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1. [bookmark: _Toc29640059][bookmark: _Toc31892379]Introduction
Colloidal self-assembly can be used as a model for a wide variety of systems that readily occur in nature. Examples of biological self-assembly are viral self-assembly1, liposome formation from phospholipids2, polypeptide folding into different complex protein structures3 and the folding of DNA molecules4. A balance of selective interactions between the individual components is the main drive of the assembly into these biological macrostructures. Primarily, these interactions are of a non-covalent nature. This means that, individually, these are relatively weak compared to their covalent counterpart5,6. However, stable structures can be formed when these interactions are collectively present over the different individual components. 
According to the definitions of Whitesides and Grzybowski, self-assembly can occur in a ‘static’ or ‘dynamic’ manner7,8. The static self-assembly results in the formation of a non-evolving equilibrium structure, without further energy exchange with the environment. The formation of colloidal crystals is a clear example of a statically self-assembled structure9. Dynamic self-assembly is the opposite, where an ordered structure is maintained far from equilibrium conditions by addition of an external force which dissipates its energy into the system10. As these dynamic processes are out of equilibrium, it has proven very difficult to acquire control over their self-assembly process. Thus, static self-assembly is a more robust process that can be investigated in a more controllable manner.
The most important and reoccurring non-covalent interactions that govern self-assembly processes are hydrophobic interactions, Van der Waals forces and electrostatic interactions, such as Coulombic forces and hydrogen bonding. Tuning these interactions between the individual components results in the formation or dissemblance of different macrostructures. Knowing where these interactions arise from, allows for manipulation of the system to design macrostructures from self-assembling components
To build a system that models these biological self-assembly processes, robust and simple building blocks that best resemble the natural environment are required. The best contender for these building blocks are colloidal particles, which can be tuned in size, morphology and charge in different manners11–13. The wide variety in colloidal compositions that are available in literature provides ample ways to shape our desired system. Heteroaggregation as synthetic strategy is a valuable candidate to produce complex colloidal macrostructures. It is defined as a mixed dispersion wherein particles can differ in size, charge and morphology14. 
The system of interest that we aim to mimic using a colloidal model is viral encapsulation. A simple virus consists of a net negatively charged RNA/DNA core, encapsulated by a net positively charged protein capsid1. The encapsulation process is physically driven by entropic effects15, which arise from the afore mentioned non-covalent interactions16 and is often fully reversible. The reversibility of the encapsulation primarily arises from pH-sensitive groups on both components, as these are acid and basic chemical functionalities17,18. These can change their charge depending on the local pH of the system, which in turn alters the inter-particle interactions. The self-assembly into virus particles goes through different dynamic structures, for which only a few experimental investigations have been performed19. Due to the non-equilibrium nature of this process, it is has proven difficult to uncover these dynamic structures. Modelling this system using a static colloidal process thus provides more control over the different parameters. 
Additionally, simulations have shown that anisotropic patchy particles, can reversibly self-assemble into structures that resemble empty virus capsids20. Also, these anisotropic patchy particles can be used to encapsulate a core particle. This simulates the encapsulation of a virus capsid around a spherical substrate21. In both pH-responsive and anisotropic patchy systems, a directing force, either charge or morphology, introduces specific interactions between the heteroaggregating particles.
pH-responsive self-assembly systems reported in literature commonly use heteroaggregation as a synthetic strategy to build the desired macrostructures. Hui et al.22 used a mixed dispersion of carboxylated polystyrene particles and sterically stabilized carboxylated pigment particles to form different kinds of macrostructures. 
They showed that depending on the pH of the dispersion and volume fraction of the particles, the system either forms a liquid or a gel-like material. Snoswell et al.23 used a combination of large negatively charged polystyrene particles and pH-responsive positively charged microgels to form a pH-responsive string. In these strings, microgels are used as bridges between the large polystyrene particles. Microgels are soft particles, meaning that they can either swell or shrink, depending, for example, on the charge density present over the particle. At low pH, or high positive charge density, the microgels increase in size, meaning that the string size can be tuned by changing the pH. These two reports use similar quantities of both particles to make heteroaggregates, leading to network-like structures. To model encapsulation, a smaller particle should be present in a large excess, to completely cover the surface of the larger particle. Zanini et al.24 showed that raspberry like particles with soft asperities could be synthesized with different surface roughness depending on pH. This system uses hydrophobic interactions as the main force of attraction, as a large polystyrene sphere is encapsulated by smaller soft pH-responsive microgels. The size of the microgel changes depending on pH, resulting in different sizes of the asperities on the polystyrene surface at different pH values. In their work, the encapsulation of the polystyrene particle could not be reversed, only the surface roughness could be tuned. 
Guo et al.25 reported the first example of pH-reversible encapsulation of oppositely charged colloids, mediated by polyelectrolytes. In this work, two of the three components can change the magnitude of their charge by changing the pH, the polyelectrolyte and the smaller particles. This polyelectrolyte mediates the adsorption of carboxylic acid functionalized small polystyrene particles (D = 450 nm) to a permanently positively charged larger polystyrene particle (D = 5 µm). At low pH, clusters are formed, while at higher pH, these clusters disassemble, displaying the pH driven reversibility of the system. This pH-cycle could be repeated three times, after which the whole dispersion aggregates because of the resulting high ionic strength. 
Besides pH-driven self-assembly, also, the anisotropic nature of particles can be used to offer directionality in the self-assembly process. Experimental investigations on anisotropic patchy particles resulted in promising systems for the modelling of self-assembly and encapsulation processes. Kraft et al.26 used a system consisting of a depletant and dumbbells, of which one lobe is smooth (attractive) and the other patchy (repulsive). This way, they observed the formation of what they called ‘colloidal micelles’, of which the size distribution was in good agreement with Monte Carlo simulations. The anisotropic nature of the dumbbell and the specific interaction between the different lobes offer the selective directionality in the interactions for this colloidal self-assembly system. 
To build further on this work, Wolters et al.27 introduced a smooth spherical template to the system. In this work, the authors compared the packing of the afore mentioned partially patchy dumbbells around a relatively small or large microsphere with increasing depletant concentration. The interaction between the particles was tuned by changing the depletant concentration, resulting in different kinds of packings. Despite an incomplete coverage of the spherical template, it was still stabilized against aggregation, forming discrete heteroaggregate structures.
Forming a system by combining pH-responsiveness and anisotropicity in colloidal particles is hypothesized to result in a static system with specific directional interactions, which are tunable by pH. We herein present a system where a large pH-responsive core particle, being able to invert its charge depending on pH, is encapsulated by smaller (pH-responsive) zwitterionic dumbbells. Control experiments were performed by encapsulating the pH-responsive core particle with either permanently negatively or positively charged polystyrene microspheres, to see whether the pH-induced charge interactions are significant enough for heteroaggregate clusters to form. This resulted in the formation of clusters where smaller particles have seemingly adsorbed on specific parts of the core particle. We speculate that this is result of discrete patches of charged groups on the pH-responsive core particle. Additionally, the heteroaggregation successfully showed to be reversible by clustering and de-clustering in one pH cycle. 
2. [bookmark: _Toc29640060][bookmark: _Toc31892380]Theory and Background
2.1. [bookmark: _Toc29640061][bookmark: _Toc31892381]DLVO theory
The theory on the stability of colloidal suspensions was developed by Dejaguin, Landau, Verwey and Overbeek, hence the name DLVO theory28–30. This theory was developed to rationalize the forces acting between interfaces. Initially, this theory focused on the interaction between two identical interfaces, which is referred to as a symmetric system. For colloidal particles, this refers to aggregation between two identical particles, also called homoaggregation. Later, this concept was extended to also include an interaction between two non-identical interfaces, referred to as an asymmetric system. Aggregation of different sizes of colloidal particles is referred to as heteroaggregation. A schematic overview of these two systems is shown in Figure 1. 
[image: ]
Figure 1: Schematic overview of homoaggregation and heteroaggregation31.
The theory assumes that two main interactions are present between the particles. One of these are the Van der Waals forces, which always exists between molecules32, but also between spherical particles33. These forces are formed from interactions of the rotating or fluctuating dipoles of atoms and molecules. These interactions can be simply modeled, according to equation (1).

Here, H is the Hamaker constant, which defines the strength of the Van der Waals interaction, and h is the separation distance between the two bodies. Typically, the value of H is positive, resulting in an always attractive Van der Waals interaction. This equation holds for small inter-particle distances. However, at large distances, the interaction decays more quickly due to retardation effects. 
The second force that acts on the particles are the electrical forces from the charged groups that are present on a particle surface. These charged surface groups are neutralized by their respective counterions that are present in the dispersion. Consequently, these counterions condensate on the surface because of their Coulombic charge interaction, forming an electrical double layer34. The first layer of counterions around the particle is termed the Stern layer, after which the diffuse layer is formed. This diffuse layer consists of solvent molecules and free ions. Of these free ions, a larger concentration of counterions is present. 
Here, all ions still experience and interaction with the negatively charged surface of the spherical particle. The slipping plane is then the border between solvent molecules that do, and do not feel the charge on the particle. The maximum value of the surface potential can be found at the surface of the particle. At large enough distances, this surface potential decreases and eventually becomes zero.

Determining the surface potential can only be done by approximation, as only the zeta potential, i.e. the potential at the slipping plane, can be measured in a facile experimental manner. How the zeta potential is measured will be discussed later in further detail. An overview of the composition of the electrical double layer is shown in Figure 2A. 
[image: ]
[bookmark: _Ref29912486]Figure 2: A: Composition of the electrical double layer around a negatively charged spherical particle35, B: Scheme showing the free energy profile between two charged particles, according to DLVO theory36.
At low surface charge densities of the particles, the interaction free energy of the electrical double layer can be approximated using the Debye-Hückel approximation (2). 

Here, σ+ and σ- are the surface charge densities per unit area of the positively and negatively charged surface, respectively, ε0 is the permittivity of vacuum, ε is the dielectric constant of water and κ the inverse Debye length. With the expressions for the Van der Waals free interaction energy and the electrical double layer free interactive energy, a cumulative model can be formed that is the foundation of the DLVO theory (3). A free energy profile of this model is shown in 2B.

The Debye length κ-1 is a measure of the thickness of the diffuse electrical double layer in a solution and is defined in equation (4). 

Here, q is the elementary charge, NA is Avogadro’s number, I is the ionic strength, kB is the Boltzmann constant, and T is the absolute temperature. The second equality is approximately accurate for water at room temperature. The ionic strength I is defined in equation (5).

Here, zi  is the valence of the ion of type i, ci is said ion concentration expressed in mol/L, and i runs over all types of ions in solution. From this, it can be said that the ionic strength is numerically equal to the salt concentration of a solution that only contains monovalent ions. For salt solutions containing multivalent ions, the ionic strength is larger than the ion concentration. The Debye-Hückel approximation is only valid for relatively small inter-particle distances and low surface charge densities. For higher charge densities, the Poisson-Boltzmann approximation should be applied. Additionally, at very low inter-particle distances, the electrical double layer potentials of the surfaces will overlap. What follows is that a disjoining pressure arises between the two surfaces, caused by an excess of flow of counterions in between them37,38. This introduces an additional force between the two particles. However, for simplicity and applicability to the DLVO theory, we will focus here only on the Debye-Hückel approximation. 
2.1.1. [bookmark: _Toc29640062][bookmark: _Toc31892382]Symmetric Situation
This model assumes that two particles are of the same size and have the same surface charge density, i.e. the symmetric situation. Such a situation occurs in a colloidal suspension where the same are particles are the same, or at least very similar. At large and small distances, the Van der Waals forces dominate, whereas the double layer forces dominate at intermediate distances. When two particles are in direct contact (h = 0), these will fall in a deep attractive Van der Waals potential well. This well is referred to as the primary minimum, where particles can be described as being irreversibly stuck to one another. Increasing the distance leads to the formation of an energy barrier, after which there is a second shallower minimum, also referred to as the secondary minimum. In certain conditions, the particles are able to escape from the secondary minimum, as the energy required can be in the order of a few kT. 
Of this energy profile, the Van der Waals forces between two particles remain practically unchanged in different conditions, as the Hamaker constant is only dependent on the material that the particles are made of. The double layer forces, however, can be altered by changing the ionic strength or the surface charge density of the particles. Increasing the ionic strength leads to a lower Debye length κ-1, which screens the surface charges on a colloidal particle. At high enough ionic strength, this essentially nullifies the double layer force emanating from the particle. This results in a DLVO profile where only the attractive Van der Waals forces are present. Consequently, an unstable suspension where are particles have aggregated has formed. Additionally, at very low surface charge densities, the energy barrier between the secondary minimum and the primary minimum vanishes, also resulting in an unstable suspension. These energy profiles can be directly measured using, for example, a Surface Forces Apparatus (SFA) or Atomic Force Microscope (AFM)39. 
2.1.2. [bookmark: _Toc29640063][bookmark: _Toc31892383]Asymmetric situation
When a suspension consists of two different kinds of particles, with each having the opposite surface charge density, this is referred to as the asymmetric situation. The two main cases here are the oppositely charged case and the charged-neutral case. As can be inferred from the name, the oppositely charged case is where the surface charge density of both particles are equal, but inverted. For the charged-neutral case, there is one surface with a surface charge density and one without. Intermediate cases lie in between these two and the symmetric case mentioned above40. 
For the oppositely charged case, the forces are always attractive at low ionic strength. This can be rationalized when considering that the double layer forces are now also attractive, adding to the always attractive Van der Waals forces. As discussed in paragraph 2.1.1, the double layer forces vanish at high enough ionic strength. This results in a DLVO profile where only Van der Waals forces are present. Thus, at low ionic strength, the double layer force becomes longer ranged and more strongly attractive.
For the charged-neutral case, the forces are somewhat more complicated. One would expect that there is no double layer force originating from a particle with a neutral surface. However, an interaction arises when the diffuse layer of the charged particle is compressed as the neutral surface approaches it. To approximate this interaction, the Debye-Hückel model can again be used, which is correct for low surface charge densities. 
At larger distances, the interaction free energy between these two surfaces can be described as shown in equation (6)40,41. 

The new quantity introduced here is the charge regulation parameter p-, which characterizes how the surface charge density of the neutral surface changes with decreasing inter-particle distance. When p- = 1, it is said that there is a constant charge density between the particles, referring to the constant charge boundary condition. When p- = 0, it is said that the surface potential remains constant, referring to the constant potential boundary condition. Often, the charge regulation parameter has a value between these two boundary conditions. 
For example, when p- = ½, there is no double layer force between the two particles. This would be the case for intermediate regulation conditions. The value of this parameter depends on the extent to which ions are adsorbed to the surface, which varies upon approach of two particles. The result is either a net attraction or repulsion, depending on the value of the charge regulation parameter. So, for the charged-neutral case, this parameter is very important to determine the interaction between the two surfaces. Charge regulation also plays a role between two charged surfaces, however, the effects here are relatively much weaker. 
2.2. [bookmark: _Toc29640064][bookmark: _Toc31892384]Origin of Charges on Colloidal Particles
Now that it is discussed to what extend charges create the electrical forces, we will now focus on where these charges come from. Charges on colloidal particles are of great importance, as these stabilize a colloidal suspension. A zeta potential of a dispersion with a magnitude of more than 30mV is said to be stable28,42. To narrow the scope of colloidal particles, we will primarily focus on aqueous dispersions with colloidal particles consisting of organic or silica-derived building blocks. Additionally, charges can originate from surfactants or initiators that are used to synthesize certain particles. However, due to their irrelevance, these will not be considered in this work.
2.2.1. [bookmark: _Toc29640065][bookmark: _Toc31892385]pH Responsive Charged Groups
A colloidal particle can obtain its charge from chemical groups that are present on its surface. For some chemical functionalities, the charge can be controlled by changing the pH, as these are sensitive to proton adsorption and desorption. To determine the extent to which a pH-sensitive surface group is charged, the pKa value of that group needs to be evaluated. The definition of the pKA for an acid-base reaction is shown in equation (7). 

For the reaction: HA                    H+ + A- 
For example, if a chemical group has a pKa with a value of 2, the deprotonated state dominates 100 times over the protonated state at pH 4. At pH 2, there is an equal amount of both the protonated and deprotonated state present over all molecules. 
A common chemical group that obtains a negative charge in neutral and basic conditions is the carboxylic acid43. At these conditions, the carboxylic acid is deprotonated, obtaining a negative charge (scheme 1).
R-COOH                   R-COO- + H+
Scheme 1: Deprotonation of carboxylic acid on a colloidal surface.

As discussed above, the extent to which a carboxylic acid becomes charged depends on its respective pKa value. A common co-monomer that contains this functionality is acrylic acid, which has a pKa value of 4.2544. This value does not change much upon polymerization, as the average pKa value of carboxylic acid groups on poly-acrylic acid (PAA) is 4.545.
Another example of an acidic surface group are silanol functionalities that are present on silane surfaces, which are deprotonated at neutral and basic conditions or protonated at strongly acidic conditions (scheme 2)46. 
R3Si-OH                    R3Si-O- + H+ (neutral or basic conditions)
R3Si-OH + H+                   R3Si-OH2+ (strongly acidic conditions) 
Scheme 2: Deprotonation and protonation of silanol groups on a colloidal surface.
The pKa value of these silica groups varies widely, as they depend on the orientation of the silanol group and the environment of the silica atom47. However, as a rule of thumb, the above pH relation is assumed for most silica surfaces. 
Lastly, a colloidal surface can be functionalized with basic amine groups that obtain a positive charge at acidic and neutral pH43 (scheme 3). 
R-NH2 + H+                    R-NH3+
Scheme 3: Pronation of amine groups on a colloidal surface.
An example of an amine functionalized co-monomer that is used for colloidal synthesis is aminoethyl methacrylate hydrochloride (AEMH), which has a pKa value of around 10 in its monomeric state48. When this monomer is polymerized with other AEMH monomers, forming poly-AEMH, the pKa drastically decreases to 7.6. This is caused by the positive charge repulsion between two neighboring protonated amine groups, effectively resulting in a lower proton affinity of an amine group in the presence of another protonated neighboring amine group49. This shows that the pKa value can be taken as a basic assumption when looking at a (co-)polymerized version of this monomer, but not as a definitive quantity. 
2.2.2. [bookmark: _Toc29640066][bookmark: _Toc31892386]pH Unresponsive Charged Groups
Another class of charged groups on colloidal surfaces discussed here are the pH unresponsive functionalities. A common negatively charged group of this category are the sulfonated co-monomers50, primarily, p-styrenesulfonate (Figure 3A). Strictly speaking, the sulfonate functionality is acidic. However, because of its strongly acidic nature (pKa of p-styrenesulfonate = 1.0), it is considered to be permanently negatively charged. 
Another example of a permanently charged functional group are the quaternary nitrogen atoms in co-monomers such as [2-(methacryloyloxy)ethyl]trimethylammonium chloride]25 (METMAC) or [diallyldimethylammonium chloride]51 (DADMAC) (Figure 3B,C). Because of the high stability of this tetravalent nitrogen atom, a pH independent charge is introduced on a particle surface.
[image: ]
[bookmark: _Ref29912550]Figure 3: pH-unresponsive charged groups. A: p-styrenesulfonate, B: METMAC, C: DADMAC.
2.3. [bookmark: _Toc29640067][bookmark: _Toc31892387]Measuring the charge of colloidal particles
Now that it is established where charges on a colloidal particle arise from, we now look at how the charge on a particle can be measured. The quickest and most accessible way is by measuring the zeta potential, by performing laser-Doppler electrophoresis on a colloidal dispersion. In short, the speed at which a colloidal particle moves in an electric field is measured, which can be used to calculate the average charge of the particle surface. Another common, more accurate way to measure the charge of a particle is through different titration methods. However, because of the easy accessibility of the zeta potential measurement and the sufficient amount of data obtained from it, it was chosen to be the primary method of evaluating the surface charge on a colloidal particle. 
As mentioned before in paragraph 2.1, an inhomogeneous distribution of ions is present around a small distance from the particle surface, compared to the bulk concentration. This is the result of an attraction between the charged groups on the particle surface and their corresponding counterions, combined with the repulsion of the corresponding co-ions. The presence of these ions influences the electric potential at different distances from the particle surface (Figure 2). First, the Stern layer is formed where the counter-ions are condensed on the particle surface. After this, the diffuse layer is formed, where a more homogeneous distribution of counter- and co-ions is present. At a larger distance, the slipping plane can be found, indicating the border between bulk and local ion concentration. By using the laser-Doppler electrophoresis method, one measures the potential difference between the liquid bulk and the stationary layer of liquid attached to the particle surface, i.e. the zeta potential. 
An experimental set up of how the zeta potential measurement is performed is shown in Figure 4. An electric field is applied on the sample dispersion, causing the charged particles to either move with or opposite to the electric field. At the same time, a laser beam is shined on the sample that is scattered by the moving particles. This scattered beam is then measured at an angle of θ = 15° and recombined with a reference beam42. The data about the velocity of the particles in the applied electric field, i.e. the electrophoretic mobility, is obtained from the phase difference between the reference and the scattered beam. 
[image: ]
[bookmark: _Ref29912590]Figure 4: Experimental set up of a zeta potential measurement42.
The scattered beam is subjected to a Doppler effect, which arises from the scattered phase difference of a particle that has moved from point A to B in the electric field. Knowing how this Doppler effect works, one can apply a series of formulas to derive a relation between the electrophoretic mobility and the zeta potential (equation 8)42. 

Where µm is the electrophoretic mobility, ε is the dielectric constant of the liquid medium, ζ is the zeta potential, η is the viscosity and f(κa) is the Henry function. The Henry function determines in what limit the zeta potential is measured52. 
When the double layer is thick compared to the particle diameter (κa < 0.1), the Hückel limit is used where f(κa) = 1. Conversely, when the double layer is thin compared to the particle diameter (κa > 100), the Smoluchovski limit is used where f(κa) = 1.5. 
A primary problem that arises during these measurements is the electro-osmotic flow of the liquid along the charged surface of the sample cuvette (Figure 5). Considering that the wall of the cuvette is positively charged, an ionic cloud of negatively charged ions in liquid should be near its surface. When the liquid with negatively charged ions moves in a certain direction due to the applied electric field, the central ‘bulk’ liquid will experience a backflow. Only at the precise interface between the backflow and electro-osmotic flow will measurement of the electrophoretic mobility be most accurate. Exact calibration of the measurement position in the sample cuvette is thus required for accurate data collection. 
[image: ]
[bookmark: _Ref29912605]Figure 5: Visual representation of the backflow of ions caused by the presence of a charged surface (Manual of the Zetasizer Nano DLS instrument, chapter 13).
This problem can be solved by combining two measurement methods, each involving the periodic reversal of the electric field. When the electric field is reversed in the time scale of seconds, the electro-osmotic flow reaches a steady state. This way, electrode polarization, i.e. accumulation of counter ions at the respective electrode, is limited. Then, when the electric field is reversed in the time scale of milliseconds, the electro-osmotic flow will not have enough time to set in. Combining these measurements allows for calculation of the contribution of the electro-osmotic flow to the net electrophoretic mobility of the particles. Additionally, these two measurement methods measure the zeta potential in a different way. With the slow field reversal, a distribution of zeta potentials over the sample is measured, while for the fast field reversal, a mean zeta potential is measured.
3. [bookmark: _Toc29640068][bookmark: _Toc31892388]The model system
We aim to model using a colloidal model is viral encapsulation. In this system, a large core particle will be encapsulated by smaller particles, mainly by electrostatic interactions. These electrostatic interactions can be tuned by altering the chemical environment, as the core particle can invert its charge when the pH is changed. The encapsulating particles are chosen to be pH unresponsive, so that primarily, the core particle responds to a change in pH. This way, a reversible encapsulation system can be made where at a certain pH, cluster formation occurs, while at either a higher or lower pH, dissemblance occurs. 
3.1. [bookmark: _Toc29640069][bookmark: _Toc31892389]Sphere-sphere heteroaggregation
First, we will look at the composition of the core particle. A batch of 3µm sized polystyrene particles that are co-functionalized with carboxylic acid and amine groups was bought from Thermo Fischer Scientific. Both of these groups can be used as single functionalizations for colloidal particles, introducing either a negative or positive charge, respectively. Combining these into one particle results in a pH-responsive polystyrene particle (pH-PS) that acquires a positive charge at low pH and a negative charge at high pH (Figure 6). 
At low pH, the amine and carboxylic acid groups become protonated, resulting in a positive charge. At high pH, the carboxylic acid and amine groups become deprotonated, resulting in a negative charge. 
[image: ]
[bookmark: _Ref29912619]Figure 6: Co-functionalization of the pH-responsive core polystyrene particle.
The encapsulating pH unresponsive particles consists of polystyrene that are functionalized with either styrene sulfonate to acquire a negative charge, or METMAC to acquire a positive charge. The result is either a negatively or positively charged polystyrene particle of an approximate size of 800 nm. Thus, a system is proposed where a large pH responsive PS particle is reversibly encapsulated by smaller pH unresponsive PS particles by changing the pH, as shown in Figure 7.
[image: ]
[bookmark: _Ref29912656]Figure 7: Proposed encapsulation system for sphere-sphere heteroaggregation.

The smaller pH unresponsive encapsulating particles will adsorb on the surface of pH-PS at the pH where both particles are oppositely charged. Theoretically, a maximum number of smaller particles that can adsorb on the surface of a larger particles () can be determined by approximating the packing as 2D hexagonally close packed surface. This can be estimated by using equation 953. 

Where R and r are the radii of the larger core particle and smaller encapsulating particle, respectively. 

3.2. [bookmark: _Toc29640070][bookmark: _Toc31892390]Sphere-dumbbell heteroaggregation
On top of spherical particles, the encapsulation of the core particle with dumbbell shaped particles will also be investigated. The dumbbell shape of the particle is chosen in order to introduce an additional constraint in the encapsulation process, as the core particle can be shielded from further aggregation. This is done by introducing a different charge on each of the lobes, thereby forcing one lobe to be attractive and the other repulsive. These dumbbells consist of a negatively charged PS seed particle (synthesized by dispersion polymerization) and a hydrolyzed and polymerized 3-methacryloxypropyl trimethoxysilane (TPM) lobe that is nucleated onto it12. By changing the pH of the system, one can control which lobes of the dumbbell become attractive and which become repulsive (Figure 8A, B and C). 
[image: ]
[bookmark: _Ref31015036]Figure 8: Proposed encapsulation system for dumbbell-sphere heteroaggregation. A: Both lobes of the dumbbell are repulsive. B: Both lobes are attractive. C: Only the PS lobe is attractive.
These dumbbells can then be employed in the encapsulation of the afore mentioned pH-PS. To maximize the packing of dumbbells on a sphere, a series of geometry equations need to be used to determine the optimal angles and sizes of the dumbbells. This packing is largely determined by the size ratio of the two lobes (Figure 9)27,54. 
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[bookmark: _Ref29980681][bookmark: _Ref31802267]Figure 9: A: Schematic representation of the optimal packing of dumbbells on a larger sphere. B: Schematic representation of the geometry of a dumbbel27.
The amount of smaller spheres that can optimally pack on a larger sphere is determined by the angle θ, which is defined in equation 1055.

Here, Rs is the radius of the small red sphere and Rm the radius of the larger encapsulated sphere. 
Optimal packing of dumbbells on a larger sphere is achieved when the small red spheres of the dumbbells (Figure 9) are in contact with the other small red spheres. Thus, the optimal packing of dumbbells is determined by the optimal angle between the two lobes of the dumbbell θdb (Figure 9B), which is defined in equation 11.

Here,  is the radius of the blue sphere of the dumbbell (Figure 9). From this, the ideal radius of Rm (RIdeal) where optimal packing of dumbbells on a larger sphere is achieved, can be determined from equation 12.

Filling in RIdeal obtained from equation 12 as Rm in equation 10, gives the optimal angle of packing of small spheres on a larger sphere. This angle can be used to determine the amount of spheres that can pack on the larger sphere, by using Sloanes table of icosahedrally symmetric packing56. Icosahedral symmetry is used here, as a 2D close packed surface with hcp symmetry (used for sphere-sphere heteroaggregation in section 2.4.1) transforms in an icosahedral symmetry when curved into a sphere57,58. Furthermore, many viral cages that occur in nature also adopt this icosahedral symmetry59.
3.2.1. [bookmark: _Toc31892391]Density Gradient Centrifugation
The TPM lobe around the negatively charged PS seed is first formed from an emulsion. This makes it unavoidable for other morphological species to form. To separate these unwanted species from the desired dumbbells, density gradient centrifugation can be applied. 
Rate zonal centrifugation is chosen to be the method of centrifugation to separate these morphological species from one another. The principle underlying this method is that the density of the particles is higher than the density of the gradient over which they are separated. This way, the particles are separated on the basis of particle volume, particle density and friction factor. There is no equilibrium height at which the particles will stop to sediment, as would be the case for isopycnic centrifugation. 
The principle formula used for rate zonal centrifugation is the Stokes equation, derived from the balance between the centrifugal force, the buoyancy and the frictional force (equation 13)60.

Here, u is the sedimentation velocity,  is the buoyant mass of a particle, ω is the angular velocity of the centrifuge, r the distance between the center of centrifugation and the sample and f is the friction factor of the particle. For each morphological species, the specific buoyant mass and friction factor determines the sedimentation velocity of the particle, allowing for separation based on these quantities. 
The choice of gradient depends on the type of particles that are used. The dumbbells consist of a PS seed and a TPM lobe grown around it. The densities of PS and TPM are 1.05 g/ml and 1.3 g/mL, respectively61,62, meaning that the average density of the dumbbell lies somewhere in between these values. The exact density then depends on the specific size ratio between the two lobes. From these densities, it was decided that a sucrose gradient would be most suitable to perform the density gradient centrifugation. At high a weight percent of sucrose in water (35 wt%), the density of that solution will be around 1.15 g/mL. This means that any particle with a higher density than 1.15 g/mL will pass through this density. At this density, the viscosity is 4.13 mPas, which is more than 4 times higher than for normal water. As the viscosity is linearly dependent on the friction factor63, and thus inversely dependent on the sedimentation velocity, the particles are slowed down more in the bottom density fractions. 
This high viscosity makes the method easier to perform for heavier particles, as every particle will not sediment in the order of seconds, as in an pure water dispersion, but more in the order of minutes. The gradient can be formed as a stepwise or a continuous density gradient. The stepwise gradient is made by first adding the least dense weight percent solution of, in our case, sucrose, after which the heavier densities are added under that fraction (Figure 10). This is done in order to prevent mixing of the individual fractions due to gravity. 
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[bookmark: _Ref29912681]Figure 10: Visual representation of making a stepwise gradient for density gradient centrifugation.
A continuous gradient can be made by mixing a high and low weight density solution of sucrose, using a peristaltic pump (Figure 11). This method is more easily reproducible and less prone to human errors, as the machine can be set to the specific desired conditions.
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[bookmark: _Ref29912693]Figure 11: Visual representation of making a continuous gradient for density gradient centrifugation.
This method has shown to be very effective in separating carbon nanotubes of different sizes64 and colloids with different liquid protrusions65. However, for a separation to be performed, the sample volume should be very small, and the volume fraction of particles should be relatively low to enhance the separation. This results in a low yield of desired particles that can be used for further experiments.
4. [bookmark: _Toc29640072][bookmark: _Toc31892392]Experimental method
4.1. [bookmark: _Toc31892393]List of chemicals
	Name
	Abbreviation
	Purity Grade
	Supplier

	Styrene
	St
	≥99%
	Sigma-Aldrich

	Divinylbenzene
	DVB
	80%
	Sigma-Aldrich

	Sodium Styrene Sulfonate
	NaSS
	Untested
	Sigma-Aldrich

	3-(trimethoxysilyl) propylmethacrylate
	TPM
	98%
	Sigma-Aldrich

	3-aminopropyl triethoxysilane
	APTES
	98%
	Sigma-Aldrich

	[2-(methacryloyloxy) ethyl] trimethylammonium chloride
	METMAC
	80 wt% in water
	Sigma-Aldrich

	Azobis(isobutonitrile)
	AIBN
	98%
	Sigma-Aldrich

	2-(2-Bromoisobutyryl oxy)ethyl methacrylate
	BIAE
	95%
	Sigma-Aldrich

	Dimethylsulfoxide
	DMSO
	99.7%
	Acros Organics

	Ammonia
	-
	28-30 wt% in water
	Acros Organics

	Hydrogen Chloride
	HCl
	37 wt% in water
	Acros Organics

	Potassium Hydroxide
	KOH
	85%
	Emsure

	Ethanol
	EtOH
	Absolute
	Emsure

	Methanol
	MeOH
	99.9%
	Biosolve

	Hydroquinone
	HQ
	99.7%
	Riedel-de-Haen

	Sucrose
	-
	99%
	Alfa Aesar

	Ficoll
	-
	-
	Sigma

	Rhodamine-B isothiocyanate
	RITC
	-
	Sigma

	Bodipy 493/503
	-
	-
	Michele Zanini 


Table 1: List of chemicals
The water used throughout all of the experiments was purified using a Milli-Q water purification system, 18.2mΩ·cm.












4.2. [bookmark: _Toc29640073][bookmark: _Toc31892394]Synthesis negatively charged polystyrene (nPS)
Styrene (5 mL), NaSS (90 mg), Bodipy 493/503 (5µL, 1 mg/mL in styrene) and AIBN (90 mg) were dissolved in water (10 mL) and methanol (40 mL) in a 100 mL round bottom flask. The mixture was degassed without stirring at room temperature for 30 minutes. Then, the mixture was immersed in an oil bath at a temperature of 65°C under magnetic stirring. After 2.5 hours, styrene (0.5 mL) and AIBN (90 mg) dissolved in MeOH (5 mL) was degassed at 50°C and added to the mixture. Subsequently, the mixture was left to react overnight. The resulting yellow/green suspension was then washed with methanol and water (4:1) after centrifugation at 3200 g for 10 minutes to remove leftover reactants and secondary nuclei. The resulting washed particles were stored in water. 
These particles were post-modified with the bromine functionality BIEA using seeded emulsion polymerization. 50 mL of the washed PS dispersion (3.5 wt%, 1.75 g solid content) was introduced in a 100 mL round-bottom flask in presence of 31 mg of SDS and 18 mg of NaSS (1 wt% of solid content of polystyrene). Afterwards, a swelling solution composed of 250 µL of styrene, 500 µL of DVB, 100 µL of BIEA and 25 mg of AIBN was added. The suspension was stirred overnight at room temperature, degassed with nitrogen and eventually polymerized at 75°C for 5 hours. The particles were washed three times with water and then stirred with an ion exchange resin (AG®501-X8 Resin, Bio Rad Laboratories, Inc.) until the suspension surface tension was higher than 70 mNm-1.
4.3. [bookmark: _Toc29640074][bookmark: _Toc31892395]Synthesis positively charged polystyrene (pPS)
Styrene (5 mL), METMAC (90 mg), Bodipy 493/503 (5µL, 1 mg/mL in styrene) and AIBN (90 mg) were dissolved in water (10 mL) and methanol (40 mL) in a 100 mL round bottom flask. The mixture was degassed under magnetic stirring at room temperature for 30 minutes. Then, the mixture was immersed in an oil bath at a temperature of 65°C under magnetic stirring. After 2.5 hours, styrene (0.5 mL) and AIBN (90 mg) dissolved in MeOH (5 mL) was degassed at 50°C and added to the mixture. Subsequently, the mixture was left to react overnight. The resulting yellow/green suspension was then washed with methanol and water (4:1) after centrifugation at 3200 g for 10 minutes to remove leftover reactants and secondary nuclei. The resulting washed particles were stored in water.
4.4. [bookmark: _Toc29640075][bookmark: _Toc31892396]Synthesis dumbbell with size ratio of 1.17 (DB1)
TPM (183uL) was hydrolyzed by adding water (1.817 mL) in a volume ratio of 1:10 in a plastic centrifugal tube and was left to react on a tumbling table for 5 hours. Plastic was used to prevent the reaction of TPM to a glass surface. Meanwhile, a dispersion of nPS (3.8 wt%, 1.83 mL), water (8.17 mL) and ammonia (4 µL) was prepared in a plastic centrifugal tube, resulting in a concentration of      2 x 1010 np/mL with pH 10.2. To this polystyrene dispersion, the h-TPM was added dropwise at a speed of 0.83 µL/hour using a peristaltic pump (speed 0.2). The mixture was left to react overnight. 
The morning after, Rhodamine B – APTES dye in DMSO (15 µL), water (20mL), AIBN (5 mg) and hydroquinone (1.85 mg) were added to the dispersion. The resulting mixture was degassed for 45 minutes, after which it was heated in an oil bath to 80°C and left to react for 2 hours. To maintain a homogeneous temperature of 80°C, the plastic tube was attached to a mechanical stirrer with scotch tape and mechanically stirred in the oil bath. The resulting brownish dispersion was washed with water after centrifuging at 3273 g for 20 minutes to remove leftover reactants. Afterwards, the washed particles were stored in water.





4.5. [bookmark: _Toc31892397]Density Gradient Centrifugation of DB1 with incremented sucrose gradient
Sucrose in water solutions of 5 mL each were stacked from lightest (5 wt%) to the heaviest (35 wt%).  
0. 5 wt% sucrose
0. 10 wt% sucrose
0. 15 wt% sucrose
0. 20 wt% sucrose
0. 25 wt% sucrose
0. 30 wt% sucrose
0. 35 wt% sucrose
The stacked sucrose solutions separately visible, as the interfaces between the layers was clearly observable. A 10 mL syringe with a sharp needle was used to stack the solutions into a 45 mL transparent polycarbonate centrifugal tube, starting with the 5 wt% sucrose solution. Then, 1 – 2 mL of dumbbell dispersion was stacked on top of the gradient. Then, the sample was centrifuged at 400 g for 20 minutes. 
The separation of the bands was done via a peristaltic pump. A needle was inserted in the tube and pressed to the bottom. Then, the pump was turned on at a low speed, slowly removing each layer from the gradient from bottom to top. The particles were washed three times with water at 3273 g for 20 minutes to remove the sucrose in the solution. Afterwards, the washed particles were stored in water. 
4.6. [bookmark: _Toc31892398]Density Gradient Centrifugation of DB1 with continuous sucrose gradient
15 mL of a 1 wt% and a 30 wt% aqueous sucrose solution was prepared to make the continuous sucrose gradient. The solutions were added simultaneously by using a peristaltic pump set up at a speed of 2 rpm, starting with the 1 wt % sucrose solution so that the top part of the resulting gradient has the lowest density. As opposed to the incremented sucrose gradient, the continuous gradient was observed to have no individual interfaces between density layers. 1-2 mL of dumbbell dispersion was layered on top of the gradient, after which the sample was centrifuged at 300 g for 20 minutes. The separation of the bands was done via a peristaltic pump. A needle was inserted in the tube and pressed to the bottom. Then, the pump was turned on at a low speed, slowly removing each layer from the gradient. The layers were washed three times with water at 3273 g for 20 minutes to remove the sucrose from the dispersion. Afterwards, the washed particles were stored in water. An experimental set up of the formation of this gradient is shown in Figure 12. 
[image: ]
[bookmark: _Ref29913153]Figure 12: Experimental set up for making a continuous density gradient.

4.7. [bookmark: _Toc31892399]Synthesis dumbbell with size ratio of 2.79 (DB2)
TPM (182uL) was hydrolyzed by adding water (1.82 mL) in a volume ratio of 1:10 in a plastic centrifugal tube and was left to react on a tumbling table for 5 hours. Plastic was used to prevent the reaction of TPM to a glass surface. Meanwhile, a dispersion of nPS (3.8 wt%, 0.12 mL), water (9.88 mL) and ammonia (4 µL) was prepared, resulting in a concentration of 3 x 109 np/mL with a pH of 10.2. To this polystyrene dispersion, h-TPM was added dropwise at a speed of 0.83 µL/hour using a peristaltic pump (speed 0.2). The mixture was left to react overnight. 
The morning after, Rhodamine B – APTES dye in DMSO (15 µL), water (20mL), AIBN (5 mg) and hydroquinone (1.85 mg) were added to the dispersion. The resulting mixture was degassed for 45 minutes, after which it was heated in an oil bath to 80°C and left to react for 2 hours. To maintain a homogeneous temperature of 80°C, the plastic tube was attached to a mechanical stirrer with scotch tape and mechanically stirred in the oil bath. The resulting brownish dispersion was washed with water after centrifuging at 3273 g for 20 minutes to remove leftover reactants. Afterwards, the washed particles were stored in water.
4.8. [bookmark: _Toc31892400]Density Gradient Centrifugation of DB2 with continuous sucrose gradient
15 mL of a 1 wt% and a 30 wt% aqueous sucrose solution was prepared to make the continuous sucrose gradient. The solutions were added simultaneously by using a peristaltic pump set up, starting with the 1 wt % sucrose solution so that the top part of the resulting gradient has the lowest density. 1-2 mL of dumbbell dispersion was layered on top of the gradient, after which the sample was centrifuged at 150 g for 20 minutes. The separation of the bands was done via a peristaltic pump. A needle was inserted in the tube and pressed to the bottom. Then, the pump was turned on at a low speed, slowly removing each layer from the gradient. The layers were washed three times with water at 3273 g for 20 minutes to remove the sucrose from the dispersion. Afterwards, the washed particles were stored in water.
4.9. [bookmark: _Toc31892401]Synthesis APTES-Rhod B fluorophore
RITC (10.2 mg) together with APTES (8.6 µL) were dissolved in DMSO (10 mL) in a 25 mL round bottom flask and stirred with a magnetic stirrer. The resulting APTES-Rhod B fluorophore dye in DMSO can be immediately used in further labeling methods.
4.10. [bookmark: _Toc31892402]  Synthesis TPM particles
In a plastic centrifugal tube, TPM (30µL) was emulsified on a tumbling table in an ammonia (4µL) in water (16 mL) solution for 2 hours. Then AIBN (40 mg) and the fluorescent dye APTES-Rhod B in DMSO (5µL) were added to the emulsion, after which the mixture was heated in an oil bath to 80°C to initiate polymerization for 2.5 hours. To maintain a homogeneous temperature of 80°C, the plastic tube was attached to a mechanical stirrer with scotch tape and mechanically stirred in the oil bath. Afterwards, the resulting pink suspension was washed three times with water after centrifuging at 3273 g for 15 minutes to remove leftover reactants and secondary nuclei. The washed particles were stored in water. 
4.11. [bookmark: _Toc31892403] Surface modification of TPM with APTES
In a 50 mL round bottom flask, ammonia (1.67 mL), ethanol (22.5 mL) and APTES (80 µL) were added to a TPM or dumbbell particle dispersion (1 mL) of any volume fraction*66. This mixture was left to react overnight at 40°C while stirring using a magnetic stirrer. The morning after, the particles was washed once with ethanol at 1000 g for 5 minutes and three times with water at 3273 g for 15 minutes to remove leftover reactants. Afterwards, the washed particles were stored in water. Later on, the particles were washed three times only with ethanol after centrifuging at 1000 g for 5 minutes, as it was found that these particles were unstable in water. The washed particles were then stored in ethanol.
*: Any volume fraction under 30 wt% can be used, as the paper uses these volume ratios for a 1mL dispersion of 30 wt% Ludox silica dispersion. In other words, as long as weight percent of the TPM dispersion is lower than or equal to 30 wt%, the APTES will be in excess. 

4.12. [bookmark: _Toc31892404] Encapsulation experiments
A typical procedure for the encapsulation experiments was as follows: a dispersion of nPS (588 µL, 0.032 wt %) or pPS (588 µL, 0.032 wt %) was added to a dispersion of pH-PS (500 µL, 0.02 wt%) in an eppendorf tube at the desired pH, resulting in a particle number excess of nPS or pPS relative to pH-PS of 100. To acquire the desired acidic pH (between 2.5 and 3.5), a solution of 0.01 M HCl (10 µL) was added to the dispersion in the eppendorf tube. To acquire the desired basic pH (between 9.5 and 10.5), a solution of 0.01 M KOH (10 µL) was added to the dispersion in the eppendorf tube. The pH was measured afterwards to confirm the correct value. Then, the eppendorf was shaken by hand and a small droplet from the cluster dispersion was used to directly view the clusters under the optical microscope. Similarly, a small droplet was taken from the cluster dispersion to prepare an SEM sample. 
To probe the reversibility of the cluster formation from acidic conditions, a 0.01 M KOH solution (20µL) was added to the acidic dispersion to obtain a basic pH (between 9.5 and 10.5). Then, the resulting dispersion was shaken by hand and a small droplet from the particle dispersion was directly used to view under the optical microscope. 
4.13. [bookmark: _Toc31892405] Characterization
Optical microscopy images were taken with a Nikon Ti-E inverted microscope. The microscope was equipped with a Hamamatsu C1140 Flash camera. The objectives used are Nikon TIRF NA 1.49 100× oil immersion objective, Nikon 40x 0.75 Plan Fluor and Nikon 10x 0.30 Plan Fluor. The samples were prepared by placing a droplet from the imaged dispersion on a glass slider onto which a glass cover slip is placed. The suitable filter cube is used to obtain the desired fluorescent wavelengths.
Scanning electron microscopy images were taken with the Phenom Pro-X microscope. The samples were prepared on a silica wafer, which was glow discharged beforehand using the Cressington Power Unit 208. A small droplet was put on the wafer, which was vacuum dried in the Cressington Sputter Coater 208 HR.
pH measurements were performed using the Metler Toledo Inlab®Micro pH meter. The pH meter was calibrated using commercially available pH 4.01, pH 7.01 and pH 10.01 buffer solutions.
Zeta potentials were determined by laser Doppler electrophoresis using the Malvern Zetasizer Nano instrument. Highly diluted, aqueous samples were prepared at various pH values. The radii of particles were approximately 850 nm and 3μm, while the Debye length (κ−1) is approximately 10 nm at the lowest or highest pH (either pH 3 or pH 10) at which the electrophoresis measurements were conducted. Hence, κR ≫ 1, justifying the use of the Smoluchowski limit of the Henry equation to convert the measured electrophoretic mobilities into the reported zeta potentials (equation 8 in section 2.3).
The hydrodynamic diameters of the particles were measured using dynamic light scattering. Measurements were performed on a Malvern Zetasizer Nano instrument. Highly diluted, aqueous samples were prepared, after which measurements were taken at a scattering angle of 173°. 






5. [bookmark: _Toc31892406]Results & Discussion
5.1. [bookmark: _Toc31892407]Particle Synthesis
5.1.1. [bookmark: _Toc31892408]pH responsive polystyrene particles (pH-PS)
The synthesis of pH-PS is not exactly known, as a batch was bought from the company Thermo Fischer Scientific. They describe the particle as being synthesized without the use of surfactants. The stabilization of the particle in neutral pH, as this is how the particles are delivered, arises from the co-functionalization of the particle with a carboxylic acid and an amine co-monomer. Interestingly, the zeta potential of the dispersion in neutral pH is equal to 0, which is in contrast with the stability of the dispersion. This could be due to the co-existence of both charged groups at this neutral pH, effectively canceling each other’s charge. Nevertheless, charges on the particle are present, preventing aggregation. The average diameter of the particle is 3µm, which was confirmed by optical and scanning electron microscopy. An optical micrograph of the particles at neutral pH is shown in Figure 13. 
[image: ]
[bookmark: _Ref29912733]Figure 13: Optical micrograph of pH-PS at neutral pH.
5.1.2. [bookmark: _Toc31892409]Permanently negatively charged polystyrene particles (nPS) and permanently positively charged polystyrene particles (pPS)
Both syntheses are carried out as a single batch process using the dispersion polymerization method67. Before polymerization, the initiator and all monomers are dissolved completely in an organic solvent. After increasing the temperature, the initiator starts the polymerization and multiple small polymers start to form. When these polymers have reached their critical molecular weight, these will not be soluble in the respective organic solvent. If no stabilizer is present, all polymers will completely coagulate. In our case, the charged co-monomer that is present in the polystyrene polymer chain will migrate to the interface between the hydrophobic polystyrene bead and the more polar organic solvent, which stabilizes the formed particle. Additionally, a non-polar fluorophore can be added to the monomer mixture, which migrates into the hydrophobic pocket of the formed polystyrene particles, away from the polar solvent.  A schematic overview of the synthesis steps is shown in Figure 14, where a negatively charged co-monomer is used as an example.
Dispersion polymerization was used to synthesize nPS50, where the sulfonated styrene co-monomer NaSS was used to introduce the negative charge. The NaSS co-monomer has highly hydrophilic sulfon group, which drives in the migration of these charged groups to the surface of the particle. This surface charge then ensures the colloidal stability, preventing aggregation. Measuring the zeta potential of the washed dispersion in water indicated the successful incorporation of the NaSS co-monomer on the particle surface, as the zeta potential was measured to be -75 ± 12 mV. The zeta potential of -75mV for these particles remained stable for months. 

[image: ]
[bookmark: _Ref29912644]Figure 14: Schematic overview of dispersion polymerization. M: Monomer (styrene), I: Initiator, -: negatively charged co-monomer, squiggly line: small polymers, grey circles: formed particles.
For the particles to be used for the encapsulation experiments, they should be visible under the optical microscope, meaning that their size should be sufficiently large. The diameter of these particles was determined by SEM to be 800nm and were clearly visible under the optical microscope, as shown in Figure 15. Also, a non-covalently bound fluorophore Bodipy was added to the particle, allowing for precise distinction between these and other particles. The Bodipy fluorophore is highly hydrophobic in character. This means that Bodipy is dissolved in DMSO or styrene, it migrates into the hydrophobic pocket of the polystyrene particles. 
Afterwards, a part of these particles was post-modified with a bromine acrylate group BIEA. This was done in the presence of styrene, DVB and NaSS, to quantitively simulate the monomer mixture of the nPS particles. This functionalization was performed to further modify the nPS particles with a bromine shell around the core, using atom transfer radical polymerization. However, this modification is not relevant to the system we wish to investigate, but was performed nonetheless. It is assumed that the bromine functionalization does not hamper the charge interactions between colloidal particles. The zeta potential remained the same (ζ = -75mV), however, the size increased from 800nm to 860nm, as determined by SEM. 
[image: ]
[bookmark: _Ref29912752]Figure 15: A: Optical micrograph of nPS. B: Scanning electron micrograph of nPS.
The synthesis of pPS was inspired by the dispersion polymerization synthesis method used for nPS. Only for pPS, the co-monomer that is introduced during the synthesis is the permanently positively charged METMAC. This molecule consists of a polymerizable acrylate group and a permanently positively charged quaternary nitrogen atom, which introduces the positive charge on the particle surface. 
The same molar ratio of styrene and co-monomer as was used for nPS, yielded particles with a similar size and an inverted charge. The hydrodynamic radius of pPS was determined by DLS to be 725 ± 108nm and were clearly visible under the optical microscope (Figure 16). Just as for the nPS synthesis, the non-covalently bound fluorophore Bodipy was successfully incorporated into the particle. The zeta potential of pPS was measured to be +41 ± 12mV, indicating successful incorporation of the METMAC co-monomer. The zeta potential of +41mV for these particles remained stable for months.
[image: ]
[bookmark: _Ref29912865]Figure 16: Optical micrograph of pPS.
5.1.3. [bookmark: _Toc31892410]Synthesis of the biphasic TPM-PS zwitterionic dumbbells 
The method of Sacanna et al.12 was used to synthesize biphasic dumbbells in two different size ratios. The dumbbell consists of a strongly negatively charged PS particle, around which a TPM lobe is condensed and polymerized. The nPS particles mentioned before are used as a substrate for the dumbbell synthesis. This method is called seeded emulsion polymerization (scheme 4).
The nPS particles are dispersed in water, to which an amount of separately hydrolyzed TPM is added. The negative charge on the PS seed is necessary to facilitate the stable formation of the TPM lobe. Otherwise, when the PS is positively charged, the TPM oil spreads over the PS surface, forming a core-shell particle12. The dispersion is given some time to equilibrate, so that the TPM droplets will nucleate on the polystyrene seed (1). To this mixture, an initiator is added and the temperature is increased to solidify the TPM oil droplet (2). During this polymerization, a silane functionalized fluorophore is added that selectively binds to the silane surface. The result is a biphasic dumbbell particle with two different chemical identities that can be separately functionalized. The solid TPM lobe can now be selectively modified with silane derived moieties, as its surface is decorated with silanol groups. This way, (3-aminopropyl)triethoxysilane (APTES) can form a monolayer around the TPM lobe, which introduces a positive charge on the now APTES TPM lobe (3). This positive charge arises from the protonation of the amine groups that are present on the surface of the TPM lobe. The result is a dumbbell that has both a negative charge from the nPS and a positive charge from the APTES TPM. 
This synthesis requires a delicate control of a set of parameters, of which an overview, including particle synthesis results, is shown in table 2. 
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Scheme 4: Schematic overview of the synthesis of the dumbbell shaped particles.
	Particle
	[PS] (np/mL)
	DTPM (µm)
	Size ratio

	DB-1
	2x1013 
	1.0
	1.17

	DB-2
	3x1011 
	2.4
	2.79


Table 2: Synthesis summary of DB-1 and DB-2, each differing in lobe size ratio.
Two different size ratios between the lobes of the dumbbells were synthesized by changing the nPS nanoparticle concentration, while keeping the other parameters constant. These parameters are for example the total amount of added hydrolyzed TPM and the injection rate of hydrolyzed TPM into the nPS dispersion. The amount of ammonia added to control the pH is kept constant, so that for all syntheses the nPS dispersion had a pH around 10.5. The use of hydrolyzed TPM will be explained in the next paragraph. 

A nanoparticle concentration of 2x1013 np/mL resulted in the formation of dumbbells with a lobe size ratio of 1.17, of which the scanning electron micrograph is shown in Figure 17A. From this micrograph, it was determined that the average diameter of the TPM lobe that is grown around the nPS substrate is 1.0 µm. 
A nanoparticle concentration of 3x1011 np/mL resulted in the formation of dumbbells with a lobe size ratio of 2.79, of which the scanning electron micrograph is shown in Figure 17B. Similarly, the average diameter of the TPM lobe was determined using this micrograph, being 2.4 µm.
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[bookmark: _Ref29912959]Figure 17: A: Scanning electron micrograph of DB-1. B: Scanning electron micrograph of DB-2.
During step (2), the acrylate groups on the TPM molecules are connected, effectively cross-linking the TPM droplet into a rigid particle. During this step, a Rhod-B derived fluorophore is selectively introduced to the TPM lobe. This fluorophore, APTES-RITC, is synthesized by reaction of the isothiocyanate group on the RITC molecule with the amine group on the silane APTES, as shown in scheme 568. 
[image: ]
Scheme 5: Reaction scheme of RITC with APTES.
The APTES-RITC fluorophore then selectively condensates on the silane surface of the TPM lobe. Now, each lobe is fluorescent with a different wave length light, as shown in Figure 18. This shows the precise chemical distinction between the two lobes under a fluorescent microscope. 
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[bookmark: _Ref29913039]Figure 18: Layered fluorescence images, yellow: Bodipy fluorescence, red: RITC fluorescence. A: DB-1, B: DB-2.
As can be seen from Figure 17, other morphologies than just dumbbells have formed during the synthesis. For DB1, the main three other morphologies that have formed are spherical TPM particles, mickey mouse like particles and deformed trimers, which are highlighted in Figure 19. 
It is assumed that a spherical TPM particle is formed from homonucleation of a hydrolyzed TPM droplet in the nPS dispersion, which is then polymerized into the rigid TPM particle. 

The trimers that are observed in the dispersion are presumably formed when two h-TPM droplets nucleate on one nPS particle, which are then polymerized into a rigid particle. 

The mickey mouse like particle is thought to have formed when the hydrolyzed TPM droplets of two dumbbells have fused before polymerization, resulting in a large hydrolyzed TPM droplet and two nPS lobes in one particle. Interestingly, of all possible geometries that can form from such a fusing of hydrolyzed TPM droplets, only the mickey mouse like geometry is observed. This result is rather counter intuitive, as the strong negative charge on the nPS seeds should drive the seeds to be at a maximum distance from one another. Similar experimental results were observed by Kraft69, where dumbbells were synthesized by swelling PS particles with styrene to form liquid protrusions, after which these liquid protrusions were polymerized into a solid particle. These oil protrusions can fuse together before polymerization to form a single (mickey mouse) particle. This mechanism is similar to the proposed fusion of two TPM oil droplets in our system. In their work, also only fused particles where the seeds are at a minimal distance from one another are observed. What was proposed is that depletion forces that are present inside the fused oil droplet during polymerization, forces the PS seeds on the oil-water interface towards one another. 
The timescale at which this process occurs was compared to the timescale at which diffusion of the seed particles diffuse from one end to the other inside the liquid protrusion. What was concluded was that for the given size ratios of the seed and the protrusions of the dumbbell, the seed particles will not have enough time to randomly rearrange during polymerization. The result is a depletion interaction driven formation of the particle. Because of the strong similarity of our system to that of Kraft, we propose that a similar mechanism occurs for the formation of our mickey mouse like particles. 
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[bookmark: _Ref29913062]Figure 19: Different deformations that can form during dumbbell synthesis.
For DB2, mainly spherical TPM and trimer particles have formed in the dispersion in a similar fashion as for the DB1 synthesis. 

Also, it was observed that during syntheses, multiple smaller nucleation sites of TPM were present on a nPS particle surface, in addition to the desired larger single lobe, as shown in Figure 20A. These small hetero-nuclei pollute chemical properties of the nPS surface and prevent growth of a single TPM lobe. 
To solve this, a minute amount of hydroquinone (0.0185 wt% compared to the weight of water) is added before radical polymerization. This compound is known as a radical scavenger, preventing additional free-radical reactions to occur70. After addition of this compound, the surface of the PS substrate is observed to be much smoother, as shown in Figure 20B. 
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[bookmark: _Ref29913099]Figure 20: Scanning electron micrographs. A: DB-1 without HQ, B: DB-2 with HQ. Note the absence of smaller TPM nuclei on the PS seeds.
Now that a particle with two chemically tunable surfaces is obtained, it can be selectively modified.  This is done in the third step of the synthesis, where the amine functionalized silane APTES is added to the silane surface of the TPM particle66. 
Unfortunately, most of the dumbbells have aggregated after this modification, leaving behind only a few single particles. The cause of this effect will be discussed in further detail later in paragraph 5.4.1. 
5.1.4. [bookmark: _Toc31892411]Density Gradient Centrifugation of unmodified dumbbell dispersion
As mentioned previously in paragraph 2.5 and 4.1.3, the dumbbell synthesis procedure inherently causes polymorphic mixtures of particles to form. Aside from dumbbells, also homonuclei, mickey mouses and other deformed particles have formed, as shown in Figure 19. 
The synthesis of these dumbbells is a very delicate process, so preventing other deformed particles from forming is very challenging. Separating these deformations from the desired dumbbells is then desired, which is made possible by density gradient centrifugation. This technique separates particles based on their individual buoyant mass over a columnal gradient of either sucrose or ficoll. For facile reproduction of this method, it would be ideal for the procedure to be performed by an automated process. For this reason, using a continuous gradient of either sucrose or ficoll generated by an automated peristaltic pump would be a suitable method. 
5.1.5. [bookmark: _Toc31892412]Density Gradient Centrifugation of DB-1
For facile reproduction of the density gradient centrifugation procedure, it is desired that sufficient separation of the different species occurs using a continuous gradient. First, a continuous gradient ranging from 1 wt% to 9 wt% of ficoll was used as density gradient column. Normally, a ficoll gradient is combined with addition of the surface active polymer Pluronic f127. However, this polymer is known to adsorb on the surface of our particles, even after washing71. In this project, we want to use the particles that are separated with density gradient centrifugation in further experiments, for which the surface properties of the particles are very important. For this reason, the Pluronic f127 is not used when making the ficoll gradient. Stacking the dumbbell dispersion on top of the gradient and centrifuging the sample resulted in a continuous distribution of particles over the whole gradient, as shown in Figure 21A. The absence of discrete bands could be attributed to overall low density of the ficoll gradient. As can be seen in A1, the highest density at 9 wt% is only slightly higher than that of water. It is unclear how the density gradient centrifugation method exactly operates, though it is assumed that a larger difference in density of the whole gradient is necessary to obtain a better separation71. 

Moving to a sucrose gradient from 1 wt% to 30 wt% resulted in the formation of two discrete bands, as shown in Figure 21B. Separating these bands from the gradient and looking under the optical microscope showed that the top layer mainly contained homonuclei, while the bottom layer contained mainly dumbbells and other deformed particles. Unfortunately, the microscopic images of the fractions are lost. In an attempt to enhance the separation between the different fractions, an incremented continuous gradient of sucrose ranging from 5 wt% to 35 wt% was prepared. This resulted in the formation of two additional bands, as shown in Figure 21C.
Taking samples of the bands and viewing them under the optical microscope showed that all samples were very similar, with all bands still containing many different morphologies of particles. Unfortunately, separation of these bands proved to be quite challenging. A needle is carefully put in the dispersion to separate the different bands, starting from bottom to top. This automatically slightly mixes the separate bands, causing them to pollute one another.
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[bookmark: _Ref29913177]Figure 21: Density gradient centrifugation of DB-1. A: Continuous ficoll gradient, B: Continuous sucrose gradient, C: Stepwise sucrose gradient.
Even though the unsuccessful separation of these bands does not allow for exact characterization of the particles inside that band, it can still be theorized what species would reside in which band. This can be done by using the average density of a PS particle and a TPM particle, being 1.05 g/mL61 and 1.30 g/mL62, respectively. Starting with the highest band, these could be the small TPM homonuclei, having the lowest buoyant mass. Then moving to a band lower, these could be the dumbbells, which are heavier than singly nucleated TPM particles and lighter than other less deformed particles. Another band lower would then mainly contain mickey mouse like particles, having two polystyrene particles and one large TPM lobe. The lowest band would then contain the heaviest deformations, consisting of two TPM lobes and a single PS particle. 
Despite the difficulties of separating the layers after the procedure had finished, it has been shown that the different morphologies of particles can be separated into discrete bands. Optimizing the way these bands are separated would be the next step in successfully performing this procedure. This can be done by using a centrifugal tube that can be pierced from the side by a needle, allowing specific bands to be collected separately. Also, since the yield of the desired particles with this procedure is very low, the procedure would have to be repeated several times. This would be too time consuming to do repeatedly, so it was decided to not utilize this method prior to encapsulation experiments. 
5.1.6. [bookmark: _Toc31892413]Density Gradient Centrifugation of DB-2
Similar to the density gradient centrifugation procedure of DB-1, it was desired that a quick reproducible method would be developed to efficiently separate the different morphologies in the dispersion of DB-2. Again, first, a continuous gradient of ficoll ranging from 1 wt% to 9 wt% was used to make the column. This resulted in another continuous distribution of particles over the whole gradient, as shown in Figure 22A, probably for the same reasons as for the ficoll procedure of DB-1. Using a continuous gradient of sucrose ranging from 1 wt% to 35 wt% resulted in the formation of two discrete bands, as shown in Figure 22B. 
For the dispersion of DB-2, it was easier to separate the two bands compared to the dispersion of DB-1. The amount of different deformities in the DB-2 dispersion was relatively lower than for DB-1 and the separation distance between the bands was larger for the DB-2 dispersion. This resulted in a cleaner separation of the different species for the DB-2 dispersion, as can be seen from the fluorescent micrographs of the different layers (Figure 22C and D). This method could prove to be valuable, since the DB-2 dispersion is highly polluted with homonuclei. These could interfere with the selective formation of dumbbell clusters during encapsulation experiments.
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[bookmark: _Ref29913436]Figure 22: Density gradient centrifugation of DB-2 dispersion. A: continuous ficoll gradient, B: continuous sucrose gradient, C: Rhod-B fluorescent micrograph of TPM homonuclei from the top layer, D: Rhod-B fluorescent micrograph of dumbbells and deformations from the bottom layer.
5.1.7. [bookmark: _Toc31892414]Analysis of the biphasic TPM-PS zwitterionic dumbbells
To determine whether surface modification of the TPM lobe with APTES was successful, single TPM particles were synthesized in the same way and analyzed further. Doing this allows for a zeta potential measurement of a single TPM surface, without interference of the structurally and chemically anisotropic nature of the dumbbell. For this analysis, TPM-1 was synthesized, after which these were modified with APTES. The resulting hydrodynamic radius of the APTES TPM-1 particles was 761 ± 110 nm as determined by DLS. An which an optical micrograph of the particles is shown in Figure 23.
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[bookmark: _Ref29913469]Figure 23: Optical micrograph of TPM-1 APTES.
For the zeta potential measurement to be accurate, it was not necessary to produce monodisperse TPM-1 spheres, however, all particles should be spherical and not aggregated. Performing a zeta potential measurement on the unmodified TPM particles in water at neutral pH resulted in a potential -49 ± 26mV, which arises from the negatively charged dissociated silanol groups (Si-O-) at the surface of the TPM-1 particle. After modification with APTES and redispersion of the particles from EtOH to water, the resulting zeta potential was determined to be +40 ± 14mV. This indicates that the APTES modification of the TPM surface was successful, as the basic amine groups on APTES are now protonated by the water medium, thus obtaining a positive charge. Coupling this back to the dumbbell synthesis, one can conclude that these modified dumbbells obtain a positive charge on the TPM lobe and a negative charge on the PS lobe when redispersed in water, creating a zwitterionic dumbbell.
5.2. [bookmark: _Toc31892415][bookmark: _Hlk26785381]Determination pH responsiveness
Determining the pH responsiveness of particles is done via acid/base titration and subsequently measuring of the zeta potential. At certain pH values, a particle can have either a positive or a negative zeta potential. The sign determines the direction in which a particle will move when an electric field is applied, translating back to the sign of the actual charge on the particle surface. The magnitude determines how fast the particle moves in that electric field, thus providing an indication for the amount of charges on the particle surface. The zeta potential of the particle dispersion is measured in two ways: by measuring the mean zeta potential and/or by measuring the distribution of zeta potentials. The presence of a distribution of zeta potentials over the dispersion sample is an indication of an inhomogeneous distribution of charged groups over all particles, as not all particles are equally charged. 
5.2.1. [bookmark: _Toc31892416]Titration of pH-PS
The mean zeta potential measurement of pH-PS at different pH values shown in Figure 24. As mentioned before in paragraph 2.4, the pH-responsiveness of pH-PS arises from the co-functionalization of the particle with a carboxylic acid and an amine co-monomer. At neutral pH, the carboxylic acid functionalization is partially deprotonated, providing a negative charge. At the same time, the amine functionalization is partially protonated, providing a positive charge. This means that on average, the particle has a net surface charge of 0, while actually being zwitterionically charged. Thus, it should be noted that the attribution of this point as being the iso electric point, e.g. the point of zero charge, is not completely validated, as there are still charges present on the particle surface. This presence of charges on the particle surface also prevents aggregation of the sample at neutral pH, as can be seen from the optical micrograph of these particles in Figure 25B. 
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[bookmark: _Ref29913515]Figure 24: Titration curve of pH-PS
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Moving to the acidic region of the titration curve, around pH 3.5, the particle obtains a net positive charge. This can be attributed to neutralization of the carboxylic acid functionalities and protonation of the amine functionalities. In this region, the particles are well dispersed, as can be seen from the optical micrograph in Figure 25A. [bookmark: _Ref29913565]Figure 25: Optical micrographs of pH-PS at different pH values. A: pH 3, B: pH 6.5, C: pH 10

In the basic region, around pH 9.5, the particle obtains a net negative charge. This can be attributed to the deprotonation of the carboxylic acid functionalities and the neutralization of the amine functionalities. Again, the particles are well dispersed in this region, as shown in the optical micrograph in Figure 25C. However, on longer timescales, e.g. weeks, the particles are untangled and form macroscopic flaky aggregates (Figure 26). An explanation for this occurrence is provided by the manufacturer of these particles, as it was said that the stability is compromised in basic pH. 
However, it is not clear what the exact reason for this specific sensitivity is. More information about the synthesis process could provide more insight into the decomposition mechanism of this particle in basic pH. 
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[bookmark: _Ref29913813]Figure 26: Formation of macroscopic flakes in pH-PS dispersion at basic pH.
The measurement of the mean zeta potential at the different pH values can be coupled with the zeta potential distribution at those values. For neutral, basic and acidic pH, the distribution of the zeta potential for pH-PS is shown in Figure 27. Looking at the distribution at neutral pH, it can be seen that there are still particles present that either have a net positive or negative charge. This is an indication of an inhomogeneous distribution of charged groups over all particles, with some having more carboxylic acid functionalities, and some having more amine functionalities. Moving to an acidic pH shifts the distribution towards the positive values and moving to a basic pH shifts the distribution towards the negative values. This again indicates the balance of protonation and deprotonation of the functional groups on the particle surface. 
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[bookmark: _Ref29913831]Figure 27: Zeta potential distribution of pH-PS in basic, neutral and acidic conditions.
5.2.2. [bookmark: _Toc31892417]Titrations of nPS and pPS
The encapsulating particles nPS and pPS in the encapsulation experiments need to be non-responsive to the pH environment, so that only pH-PS inverts its charge in different pH regimes. To test to what extent nPS and pPS are pH unresponsive, a titration measurement of these particles was again employed. The resulting titration curve is shown in Figure 28. 
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[bookmark: _Ref29913856][bookmark: _Ref30161718]Figure 28: Titration curve of nPS and pPS.
The nPS particles obtain their negative charge from the deprotonated sulfon group -SO4-, which is similar to the conjugated base of sulfuric acid (HSO4-). As sulfuric acid is a very strong acid, the conjugated base is very weak. This means that due to the very weak basic nature of the sulfon group, even in acidic pH, these will only be partially protonated. Only a small amount of sulfon groups become protonated in acidic pH, as the zeta potential changes from -75mV to -45mV. Similarly, in basic pH, very few protonated sulfon groups will be deprotonated, as the zeta potential changes from -75mV to -80mV. These results are a satisfactory indication that the nPS particles are pH unresponsive. 

The pPS particles obtain their positive charge from the quaternary nitrogen atom in the METMAC co-monomer molecule, meaning that it should have a permanent positive charge. However, as can be seen from the titration curve of pPS in Figure 28, the zeta potential of the particles is responsive to a change of pH. This curious observation drove us to further explore this effect. The pPS dispersion was stored in water at neutral pH and was stable for months. When the particle dispersion was stored in acidic pH, it kept its positive charge for days and presumably even longer. However, when the particle dispersion was stored in basic pH, the zeta potential changed overnight from +10mV to -35mV (Figure 29A). Also, the particles have aggregated during this process, as can be seen from the optical micrograph in Figure 29B. 
This observation is in line with the measured change of zeta potential, as the zeta potential value has to go through its point of zero charge to invert its charge. Adding acid to the dispersion to change the pH back to pH 3, resulted in the recovery of a positive zeta potential of +65mV. 

[bookmark: _Ref31017242][image: ]Figure 29: A: Overview of titration measurements on pPS. B: pPS particles at basic pH after overnight equilibration. 
Due to the large magnitude of the zeta potential, it was assumed that the particles were redispersed. This could be further confirmed by again viewing the sample with an optical microscope. 
The observed charge inversion at high pH of pPS comes as a surprise. Looking at the components that make up pPS, no chemical group should be sensitive to proton adsorption or desorption. In some cases, charge inversion could occur by overcharging of the surface72. This happens by specific counter-ion condensation on the surface of a particle. In our case, this could be the OH- ion which condensates on the quaternary nitrogen atom of the METMAC monomer. At low pH, there are only a few OH- ions, while at higher pH, there are more. This could explain the observed charge inversion at high pH. However, this seems highly unlikely, as this overcharging phenomenon is only observed for multivalent ions, which are not present in our system. Additionally, the quaternary nitrogen atom is too sterically hindered from the methyl groups for an OH- ion condensation to occur.
A more likely explanation could be that the ester bond on the METMAC monomer is destroyed by base-catalyzed hydrolysis, which would leave behind a carboxylic acid73 (scheme 6). The formed carboxylic acid will then obtain a negative charge by deprotonation in basic pH, confirming the charge inversion. The same effect was observed by Guo for his METMAC functionalized PS particles, however, reobtaining the positive charge by decreasing the pH was not probed by him74. 
As a result of this reaction, an amount of the formed ‘METMAC alcohol’ should be present in the dispersion. It is assumed that the backward reaction is catalyzed at low pH, again leading to the initial positive charge. So, to confirm whether this reaction occurs, the particles should be washed thoroughly in basic pH. Afterwards, the particles should be redispersed in acidic pH to see whether the positive charge is permanently removed. Additionally, to identify the molecular species that are present in the dispersion, the first few supernatants from the washing steps could be analyzed with NMR. To avoid this whole issue, the particles can be synthesized with DADMAC as co-monomer, as this pH-unresponsive molecule does not have a hydrolysable ester group (Figure 3C)51. 
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Scheme 6: Proposed reaction scheme for the pH dependent hydrolysis and condensation occurring at the METMAC comonomer.
5.2.3. [bookmark: _Toc31892418]Titration of (APTES) TPM-1 
The surface charge on TPM particles arises from the negatively charged deprotonated silanol groups Si-O- that spontaneously form in an aqueous medium. The pH responsiveness of the TPM-1 particles be seen in their titration curve in Figure 30. 
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[bookmark: _Ref29651636][bookmark: _Ref29651617]Figure 30: Titration curve of TPM-1 and APTES TPM-1.
The unmodified TPM-1 particles stay negatively charged from basic to neutral pH, approaching their iso-electric point around pH 3. The modification of the TPM-1 surface with the amine functionalized silane APTES results in complete charge inversion of the particle. Already at neutral pH, the charge is inverted from -50mV to +40mV. Increasing and decreasing the pH then decreases and increases the proton adsorption on the amine groups, respectively. What was curious, however, was the negative zeta potential that was measured for APTES TPM-1 after passing pH 9. This abrupt change of surface charge did not follow the trend of that from pH 4 to 8.5, meaning that some other effect likely took over.
This was explored further by increasing the pH back to neutral conditions, to see whether the original +40mV zeta potential could be recovered. As shown in Figure 31, the zeta potential at this pH value has changed drastically to +10mV. 
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[bookmark: _Ref29914009]Figure 31: Non-reversibility of change inversion of the APTES TPM-1 particles.
                                                 (SiO2)x + H2O                                      Si(OH)4 + (SiO2)x-1

                                                 Si(OH)4 + OH-                                     Si(OH)5- (or HSiO3- + H2O)
Scheme 7: Reaction of base induced hydrolysis of silane groups occurring at the APTES TPM-1 surface.
What was proposed is that the base induced hydrolysis of the silane groups occurs strongly around a certain concentration of OH- ions. It has been shown by Alexender et al. that the solubility of amorphous silica increases rapidly after passing pH 9.575. A schematic overview of the reaction is shown in scheme 7. From scheme 7, it can be seen that the amorphous silica, which is chemically comparable to APTES, dissolves when hydrolyzed into silicic acid (Si(OH)4). When an OH- ion reacts with silicic acid, it is converted into the silicate ion H3SiO4-. Because the conversion of the silicic acid into the silicate ion occurs, the hydrolysis-condensation equilibrium of the reaction shifts strongly towards hydrolysis of the amorphous silica. 
Additionally, table 3 shows a trend of solubility of amorphous silica at room temperature, which rapidly increases after passing pH 9.5. This data is somewhat related to what is observed in the APTES TPM-1 system, as the rapid decrease of zeta potential is an indication of an increase of solubility of the APTES layer on the APTES TPM-1 surface. However, the pH where this strong increase in solubility is observed does differ from our system. 
	pH
	Solubility of amorphous silica (ppm)

	6-8
	120

	9
	138

	9.5
	180

	10
	310

	10.6
	876


Table 3: Trend of increasing solubility of amorphous silica with increasing pH.
To investigate to what extent the proposed base induced hydrolysis of the APTES modification occurs at neutral pH, a time dependent zeta potential measurement of these particles at neutral pH was carried out. Figure 32 shows the exponential decay of zeta potential of the APTES TPM-1 dispersion at neutral pH over a duration of 4 days. 
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[bookmark: _Ref29651696]Figure 32: Instability of the APTES layer on an APTES TPM-1 particle in water at neutral pH.
As can be seen from Figure 32 the zeta potential decreases from +45mV to 0mV over a duration of 4 days. It seems that the full APTES layer has not been removed, as the zeta potential of a bare TPM-1 particle at neutral pH is around -45mV (Figure 30).
To see in what conditions the APTES layer on the APTES TPM-1 particle remains stable, the particles are stored at two different acidic pH values. At pH 4, the zeta potential of the APTES TPM-1 particle stays constant (ζ = +57mV) over a duration of a week, which was also the case in pH 2 (ζ = +66mV). This is further proof that the instability at neutral and basic pH arises from the occurrence of the base catalyzed hydrolysis reaction.
Additionally, the stability of the APTES TPM-1 particles in EtOH was probed, as there should be barely any hydroxide ions present. In this case, the zeta potential remained unchanged over a duration of weeks (ζ = +40mV). This is again an indication that the removal of the APTES layer is governed by hydroxide ions.
5.3. [bookmark: _Toc31892419]Encapsulation experiments
For all encapsulating experiments described in this paragraph, pH-PS was used as core particle and either nPS or pPS was used as encapsulating particles. For our project, nPs and pPS have a diameter of approximately 800 nm, resulting in a  of 82 (equation 9). Hence, an excess of 100 of either nPS or pPS will be used in the encapsulation experiments to ensure complete encapsulation of pH-PS. In both systems, the total volume fraction of particles in the dispersion was φ = 0.009. The nPS or pPS particle dispersion was added to a pH-PS dispersion at a specific pH, to ensure that the desired pH of the system remains as unchanged as possible after addition of the particles. Three pH values were chosen to be investigated, acidic pH (2.5-3.5) neutral pH (6-7) and basic pH (9-10). The choice for these pH values is made because these are the extremes for the charge on pH-PS. As discussed in paragraph 4.2.1, pH-PS in positively charged in acidic conditions, ‘uncharged’ at neutral pH and negatively charged in basic pH. An overview of the titration curves for the used particles is shown in Figure 33, where the highlighted regions show the investigated pH ranges.
[image: ]
[bookmark: _Ref29914263]Figure 33: Titration curves of pH-PS, nPS and pPS. The highlighted regions correspond to the pH values where encapsulation is investigated.
5.3.1. [bookmark: _Toc31892420]Encapsulation of pH-PS with nPS
[image: ][image: ][image: ]The optical micrographs for the encapsulation experiment of pH-PS with nPS at different pH values is shown in Figure 34. In acidic conditions, it can be seen that densely packed clusters have formed (Figure 34A). At neutral pH, both packed and bare pH-PS particles are observed (Figure 34B). At basic pH, the surface of pH-PS remains uncovered (Figure 34C). It should be noted, however, that at basic conditions, there are at most a few nPS particles that decorate the surface of pH-PS. Furthermore, the clusters all move as a whole particle, meaning that no individual movement of nPS on the surface of pH-PS was observed. This suggests that the clusters are formed via a random sequential adsorption mechanism. Further analysis on the formation of these clusters will be discussed later. [bookmark: _Ref29914292]Figure 34: Optical micrographs of the encapsulation experiments of pH-PS with nPS. A: pH 3, B: pH 6.5, C: pH 10

After overnight equilibration, the neutral and acidic samples became unstable, as many particles have aggregated and migrated to the interface and the walls of the vial as macroscopic aggregates. This migration of particles at pH 3 was so strong, that the particle dispersion turned from turbid to transparent within only a few minutes. For neutral pH dispersions, this effect was observed to occur over a duration of days. To see whether this massive aggregation could be reversed, an amount of base was added to raise the pH value to pH 9-10. This instantly resulted in the recovery of a turbid dispersion after shaking the vial by hand. A visual representation of these macroscopically visible observations is shown in Figure 35. 
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[bookmark: _Ref29914308]Figure 35: Reversibility of the formation and dissemblance of macroscopic clusters of nPS and pH-PS from acidic to basic pH.
5.3.2. [bookmark: _Toc31892421]Encapsulation of pH-PS with pPS
[image: ][image: ][image: ]The optical micrographs for the encapsulation experiment of pH-PS with pPS at different pH values is shown in Figure 36. From these micrographs, it could look like the volume fraction of this aggregation was lower compared to the nPS encapsulation experiments. However, the imaging method was improved to reduce the visibility of the other particles in the surrounding focal planes. Again, it can be seen that cluster formation at neutral and acidic pH occurs, while only a few pPS particles cover the surface of pH-PS in basic pH. This counterintuitive observation was further investigated and will be discussed later. Just as for the encapsulation with nPS, the clusters all move as a whole particle, meaning that no individual movement of pPS on the surface of pH-PS was observed. This suggests that the clusters are formed via a random sequential adsorption mechanism. Further analysis on the formation of these clusters will be discussed later. [bookmark: _Ref29914326]Figure 36: Optical micrographs of the encapsulation experiments of pH-PS with pPS. A: pH 3, B: pH 6.5, C: pH 10.

After overnight equilibration, it was observed that the neutral sample had become unstable, as the particles all migrated to the walls of the glass vial, leaving behind a transparent solution (Figure 37). The same effect was observed for acidic samples, already after a few minutes of equilibration. Additionally, it could be investigated whether this macroscopic aggregate formation was reversible, by adding base.
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[bookmark: _Ref29914357]Figure 37: Migration of macroscopic aggregates to the interface of the dispersion of pH-PS and pPS at neutral pH.
5.3.3. [bookmark: _Toc31892422]Interpretation encapsulation experiments
There were some counterintuitive observations for the pH-PS encapsulation with both nPS and pPS, individually. In the following paragraphs, a discussion will be held about the formation of the clusters at their respective pH values. As a general guide through the discussion, the titration curve of pH-PS, nPS and pPS is shown in Figure 33.
It should be noted that for all particle encapsulations, it was observed that the aggregation presumably occurs via a random sequential adsorption mechanism of the nPS and pPS particles on the surface of pH-PS. Proof of this arises from the recorded movies of the samples, where it can be seen that the clusters move as whole particles. There is no individual movement of nPS or pPS on the surface of pH-PS, which indicates that the adsorption energy is stronger than the thermal energy kT. This makes an optimal packing density practically not viable. 
5.3.3.1. In neutral pH regime
[image: ]For both the nPS and pPS encapsulations, clusters were observed to have formed at neutral pH. This observation is in contrast with the zeta potential measurement of pH-PS, as the particle should on average be neutral. However, the co-functionalization of the particle implies that there are still charged groups present on the particle surface. [bookmark: _Ref29914424]Figure 38: A:  Zeta potential distribution of nPS and pH-PS at neutral conditions. B: Zeta potential distribution of pPS and     pH-PS at neutral conditions.

Also, the distribution of charged groups over all particles could not be homogeneous, leaving some particles primarily functionalized with carboxylic acids and other particles with amines. A proof of this could be the zeta potential distribution of nPS, pPS and pH-PS at this pH, as shown previously in Figure 38. 
This distribution shows that some particles have a net positive and some a net negative zeta potential, with a mean of approximately 0mV. Further proof of this argument is the pKa values for carboxylic acid and substituted amine groups, as this gives insight into the ratio of the charged compared to the uncharged states of acids and bases. A common carboxylic acid that is used as co-monomer in colloidal synthesis is acrylic acid76, which has a pKa value of 4.2544. This means that at neutral pH, the negatively charged state is more than 100 times more abundant than the uncharged state. For amine co-monomer groups used in colloidal synthesis, the pKa value lies around 7.677, meaning that at neutral pH, the uncharged state is about 10 times less abundant than the charged state. 
The packing of the clusters also differs per pH-PS particle, as can be seen from Figure 34 and Figure 36. Some pH-PS particles are only covered on specific points on the surface, while others are practically covered completely. This observation provides further proof for the idea that the pH-PS particles are not homogeneously functionalized.
This introduces a concept describing the presence of discrete patches of charged groups on the particle surface of pH-PS. A scanning electron microscope micrograph of a formed cluster at pH 3, shown in Figure 39, nicely shows the site selective adsorption of nPS particles on a pH-PS particle surface. Similar clusters have formed at neutral pH, as could be seen from the optical micrographs of that sample. However, the SEM sample had no such clusters which could be imaged clearly, which is why we chose to show this clearly defined cluster at pH 3. 
As mentioned before in paragraph 4.3.2, the adsorption mechanism of nPS on pH-PS presumably occurs via a random sequential adsorption mechanism, meaning that an optimal packing of the pH-PS particle surface is practically not viable. The partially covered surface of pH-PS is further proof of this random sequential adsorption mechanism. However, there is still enough space left for additional nPS particles to adsorb on the pH-PS surface, especially considering other closely packed nPS particles are adsorbed. An explanation for this effect could again be the presence of discrete patches of charged groups on the pH-PS particle surface. This would mean that the empty surfaces on pH-PS contain mostly negatively charged carboxylic acid groups or are seemingly neutral due to the presence of both carboxylic acids and amines. At the adsorption sites, there is a substantial presence of positively charged amine groups that attract the negatively charged nPS particles. 
The hypothesis for the presence of these discrete patches of charged groups on the pH-PS surface will return in further examples and will be discussed in further detail in paragraph 5.3.5.
5.3.3.2. In the acidic pH regime
Looking at the encapsulation experiments in the acidic pH regime, we see cluster formation of pH-PS with both nPS and pPS. 
5.3.3.2.1. nPS encapsulation in acidic pH 
The nPS encapsulation is expected, as the net positive surface charge on pH-PS is attractive to the negative surface charge of nPS. Under the microscope, we see nicely packed clusters, again together with less densely or non-packed pH-PS particles. This observation again provides an argument for the inhomogeneous distribution of functional groups over all pH-PS particles.
Additionally, a trend was observed where increasing number of particles aggregate and migrate to the surface with decreasing pH. This trend is paired with time, as the macroscopic aggregate formation occurs [image: ]more quickly in stronger acidic pH. A reason for this could be the increasing mean positive surface charge of pH-PS with decreasing pH, which would facilitate the mass aggregation of particles in the dispersion. [bookmark: _Ref29914475]Figure 39: Scanning electron microscope micrograph of a cluster of pH-PS with nPS particles at pH 3.

This migration of pH-PS particles, which can happen already after a few minutes of equilibration at pH 3, could be the reason why we observe a similar distribution of packing of pH-PS in acidic and neutral pH values. It could be that between addition of acid and viewing the sample under the microscope, some pH-PS clusters have already massively aggregated and migrated to the interface of the dispersion. This way, the most strongly attractive pH-PS particles will not be present in the dispersion anymore, as these have formed the macroscopic aggregate network we observe on the interface. An argument for this hypothesis is provided when considering the zeta potential distribution of both nPS and pH-PS at pH 3. From this distribution, shown in Figure 40, it can be seen all particles of pH-PS are positively charged, while for nPS all are negatively charged. 

[image: ]
[bookmark: _Ref29914516]Figure 40: Zeta potential distribution of nPS and pH-PS at pH 3.
A way to solve the problem of time between changing the pH and viewing the sample under the microscope, could be by in situ addition of acid to a basic dispersion of the encapsulation particles25. This way, one could immediately see the cluster formation and possibly massive aggregation. 
As mentioned earlier in paragraph 4.3.1, it was investigated whether this migration of particles to the interface as macroscopic aggregates was reversible by adding base to the dispersion. For this, optical micrographs of the resulting basic dispersion of particles after addition of base to the macroscopic aggregates were made, which are shown in Figure 41, together with a fluorescent micrograph. It can be seen that the surfaces of pH-PS have become mostly uncovered again. Interestingly, the nPS particles have aggregated after this cycle, despite their strong colloidal charge stabilization (ζ = -75mV at pH 9-10). 
[image: ][image: ]It is proposed that because the nPS particles were completely aggregated by the positive charge of pH-PS in acidic pH (ζ = +35mV at pH 2-3), they have entered each other’s Van der Waals range. In this case, the nPS particles would be practically irreversibly stuck in their Van der Waals energy well (Figure 2B). Even after addition of more base to increase the negative charge on nPS and after sonication of the sample, these aggregates did not disassemble. Another possibility for this effect could be the increased salt concentration from addition of acid and base to the sample, which could screen the charges. A calculation of the amount of added salt after the pH cycle, assuming salt free conditions in neutral pH, showed that the final salt concentration is 1.26mM. The corresponding Debye screening length κ-1 = 8.53 nm is still large enough for particles to feel each other’s charge at small interparticle distances. To further proof this, a dispersion of only nPS particles were put through the same pH cycle, which did not result in the formation of these aggregates. The pH-PS seems to act as a colloidal templating agent, chaperoning the aggregation of strongly equally charged colloidal particles. In contrast to the nPS particles, the pH-PS particles are still nicely dispersed, not forming these homo-aggregates. An explanation for this is the large excess of 100 of the nPS particles, providing enough space between the pH-PS particles in the macroscopic aggregates. [bookmark: _Ref29914539]Figure 41: Optical micrographs of the dissemblance of the aggregates from acidic to basic pH. A: Bright field, B: Bodipy fluorescence

This prevents the pH-PS particles from entering each other’s Van der Waals range, which then prevents their aggregation. A schematic overview of the proposed dissemblance mechanism is shown in Figure 42.



5.3.3.2.2. [image: ]pPS encapsulation in acidic pH[bookmark: _Ref29914565]Figure 42: Schematic overview of the dissemblance of the macroscopic aggregates of pH-PS and nPS from acidic to basic pH.

For the encapsulation of pH-PS particles with pPS, it was unexpected to see so many densely packed clusters in acidic pH. It was expected that an inverse pH trend for cluster formation of nPS with pH-PS would be observed. However, we see similar structures for both particles in acidic pH. Additionally, the mean zeta potential of pPS increases with decreasing pH (from ζ = +42mV at neutral pH to ζ = +60mV at pH 3), which would further increase its repulsion with positively charged pH-PS. This stronger surface charge is further confirmed by the much higher amount of adsorbed pPS particles on the negatively charged glass slider. More research is needed on the formation of clusters of pH-PS with pPS, however, similar arguments used before in the discussion thus far can be used again. 
The zeta potential distribution of pPS and pH-PS at pH 3 (Figure 43) shows that there are practically no negatively charged species of pH-PS present in the dispersion and only positively charged species of pPS. It could be that the clusters we observe have formed from pH-PS particles that still have discrete patches of negative charges present on the surface. This can be proved by looking at the pKa value of the carboxylic acid group of acrylic acid. As mentioned before in paragraph 2.2.1, this value is approximately 4, meaning that the uncharged state dominates approximately 10 times over the negatively charged state at pH 3, implying that deprotonated carboxylic acids are still, however slightly, present. Either that or, the attractive forces between the particles are not governed by electrostatic interactions, but more hydrophobic or Van der Waals interactions. 
Despite the counterintuitive observation of densely packed structures in the acidic pH dispersion of pH-PS and pPS, no visible macroscopic aggregation at the interface of the dispersion was observed within a timescale of days. This is in contrast with this encapsulation in neutral conditions, as in that case, it was observed that a transparent dispersion was formed after overnight equilibration.
[image: ]
[bookmark: _Ref29914928]Figure 43: Zeta potential distribution of pPS and pH-PS at pH 3.
This observation suggests that there are less attractive forces between the pH-PS and pPS particles in acidic pH compared to neutral pH. Comparing the zeta potential distributions of pH-PS at acidic and neutral pH in Figure 27, it can be seen that there is a much larger fraction of negatively charged particles at neutral pH compared to acidic pH. This could be an explanation for the observed migration of particles in the neutral pH encapsulation dispersion of pPS with pH-PS. 
It would be interesting to see whether full encapsulation of a pH-PS particle would be possible after addition of both nPS and pPS. This would, in theory, occupy all charged sites on pH-PS. However, some practical issues arise when this method is applied. First of all, precaution has to be taken to avoid clustering of nPS and pPS, which would complicate the analysis of the observations. This can be avoided by separating the formed clusters after aggregation of pH-PS with either nPS or pPS, after which the other charged particle will be added. Secondly, if discrete patches of charged groups on the particle surface of pH-PS would be present, these would have to be of a certain size to attract an oppositely charged particle. A patch size that is too small could still be of an opposite charge, but the repulsion of the surrounding charged groups could prevent adsorption of an attractive encapsulating particle. Finally, the cluster formation presumably occurs via a random sequential adsorption mechanism. This makes optimal packing of a pH-PS surface practically unviable.
5.3.3.3. In the basic pH regime
In the case of encapsulation of pH-PS with nPS or with pPS, no densely packed clusters were observed after addition of the particles at basic pH. 
5.3.3.3.1. nPS encapsulation at basic pH
As expected, no densely packed clusters of pH-PS with nPS particles were observed when viewing the basic dispersion under the optical microscope. At pH 9-10, the pH-PS particle obtains a net negative zeta potential (ζ = -60mV), exhibiting a repulsive interaction with the encapsulating nPS particles. Additionally, the zeta potential distribution of these particles at pH 10 (Figure 44) shows that all particles in the dispersion have obtained a net negative charge.
[image: ]
[bookmark: _Ref29914972]Figure 44: Zeta potential distribution of nPS and pH-PS at pH 10.
Almost no nPS particles are observed to be adsorbed on the pH-PS particle surface, which is in agreement with the zeta potential measurements of these particles in basic conditions. The presence of repulsive electrostatic forces for this system is confirmed by the reversibility of the encapsulation, mentioned before in paragraph 5.3.1. After addition of base, the macroscopically aggregated particles are redispersed again, leaving similarly uncovered pH-PS particles as for the basic pH encapsulation experiments. 
On top of that, the adsorption of only a few nPS particles on a pH-PS particle surface, ranging from approximately 1 to 5, can be explained by the presence of some positively charged amine groups on the particle surface of pH-PS. These positively charged groups can either form discrete patches of positive charge on the surface or neutralize negative charges from the surrounding carboxylic acid groups on the surface. Both could induce particle adsorption of nPS on the pH-PS surface, as the former increases interaction and the later reduces repulsion.
Even though the zeta potential distribution of pH-PS at basic pH shows that no net positively charged pH-PS particles are present in the dispersion, it is still possible for positively charged amine groups to be present on the particle surface. The pKa value for the protonated form of metharcylate amine co-monomers is around 7.6. This means that by definition, half the amount of amine groups are positively charged at pH 7.678. 
A net neutralization of the oppositely charged species on the particle surface of pH-PS can be approximated as a series of dipoles spread out perfectly over a discrete grid. A charged particle does not feel a repulsion or attraction to the dipole at a relatively large distance. This means that the charged particle can approach the surface of pH-PS, until it feels the separate negative and positive charges. Then, it decides whether or not to adsorb to the surface. This adsorption could then depend on the homogeneity of the distribution of charged groups over the surface of pH-PS. A significantly large enough patch size of charged groups could provide a large enough attractive force for particle adsorption to occur.
5.3.3.3.2. pPS encapsulation at basic pH
Similar to the encapsulation of pH-PS with nPS, only a few to no pPS particles are adsorbed on the surface of pH-PS. This is a strange result when only the mean zeta potential values of these particles at basic pH is considered. 
The zeta potential of pH-PS at pH 10 is measured to be -60mV, while for pPS, this value is +10mV. This would mean that on average, these oppositely charged particles should show strong attractive forces. However, two factors could explain the observed absence of densely packed cluster.
First of all, the zeta potential distribution of pPS at basic pH (Figure 45) shows that a significant part of the pPS particles are negatively charged. As discussed in section 4.2.3, this could be due to the base catalyzed hydrolysis of the METMAC functionalities. This effect also increases over time, as it was observed that the zeta potential changed from +10mV to -35mV overnight. The result is a net negative charge on the pPS surface, meaning that it should repel the negatively charged pH-PS. This effect could provide an explanation for the observed absence of attractive forces between pH-PS and pPS in basic pH. 
[image: ]
[bookmark: _Ref29915052]Figure 45:  Zeta potential distribution of pPS and pH-PS at pH 10. 
Secondly, it was observed that the pH-PS particle dispersion had become unstable in basic pH on longer timescales, as previously shown in Figure 26. It is thought that the polymer chains in pH-PS untangle, resulting in macroscopic aggregation through hydrophobic and Van der Waals interactions between these hydrophobic chains. This could mean that on shorter timescales, the surface of a pH-PS particle would not be as representative as in other pH conditions. However, it was observed that the pH-PS particles are nicely dispersed in basic pH conditions, implying that there is significant repulsion between these particles. It is likely that the stabilization originates from the repulsive negative charges on the surface, as this is implied by the zeta potential measurement of pH-PS at basic pH. 
Potentially, this effect could be explored further by seeing whether the cluster formation of pPS with pH-PS that occurs in neutral and acidic conditions can be reversed by addition of base. If the formed clusters would then disassemble, it would suggest that there are repulsive forces present between pPS and pH-PS. Either that, or the resulting combination of attractive and repulsive forces acting between pPS and pH-PS are in the order of kT, meaning that the cluster formation would reach an equilibrium state where we can observe adsorption and desorption of pPS onto the pH-PS particle surface. Preferably, these experiments should be performed on single clusters, so that we know that the distribution of functional groups on a pH-PS surface is constant.
5.3.4. [bookmark: _Toc31892423]Concluding remarks
In this control system, the pH dependent formation of clusters from oppositely charged particles was achieved. 
At neutral pH, both nPS and pPS form a similar packing distribution of clusters when aggregated with pH-PS. This can be explained by the equal presence of both negatively and positively charged groups on the surface of pH-PS in neutral conditions. 
At acidic pH, we observe massive aggregation of nPS with pH-PS, probably due to strong opposite charge attraction. Interestingly, also pPS formed clusters with pH-PS in acidic conditions, even though these two particles should both be positively charged. This could be due to the presence of discrete negatively charged patches on the surface of pH-PS, large enough for a pPS particle to adsorb on. 
At basic pH, both nPS and pPS do not form densely packed clusters when aggregated with pH-PS. This is logical for nPS, as also pH-PS obtains a negative charge at this pH. For aggregation with pPS, the absence of clusters was a curious observation, as the pPS and pH-PS should be oppositely charged. This observation could be attributed to the instability of pH-PS at basic pH, resulting in a non-representative particle surface charge.
The reversibility of cluster formation for encapsulation of pH-PS with nPS was also probed. Adding base to macroscopically visible aggregates in acidic environment of this encapsulation showed that a turbid suspension can be reobtained, with removal of the macroscopic aggregates. Microscopically, it was also deemed reversible, as occupancy of pH-PS was comparable to that of the basic sample. More pH cycles should be performed to investigate to what extent this system is pH-reversible, also for the pPS encapsulations.
The main goal of this system was to mimic viral encapsulation using a static system. It was elucidated that on the surface of pH-PS, discrete patches of either positive or negative charge could be present. This could facilitate the selective adsorption of particles of a specific size and charge onto pH-PS. This shows that the average charge of pH-PS does not represent the exact charge distribution over the whole particle. An analogy can be drawn to the genetic material and encapsulating proteins used in viral self-assembly. The specific sites where charges are present on both the genetic material and the proteins could offer the directionality for selective adsorption, and thus, the specific viral self-assembly. To an extent, the experimental system used here is static, as final structures of clusters can be clearly observed under the microscope. However, on longer timescales, some samples are observed to have evolved further into macroscopic aggregates. At this point, the system can be seen as static.
5.3.5. [bookmark: _Toc31892424]Presence of discrete patches of charges on pH-PS
From these experimental data, we hypothesized multiple times that discrete patches of charges could be present on the surface of pH-PS. This hypothesis was based on the observation of the coexistence between densely packed clusters and practically empty pH-PS particles, still in the presence of permanently charged particles. A large enough charged patch could attract a particle of the opposite charge, facilitating particle adsorption. A patch that is too small, or an oppositely charged patch, could prevent particle adsorption due to the lack of attractive forces and the excess of repulsive forces. The exact formation of these patches remains unknown, as the particles were bought from a company. However, we propose some theories for the formation of these patches, as well as a way to quantify them. 
For simplicity, the synthesis of pH-PS is thought to proceed via a one pot co-polymerization of all components into one particle. In this case, different oligomer chains consisting of styrene and two oppositely charged co-polymers are first formed, after which these are polymerized further, i.e. crosslinked, into a rigid particle. Before the crosslinking step, the oligomers are thought to be mobile, allowing the charged ends to migrate to the polar solvent surface, away from the hydrophobic polystyrene and co-monomer backbone pocket. A balance between different forces will result in the final thermodynamic composition of the particle. One force arises from the interplay between the hydrophobic backbones inside the particle, while the other arises from the Coulombic charge interactions present on the surface of the particle. 
Assuming that all three components consist of a different backbone, these could phase separate according to their ‘inter-backbone’ potential. This phase separation could proceed via either a spinodal or binodal decomposition pathway (Figure 46). 

[image: ]
[bookmark: _Ref29915264]Figure 46: Schematic overview for spinodal and binodal decomposition pathways79.
If the interaction between the backbone of the positively charged group with the backbone of the negatively charged group is poor enough, a phase separation of these polymers in the hydrophobic pocket could indirectly lead to the formation of a charged patch on the surface. Depending on the fraction of each of the charged co-polymers during the formation of a particle, a binodal or spinodal decomposition could occur, assuming a constant temperature. If these fractions are equal, a coexistence of both phases within one particle could occur, forming the spinodal decomposition product. If one fraction is sufficiently larger than the other, a binodal decomposition product could form where charged patches are formed in a continuous phase of opposite charges. In this case, the charge accumulation on the surface is a result of the interactions occurring in the hydrophobic pocket of the particle. A schematic representation of both the spinodal and binodal decomposition product is shown in Figure 47. 
[image: ]
[bookmark: _Ref29915281]Figure 47: Schematic representation of proposed charge distribution caused by spinodal or binodal decomposition pathways.
Another theory is proposed as follows. When the charged oligomers are formed, before the crosslinking step, the charged groups will migrate to the surface of the forming particle. These would migrate according to an attractive opposite charge interaction, forming an electronically neutral accumulation of charged groups on the surface. This results in the formation of electronically neutral patches on the surface of pH-PS. According to this theory, an overall electronically neutral grid consisting of positive and negative charges should be present on the surface. However, when one of the charged groups is in excess compared to the oppositely charged group, there are still some leftover charges to distribute. This could lead to accumulation of equally charged groups on the surface. Similar to hydrophobic interactions, the excess charge is extruded from the electronically neutral patches, indirectly forming concentrated regions of equal charges. 
In this case, the charge accumulation is directly formed due to the Coulombic interactions on the surface. A schematic representation to describe this is shown in Figure 48. 
[image: ]
[bookmark: _Ref29915298]Figure 48: Schematic representation of proposed charge distribution caused by Coulombic forces that are present on the surface of pH-PS.
As the synthesis method for pH-PS is unknown, it cannot be said which of the two mechanisms is the most likely to occur. Presumably, a combination of the proposed mechanisms will lead to the final product mixture. 
A way to quantify the amount and size of these patches could be done by specific adsorption of small enough (fluorescent) nanoparticles on the surface of pH-PS. Adding a high excess of tens of nanometer sized charged fluorescent nanoparticles to a dispersion of pH-PS could lead to a specific adsorption on charged patches. Using a confocal microscope, one could elucidate the location, and to some extent the size, of these charged patches by looking at the site-specific fluorescence signal. Another way is by adsorption of small enough charged gold nanoparticles on the surface of pH-PS. These gold nanoparticles have a much higher refractive index than polystyrene, meaning that site specific black spots would be visible on the surface of pH-PS under the optical microscope. Additionally, scanning ion conductance microscopy can be used to identify the specific chemical sites where charges are present80.










5.4. [bookmark: _Toc31892425]Self-assembly and heteroaggregation of zwitterionic dumbbells
[image: ]The main model system that can be employed in the aggregation of oppositely charged particles that is discussed in this work uses zwitterionically charged dumbbells. These dumbbells consist of a positively charged APTES TPM lobe, which is grown around a negatively charged PS particle. 
Before modification of the TPM lobe with the amine functionalized silane APTES, both lobes of the dumbbell are negatively charged. The result is a stable dispersion in water at neutral pH (Figure 49), ensured by the repulsion between the negatively charged surface groups on both the PS and TPM lobe of the dumbbells. [bookmark: _Ref29915321]Figure 49: DB-1 dispersion in water at neutral pH.

After modification of the TPM lobe with APTES, the resulting APTES TPM lobe obtains a positive charge from the protonation of the primary amine on APTES by the aqueous medium. The negative charge is removed, as the negatively charged siloxyl groups become chemically buried under the APTES layer. This modification of the TPM surface was successful, as shown by the single particle zeta potential measurements of APTES modified TPM particles (Figure 30).
In theory, and partially practically, the synthesis of zwitterionic dumbbells was achieved. However, these dumbbells were not used in any self-assembly or heteroaggregation experiments yet. A combination of different effects hampers the accessibility of well dispersed zwitterionic dumbbells that remain stable for a long time. An overview of these issues and possible solutions are provided in this chapter.  
5.4.1. [bookmark: _Toc31892426]Behavior of dumbbells during APTES modification
After APTES modification of the dumbbells, it was observed that many clusters of dumbbells have formed in the unwashed dispersion, as shown in Figure 50. This result should not be surprising, as a particle dispersion consisting of oppositely charged particles should be inherently unstable. Also, it was shown that in ethanol, in which the modification was carried out, the APTES TPM-1 particles are measured to have a positive zeta potential (ζ =+35mV). No zeta potential measurement of nPS in ethanol was performed, as it is assumed that the sulfon groups on the surface of nPS are much more weakly basic compared to the hydroxyl group of ethanol, meaning that nPS is negatively charged in ethanol.
However, what should be considered is that the modification is also carried out in the presence of ammonia. To see what effect this would have on the zeta potential of the APTES TPM lobe, a measurement on single APTES TPM-1 particles was performed directly after the modification was done. The measurement showed that the zeta potential of the APTES TPM-1 was -40mV. The sign of the zeta potential has inverted for the APTES TPM-1 particle in ethanol when ammonia was added. A rationalization is provided by looking at the chargeable groups that are present on the APTES TPM surface. 
[image: ]
[bookmark: _Ref29915357]Figure 50: Optical micrograph of unwashed APTES modified dumbbells.
[bookmark: _Rmr31718216][bookmark: _Ref31715087]Because of the high concentration of ammonia, the primary amines on the APTES layer become uncharged, while the unreacted free siloxyl groups become deprotonated. The result is a net negative charge on the APTES TPM-1 particle. Adding APTES to the modification environment did not further influence the zeta potential of the APTES TPM-1 particles. 
It should be noted, that a dielectric constant of the ternary mixture in which the modification is carried out should be calculated for accurate determination of the zeta potential from the measured electrophoretic mobility. Due to the uncertainty of this value, as it is calculated from a theoretical model, the magnitude of the zeta potential could not be determined accurately. However, the sign of the zeta potential should remain the same, as the direction in which the particles move in an electric field is directly experimentally measured. So, when considering the zeta potential results, it can be said that after the APTES modification of the dumbbells, both the lobes should have obtained a negative surface charge in the modification environment. This contradicts the observation of cluster formation after the modification of the dumbbells with APTES. 
To probe at what stage the dumbbells form aggregates, optical micrographs were made of the unmodified dumbbell dispersion stock, the dumbbells in their modification environment before modification and the unwashed APTES modified dumbbells directly after the reaction was finished. These micrographs are shown in Figure 51. Figure 51A shows that the unmodified dumbbell dispersion stock is nicely stable, as no aggregates have formed. In Figure 51B, the dumbbells are put in their modification environment, where still primarily single particles are present. After modification, it can be seen from Figure 51C that clusters have formed in the dispersion. It seems that the specific modification is the main culprit for the observed cluster formation.
To see whether the chemical or the geometrical nature of the dumbbells is the cause of this aggregation, a dispersion containing nPS and TPM-1 was put through the same modification as the dumbbells. Bright field and fluorescent images the different stages in the modification is shown in Figure 52. When these particles are dispersed in water (Figure 52A,D), the particles are nicely dispersed. The same happens when the particles are dispersed in the modification environment, before modification (Figure 52B,E). Then, similar to what was observed for the dumbbell dispersion, the particles have completely aggregated when the modification was performed (Figure 52 C,F). 
[image: ][image: ][image: ][image: ]Based on these results, we presume that some forces facilitate the complete aggregation of the nPS and TPM-1 particles, i.e. the dumbbells, during the actual modification. When the TPM-1 particles are put through the modification, these are still stable afterwards (Figure 23). This suggests that the nPS particles function as the glue that drives the aggregation. The glue-like properties of nPS could be of a chemical or physical nature. It could be that during the modification, a chemical cross-linking reaction facilitated by the reagents that are present in the dispersion occurs between the surfaces of nPS and TPM-1. [bookmark: _Ref31889065]Figure 52: Bright field and layered Bodipy (yellow)/Rhod-B (red) layered fluorescent images of the dispersion containing nPS and TPM-1. A,D: In water. B,E: In modification environment. C,F: Unwashed after modification.
[bookmark: _Ref29915383]Figure 51: Optical micrographs of DB-1. A: Unmodified in water, B: Unmodified in modification environment, C: Modified in modification environment.

As for a physical explanation, the charge stabilization of the particles are not well defined during the modification. It could be that, despite the negative zeta potential on all components during the modification, the charge stabilization between the particles is lost. 
Because electrostatic interactions in complex solvent systems are not well established, it could be that the dumbbells do not feel the repulsive stabilization charge over larges distances. The modification environment consists of one part water, 22.5 parts EtOH, 1.67 parts of ammonia and 0.08 parts of APTES (see table 4). A calculation of the dielectric constant of this complex solvent, could provide more insight into the instability of the dispersion after modification.
	Modification composition
	V (mL)

	Dumbbell dispersion in water
	1

	Ethanol
	22.5

	Ammonia
	1.67

	APTES
	0.08


Table 4: APTES Modification environment used for all TPM modifications.
Assuming no inter solvent interactions, the dielectric constant of this ternary solvent mixture can be calculated using the weighted average of the solvent concentrations, combined with their corresponding dielectric constant (equation 14)81.

Where εCombined, ε1,  ε2 and ε3 are the combined dielectric constant of the solvent mixture, and the dielectric constant of solvent 1, 2 and 3 respectively. And φ1, φ2 and φ3 are the volume fractions of solvent 1, 2 and 3 respectively. Using the dielectric constant values available in literature for water, ammonia and ethanol82,83, the calculation of εCombined resulted in a value of 25.8. This differs only slightly from ethanol, where ε0 = 25. This means that based, on the assumptions mentioned above, the colloidal charge stabilization of the particles should still be sufficient in the ternary solvent mixture.
The instability of the dumbbell dispersion after modification hampers the use of the dumbbells for encapsulation experiments. This instability is presumably due to the glue-like properties of nPS particles in the dispersion, as the TPM-1 particles are still stable after these are separately modified. The zeta potential of the separate components does not shed light on the observed instability, as the sign on all components is the same. The theorized dielectric constant of the ternary solvent mixture also does not explain the observed instability. Whatever the cause of this aggregation might be, a new system is required to obtain the desired zwitterionic dumbbells. 









5.4.2. [bookmark: _Toc31892427]Potential encapsulation experiments with zwitterionic dumbbells
Due to the inherent instability of the dumbbell dispersion after modification of the TPM lobe, it is practically not viable to perform encapsulation experiments with these particles. Another way to obtain zwitterionic dumbbells can be seen from the titration curve shown in Figure 53. At pH 2, the TPM lobe on the dumbbell obtains a positive charge, while the nPS lobe maintains its negative charge. The positively charged species that form on the TPM lobe are protonated siloxyl groups, which are chemically similar to protonated water molecules. A downside to the use of this zwitterionic dumbbell is the relatively low magnitude of the zeta potential on both lobes. The TPM lobe only has a zeta potential of +15 mV at pH 2. To potentially increase this magnitude, more acid can be added to push the protonation of the siloxyl groups even more. However, this way, the magnitude of the zeta potential of the nPS lobe further decreases from -30mV. A balanced pH should thus be required to obtain the most ideally charged zwitterionic dumbbell. 
[image: ]
[bookmark: _Ref29915551]Figure 53: Titration curve of TPM, nPS and pH-PS.
Performing experiments based on this system involve the self-assembly of the zwitterionic dumbbells with one another or the heteroaggregation with pH-PS. For the self-assembly, only acid should be added to a stable dumbbell dispersion to observe the formation of different structures. To obtain a stable dumbbell dispersion, base can be added to the neutral dispersion to increase the magnitude of the surface charge on both lobes, increasing the colloidal charge stabilization. Potentially, the reversibility of this system can be probed by putting the dumbbells through an acid-base pH cycle. What is important to then keep in mind, is the total salt concentration in the dispersion after a certain amount of cycles, as it could screen the surface charge of the dumbbell lobes. It was calculated that going from pH 6.5, to pH 10, to pH 2 and back to pH 10, the total amount of added salt is 1.58 mM. This results in a Debye screening length of κ-1 = 7.62 nm, which is still large for the dumbbells to feel each other’s charge at small interparticle distances.
The heteroaggregation of the zwitterionic dumbbells with pH-PS can be performed in a similar way. At high pH, pH-PS and the dumbbells should repel each other due to the strong negative surface charge present on all particles. At low pH, the negatively charged surface of the nPS lobe of the dumbbell should show an attractive interaction with positively charged surface of pH-PS. At the same time, the positively charged surface of the TPM lobe is directed away from pH-PS, which introduces an extra chemical and geometrical constraint to the encapsulation system. 
Additionally, the reversibility of this system can be probed by putting this system through a similar pH cycle as mentioned for the zwitterionic dumbbell self-assembly experiments. With these proposed heteroaggregation experiments, there will probably be competition between hetero- and homoaggregation. 
Dumbbells with differing lobe size ratios could also be synthesized to probe the effect of size on the encapsulation. Not only encapsulation, but also self-assembly of these zwitterionic dumbbells could be an interesting system to investigate.
To maximize the amount of dumbbells that can pack a larger sphere, the geometrical formulas from section 2.4.2 will be employed. Filling in the numbers for DB-1, where Rs = 860 nm and Rr = 1000 nm, results in an optimal packing angle of θdb = 4.32°. This means that a larger sphere with RIdeal = 10.6 μm is necessary to pack between 2072 and 4112 dumbbells. For DB-2, where Rs = 860 nm and Rr = 2400 nm, the optimal packing angle is θdb = 28.2°. For these values a radius RIdeal = 960 nm is necessary to pack slightly less than 60 dumbbells.
6. [bookmark: _Toc31892428]Conclusion & Outlook
Biphasic dumbbells, consisting of a PS and a TPM lobe, were successfully synthesized. These were subsequently modified with APTES, which resulted in an unstable suspension. Potentially, a zwitterionic biphasic dumbbell can be made by adding enough acid to a naked dumbbell dispersion, as the TPM lobe obtains a positive charge around pH 3. The encapsulation properties of these dumbbells with the large core particle pH-PS was not yet probed. Different size ratios of dumbbells can be synthesized to see what effect of size ratio has on the encapsulation process. Self-assembly of these zwitterionic dumbbells could also be an interesting system to investigate further. 
As a control experiment, the pH reversible encapsulation of the large charged core particle pH-PS with smaller oppositely charged particles was successfully probed. Clusters of these particles were observed at different pH values, for which rationalities were provided. The reversibility of these systems could be further probed by performing more than one pH cycle. Additionally, the pH could be changed in situ while looking under the optical microscope, to observe the actual adsorption and desorption of the smaller particles on pH-PS. 
For encapsulation of pH-PS with pPS at high pH, it was counterintuitively observed that no clusters had formed. It was found that pPS inverted its charge at high pH, likely being the result of base catalyzed hydrolysis of the ester group on the METMAC comonomer. Synthesizing pPS with a permanently charged comonomer that does not have an ester group, i.e. DADMAC, could solve this issue. For the encapsulation at neutral or low pH, it was observed that macroscopic aggregates had formed on the liquid interface. The reversibility of this formation could be further probed by adding base and seeing what the macroscopic and microscopic effect is on the encapsulation. 
It is proposed that there are discrete patches of charges present on pH-PS, onto which the smaller oppositely charged particles specifically adsorb via a random sequential adsorption mechanism. The size and charge identity of these charged patches could be further probed by adsorption of very small charged, fluorescent or gold particles, to see what sites these particles adsorb on. Additionally, scanning ion conductance microscopy could be used to identify the exact sites of the charges on pH-PS. To increase the occupancy of pH-PS with the smaller oppositely charged particles, the clusters formed from one encapsulation could be isolated and aggregated with the other oppositely charged particles. This way, all charged patches present on pH-PS could be occupied.
The potential of mimicking viral encapsulation with this system was explored. It was elucidated that when a core particle is co-functionalized with pH responsive groups, discrete patches of either positive or negative charges could be present on its surface. This way, adsorption of particles of a specific size and charge onto a specific location on the core particle surface can be achieved. 
This type of selectivity could be one of the driving forces of viral encapsulation. Additionally, the formation of these clusters is, to an extent, pH-reversible, similar to viral encapsulation. 
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