 g, 3.88 mmol) in a small vial under 

continuous stirring and subsequently heated at 120 ºC for 2 hours (Scheme 6.1). After allowing 

the mixture to cool down to room temperature, 5 mL dichloromethane was added to dissolve 

the solidified product, and the solution was then precipitated into diethyl ether. The precipitated 

polymer was filtered and washed with diethyl ether five times and subsequently dried in a 

vacuum oven, yielding 0.20 g of off-white powder (yield 95 %).  

The remaining 2VP groups were quaternized by adding 0.8 mL iodomethane (13.5 

mmol) to the polymer (0.20 g, 0.68 mmol of 2VP units) in 10 mL acetonitrile. The 

reaction was allowed to proceed overnight at reflux under an N2 atmosphere. The 
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solution was then precipitated into diethyl ether. The precipitated polymer was filtered, 

washed five times with diethyl ether, and dried in a vacuum oven. Further purification 

was achieved by dialysis against water. After that, the polymer was dried using freeze-

drying (0.15 g, yield 75 %).  

The deprotection of the phthalimide was done using a slightly modified procedure 

described in our previous study.24 After the quaternization procedure, the polymer powder (0.15 

g) was dissolved in 8 mL of ethanol and heated at 80 ºC with reflux in an N2 environment. The 

deprotection was done by mixing the quaternized diblock copolymer with hydrazine hydrate 

solution (78-82 % in H2O) (10 eq. with respect to 2VP, 8.3 mmol) for 18 hours at 80 ºC. The 

mixture was then cooled to 4 ºC before being filtered to remove phthalhydrazide. The filtrate 

was collected, and the volume of the filtrate was decreased to roughly 3 mL using a rotary 

evaporator. The solution was subsequently dialyzed against water for three days to eliminate 

excess hydrazine hydrate and the side product phthalhydrazide (MWCO 3.5 kg/mol).25 The 

polymer solution was then freeze-dried. The quaternization degree was determined by using 

1H-NMR (using a Bruker Avance III 400 MHz NMR spectrometer) to be about 97 %. 

 

Scheme 6.1. Synthesis of an amine-functionalized diblock copolymer, QNH2
PM2VP128-b-

PEO477, via a two-step quaternization process, then followed by deprotection. 

 

6.2.3. CotA production and purification 

The production and purification of CotA laccase (65 kDa, pI = 5.8) were carried out as described 

in our earlier studies.17,26 Escherichia coli Rosetta cells with the CotA gene in the pBAD vector 

were cultured at 37 ºC in ampicillin and chloramphenicol-containing lysogeny broth (LB) 
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medium. The induction of CotA overexpression was done by adding 0.15 % L-arabinose and 

0.25 mM CuSO4 to the cell culture when the optical density of the cultured medium reached a 

value of 0.6–0.8. The cell culture was then incubated at 25 ºC for 20 hours. Because copper 

could accelerate the oxidation of the free thiol group of the cysteine, the induction of CotA-

S313C was carried out with just 0.15 % L-arabinose (without copper salt solution). Cation 

exchange chromatography (SP-Sepharose FF column) and gel filtration chromatography 

(Superdex 200 column) were applied to purify CotA.  

The enzyme was fluorescently labeled by combining CotA-S313C with Alexa Fluor 488 

C5 maleimide at a molar ratio of approximately 1:10, then incubating it at 4 ºC in the dark 

overnight. The mixture was passed through a Biogel-P6DG gel filtration column with a 20 mM 

Tris HCl buffer containing 10 mM NaCl to remove unreacted labels. A spin filter concentrator 

was used to capture and concentrate the fluorescent protein-containing fractions. The labeled 

CotA was then further purified on a gel filtration column (Superdex 200 column). Fractions 

showing absorption at 280 and 490 nm were collected and concentrated using a spin filter 

concentrator. SDS-PAGE was used to determine the purity of CotA: the purity of the enzyme 

is about 90 %, analyzed using ImageJ software. 

 

6.2.4. Formation of enzyme-containing complex coacervate core micelles 

To form C3Ms, mixtures with a varying concentration of the amine-functionalized diblock 

copolymer, QNH2
PM2VP128-b-PEO477, and a constant concentration of enzyme (1 µM) were 

prepared. CotA and quaternized diblock copolymer solutions were prepared separately in a 10 

mM sodium carbonate buffer at pH 10.8, and filtered through a 0.2 µm polyethersulfone 

membrane syringe filter. After being mixed, the solutions were stored at room temperature 

overnight before measurement. QNH2
PM2VP128-b-PEO477 has a charge of about +124 

(elementary units) at pH 10.8 (based on the quaternization degree of the pyridine rings under 

the assumption that primary amines are uncharged at pH 10.8). The net charge of the CotA 

laccase was calculated using PROPKA 3.1 software based on its three-dimensional 

structure.17,27,28 This resulted in a predicted net charge value of about −41 for CotA laccase in 

buffer at pH 10.8. C3M formation was observed using dynamic light scattering (DLS) and 

fluorescence correlation spectroscopy (FCS). 
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6.2.5. Core-crosslinking of micelles 

Core-crosslinked C3Ms were prepared by using DTBP as a crosslinker. After mixing 

quaternized diblock copolymer with CotA laccase, different concentrations of DTBP (0.25 and 

0.5 eq. relative to the amine groups of the diblock copolymer) were added to the micellar 

solution. The crosslinking reaction was performed in 10 mM sodium carbonate buffer at pH 

10.8, at room temperature for 3 hours.   

 

6.2.6. Salt stability of C3Ms 

The stability of C3Ms was determined by using salt titration: a concentrated salt solution (4 M 

NaCl) was titrated into the enzyme-containing C3M dispersion and was followed by DLS and 

FCS measurements. To cleave the disulfide bridges in the DTBP linker, a final concentration 

of 10 mM DTT was added to the DTBP-core crosslinked C3Ms and allowed to react for 30 

minutes. After this, salt was again titrated into the C3M solutions while being monitored by 

DLS and FCS. Fluorescently labeled CotA with Alexa Fluor 488 was used for the FCS 

measurements.  

 

6.2.7. Activity measurement  

We investigated the effect of the core-crosslinking on the activity of CotA by using 2,2′-azino-

bis-(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) as a substrate for the 

activity assay. CotA oxidizes ABTS to produce a green-colored cationic radical (ABTS•+), 

which can be identified by measuring the absorbance at 420 nm (ε = 36 000 M−1 cm−1). The 

activity of free CotA, of CotA-C3Ms (control), and of core-crosslinked C3Ms samples was 

assessed using 1.0 mM ABTS in a 100 mM sodium acetate buffer at pH 4.4. The relative activity 

was calculated as the ratio between the specific activity of the sample of interest and the specific 

activity of free CotA. The total protein concentration was determined using the BCA protein 

assay.  

The effect of DTT on the CotA activity was also measured. This was done by adding a 

final concentration of 10 mM DTT to the sample, after which DTT was removed by an Amicon 

concentrator (cutoff of 10 kDa). The activity was then determined using the same procedure as 

described above. 

 

6.2.8. Dynamic light scattering (DLS) 

DLS was performed on an ALV-LSE 41/ CGS-8F goniometer system equipped with a DPSS 

laser (λ = 660 nm, 200 mW). Measurements of the preferred micellar composition (PMC), 
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hydrodynamic radius (Rh), and polydispersity index (PDI) were done at a fixed 90º angle. 

Cumulants fit analysis and the Stoke-Einstein equation for spherical particles were applied to 

analyze the autocorrelation functions and determination of Rh. The shape of the C3M samples 

was determined using multi-angle DLS at angles ranging from 50º to 130º in steps of 10º. 

Intensity correlation functions were recorded for 10 seconds and averaged over 8 runs per angle.  

 

6.2.9. Fluorescence correlation spectroscopy (FCS) 

FCS was performed on a Leica TCS SP8 X SMD system equipped with a 63× 1.20 NA 

(numerical aperture) water immersion objective. Measurements were performed in a µ-Slide 8-

wells chambered coverslip (Ibidi®). A supercontinuum laser was used to excite the samples by 

selecting a 488 nm laser line with a pulse frequency of 40 MHz. The size-adjustable pinhole 

was set at 1 Airy unit for all measurements. Fluorescence emission was detected between 495 

and 550 nm using a hybrid detector coupled to a PicoHarp 300 TCSPC module (PicoQuant). 

Rhodamine 110 (diffusion coefficient D = 4.3 × 10−10 m2 s−1) was used to determine the 

confocal structure parameter a (expressed as ωz/ωxy, where ωxy and ωz are the equatorial and 

axial radii of the detection volume, respectively).  

In FCS, the autocorrelation function G(t) curves enable the estimation of the diffusion time 

and the number of fluorescent particles detected in the confocal volume.29,30
 The FFS-data 

processor version 2.3 (Scientific Software Technologies Software Centre, Belarus) was used 

for the FCS data analysis.27,28,17 The equation used to fit translational data, which includes the 

triplet state, is as follows: 

𝐺(𝑡) = 1 +
1

⟨𝑁⟩
 . (1 +  

𝐹𝑡𝑟𝑖𝑝

1−𝐹𝑡𝑟𝑖𝑝
) 𝑒−𝑡/𝑇𝑡𝑟𝑖𝑝  . ∑

𝐹𝑖

(1+ 
𝑡

𝜏𝑑𝑖𝑓,𝑖
) .√1 + (

𝜔𝑥𝑦

𝜔𝑧
)

2
.  

𝑡

𝜏𝑑𝑖𝑓,𝑖

𝑛
𝑖=1    (6.1) 

 

This equation was used to obtain N for the different samples, where N represents the average 

number of fluorescent particles in the confocal volume, Ftrip represents the fraction of molecules 

in the triplet state, and Ttrip represents the average time a molecule resides in the triplet state. 

The last part of the equation describes the diffusion behavior of the molecules, where Fi 

represents the fraction of species i, and τdif,i represents the diffusion time of species i. From the 

diffusion time, the diffusion coefficient D can be calculated using the following equation: 

𝐷 =  
𝜔𝑥𝑦

2

4𝜏𝑑𝑖𝑓
       (6.2) 

The hydrodynamic radius of the fluorescent particle, derived from D, was calculated using the 

Stokes-Einstein relation for spherical particles: 
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𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑅ℎ
      (6.3) 

Where 𝑘𝐵  is the Boltzmann constant, T is the absolute temperature, and η is the viscosity of 

the solution. 

 

6.3. Results and discussion 

6.3.1. Functionalization of the diblock copolymer 

Sequential quaternization of the diblock copolymer using N-(2-bromoethyl)phthalimide and 

iodomethane aims to introduce both positive charges and primary amines onto the diblock 

copolymer.31–34 In our previous study, we found that quaternization using a phthalimide-

protected primary amine group prevents self-cyclization and polymerization. Lowering the 

reaction temperature from 150 to 120 °C in step 1, and additional quaternization using 

iodomethane (step 2) reduced the number of primary amines and increased the total degree of 

quaternization of the diblock copolymer. The quaternization and deprotection of the diblock 

copolymer were confirmed by using 1H-NMR. After quaternization with N-(2-

bromoethyl)phthalimide, the signals from P2VP’s aromatic ring are shifted (6-8.5 ppm), and an 

intense peak appeared at 7.75 ppm from the phthalimide aromatic rings (Figure 6.1A vs 6.1B; 

protons [j] and [k]). Moreover, a new broad signal appeared around 3.5-5.5 ppm originating 

from the two CH2 groups of ethyl phthalimide (protons [h] and [i]). These results show that 

quaternization of the diblock copolymer was successful, with a degree of quaternization (DQ) 

of about 48 % (calculated from the ratio of the integral area of the aromatic rings and the integral 

area of P2VP’s backbone) (Figure S6.1, Supplementary information). The DQ in this study is 

significantly lower than what we achieved in the previous study (DQ of about 85 %)24 due to 

the lower reaction temperature (120 ºC) that we used during the quaternization. The reason for 

using a lower temperature is that we intended to leave some unquaternized pyridine units for 

the second quaternization step using iodomethane. After quaternization using iodomethane, an 

increased intensity of the peak at 3.9 ppm is observed, originating from the methyl group 

(Figure 6.1C; protons [l]). This result indicates that this second quaternization step was 

successful as well. The degree of quaternization increased to about 97 % (calculated from the 

ratio of the aromatic rings' integral, the integral value of the methyl group, and the integral value 

of P2VP’s backbone) (Figure S6.2, Supplementary information). Treatment of the quaternized 

diblock copolymer with hydrazine hydrate resulted in the disappearance of the peak at 7.78 

ppm due to the removal of the phthalimide group.31,35,36 The deprotection using hydrazine 

hydrate resulted in primary amines that are accessible for the crosslinking reaction.35,37  
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Figure 6.1. 1H-NMR spectra of the quaternized diblock copolymer QNH2
PM2VP128-b-PEO477. 

(A) Diblock copolymer before quaternization, (B) diblock copolymer after quaternization 

using N-(2-bromoethyl)phthalimide, (C) diblock copolymer after second quaternization step 

using iodomethane, (D) quaternized diblock copolymer after deprotection using hydrazine 

hydrate. Spectra A, B, C, and D were recorded in DMSO-d6. 

 

6.3.2. Encapsulation of CotA into C3Ms 

C3Ms were generated by mixing aqueous solutions of CotA and the quaternized amine-

functionalized diblock copolymer QNH2
PM2VP128-b-PEO477 at pH 10.8. CotA-containing 

C3Ms cannot be formed at physiological pH due to insufficient net charges of CotA (only −10) 

and a positively charged patch (+15) on the CotA surface.17 Mixing of CotA and diblock 

copolymer at a pH of around 7 led to the formation of large heterogeneous aggregates, and 

C3Ms are not forming (Figure S6.3, Supplementary information). Our previous study showed 

that a pH of 10.8 provides a sufficient net negative charge on CotA and eliminates the influence 

of the positively charged patch on the CotA surface. At pH 10.8, CotA is still active and 

maintains its secondary structure.17 At this pH, the quaternized pyridine block of the polymer 

carries a pH-independent positive charge, while the primary amine part of the diblock has no 

charge. The positively charged pyridine block of QNH2
PM2VP128-b-PEO477 binds 

electrostatically to the negatively charged CotA, generating C3Ms.  
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Dynamic light scattering (DLS) was used to determine that C3Ms had been formed. 

Different mixtures with a varying concentration of diblock copolymer and a constant 

concentration of CotA were prepared. After equilibration, the scattering intensity (I), the 

hydrodynamic radius (Rh), and the polydispersity index (PDI) were measured as a function of 

diblock copolymer concentration. This experiment was performed to find the preferred micellar 

composition (PMC), which is identified as the mixing composition for which the scattering 

intensity reaches a maximum. The results are given in Figure 6.2. 

 

Figure 6.2. DLS results for mixtures with a constant concentration of CotA (1.0 µM) and 

different concentrations of diblock copolymer QNH2
PM2VP128-b-PEO477. (A) Scattering 

intensity (I), (B) hydrodynamic radius (Rh), and (C) PDI. 

 

The light scattering intensity (Figure 6.2A) increases with the concentration of diblock 

copolymer, indicating the formation of C3Ms. The addition of 1.49 µM of quaternized diblock 

copolymer to 1.0 µM of CotA laccase resulted in a maximum scattering intensity, meaning that 

this composition contains the highest number and most well-defined micelles. The mixed ratio 

composition (F−) is calculated by using the equation F− = 
[𝑛−]

[𝑛+] + [𝑛−]
 , where [n-] refers to the 

concentration of net negative charge on the enzyme molecules, and [n+] refers to the 

concentration of positive charge on the diblock copolymer. The DLS results show that the PMC 

was at F− = 0.18 ((1*41) / ((1.49*124) + (1*41)) = 0.18), where 41 is the net number of negative 

charges per enzyme molecule and 124 is the average number of positive charges per diblock 

copolymer. The PMC of these C3Ms is not at charge stoichiometry (F− = 0.5) because additional 

interactions play a role in the micelle formation, such as hydrophobic, cation-π, π-π interactions, 

and potentially also hydrogen-bonding between the neutral amines.5,8,27,38–42 Another reason for 

the PMC being shifted is steric hindrance: the location of the positively charged pyridine group 

is close to the vinyl backbone and uncharged ethyleneamine group, which makes it more 
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difficult to access by the negatively charged part of CotA, resulting in more diblock copolymer 

needed to compensate for the charge of CotA.43,44  

At the PMC, the C3Ms have a hydrodynamic radius of 47.8 ± 5.7 nm (Figure 6.2B), and a 

minimum in the PDI is found (PDI = 0.12 ± 0.02) (Figure 6.2C), indicating a narrow size 

distribution.45 In addition, multi-angle DLS showed that the C3Ms have a spherical shape 

(Figure S6.4, Supplementary information).14,46,47 The addition of quaternized diblock above 

1.49 µM leads to an excess of positive charge (more block copolymer as compared to enzyme), 

and a subsequent decrease in the concentration of well-defined micelles, which is observed as 

decreased light scattering intensity and increased PDI.5,6,8  

 

6.3.3. Core-crosslinked C3Ms observed by DLS 

Core-crosslinked C3Ms were prepared at the PMC. The core-crosslinking reaction was done by 

adding an imidoester crosslinker, DTBP, to the C3Ms at pH 10.8. At pH 10.8, the primary 

amines are deprotonated and become more nucleophilic. Consequently, primary amines are 

more reactive toward electrophiles at this pH.48 Moreover, at a high pH, imidoesters also have 

the highest specificity for amine reactions.48–50 Crosslinking of amines in the core of the 

micelles, resulting in formation of amidine bonds, was achieved by a 3 hours reaction with 

DTBP.21,51 Proteins also contain multiple primary amines in their structure (at the N-terminus 

and in the side-chain of lysine residues, of which CotA has 25 units). However, it should be 

noted that the number of primary amine groups on CotA is lower than that on the diblock 

copolymer (the diblock copolymer has about 61 primary amines). In the PMC, the concentration 

of diblock copolymer is higher than the concentration of enzyme. Therefore, crosslinking 

between the diblock copolymer chains is dominantly/ more likely to happen, especially at a low 

concentration of crosslinker. However, there may also be small amounts of crosslinking 

between enzyme and diblock or between enzyme molecules. After performing the reaction with 

0.25 and 0.5 eq. DTBP with respect to the number of amine groups of the diblock copolymer, 

the micelles had an Rh of 46.7 ± 4.1, and 45.8 ± 7.2, respectively. These sizes are comparable 

to that of untreated micelles (Rh = 47.8 ± 5.7 nm). Furthermore, multi-angle DLS revealed that 

the spherical shape remained unaffected after crosslinking (Figure S6.4, Supplementary 

information).  

 

6.3.4. C3Ms characteristics measured by FCS 

The properties of the C3Ms and the effect of core-crosslinking were also investigated using 

FCS because it is possible to distinguish between free enzymes in solution and encapsulated 
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enzymes with FCS. To make our system suitable for FCS measurements, CotA was labeled 

with a fluorescent probe, Alexa Fluor 488. Figure 6.3 shows FCS measurements on solutions 

of free CotA and CotA-containing C3Ms with and without the addition of the DTBP 

crosslinker. From Figure 6.3A, it can be seen that the addition of diblock copolymer into a 

solution of CotA increases the diffusion time, which implies a decrease in the diffusion 

coefficient of the CotA, and is a result of the formation of C3Ms.17,26–28,52  

In addition, that C3Ms are formed can also be observed by FCS based on the number of 

fluorescent particles detected in the confocal volume (N). When the fluorescently labeled CotA 

molecules are encapsulated, the number of fluorescent particles detected in the confocal volume 

is low, whereas the micelles have a high brightness because many fluorescent CotA molecules 

are encapsulated in one micelle.17,27,28,53 The number of species detected in the confocal volume 

(N) can be quantified by looking at the intercept of the correlation function G(t) with the Y-

axis, which equals 1+1/N (Figure 6.3B). FCS analysis on the C3M samples show that N is about 

5 ± 1, 5 ± 2, and 6 ± 1 for non-crosslinked C3Ms (control), core-crosslinked C3Ms with 0.25 

eq DTBP, and core-crosslinked C3Ms with 0.5 eq. DTBP, respectively. The core-crosslinked 

C3Ms having a similar N to the C3M control sample suggests that they have the same 

concentration of micelles.  

 

Figure 6.3. FCS measurements on C3Ms composed of fluorescently labeled CotA. (A) 

Normalized FCS autocorrelation curves (G(t)) for free CotA (green), C3M control (blue), core-

crosslinked C3M with 0.25 eq. DTBP (orange) and core-crosslinked C3M with 0.5 eq. DTBP 

(red). (B) G(t) for free enzyme, C3Ms control and core-crosslinked C3Ms.  

 

The size of the fluorescent particles was calculated using the diffusion time generated from 

Equations 6.1 and 6.2. For CotA labeled with Alexa 488 free in solution, FCS analysis revealed 

an Rh of about 2.2 ± 0.5 nm, and for C3Ms containing CotA labeled with Alexa 488, an Rh of 
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44.3 ± 4.11 nm was obtained. The Rh of the core-crosslinked C3Ms was 39.6 ± 6.2 nm (0.25 

eq. DTBP) and 37.8 ± 14.0 nm (0.5 eq. DTBP). The size information provided by FCS and DLS 

measurements is in good agreement. The autocorrelation functions G(t) were analyzed using a 

two-component 3D diffusion model including a triplet state to estimate the fraction of enzyme 

free in solution and encapsulated in C3Ms (Equation 6.1). From this analysis, the fraction of 

encapsulated CotA was found to be 91.5 ± 5.9 %. After core-crosslinking of the C3Ms, the 

fraction of encapsulated enzyme was 85.9 ± 9.7 % and 86.7 ± 2.1 % when treated with 0.25 and 

0.5 eq. DTBP, respectively. These results demonstrate that the encapsulation efficiency for 

core-crosslinked C3Ms is similar to that of non-crosslinked C3Ms, meaning that enzymes are 

maintained in the core and are thus not expelled. Quaternization of P2VP128-b-PEO477 using N-

(2-bromoethyl) phthalimide and iodomethane results in a higher encapsulation efficiency of the 

C3Ms: previously, we found encapsulation efficiency of around 77 ± 4 % for CotA 

encapsulation with quaternized P2VP128-b-PEO477 with iodomethane.26 The higher 

encapsulation efficiency in this case can be explained by the higher degree quaternization of 

diblock copolymer QNH2
PM2VP128-b-PEO477. In addition, the micelles are not only formed by 

electrostatic attraction, but also by non-electrostatic attraction. 

 

6.3.5. Salt stability of C3Ms observed with DLS and FCS 

To investigate if core-crosslinking affects the stability of enzyme-containing C3Ms, C3Ms were 

prepared at the PMC, and the stability against salt was studied using DLS and FCS. The addition 

of salt in moderate to high concentrations could lead to the disintegration of enzyme-containing 

C3Ms, which is reflected as a decrease in light scattering intensity (observed by using DLS) 

and as an increase in the number of fluorescent particles detected in the confocal volume (N) 

(observed by using FCS). 

In Figure 6.4A, the scattering intensity for the three different C3M samples is plotted 

against the salt concentration, normalized to their scattering intensity at zero added salt. The 

measurements were performed up to 200 mM NaCl in steps of 50 mM NaCl. The scattering 

intensities of all samples decreased with increasing salt concentration. For the untreated C3Ms, 

the intensity decreases faster upon titration with NaCl and is more significant than for 

C3Ms that are core-crosslinked. After the addition of 200 mM NaCl, the normalized scattering 

intensity of non-crosslinked C3Ms is less than 0.1, indicating total disintegration of the micelles 

and release of the enzymes. Salt ions screen the charged parts of the enzyme and of the diblock 

copolymer, thereby weakening the electrostatic interactions and decrease the entropy gain from 

counterion release. The core-crosslinked micelles are more resistant to salt addition, and their 
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light scattering intensity decreases more gradually. At NaCl concentrations as high as 200 mM, 

scattered intensities are still high (the normalized I remains at 0.52 and 0.71 for core-crosslinked 

C3M with 0.25 and 0.5 eq. DTBP, respectively). Due to network formation between 

quaternized diblock copolymers and enzymes inside the core of the micelles, CotA is 

trapped and cannot dissociate from these complexes.8,20,51,53,54 The slight decrease in 

scattering intensity could be due to some polymer chains and CotA molecules that were not 

properly connected via amidine bonds, diffusing out of the micelles. The stability of CotA-

containing C3Ms after crosslinking was thus remarkably improved. 

 

Figure 6.4. DLS stability measurements as a function of the salt concentration. (A) Normalized 

scattering intensity (I), (B) hydrodynamic radius (Rh), and (C) polydispersity index (PDI). 

C3Ms without crosslinks (blue), core-crosslinked C3Ms with 0.25 eq. DTBP (orange), core-

crosslinked C3Ms with 0.5 eq. DTBP (red).  
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Increasing the NaCl concentration caused the Rh to decrease and PDI to increase in the 

non-crosslinked C3M control sample (Figures 6.4B and 6.4C). Adding 200 mM NaCl produced 

highly polydisperse particles: the PDI value reached values higher than 0.4.45 In C3Ms with 

core-crosslinking, on the other hand, both the Rh and PDI are relatively constant, indicating that 

the micelles remained intact. 

FCS was also used to monitor the salt stability of CotA-containing C3Ms. This was done 

by quantifying the total number of fluorescent particles in the confocal volume (N) as a function 

of the NaCl concentration. This number was then normalized to the initial N of free CotA in a 

low salt buffer. In Figure 6.5, it is shown that the normalized N increases with increasing salt 

concentration for all three samples, which indicates the release of CotA from the micelle 

cores.26 However, CotA is released at a lower salt concentration and faster from the non-

crosslinked C3Ms than from the core-crosslinked C3Ms. After adding 200 mM NaCl to the 

CotA-containing C3M control sample, the normalized N reached values close to 1.0, indicating 

that the micelles were completely disintegrated. For core-crosslinked micelles, N increased less 

significantly and more gradually; these C3Ms do not disintegrate even after the addition of 200 

mM NaCl. Figure 6.5 also shows that the more crosslinker is added to the C3Ms, the better the 

resistance of the C3Ms against salt. This is expected since denser networks within the core of 

the C3Ms are formed, which will entrap CotA and prevent it from dissociation.  

Figure 6.5B demonstrates that the Rh of non-crosslinked C3Ms decreases significantly with 

increasing NaCl concentration. After the addition of 200 mM NaCl, the size of the micelles was 

reduced by about 50 %. However, for the core-crosslinked C3Ms, the Rh remained relatively 

constant. FCS measurements confirmed the DLS results where core-crosslinking was found to 

improve the salt stability. Besides that, the salt stability of C3Ms could be further improved by 

adding a larger amount of crosslinking agents. 

Core-crosslinking of C3Ms with DTBP allows cleaving the network in the micelle core by 

breaking the internal disulfide bonds (S-S) of DTBP using a reducing agent such as DTT. As 

DTT is expected to reduce the disulfide bonds within the DTBP crosslinker, this would lead to 

CotA being released after adding salt. However, when working at a pH above the pKa of thiols 

(pKa = 8.8-9.1), deprotonation would result in a thiolate anion that becomes susceptible to 

oxidation.55 Even though DTT can still be used effectively at a pH of 6.5-9.0, its optimal pH 

range is between 7.1 and 8.0. Since the formation of CotA-containing C3Ms was done at pH 

10.8, the formation of disulfide bonds is promoted, and cleavage of the crosslinks cannot 

happen. Liu et al. reported that cleaved disulfide bonds on DTBP could be repaired under 

oxidative conditions, including the presence of oxygen,
56 and can be simply reformed by 
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exposure to air.21 Decreasing the pH to around pH 9 by adding 0.1 M HCl before adding 10 

mM DTT helped to cleave the disulfide bond within the DTBP crosslinker,23,57 and when 

followed by the addition of salt resulted in the release of CotA (Figure S6.5. Supplementary 

information). 

 

Figure 6.5. FCS analysis of salt-titrated C3Ms: without crosslinks (blue), core-crosslinked 

C3Ms with 0.25 eq. DTBP (orange), and core-crosslinked C3Ms with 0.5 eq. DTBP  (red). (A) 

Normalized N, and (B) hydrodynamic radius (Rh). 

 

6.3.6. Activity of enzyme-containing C3Ms 

To determine the effect of core-crosslinking on the catalytic activity of CotA, enzyme activity 

measurements were performed using ABTS as substrate. In this assay, CotA takes an electron 

from ABTS, which results in a free radical on ABTS•+. This product has a green color and can 

be detected using ultraviolet/ visible (UV/ vis) spectroscopy. Figure 6.6 shows the relative 

enzymatic activities of free CotA and several C3M samples. The activity of free CotA in 

solution is set to 100 %, and for the C3M samples, the relative activities are 102 ± 5 %, 85 ± 1 

%, and 87 ± 2 % for C3Ms without crosslink (control), C3Ms with 0.25 eq. DTBP, and C3Ms 
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with 0.5 eq. DTBP, respectively. Thus, the control sample has a very similar activity compared 

to the free enzyme sample. However, it should be noted that at the pH of the ABTS assay (pH 

4.4), the micelles fall apart, and the enzyme is free in the solution again (Supplementary 

information, Figure S6.3). Core-crosslinking of the C3Ms resulted in a slight decrease in the 

activity of CotA laccase. This decrease in activity presumably occurs because the formed 

network hinders substrate binding to the catalytic site of CotA.49 Moreover, an enzyme is a 

dynamic structure; core-crosslinking might reduce the flexibility of CotA or restrict its 

dynamics, thereby decreasing the affinity of the substrate to the enzyme.  

We also measured the effect of adding reducing agents such as DTT. Following the 

addition of DTT to the samples and spin filtering to remove the excess DTT, it was found that 

the activity of the encapsulated enzyme was decreased significantly to only 16 ± 1, 26 ± 2, 20 

± 1 % for C3Ms without crosslinks, core-crosslinked C3Ms with 0.25 eq. DTBP, and core-

crosslinked C3Ms with 0.5 eq. DTBP, respectively. Reducing agents such as DTT interfere 

with a substrate's oxidation reaction by modifying amino acid residues, thereby decreasing its 

activity.58,59,64 Additionally, some remaining DTT could reduce the product ABTS•+ back to 

ABTS as well.60,61 

 

Figure 6.6. Activity measurement using ABTS as the substrate on free CotA and its C3Ms, 

both without crosslinks and with crosslinks (0.25 eq. and 0.5 eq. DTBP). 
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6.4. Conclusions 

In this study, we functionalized a P2VP-b-PEO diblock copolymer by quaternization using N-

(2-bromoethyl) phthalimide and iodomethane, resulting in both permanent positive charges and 

primary amine functionalities. The two-step quaternization reaction was done to increase the 

enzyme encapsulation efficiency and to provide the diblock copolymer functional groups for 

crosslinking. Enzyme-containing C3Ms were generated by mixing CotA with the amine-

functionalized cationic-neutral hydrophilic diblock copolymer. C3M formation was confirmed 

by using DLS and FCS. DLS revealed that the PMC of the C3Ms was not at the expected value 

of charge balance between the negatively charged enzyme and positively charged diblock 

copolymer, which can be explained by the influence of other types of interactions such as 

hydrophobic interactions. FCS analysis showed that about 85 - 90 % of CotA was encapsulated 

into C3Ms. Core-crosslinked micelles were formed by treating the C3Ms with the crosslinker 

DTBP. DLS and FCS showed that core-crosslinked micelles are more stable to salt than the 

non-crosslinked micelles. In addition, it was shown that the DTBP crosslinks are reversible at 

moderate pH. CotA in core-crosslinked C3Ms has a slightly lower activity due to network 

formation in the core that prevents the substrate ABTS from binding to CotA. This study 

demonstrates that core-crosslinking significantly improves the salt stability of enzyme-

containing C3Ms and is a promising strategy for improving C3Ms' ability to function as enzyme 

delivery systems. 
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Supplementary information 

 

S6.1. Quaternization degree of the diblock copolymer P2VP128-b-PEO477 after 

quaternization using N-(2-bromoethyl)phthalimide 

 

Figure S6.1. 1H-NMR spectrum of the diblock copolymer P2VP128-b-PEO477 after 

quaternization using N-(2-bromoethyl)phthalimide. The spectrum was recorded in DMSO-

d6. The degree of quaternization (DQ) was calculated from the ratio of the integral area 

of the aromatic rings and the integral area of the methyl group.   

DQ = (((5.91 – 4)/4) : (3/3)) * 100 % = 48 %. 
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S6.2. Quaternization degree of the diblock copolymer P2VP128-b-PEO477 after 

quaternization using N-(2-bromoethyl)phthalimide and iodomethane 

 

 

Figure S6.2. 1H-NMR spectrum of the diblock copolymer P2VP128-b-PEO477 after 

quaternization using N-(2-bromoethyl)phthalimide and iodomethane. The spectrum was 

recorded in DMSO-d6. The degree of quaternization (DQ) was calculated from the ratio 

of the integral area of the aromatic rings and the integral area of the methyl group.  

DQ1 = ((5.91 - 4)/4 : (3:3) * 100 %) = 48 % 

DQ2 = (3.7 - 2.24))/3 : (4/4)* 100 %) = 49 % 

DQ total: ± 97 % 

We assume full quaternization of the remaining 2VP groups after the second quaternization 

step. 
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S6.3. Normalized scattering intensity I, hydrodynamic radius Rh, and polydispersity 

index (PDI) for the three different C3Ms systems as a function of pH 

 

Figure S6.3. Stability measurements as a function of the pH (through the addition of 0.1 M 

HCl) as observed by using DLS. (A) Normalized scattering intensity (I), (B) hydrodynamic 

radius (Rh), and (C) polydispersity index (PDI). C3Ms without crosslinks (blue), C3Ms core-

crosslinked with 0.25 eq. DTBP (orange), red (C3Ms core-crosslinked with 0.5 eq. DTBP (red). 

 

 

 

 

S6.4. Multi-angle DLS for determining the micellar shape 

 

Figure S6.4. Multi-angle DLS data for three different C3Ms samples. (A) C3M control (without 

crosslinks), (B) core-crosslinked C3Ms with 0.25 eq. DTBP, and (C) core-crosslinked C3Ms 

with 0.5 eq. DTBP. The decay rate Γ(q) was obtained from the DLS correlation curves by a 

first (blue), second (orange), and third (yellow) cumulant fit. Three overlapping straight lines 

indicate that the C3Ms are spherical.62,63 
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S6.5. Normalized number of fluorescent particles in the confocal volume N for the three 

different C3Ms samples against the salt concentration 

 

Figure S6.5. Stability measurements as a function of the salt concentration observed by FCS 

on C3Ms without crosslinks (blue), C3Ms core-crosslinked with 0.25 eq. DTBP (green). 

Spheres (○) represent samples without adding 0.1 M HCl and DTT, and triangles (Δ) represent 

C3M samples with added 0.1 M HCl to pH around 9 and DTT.
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Abstract 

Encapsulating proteins can be useful for many purposes, including preventing protein 

degradation and controlled delivery of functional or pharmaceutical proteins. An easy way to 

achieve protein encapsulation is by mixing a solution of charged proteins with an oppositely 

charged-neutral diblock copolymer solution, resulting in the formation of so-called complex 

coacervate core micelles (C3Ms). Previous studies revealed that adding charged domains to the 

protein or core-crosslinking of the micelles improve the stability of protein-containing C3Ms 

against salt-induced disintegration. However, whether these strategies also decrease the 

exchange rate of proteins between individual C3Ms is still unclear. This is important because 

the higher the exchange dynamics, the more the proteins are exposed to harmful effects of the 

surrounding solution. In this study, we used Förster resonance energy transfer (FRET) to 

observe the effect of increasing the net charge of the protein and crosslinking of the coacervate 

core on the protein exchange dynamics between C3Ms. To assess the effect of adding extra 

charges, we compared the exchange dynamics of C3Ms containing the enzyme CotA laccase 

and C3Ms containing genetically modified CotA laccase with 40 extra glutamic acid residues 

(CotA-E40). These proteins were fluorescently labeled with Alexa Fluor 488 (donor) and Alexa 

Fluor 568 (acceptor). The effect of core-crosslinking was determined by comparing the protein 

exchange rate between non-crosslinked and crosslinked C3Ms containing the fluorescent 

proteins mTurquoise2 (donor) and SYFP2 (acceptor). In all cases, fluorescence quenching was 

observed when diblock copolymer was added to the fluorescently labeled enzymes or the 

fluorescent proteins due to the formation of C3Ms. Fluorescence was restored when the micelles 

were disintegrated by adding salt. The protein exchange rate between C3Ms was higher when 

a low concentration of salt was present. With the addition of salt, the electrostatic attraction 

between protein and diblock copolymer is reduced. Fitting the FRET efficiency data with an 

analytical model shows that the exchange of CotA-E40 between micelles is only 1.2 times 

slower than that of native CotA. Core-crosslinking C3Ms is much more effective and slows the 

protein exchange rate between C3Ms by more than 80 times depending on the crosslinker 

concentration applied; for very high crosslinker concentrations protein exchange could even be 

completely inhibited. Therefore, core-crosslinking is a promising approach to generate protein-

containing C3Ms that are stable at high ionic strength with a limited exchange of proteins 

between C3Ms.  
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7.1. Introduction 

Encapsulation of proteins can be beneficial as a protection mechanism against protein 

degradation by, e.g., proteases1 or against changing environmental conditions such as 

temperature, pH, and the presence of oxidizing agents.2 A promising method to encapsulate 

proteins is by using complex coacervate core micelles (C3Ms), of which the formation is driven 

by electrostatic attraction between oppositely charged macromolecules and entropy gain from 

counterion release.3,4 Proteins are biomacromolecules that can bear charges depending on the 

protein's pI and the pH of the solution. Upon mixing a protein solution with an oppositely 

charged-neutral diblock copolymer solution, small-soluble protein-polymer complexes (SCs) 

will be formed. At the right composition (charge ratio between protein and polymer around 

unity) and above the critical micelle concentration, these SCs will aggregate and form complex 

coacervate core micelles (C3Ms). The proteins are located in the water-rich environment of the 

micellar core, together with the charged part of the diblock, while the diblock copolymer's 

hydrophilic tails stick outwards into the aqueous solution. This hydrophilic corona prevents 

macroscopic phase separation of the coacervate cores and protects the micelles against 

aggregation by steric repulsion.3–6 Formation of C3Ms does not require an organic solvent, heat, 

or specific chemical reagents7 but is strongly influenced by concentrations (of both protein and 

polymer), pH, and ionic strength of the solution.5,8,9  

C3Ms are in dynamic equilibrium with free protein and diblock copolymer in solution 

(and/ or with small soluble protein-polymer complexes).5,10–14  This implies that there is still 

exchange of proteins between C3Ms and the solution and between C3Ms. This dynamic 

exchange can cause undesired protein exposure to the environment.  Because of the low charge 

density of proteins compared to polyelectrolytes, protein-containing C3Ms are extremely 

sensitive to salt addition. Already at relatively low salt concentrations (in the range of 10 - 100 

mM), the C3Ms disintegrate. In our previous work,15,16 we investigated several strategies to 

improve the salt resistance of these C3Ms. We observed that increasing the protein's net charge 

(by bioconjugation or genetic engineering) and core-crosslinking enhances the salt stability of 

enzyme-containing C3Ms.15 All strategies resulted in a shift to higher salt concentrations at 

which the C3Ms disintegrate. For practical applications, however, it is also needed to know the 

protein exchange dynamics between individual C3Ms and how these are affected by our 

strategies to increase the salt stability.  

Förster resonance energy transfer (FRET) was used by Nolles et al.5 to study the kinetics 

of C3M formation and protein exchange between C3Ms. They reported similar relaxation times 



 Slowing down protein exchange between C3Ms by increasing the protein net charge and by core-crosslinking 

174 

 

of 100 s for the formation of C3Ms and the exchange of proteins between C3Ms in low ionic 

strength solutions.5 FRET was also used by Bos et al.11 to measure molecular exchange in C3Ms 

formulated from homopolymers and diblock copolymers. They found that the exchange rate is 

largely independent of the micelle concentration but strongly dependent upon the salt 

concentration and the length of the charged blocks.11  

The present study addresses the dynamic aspects of protein-containing C3Ms by 

monitoring protein exchange between these micelles using FRET as a read-out. We investigated 

the exchange rate in two model systems: 1) C3Ms containing native and genetically engineered 

(extra charged) CotA laccase, and 2) core-crosslinked C3Ms containing fluorescent proteins. 

To introduce additional negative charges to CotA, a sequence of 40 glutamic acids was 

genetically added to the C-terminus of CotA (CotA-E40).15 The proteins were fluorescently 

labeled with Alexa Fluor 488 (as a FRET donor) and Alexa Fluor 568 (as a FRET acceptor). 

To study the effect of core-crosslinking, we used fluorescent proteins mTurquoise2 (donor) and 

SYFP2 (acceptor). C3Ms were prepared from the above-mentioned proteins with the 

quaternized diblock copolymer poly(N-methyl-2-vinyl-pyridinium)-b-poly(ethylene oxide) 

(PM2VP128-b-PEO477), or the amine-functionalized version of this diblock copolymer 

(QNH2
PM2VP128-b-PEO477), respectively. Protein exchange between C3Ms resulted in 

quenching of the donor emission and an increase in the acceptor photon emission upon the 

excitation at the donor channel.5,10–12,17,18 We derived the micelle exchange rate constants from 

the rise in FRET efficiency over time, using a slightly modified analytical model developed by 

Bos et al.11,14 

 

7.2. Experimental section  

7.2.1. Materials 

Alexa Fluor 488 C5 maleimide and Alexa Fluor 568 C5 maleimide were purchased from 

Thermo Fisher scientific. The diblock copolymer poly(2-vinylpyridine)128-block-poly(ethylene 

oxide)477 (P2VP128-b-PEO477) (Mn = 34.5 kg/ mol, Mw/ Mn = 1.1) was obtained from Polymer 

Source Inc. This diblock was quaternized either with iodomethane (PM2VP128-b-PEO477) or 

with a combination of N-(2-bromoethyl)phthalimide and iodomethane (QNH2
PM2VP128-b-

PEO477) as described in our previous studies.15,16,19 After quaternization following the 

procedures described before, the diblock copolymer had a degree of quaternization of about 70 

% for PM2VP128-b-PEO477 and 97 % for QNH2
PM2VP128-b-PEO477, measured with 1H-NMR. 

The fluorescent proteins mTurquoise2 and SYFP2 are the same as used by Nolles et al.20,21 
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Dimethyl 3,3′-dithiopropionimidate dihydrochloride (DTBP) was purchased from Thermo 

Fisher Scientific. 

 

7.2.2. CotA production and purification 

The production and purification of native CotA and CotA-E40 were carried out as described in 

our earlier study.15 In order to covalently bind the Alexa dyes to the native CotA and CotA-

E40, a serine at position 313 in the amino acid sequence was replaced by a cysteine (CotA 

S313C and CotA-S313C-E40). In this way, the C5 maleimide and the cysteine could form a 

thioether bond. The CotA S313C and CotA-S313C-E40 genes were cloned into a pBAD vector 

and heterologously expressed in E. coli Rosetta cells. The induction of the CotA overexpression 

was done by adding 0.15 % L-arabinose at 25 ºC to the cell culture medium when the optical 

density of the cultured medium reached a value of 0.6–0.8.  

The purification of CotA-S313C was performed using cation-exchange chromatography 

(cIEX using an SP-Sepharose FF column) and gel filtration chromatography (Superdex 200 

column). CotA-S313C-E40 were purified using anion-exchange chromatography (aIEX using 

a Q-Sepharose FF column) followed by gel filtration chromatography (Superdex 200 column). 

The CotA and CotA-E40 proteins from the IEX were labeled with Alexa Fluor 488 and Alexa 

Fluor 568 C5 maleimide, respectively, with a molar ratio of 1:10 at 4 ºC by overnight incubation 

in the dark. The labeled protein was separated from the unreacted/ free fluorescent label with a 

Biogel-P6DG gel filtration column (BioRad). The fractions that were fluorescent under UV 

light and contained protein were pooled and concentrated by using an Amicon concentrator 

(cutoff of 10 kDa). The selected protein was then loaded into the gel filtration column (Superdex 

200 column). The fractions that showed absorptions at 280 nm and 490 nm for CotA labeled 

with Alexa 488 dye, and 280 nm and 570 nm for CotA labeled with the Alexa 568 dye were 

collected and concentrated. The purity of labeled CotA was analyzed using SDS PAGE 

analysis. 

 

7.2.3 C3M preparation 

Encapsulation of CotA variants (native CotA and CotA-E40) was achieved by first diluting the 

fluorescently labeled enzymes in 10 mM sodium carbonate buffer at pH 10.8 (the final enzyme 

concentration was 2 μM), followed by the addition of diblock copolymer poly(N-methyl-2-

vinyl-pyridinium)128-block-poly(ethylene oxide)477 (PM2PV128-b-PEO477) at the preferred 

mixing composition (PMC),15 i.e., the ratio protein/ polymer at which the most C3Ms are 

formed.15 After mixing, the samples were stored at room temperature before measurement. 
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Encapsulation of fluorescent protein (mTurquoise2 and SYFP2) was achieved by first 

diluting the fluorescently labeled enzymes in 10 mM borate buffer at pH 9 (the final enzyme 

concentration was 2 μM), followed by the addition of the amine-functionalized diblock 

copolymer QNH2
PM2VP128-b-PEO477 at their preferred mixing composition (Figure S7.5, 

Supplementary information). After mixing, the samples were stored at room temperature before 

measurement. 

 

7.2.4. Core-crosslinking C3Ms  

Core-crosslinking was performed on the fluorescent protein-containing C3Ms. After the 

formation of micelles, the crosslinker DTBP was added to the C3M solution with a 

concentration of one, two, and four times the total concentration of amine of the diblock 

copolymer. 

 

7.2.5.    Fluorescence emission spectra upon encapsulation 

The emission spectra of the fluorescently labeled enzymes (native CotA and CotA-E40) were 

measured using a Cary Eclipse spectrofluorometer (Varian Inc.). The native CotA and CotA-

E40 were dissolved in a 10 mM sodium carbonate buffer (pH 10.8). The samples were measured 

using 0.5 mL quartz cuvettes with a path length of 1 cm. Emission slits were set to bandwidths 

of 5 nm. The fluorescence emission spectra of 2 μM CotA-Alexa Fluor 488 and CotA-Alexa 

Fluor 568 were measured separately at excitation wavelengths of 490 and 578 nm, respectively. 

The emission spectra of the encapsulated enzymes were measured following the same 

procedure. 

The emission of the fluorescent proteins mTurquoise2 and SYFP2 was measured using the 

same spectrofluorometer. The proteins were dissolved in a 10 mM borate buffer (pH 9.0), and 

emission slits were set to bandwidths of 5 nm. The samples were measured using 0.5 mL quartz 

cuvettes with a path length of 1 cm. The fluorescence emission spectra of 2 μM mTurquoise2 

and SYFP2 were measured separately at excitation wavelengths of 440 and 490 nm, 

respectively. The emission spectra of the encapsulated proteins were measured following the 

same procedure. 

 

7.2.6.    Förster resonance energy transfer (FRET) 

FRET is a photophysical phenomenon in which the excited-state energy from a donor molecule 

is transferred non-radiatively to an acceptor molecule. FRET can be used to study the 
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interactions between molecules. Three prerequisites should be fulfilled for FRET to occur: 

sufficient spectral overlap between donor emission and acceptor excitation, a favorable dipole-

dipole orientation between donor and acceptor, and the donor and acceptor should be in close 

proximity to each other, since FRET only can occur if they are within 10 nm of each other.5,11,22–

27 FRET was used to study the kinetics of C3Ms formation and proteins exchange between 

micelles. FRET was quantified by recording the fluorescence emission of the fluorescently 

labeled enzymes (native CotA and CotA-E40) or the fluorescent proteins (mTurquoise2 and 

SYFP2) using a Cary Eclipse spectrofluorometer (Varian Inc.).  

 

7.2.7. Kinetics of C3M formation 

To study the kinetics of formation Cot A and CotA-E40 containing C3Ms, first buffer solutions 

(pH 10.8) of 2 µM free donor enzymes (labeled with Alexa 488) and 2 µM free acceptor 

enzymes (labeled with Alexa 568) with a volume ratio of 1:1 were mixed in a quartz cuvette. 

The emission was recorded over time at two wavelengths: 516 nm (donor emission channel) 

and 603 nm (acceptor emission channel) upon excitation of 490 nm (donor excitation channel). 

Then, diblock copolymer PM2PV128-b-PEO477 was added to the mixture at the PMC and 

quickly mixed. Immediately after mixing, the emission was recorded over time, again at 516 

nm and 603 nm upon excitation of 490 nm.  

For C3Ms composed of fluorescent protein (mTurquoise2 and SYFP2), a similar 

procedure was followed. Buffer solutions (pH 9.0) of 2 µM mTurquoise2 and 2 µM SYFP2 

with a volume ratio of 1:1 were mixed in a quartz cuvette. The emission was recorded over time 

at two wavelengths: 475 nm (donor emission channel) and 527 nm (acceptor emission channel) 

upon excitation of 440 nm (donor excitation channel). Then, diblock copolymer 

QNH2
PM2VP128-b-PEO477 was added to the mixture at the PMC and quickly mixed. The 

emission was immediately recorded again over time at the same wavelengths upon excitation 

at 440 nm. 

 

7.2.8.    Protein exchange between preformed C3Ms 

Protein exchange between donor and acceptor micelles was monitored by using FRET.5 The 

FRET efficiency (E) was calculated as the relative fluorescence intensity of the donor in the 

presence (IDA) and absence (ID) of the acceptor, E = 1 – IDA/ID .26,28  

C3Ms composed of native CotA with either the donor (labeled with Alexa Fluor 488) or 

the acceptor (labeled with Alexa Fluor 568) were made separately as described in the C3M 
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preparation section above. These two types of micelles were mixed rapidly at a 1:1 ratio. 

Immediately after mixing, the fluorescence emission of the C3Ms was recorded at 525 nm and 

603 nm upon 490 nm excitation. This procedure was also applied for C3Ms composed of CotA-

E40. To study the effect of salt on the exchange dynamics, different quantities of 20 mM NaCl 

were added to the C3Ms donor and C3Ms donor separately before the C3M mixing step. 

C3Ms composed of mTurquoise2 (donor) and SYFP2 (acceptor) were made separately 

following the procedure described in the C3M preparation section above. These two different 

micelles were mixed rapidly at a 1:1 ratio; the fluorescence emission of the donor was recorded 

directly after mixing at 475 nm and 527 nm upon 440 nm excitation. This procedure was also 

done for core-crosslinked C3Ms. 

 

7.2.9. Analytical model for protein exchange between C3Ms 

In this study, we fit the exchange data (the FRET efficiency over time E (t)) with an analytical 

model for FRET-based exchange experiments based on the model developed by Bos et al.11,14 

As explicated by Nolles et al.5 we assume that protein exchange between the complex 

coacervate core micelles happens via small soluble protein-polymer complexes (SCs) that 

dissociate from and associate with either donor or acceptor micelles (Scheme 7.1). This implies 

that we consider the exchange process as an expulsion/ insertion process and not as a fission/ 

fusion process (splitting of micelles into parts of substantial sizes, which subsequently merge 

again). The donors and acceptors also have the same exchange rate. 

In the model, the measured FRET efficiency at a time t is regarded as the sum of the 

average FRET efficiency at a time t in the donor micelles <ED(t)> and the average FRET 

efficiency at a time t in the acceptor micelles <EA(t)>. Donor and acceptor micelles are the 

micelles that had respectively only donor or acceptor fluorophores in their core at the start of 

the mixing experiments. We assume that the distribution of acceptors in the acceptor micelles 

and the distribution of donors in the donor micelles is the same. This results in the equation: 

 

〈𝐸(𝑡)〉

𝐸(∞)
=  

1

𝐸(∞)
 
𝑓𝐷 〈𝑛𝐷(𝑡)〉 〈𝐸𝐷(𝑡)〉+ (1−𝑓𝐷) 〈𝑚𝐷 (𝑡)〉 〈𝐸𝐴(𝑡)〉

𝑓𝐷 𝑁𝐷
   (7.1) 

 

where E(∞) is the FRET efficiency of the completely mixed micelles, fD is the fraction of donor 

micelles (in our study fD = 0.5: the mixing ratio of donor and acceptor micelles is 1:1), ND is 

the average number of donors in the donor micelles at the start of the experiment, nD is the 

average number of donor molecules in the donor micelles at time t, and mD is the average 

number of donors in the acceptor micelles at time t.  
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The expulsion and insertion rates of the SCs determine the time-dependent probability to 

find a certain number of acceptor molecules in the donor micelles and vice versa. In this way, 

<ED(t)> is related to the probability P(nA) to find nA acceptor fluorophores in a donor micelle. 

The FRET efficiency in the donor micelles <ED(t)> is calculated using the equation: 

 

〈𝐸𝐷(𝑡)〉 =  ∑ 𝑃(𝑛𝐴, 𝑡)𝑛𝐴

𝑣 𝑛𝐴

1+ 𝑣 𝑛𝐴
            (7.2) 

 

where v is a geometrical constant, which includes the micellar core radius, the Förster radius of 

the donor-acceptor pair and the size of the fluorophores.11 Simulations by Bos et al.11 on C3M 

exchange dynamics show that this geometrical constant has a limited effect on E(t)/ E(∞). 

P(nA,t) is given by: 

𝑃(𝑛𝐴, 𝑡) =  𝑒−𝜆(𝑡) 𝜆(𝑡)𝑛𝐴

𝑛𝐴!
      (7.3) 

where 𝜆(t) is given by:  

 

𝜆(𝑡) =  𝑥1. 𝑁𝐴. (1 − 𝑓𝐷)(1 − 𝑒−𝑘1.𝑡) +  𝑥2. 𝑁𝐴. (1 − 𝑓𝐷)(1 − 𝑒−𝑘2.𝑡)   (7.4) 

  

NA is the average number of acceptors in acceptor micelles at the start of the mixing experiment. 

The parameters k1 and k2 are exchange rate constants, and x indicates the corresponding fraction 

of fluorophores that exchange with this exchange rate (x1 + x2 = 1). If all fluorophores are of the 

same type and exchange with the same rate, a single rate constant k would suffice to describe 

the exchange process. However, this is not the case in reality, and generally, more rate constants 

will be needed to fit the FRET efficiency curves. We have chosen to fit the results with two rate 

constants, as will be explained in the results and discussion section. 

Similarly, the FRET efficiency in the acceptor micelles <EA(t)> is related to the probability 

of finding mA acceptors in an acceptor micelle. <EA(t)> is calculated by using the equation:  

 

〈𝐸𝐴(𝑡)〉 =  ∑ 𝑃(𝑚𝐴, 𝑡)𝑚𝐴

𝑣 𝑚𝐴

1+ 𝑣 𝑚𝐴
     (7.5) 

 

where mA is the number of acceptors in the acceptors micelles. P(mA, t) is the probability to find 

mA acceptors in acceptor micelles at the time (t), is given by: 

 

𝑃(𝑚𝐴, 𝑡) =  𝑒−𝜇(𝑡) 𝜇(𝑡)𝑚𝐴

𝑚𝐴!
      (7.6) 

where µ (t) is given by:  

 

𝜇(𝑡) =  𝑥1. 𝑁𝐴. (1 − 𝑓𝐷 + 𝑓𝐷 𝑒−𝑘1𝑡) +  𝑥2. 𝑁𝐴. (1 − 𝑓𝐷 + 𝑓𝐷 𝑒−𝑘1𝑡)   (7.7) 
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The average number of donors in donor micelles at a certain time t, <nD(t)>, can be 

calculated using the equation: 

 

〈𝑛𝐷(𝑡)〉 =  𝑁𝐷 . 𝑥1. (𝑓𝐷 +  (1 − 𝑓𝐷)𝑒−𝑘1𝑡) + 𝑁𝐷 . 𝑥2. (𝑓𝐷 +  (1 − 𝑓𝐷)𝑒−𝑘2𝑡)   (7.8)  

 

where ND is the average number of donors in donor micelles at the start of the mixing 

experiment. Similarly, the average number of donors in acceptor micelles at a certain time t 

<mD(t)> is given by: 

 

〈𝑚𝐷(𝑡)〉 =  𝑁𝐷 . 𝑓𝐷 . 𝑥1. (1 − 𝑒−𝑘1𝑡) + 𝑁𝐷 . 𝑓𝐷 . 𝑥2. ( 1 − 𝑒−𝑘2𝑡)    (7.9) 

 

Using Equations 7.2 to 7.9, Equation 7.1 can be fitted to the experimental results with the 

exchange rate constants k1 and k2 and the corresponding fractions x1 and x2 as fitting parameters. 

 

Scheme 7.1. Schematic representation of protein exchange between donor and acceptor 

micelles (expulsion/ insertion model) resulting in FRET. Association and dissociation rate 

constants are indicated as ka and kd.  

 

7.3. Results and discussion 

7.3.1. Fluorescence quenching upon encapsulation of native CotA and CotA-E40 into 

C3Ms 

Encapsulating fluorescently labeled enzymes into complex coacervate core micelles results in 

fluorescence quenching. Figure 7.1 shows the normalized fluorescence emission spectra of 

native CotA and CotA-E40 labeled with Alexa Fluor 488 (donor) free in solution and 

encapsulated in C3Ms. Native CotA and CotA-E40 show similar spectra that upon 
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encapsulation decrease in intensity (Figure 7.1). This fluorescence quenching resulting from 

the formation of fluorescent protein-containing C3Ms has been observed earlier.29–31  

In general, fluorescence quenching can happen because of various intermolecular 

processes such as excited-state reactions, molecular rearrangements, energy transfer, ground-

state complex formation, and collisional quenching.32,33 Close distance interaction between 

fluorophore and quencher is required for quenching, which can be dynamic or static quenching. 

Static quenching (also known as contact quenching) results from physical contact or the 

formation of a complex before excitation occurs (ground state complex).33 On the other hand, 

dynamic quenching results from diffusive encounters during the lifetime of the excited state.34 

In the case of CotA labeled with Alexa Fluor 488, dynamic quenching takes place upon 

encapsulation, as a shortened fluorescence lifetime was observed (from 3.2 ± 0.1 ns to 2.0 ± 0.1 

ns during encapsulation of native CotA, and from 3.4 ± 0.0 ns to 2.2 ± 0.2 ns during 

encapsulation of CotA-E40) (Figure S7.2., Supplementary information).  

 

Figure 7.1. Normalized fluorescence spectra of Cot A labeled with Alexa Fluor 488, free in 

solution (blue), encapsulated in C3Ms (orange), and with the addition of 200 mM NaCl to the 

C3M solution (yellow). (A) native CotA and (B) CotA-E40. The emission was recorded upon 

excitation of 490 nm. The normalization was done by dividing the emission intensities by the 

maximum intensity of the free donor enzyme. 

 

Figure 7.1A shows that the initial fluorescence intensity is completely restored after adding 

200 mM NaCl to the C3Ms of native CotA. This indicates that these C3Ms disintegrated 

completely, and all enzymes were released. The increased salt concentration on the C3M 

solution weakens the electrostatic interactions between the protein and polymer and reduces the 

entropy gain from counterion release, which leads to the disassembly of the C3Ms5,9,15,19,35–37 
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Encapsulation of CotA-E40 also shows fluorescence quenching but to a slightly lesser 

extent than in the case of native CotA. It seems that the polyglutamic acid tails of CotA-E40 

reduce the physical contact or diffusive encounters between Alexa 488 fluorophores on CotA-

E40 and the polymer, leading to less quenching. Adding 200 mM NaCl to CotA-E40 micelles 

restored the fluorescence intensity up to 90 %, indicating that some micelles or small protein-

polymer complexes are still present. 

Micelle formation kinetics is associated with the formation of soluble complexes (SCs) 

between the enzyme and polymer and the aggregation of these soluble complexes into micelles. 

We used FRET to monitor this process. However, due to the fast formation (at a timescale of 

milliseconds to seconds), we could not monitor the formation of soluble complexes (SCs) and 

C3Ms over time using FRET measurements (Figure S7.1., Supplementary information). This 

suggests that the formation of SCs and C3Ms is a diffusion-controlled process.5 Zhang et al. 

also observed that the complexation process between PEO-b-PQDMA and PEO-b-PSSNa was 

fast and could finish within seconds.38 

 

7.3.2. FRET efficiency and exchange dynamics of native CotA and CotA-E40 

In this study, we used FRET as a read-out for monitoring protein exchange between preformed 

C3Ms. We labeled CotA with Alexa 488 (donor) or Alexa 568 (acceptor) and recorded the 

fluorescence emission spectra. Before we measured the kinetics/ exchange dynamics, we 

determined the FRET efficiency of completely mixed micelles. We mixed free donor and 

acceptor enzymes at a ratio of 1:1 and subsequently the diblock copolymer was added. In 

comparison, we mixed donor C3Ms and acceptor C3Ms and recorded the emission spectra until 

the mixture was equilibrated. At a mixing ratio of 1:1, the highest final FRET efficiency (E) 

was obtained (Figure S7.3., Supplementary information). Excitation of the C3Ms mixture at the 

donor excitation wavelength results in non-radiative transfer of the excited-state energy from 

donor to acceptor molecules in the same micelle; the acceptor molecules emit a photon when 

returning to the ground state.17,18 As a result, we observed quenching of the donor and an 

increase in the acceptor photon emission (Figure 7.2).  

Based on the decrease in fluorescence intensity at 525 nm (donor quenching), FRET 

efficiency (E) of about 27 ± 6 % is determined for mixed donor/ acceptor native CotA micelles, 

while the mixed donor/ acceptor C3Ms composed of CotA-E40 had a FRET efficiency of about 

13 ± 2 %. The lower FRET efficiency for the mixed donor-acceptor C3Ms of CotA-E40 can be 

explained by the lower number of enzyme molecules incorporated in these micelles than in the 

native CotA micelles.8 FCS data revealed that native CotA-C3Ms contain about 55 enzyme 
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molecules per micelle. For C3Ms composed of CotA-E40 this number is about 28. A decrease 

in micelle aggregation number leads to a decrease in FRET efficiency. This is supported by the 

model of E(t) and simulations.11 Adding salt decreased the FRET efficiency, and at high salt 

concentrations, FRET did not even happen because the micelles had fallen apart. However, at 

20 mM NaCl, most CotA was still present in the micelles, and E had not significantly decreased 

yet (Figure S7.4, Supplementary information). 

 

Figure 7.2. Normalized fluorescence emission spectra of C3Ms with CotA-Alexa Fluor 488 

(donor only) (green), C3Ms with CotA-Alexa Fluor 568 (acceptor only) (grey), mixed donor 

C3Ms and acceptor C3Ms (orange), and C3Ms prepared from mixed free donor and acceptor 

(blue). (A) native CotA, and (B) CotA-E40. The normalization was done by dividing the 

emission intensities by the maximum intensity of the C3Ms with donor only. The emission was 

recorded upon excitation at 490 nm. 

 

After determination of the FRET efficiencies for completely mixed donor/ acceptor 

micelles, we measured the protein exchange rate between C3Ms of native CotA and CotA-E40 

without adding salt and with 20 mM NaCl. Donor C3Ms and acceptor C3Ms were prepared 

separately, mixed quickly, and the donor fluorescence intensity at 525 nm was recorded over 

time. Figure 7.3 shows the results. When we mixed the donor C3Ms and acceptor C3Ms, the 

FRET efficiency (E) increased quickly and became constant as the mixture reached equilibrium 

(Figure 7.3). The protein exchange rate between native CotA-C3Ms was slightly higher than 

between CotA-E40-C3Ms. Increasing the net charge of the enzyme results in a stronger 

electrostatic attraction between CotA and the polymer and slows down the exchange. Figure 

7.3 also shows that the addition of only 20 mM NaCl strongly increased the exchange rate for 

both types of micelles. The FRET efficiency increased faster and reached the value of the 
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completely mixed micelles E(∞) earlier than without adding 20 mM NaCl. Salt ions screen the 

electrostatic interaction between protein and diblock copolymer, but at this low salt 

concentration, the C3Ms are still intact. However, the decrease in electrostatic attraction lowers 

the energy barrier of the activated expulsion process and therefore increases the exchange rate. 

Moreover, increasing the salt concentration reduces the interfacial tension between the 

coacervate core of the micelles and the aqueous solution, which favors the detachment of small 

complexes. This expulsion of SCs from the core is the rate-limiting step in the protein exchange 

between C3M.11,39  

 

Figure 7.3. Normalized FRET efficiency as a function of time after mixing of donor C3Ms and 

acceptor C3Ms: native CotA-C3Ms (blue), CotA-E40-C3Ms (grey), native CotA-C3Ms with 

20 mM NaCl (red), and CotA-E40-C3Ms with 20 mM NaCl (orange). The enzymes had been 

labeled with FRET pairs: Alexa Fluor 488 (donor) and Alexa Fluor 568 (acceptor). 

 

To determine the exchange rate constants, we fitted the experimentally determined 

normalized FRET efficiency E(t)/ E() to the analytical model described in the experimental 

section. From the fitting, we found two exchange rate constants: k1 (slower rate) and k2 (faster 

rate). Fitting with only one rate constant did not give satisfactory results, while fitting with more 

than two rate constants did not improve the fit quality. At low salt concentration, protein 

exchange is relatively slow, and the largest part of the protein exchange happens with the lowest 

rate constant (k1). The fitting results are presented in Table 7.1; 1/k reflects the time scale of 

exchange. From the fitting, we found that about 80 % of the exchange took place at a time scale 

of about 500 s (1/k1 = 497 ± 60 s) for C3Ms composed of native CotA, and about 75 % of the 

exchange happened on a time scale of about 600 s (1/k1 = 616 ± 88 s) for C3Ms composed of 
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CotA-E40. Thus, the protein exchange between CotA-E40-C3Ms is slower by about 1.2 times 

compared to native CotA-C3Ms. 

 Because the rate constants differ significantly (k1 is in the order of 10 times lower than 

k2), it is unlikely that this is due to differences in the exchange rate of donor and acceptor (or 

donor and acceptor SCs). Instead, we assume that there is a small fraction of more loosely 

bound enzymes (or soluble enzyme-polymer complexes) at the outside of the micelles that can 

exchange relatively fast with the SCs and free protein in solution. To exchange the enzyme 

molecules that are in the center of the core, takes more time. These proteins have to diffuse 

through the core to the outside, and the electrostatic attraction with the charged block of the 

polymers does slow down this diffusion considerably. Also, the rearrangement, i.e., the evenly 

mixing of donors and acceptors in the cores of the micelles that leads to maximum FRET 

efficiency, is slow. 

 

Table. 7.1. Fitting results on E(t)/ E() for mixing donor and acceptor C3Ms containing native 

CotA or CotA-E40. 

Sample k1 (s
-1) t1 (s) x1 k2 (s

-1) t2 (s) x2 

CotA WT 

0.0020 ± 

0.0003 497 ± 60 0.8 ± 0.02 0.05 ± 0.01 24 ± 9 0.2 ± 0.02 

CotA-E40 

0.0017 ± 

0.0003 616 ± 88 0.75 ± 0.21 0.02 ± 0.01 54 ± 12 0.25 ± 0.21 

CotAWT with 

20 mM NaCl 

0.0040 ± 

0.0003 251 ± 18 0.62 ± 0.02 4.45 ± 0.68 0.2 ± 0.0 3 0.39 ± 0.02 

CotA-E40 with 

20 mM NaCl 

0.0026 ± 

0.0019 517 ± 268 0.45 ± 0.06 0.04 ± 0.01 
29 ± 9 0.55 ± 0.06 

* k1, and k2 are the exchange rate constants, respectively; x indicates the corresponding fraction 

exchanged with these rate constants (x1 + x2 = 1), t (= 1/k) indicates the time scale of exchange. 

Error margins represent the standard deviation from three repetitions (n = 3). Fitting the data 

used parameters fD = 0.5. ND and NA of C3Ms composed of native CotA = 55. ND and NA of 

C3Ms composed of CotA-E40 = 28.  

 

Increasing the salt concentration affects the fractions exchanged at shorter and longer 

times. After adding 20 mM NaCl, the fraction that was exchanged with the higher rate constant 

(k2) increased for both native CotA and CotA-E40. Apparently, it becomes easier for the 

proteins to diffuse and rearrange in the micelles when salt is added, and the electrostatic 

interactions in the core become lower. The exchange rate between C3Ms composed of CotA-

E40 is still lower than between native CotA-C3Ms; however, the additional charge from the 40 

glutamic acid residues on CotA-E40 is insufficient to significantly decrease the exchange 
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dynamics even though improved salt stability was observed (in more specific, approximately 

50% of the fluorescently-tagged enzymes were released from the cores of the micelles upon 

addition of 80 mM NaCl and 150 mM NaCl for native CotA and CotA-E40, respectively).15 

In contrast to our results, simulations and experiments by Bos et al.11,14 showed a 

significant decrease in the exchange rate with the increasing number of charges on one of the 

two core species on C3Ms composed of synthetic polyelectrolytes or DNA.11,14,40 The 

difference may be due to the fact that proteins have a lower charge density than polyelectrolytes 

or DNA, which might make the relaxation dynamics in the core different. In addition, for 

protein-containing C3Ms, the expulsion of SCs is likely the rate-determining step for exchange, 

and these small protein-diblock complexes have a low net charge. Therefore, it may not surprise 

that the exchange rates for native CotA-C3Ms and CotA-E40-C3Ms are on the same order of 

magnitude. 

The fast exchange indicates that C3Ms are not very effective for protecting proteins against 

environmental effects: even if the concentration is far above the critical micelle concentration 

and without added salt, enzyme exchange between micelles takes place within a few minutes. 

Adding extra charges to the protein decreases the exchange rates only by a relatively small 

amount (20 %). In the next section, core-crosslinking of fluorescent proteins will be tested as 

a tool to decrease the protein exchange dynamics of between C3Ms. 

 

7.3.3. Fluorescence quenching upon encapsulation of fluorescent proteins into C3Ms and 

subsequent core-crosslinking 

Another strategy to create salt-resistant micelles is crosslinking. Here, we core-crosslinked the 

C3Ms that were generated from fluorescent proteins and amine-functionalized diblock 

copolymer QNH2
PM2VP128-b-PEO477. Different concentrations of the diblock copolymer were 

added to a constant concentration of fluorescent protein. The formation of C3Ms was observed 

by using DLS. The mixing composition that had the highest scattering intensity (I) and lowest 

polydispersity index (PDI) was identified as the preferred micellar composition (PMC), 

resulting in the highest concentration and most well-defined micelles3,16,19,41,42 (Figure S7.5., 

Supplementary information).  

Figure 7.4 shows the fluorescence emission spectra of mTurquoise2 free in solution and 

encapsulated in micelles. The encapsulated protein shows a decrease in fluorescence intensity 

of around 35 % compared to the protein-free in solution. In earlier studies, fluorescence 

quenching of fluorescent proteins (FPs) upon encapsulation in C3Ms was also observed. 29,30,31 

However, the polymer used in this study showed a more severe effect, possibly due to the 
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ethyleneamine on the pyridine ring promoting physical contact or diffusive encounters between 

chromophores of mTurquoise2 and the polymer, leading to more quenching. When the core 

was crosslinked by adding the core-crosslinker DTBP to the micelle solution, with a 

concentration of two times (DTBP 2X) or four times (DTBP 4X) of the concentration of amines 

in the diblock copolymer, the fluorescence intensity dropped even more. The addition of a 

crosslinker could affect the β-barrel of the fluorescent protein, and the addition of a crosslinker 

might result in a more compact/ tight core resulting in additional quenching. 

 

Figure 7.4. Normalized fluorescence emission spectra of free mTurquoise2 in solution (blue) 

and encapsulated in C3Ms (orange) for (A) non-crosslinked C3Ms, (B) core-crosslinked C3Ms 

DTBP 2X, and (C) core-crosslinked C3Ms DTBP 4X. The spectra were recorded upon 

excitation at 440 nm. 

 

Like the formation of CotA-containing C3Ms, the formation of FP-containing C3Ms was 

found to happen so quickly that it was impossible to record this process in a FRET experiment 

(Figure S7.1., Supplementary information). In contrast to our results, experiments by Nolles et 

al. observed that the relaxation time of C3Ms composed of FP and PM2PV128-b-PEO477 was 

about 100 seconds.5 Other equipment allowing faster measurement, such as a stopped-flow 

spectrofluorometer, could be used to monitor the formation of C3Ms. 

 

7.3.4. FRET efficiency and exchange dynamics of non-crosslinked and crosslinked FP-

containing C3Ms 

Before we measured fluorescent proteins' exchange dynamics, we determined the FRET 

efficiency of mixed micelles. We used mTurquoise2 (donor) and SYFP2 (acceptor) in a ratio 

of 1:1 and recorded the fluorescence emission spectra. Figure 7.5 shows that mixing non-

crosslinked donor and acceptor C3Ms and waiting for equilibrium gave a FRET efficiency of 

about 47 ± 5 %, and adding a crosslinker resulted in a FRET efficiency of about 44 ± 4 % and 
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8 ± 3 % for DTBP 2X and DTBP 4X, respectively. Meanwhile, when first free mTurquoise2 

and SYFP2 were mixed, and then diblock was added, E was found to be about 51 ± 2 %; adding 

crosslinker resulted in E of about 51 ± 1 % for both DTBP 2X and DTBP 4X, respectively. 

Mixed C3Ms of donor-acceptor that have been crosslinked have lower FRET efficiency than 

non-crosslinked mixed C3Ms of donor-acceptor. The higher the crosslinker concentration 

added to the C3Ms, the lower the FRET efficiency, indicating the protein exchange between 

C3Ms decreased or no significant protein exchange between C3Ms occurs due to network 

forming in the core. 

 

Figure 7.5. Normalized fluorescence emission spectra of C3Ms: donor only (green), C3M 

acceptor only (grey), mixed donor C3Ms and acceptor C3Ms (orange), and C3Ms prepared 

from mixed free donor and free acceptor (blue). (A) C3Ms without core-crosslinks, (B) core-

crosslinked C3Ms DTBP 2X, and (C) core-crosslinked C3M DTBP 4X. The normalization was 

done by dividing the emission intensities by the maximum intensity of the C3M donor only. 

The emission was recorded upon excitation of 440 nm. 

 

After measuring the maximum FRET efficiency, we performed exchange dynamics 

experiments on FP-containing C3Ms. We mixed C3Ms composed of mTurquoise2 (donor) with 

C3Ms composed of SYFP2 (acceptor) and monitored the donor fluorescence intensity at 475 

nm upon 440 nm excitation over time. Figure 7.6 shows the normalized FRET efficiency 

E(t)/E()  after mixing donor C3Ms with acceptor C3Ms, without a core-crosslinker and in the 

presence of the core-crosslinker DTBP (DTBP 1X and DTBP 2X).  Without crosslinker, the 

FRET efficiency quickly increased and reached the maximum value after several seconds, 

indicating that the exchange of the FPs between micelles is relatively rapid. The addition of 

crosslinker led to a slower increase of the FRET efficiency to the maximum FRET efficiency, 

pointing to a slower protein exchange between donor and acceptor micelles. When the micelle 
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solution was incubated with a four-fold excess of crosslinker (DTBP 4X), the FRET efficiency 

increased only a bit just after mixing, but then became constant and never reached the maximum 

FRET efficiency of completely mixed donor-acceptor micelles (Figure 7.6). Apparently, at this 

excess of crosslinker, the proteins are completely stuck in the core and cannot diffuse out, so 

no significant exchange takes place.  

 

Figure 7.6. Normalized FRET efficiency E(t)/ E() as a function of time after mixing donor 

C3Ms and acceptor C3Ms without crosslinker (blue), with crosslinker DTBP 1X (orange), with 

crosslinker DTBP 2X (grey), and with crosslinker DTBP 4X (yellow). 

 

By fitting the experimental data to Equation 7.1, we can calculate the C3Ms exchange rate 

constants. For the fitting, we used 450 protein molecules within one micelle. This number of 

FPs per micelle has been determined by Nolles et al.5,21 Since we have used FPs with the same 

charge (pH 9) and the same block copolymer with a comparable degree of quaternization, we 

assume N = 450 is a very good estimate. Again, we used two rate constants. The fits show that 

the exchange rate constant k1 dominates the exchange process. By applying core-crosslinking, 

the value of k1 decreased significantly, indicating the exchange rate C3Ms is getting slower. 

Table 7.2. summarizes the fitting results. Protein exchange on a timescale of about 30 s (x1 = 

72 %) was observed for FP containing micelles without crosslinker. However, with the addition 

of DTBP 1X, the fraction of slower exchange (x1) increased to 91 % with an exchange on an 

increased timescale of about 80 s (1/k1= 78.27 ± 10.96). Using core-crosslinking of DTBP 2X, 

x1 even increased to 98 %, and the timescale went up to about 2600 s (1/k1 = 2611.11 ± 673.58). 

The higher the concentration of crosslinker added to the solution of C3Ms, the lower k1 and the 
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higher the corresponding fraction of slow protein exchange is. Clearly, the exchange slows 

down due to the more extensive and denser network of the crosslinked cores.  

Core crosslinking of protein-containing micelles seems a promising strategy to limit the 

protein exchange rate between C3Ms as the proteins are kinetically trapped in the cores. This 

beneficials for protein protection applications. However, this is less favorable for delivery 

applications unless the crosslinks can be broken by a trigger (reversible crosslinks). 

 

Table 7.2. Fitting results on E(t)/ E() for mixing donor and acceptor C3Ms containing 

mTurquoise and SYFP2, without and with crosslinker addition. 

Sample k1 (s-1) t1 (s) x1 k2 (s-1) t2 (s) x2 

C3M mix mTurq2 

SYFP2 

0.04 ± 

0.03 

30.92 ± 

21.45 

0.72 ± 

0.13 

66.77 ± 

34.92 

0.02 ± 

0.01 

0.28 ± 

0.13 

C3M mix mTurq2 

SYFP2 DTBP 1X 

0.01 ± 

0.002 

78.27 ± 

10.96 

0.91 ± 

0.03 

82.07 ± 

24.32 

0.013 ± 

0.005 

0.09 ± 

0.03 

C3M mix mTurq2 

SYFP2 DTBP 2X 

0.0004 ± 

0.0001 

2611.11 ± 

673.58 0.98 ± 0.0 

144.4 ± 

5.3 

0.01 ± 

0.0 

0.02 ± 

0.0 

* k1, and k2 are the exchange rate constants, respectively, with x the corresponding fraction of 

exchange (x1 + x2 = 1); t (= 1/k) indicates the time scale of exchange. Error margins represent 

the standard deviation from three repetitions (n = 3). Fitting the data used parameters fD = 0.5. 

ND of C3M composed of mTurquoise = 450. NA of C3M composed of SYFP2= 450.   

  

7.4. Conclusions 

We studied the formation of protein-containing C3Ms and the dynamics of protein exchange 

between C3Ms using FRET. Fluorescence quenching occurs when the diblock copolymer is 

added to a solution of fluorescently labeled enzyme (CotA or CotA-E40) or fluorescent proteins 

(mTurquoise) due to the formation of C3Ms, and this quenching can be recovered by adding 

salt, indicating the salt-induced disintegration of the micelles. The rate of C3M formation was 

found to be too fast to determine the corresponding rate constants for all systems studied. 

Protein exchange between C3Ms took place on a longer timescale than C3M formation. The 

experimentally determined FRET efficiencies after mixing donor and acceptor micelles, as a 

function of time, could be fitted using an analytical model. For a good fit, two exchange rate 

constants were needed. Most likely, the higher exchange rate constant reflects the exchange via 

loosely bound proteins or small protein-polymer complexes at the outer part of the C3M core. 

The lower rate constant would then be related to the slower process of protein diffusion and 

rearrangement in the cores. Fitting the exchange data to the FRET-based exchange model 

showed that increasing the charge of CotA, by genetically adding a tail of 40 glutamic acid 
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residues (CotA-E40), slows down the exchange of the protein between C3Ms by a factor of 1.2. 

The addition of salt still boosts the exchange rate significantly. Salt ions screen the electrostatic 

interactions, lowering the energy barrier and increasing the expulsion of small complexes from 

the core, resulting in a faster exchange. Core-crosslinking fluorescent protein-containing C3Ms 

with DTBP (in excess of two times the amine concentration of the diblock copolymer) slows 

the protein exchange by more than 80 times compared to non-crosslinked C3Ms. Thus, the core-

crosslinking strategy slowed down the protein exchange between C3Ms significantly better than 

providing extra charge to the proteins. This implies that core-crosslinking is the most promising 

of the two strategies to make C3Ms applicable for protecting proteins against a hostile 

environment. For protein delivery purposes, it will be necessary to make crosslinks in the 

C3Ms’ core that are reversible and can be broken using a trigger. 
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Supplementary information 

 

S7.1. Kinetics of the formation of proteins-containing complex coacervate core micelles  

 

Figure S7.1. FRET C3M formation experiments on (A) native CotA, (B) CotA-E40, and (C) 

fluorescent proteins. The samples were prepared by mixing free donor and acceptor and then 

adding diblock copolymer (see ‘Kinetics of C3M formation’ in the experimental section for 

details). These data show that the formation of C3Ms is extremely fast and cannot be monitored 

using FRET. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Chapter 7 

 

195 

 

S7.2.  Fluorescence lifetime measurements on fluorescently labeled native CotA and CotA-

E40 

 

Figure S7.2. Lifetime measurements on (A) native CotA and (B) CotA-E40 as a free enzyme 

in solution (blue), encapsulated in C3Ms (orange), and after adding 200 mM NaCl into the 

enzyme-containing C3M samples (yellow). This shortened lifetime is evidence that the 

quenching that takes place in the micelles is dynamic. 

 

 

Table S7.1. Fluorescence lifetime analysis 

Samples Average fluorescence lifetime (ns) 

1. Free native CotA-Alexa 488 3.2 ± 0.1 

2. C3M native CotA-Alexa 488 2.0 ± 0.1 

3. Free CotA-E40-Alexa 488 3.4 ± 0.0 

4. C3M CotA-E40-Alexa 488 2.2 ± 0.2 
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S7.3. FRET efficiency for native CotA-C3Ms with different mixing ratios of donors and 

acceptors 

 

Figure S7.3. FRET efficiency (E) as a function of time for different mixing ratios of donor 

C3Ms and acceptor C3Ms. 
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S7.4. Normalized fluorescence emission for free enzymes and enzymes encapsulated in 

C3Ms 

 

Figure S7.4. Normalized fluorescence spectra of free donor enzyme (blue), donor C3Ms 

(orange), mixed donor-acceptor C3Ms (grey), mixed donor-acceptor C3Ms with addition of 20 

mM NaCl (green), and with addition of 200 mM NaCl (yellow). (A) native CotA, and (B) CotA-

E40. The emission was recorded upon excitation of 490 nm. 
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S7.5. Encapsulation of fluorescent proteins into C3Ms using amine-functionalized diblock 

copolymer 𝐐𝐍𝐇𝟐
PM2VP128-b-PEO477 observed by dynamic light scattering (DLS) 

 

Figure S7.5. Light scattering intensity (I), hydrodynamic radius (Rh), and polydispersity index 

(PDI) for mixtures of (A) mTurquoise2, (B) SYFP2, and the diblock copolymer 

QNH2
PM2VP128-b-PEO477 at different mixing compositions (F-) observed by using DLS.  

 

 

The mixed ratio composition (F-) is calculated by using the equation F- = 
[𝑛−]

[𝑛+] + [𝑛−]
 . Where [n-] 

refers to the concentration of negative charge on the enzyme molecules, and [n+] refers to the 

concentration of positive charge on the diblock copolymer. The preferred micellar composition 

(PMC) of the fluorescent proteins is found at a low value of F- = 0.2. For charge neutrality, a 

value of F- = 0.5 would be expected. This deviation of the PMC suggests that the C3M 

formation is not only driven by electrostatic attraction but also driven by other forces such as 

hydrophobic interaction.20,21 
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This final chapter highlights important findings and connections between the results of the 

various experimental chapters. In this chapter, I put my thesis in a broader scope and discuss 

the potential future of protein-complex coacervate core micelles (C3Ms). This thesis describes 

several strategies to improve salt stability and decrease the exchange dynamics of protein-

containing C3Ms. The salt stability of C3Ms and their exchange dynamics determine the level 

of protection and controlled delivery offered by C3Ms as protein carriers. In this study, the 

focus was on the encapsulation of the enzyme CotA Laccase. In addition, as a proof of concept, 

the fluorescent proteins (mTurquoise2 and SYFP2) were used to study the exchange dynamics, 

next to fluorescently labeled CotA. To improve the salt stability of C3Ms, I have used the 

following strategies: addition of homopolymers (polyelectrolytes) of the same charge sign as 

the enzyme (three-component C3Ms), insertion of additional charges to the enzyme (by 

bioconjugation and by genetic engineering), and covalent core-crosslinking of the C3Ms.   
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8.1. Why encapsulate proteins into complex coacervate core micelles? 

Proteins are valuable macromolecules that have been used for many applications such 

as pharmaceutical and food applications. For pharmaceutical applications, some proteins such 

as human growth hormone, factor VIII, insulin, monoclonal antibodies, and enzymes are often 

used as therapeutic proteins.1–3 In contrast to low molecular weight drugs, proteins possess 

primary, secondary, tertiary, and, in some cases, quaternary structures. Disruption of these 

structures (by denaturation or degradation) can cause a loss of biological activity for many 

proteins.4 Another problem encountered in the application of therapeutic proteins is their short 

half-life in blood circulation.5 Encapsulating these proteins into C3Ms could extend their half-

life in the blood circulation and protect the protein from shear forces inside the blood vessels.6 

Encapsulating proteins into C3Ms also provides the opportunity to control the release.7–9 Due 

to the high loading efficiency of C3Ms, encapsulation of therapeutic proteins into C3Ms will 

make it possible to deliver many protein molecules from one micelle. The nanoscopic size of 

C3Ms aids cell intake/ absorption.4 Another advantage over other methods to encapsulate 

proteins is that C3Ms are easy to prepare from just aqueous solutions (no organic solvents 

needed). 

For food industry applications, enzymes such as α-amylase, protease, lactase, and glucose 

oxidase are often used to improve the taste and texture of food, and its nutritional properties, 

which offers substantial economic benefits to industries. It also benefits the consumer, who gets 

tastier and more nutritious food products.10 Enzymes are commonly used ingredients by food 

industries, such as bakery, dairy, and beverages products. For food application, protein 

encapsulation into C3Ms is beneficial to protect the protein against environmental stresses and 

during manufacturing process operations where high temperatures can occur.  

 

8.2. What did we find? 

8.2.1. Formation, size, shape, and encapsulation efficiency of protein-containing C3Ms 

This study focuses on the encapsulation of spore coat protein A (CotA) laccase into C3Ms. We 

have chosen CotA as a model protein because it is well-studied. The production and purification 

of CotA are also relatively easy. Moreover, using an active enzyme makes it possible to study 

the effect of encapsulation on enzyme activity. CotA has a strongly positively charged patch on 

its surface.11,12 The charge of this patch (+15) is higher than the overall net charge of CotA at 

neutral pH (−10). The strong influence of the positive patch can be seen during the purification 
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of CotA laccase, in which this enzyme is still bound to the cation exchange column (SP-

Sepharose column) using Tris HCl buffer pH 7.6, although it has a pI of 5.84.  

Mixing positively charged diblock copolymer with negatively charged CotA laccase at 

neutral pH results in large aggregates and no C3Ms are formed probably due to the charged 

patches on the CotA surfaces. Additionally, there is no C3M formation at neutral pH because 

the electrostatic interaction between the enzyme and the diblock copolymer is too weak due to 

the insufficient negative charge of the enzyme. To reduce the effect of the positive patch and 

provide sufficient negative charge to the enzyme, the encapsulation of CotA was done at pH 

10.8. CotA laccase is an alkaline-resistant enzyme. This pH does not affect the secondary 

structure of the protein and even improves the activity of CotA laccase.13  

Encapsulation of protein was achieved by mixing protein solution with oppositely charged-

neutral hydrophilic diblock copolymer solution of poly(2-methyl-vinyl-pyridinium)128-block-

poly(ethylene-oxide)477 (PM2VP128-b-PEO477) (Chapter 2, 3, 4, and 7), or its amine-

functionalized derivative (QNH2
PM2VP128-b-PEO477) (Chapter 6 and 7). The electrostatic 

interaction between the charged protein and the oppositely charged block of polymer, 

accompanied by entropy gain due to the release of counterions, drives the formation of complex 

coacervate core micelles. The neutral hydrophilic blocks of the polymers prevent macroscopic 

phase separation of the coacervate and aggregation of the micelles due to steric repulsion.14–19 

Furthermore, due to the hydrophobic character of some amino acid residues of the protein 

(resulting from, e.g., aromatic side chains of phenylalanine and tryptophan) and hydrophobic 

parts of the polyelectrolyte block of the polymers (such as vinyl backbone of PM2PV-b-PEO, 

the styrene group of PSS, and alkyl part of ethyleneamine), the formation of protein-containing 

C3Ms may also be promoted by hydrophobic interactions.20–24  

To observe the formation of enzyme-containing C3Ms, we used dynamic light scattering 

(DLS) and fluorescence correlation spectroscopy (FCS). DLS allows the observation of the 

structural features of C3Ms based on the fluctuation of scattered light intensity due to the 

Brownian motions of particles. These scattered intensities can be auto-correlated to retrieve the 

diffusion coefficient of the particles in the solution. However, because DLS is only based on 

the scattering light intensity, it cannot give information about the fraction of enzyme 

incorporated in C3Ms (encapsulation efficiency). Similar to DLS, with FCS one can also 

observe the structural features of C3Ms based on the fluctuation of fluorescence intensity due 

to the Brownian motions of fluorescent particles moving in and out of the confocal volume. 

However, with FCS, we can also observe the fraction of enzyme encapsulated. To monitor the 

exchange dynamics of proteins between micelles, we used Förster resonance energy transfer 
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(FRET). We separately prepared C3Ms containing CotA labeled with a FRET donor (donor 

micelles) and C3Ms containing CotA labeled with a FRET acceptor (acceptor micelles). By 

mixing donor and acceptor micelles, the exchange of proteins leads to an increasing FRET 

efficiency as the two types of proteins become mixed in the same core of micelle, close enough 

to each other for FRET to occur and to be quantified. We also used fluorescent proteins to study 

protein exchange between C3Ms, which is more straightforward to perform using the 

fluorescence spectroscopy technique because no labeling step is needed. 

We managed to observe the preferred micellar composition (PMC) by using DLS. On the 

PMC, the mixed ratio of protein and diblock copolymer resulted in the highest concentration 

and most well-defined micelles that observed as the highest scattering intensity and the lowest 

polydispersity index (PDI).25–27 Our study shows that C3Ms composed of native CotA and 

genetically engineered CotA (Chapter 2 and 4) have a PMC at a mixing composition (F−) of 

about 0.5. At F− = 0.5, the concentrations of positive charges on the diblock and net negative 

charges on the enzyme are equal ([−]/[+] =1), and an electrically neutral core is expected to 

form.19 However, for three-component C3Ms (Chapter 2) and C3Ms that are formed using the 

amine-functionalized diblock copolymer (Chapter 5, 6 and 7), the PMC deviates from the 

charge balance between negative and positive charges because of the contribution of other 

factors besides electrostatic interaction in the complex formation, such as hydrophobic 

interactions. 

From the DLS and FCS data the diffusion coefficients were used to calculate the 

hydrodynamic radius (Rh) based on the Stokes-Einstein relation for spherical particles. DLS 

and FCS provided similar Rh values when the particle size distribution in the samples is 

relatively narrow (before the addition of salt). The Rh of C3Ms composed of native CotA and 

PM2VP128-b-PEO477 at their PMC is 32-35 nm. However, C3Ms composed of bioconjugated 

CotA and genetic engineered CoA with the same diblock copolymer are smaller than C3Ms 

composed of native CotA. As the enzyme charge increases, the micellar size decreases because 

fewer enzyme molecules are required to neutralize the diblock copolymers; thus, fewer CotA 

molecules are incorporated into one micelle. On the other hand, the concentration of C3Ms 

composed of the higher charged CotA enzymes is higher than the concentration of C3Ms 

composed of native CotA, so that the encapsulation efficiency is approximately the same. 

Moreover, all micelles in this study have a spherical shape shown by multi-angle DLS.6,18,28,29 
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We used the cumulant method for analysis of particle size distribution and mean particle 

size from DLS measurement in this study. However, the cumulant method determines the 

particle size distribution based on the assumption that only one particle population exists and 

have a gaussian distribution around average particle size. After salt was added, the sample's 

polydispersity index (PDI) increased, and cumulant method provides less accurate Rh because 

the particle size distribution broadens, and multiple peaks are formed. In the case of 

polydisperse samples with bimodal or polymodal particle size distributions, other analysis 

methods such as the CONTIN or CORENN could be used.62  

 

8.2.2. Enzyme activity and secondary structure 

CotA oxidizes a wide range of substrates such as polyphenols, methoxy-substituted phenols, 

diamines, and even some inorganic compounds.30,31 In this thesis, we measured the activity of 

CotA laccase using the non-phenolic substrate 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic 

acid) (ABTS) because the activity assay protocol using ABTS is well established, and the 

resulting green-colored product (ABTS•+) is easily detected by using an ultraviolet/ visible 

(UV/vis) spectrophotometer. The reduction of type I copper center (T1) on the laccase structure 

is the rate-limiting step in the reactions catalyzed by laccase. The pH dependence of the redox 

potential (Eº) for substrate and laccase lead to a larger difference in redox potential [ΔEº = 

Eºlaccase,T1 Cu − Eºsubstrate,single electron] or driving force (for the electron transfer from substrate to 

T1 copper) at higher pH. The predominant effect of ΔEº result in a higher substrate oxidation 

rate, in which the activity increases as the pH increases.103,104 Some studies have shown that 

small halide anions such as chloride (Cl−) and bromide (Br−) can inhibit laccase activity due to 

interruption of the internal electron transfer of copper atoms that coordinate with these anions. 

Moreover, other inhibitors of laccases like EDTA affect the laccase activity by chelating copper 

atoms. The presence of reducing agents such as dithiothreitol (DTT) interferes with the reaction 

of substrate oxidation and by modifying amino acid residues.32,105 

In this study, we cannot measure the activity of native CotA when it is inside micelles 

because the activity measurement using the ABTS assay is performed at pH 4.4, while C3Ms 

were generated at a pH of 10.8. Native CotA is released from the micelles at this low pH and 

then oxidizes the substrate ABTS. We found that the encapsulation of CotA in two-component 

and three-component C3Ms maintains its catalytic activity (Chapter 2). Moreover, genetically 

engineered CotA with short polyglutamic acid tails and bioconjugated CotA with short 

poly(acrylic acid) (PAA) tails showed improved CotA activity. A possible explanation for the 
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enhanced activity of these enzymes is due to the addition of these short, polar, and charged tails 

which improve the  solubility of enzymes and the substrate can easily bind to the active site of 

CotA.33–35 However, bioconjugation with longer polymer chains and the addition of core-

crosslinkers to the C3Ms reduced the activity of CotA because such chains and the polymer 

network within the core hinder the binding of the substrate to the active site of CotA (Chapter 

3 and Chapter 6). Circular dichroism (CD) shows that protein encapsulation into C3Ms 

maintains the secondary protein structure (Chapter 2). This supports the maintenance of CotA 

activity after encapsulation into C3Ms. The addition of a tag of amino acid residues by genetic 

engineering on the enzyme and bioconjugation of CotA with a short homopolymer did not alter 

the secondary structure of the protein either. 

 

8.2.3. Combatting disintegration of encapsulated proteins 

In this study, we observed a response of protein-containing C3Ms to the addition of salt, as salt 

affects the C3Ms formation and the C3Ms exchange dynamics.15 Addition of salt weakens the 

electrostatic interaction by shielding the charges and decreases the entropy gain from the release 

of counterions.36–38 Therefore, it opposes C3M formation. In addition, as the charge of a protein 

depends on the pH, the pH is also an important parameter for tuning the electrostatic interaction 

strength and the C3M stability.  

We used both DLS and FCS to observe the salt stability of protein-containing C3Ms. Using 

DLS, we observed the dissociation of micelles as decreasing light scattering intensity (I). FCS 

showed dissociation of micelles as an increasing number of fluorescent particles detected in the 

confocal volume37 as the fluorescent-labeled CotA is released from the core of micelles. This 

can be seen from the autocorrelation function, in which the intercept of the Y-axis equals 1+1/N, 

where N is the average number of particles in the confocal volume. Moreover, the addition of 

salt broadens the distribution in micellar size, confirmed by the increasing PDI value observed 

by using DLS. The micellar aggregation number is hardly influenced at very low salt 

concentrations.36,38 At medium salt concentration (below the critical salt concentration), the 

fraction of encapsulated protein decreases almost linearly with salt concentration. The C3Ms 

will be completely disintegrated after the addition of salt exceeds the critical salt concentration. 

The critical salt concentration of complex coacervates generally depends on the type of 

salt used. Salt that is less hydrated and composed of highly polarizable ions (i.e., KSCN) is 

more effective in disturbing the electrostatic interactions in coacervate complexes than highly 

hydrated salts (i.e., NaCl).39,40 Moreover, salts containing divalent ions such as Na2SO4 and 
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CaCl2 are much more efficient in preventing coacervate formation than NaCl.41 In this study, 

we observed the salt stability of protein-containing C3Ms using NaCl. The inert anion Cl− takes 

a transitional position between kosmotropic and chaotropic salts and has little influence on 

polymer solubility and protein stability.40 Moreover, NaCl is one of the most common salts 

used in food and pharmaceutical products and therefore is relevant for the application of C3Ms. 

For potential biomedical applications, the stability of micelles under physiological salt 

conditions is paramount. We used a range of salt concentrations around these physiological 

conditions (150 mM NaCl) to study the salt stability of enzyme-containing C3Ms. 

In this thesis, we observed differences in salt stability by adding NaCl to different types of 

C3Ms with the same length of the diblock copolymer. For C3Ms composed of native CotA and 

diblock copolymer PM2VP128-b-PEO477, complete disintegration of C3M happens at salt 

concentrations above 100 mM NaCl (Chapter 2, 3, 4); however, for C3Ms composed of 

homopolymer PAA (weak polyelectrolyte) with amine-quaternized diblock copolymer 

(QNH2
P2VP128-b-PEO477), complete disintegration of C3M happens at salt concentrations 

above 400 mM NaCl (Chapter 5). For C3Ms composed of homopolymer PSS (strong 

polyelectrolyte) and P2MVP128-b-PEO477, complete disintegration of C3M only occurs at very 

high salt concentrations (far above 1 M NaCl) (Chapter 2).39 From these findings, we can 

identify several trends in the salt stability of C3Ms. First, the charge density of the C3M 

components is important to the salt resistance of C3Ms since these charges determine the 

strength of interaction between the core components of the micelles. Polyelectrolytes with 

lower charge densities have lower critical salt concentrations. Secondly, a combination of 

polyelectrolytes with hydrophobic groups results in higher critical salt concentrations since the 

hydrophobic complexes are depleted of salt, and hydrophobic interactions promote the complex 

formation.39   

Salt also accelerates the exchange dynamics of proteins between C3Ms. For our systems, 

exchange via an expulsion/ insertion mechanism of small soluble complexes (SCs) of proteins 

and polymer is most likely.16,42 The SCs can be expelled from the micelle if they overcome the 

corresponding energy barrier. A decrease in electrostatic interactions by adding salt decreases 

this energy barrier and therefore increases the exchange rate.42,43 Moreover, increasing the salt 

concentration reduces the interfacial tension between the coacervate core of the micelles and 

the aqueous solution, which favors the detachment of small complexes.36,38,44–46 Protein 

exchange dynamics should be minimized to limit the undesired exposure of the protein to the 

environment and to protect and deliver the protein. 
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8.3. Do the offered strategies solve the challenges of C3M salt stability and 

exchange dynamics? 

This thesis describes several potential strategies to improve salt stability and decrease the 

exchange dynamics of protein-containing complex coacervate core micelles. These strategies 

are adding a homopolymer of the same charge sign as the protein to the C3Ms (three-component 

micelles), adding extra charges to the protein by either bioconjugation or genetic engineering, 

and core-crosslinking of the micelles. Different applications have different stability 

requirements, so possibly also different strategies have to be followed. For example, therapeutic 

protein delivery requires stability under physiological salt conditions (150 mM NaCl and pH 

7.4), for waste treatment or in seawater applications require stability at about 700 mM NaCl 

and pH 7.4–8.4,47,48 and for food applications, C3Ms mostly require stability at acidic 

conditions (lower than pH 7). Below I discuss for each strategy the most significant results, 

providing comparable information to help to choose the best strategy for specific applications. 

 

8.3.1. Three-component micelles strategy 

For our first strategy, we observed the effect of adding a homopolymer with the same charge 

sign as the protein in the mixed solutions of enzyme and diblock copolymer to form three-

component C3Ms. We used the anionic homopolymer poly(4-styrenesulfonate)215 (PSS215) as 

the third component, in addition to CotA and the diblock copolymer (Chapter 2). We chose 

this strategy because several previous studies reported a fairly high salt resistance of three-

component coacervate phases and three-component C3Ms.48,49 However, there is no clear 

explanation of how these three-component C3Ms improve the salt stability, so this needed 

further investigation of the three-component strategy for protein encapsulation.50  

In three-component micelles, there are three types of interactions: first, the attraction 

between the negatively charged CotA and the positively charged diblock copolymer; second, 

the attraction between negatively charged PSS215 and positively charged diblock copolymer; 

and third, the repulsion between CotA and PSS215. DLS showed that adding homopolymer 

indeed improves the salt stability of C3Ms, and the micelles were found to be stable even far 

above physiological salt concentration. The higher the concentration ratio of PSS over CotA, 

the better the salt stability of these micelles. However, FCS data showed that the enzyme 

already leaves the micellar core at lower salt concentrations than at which the two-component 

micelles disintegrate. The low charge density of the enzyme compared to the charge of the 

homopolymer results in the replacement of CotA laccase in the core by the homopolymer when 
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the salt concentration increases, amply before the micelles fall apart. The enhancement of salt 

stability in three-component micelles showed by DLS due to the attraction between negatively 

charged PSS215 and positively charged diblock copolymer. This study shows that three-

component C3Ms are not suitable for achieving stable enzyme encapsulation. 

 

8.3.2. Increasing the net charge of the protein (by bioconjugation or genetic engineering) 

Due to the lower charge density of proteins in comparison to synthetic polyelectrolytes, protein-

containing C3Ms disintegrate at lower salt concentrations than those composed of synthetic 

polyelectrolytes. The stability of C3Ms depends on the strength of the electrostatic interactions 

between the protein and polymer in the core. The oppositely charged groups of the two 

macromolecules in the core form ion pairs and hold the complex together. The more charges 

on the macromolecules capable of cooperative ionic interactions, the more salt is required to 

screen this attraction. Consequently, C3Ms are expected to be more stable when the protein's 

net charge increases. Increasing the net charge of protein can be done by bioconjugation and 

genetic engineering. Both approaches were investigated in this study.  

Bioconjugation is the chemically coupling biomolecules with other biomolecules or 

synthetic polymers such as polyelectrolytes. Protein bioconjugation is generally used to study 

biological interactions in which protein binds with probe molecules or for biosensors in which 

proteins are attached to surfaces.51 We chose the bioconjugation strategy because generally 

bioconjugation is a simple method to change the net charge of proteins. We coupled one or a 

few carboxyl groups from PAA to the primary amines of CotA using a combination of 1-ethyl-

3-(3'-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide 

(NHS) linker.52,53 (Chapter 3). After bioconjugation, CotA has distribution in its charges due 

to the heterogeneity in the PAA attached: not all CotA molecules in a sample have the same 

amount of PAA chains attached, and one chain of PAA could be attached to more than one 

CotA; in addition, the PAA chains themselves are not monodisperse. To produce a 

bioconjugated enzyme fraction with a narrower net charge distribution, an extra purification 

step is required, such as size exclusion column chromatography or anion-exchange 

chromatography, to yield conjugates with precisely one or two PAA molecules chains per CotA 

molecule.54 

DLS and FCS showed that native CotA-containing C3Ms fall apart below physiological 

salt concentration. However, C3Ms composed of CotA bioconjugated with long chains of PAA 

(PAA118) and a high PAA to CotA ratio (5:1) have improved salt stability, and C3Ms are still 
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present at physiological salt concentration. The higher the molecular weight of PAA, the higher 

the critical salt concentrations of C3Ms due to the higher strength of the attraction between the 

negatively charged CotA-PAA and the positively charged diblock copolymer.37 This result is 

different from what we found for three-component C3Ms. Bioconjugation of the homopolymer 

to the enzyme to make them one molecule hybrid is better than mixing them as two separate 

molecules in C3Ms: the enzyme cannot leave the C3Ms without the homopolymer, and there is 

no competition between the two. 

We continued our study to increase the net negative charge of CotA by using genetic 

engineering. We modified CotA by adding chains of glutamic acids (10, 20, 30, or 40 glutamic 

acid residues) on its C-terminal (Chapter 4). This strategy resulted in a homogenous increase 

in the protein's net charge, and all protein samples had a precise composition. Genetic 

engineering has already been widely used to produce valuable products. A variety of 

recombinant therapeutic proteins for medical use have been created by genetic engineering, for 

example, to produce large amounts of insulin from yeast cells.55,56 In our study, DLS and FCS 

showed improvement in the salt stability of genetically engineered CotA-containing C3Ms, and 

C3Ms were still present at physiological salt concentration. The more glutamic acid was tagged 

to CotA, the better the salt stability of these micelles.  

This study shows that bioconjugation and genetic engineering are promising strategies for 

improving the salt stability of enzyme-containing C3Ms. The genetically engineered enzymes 

have a slightly higher encapsulation efficiency than the bioconjugated enzymes. Probably the 

broad distribution in the net charge of bioconjugated CotA results in protein competition during 

C3M self-assembly, resulting in slightly lower efficiency. Although C3Ms composed of higher 

charged CotA variants become more resistant to salt-induced disintegration, these C3Ms 

disintegrate at low pH values below their pI (which results in a positive net charge on the 

enzyme). This approach cannot improve the stability of the C3Ms against pH changes. 

The effect of genetic engineering on the protein exchange dynamics between C3Ms was 

investigated using Förster resonance energy transfer (FRET). Native CotA and CotA-E40 were 

labeled with FRET pair probes: Alexa Fluor 488 and Alexa Fluor 568. Although genetic 

engineering with additional 40 glutamic acids enhances the salt stability of the enzyme-

containing C3Ms, it does not significantly decrease the exchange rate. The fast exchanges 

indicate that C3Ms are not very effective at protecting proteins from environmental effects. 
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8.3.3. Core-crosslinking of C3Ms 

We applied crosslinking between the diblock copolymers in the core to entrap the protein in the 

micelles without changing the protein, while maintaining the solubility of the micelles. For 

crosslinking, different functional groups (i.e., primary amine group, carboxylate, and sulfhydryl 

group) and crosslinkers (i.e., homobifunctional or heterobifunctional linker, cleavable or non-

cleavable) can be used. In this thesis, we investigated the effect of crosslinking on salt stability 

for C3Ms consisting of poly(2-vinylpyridine)-block-poly(ethylene oxide) (QP2VP-b-PEO) and 

PAA (Chapter 5) and for CotA-containing C3Ms (with QNH2
PM2VP128-b-PEO477 as the 

diblock) (Chapter 6). Thus, in both cases, the diblock copolymer was functionalized with an 

amine group.57 We chose the amine functional group because this group can react with many 

different reactive groups (e.g., isothiocyanate, NHS ester, and imidoester), and will not interfere 

with the positive charge of the diblock copolymer. We have applied crosslinking between 

primary amines and carboxylate groups of the two different types of chains in the core (by using 

1-ethyl-3-(3’-dimethylaminopropyl)carbodiimide hydrochloride (EDC) linker) (Chapter 5) 

and crosslinking between primary amines of the same type of polyelectrolyte chains (by using 

3,3′-dithiopropionimidate dihydrochloride (DTBP) linker) (Chapter 5 and 6). Both approaches 

significantly improved the stability of the C3Ms against salt and pH changes. The crosslinked 

network in the core prevents these micelles from dissociating even at very high salt 

concentrations.58–62 Moreover, reducing the disulfide bridges in the DTBP-crosslinked core at 

pH 7.4  almost completely restored the original C3M salt stability profile, thus enabling a 

reversible approach.  

This study also showed that the core-crosslink strategy effectively decreases the protein 

exchange rate between micelles. The higher the crosslinker concentration added to the C3Ms, 

the slower the exchange occurs. The protein is trapped in the crosslinked network of the core, 

preventing it from diffusing out, and at sufficiently high crosslinker concentrations, protein 

exchange is completely inhibited. For protection protein application, kinetically trapped protein 

in the C3Ms is preferable; however, for delivery applications, reversible crosslinks (the network 

can be broken by using a trigger) are preferred since the protein need to be released. 

 

8.4. What can be done to optimize the proposed strategies? 

Instead of adding a homopolymer as the third component of C3Ms, we described that it is better 

to couple/ bioconjugate the charged homopolymer to the protein to improve the salt stability of 

enzyme-containing C3Ms. Increasing the net charge of CotA using bioconjugation with longer 
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polymers (PAA118) increased the salt concentration above which the micelles completely 

disintegrated to about 400 mM NaCl. For applications that require C3Ms to stay well intact at 

above 400 mM, it is important to look at other polyelectrolyte tails for bioconjugation, such as 

poly(methacrylic acid) (PMAA). This polymer is an anionic, water-soluble, capable of reaction 

through carboxylates  groups, and has hydrophobic features (the presence of the methyl group 

of PMAA), therefore could improve the salt stability of C3Ms.39,63,64 

Bioconjugation using reactive side groups on naturally occurring amino acids (i.e., lysine, 

glutamic acid, and cysteine) leads to heterogeneities in the number and location of 

modifications. Site-specific protein bioconjugation could be achieved by adding unnatural 

amino acids (UAA) to the protein. Using unnatural amino acids such as 5-hydroxytryptophan 

allows chemoselective protein modification using the azo-coupling reaction.65 A tRNA charged 

with the UAA of interest is engineered to recognize a stop codon, which then adds the UAA in 

the growing polypeptide chain during protein translation (commonly referred to as nonsense 

codon suppression mechanism).66,67 

The salt stability enhancement of C3Ms using genetically engineered CotA with extra 

glutamic acids could still be improved by adding longer charged amino acid sequences. 

However, there is a maximum of amino acid residues that can be added to CotA above which 

the enzyme significantly changes its secondary structure or decreases its activity. In addition to 

adding a sequence of charged amino acids to the C-terminus of CotA, neutral amino acid 

residues on the surface of CotA can be replaced by charged amino acids. Genetic engineering 

could also reduce the positive patch effect on CotA laccase, in which lysine on the patch is 

mutated to the neutral or negatively charged amino acid residues. In addition, the genetically 

engineered protein could be transformed into a fusion protein with additional domains of 

charged and hydrophobic domains.68 The fusion protein's charged and hydrophobic domains 

can interact electrostatically and hydrophobically with the oppositely charged diblock 

copolymer, potentially forming coacervate complexes with enhanced salt stability. Several 

other experimental studies have shown that hydrophobic amino acids such as isoleucine, 

phenylalanine, and tyrosine are well tolerated on the protein surface. These amino acids could 

be introduced to hydrophobic domains.69 However, the effects on the secondary structure and 

enzyme activity need to be carefully examined.  

The increase in net charge improved the stability of protein-containing C3M against salt; 

however, it did not improve the stability against pH changes. Other driving forces than 

electrostatic interactions, such as hydrophobic interactions, are also interesting for improving 

the stability of protein-containing C3Ms. Hydrophobized C3Ms components are expected to 
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prevent micelle dissociation due to the association of hydrophobic groups.6 Additionally, 

temperature sensitivity polymers such as poly(N-isopropylacrylamide) (PNIPAM) can be 

incorporated as triblock copolymers to encapsulate protein.27,70,71 Upon an increase in 

temperature, the presence of PNIPAM could provide additional attractive interactions, such as 

cation-π interaction, that stabilize the coacervate core of the micelles.27,70,71 

Our results show that the core-crosslinking is the most effective strategy for increasing the 

salt stability of C3Ms and decreasing protein exchange dynamics. In the pH 7.4 (Chapter 5), 

disulfide bridges in the DTBP-crosslinked core can be reduced/ cleavage using a reducing agent 

such as DTT, and restore the original C3M salt stability (similar to non-crosslinked C3Ms), 

thus this reversible crosslink approach benefit for therapeutic protein delivery application. 

Core-crosslinking can be done using different crosslinkers and other active groups than amines 

and carboxylate, such as thiol, hydroxyl, or photoreactive groups.72,73 Core-crosslinking with 

other cleavable crosslinker reagents besides cleavable disulfide-containing linkers also can be 

done, for example, by using a diazo-containing crosslinker. Crosslinking agents that contain 

diazo bonds within their structure can be cleaved using sodium dithionite.65,74–77 Moreover, 

crosslinking agents containing an ester or thioester group within their structure can be cleaved 

under alkaline conditions using hydroxylamine. Core-crosslinking can also be performed using 

a cleavable photoreactive group that becomes reactive when exposed to UV or visible light. 

Linkers that use photolabile groups provide a tunable system for delivering and releasing 

proteins. A nitrobenzyl (NB) based linker is one of the most commonly used classes of 

photodegradable linkers. NB linkers are very popular because they react to cytocompatible light 

doses and their cleavage products are biocompatible. Irradiation with light at 365 nm results in 

complete cleavage of the nitrobenzyl linker.78–81 

 

8.5. Application of protein-containing C3Ms with an improved salt stability 

For future studies, it will be beneficial to encapsulate proteins that can be used for a specific 

application, such as controlled delivery of functional ingredients in food and pharmaceutical 

formulation. For industrial process application, the proteins should remain protected and 

encapsulated while performing their function. However, for therapeutic delivery application, 

the protein must be released locally in response to a specific trigger. Moreover, therapeutic 

protein delivery requires C3Ms that stable at physiological conditions and has low exchange 

dynamics. Moreover, the system must be non-toxic,82,83,84 have small sizes (on the nanoscale), 

and should be easy to prepare. Our study used a diblock copolymer with PEO as its hydrophilic 
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neutral block, which is known for its low toxicity and immunogenicity.85,86 The charged block 

of diblock copolymers should use biocompatible and biodegradable for encapsulations.83,84 

Some options for positively charged blocks that biocompatible and biodegradable are poly(L-

lysine), poly(aminoalkyl aspartamide), and poly(aminoalkyl methacrylate).87 Some options for 

negatively charged blocks are poly(aspartic acid),88 hyaluronic acid,89 and poly(methacrylic 

acid).87 The size of protein-containing C3Ms is relatively small (< 100 nm), an ideal size for 

optimal uptake by the cell.90 With disulfide-containing core-crosslinking, it is possible to 

release the proteins inside the cell with a high concentration of glutathione (e.g., cancer cells). 

For pharmaceutical applications, it is also important to test in vitro toxicity before doing in vivo 

study. 

For delivery of (recombinant) therapeutic proteins encapsulated in C3Ms, the use of 

genetic engineering or reversible core-crosslinkers to enhance the salt stability of the micelles 

seems to be the best option since our bloodstream has a salt concentration of about 150 mM. 

On the other hand, for proteins that are obtained from nature (not recombinant), e.g., derived 

from animal and plant cells, the bioconjugation or reversible core-crosslinking strategy is 

suitable for improving the salt stability of the C3Ms in which they are incorporated. With 

crosslinking strategy, the micelles are kinetically stable. This strategy is suitable for 

encapsulation and delivery applications. For industrial process applications, it does not need to 

be a cleavable crosslink since within crosslinking; the protein can still perform its function/ 

activity. However, for therapeutic application, cleavable core-crosslink should be applied. 

In this study, CotA and fluorescent proteins were encapsulated at basic pH, just to get the 

proper charge on the proteins for C3M formation. However, for the application of C3Ms for 

therapeutic protein delivery, C3Ms should be stable at physiological pH. The formation of well-

defined CotA-containing C3Ms at neutral pH is possible to achieve by increasing the net charge 

of the CotA and reducing the charge patchiness (by mutation of lysine on the patch to glutamic 

acid or acetylation of lysine residues using acetic anhydride). Moreover, because each protein 

has its specific pI, it will be helpful to test several protein models that can be encapsulated at 

physiological pH. Here I would like to discuss the strategies implemented for specific 

applications such as therapeutic delivery for tumor/ cancer treatment, enzyme replacement 

therapy (ERT), vaccines, and nanobioreactors. 

Drug delivery is an important aspect of cancer treatment. Human IgG and Chimeric IgG 

have been used for cancer treatment.3 Many fast-growing tumors and inflammatory areas have 

underdeveloped blood micro-vessels with pores permeable to nano-sized particles, including 

polymeric micelles. At the same time, lymphatic drainage is constrained, resulting in the well-
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known enhanced permeation and retention (EPR) impact of tumors and inflamed areas. This 

suggests that nanoparticles such as C3Ms can accumulate in tumors.57,91–93 

Disulfide-containing core-crosslinking micelles are excellent candidates for the controlled 

release of anti-cancer therapeutics. In this type of core-crosslinking, undesired dissociation 

under physiological conditions can be prevented, and protein release can be realized by 

reducing the disulfide-containing linker.91,92 The disulfide crosslinks can be cleaved using a 

thiol-disulfide exchange reaction. The concentrations of thiols in the plasma and cytosol of 

tumor tissues can be up to seven times higher than in normal tissue.95,96 Crosslinked micelles 

are also expected to remain in the blood circulation for a long time, allowing accumulation in 

cancerous or inflamed tissues by the enhanced permeation and retention effect.57,91–93,96–99  

Moreover, the hydrophilic corona protects the core of C3Ms from the external environment and 

prevents protein recognition in vivo by the reticuloendothelial system (RES).100 The 

hydrophilic polymer chains of the corona consequently have a steric stabilization effect, 

preventing the uptake of micelles by the macrophages.61,101 

Another example of the application of enzyme-containing C3Ms for medical purposes is 

enzyme replacement therapy (ERT). ERT is a medical treatment in which enzyme replacement 

is given to patients who suffer from enzyme deficiency-related disease. In case of multiple 

enzyme deficiencies, several enzymes can be used for enzyme treatment therapy. Enzyme-

containing C3Ms could be administrated intravenously into the bloodstream. Cleavable-

crosslinking of the micelles is the best strategy for this medical purpose as it prevents the 

dissociation of C3Ms due to dilution below its critical micelle concentration in the bloodstream. 

C3Ms also can be used for vaccination, such as Covid-19 vaccines. Protein-based vaccines 

are used to protect people from hepatitis, shingles, and many other viral infections. These 

injectables deliver proteins and immunity-stimulating adjuvants directly to a person's cells, 

contrary to RNA vaccines that deliver a fragment of genetic code that the cells must read to 

synthesize the proteins themselves to elicit a protective immune response. A way to formulate 

a protein-based vaccine is by encapsulating the proteins in C3Ms, thereby helping vaccine 

administration. For industrial applications, enzyme-containing C3Ms can be used as 

nanobioreactors that contain several enzymes for enzyme cascade that ensures faster substrate 

conversion.102 In this nanobioreactors, crosslinking could be applied since this strategy results 

in kinetically trapped protein and could protect the protein in the core of micelles.  

 

In this thesis, we showed the successful encapsulation of CotA laccase into C3Ms. These 

enzyme-containing C3Ms are not salt resistant and fully disintegrate already below 
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physiological salt concentration, which limits the application of this system. By applying 

genetic engineering and bioconjugation, the net charge of the enzyme can be increased, which 

improves the salt stability of C3Ms. However, increasing the net charge of the protein does not 

significantly decrease the protein exchange dynamics between C3Ms and also does not improve 

the stability against pH changes. Our results show that core-crosslinking is the most effective 

strategy for increasing salt stability, resistance to pH-changing, and decreasing exchange 

dynamics. Crosslinking can also prevent dissociation of C3Ms due to dilution when micelle 

formulations are injected into the blood for medical application. Reversible core-crosslinking 

of C3Ms containing enzymes or therapeutic proteins has excellent potential for pharmaceutical-

controlled delivery applications. 
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This thesis describes the formation, salt stability, and exchange dynamics of enzyme/ protein-

containing complex coacervate core micelles (C3Ms). The main aim of this research was the 

investigation of potential strategies to address the challenges that limit the implementation of 

protein-containing C3Ms for pharmaceutical and food applications: salt-induced disintegration 

and exchange dynamics. The salt stability of C3Ms and their exchange dynamics determine the 

level of protection and controlled delivery offered by C3Ms as protein carriers. The obtained 

results contribute to the development of C3M to encapsulate enzyme/ protein in which stability 

and dynamics can be adjusted to specific applications. In this research, CotA laccase and 

fluorescent proteins (mTurquoise2 and SYFP2) were used as protein models as they are easy to 

produce and purify. Dynamic light scattering (DLS) and fluorescence correlation spectroscopy 

(FCS) are the two main techniques used in this work to monitor the formation and stability of 

enzyme-containing C3Ms. To observe the protein exchange dynamics between micelles, we 

used Förster resonance energy transfer (FRET) as read out. Strategies that were explored to 

generate salt resistant C3Ms are the addition of homopolymers (polyelectrolytes) of the same 

charge sign as the enzyme (three-component C3Ms) (Chapter 2), introducing extra charges to 

the enzyme (using two approaches: chemical modification/ bioconjugation (Chapter 3) and 

genetic engineering (Chapter 4)), and covalent core-crosslinking of the C3Ms (Chapter 6). 

Application of core-crosslinking can be cleavable or non-cleavable (Chapter 5). We also 

examined the effect of the additional charges and core-crosslinking on the protein exchange 

between micelles (Chapter 7). Finally, in Chapter 8, we highlight important findings 

described in this thesis and discuss the different strategies to obtain stable micelles. We also 

discuss a broader scope and potential future applications of protein-complex coacervate core 

micelles and main findings are summarized below. 
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Complex coacervate core micelles (C3Ms) for protein encapsulation 

In Chapter 1, a general introduction on protein encapsulation is provided as well as the research 

background, and the goals of this work. C3M is an excellent method to encapsulate active 

biomolecules such as proteins/ enzymes as it can preserve the enzyme's structure and activity 

and able to encapsulate many enzyme molecules in one micelle. However, the application of 

C3Ms also face some challenges. C3Ms can easily disintegrate when salt is added, and it is a 

dynamic system in which protein exchange between C3Ms happen continuously. The salt 

stability and protein exchange dynamics are related to the level of protection and delivery 

provided by C3Ms. In this chapter, we discuss several techniques to investigate the properties 

of C3Ms and the effect of encapsulation on the structure and activity of our model enzyme, the 

spore coat protein A (CotA) laccase. 

 

Encapsulation of enzyme into two-component C3Ms and three-component C3Ms 

In Chapter 2, the encapsulation of CotA laccase into C3Ms has been investigated. First the 

optimal pH for encapsulation was investigated as the charge of CotA is dependent on the pH. 

We found a pH of 10.8 was optimal for encapsulation purposes, preserving active CotA and the 

secondary structure of CotA was maintained. Two-component C3Ms were obtained by mixing 

aqueous solutions of CotA laccase with diblock copolymer poly(N-methyl-2-vinyl-

pyridinium)128-block-poly(ethylene oxide)477 (P2MVP128-b-PEO477). Three-component C3Ms 

were achieved by mixing the enzyme with the negatively charged homopolymer poly(4-styrene 

sulfonate)215 (PSS215) before adding P2MVP128-b-PEO477. We used DLS and FCS to study how 

the addition of this homopolymer affects the encapsulation efficiency and salt stability of the 

micelles. Mixing composition (F-) was calculated as the concentrations of negative charges on 

the enzyme divided by the total sum concentrations of charges on the system. The optimal 

mixing ratio between CotA and diblock copolymers results in the highest concentration of 

micelles, known as preferred micellar composition (PMC). C3Ms composed of native CotA 

have a PMC at a mixing composition (F-) of about 0.5. For three-component C3Ms, a PMC at 

a mixing composition of F- of about 0.6 was found which deviates from the charge balance 

between negative and positive charges because of the contribution of other driven forces 

complex formation besides electrostatic interaction, such as hydrophobic interactions. Three-

component C3Ms appeared to have a smaller hydrodynamic radius (Rh) compared to two-

component most likely because fewer enzymes are incorporated in C3Ms that was observed by 

using FCS. DLS results show an improvement in salt stability on the three-component C3M 

compared to the two-component C3M. The higher the concentration homopolymer added to the 
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system, the micelles become more salt resistant. However, further investigation on the three 

component C3M system using FCS showed that the release of CotA from these micelles 

occurred at a lower salt concentration and over a narrower concentration range than the two-

component C3Ms. With the addition of the homopolymer to the C3Ms, the homopolymer acts 

as a competitor of the enzyme for encapsulation, thereby excluding CotA from the C3Ms 

already at low ionic strengths resulting in micelles composed of homopolymer and diblock 

copolymer which show higher salt stability. Utilization of three-component C3Ms is not a 

preferred strategy to generate salt resistant enzyme containing C3Ms. 

 

Bioconjugation of PAA to CotA to improve the salt stability of CotA-containing C3Ms 

From three-component C3Ms data, we know that the lower charge density of CotA compared 

to the homopolymer causes rapid release of CotA from this type of micelles. In Chapter 3, we 

increased the negative charge of CotA by couple the anionic homopolymer (poly(acrylic acid), 

PAA) to the lysine residues of this protein. We used a combination of 1-ethyl-3-(3’-dimethyl 

aminopropyl)carbodiimide hydrochloride (EDC) and N-hydroxy succinimide (NHS) linker to 

increase the bioconjugation efficiency. Native agarose gel electrophoresis and zeta potential 

experiments confirmed the increasing net charge of CotA-PAA. Furthermore, SDS-PAGE 

showed a higher molecular weight of bioconjugated enzymes due to the covalently bound PAA 

chains. However, the bands of CotA-PAA are more diffuse and smeared than the band of native 

CotA, that showed the heterogeneity in the PAA attached to CotA due to several lysines on 

CotA and several carboxylates on PAA. Bioconjugation did not affect the secondary structure 

of CotA laccase, but a decreased enzymatic activity was observed. The longer PAA (PAA118) 

and the higher PAA concentrations incubated with CotA (5:1) decreased CotA activity about 

60 %, possibly because PAA hinders the substrate from accessing the enzyme's catalytic site. 

CotA-PAA encapsulated with diblock copolymer PM2VP128-b-PEO477 showed a slight decrease 

in the encapsulation efficiency due to the heterogeneity distribution of net enzyme charges. 

Both, DLS and FCS showed improved salt stability of CotA-PAA containing C3Ms. Coupling 

the enzyme with a homopolymer with the same charge sign as the enzyme is appropriate for 

improving the stability of enzyme-containing C3Ms in a high salt environment. 

 

Improved salt stability of enzyme-containing C3Ms using genetically engineered CotA 

In Chapter 4, we investigated whether a genetic engineering strategy is applicable to increase 

the net charge of the CotA and hereby generating more stable micelles. We generated CotA 

variants with the addition of 10, 20, 30, and 40 glutamic acids at the C-terminus of CotA. 
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Genetic engineering of CotA resulted in higher charged proteins with a precise composition. 

Enzyme-containing C3Ms were prepared by mixing the genetically modified CotA laccase with 

the diblock copolymer P2MVP128-b-PEO477, at pH 10.8. Native CotA and CotA variants 

resulted in a PMC with F− of about 0.5 and the Rh of the micelles of approximately 31 nm, 27 

nm, and 23 nm for native CotA, CotA-E20, and CotA-E40, respectively. Increasing the net 

charge of the enzyme resulted in more micelles with a smaller number of enzyme molecules 

per micelle. The encapsulation efficiency was not affected using enzymes with a polyglutamic 

acid tail (75 – 77 %). Addition of a polyglutamic acid tail to CotA improved the salt stability 

of enzyme-containing C3Ms. 

 

Crosslinking as strategy to improve salt stability of C3Ms 

In Chapter 5, we investigated covalent crosslinking as a method to achieve stable C3Ms 

between homopolymer and diblock copolymer. For this, the diblock copolymer needed to be 

quaternized with an amine-protected component (N-(2-bromoethyl)phthalimide). After a 

deprotected reaction using hydrazine hydrate, the diblock copolymer has positive charges and 

a primary amine functional group, which was established by 1H-NMR, FTIR, and a ninhydrin 

assay. The C3Ms were prepared by mixing aqueous solutions of PAA with quaternized diblock 

copolymer at pH 7.4. DLS experiments showed that the PMC of the C3Ms was not found at the 

charge balance between negative charges on PAA and positive charges on the quaternized 

diblock copolymer, but at a lower ratio ([-]/ [+] = 0.39). This finding suggests that other types 

of interactions besides electrostatic attraction play a role in the formation of micelles, such as 

hydrophobic interactions. Next, crosslinking of the micellar core was performed by the use of 

two types of crosslinkers; 1-ethyl-3-(3'-dimethylaminopropyl)carbodiimide hydrochloride 

(EDC) and dimethyl 3,3′-dithiopropionimidate dihydrochloride (DTBP). EDC forms 

irreversible crosslinks between primary amine (of the diblock copolymer) and carboxylate 

group (of homopolymer PAA), while DTBP connects two amine groups (of the diblock 

copolymer). DTBP crosslinks contain disulfide bridges that can be broken again by adding a 

reducing agent. Core-crosslinking significantly improved the C3Ms' stability against high salt 

conditions and pH changes. The reduction of disulfide bridges in DTBP core-crosslinked 

micelles resulted in a largely restored salt stability similar to non-crosslinked C3Ms.  

In Chapter 6, we continued our study on core-crosslink strategies on C3Ms, but 

encapsulated CotA laccase with the amine-functionalized diblock copolymer. Quaternization 

of the diblock copolymer was done by a two-step procedure using N-(2-

bromoethyl)phthalimide and iodomethane. C3Ms were prepared by mixing an aqueous solution 
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of CotA laccase and amine-functionalized cationic-neutral diblock copolymer, poly(N-methyl-

2-vinyl-pyridinium)128-block-poly(ethylene oxide)477 (QNH2
PM2VP128-b-PEO477) at pH 10.8. 

We used 1 dimethyl 3,3'-dithiobispropionimidate (DTBP) as a crosslinker. Core-crosslinked 

micelles showed higher stability against salt observed by DLS and FCS. However, core-

crosslinking reduced the catalytic activity of CotA, probably due to network formation in the 

core, which prevents the substrate (ABTS) to bind to CotA. The formed micelles were treated 

with reducing agent to break disulfide bonds to destabilize the C3Ms. However, because the 

CotA-containing C3Ms were formed at pH 10.8, this basic pH promotes the formation of 

disulfide bonds, and therefore the disulfide bridge of DTBP cannot be cleaved. Decreasing the 

pH of the solution helps to cleave the disulfide bridge of DTBP. Core-crosslinking of enzyme-

containing C3Ms improves the stability against high salt conditions. 

 

Proteins exchange between C3Ms 

In Chapter 7, we describe the effect of genetic engineering and core-crosslinking on the protein 

exchange dynamics between enzyme-containing C3Ms. To monitor this, we performed Förster 

resonance energy transfer (FRET) methodology as read-out. For genetic engineering strategy, 

CotA laccase with and without 40 glutamic acid residues was labeled with Alexa Fluor 488 

(donor) and Alexa Fluor 568 (acceptor). For the core-crosslink strategy, we used the fluorescent 

proteins mTurquoise2 and SYFP2 as FRET pair and C3Ms were generated by mixing the 

fluorescent protein with quaternized diblock copolymer poly(N-methyl-2-vinyl-pyridinium)-b-

poly(ethylene oxide) (PM2VP128-b-PEO477), and the amine-functionalized version of this 

diblock copolymer (QNH2
PM2VP128-b-PEO477), respectively. The micelles composed of donor 

and acceptor proteins were mixed, and the fluorescence emission of donor was recorded over 

time upon donor excitation. The exchange of donor and acceptor proteins in the confined 

micelle core will lead to a reduction of the donor intensity with respect to the initial donor 

intensity. The ratio of donor intensity quenched over the initial donor intensity is defined as the 

FRET efficiency. The exchange rate of protein molecules between C3Ms increased when salt 

was present in the buffer solution. Fitting the FRET efficiency data with an analytical model 

for FRET-based micelle exchange using two exchange rates (k1 and k2), we found that the 

exchange rate of C3Ms composed of CotA-E40 was 1.2 times slower than C3Ms composed of 

native CotA. Core-crosslinking of fluorescent protein containing C3Ms with DTBP 2X slows 

the protein exchange rate between C3Ms by more than 80 times compared to non-crosslinked 

C3Ms. Application of core-crosslink strategy decreases the exchange dynamics of proteins 
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between micelles significantly, making this approach the most effective to increase the salt 

stability and limited exchange between C3Ms. 

 

In Chapter 8, a general discussion is provided where the most significant results of this 

thesis are summarized and critically reflected on which of the original aims was accomplished 

and what still needs to be done for encapsulation of proteins using diblock copolymers to form 

complex coacervate core micelles. This thesis demonstrates that via biochemical approaches 

(bioconjugation and genetic engineering), the stability of enzyme-containing C3Ms can be 

improved by the increase of the number of charges on the enzyme. Moreover, core-crosslink 

strategies can be used to improve the stability and to decrease the dynamic exchange of enzymes 

between micelles. This chapter also includes suggestions to optimize the proposed strategies 

described in this thesis and some options for future research. We conclude by considering 

potential applications for protein-containing C3Ms, such as therapeutic delivery for tumor/ 

cancer treatment. 
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