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Abstract 

 

Specific and nonspecific interactions between biofunctionalized colloidal particles 

determine the efficiency and selectivity in applications like particle-based biosensing, 

targeted drug delivery and directed colloidal assembly. In this thesis, we investigate 

by experiments and simulations how particle aggregation is influenced by specific 

and nonspecific interactions, and how this reactivity can be tuned using charge, 

surface crowders and multivalent interactions.  

We developed two experimental methods that allow quantification of the rate of 

aggregation between colloidal particles. In Chapter 2, an ensemble-based 

optomagnetic cluster (OMC) experiment is described, in which aggregation is 

accelerated using magnetic fields and the rate of aggregation is measured by optical 

scattering. In Chapter 3, a single-dimer aggregation (SDA) experiment is described, in 

which single particle dimers are magnetically formed and video microscopy is used 

to detect dimer aggregation and dissociation. The OMC experiment shows that the 

nonspecific aggregation rate decreases strongly with increasing particle surface 

charge, whereas no significant effect was observed as a function of antibody density 

on the particle surface. A comparison of the OMC and SDA data reveals a significant 

heterogeneity of nonspecific surface reactivity of the particles.  

In Chapter 4, we quantify how specific multivalent interactions cause aggregation, 

and demontrate that the aggregation rate can be tuned by introducing crowding 

molecules on the particle surface. Moreover, in Chapter 5 we show that the 

aggregation process becomes more selective when the affinity of the binders on the 

particle surface is decreased. Finally, Chapter 6 reports measurements with human 

blood plasma which indicate that the aggregation-inducing corona proteins are 

mainly located in the hard corona. Chapter 7 summarizes the findings of the thesis, 

discusses the impact for applications, and lists directions for further research. 
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Abbreviation Meaning 

AFM Atomic Force Microscopy 

bp base pairs 

BPM Biosensing based on Particle Mobility 

BSA Bovine Serum Albumin 

cTnI Cardiac Troponin I 

CV Coefficient of Variation 

DLS Dynamic Light Scattering 

HSA Human Serum Albumin 

IgG Immunoglobulin G 

mAb monoclonal Antibody 

MW Molecular Weight 

nt nucleotides 

OEG Oligo Ethylene Glycol 

OMC Optomagnetic Cluster experiment 

PBS Phosphate Buffered Saline 

PD Photodetector 

PEG Poly-Ethylene Glycol 

PSA Prostate Specific Antigen 

SDA Single-Dimer Aggregation experiment 

SEM Scanning Electron Microscopy 

SI Supporting Information 

TEM Transmission Electron Microscopy 

TIRM Total Internal Reflection Microscopy 
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Chapter 1 

 

Introduction 
 

 

This thesis describes a study on the inter-particle biomolecular reactivity of 

biofunctionalized microparticles. In this introductory chapter, the main application 

areas of these particles are summarized. The physico-chemical parameters that 

determine the particle surface reactivity will be discussed as well as a brief historical 

overview of the experimental methods that have been used to quantify surface-

surface interaction. Finally the aim and outline of the thesis are discussed. 

1.1  Colloids and applications 

Colloidal solutions are metastable systems containing particles with a size 

between the nanoscale and the microscale. The particles are made of various 

materials e.g. magnetic iron oxides1-5, silica6, polymers7, gold8,9, silver10 and 

combinations thereof11. Colloids are used in many applications because of their large 

surface-to-volume ratio, their versatile mechanical and optical properties, and 

because they allow a wide range of functionalization strategies. Fig. 1.1a shows SEM 

images of two examples of microparticles used in this thesis: silica and polystyrene 

superparamagnetic particles. 

Particle surface functionalizations relevant for biomedical applications will be 

addressed in this thesis. For example, particles can be functionalized to serve as 

carriers or to be used as labels in diagnostic assays8,12. In agglutination assays or 

cluster assays the presence of the target molecule induces particle aggregation, see 

Fig. 1.1b. The amount of particle clustering is measured using turbidimetry13, 

nephelometry14, dynamic light scattering (DLS)15 or using an optomagnetic 

readout16,17. A more recent technique with single particle resolution is biosensing 

based on particle mobility (BPM) where the motion freedom of a tethered particle 

decreases upon binding of a target molecule18,19, see Fig. 1.1c. By analyzing the 
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motion of many tethered particles over time, the concentration of the target molecule 

can be monitored. 

Colloids are also used in nanomedicine as contrast agents in magnetic resonance 

imaging1,20 or as carriers for drug delivery1-3,21,22. In targeted drug delivery, the 

particles encapsulate a drug and should only bind to diseased cells, without affecting 

healthy cells21, see Fig. 1.1d. For this purpose the particles are functionalized with 

ligands that bind either specifically to the receptors that are unique to the diseased 

cells, or selectively to a certain density of receptors that are overexpressed on the 

diseased cells23,24. 

In biophysical research, colloidal particles function as optical or magnetic tweezers 

for studies on proteins25 and DNA26. Self-assembly27 and directed-assembly27,28 of 

colloidal solutions find applications in for example 3D photonic crystals29-31. 

1.2 Inter-particle aggregation 

A major challenge in developing particle-based applications is to control colloidal 

stability and minimize particle aggregation. The aggregation is typically irreversible 

and can cause large variabilities in the applications. For example, particle aggregation 

is an important factor determining the efficiency of drug delivery processes32 and 

aggregation can strongly affect the coefficient of variation and limit of detection of 

particle-based assays17. In these examples, particle aggregation is of a nonspecific 

origin, often caused by Van Der Waals interaction33, electrostatic interaction34, or 

hydrophobic interaction35. 

Maintaining particle stability and functionality is especially difficult in complex 

biological media like blood plasma36. Upon exposing a colloidal particle to blood 

plasma, each of the thousands of plasma proteins37 start to interact with the particle 

surface. Over time, a dense layer of proteins can adhere to the particle surface, called 

the protein corona, which largely determines the fate and functionality of the particle. 

Initially the protein corona is dominated by the highly concentrated proteins. As a 

function of time, these proteins are exchanged for the lower concentrated but higher 

affinity proteins38,39. The final composition of the protein corona around a particle 

depends on plasma composition and on many particle characteristics, e.g. particle 

size40,41, shape42, material43, charge44 and coating44,45. The final protein corona is often 

described as consisting of a hard and a soft corona where the affinity of the proteins 

for the particle surface is the discriminating factor46. The hard corona is generally 

considered to consist of tightly bound proteins that do not readily desorb, whereas 
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the soft corona contains the weakly bound proteins that are in a constant dynamic 

equilibrium with the bulk. 

 

Fig. 1.1   Colloids and applications. (a) SEM images of Silica MicroParticles and Polystyrene Ademtech 

Masterbeads. Both particles have a mean diameter of 500 nm, but the Ademtech Masterbeads have a broad 

size dispersion. (b) Cluster assay in which the presence of a target molecule, called analyte, induces particle 

aggregation via the binder molecules on the particles. (c) Biosensing based on particle mobility (BPM) in 

which the mobility of a tethered particle decreases upon binding with a capture molecule to the detection 

molecule via the target molecule. (d) Targeted drug delivery in which a drug loaded particle, which is 

functionalized with ligands, binds selectively to diseased cells, for example a cancer cell.  

 

To prevent nonspecific particle aggregation, the particle surface is often 

functionalized with charged molecules, e.g. carboxylic acids, ionic surfactants or 

DNA. The surface charge on the particles induces electrostatic repulsion47,48 on inter-

particle distances smaller than the Debye length49. Another way of stabilizing 

colloidal solutions is by coating the particles with passive surface crowders, e.g. 

oligo-ethylene glycol (OEG) and poly-ethylene glycol (PEG)50. These molecules form 

a mushroom- or brush-shaped layer on the particle surface, depending on their 
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surface density. In complex media, the surface crowders are able to decrease the 

fouling of proteins on the particle surface and thereby decrease particle aggregation 

and increase pharmacokinetics51,52.  

In contrary to the undesired nonspecific particle aggregation, many applications 

employ specific interactions between particles to facilitate for example detection8,12 

and directed assembly27,28. Specific biomolecular interaction between particles is 

obtained by coating a ligand-receptor pair on the particles, e.g. antibody-antigen53, 

aptamer-protein54, DNA hybridization55 and streptavidin-biotin bonds56. In case the 

interaction is strong enough, stable particle-dimers can be formed by a single 

biomolecular bond. However, for weak interactions multiple parallel bonds are 

necessary to form a stable particle dimer.  

The ratio between specific and nonspecific particle aggregation determines the 

specificity in an assay. In this thesis, nonspecific and (multivalent) specific particle 

aggregation are investigated on particles functionalized with multiple specific 

biomolecular binders. 

1.3 Quantifying particle surface reactivity 

The interactions between (particle) surfaces have been investigated by various 

experimental methods. The surface force apparatus57,58 developed by Israelachvili 

and Tabor in the early seventies allows quantification of interaction forces at 

angstrom resolution, but is limited to molecularly smooth surfaces in air or in 

vacuum. In the late eighties and early nineties, colloidal probe AFM59,60, total internal 

reflection microscopy61 (TIRM) and optical tweezers62 were developed. Colloidal 

probe AFM has been used to measure force-distance curves in liquids between a 

single micrometer sized colloidal probe and a surface or a second particle63, while the 

interactions between two particles have also been measured with optical tweezers64. 

Both methods allow quantification of inter-particle forces between individual 

biofunctionalized particles, but require difficult and complicated experimental setups 

and yield low statistics. Using TIRM65-67, the energy landscape between 

functionalized surfaces has been explored with high statistics, but is limited to 

particle-surface interactions. 

Particles with interacting surfaces can ultimately form aggregates or clusters in a 

colloidal solution. Already in the mid-1950s, cluster assays were developed by Singer 

and Plotz68 and are used to quantify biomarker concentrations13,14,16,68,69. Particles 

capture biomarkers from solution onto their functionalized surface and subsequent 

particle collisions lead to the formation of dimers and larger clusters, depending on 
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the biomarker concentration. Cluster assays based on the thermal diffusion of 

particles are slow and can therefore operate only with relatively unstable colloidal 

systems, i.e. particles with a high chemical reactivity. Baudry et al.16 demonstrated 

that the assay time can be significantly reduced using superparamagnetic particles in 

combination with external magnetic fields. Particles become magnetized in the 

external field and self-organize into chains by attractive magnetic dipole interactions, 

which accelerates cluster formation. Ranzoni et al.70 used this optomagnetic cluster 

experiment to measure picomolar concentrations of prostate specific antigen (PSA) 

directly in blood plasma. This method can be used to study inter-particle aggregation 

induced by magnetic confinement in stable colloidal solutions, for any surface 

functionalization and with high statistics. In this thesis the optomagnetic cluster 

experiment is used as the method to quantify particle surface reactivity. 

1.3.1  Superparamagnetic particles 

In this thesis superparamagnetic particles are used to study the inter-particle 

biomolecular surface reactivity. Fig. 1.1a shows a SEM image of the silica and 

polystyrene superparamagnetic particles that are used in this research. Both particles 

have a mean diameter of 500 nm, however, the polystyrene Ademtech Masterbeads 

have larger size distribution (coefficient of variation 25%) compared to the Silica 

MicroParticles (coefficient of variation < 5%). 

Superparamagnetic particles typically consist of many ferro- or ferri-magnetic 

nanocrystals, randomly dispersed in the polymer or silica matrix. Each nanocrystal is 

single-domain. When the magnetic anisotropy energy of a nanocrystal is much larger 

than the thermal energy (𝐾𝑉 ≫ 𝑘𝐵𝑇)71, the magnetic moment of the nanocrystal is 

aligned with the easy axis of magnetic anisotropy. However, in superparamagnetic 

particles the nanocrystals are very small and the thermal energy exceeds the 

anisotropy energy (𝑘𝐵𝑇 ≫ 𝐾𝑉). Moreover, the easy axes of the nanocrystals are 

randomly aligned within the particle. Therefore, a superparamagnetic particle at 

room temperature does not have a net magnetic moment in the absence of an external 

magnetic field. When an external magnetic field is applied so that the magnetic 

energy exceeds the thermal energy, 𝑚𝐵 > 𝑘𝐵𝑇, the magnetic moments of the 

nanocrystals tend to align with the magnetic field, whereby the particle acquires a 

nonzero net magnetic moment. For a superparamagnetic particle that consists of a 

large ensemble of nanocrystals, the magnetic moment of the particle increases with 

the magnetic field according to the Langevin function. 

In a system with several superparamagnetic particles, the application of an 

external magnetic field introduces a nonzero magnetic moment for each particle in 

the direction of the external magnetic field. Particles mutually experience magnetic 
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dipole-dipole interactions, causing particles to align in strings along the magnetic 

field lines. In this thesis the dipole-dipole interactions between superparamagnetic 

particles are employed in two ways to study particle surface reactivity: An ensemble 

method in which particle clustering is measured by light scattering (optomagnetic 

OMC experiment) and a single-dimer aggregation method based on microscopy 

(SDA experiment).  

1.3.2  The optomagnetic cluster (OMC) experiment 

The ensemble method to study inter-particle biomolecular reactivity, developed in 

this thesis, is the optomagnetic cluster (OMC) experiment, see Fig. 1.2a. The method 

briefly works as follows. A square cuvette filled with a dispersion of 

superparamagnetic particles is placed in the centre of a quadrupole electromagnet. A 

laser is focussed in the cuvette and the light scattered by the particles is measured 

with a photodetector at an angle of 90 degrees w.r.t. the incoming laser beam. By 

applying an external magnetic field, particles are attracted to each other, which 

accelerates the biomolecular aggregation process. By rotating the magnetic field in the 

horizontal plane, single particles and dimers rotate with the magnetic field. As the 

scattering cross-section of dimers depends on their orientation, and the scattering 

cross-section of a monomer is independent of its orientation, an oscillating scattering 

signal is a measure for the concentration of dimers in solution. A four-step magnetic 

actuation protocol is used to quantify the aggregation rate. The scattering cross-

section of dimers is different from trimers and larger clusters72; however, it is not easy 

to disentangle data for a mixture of multimers, so the OMC method is limited to 

measuring the aggregation of dimers, i.e. the actuation times are kept short in order 

to prevent the formation of larger clusters. 

Using the OMC experiment, the aggregation rate of an ensemble of particles can 

be measured within a few minutes, yielding high statistics. The method allows the 

measurement of superparamagnetic particles with different particle surface 

functionalizations. 

1.3.3  The single-dimer aggregation (SDA) experiment 

The single-dimer aggregation (SDA) experiment combines magnetic confinement 

and single particle resolution and allows observation of the differences in particle 

surface reactivity between individual dimers. Fig. 1.2b conceptually depicts the SDA 

experiment. Individual primary particles are bound to a substrate. In the presence of 

a tilted out-of-plane magnetic field, a secondary particle is magnetically trapped on 

the primary particle. By rotating the magnetic field around the vertical axis, the 

secondary particle moves over the surface of the primary particle, effectively probing 
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to biomolecular aggregation. Using video microscopy the multiple aggregation and 

dissociation events of multiple single dimers can be followed in time. The orientation 

of the dimer in the aggregated state gives information about the local surface 

reactivity of the primary particle.  

 

Fig. 1.2   Quantifying particle aggregation. (a) Optomagnetic cluster (OMC) experiment which allows 

quantification of ensemble dimer-formation rates. (b) Single-dimer aggregation (SDA) experiment which is 

used to study the heterogeneity among particle surface reactivity.  

1.4 Research goal and outline of the thesis 

The aim of this research is to quantify inter-particle biomolecular reactivity and 

investigate how aggregation and selectivity depend on the physico-chemical 

properties of the particle surface. More specifically, the influence of charge, surface 

crowders and multivalent interactions on particle aggregation rates have been 

investigated using experiments and simulations. The long term aim is to further our 

understanding of inter-particle interactions and to be able to design the particle 

surface to optimize their functionality in the desired application. 

In chapter 2 the optomagnetic cluster (OMC) experiment is described with which 

particle aggregation rates can be measured on an ensemble of particles. A four-step 

magnetic actuation protocol was developed to quantify an aggregation rate, and the 

influence of the magnetic field settings are studied. The effect of particle surface 

charge is investigated on the nonspecific aggregation of carboxylic acid coated 

particles, by varying pH and ionic strength of the buffer. 

Chapter 3 introduces a single-dimer aggregation (SDA) experiment in which 

individual aggregation and dissociation events of single-dimers of particles are 

tracked over time with bright field optical microscopy. Using home-made image 
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analysis software, heterogeneities in particle surface reactivity were observed for 

particles functionalized with antibodies and PEG. It is shown that the aggregation 

rate only slightly depends on the antibody-to-PEG ratio. Experimental data of the 

SDA experiment and OMC experiment on identical particles are compared with 

simulations, which confirms the heterogeneity in the particle surface reactivity. 

In chapter 4 the surface reactivity of particles coated with specific binders is 

studied by quantifying the multivalent particle aggregation rate using the OMC 

experiment. The main goals of this chapter are to investigate the specific particle 

aggregation rate as a function of the specific binder density and study the influence of 

passive surface crowders on the aggregation rate. For this purpose a DNA based 

model system and an antibody sandwich system were used, in which aggregation 

was induced using a specific bridging molecule, an oligonucleotide or a protein. The 

particle surface reactivity was tuned by varying the binder surface density and by 

varying the molecular weight of the surface crowder.  

In chapter 5 a DNA-based model system is used to study particle surface 

reactivity for low affinity DNA interactions. Experimental proof is provided that 

multivalent weak interactions enhance selectivity in inter-particle binding. Using a 

stochastic binding simulation the affinity of the DNA interaction is quantified. 

In chapter 6 inter-particle aggregation rates are quantified in a complex matrix to 

assess the potential of particles to be used in diagnostic applications. The effect of 

particle functionalization on the surface reactivity is measured in different dilutions 

of blood plasma, showing that PEGylated particles are most stable. Furthermore, by 

pre-depleting the plasma samples with functionalized particles, it is demonstrated 

that the aggregation-inducing corona proteins are specific for the particle surface 

coating. 

Finally, chapter 7 summarizes the conclusions and presents an outlook.  
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Chapter 2 
 

Rate of dimer formation in stable colloidal 

solutions quantified using an attractive 

interparticle force 
 

 

We describe an optomagnetic cluster experiment to understand and control the 

interactions between particles over a wide range of timescales. Aggregation is studied 

by magnetically attracting particles into dimers, and by quantifying the number of 

dimers that become chemically bound within a certain time interval. An 

optomagnetic readout based on light scattering of rotating clusters is used to measure 

dimer formation rates. Magnetic field settings, i.e. field rotation frequency, field 

amplitude and on- and off-times, have been optimized to independently measure 

both the magnetically induced dimers and the chemically bound dimers. The 

chemical aggregation rate is quantified in solutions with different pH and ionic 

strength. The measured rates are extrapolated to effective dimer formation rates in 

absence of force, showing that aggregation rates can be quantified over several orders 

of magnitude including conditions of very low chemical reactivity. 
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2.1 Introduction 

Colloidal solutions are metastable systems containing particles with a size 

between the nanoscale and microscale. The particles are made of numerous materials 

and are found in many applications because of their large surface-to-volume ratio, 

their versatile mechanical and optical properties, and because they allow a wide 

range of functionalization strategies. Colloids are used in biomedical applications, 

e.g. as carriers for drug delivery1,2, as contrast agents in magnetic resonance 

imaging1,3 and as labels to facilitate diagnostic assays4. In biophysical research, 

colloidal particles function as optical or magnetic tweezers for studies on proteins5 

and DNA6. Self-assembly7 and directed-assembly7,8 of colloidal solutions find 

applications in for example 3D photonic crystals9-11. In these applications inter-

particle interactions play an important role. Biomedical applications are hampered by 

corona-induced particle aggregation12, causing low efficiencies in drug delivery1,13 

and low sensitivity and limit-of-detection in biosensing14. The optical properties of 

photonic crystals depend on the 2D and 3D particle arrangements, which are 

determined by the interparticle forces7,10. Thus it is crucial to understand and control 

the interactions between particles, on short as well as long timescales. 

In this work we focus on investigating the early stages of particle aggregation, 

when dimers are formed in a solution that still dominantly consists of monomers. The 

dimer formation process is important for example in diagnostic agglutination assays. 

Agglutination assays, also known as aggregation or cluster assays, are used quantify 

biomolecular concentrations via particle aggregation15-18. Clusters of particles are 

formed in dependence of (bio)chemical reactivity between the particles, and the 

aggregation is typically measured by turbidimetry17, nephelometry18, or dynamic 

light scattering (DLS)19. As colloidal solutions exist both in equilibrium and far-from-

equilibrium, the timescale at which aggregation occurs can vary from microseconds 

or less, up to many years. Advances in the synthesis of antifouling coatings are 

leading to colloidal particles that are stable also in complex solutions12.  

Cluster assays based on the thermal diffusion of particles are slow and can 

therefore operate only with relatively unstable colloidal systems, i.e. particles with a 

high chemical reactivity. Baudry et al.20 demonstrated that the assay time can be 

significantly reduced using superparamagnetic particles in combination with external 

magnetic fields. Particles become magnetized in the external field and self-organize 

into chains by attractive magnetic dipole interactions, which accelerates cluster 

formation.  

Here we study how attractive magnetic forces can be used to quantify the early 

stages of aggregation, in colloidal systems with a relatively low chemical reactivity. 
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We use the optomagnetic cluster (OMC) experiment of Ranzoni et al.14 to measure the 

amount of dimers in solution. In this method, a rotating magnetic field is applied that 

rotates clusters of particles, causing an oscillating optical signal due to their 

orientation dependent scattering cross-section. Single particles, due to their spherical 

shape, do not contribute to the oscillating scattering intensity, making this 

optomagnetic method suited to detect low concentrations of dimers against a 

background of monomers. We describe in this chapter how time-dependent data in 

the OMC experiment can be used to quantify dimer formation rates in colloidal 

systems with low chemical reactivity. The experimental approach is corroborated by 

calculations, showing how experimental parameters can be tuned to obtain control of 

the aggregation kinetics. Subsequently nonspecific particle aggregation rates are 

measured in varying electrostatic conditions (pH and ionic strength). Finally, the 

measured rates are extrapolated to aggregation rates without applied attractive 

forces, in order to determine the chemical aggregation rates of colloidal solutions 

with low reactivity.  

2.2  Materials and methods 

2.2.1 Materials 

Carboxylated superparamagnetic Masterbeads were purchased from Ademtech 

(nominal size 0.5 µm, hydrodynamic diameter from DLS is 528 nm with coefficient of 

variation 25%). Buffer components: phosphate buffered saline (PBS) tablets, citric acid 

anhydrous, sodium citrate dihidrate, potassium chloride, Pluronic F-127 and Protein 

LoBind Eppendorf tubes were all obtained from Sigma Aldrich. Borosilicate glass 3.3 

cuvettes with square cross-section, inner dimensions of 1.00±0.05 mm, outer 

dimensions of 1.23±0.05 mm and a length of 20±1 mm were obtained from 

Hilgenberg. 

2.2.2 pH buffer preparation 

Buffers with different pH values were prepared using two citrate salts: citric acid 

anhydrous (HOC(COOH)(CH2-COOH)) and sodium citrate dihidrate 

(HOC(COONa)(CH2-COONa)∙2H2O). The buffer strength was kept at 10 mM in all 

experiments of this chapter, and the molar ratio of the two salts determined the pH of 

the buffer. In several experiments potassium chloride (KCl) was added to increase the 

salt concentration of the buffer solution without affecting the pH. After adding all 

salts to deionized water, the pH of the buffer was measured with a WTW Inolab pH 

720 pH probe (precision of 0.1). The exact composition of the used buffers can be 

found in Table S2.1 in the Supporting Information. 
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2.2.3 Zeta potential measurement 

The average surface charge of the particles was quantified by measuring the zeta 

potential of the particles with a Malvern Zetasizer Nano ZS. Particle were diluted to 

0.1 mg/mL, and triplicate measurements were performed using either citric acid 

buffers of varying pH (10 mM citric acid buffer, ionic strength 150 mM) or using 

deionized water to disperse the particles. At the high salt concentrations, the 

operating voltage of the zetasizer was limited to max. 10 V in order to prevent 

electrolysis at the electrodes, which decreases the signal-to-noise ratio in the 

measurements. The uncertainty in the zeta potential measurement is relatively large 

because of the low absolute value of the zeta potential of the measured particles 

(∆𝜁 ≈ 2mV). 

2.2.4  Experimental setup 

The OMC experiment is schematically depicted in Fig. S2.2 of the Supporting 

Information. In the middle of the setup a square glass cuvette containing a particle 

solution is located. Around the cuvette four electromagnets are positioned in a cross 

arrangement. With this quadrupole setup in-plane rotating magnetic fields are 

created by flowing a sinusoidal current through each of the four coils with a phase 

lag of 90° between neighboring coils, using a homemade LabVIEW program. A 660 

nm laser (Single Mode Hitachi HL6545MG laser, Thorlabs) is focused into a square 

glass cuvette containing the particle solution by a positive lens (AC254-150-A-ML 

f=150.0 mm lens, Thorlabs). The light scattered by the rotating particles (monomers, 

dimers, trimers, etc.) is collected at an angle of 90° with respect to the laser beam. A 

positive lens (AC254-075-A-ML f=75.0 mm lens, Thorlabs) focusses the scattered light 

onto a photodetector (PDA36A-EC Si amplified detector, Thorlabs) which is read out 

by the same LabVIEW program. MATLAB analysis software has been developed to 

further analyze the scattering signals. 

2.2.5 Mie scattering simulation 

Mie scattering simulations were performed on two- and three-particle clusters, 

using the MSTM v. 3.2 code developed by Mackowsky21. The simulations were 

performed using a monochromatic 660 nm light source with s-polarization, as used in 

the experiments. The particles were simulated as smooth spheres with a diameter that 

is normally distributed around an average of 500 nm, with a coefficient of variation 

(CV) equal to 25%. The distance between the particles was kept at 10 nm. The 

refractive index of the particles was calculated according to equation 1 from 

Vliembergen et al.22 giving a value of 1.7±0.1.  
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2.3  The optomagnetic cluster experiment (OMC) 

Fig. 2.1a sketches the process of dimer formation without and with an attractive 

interparticle force. In both cases the clustering of particles is a multistep process, 

containing a transport step that leads to an encounter complex, and subsequently a 

chemical aggregation step in which a chemical bond is formed between the 

particles23. In this chapter we study the formation of nonspecific bonds, i.e. inter-

particle bonds due to general physicochemical interactions such as van der Waals 

interactions or hydrophobic interactions between particle surfaces (so not bonds due 

to selective biomolecular interactions). We assume that the particles are 

homogeneously reactive and therefore neglect rotational alignment13,24,25. 

For stable colloidal systems without attractive interparticle forces, the thermal 

aggregation rate 𝑘𝑎𝑔𝑔
𝑡ℎ  is much smaller than the separation rate 𝑘𝑠𝑒𝑝

𝑡ℎ . The effective rate 

of dimer formation 𝑘𝑎𝑔𝑔
𝑡ℎ,𝑒𝑓𝑓

 can be written in terms of the encounter, separation and 

aggregation rates: 

𝑘𝑎𝑔𝑔
𝑡ℎ,𝑒𝑓𝑓

=  
𝑘𝑒𝑛𝑐

𝑡ℎ ∙𝑘𝑎𝑔𝑔
𝑡ℎ

𝑘𝑠𝑒𝑝
𝑡ℎ +𝑘𝑎𝑔𝑔

𝑡ℎ  ≅  
𝑘𝑒𝑛𝑐

𝑡ℎ ∙𝑘𝑎𝑔𝑔
𝑡ℎ

𝑘𝑠𝑒𝑝
𝑡ℎ           for    𝑘𝑎𝑔𝑔

𝑡ℎ ≪ 𝑘𝑠𝑒𝑝
𝑡ℎ     (2.1) 

The process of thermal dimer formation can take months or longer for stable 

colloidal solutions. To bring the aggregation process into timescales that are more 

suited for measurements, we propose to apply an attractive interparticle force, in the 

form of a dipolar magnetic force resulting from magnetic particles and an applied 

magnetic field. The magnetic dipole-dipole interaction accelerates the primary 

encounter step 𝑘𝑒𝑛𝑐
𝑚𝑎𝑔

 to make it no longer diffusion limited26. Additionally it prevents 

the separation of magnetic dimers, that is, 𝑘𝑠𝑒𝑝
𝑚𝑎𝑔

= 0. In this way we will demonstrate 

that the OMC experiment can be used to quantify the rate of chemical dimer 

formation in the presence of an external magnetic field, that is, parameter 𝑘𝑎𝑔𝑔
𝑚𝑎𝑔

. 

To quantify the number of dimers formed over time, we use the optomagnetic 

readout principle developed by Ranzoni et al.14 that allows to measure dimer 

concentrations in the picomolar range. Briefly, a laser is focused inside a cuvette 

containing a solution of superparamagnetic particles, which is situated in the center 

of a quadrupole electromagnet (Fig. 2.1b). The scattered light is collected by a 

photodiode at an angle of 90° w.r.t. the incoming laser beam. To distinguish clusters 

from single particles, an in-plane rotating magnetic field is applied. The scattered 

light of a rotating single particle is constant as a function of time, whereas the 

scattered light from a rotating cluster yields an oscillating signal as a function of time 

due to its asymmetry. Fig. S2.3a shows the measured photodiode signal as a function 

of time. When the magnetic field is off, a baseline signal is measured due to scattering 
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of both single particles and clusters. When the rotating field is turned on, an 

oscillating signal is measured on top of the baseline. As each rotating cluster 

contributes to the amplitude of the oscillating signal, this amplitude represents a 

measure of the cluster concentration. To extract the amplitude of the oscillation, the 

Fourier spectrum of each pulse train is analyzed (Fig. S2.3b). The peak in the Fourier 

spectrum at twice the field rotation frequency (A2f) is used as a measure of the cluster 

concentration. Fig. S2.3c shows a calibration measurement in which a stock solution 

of Ademtech particles was titrated into several dilutions and the |A2f| peak was 

measured. The stock solution consists almost completely of single particles, with only 

a few dimers being present as verified by microscopy, see Fig. S2.3d (one dimer per 

12-15 monomers). The linear relation between dimer concentration and mean 2f 

amplitude proves that the dimer concentration can sensitively be quantified with the 

OMC experiment, without the interference of magnetic cluster formation, due to the 

application of sufficiently long field-free time intervals. 

In order to quantify particle aggregation rates, we developed a four step protocol 

shown in Fig. 2.1c. During the first step, the initial cluster concentration is measured 

using a pulsed rotating magnetic field with a short on-time (𝑡𝑜𝑛=0.2s) and a long off-

time (𝑡𝑜𝑓𝑓=10s). The long off-time is used to allow cluster formation relaxation during 

the measurement and avoid build-up of magnetic clusters. During the second step a 

rotating field is turned on continuously. This causes the particles to form magnetic 

clusters that rotate with the field and causes the |A2f| signal to increase linearly in 

time. This step aims to create magnetic clusters and keep the particles in close 

proximity for a certain interaction time. During this interaction time a fraction of the 

magnetic clusters will form a nonspecific non-covalent chemical bond and thus 

become a chemical cluster. During the third step, the magnetic field is turned off. This 

functions as a waiting time, so that all free particles can diffuse and redistribute 

homogeneously throughout the solution. Finally, in step four, the resulting chemical 

cluster concentration is measured, using the same protocol as described for step one. 

During the actuation time 𝑡𝑎𝑐𝑡, more and more magnetic dimers are formed. This 

means that the interaction time is not the same for all magnetic dimers and that the 

average interaction time of dimers is smaller than 𝑡𝑎𝑐𝑡. The fact that the number of 

magnetic dimers increases linearly over time during the actuation phase (see Fig. 

2.1c) makes that the average interaction time of magnetic dimers is equal to 
1

2
𝑡𝑎𝑐𝑡 . 

During the interaction time the particles in a dimer are in close proximity, i.e. a 

nanometer scale surface-to-surface distance, which enhances the possibility to form a 

nonspecific chemical bond. Of all magnetic dimers formed (𝑁𝑚𝑎𝑔,𝑡𝑜𝑡), a fraction reacts 

to become a chemical dimer. The number of chemical dimers Δ𝑁𝑐ℎ𝑒𝑚 is quantified 
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after the waiting time 𝑡𝑤𝑎𝑖𝑡 . Finally the aggregation rate 𝑘𝑎𝑔𝑔
𝑚𝑎𝑔

 is calculated by 

equation 2.2. 

 
Fig. 2.1   Rate of dimer formation quantified in an optomagnetic cluster experiment. (a) Reaction scheme 

for particle dimer formation in the absence and presence of an attractive interparticle force. (b) Sketch of 

the experimental setup showing a cuvette filled with a particle solution situated in the centre of a 

quadrupole electromagnet. A laser (𝜆=660nm) is focused inside the cuvette and the light scattered by the 

particles is collected at a 90° angle w.r.t. the incoming laser beam. (c) Complete measurement protocol: 1. 

Initial dimer concentration is measured with short magnetic pulses. 2. Rotating magnetic field is turned on 

during an actuation time 𝑡𝑎𝑐𝑡 to induce the formation of magnetic dimers that can react to become a 

chemical dimer. 3. Waiting time to let the particle solution redistribute homogeneously. 4. Final chemical 

dimer concentration is measured. (d) Multistep measurement showing an increase in the amount of 

chemical dimers after each measurement cycle. (e) Magnetic aggregation rate for each measurement cycle, 
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determined by equation 2.2. Mean and standard deviation of the magnetic aggregation rate are indicated 

by the horizontal lines. 

𝑘𝑎𝑔𝑔
𝑚𝑎𝑔

=
Δ𝑁𝑐ℎ𝑒𝑚/𝑁𝑚𝑎𝑔,𝑡𝑜𝑡

1

2
𝑡𝑎𝑐𝑡

         (2.2) 

To increase statistics, multiple actuation cycles are applied (see Fig. 2.1d). The 

aggregation rate is quantified for every cycle and the average and standard deviation 

are calculated (see Fig. 2.1e). 

2.4  Tuning experimental settings  

In step one and four of the OMC experiment (Fig. 2.1c), measurement pulses are 

used to quantify the number of chemical dimers in the solution Δ𝑁𝑐ℎ𝑒𝑚. For an 

accurate quantification, the pulse should not induce additional magnetic or chemical 

dimers. For this purpose several experimental parameters have been optimized: field 

on-time and off-time, field amplitude, field frequency and particle concentration.  

The influence of the field on-time on the measured number of dimers was 

investigated by performing fifty measurement pulses for a varying field on-time and 

a constant intermittent off-time of 10s. Fig. 2.2a shows the measured |A2f| signal 

normalized to the |A2f| of the first measurement pulse. For on-times of 1s or more 

the |A2f| signal significantly increases with the number of measurement pulses, 

whereas for an on-time of 0.2s the measured value does not increase as a function of 

time. The fluctuations in the measured |A2f| are caused by dimers diffusing in and 

out of the focus volume of the laser, changing the local dimer concentration. For the 

chosen experimental settings (𝐵 = 4mT, 𝑓 = 5Hz and [𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒] = 1.0pM) the on-time 

should be 0.2s to prevent the formation of additional dimers during an individual 

measurement pulse. 

In the previous experiment the off-time was chosen to be long enough to avoid 

any influence on the measurement, however decreasing the off-time can also lead to 

magnetic aggregation because particles may not have enough time to redisperse in 

between measurement pulses. Fig. 2.2b shows the normalized |A2f| signal for 

measurement pulses with an on-time of 0.2s and a varying off-time. For off-times 

longer than 5s the chemical dimers can be measured without inducing additional 

magnetic dimers.  

Increasing the magnetic field amplitude accelerates the kinetics of magnetic dimer 

formation by quadratically increasing the attractive dipole-dipole force (Fig. S2.4a). 

The field rotation frequency does not have a significant influence on the measured 

|A2f|, as long as the frequency is below the break down frequency for dimers14 
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𝑓𝑏𝑑 ≈ 7 Hz at 𝐵 = 4mT (Fig. S2.4b). In the remainder of this chapter the following 

experimental parameters are used for the measurement pulses: 𝑡𝑜𝑛 = 0.2s, 𝑡𝑜𝑓𝑓 = 10s, 

𝐵 = 4mT, 𝑓 = 5Hz and [𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒] = 1pM. 

During step two of the OMC experiment the magnetic field is turned on 

continuously during the actuation time 𝑡𝑎𝑐𝑡. Initially, the sample contains mainly 

monomers and a few chemical dimers, as has been observed by microscopy (1 dimer 

per 12-15 monomers). During actuation the number of dimers increases and 

eventually also larger clusters (trimers, tetramers, etc.) are formed. Fig. 2.2c shows the 

scaled |A2f| signal for actuation pulses of 90s for several magnetic field amplitudes. 

Initially, the signal increases with time indicating magnetic cluster formation. 

However, at some point the signal starts to level off, has a maximum, and eventually 

starts to decrease. For increasing magnetic field amplitude the kinetics of magnetic 

dimer formation speeds up, indicated by the maximum shifting to shorter times. Fig. 

2.2d shows the dependence of the |A2f| for several particle concentrations during 

the actuation pulse. Higher particle concentrations do not only increase the total 

number of dimers that can be created, but they also accelerate the formation of 

magnetic dimers. The field rotation frequency has only minor influence on the dimer 

formation kinetics (Fig. S2.4c). 

Fig. 2.2e shows the evolution of the normalized |A2f| signal as a function of time 

for an actuation time of 90 seconds. The scattered light is measured simultaneously at 

an angle of 16° and 90° w.r.t. the incoming laser. The scattering intensity at 90° 

reaches a maximum first while the scattering intensity at 16° still increases. This 

seems to indicate a higher sensitivity for larger clusters at a scattering angle of 16°. 

To interpret the experimental results of Fig. 2.2e and to get an upper limit of the 

percentage of two-particle clusters over time, we performed simulations as reported 

in Fig. 2.2f. The simulations are based on two aspects, namely the cluster growth 

dynamics and the scattering cross-sections of the clusters. For each cluster size (𝑖 =

 dimer, trimer, tetramer, etc.) the number of clusters is calculated as a function of time 

𝑁𝑖(𝑡) and also the corresponding complex 2𝑓 scattering cross-section at the detector 

angle 𝛼, 2𝑓𝑖,𝛼. The total complex 2𝑓 signal is the product of the number of clusters 

multiplied by the complex scattering cross-section summed over all cluster sizes. The 

|A2f| signal is the absolute value of this complex number: 

|𝐴2𝑓|90 = |𝑁𝑑 ∙ 2𝑓𝑑,90 + 𝑁𝑡𝑟 ∙ 2𝑓𝑡𝑟,90 + 𝑁𝑡𝑒 ∙ 2𝑓𝑡𝑒,90 + ⋯ |    (2.3) 
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Fig. 2.2   Study of experimental parameters. Amplitude of the 2f Fourier peak of 50 measurement pulses 

scaled to the first measurement, showing that (a) on-times longer than 0.2s lead to magnetic dimer 

formation over time and (b) off-times shorter than 5s also cause magnetic dimer formation. (c) Scaled 

|A2f| signal for a 150s actuation pulse for different magnetic field amplitudes, showing faster particle 

aggregation kinetics for higher field amplitudes. (d) Scaled |A2f| signal for a 150s actuation pulse for 

different particle concentrations, showing an increasing absolute number of clusters and faster aggregation 

kinetics for higher particle concentrations. (e) Measured scaled |A2f| signal for a continuous actuation 

pulse of 90s measured at the 16° and 90° detector angle. (f) Estimated upper limit of the scaled |A2f| signal 

for the 16° and 90° detector angle with the corresponding percentage of clusters that is a dimer. The 16° and 

90° Fourier amplitudes show similar trends as the measured curves of Fig. 2.2e, but they do not serve the 
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purpose to reproduce the measured curves. The dashed line indicates the maximum actuation time that is 

used. 

 

The cluster growth dynamics is modelled using the Smoluchowski population 

balance equations describing the reaction of two monomers (m) becoming a dimer 

(d), a monomer and a dimer becoming a trimer (tr), and so on27. For tetramers (te) for 

example, there are two production terms and two loss terms when cluster sizes up to 

hexamers (h) are included, see equations 2.4-2.7. For each cluster size the population 

balance equations yield a differential equation for the rate of cluster formation, as 

shown for tetramers in equation 2.8. Here 𝑘𝑖𝑗 is the 𝑗𝑡ℎ formation rate of an 𝑖-particle 

cluster and 𝑁𝑖 is the number of 𝑖-particle clusters. By numerically solving the system 

of coupled differential equations up to and including hexamers, the cluster 

distribution was calculated as a function of time. Note that the initial cluster 

distribution and all of the reaction rates need to be predefined. The initial cluster 

distribution was estimated from microscopy images of the stock solution, but is 

difficult to accurately determine. The dimer reaction rate 𝑘𝑑 is calculated from the 

initial slope of the actuation curve, and an upper limit for the reaction rates 𝑘𝑖𝑗 (> 

dimer) follows from 𝑘𝑑 and the number of particles in the reacting clusters (described 

in full detail in section S2.5 of the Supporting Information). 

𝑚 + 𝑡𝑟 → 𝑡𝑒   (𝑟𝑎𝑡𝑒 𝑘𝑡𝑒1)        (2.4) 

𝑑 + 𝑑 → 𝑡𝑒     (𝑟𝑎𝑡𝑒 𝑘𝑡𝑒2)         (2.5) 

𝑡𝑒 + 𝑚 → 𝑝    (𝑟𝑎𝑡𝑒 𝑘𝑝1)        (2.6) 

𝑡𝑒 + 𝑑 → ℎ     (𝑟𝑎𝑡𝑒 𝑘ℎ1)        (2.7) 

 

𝑑𝑁𝑡𝑒(𝑡)

𝑑𝑡
= 𝑘𝑡𝑒1𝑁𝑚(𝑡)𝑁𝑡𝑟(𝑡) + 𝑘𝑡𝑒2𝑁𝑑(𝑡)𝑁𝑑(𝑡) − 𝑘𝑝1𝑁𝑚(𝑡)𝑁𝑡𝑒(𝑡)   

                −𝑘h1𝑁𝑑(𝑡)𝑁𝑡𝑒(𝑡)        (2.8) 

In order to find the complex scattering cross-section of the clusters, Mie scattering 

simulations have been performed14. The scattering intensity of clusters with various 

numbers of particles, particle sizes, interparticle distances and orientations, has been 

calculated at the detector angles of 16° and 90°. The oscillating scattering signal of a 

dimer, trimer and tetramer are shown in the Supporting Information (Fig. S2.6). The 

calculations show that due to the size dispersion of the particles (CV ~25%) the 

characteristic peaks of dimers, trimers and tetramers are broadened. Taking the 

Fourier transform of the simulated scattering signals yields the complex scattering 

cross-section for dimers, trimers and tetramers. Fig. S2.5b shows that the amplitude of 
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the complex scattering cross-sections of larger clusters increases more for detection at 

16° than for detection at 90°. Also the phases of the complex scattering cross-sections 

are different. This explains why the total scattering signal (Fig. 2.2e) increases sub-

linearly for both 16° and 90°, and why the sub-linearity is stronger for the 90° signal. 

A description of the scattering simulations and the comparison with the 

measurements is given in Section S2.6 of the Supporting Information. 

Using the complex scattering cross-sections obtained from the Mie scattering 

simulations and the calculated evolution of the cluster distribution as a function of 

time, the normalized |A2f| signal can be estimated as a function of time for both 

detector angles, shown in Fig. 2.2f. The calculated time dependence of the |A2f| 

signals shows similar shape and trends as the measured |A2f| signals, although this 

calculation depends on many input parameters like particle size distribution, 

refractive index, detector angle, and so forth. The simulated signal shows faster 

kinetics than the measured signal, especially the 16° signal, which could be caused by 

overestimating the reaction rates for larger clusters. A full Brownian dynamics 

simulation of the magnetic clustering process could be a next step, but this lies 

outside of the scope of the present chapter. Using the simulation data we can estimate 

the percentage of clusters that is a dimer at each point in time, see Fig. 2.2f. This 

shows that for actuation times of less than 30s, at least 85% of clusters is a dimer. This 

result justifies the procedure to derive the rate constant of dimer formation from the 

measurement as described in equation 2.2. 

With the above found experimental settings the total experiment time is 5-15 

minutes dependent on the amount of actuation cycles that is performed. As such, 

gravitational effects can be neglected in the OMC experiment. A full calculation of the 

typical time scale of sedimentation is given in Section S2.7 of the Supporting 

Information. 

2.5  Particle aggregation as a function of pH and ionic strength 

In order to test the validity of the OMC experiment for determining rate constants, 

we measured the influence of electrostatic interactions on the dimer formation rate 

𝑘𝑎𝑔𝑔
𝑚𝑎𝑔

. The electrostatic interaction between particles was varied in two ways: firstly 

by changing the surface charge of the particles via the pH of the solution, and 

secondly by changing the Debye length via the ionic strength of the solution, see Fig. 

2.3. 

To control the particle surface charge density, the pH of the citrate buffer was 

varied between 4 and 7 (see Materials and methods section). Carboxyl functionalized 
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superparamagnetic Ademtech Masterbeads were used with a nominal diameter of 

500 nm. The effect of pH on particle surface charge was quantified by zeta potential 

measurements shown in Fig. 2.3a (right y-axis). Increasing the pH from pH 4 towards 

pH 7 leads to a more-negative zeta potential, as a higher fraction of carboxyl groups 

is deprotonated. The absolute value of the zeta potential decreases at low pH which 

implies that the isoelectric point of the particles is approached. The aggregation rate 

of the Ademtech Masterbeads was measured in each of these solutions. The left y-axis 

in Fig. 2.3a shows the aggregation rate (averaged over four cycles) as a function of the 

pH of the citric acid solution. A clear decrease in the aggregation rate of more than an 

order of magnitude was measured for increasing pH (more negative zeta potentials). 

This demonstrates that electrostatic charge is an important factor for particle 

aggregation kinetics and shows the ability to quantify the aggregation kinetics with 

the OMC experiment. 

 
Fig. 2.3   Magnetic aggregation rate of COOH functionalized particles with 500nm diameter, as a 

function of pH and ionic strength. (a) Measured dimer formation rate as a function of the pH of the citrate 

buffer with a [KCl] of 0.150 M. Right y-axis shows zeta potential measurements. (b) Measured aggregation 

rate as a function of the [KCl] in the citric acid buffer of pH 4.3. 

 

The influence of ionic strength on the particle aggregation rate was measured by 

varying the amount of KCl added to a citrate buffer at pH 4.3. Fig. 2.3b shows that the 

aggregation rate increases by more than an order of magnitude with increasing ionic 

strength, underlining the importance of electrostatic interactions for the aggregation 

rate. In summary, the measured trends of the particle aggregation rate as a function 

of zeta potential and ionic strength are consistent and provide proof of concept for 

the aggregation experiment. A quantitative interpretation of the data will be 

addressed in the next section. 



26               Chapter 2  

 

 

2.6  Translation to aggregation rates in absence of magnetic attraction 

Fig. 2.4a sketches the potential energy landscape of a dimer as a function of the 

interparticle distance 𝑥, in the presence of an attractive interparticle force. At large 

interparticle distances (𝑥 ≫ 𝑑) the magnetic dipole-dipole attraction is very weak and 

the potential energy is close to zero (not included in the graph). For somewhat shorter 

interparticle distance (𝑥 > 𝑑) the particles attract each other, which causes the 

formation of magnetic dimers. Once a magnetic dimer is formed, the two particles are 

in close proximity and a chemical bond can be formed. In order for the particles to 

chemically react, the energy barrier 𝑈𝑏 needs to be overcome. The presence of the 

attractive interparticle force lowers the energy barrier compared to the situation of 

particles free in solution. The aggregation rate that is measured with the 

optomagnetic cluster experiment, 𝑘𝑎𝑔𝑔
𝑚𝑎𝑔

, describes the average rate at which a 

magnetic dimer crosses the energy barrier to become a chemical dimer, for a certain 

magnetic field amplitude. 

The energy barrier 𝑈𝑏 depends on magnetic field strength, but is dominated by 

steric, electrostatic and van der Waals interactions. A complete calculation of the 

potential energy landscape is outside of the scope of this chapter. Here, we assume 

that the magnetic interaction gives a weak reduction of the energy barrier, so that the 

rate of dimer formation 𝑘𝑎𝑔𝑔
𝑚𝑎𝑔

 equals the thermal aggregation rate 𝑘𝑎𝑔𝑔
𝑡ℎ  with a field-

dependent correction factor 𝛼(𝐵) (with 𝛼(𝐵) < 1). Using equation 2.1 the thermal 

dimer formation rate for particles free in solution (𝑘𝑎𝑔𝑔
𝑡ℎ,𝑒𝑓𝑓

) can now be expressed as: 

 𝑘𝑎𝑔𝑔
𝑡ℎ,𝑒𝑓𝑓

=
𝑘𝑒𝑛𝑐

𝑡ℎ  ∙ 𝑘𝑎𝑔𝑔
𝑡ℎ

𝑘𝑠𝑒𝑝
𝑡ℎ =

𝑘𝑒𝑛𝑐
𝑡ℎ  ∙ 𝛼(𝐵) ∙ 𝑘𝑎𝑔𝑔

𝑚𝑎𝑔
(𝐵)

𝑘𝑠𝑒𝑝
𝑡ℎ      (2.9) 

If 𝑘𝑎𝑔𝑔
𝑚𝑎𝑔

 is measured in the OMC experiment as a function of the applied magnetic 

field, then extrapolation to zero field (where 𝛼(𝐵) = 1) provides a convenient way to 

estimate 𝑘𝑎𝑔𝑔
𝑡ℎ , as will be shown later. This leaves us with the need to estimate the 

thermal encounter rate 𝑘𝑒𝑛𝑐
𝑡ℎ  and the thermal separation rate 𝑘𝑠𝑒𝑝

𝑡ℎ . 

In absence of an attractive interparticle force, particles are free in solution and 

move solely due to Brownian motion. The average encounter rate 𝑘𝑒𝑛𝑐
𝑡ℎ  of particles of 

radius 𝑅 in a solution with viscosity 𝜂 can be calculated using the diffusion limited 

rate equation28. 

𝑘𝑒𝑛𝑐
𝑡ℎ =

4𝑘𝐵𝑇

3𝜂
         (2.10) 
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The thermal encounter rate for particles with a diameter of 500 nm (as used in our 

experiments) in an aqueous solution with 𝜂 = 1 mPa ∙ s is 5.5 ∙ 10−18 m3s−1, or 

3 ∙ 109 M−1s−1. 

The separation rate 𝑘𝑠𝑒𝑝
𝑡ℎ  describes the typical rate at which two particles in an 

encounter complex diffuse away from each other. In order to find an estimate for 𝑘𝑠𝑒𝑝
𝑡ℎ  

an interparticle distance needs to be defined at which an encounter complex will be 

considered as two separate particles (Fig. 2.1a). At this separation distance the 

encounter complex can no longer become a chemical dimer. We define the separation 

distance as the interparticle distance at which the potential energy is less than kBT. 

The energy landscape for the particles used here is unknown, and will vary for 

different particles, coatings and solvents. However, Biancaniello et al.29 and Wang et 

al.30 succeeded in measuring the potential energy landscape of two particles inside an 

optical trap and of a particle near a surface, respectively. Both energy landscapes tail 

off at an interparticle distance of about 40 nm. The separation rate can now be 

calculated as the typical time in which a particle diffuses Δ𝑥 = 40 nm. 

𝑘𝑠𝑒𝑝
𝑡ℎ =

𝑘𝐵𝑇

𝜋𝜂𝑅(Δ𝑥)2        (2.11) 

This gives a typical time of 300 µs and thus 𝑘𝑠𝑒𝑝
𝑡ℎ  is estimated to be 3 ∙ 103 s−1. 

In order to experimentally determine the effect of the magnetic field on the 

aggregation rate, we measured the aggregation rate of streptavidin coated Ademtech 

Masterbeads in PBS at different field amplitudes (Fig. 2.4b). The data show a 

dependence that appears linear on lin-log axes. The fitted magnetic field correction 

factor 𝛼(𝐵) is given by the following expression: 

𝛼(𝐵) = exp[−(3.0 ± 0.8) ∙ 102 ∙ 𝐵]       (2.12) 

Combining 𝑘𝑒𝑛𝑐
𝑡ℎ , 𝑘𝑠𝑒𝑝

𝑡ℎ  and 𝛼(𝐵) gives an expression for 𝑘𝑎𝑔𝑔
𝑡ℎ,𝑒𝑓𝑓

, the effective dimer 

formation rate of particles free in solution, as a function of 𝑘𝑎𝑔𝑔
𝑚𝑎𝑔

, the aggregation rate 

measured with the optomagnetic cluster experiment. The resulting relationship is 

shown in Fig. 2.4c. For example, a measured 𝑘𝑎𝑔𝑔
𝑚𝑎𝑔

= 2 ∙ 10−2 s−1 in the OMC 

experiment using a magnetic field of 4 mT corresponds to a thermal aggregation rate 

𝑘𝑎𝑔𝑔
𝑡ℎ,𝑒𝑓𝑓

~2 ∙ 104 M−1s−1. This means that a solution with a particle concentration of 1 

pM thermally shows significant aggregation on a timescale of 5 ∙ 107 s ~ 2 years. The 

shelf life of these particle is indeed about a few years, after which severe aggregation 

is observed. In comparison, in case the particles would immediately aggregate upon a 

single collision (hit-and-stick behaviour), then the characteristic aggregation time 

would be drastically shorter, namely about 5 minutes. This example clearly 
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demonstrates that the OMC experiment is able to quantify aggregation rates in stable 

colloidal solutions with very low reactivities. 

The range of rates that can be measured with the OMC experiment has an upper 

limit, which is determined by the maximum fraction of magnetic dimers that can 

react to a chemical dimer during the shortest possible actuation pulse. If all magnetic 

dimers become a chemical dimer during a mean interaction time of 2 s, it would 

correspond to 𝑘𝑎𝑔𝑔,𝑚𝑎𝑥
𝑚𝑎𝑔

= 5 ∙ 10−1 s−1. The lowest measurable rate is determined by 

the standard deviation of the fraction of chemically converted magnetic dimers, and 

the longest possible actuation pulse. Estimating this fraction to be about 0.02 after an 

interaction time of 30 s, leads to 𝑘𝑎𝑔𝑔,𝑚𝑖𝑛
𝑚𝑎𝑔

= 5 ∙ 10−4 s−1. Fig. 2.4c shows the 

corresponding range in 𝑘𝑎𝑔𝑔
𝑡ℎ,𝑒𝑓𝑓

 that can be measured. By varying the magnetic field 

amplitude, aggregation can even be accelerated, extending the measurable range of 

dimer formation rates from about 101 to 105 M−1s−1. 

2.7  Conclusion 

We described an experiment that allows to quantify the dimer formation rate of 

submicrometer magnetic particles with low surface reactivity. Dimer concentrations 

are measured using an optomagnetic detection principle and attractive magnetic 

forces are used to accelerate chemical aggregation by bringing particles in close 

proximity. The aggregation rate is determined from the fraction of dimers that 

chemically aggregates during a certain interaction time. 

The magnetic field settings to quantify aggregation rates were extensively studied 

and tested. The nonspecific aggregation rate of carboxylated 500 nm particles was 

measured for varying pH and ionic strength of the aqueous buffer. The aggregation 

rate increases over 2 orders of magnitude when decreasing the absolute zeta potential 

of the particles (by decreasing the pH of the buffer solution), or when increasing the 

ionic strength of the solution, in both cases caused by a reduction of the inter-particle 

electrostatic repulsion. 

Aggregation rates measured with the OMC experiment are significantly faster 

than the aggregation rate of identical particles in absence of a magnetic field. The 

aggregation rates measured in presence of attractive magnetic forces were 

extrapolated to chemical aggregation rates in the absence of force, taking into account 

the thermal encounter and separation rates due to Brownian motion. The rates 

measured with the OMC experiment translate to thermal dimer formation rates 

𝑘𝑎𝑔𝑔
𝑡ℎ,𝑒𝑓𝑓

 in the range of 101 − 105 M−1s−1. Thus the described methodology makes a 

range of very low aggregation rates experimentally accessible, for fundamental 
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studies on colloidal stability as well as optimizations with respect to surface 

chemistries and performance in complex matrices.  

 
Fig. 2.4   Interpretation of 𝒌𝒂𝒈𝒈 measured with OMC experiment. (a) Schematic representation of the 

effect of the magnetic dipole-dipole interactions on the potential energy landscape known from DLVO 
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theory. (b) Dependence of the aggregation rate on the magnetic field amplitude. Extrapolating the 

exponential fit to zero field gives the aggregation rate in absence of the magnetic field. (c) Effective thermal 

dimer formation rate as a function of the measured aggregation in the OMC experiment. 
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2.8  Supporting Information 

S2.1 Citric acid buffer composition 

The pH of the buffer solutions is varied by changing the molar ratio between the 

two buffering citrate salts: citric acid anhydrous and sodium citrate dihydrate. Table 

S2.1 shows the weight over volume percentages of both salts corresponding a certain 

pH. Typically the measured pH after buffer preparation shows a deviation from the 

predicted pH of less than 0.1 pH units. 

Table S2.1   Citric acid buffer composition. Molar ratio between citric acid and sodium citrate determines 

the pH of the resulting solution. Deviation between predicted and measured pH is typically less than 0.1 

pH units. 

pH 
Citric acid, anhydrous 

(%w/v) 
Sodium citrate, 

dihydrate (%w/v) 

4.0 0.1199 0.1105 

4.3 0.1056 0.1324 

4.5 0.0955 0.1478 

4.8 0.0803 0.1712 

5.0 0.0703 0.1864 

6.0 0.0242 0.2570 

7.0 0.0034 0.2888 

8.0 0.0004 0.2935 
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S2.2 Experimental setup of optomagnetic cluster experiment 

 
Fig. S2.2 Experimental setup. A 660 nm laser is focused into a glass cuvette which is situated in a 

quadrupole electromagnet setup which is able to create an in-plane rotating magnetic field. The light 

scattered by the particles is collected by a positive lens and a photodetector located at a 90° angle w.r.t. the 

incoming laser beam. Before the laser beam enters the cuvette it passes several optical elements: The laser 

has an elliptic spot which is modified to a circular spot by the use of two cylindrical lenses (1). To get a 

collimated bundle, the laser is focused onto a pinhole by a positive lens and collimated by another lens at 

the other side of the pinhole (2). A positive lens is used to focus the light in the center of the cuvette (3). The 

light scattered by the particles is collected, at a 90° angle w.r.t. the incoming laser beam, using a 

photodetector. In front of the photodetector a positive lens is placed to increase the angle over which the 

scattering signal is collected (4). A PC controls the current through the electromagnets and acquires the 

data from the photodetector. 
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S2.3 Optomagnetic cluster readout 

 
Fig. S2.3 Optomagnetic cluster readout. (a) Measured photodiode signal at a scattering angle of 90°, as a 

function of time. In the absence of a rotating magnetic field a baseline scattering signal is measured. In the 

presence of a rotating magnetic field an oscillating scattering signal is measured. (b) Fourier spectrum of 

the oscillating signal of Fig. S2.3a showing peaks at multiples of twice the field rotation frequency. The 

peak at the 2f frequency, |A2f|, is used as a measure of the cluster concentration. (c) Calibration curve 

showing the average |A2f| signal of 50 measurement pulses as a function of the particle concentration. 

Since there is a constant fraction of the particle stock solution already in dimer form, the dimer 

concentration scales with the particle concentration. The fit has a slope of 1.1±0.2 indicating a linear 

dependence of the measured signal on the dimer concentration. (d) Microscopy image of the stock solution 

of the Ademtech Masterbeads COOH of 500nm diameter, showing a small fraction of dimers. Some 

examples of dimers are indicated by the red circles. 
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S2.4 Tuning experimental settings 

 
Fig. S2.4 Tuning experimental settings. (a) Normalized |A2f| signal of fifty measurement pulses for 

varying magnetic field amplitude. For fields larger than 6 mT unwanted magnetic or chemical clusters are 

formed during the measurement procedure. (b) Frequency sweep showing the normalized |A2f| signal as 

a function of the field rotation frequency. For low frequencies the signal is constant, but for frequencies 

exceeding the breakdown frequency of 𝑓𝑏𝑑 ≈ 7 𝐻𝑧 the signal starts to decrease. The frequency 𝑓 = 5 𝐻𝑧 is 

below the breakdown frequency. (c) Normalized |A2f| signal during a continuous actuation pulse of 150 s 

for varying field rotation frequencies around the breakdown frequency. The |A2f| signal does not depend 

significantly on the rotation frequency in the measured range. 
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S2.5 Calculated clustering process 

Fig. S2.5a shows the measured |A2f| signal over time for the 16° and 90° detector. 

This signal shows a non-linear increase and subsequently even a decrease. The time 

until the maximum signal is measured is longer for the 16° detector compared to the 

90° detector. This suggests that the detection at 16° is more sensitive to the scattering 

of larger clusters. From the Mie scattering simulations the complex scattering cross-

sections are known. In Fig. S2.5b we show the relative absolute scattering cross-

sections of trimers and tetramers w.r.t. dimers.  

The distribution of clusters (dimers, trimers, etc.) over time is calculated using the 

rate equations shown in equation S2.1-S2.9. Although we can only calculate the 

contributions to the scattering signal of clusters up to tetramers (as the Mie scattering 

simulation for pentamers costs weeks of calculation), clusters up to hexamers are 

taken into account to make sure that the loss terms for the monomers, dimers, trimers 

and tetramers are taken into account. 

The dimer reaction rate 𝑘𝑑 is calculated from the initial slope of the actuation 

curve shown in Fig. S2.5a, since initially mainly dimers are formed. This slope, in 

units of V/s, can be converted to a rate in [dimers]/s using the calibration curve 

shown in Fig. S2.3c. The higher order reaction rates should be higher because at large 

inter-cluster-distance (𝑥 ≫ 𝑑) the attractive dipole force is larger. An upper limit of 

the higher order reaction rates is subsequently estimated by multiplying the dimer 

reaction rate by the product of the number of particles of each reacting cluster. For 

example, the reaction rate 𝑘𝑝2 equals 6𝑘𝑑.  

𝑚 + 𝑚 → 𝑑 (𝑘𝑑)         (S2.1) 

𝑚 + 𝑑 → 𝑡𝑟 (𝑘𝑡𝑟)         (S2.2) 

𝑚 + 𝑡𝑟 → 𝑡𝑒 (𝑘𝑡𝑒1)         (S2.3) 

𝑑 + 𝑑 → 𝑡𝑒 (𝑘𝑡𝑒2)         (S2.4) 

𝑚 + 𝑡𝑒 → 𝑝 (𝑘𝑝1)         (S2.5) 

𝑑 + 𝑡𝑟 → 𝑝 (𝑘𝑝2)         (S2.6) 

𝑚 + 𝑝 → h (𝑘h1)         (S2.7) 

𝑑 + 𝑡𝑒 → h (𝑘h2)         (S2.8) 

𝑡𝑟 + 𝑡𝑟 → h (𝑘h3)         (S2.9) 
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The six coupled differential equations S2.10-S2.15 follow from the nine cluster 

reactions S2.1- S2.9. This set of equations is numerically solved, giving the cluster 

distribution as a function of time. Using the distribution of dimers, trimers and 

tetramers and their corresponding calculated complex 2f components, the scattering 

signal can be calculated as a function of time, see Fig. S2.5c.  

 
Fig. S2.5 Measured and calculated actuation pulse. (a) Measured normalized |A2f| signal during an 

actuation pulse. (b) Relative scattering cross-sections for dimers, trimers and tetramers obtained from Mie 

scattering simulations. (c) Calculated relative scattering cross-section, showing agreement with the 

measurement of Fig. S2.4a. (d) Calculated percentage of clusters that is a dimer throughout the actuation 

pulse.  

 

𝑑𝑁𝑚(𝑡)

𝑑𝑡
= −2𝑘𝑑𝑁𝑚(𝑡)𝑁𝑚(𝑡) − 𝑘𝑡𝑟𝑁𝑚(𝑡)𝑁𝑑(𝑡) − 𝑘𝑡𝑒1𝑁𝑚(𝑡)𝑁𝑡𝑟(𝑡)   

−𝑘𝑝1𝑁𝑚(𝑡)𝑁𝑡𝑒(𝑡) − 𝑘h1𝑁𝑚(𝑡)𝑁𝑝(𝑡)                  (S2.10) 

 

𝑑𝑁𝑑(𝑡)

𝑑𝑡
=  + 𝑘𝑑𝑁𝑚(𝑡)𝑁𝑚(𝑡) − 𝑘𝑡𝑟𝑁𝑚(𝑡)𝑁𝑑(𝑡) − 2𝑘𝑡𝑒2𝑁𝑑(𝑡)𝑁𝑑(𝑡)   

−𝑁𝑑(𝑡)𝑁𝑡𝑟(𝑡) − 𝑘h2𝑁𝑑(𝑡)𝑁𝑡𝑒(𝑡)                   (S2.11) 
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𝑑𝑁𝑡𝑟(𝑡)

𝑑𝑡
= +𝑘𝑡𝑟𝑁𝑚(𝑡)𝑁𝑑(𝑡) − 𝑘𝑡𝑒1𝑁𝑚(𝑡)𝑁𝑡𝑟(𝑡) − 𝑘𝑝2𝑁𝑑(𝑡)𝑁𝑡𝑟(𝑡)   

−2𝑘h3𝑁𝑡𝑟(𝑡)𝑁𝑡𝑟(𝑡)                     (S2.12) 

 

𝑑𝑁𝑡𝑒(𝑡)

𝑑𝑡
= +𝑘𝑡𝑒1𝑁𝑚(𝑡)𝑁𝑡𝑟(𝑡) − 𝑘𝑡𝑒2𝑁𝑑(𝑡)𝑁𝑑(𝑡) − 𝑘𝑝1𝑁𝑚(𝑡)𝑁𝑡𝑒(𝑡)   

−𝑘h2𝑁𝑑(𝑡)𝑁𝑡𝑒(𝑡)                    (S2.13) 

 

𝑑𝑁𝑝(𝑡)

𝑑𝑡
= +𝑘𝑝1𝑁𝑚(𝑡)𝑁𝑡𝑒(𝑡) + 𝑘𝑝2𝑁𝑑(𝑡)𝑁𝑡𝑟(𝑡) − 𝑘h1𝑁𝑚(𝑡)𝑁𝑝(𝑡)               (S2.14) 

 

𝑑𝑁h(𝑡)

𝑑𝑡
= +𝑘h1𝑁𝑚(𝑡)𝑁𝑝(𝑡) + 𝑘h2𝑁𝑑(𝑡)𝑁𝑡𝑒(𝑡) + 𝑘h3𝑁𝑡𝑟(𝑡)𝑁𝑡𝑟(𝑡)               (S2.15) 

From the calculated distribution of clusters over time, the fraction of clusters that 

is a dimer can be calculated. Fig. S2.5d shows that over time the clusters grow, and 

that for typical actuation times of 10-30s at least 85% of the signal originates from 

dimers. 

S2.6 Scattering signal shape 

The shape of the measured scattering signal at a 90° detector angle during a 150s 

actuation pulse (Fig. S2.6a-b) is compared with the shape of the theoretical scattering 

signal for dimers, trimers and tetramers, obtained from Mie scattering calculations 

(Fig. S2.6c-e). The simulated signal is plotted with and without including the size 

dispersion. The size distribution causes characteristics of the signal to vanish. Both 

the measured and theoretical signal show two large and two smaller peaks per full 

rotation of the clusters. The relative height of the smaller peak increases slightly over 

time, however, due to size dispersion of the particles the characteristics of the dimer, 

trimer and tetramers signals cannot be identified in the measured signal. 

The signals measured with the 16° detector show the appearance of a shoulder on 

the side of the peak in the scattering signal over time. This shoulder is a characteristic 

that is only found in the theoretical signals for the trimer and tetramers. Since the 

shoulder starts to grow between 40-80s it seems that the contribution of dimers to the 

scattering signal is dominant, at least until 40s. 
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Fig. S2.6 Measured and theoretical signal shapes. (a) Normalized measured scattering signal as a 

function of the rotation angle of the cluster. (b) Zoom in showing the growth of the smaller peak of the 

scattering signal. Only after 40s the peak starts to increase significantly. (c)-(e) Simulated scattering signals 

for a dimer, a trimer and a tetramer. The signals are simulated for perfectly monodisperse particles and for 

a normally distributed size between 200 and 800 nm, with an average diameter of 500 nm. (f)-(j) same 

graphs for the 16° detector. 

 

S2.7 Sedimentation during the OMC measurement 

In the OMC experiment light scattering on the particles inside the focus volume of 

the laser is measured. However, the magnetic actuation is performed not only on the 

particles inside the focus volume, but the complete volume of the cuvette that is 

located in between the four electromagnets. The height of the electromagnets is 5 mm, 

creating a homogeneous magnetic field over at least a distance of 3 mm, see Fig. S2.7. 

For each large or small particle that will sediment out of the focus volume will a new 
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large of small particle will sediment into the focus volume. Until particles start to 

enter the focus volume that were not always within the homogeneous magnetic field 

volume. In other words, the time it takes the large particles to sediment over a 

distance of 1.5 mm determines after which measurement time sedimentation starts to 

play a role. The sedimentation velocity for the largest particles in the distribution, 

estimated radius of 400 nm, is calculated with equation S2.16: 

𝑣𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 =
2

9

(𝜌𝑝−𝜌𝑓)

𝜂
𝑔𝑅2 = 3.49 ∙ 102 nm/s                 (S2.16) 

Where 

𝜌𝑝 = 2.0 ∙ 103 kg/m3  

𝜌𝑓 = 1.0 ∙ 103 kg/m3  

𝜂 = 1 ∙ 10−3 kg/m ∙ s  

𝑔 = 9.81 m/s2  

𝑅 = 400 ∙ 10−9 m    (Largest particles in the distribution) 

The typical time it takes these large particles to sediment over a distance of 1.5 mm 

is calculated with equation S2.17: 

𝑡𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 =
Δℎ

𝑣𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
= 1.19 hour                   (S2.17) 

Where 

Δℎ = 1.5 ∙ 106 nm  

𝑣𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 = 3.49 ∙ 102 nm/s  

This calculation shows that only after 1.19 hour sedimentation should start to play 

a role. The typical time of an experiment is 5-15 minutes so sedimentation will not 

play a role in the OMC experiment.  
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Fig. S2.7   Sedimentation. Schematic section of the experimental setup. The height of the electromagnets is 

5 mm, creating a homogeneous magnetic field over a height of at least 3 mm. The distance that particles 

need to sediment from above the homogeneous field into the laser focus volume is about 1.5 mm.  
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Chapter 3 
 

Single-dimer formation rate reveals 

heterogeneous particle surface reactivity  
 

 

Biofunctionalized micro- and nanoparticles are important for a wide range of 

applications, but methodologies to measure, modulate, and model interactions 

between individual particles are scarce. Here, we describe a technique to measure the 

aggregation rate of two particles to a single dimer, by recording the trajectory that a 

particle follows on the surface of another particle as a function of time. The trajectory 

and the inter-particle potential are controlled by a magnetic field. Particles were 

studied with and without conjugated antibodies in a wide range of pH conditions. 

The data shows that the aggregation process strongly depends on the particle surface 

charge density and hardly on the antibody surface coverage. Furthermore, 

microscopy videos of single particle dimers reveal the presence of reactive patches 

and thus heterogeneity in the particle surface reactivity. The aggregation rates 

measured with the single-dimer experiment are compared to data from an ensemble 

aggregation experiment. Quantitative agreement is obtained using a model that 

includes the influence of surface heterogeneity on particle aggregation. This single-

dimer experiment clarifies how heterogeneities in particle reactivity play a role in 

colloidal stability. 
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Single dimer formation rate reveals heterogeneous particle surface reactivity. 
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3.1 Introduction 

Micro- and nanoparticles are widely used for biomedical applications such as 

drug delivery1-5, magnetic resonance imaging1, biosensing6,7, and cancer therapy8. The 

particles are made of various materials e.g. magnetic iron oxides1-3,9,10, silica11, 

polymers12, gold6,13, silver14 and combinations thereof15. Furthermore the particles are 

coated and biofunctionalized in order to give them the desired biomedical properties. 

A major challenge in developing biomedical applications is to control colloidal 

stability and minimize particle aggregation. The aggregation is typically irreversible 

and can cause large variabilities in the measurements. For example, particle 

aggregation is an important factor determining the efficiency of drug delivery 

processes16 and aggregation can strongly affect the coefficient of variation and limit of 

detection of particle-based assays17. 

The stability of colloidal suspensions can be measured by optical methods such as 

dynamic light scattering (DLS) and turbidity18-20. In previous work, we developed an 

ensemble method to quantify particle aggregation rates in solution, named the 

optomagnetic cluster experiment (OMC)21. In the OMC experiment, clusters of 

particles are formed and the average rate of dimer formation of an ensemble of 

particles is quantified by analysis of the optical Mie scattering signal. Smaller 

amounts of material can be analyzed using flow cytometry22 or microscopic 

imaging23. However, these methods do not reveal heterogeneities of surface reactivity 

of individual particles.  

Single particles can be studied with techniques such as atomic force microscopy 

(AFM), total internal reflection microscopy (TIRM) and particle tweezers, e.g. 

optical24, acoustic25 or magnetic tweezers26. In colloidal AFM27 a single particle is 

attached to the apex of the cantilever and is pushed onto another surface to probe the 

interaction potential. AFM can be used to probe particle-particle interactions28,29, but 

most literature has studied particle-substrate interactions30. In TIRM, the height of a 

particle above a surface is monitored while the particle is attracted using 

gravitational, optical31 or magnetic forces32. In particle tweezers, particles can be 

trapped and manipulated using applied fields. With all of these methods one can 

measure the repulsive parts of particle-substrate and particle-particle potentials. 

However, these methods were not developed to quantify the kinetics of an inter-

particle aggregation process, which requires repeated probing of the stochastic 

association process and extraction of the rate of aggregation from time-dependent 

statistical data.  
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Here we describe a measurement technique wherein repeated association and 

dissociation events are observed on single dimers of particles, so that their individual 

aggregation rate can be quantified. The particles are magnetic and brought into each 

other’s proximity by magnetic dipole-dipole forces. The attractive magnetic force 

brings the surfaces of the particles very close to each other, to a distance of several 

nanometers. This close proximity gives a high effective attempt frequency, so that 

aggregation kinetics can be studied even when particles have strong repulsive 

interactions and a high energy barrier for association.  

The single-dimer aggregation (SDA) experiment is sketched in Fig. 3.1a. A first 

particle is immobilized on a substrate and a second particle is attracted onto the first 

one by magnetic dipole-dipole forces. The dipole forces result from an applied 

magnetic field that magnetizes the particles. To be able to determine if the dimer is 

aggregated or not, a precessing magnetic field is used, see Fig. 3.1a. When the dimer 

is not aggregated, the secondary particle can follow the precessing motion of the 

magnetic field, being visible in video microscopy as a circular trajectory of the second 

particle. When the dimer is aggregated, the second particle is bound to the first 

particle and does not perform a circular motion. Transient events between bound and 

unbound states are determined by analyzing time series of microscopy images, 

revealing the kinetics of the particle aggregation process. In the experiment multiple 

particle dimers are simultaneously imaged over time (Fig. 3.1b,c), transitions are 

determined between aggregated and non-aggregated states (Fig. 3.1d,e) and from the 

statistics the aggregation rate is determined (Fig. 3.1f). 

In this study we investigate particles with a diameter of 0.5 µm and 1.0 µm, and 

the dependence is measured of the aggregation rate on charge conditions (zeta 

potential) and biomolecular coating conditions (antibody surface density). The data 

shows a dominant role of the particle surface charge on aggregation rate and 

indicates that immobilized antibodies only weakly influence the aggregation rate. 

Using a model that includes heterogeneity in the particle surface reactivity, we will 

demonstrate quantitative agreement between the aggregation rate obtained with the 

single-dimer experiment and with an ensemble-based method21. 

3.2 Materials and methods 

3.2.1 Materials 

Carboxylated superparamagnetic Masterbeads (nominal size 0.5 µm, 

hydrodynamic diameter from DLS is 528 nm with coefficient of variation 25%) were 

purchased from Ademtech and carboxylated MyOne C1 Dynabeads (nominal size 1.0 
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µm, hydrodynamic diameter from DLS is 1050 nm with coefficient of variation 2%) 

were purchased from ThermoFischer. Monoclonal mouse IgG against cardiac 

troponin I was supplied by Hytest. Buffer components: phosphate buffered saline 

(PBS) tablets, citric acid anhydrous, sodium citrate dihidrate, potassium chloride, 

Pluronic F-127, 2-(N-morpholino)ethanesulfonic acid (MES) were obtained from 

Sigma Aldrich. Also 1-ethyl-3-(dimethylaminopropyl)carbodiimide hydrochloride 

(EDC), N-hydroxysulfosuccinimide (sulfo-NHS), bovine serum albumin (BSA, >98% 

pure) and Protein LoBind Eppendorf tubes were obtained from Sigma Aldrich. 

Amine-terminated polyethylene glycol (PEG) with a molecular weight of 5kDa 

(Blockmaster CE510) was purchased from JSR Microsciences. Glass substrates of size 

26x22 mm2 and thickness 0.16-0.19 mm were obtained from Menzel Gläser. 

3.2.2 Particle functionalization 

Magnetic particles (Ademtech Masterbeads, 528 nm) were functionalized through 

an EDC-NHS reaction with different surface coverages of monoclonal mouse IgG 

against cardiac troponin I (c-TnI) and blocked with the amine-terminated PEG 

(5kDa). All steps were performed at room temperature. 

The stock particles (50 mg/mL) were first magnetically washed four times with a 

50 mM MES solution of pH 6.2 containing 60 mg/mL Pluronic F-127 in order to wash 

away the storage buffer. Between each washing step the particles were shortly 

vortexed to redisperse them. The final concentration after the washing procedure was 

20 mg/mL. The particle solution was then sonicated two times ten seconds to undo 

possible particle aggregation that occurred during storage or during washing steps. 

Subsequently the carboxyl groups on the particles were activated by incubating 

the particles in a solution of 10 mg/mL EDC and 10 mg/mL NHS for 30 minutes on a 

roller bench. These solutions were prepared within 5 minutes before using them, to 

minimize hydrolysis of the compounds prior to the activation step. After the 

activation step the particle solutions were magnetically washed twice with MES 

buffer, redispersed by vortexing and sonicated two times during ten seconds. 

Monoclonal mouse antibodies against c-TnI were incubated with the particles 

during 2 hours on the roller bench, to covalently attach the antibodies via their 

primary amines. Hereafter, a solution of amine-terminated 5kDa PEG was added to 

the particle solution at an end concentration of 0.8 µM, in order to saturate the 

remaining active carboxyl groups on the surface of the particles. The mixture was 

incubated overnight on the roller bench.  

Finally, the particle solution was magnetically washed three times and sonicated, 

after which the solution was stored at an end concentration of 10 mg/mL at 6°C. 
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3.2.3 Surface functionalization 

In order to immobilize the primary particles on a glass substrate, the glass was 

first rinsed consecutively with acetone, isopropanol and methanol in a sonic bath for 

10 minutes each. After each rinsing step the substrate was dried with a nitrogen gun. 

During the first incubation step goat-anti-mouse IgG was physisorbed onto the glass 

substrate during 60 minutes (200 nM in PBS). In the second incubation step the 

remaining uncovered surface area was blocked with a 10 mg/mL BSA in PBS 

solution during 15 minutes. Then, in the third step the primary particles were 

incubated at a 500 fM particle concentration to bind to the functionalized substrate 

during 60 minutes. The polyclonal goat-anti-mouse IgG on the substrate binds to the 

monoclonal mouse-anti-cTnI antibodies on the particles. During the last incubation 

step 500 nM polyclonal mouse IgG solution was incubated during 60 minutes to 

block the remaining goat-anti-mouse IgG on the surface. This prevents secondary 

particles, which may also contain mouse IgG, to bind to the substrate. For 

experimental details on the surface functionalization, see Section S3.1 of the 

Supporting Information. 

3.2.4 Quantification of antibody coverage on the particles 

The coverage of antibodies on the particles after functionalization was quantified 

by a supernatant assay with a commercial Easy-Titer Mouse IgG assay kit (Thermo 

Scientific catalogue number 23300). In these experiments protein LoBind tubes were 

used. From the antibody concentration in the supernatant, the antibody coverage was 

calculated. This calculation gave an average number of immobilized antibodies per 

particle, without information about the orientation or functionality of the antibodies. 

The error in the antibody coverage is determined from the standard deviation of 

three measurements.  

3.2.5 Zeta potential measurements 

The average surface charge of the particles was quantified by measuring the zeta-

potential of the particles with a Malvern Zetasizer Nano ZS. Particles were diluted to 

0.1 mg/mL and triplicate measurements were performed either in PBS buffer (10 mM 

phosphate buffer, pH 7.4, ionic strength 150 mM) or in citric acid buffer of different 

pH’s (10 mM citric acid buffer, ionic strength 150 mM). The error in the determination 

of the pH of the buffer solutions is about 0.1. At these high salt concentrations, the 

operating voltage was limited to max. 10 V in order to prevent electrolysis at the 

electrodes, which decreases the signal-to-noise ratio in the measurements. The 

uncertainty in the zeta potential measurement is relatively large due to the low 

absolute value of the zeta potential of the measured particles (∆𝜁 ≈ 2mV).  
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3.2.6 Experimental setup with magnetic field and microscopic imaging 

The single-dimer aggregation experiment is conceptually depicted in Fig. 3.1. The 

experimental setup is schematically shown in Fig. S3.2a and a photographic image is 

shown in Fig. S3.2b. To create out-of-plane rotating magnetic fields, five 

electromagnets are located around the sample. Four electromagnets are placed 

around the sample, creating a magnetic field in the plane of the sample, and one 

electromagnet below the sample creates an out-of-plane field component. The current 

flowing through the coils of the electromagnets is generated by a voltage source that 

is driven with Matlab. The sample is placed in a PEEK (polyether ether ketone) 

sample holder which is located in the middle of the electromagnets. The sample is 

illuminated by a Leica fiber optic light source coming from the side, which is directed 

onto the sample by a silver right-angle prism mirror.  

The sample is imaged with bright field microscopy by a Leica DM6000B 

microscope with a 63x water immersion objective and a 2x internal magnification. 

Recordings are made with an Andor Neo sCMOS camera; standard recording settings 

are: 30 ms exposure time, 5 Hz frame rate and 3000 frames (10 minutes). For these 

experiments a home-made flow cell is used in which all the incubation steps are 

performed, see Fig. S3.2c. The flow cell consists of a cleaned glass slide with a sticker 

made of optical grade plastic attached to it, containing an open channel for liquid 

flow. The in- and outlet are made of flexible silicone tubing sealed with UV curable 

gel. A Harvard apparatus 11plus syringe pump is used to pull the liquid through the 

flow cell. 

3.2.7 Analysis software 

Recordings of the single-dimer aggregation experiment were analyzed with a 

homemade Matlab script. The script consist of three steps: (i) detecting and tracking 

primary particles, (ii) detecting when a secondary particle gets magnetically trapped 

on a primary particle and (iii) detecting binding and unbinding of the rotating dimer. 

Primary particles in solution appear as high intensity spots on a lower intensity 

background (Fig. 3.1b). The locations of individual particles were determined by 

calculating the center of intensity of the high intensity spots. The locations of particles 

in subsequent frames were correlated to obtain the trajectory of an individual 

particle. A drift correction was performed based on the average motion of the 

primary particles during the recording. 

At some point during the recording a freely diffusing secondary particle can 

become trapped on one of the primary particles. Because these particles are only 528 

nm in diameter, when two of them get trapped they appear as a single elongated 



Single-dimer aggregation experiment               49 

diffraction limited spot (Fig. 3.1c). The center position of the diffraction limited spot 

changes upon a trapping event, making it possible to detect trapping by thresholding 

the change in position of a primary particle (Fig. S3.3a). If a third particle is trapped 

on the dimer, this system was not tracked any further. 

As soon as a secondary particle is trapped on the primary particle, the experiment 

starts for this dimer. The secondary particle makes a circular motion path on the 

primary particle. This is observed as a rotation of the elongated diffraction limited 

spot. The orientation of the long axis of the diffraction limited spot was tracked over 

time and by thresholding on the rotation speed, binding and unbinding was detected 

as a decrease or increase in the rotation speed, respectively (Fig. S3.3b).  

3.3 The single-dimer aggregation experiment (SDA) 

We have developed an experimental technique which allows to study the kinetics 

of particle aggregation on single dimers. The principle of the experiment is shown in 

Fig. 3.1. Single superparamagnetic particles are immobilized on a glass substrate in a 

multivalent fashion, i.e. these particles are not able to rotate freely in any direction. 

These immobilized particles will be referred to as the primary particles. 

Subsequently, due to an applied magnetic field (B=6mT), individual particles, called 

secondary particles, are magnetically trapped on the primary particles and form a 

dimer (Fig. 3.1a). The particles are now held together by a magnetic dipole-dipole 

force in the direction of the magnetic field. The magnetic force is high enough to keep 

the secondary particles magnetically trapped throughout the whole experiment (~10 

min). On the other hand, the magnetic force is much weaker than the forces that 

underlie a chemically aggregated state of the dimer. The orientation of the magnetic 

field is chosen to be tilted with respect to the horizontal plane of the substrate. This 

ensures that the secondary particles do not touch the substrate (~100 nm distance 

between the secondary particles and the substrate) and allows for application of a 

rotating field for detection purposes.  

To be able to detect if a dimer is in a non-aggregated (free) of in an aggregated 

(bound) state, the orientation of the applied magnetic field is continuously rotated 

around the vertical axis, so that the field performs a precession motion trajectory, see 

Fig. 3.1a. In a free state, the secondary particle follows the magnetic field orientation 

and therefore makes a circular motion path on top of the primary particle. In a bound 

state, the secondary particle is immobilized and cannot follow the rotation of the 

magnetic field. By determining the state of the dimer as a function of time, association 

events as well as dissociation events can be identified. The time-to-aggregation is 
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defined as the time that the dimer spends in the free state. From statics of the time-to-

aggregation, the aggregation rate can be calculated. 

In the experiment, multiple single dimers are simultaneously imaged with bright 

field microscopy. Fig. 3.1b shows a quarter of a full field of view with individual 

primary particles. Several microscope images of a single-dimer aggregation 

experiment are shown in Fig. 3.1c. The first row of images shows the trapping of a 

secondary particle onto the primary particle. The two 500 nm particles in the dimer 

cannot individually be optically resolved, thus the dimer appears as a single 

elongated diffraction limited spot in the microscope. The second row shows how a 

freely rotating dimer switches to a bound state. Supplementary Video S1 shows the 

full recording of this dimer. The microscopy recordings are analyzed with a 

homemade Matlab script (described in Materials and Methods Section).  

Fig. 3.1d shows the cumulative number of rotations of a single dimer over time. In 

the free state, the secondary particle rotates along with the magnetic field (𝜔/2𝜋 =

0.5 Hz) and makes complete rotations. In the bound state, the secondary particle 

cannot make a complete field rotation; it shows a weak wiggling motion indicating 

that it is bound but not fully immobilized. Fig. 3.1e shows a full time trace of a single 

dimer, distinguishing the bound state and the free state based on the rotated angle 

between two consecutive frames. The orange line shows the state of the dimer as 

detected by the analysis software. Multiple aggregation events are observed for the 

same dimer with different times-to-aggregation. The wiggling motion in the bound 

state is also observed in this plot. The upward spikes in the signal are due to the 

transient passage of particles in solution through the microscopic field of view, which 

perturbs the image analysis of the dimer. The range of measurable times-to-

aggregation is limited on the low side by the field rotation frequency and the angular 

resolution. On the high side, the times-to-aggregation are limited by the total 

duration of the experiment (for more detail see Section S3.4 of the Supporting 

Information). 

Times-to-aggregation of all the dimers in the field of view can be presented in a 

survival plot, see Fig. 3.1f. When plotted on linear-logarithmic x-y scales, then the 

observation of a straight line implies that the process can be described by a single 

aggregation rate 𝑘𝑎𝑔𝑔. The data is fitted to obtain the average 𝑘𝑎𝑔𝑔 and the 

uncertainty in 𝑘𝑎𝑔𝑔. 

The single-dimer aggregation experiment allows studies of the aggregation 

behavior for many types of magnetic particles, surface chemistries, surface charge, 

buffer conditions and magnetic field conditions. In the following paragraph, we 

firstly describe the influence of the particle surface charge density on the aggregation 
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rate by varying the pH of the solution, and secondly we investigate the influence of 

the surface coating of the particles by varying the antibody coverage on the 

secondary particle. Thereafter, we will discuss heterogeneity observed in the 

aggregation process. 

 
Fig. 3.1 Single-dimer aggregation (SDA) experiment. (a) Experimental concept: Single particles are 

immobilized on a glass substrate, called primary particles. In the presence of a rotating (precessing) 

magnetic field a secondary particle is trapped on the primary particle by magnetic dipole-dipole 

interactions. The secondary particle follows the rotating field, making a circular motion path on top of the 

primary particle. Upon particle aggregation, the secondary particle becomes immobilized and stops 

following the rotating magnetic field. (b) Microscopy image of a quarter of a full field of view of primary 

particles. (c) Microscope images showing how a single secondary particle is trapped onto a primary 

particle (upper row) and how a circulating secondary particle stops circulating upon aggregation (lower 

row). The full recording is given in Supplementary Video S1. (d) Cumulative number of rotations for a 

single dimer. In the free state the dimer follows the field. In the aggregated state the dimer shows a 

wiggling behavior, because the secondary particle still has a limited freedom of motion. (e) Time trace of 

the rotation speed of a single dimer, showing 12 aggregation and dissociation events, including a fit of the 

data by the analysis software. The small spikes in the time trace originate from particles in solution that 

diffuse into the imaged region, thereby perturbing the image analysis. (f) Survival plot of the times-to-

aggregation of 19 single dimers in a field of view. Data is fitted as: 
𝑁(𝑡)

𝑁(0)
= exp(−𝑘𝑎𝑔𝑔𝑡). The fit to the data 

gives 𝑘𝑎𝑔𝑔 = 0.10 ± 0.02 s−1. 

3.4 Aggregation rate depends on particle surface charge 

The most important factor for stabilizing colloids in buffer solutions is the particle 

surface charge density, which is often expressed in terms of the zeta potential. 

Generally, by increasing the surface charge, the absolute value of the zeta potential 

increases, whereby the aggregation rate decreases33,34. Using the single-dimer 

aggregation experiment we investigated and quantified the aggregation rate as a 

function of zeta potential by varying the pH in several citric acid buffers. 
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Two different types of particles were used: 0.5 µm Ademtech particles coated with 

monoclonal antibodies (~10% antibody surface coverage) against cardiac troponin I 

(cTnI) and blocked with a 5kDa PEG (for details about the particle coating and 

immobilization, see the Materials and methods Section), or uncoated MyOne 

carboxylic acid particles with a diameter of 1.0 µm. The carboxylic acid particles have 

a high surface charge density at high zeta potentials. The pH dependence of the zeta 

potential of both types of particles was measured and is shown in Fig. 3.2a. The 

carboxylic particles indeed show a three times larger absolute value of zeta potential 

than the antibody coated particles. Using these two types of particles, two dimer 

systems are compared on their aggregation properties: an equal-particle system with 

dimers consisting of two antibody coated 0.5 µm particles, and dimers consisting of 

two different particles (Fig. 3.2b). The 0.5µm-0.5µm dimers were studied at 6 mT 

magnetic field and the 0.5µm-1.0µm dimers at 4 mT magnetic field, in order to keep 

the magnetic dipole-dipole forces the same in the two dimer systems.  

Fig. 3.2c shows the aggregation data of the two dimer systems. The equal-particle 

dimer system aggregated immediately (i.e. within about a second) for pH≤5.1, and 

shows a finite aggregation rate of about 0.2 s−1 for pH≥6.1. Already at pH 6.1 a 

fraction of the dimers shows immediate aggregation upon dimer formation, 

indicating that conditions are at the edge of the measurable rate window. The 

aggregation rate shown in Fig. 3.2c is determined from the dimer subpopulation 

showing non-zero times-to-aggregation. Between pH 5.1 and 6.1 a transition takes 

place where all or a few particles show immediate aggregation upon dimer 

formation. This pH range where the dimer aggregation behavior strongly changes is 

indicated in Fig. 3.2c by the green area. 

For the different-particle dimer system, a binary behavior is observed: for pH≤4.6 

aggregation occurs immediately upon dimer formation, and for pH≥4.8 no 

aggregation at all occurs during the time of an experiment (Supplementary Video S2 

and S3 show an example of immediate aggregation and no aggregation, respectively). 

Apparently, the aggregation rate strongly depends on the surface charge of the 

particles. When changing the pH of the buffer from 4.6 to 4.8, the zeta potential of the 

0.5 µm particles do not change significantly, but the zeta potential of the 1.0 µm 

particles changes by about 6 mV. This leads to a very large change in the aggregation 

rate of at least four orders of magnitude, i.e. the rate traverses the complete range of 

measurable rate constants (Fig. 3.2c). The pH range where the dimer aggregation 

behavior strongly changes is indicated in blue. This data clearly demonstrates that 

particle aggregation in buffer solutions is strongly dependent on electrostatic 

interactions.  
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Fig. 3.2 Single-dimer aggregation experiment as a function of surface charge. (a) The zeta potential of 

the 0.5 µm and the 1.0 µm particles measured as a function of pH of the citric acid buffer (ionic strength 

150 mM). (b) Schematic representation of the two dimer systems: The equal-particle dimer system consists 

of two antibody coated 0.5 µm particles, and the different-particle dimer system consists of both an 

antibody coated 0.5 µm particle and a carboxylated 1.0 µm particle. (c) Measured aggregation rate for both 

dimer systems at different pH of the citric acid buffer (ionic strength 150 mM). 
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3.5 Aggregation rate for antibody coated particles 

The antibody coverage on the 0.5 µm particles was varied in order to study the 

influence of the surface coating on the aggregation rate. The particles were 

functionalized via EDC-NHS with different concentrations of monoclonal antibodies 

against cTnI and subsequently blocked with a 5kDa PEG. Fig. 3.3a shows the 

measured antibody coverage as determined with the supernatant assay described in 

the Section Materials and Methods. The graph shows that functionalizing the 

particles with a higher antibody concentration leads to a higher antibody coverage, 

until saturation occurs at a coverage of about 104 antibodies per particle, which we 

define as 100% antibody coverage. This corresponds to an average surface area of 100 

nm2 per antibody, assuming a smooth spherical surface of the particle. The green 

circles indicate the antibody concentrations that were used for the subsequent 

experiments: no antibodies, ~10%, and ~100% antibody coverage. 

The zeta potential of the particles, measured in PBS at pH 7.4, decreased due to the 

functionalization process and shows no significant difference for the three antibody 

coverages given the uncertainty intervals, see Fig. 3.3b. This is an important 

observation, because it allows us to study the influence of the antibody coverage on 

the aggregation rate, independent of the surface charge density on the particles.  

The experiment as a function of antibody coating was performed with particles of 

equal size (0.5 µm). The primary particles were coated with a ~10% coverage of 

antibodies and blocked with PEG in all experiments. The secondary particles had 

either no antibodies, ~10% antibody coverage, or ~100% antibody coverage. Fig. 3.3c 

shows the measured aggregation rate for each experiment (survival plots of time-to-

aggregation are shown in Section S3.5 of the Supporting Information). The measured 

values for no and 10% antibody coverage are equal within the error bars, and the 

aggregation rate for 100% antibody coverage is slightly higher. It should be noted that 

Fig. 3.3c has a linear y-scale whereas Fig. 3.2c has a logarithmic y-scale. Therefore, the 

differences in the aggregation rate for different Ab coverages (cf. Fig. 3.3c) are 

extremely small compared to the differences in aggregation rate as a function of pH 

(cf. Fig. 3.2c). Clearly, the aggregation rate depends only very weakly on the antibody 

coverage. The very weak dependence on surface coating has also been observed for 

other molecular systems (details are added to Section S3.6 of the Supporting 

Information). 
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Fig. 3.3 Single-dimer aggregation experiment using two 0.5 µm particles, as a function of antibody 

coverage on the secondary particles. (a) Antibody coverage on the secondary particle as a function of 

antibody concentration during particle functionalization. The right y-axis shows the calculated antibody 

surface density. (b) Zeta potential of the secondary particles before and after functionalization with 

antibodies and PEG. Measurements were performed in PBS at pH 7.4. (c) Aggregation rate measured with 

the single-dimer experiment for three surface coverages of the secondary particle:  zero Ab coverage, ~10% 

Ab coverage, and ~100% Ab coverage. The number of dimers 𝑁𝑑 and the number of measured events 𝑁𝑒 

are shown for each Ab coverage. The data show that the aggregation rate hardly depends on the antibody 

surface coverage. 



56               Chapter 3  

 

 

It is interesting to discuss the results of the single-dimer aggregation (SDA) 

experiments with respect to earlier protein aggregation studies. The latter studies 

have shown that monoclonal antibodies at high concentrations ([mAb] > 60 mg/mL) 

suffer from significant protein aggregation35-37. In the SDA experiment, a high 

coverage of mAb’s on the particles leads to a high local mAb concentration at the 

interface between two magnetically confined particles. The local antibody 

concentration in the interaction volume between two particles in a dimer can be 

calculated using the antibody surface coverage and by estimating the interaction 

volume as a cylinder centered around the contact point of the particles having a 

length of 10 nm. For particles with a mAb coverage of ~10% the local mAb 

concentration is already about 100 mg/mL. Therefore, the observed particle 

aggregation might be caused by aggregation of mAb’s. 

In the described SDA experiments, the primary particle has a 10% antibody 

surface coverage, which implies that there are always antibodies present at the 

contact point of the primary and secondary particle. This might explain why we 

observe only small differences in the aggregation rate when varying the antibody 

density on the secondary particle. In the SDA experiment of this chapter, the primary 

particles were multivalently immobilized via antibodies on the primary particle; 

therefore the antibody coverage on the primary particles could not be reduced. In 

follow-up work, it will be interesting to develop novel primary particle 

immobilization strategies that will allow scaling of the antibody surface density on 

the primary particle. 

3.6 Inter-dimer and intra-dimer heterogeneities 

An experimental method that resolves single particles and single dimers allows to 

investigate inter-dimer and intra-dimer variations in the aggregation rate. We have 

studied to what extent such differences can be observed in our single-dimer 

aggregation experiment. Since the experiments have limited aggregation event 

statistics per individual dimer, only large inter-dimer differences in the aggregation 

rates can be resolved. Large differences are seen only in certain conditions, such as in 

the pH 5.1 equal-particle experiment of Fig. 3.2c, where some dimers are immediately 

bound and other dimers show repeated aggregation and disaggregation.  

Intra-dimer heterogeneities have also been observed. Fig. 3.4 shows an example of 

a time trace of a dimer (10% Ab coverage, pH = 7.4, ionic strength 150 mM), where 

nine aggregation events have been related to their corresponding dimer angle, as 

indicated in the colored squares on the right. The data shows that aggregation events 

occur at preferential dimer angles: the secondary particle binds at well-defined 
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positions on the primary particle. In this case the large majority of aggregation events 

occurs at the dimer angle indicated in purple and the other angles occur rarely. This 

is a direct observation of preferential binding locations on the primary particle and 

heterogeneity of particle reactivity, resulting from the single-dimer resolution of the 

experiment. 

This feature of the single-dimer experiment can be used to study the presence of 

reactive patches on a particle surface by its influence on particle aggregation. Reactive 

patches can arise for example by unfolding of proteins on the particle surface38-41 or 

incomplete particle functionalization, causing certain locations on the particle to be 

more or less reactive. By systematically comparing the distribution of dimer 

aggregation orientations in different molecular systems, hypotheses on patchiness of 

particle reactivity can be tested. 

 
Fig. 3.4 Heterogeneous binding orientations. A measured time trace of single-dimer (dis)aggregation. 

Colored dots at each binding event indicate the orientation of the dimer, showing that the primary particle 

has preferential aggregation locations on its surface. 

3.7 Simulations of heterogeneous particle surface reactivity 

To interpret the measured aggregation rates, a model and simulation code have 

been developed to study the effect of heterogeneity in particle surface reactivity on 

measured aggregation rates. The simulation has been developed for both the single-

dimer aggregation experiment (SDA) and the previously described ensemble 

optomagnetic cluster experiment (OMC)21. This allows us to quantitatively compare 

the aggregation rates obtained by two experimental methods on the same particle 

system. 

To introduce heterogeneity on the particle surface, 𝑁  reactive patches are 

randomly placed on each particle, see Fig. 3.5a. These reactive patches are simulated 
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as small spherical caps on the particle surface, where the reactivity of the particle is 

equal to 𝑘 = 𝑘𝑝𝑎𝑡𝑐ℎ. The surface area of the particle that is not covered by a sticky 

patch has a reactivity 𝑘 = 0. This black-and-white approach might not be completely 

correct since it is known that nonspecific interactions span a wide range of association 

rates26, however it is used as a first approximation. The radius of the spherical cap is 

chosen to be 𝑅𝑝𝑎𝑡𝑐ℎ = 2.5 nm, a typical interaction size for a protein. Note however 

that the outcome of the simulation hardly depends on the size of the patch. From the 

number of reactive patches on a particle, its reactive surface coverage 𝜂𝑟𝑠 is defined as 

the fraction of the surface that is covered by reactive patches, see equation 3.1. 

𝜂𝑟𝑠 =
1
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𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
)

2

   for     𝑅𝑝𝑎𝑡𝑐ℎ ≪ 𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 (3.1) 

In the SDA simulation one of the particles is fixed in a certain random orientation, 

mimicking the immobilized primary particle. A second particle approaches the 

primary particle in a random orientation at an angle of 45° with respect to the vertical 

axis, mimicking the trapped secondary particle. The secondary particle is now moved 

in a circular fashion over the surface of the primary particle. The rotation frequency is 

chosen equal to the experimentally used field rotation frequency 𝑓 = 0.5 Hz. The 

particles interact with each other only at the surface area close to the point of contact 

between the particles. An interaction volume is defined as shown in Fig. 3.5a. This 

interaction volume creates an interaction area on both particles of a spherical cap 

centered around the contact point. The interaction distance, the width of the 

interaction volume, is chosen to be equal to 10 nm, as it is unlikely that bond 

formation occurs at longer distances. 

In each simulation step (Δ𝑡 = 10−2 s) the program checks on both particles if there 

is overlap between reactive patches on the particle and its interaction area. When 

both particles have at least one reactive patch in their interaction area, then there is a 

possibility for aggregation, see Fig. 3.5a. The probability for aggregation during a 

single time step is given by equation 3.2.  

 𝑃𝑎𝑔𝑔,𝑆𝐷𝐴 = Δ𝑡 ∙ 𝑘𝑝𝑎𝑡𝑐ℎ        (3.2) 

Using random numbers the program checks if aggregation occurs. If so, the time-

to-aggregation is determined and otherwise the secondary particle is moved further 

for a new time step. The effective aggregation rate is obtained from the simulation by 

a survival plot of multiple times-to-aggregation originating from multiple single 

dimers. 
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Fig. 3.5b shows the contact configurations of the two particles. In the SDA 

experiment, the secondary particle moves over the surface of the primary particle. 

Here we distinguish two limiting cases: rolling and shoving. A shoving secondary 

particle slides over the primary particle and exposes only a single contact area. A 

rolling secondary particle rolls over the primary particle and thereby exposes its 

equatorial area, indicated in orange in Fig. 3.5b. In the OMC experiment, dimers 

rotate as a whole, so only single contact areas of the particles are exposed. 

The dimer formation rate for the OMC experiment was modelled as follows. 

During the magnetic actuation pulse, a magnetic dimer 𝑖 contains two particles each 

with 𝑁 patches, brought together in a random orientation. Throughout the remaining 

time of the actuation pulse, 𝑡𝑖𝑛𝑡,𝑖, the particles interact in the same orientation. In case 

there is overlap on both particles between a reactive patch and its interaction area, 

aggregation occurs with a probability given by equation 3.3.  

 𝑃𝑎𝑔𝑔,𝑂𝑀𝐶 = 𝑘𝑝𝑎𝑡𝑐ℎ ∙ 𝑡𝑖𝑛𝑡,𝑖        (3.3) 

The aggregation rate 𝑘𝑎𝑔𝑔
𝑂𝑀𝐶  in the simulation is determined in the same way as 

experimentally (equation 2.2). 

Fig. 3.5c shows the effective aggregation rates obtained from the simulations as a 

function of the reactive surface coverage 𝜂𝑟𝑠, for 𝑘𝑝𝑎𝑡𝑐ℎ = 1 s−1. As expected, high 

reactive surface coverages lead to high aggregation rates. For the SDA simulation, 

coverages over a few percent give an aggregation rate equal to the patch aggregation 

rate. For the OMC simulation, the aggregation rate levels off at 10−1 s−1 because the 

aggregation rate is limited by the inverse of the mean interaction time (< 𝑡𝑖𝑛𝑡 >−1=

0.1 s−1)21. 

The simulations of the SDA experiment show that the aggregation rates depend 

on the motion configuration. At low reactive surface coverages, the shoving particles 

give a higher aggregation rate than rolling particles. This difference is caused by a 

reactivity bias. Dimers that do not show aggregation events during the experiment, 

because one of the particles has no reactive patch in the exposed surface area, do not 

contribute to measurement statistics in the survival plot. This means that the deduced 

aggregation rates are biased toward reactive dimers, which is more pronounced for 

shoving particles because these have a higher chance to lack a reactive patch in the 

exposed contact area. 

We can now compare experimental results with results from the simulations. 

Aggregation rates have been measured on the 0.5 µm particles with a 10% Ab 

coverage, in both the SDA and OMC experiments. The found aggregation rates, 

including their uncertainty intervals, are presented in Fig. 3.5c by the green and 
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orange horizontal bars. The experimental and simulated rates are in agreement for 

𝑘𝑝𝑎𝑡𝑐ℎ = 1 s−1, a reactive surface coverage of 0.04-0.07% (corresponding to 40-70 

patches per particle) and when the secondary particle makes a shoving motion in the 

SDA experiment. Simulations performed with different patch aggregation rates show 

that agreement is achieved in a narrow range of patch aggregation rates: 𝑘𝑝𝑎𝑡𝑐ℎ =

1.0 ± 0.3 s−1. A shoving motion of the secondary particle indicates that the 

mechanical torque due to its anisotropy42 is larger than the torque exerted due to 

shoving-induced friction; this is an interesting mechanistic result that merits further 

study. 

In conclusion, the simulations described in this section allow a comparison 

between aggregation rates measured with the SDA and OMC experiments. Due to the 

presence of reactive patches on the particles (see Fig. 3.4), the motion configuration 

and exposed surface areas of the particles (see Fig. 3.5b) appear to have a large 

influence on the measured aggregation rates. Further studies should focus on 

unravelling the precise nature of the patches and their reactivity.  

 
Fig. 3.5 Simulation of aggregation in case of heterogeneous surface reactivity. (a) Heterogeneity in 

surface reactivity is simulated as 𝑁 reactive patches on a non-reactive particle. An interaction volume is 

defined by two spherical caps centered around the contact point between particles. Aggregation can only 

occur when the interaction area on both particles contains at least one reactive patch.  (b) The total probed 

interaction area on both particles depends on the experiment type and the motion of the secondary particle. 

For the SDA experiment a rolling secondary particle probes more area on the secondary particle compared 

to the shoving case. In the OMC experiment only the two initial spherical interaction areas have 

interaction. (c) Simulated aggregation rate as a function of the coverage of reactive patches on the particles, 

with 𝑅𝑝𝑎𝑡𝑐ℎ = 2.5 nm, 𝑅𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 250 nm, and 𝑘𝑝𝑎𝑡𝑐ℎ = 1 s−1. Experimental results for the system of particles 

with 10% Ab coverage are indicated by the horizontal bars.  

3.8 Conclusion 

In this chapter we described a new experimental method to investigate particle 

aggregation on single particle dimers. Nonspecific aggregation has been studied 
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between particles with and without conjugated antibodies, in a wide range of pH 

conditions. The data shows that the aggregation rate strongly depends on the particle 

surface charge density, with variations over more than four orders of magnitude 

when changing the pH of the solution. Varying antibody type and surface coverage 

resulted in only a factor 1.5 change in the aggregation rate.  

Video microscopy of aggregation and disaggregation events of individual dimers 

revealed discrete areas with high reactivity, i.e. strong heterogeneity in surface 

reactivity of the particles. Apparently reactive patches are present on the surface of 

the particles. Simulations on the aggregation of heterogeneously reactive particles 

resulted in quantitative agreement between the experimental data of the single-dimer 

aggregation experiment and an ensemble-based method to quantify particle 

aggregation21. The simulations show that the motion configurations and exposed 

particle surface areas are important due to the patchy nature of the particle surface 

reactivity. Interesting follow-up studies will be to investigate the (bio)chemical 

characteristics and amount of patches on different particles, and to investigate 

possible differences in how specific and nonspecific interactions influence 

aggregation rates. 

The single-dimer aggregation experiment can be used for studying 

superparamagnetic particles of many material types and with different biochemical 

coatings. The size range of the particles is limited on the lower side by the resolution 

of the optical microscope, and on the upper side by the drag of the secondary particle. 

The drag can be reduced by decreasing the rotation frequency of the field, but that 

also reduces the time resolution of the experiment and limits the maximum 

observable aggregation rate. 

In conclusion, the described single-dimer aggregation experiment gives the 

unique ability to reveal the influence of particle surface heterogeneities on inter-

particle aggregation. The developed methodology and model description will be 

valuable for further scientific studies as well as optimizations of the functional 

properties of colloids. 

 
 
 
 
  



62               Chapter 3  

 

 

3.9 Supporting Information 

S3.1 Substrate functionalization 

To verify the immobilization strategy of primary particles on the substrate, two 

experiments were performed. In the first experiment the number of immobilized 

primary particles on the substrate was counted for different concentrations of the 

goat-anti-mouse IgG on the substrate. Fig. S3.1a shows a curve with saturation at a 

concentration of 200 nM. Given the Ab concentration during incubation with the 

substrate, the amount of antibodies on the particles, and the curvature of the particle, 

it can be calculated that around 102 molecular bonds are formed between a single 

particle and the substrate. 

In the second experiment, the substrate was functionalized and particles were 

immobilized as described above. Thereafter, the substrate was blocked with different 

concentrations of polyclonal mouse IgG, after which a second incubation step with 

primary particles was done. Fig. S3.1b shows that the goat-anti-mouse IgG was 

blocked by incubation with 100 nM mouse IgG, demonstrating that the particles were 

indeed bound to goat-anti-mouse IgG molecules on the substrate.  

 
Fig. S3.1   Control experiments on surface functionalization. (a) Graph showing the amount of 

functionalized particles that binds to the functionalized surface as a function of the concentration of 

antibodies during incubation. (b) Graph showing how blocking the antibodies on the surface leads to a 

decreases in the number of bound particles. 
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S3.2 Experimental setup and flow system 

 Fig. S3.2 Experimental setup. (a) Schematic representation of the experimental setup consisting of a five-

pole electromagnet, a light source coming from the side, a 63x water immersion objective and a camera. (b) 

Picture of the experimental setup. (c) Picture of the home-made flow cell. 
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S3.3 Analysis software 

 
Fig. S3.3 Raw data analysis software. (a) Typical microscope image showing a full field of view filled 

with primary particles. Zoom shows a single primary particle. (b) Zoomed microscope image of a single 

secondary particle trapped on a single primary particle in a tilted out-of-plane magnetic field. The two 

particles cannot be optically distinguished, instead an elongated diffraction limited spot is observed. (c) 

Displacement of the center of intensity (COI) over time showing a stepwise increase upon secondary 

particle trapping. This is detected using a threshold. (d) Rotation speed of a single dimer over time, 

including a fit. Rotation speed is rather constant (5 fps / 0.5 Hz = 36 °/frame), until aggregation occurs, 

because then the rotation speed drops to zero. After dissociation the rotastion speed goes up again. In the 

bound state, periodic fluctuations in the rotation speed are due to the non-zero remaining wiggling motion 

of the dimer. 

S3.4 Statistics of the time-to-aggregation 

The available observation time per dimer is limited by the time between the 

moment the secondary particle gets trapped, which is random, and the moment when 

an additional particle gets trapped on that same dimer, resulting in the formation of a 

trimer and the end of the dimer experiment. It is possible to optimize the number of 

aggregation events per dimer by varying the particle concentration in solution, but it 

is a trade-off. At low secondary particle concentration in solution only few secondary 

particles are trapped on primary particles; at high secondary particle concentration, a 

dimer experiment has a short duration due to faster formation of a trimer. 
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The range of times-to-aggregation that can be measured with the single-dimer 

aggregation experiment is limited by several experimental constraints. The rotation 

angle per frame (field rotation frequency/frame rate) needs to be large enough to 

detect with the software. It is possible to increase the framerate, however, increasing 

the field rotation frequency is not preferred because the particle should be able to 

follow the field rotation in the free state. Therefore the shortest measureable time-to-

aggregation (~0.4 s) is determined by the maximum field rotation frequency. The 

longest time-to-aggregation depends again on the time between the secondary 

particle gets trapped, which is random, and the time that another secondary particle 

gets trapped on that same dimer (< 10 min). 

S3.5 Varying Ab coverage: histograms of time-to-aggregation  

 
Fig. S3.5 Varying antibody coverage. Histograms of the time-to-aggregation including the extracted rate 

constant from the single exponential fit for secondary particles with (a) PEG only, (b) low [Ab] + PEG and 

(c) high [Ab] + PEG. 
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S3.6 Aggregation rate as a function of particle surface chemistry 

To investigate the influence of the surface chemistry of the particles on the 

aggregation process three experiments are performed with different particle coatings: 

Firstly, a primary particle coated with a-cTnI Ab1 + 5kPEG and secondary particle 

coated with a-cTnI Ab1 + 5kPEG + 5% BSA physisorption (Fig. S3.6a). Secondly, a 

primary particle coated with a-cTnI Ab1 + 5kPEG and bare secondary particle with 

carboxyl groups (Fig. S3.6b). Thirdly, a primary particle coated with a-cTnI Ab2 + 

5kPEG and secondary particle coated with a-cTnI Ab2 + 5kPEG (Fig. S3.6c). The 

variations in the obtained aggregation rate are small. The error in the aggregation rate 

is the fit error. However, the real error in the measurement also depends on the 

amount of statistics. 

 
Fig. S3.6 Varying surface chemistry. Histograms of the time-to-aggregation measured with the single-

dimer aggregation experiment for 500 nm particles with different surface chemistries: (a) Primary particle 

coated with a-cTnI Ab1 + 5kPEG and secondary particle coated with a-cTnI Ab1 + 5kPEG + 5% BSA 

physisorption. (b) Primary particle coated with a-cTnI Ab1 + 5kPEG and bare secondary particle with 

carboxyl groups. (c) Primary particle coated with a-cTnI Ab2 + 5kPEG and secondary particle coated with 

a-cTnI Ab2 + 5kPEG. 
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Chapter 4 
 

Inter-particle biomolecular reactivity 

tuned by surface crowders  
 

 

The rate at which colloidal particles can form biomolecular bonds controls the 

kinetics of applications such as particle-based biosensing, targeted drug delivery and 

directed colloidal assembly. Here we study how the reactivity of the particle surface 

depends on its molecular composition, quantified by the inter-particle rate of 

aggregation in an optomagnetic cluster experiment. Particles were functionalized 

with DNA or with proteins for specific binding, and with polyethylene glycol as a 

passive surface crowder. The data show that the inter-particle binding kinetics are 

dominated by specific interactions, which surprisingly can be tuned by the passive 

crowder molecules, for both the DNA and the protein system. The experimental 

results are interpreted using model simulations, which show that the crowder-

induced decrease of the particle surface reactivity can be described as a reduced 

reactivity of the specific binder molecules on the particle surface. 

 

 
 

 

 

This chapter is in preparation as a manuscript: Scheepers, M.R.W.; Haenen, S.R.R.; Coers, J.M.; 

van IJzendoorn, L.J.; Prins, M.W.J. Inter-particle biomolecular reactivity tuned by surface 

crowders.  
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4.1 Introduction 

The behaviour of biofunctionalized colloidal particles in complex biological 

systems is determined by both specific and non-specific interactions, each conferred 

to the particle by different molecular means. Specific binding functionality is 

conferred to the particles by coupling macromolecules with specific binding affinities 

to the particle surface, such as antibodies1,2, oligonucleotides3,4, or aptamers5,6. Non-

specific interactions can be controlled by providing e.g. charges7 or hydrophilic 

polymers8,9 on the particle surface, in order to stabilize the particles and achieve low 

biofouling properties. 

The specific and nonspecific binding properties of biofunctionalized particles can 

be studied in biochemical assays as well as in biophysical experiments. An example 

of a biophysical experiment is colloidal probe atomic force microscopy (AFM), to 

measure force-distance curves in liquids between a single micrometer sized colloidal 

probe and a surface or a second particle10. The potential energy landscape of 

functionalized particles above a substrate can be explored using total internal 

reflection microscopy (TIRM)11-13, and the interactions between two functionalized 

particles can be studied using optical tweezers14. However, these methods cannot 

quantify the biomolecular reactivity of colloidal particles. 

In this paper we quantify the biomolecular reactivity of functionalized colloidal 

particles in an optomagnetic cluster (OMC) experiment15. The OMC experiment was 

originally developed for rapid and sensitive biomarker quantification by measuring 

the equilibrium aggregation state of a colloidal solution1. Ranzoni et al. showed 

subpicomolar detection of prostate specific antigen (PSA) in buffer and in blood 

plasma. Recently, we demonstrated that the OMC experiment allows quantification 

of the non-specific kinetic rate of dimer formation 𝑘𝑎𝑔𝑔 within an ensemble of 

biofunctionalized particles15. The parameter 𝑘𝑎𝑔𝑔 represents the rate at which 

biochemical inter-particle aggregation occurs, for particles that are in a well-defined 

state of proximity. In the OMC experiment, the proximal state is created and 

controlled by an attractive magnetic inter-particle force. The aggregation rate 𝑘𝑎𝑔𝑔 is a 

measure of the particle surface reactivity and represents the particle equivalent of the 

molecular association rate 𝑘𝑜𝑛.  

The aggregation rate of colloidal particles has contributions from specific and 

nonspecific interactions, which are often studied independently. For example, passive 

hydrophilic molecules are applied in order to form a crowded layer that generates 

steric repulsion between particles8,9. In this study, we hypothesized that the steric 

repulsion by hydrophilic surface crowders might affect not only nonspecific 

interactions between particles, but may also have an effect on specific inter-particle 
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interactions. For this purpose, particles were provided with a coating consisting of 

specific binders (antibodies or DNA oligonucleotides) and passive polyethylene 

glycol (PEG) molecules of different molecular weights. The dependence of the 

particle surface reactivity on the density of specific binders was studied in a 

sandwich-type aggregation assay, where aggregation is induced using a specific 

bridging molecule (a protein or an oligonucleotide) called the analyte, see Fig. 4.1. 

The data show that the specific aggregation rate is reduced, for all analyte 

concentrations, by the presence of PEG molecules on the particle surface, as 

schematically shown in Fig. 4.1c. Simulations are performed to interpret the data in 

terms of the underlying molecular parameters. The paper concludes with an outlook 

on reactivity modulations that may be achieved by further surface engineering. 

 

Fig. 4.1   Study of inter-particle biomolecular reactivity as a function of surface-crowding PEG 

molecules. (a) Particle dimers are formed in a sandwich-type aggregation assay, with specific binder 

molecules on the particle surface (binder 1 and binder 2) and specific bridging molecules called analyte. 

The particle is also functionalized with PEG crowders, to investigate the influence of the PEG molecules on 

the specific particle aggregation process. (b) The assay consists of an analyte capture phase of 6 min, and 

subsequently an aggregation rate measurement using optomagnetic detection15. (c) The aggregation rate is 

measured as a function of analyte concentration. The experiments show that PEG molecules on the particle 

surface reduce the specific aggregation rate. 
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4.2  Materials and methods 

4.2.1 Materials 

Carboxylated superparamagnetic Masterbeads were purchased from Ademtech 

SA (diameter 528 nm, coefficient of variation 25%). Streptavidin coated 

superparamagnetic silica particles were obtained from MircoParticles GmbH 

(diameter 511 nm, coefficient of variation <5%). Biotinylated DNA docking strands 

and DNA analyte strands were purchased from Integrated DNA Technology Inc. 

(IDT). For a complete list of the used DNA sequences, see Supporting Information 

section S4.2. Prostate specific antigen (PSA) was purchased from Abcam plc. and a 

matching pair of monoclonal mouse IgGs against PSA (𝛼-PSA10 and 𝛼-PSA66) were 

supplied by Fujirebio Europe N.V. Amine-terminated polyethylene glycol (PEG) and 

biotin-terminated PEG with molecular weights of 5, 10, 20, 30 and 40 kDa were 

purchased from Creative PEGworks. Phosphate buffered saline (PBS) tablets, 

Pluronic F-127, 2-(N-morpholino)ethanesulfonic acid (MES), 1-ethyl-3-

(dimethylaminopropyl)carbodiimide hydrochloride (EDC), 

tris(hydroxymethyl)aminomethane (tris), N-hydroxysulfosuccinimide (sulfo-NHS), 

bovine serum albumin (BSA, >98% pure), biotin-Atto655 and DNA LoBind and 

Protein LoBind Eppendorf tubes were obtained from Sigma Aldrich Inc. Borosilicate 

glass 3.3 cuvettes with inner dimensions of 1.00±0.05 mm x 1.00±0.05 mm and outer 

dimensions of 1.23±0.05 mm x 1.23±0.05 mm, and a length of 20±1 mm were obtained 

from Hilgenberg GmbH and used in the optomagnetic cluster experiment. 

4.2.2 Particle functionalization for DNA model system 

Streptavidin coated silica MicroParticles were functionalized with biotinylated 

DNA docking and DNA filler strands and biotinylated PEG (10, 20, 30 or 40 kDa) by 

sequential incubation steps. First, 15 μL of the particle stock solution (10 mg/mL) was 

mixed with 285 μL of DNA docking strand solution in PBS, and incubated for 60 

minutes in an incubator shaker (1200 rpm, room temperature). Subsequently 2 µL of a 

large excess of DNA filler strands is added to saturate the particle surface with DNA, 

and incubated for 60 minutes in an incubator shaker (1200 rpm, room temperature). 

The amount of functional docking DNA during the first incubation step was varied 

throughout the experiments.  

For measuring the effect of PEG on the aggregation rate, first DNA docking strand 

were coated on the particle, and the docking-DNA-to-particle-ratio was kept equal to 

5,000. After the first incubation step, the particle solution was magnetically washed to 

remove unbound DNA docking strands. The particles were redispersed in a 1 mM 

biotin-PEG solution of a certain molecular weight and incubated for 60 minutes in an 
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incubator shaker (1200 rpm, room temperature) to saturate the remaining 

streptavidin groups with biotin-PEG.  

After the second incubation step, the particle solution was magnetically washed 

again to remove the unbound PEG. The particles were redispersed in a 10 mg/mL 

BSA in PBS solution to suppress nonspecific aggregation of the particles. The particle 

solution was then incubated in a sonic bath for 10 minutes and the solution was 

sonicated (10x 0.5s) to reduce the number of clusters in the solution.  

4.2.3 Quantification of the DNA docking strand coverage 

To quantify the number of DNA docking strands on the streptavidin coated 

Microparticles an indirect fluorescence supernatant assay is performed. First, the 

biotin capacity of the particles is quantified by binding increasing amounts of biotin-

atto655 on the particles, during 60 minutes in an incubator shaker (1200 rpm, room 

temperature). The lowest b-atto655 concentration at which there is still b-atto655 left 

over in the supernatant after incubation is quantified using a Fluoroskan Ascent FL 

(𝜆𝑒𝑥 = 646 nm, 𝜆𝑒𝑚 = 679 nm, spectral width 5 nm). The b-atto655 capacity per particle 

is equal to 𝑁𝑏−𝑎𝑡𝑡𝑜655 = (4.3±0.5)∙104. 

Next, increasing amounts of biotinylated DNA are added to the particles and 

incubated during 60 minutes in an incubator shaker (1200 rpm, room temperature). 

After this incubation step, the particle solution is magnetically washed to remove 

unbound DNA strands. Subsequently, b-atto655 is added in a concentration that is 

slightly above the b-atto655 capacity of the particles. Again an incubation step is 

performed during 60 minutes in an incubator shaker (1200 rpm, room temperature). 

Particles that are not fully coated with DNA strands will bind some of the b-atto655 

in the solution, the fully coated particles will not bind b-atto655. After the incubation 

the particle solutions are magnetically washed and the fluorescence of the 

supernatant is measured. The amount of b-atto655 in the supernatant for a certain 

DNA concentration, 𝐼𝑠.𝑛.([𝐷𝑁𝐴]), is related to the number of DNA on the particle, 

𝑁𝐷𝑁𝐴, according to equation 4.1.  

𝑁𝐷𝑁𝐴 =
𝐼0− 𝐼𝑠.𝑛.([𝐷𝑁𝐴])

𝐼0− 𝐼𝑠.𝑛.([𝐷𝑁𝐴]=0)
∙ 𝑁𝑏−𝑎𝑡𝑡𝑜655        (4.1) 

Here 𝐼0 is the fluorescence intensity of the b-atto655 solution that is added in the 

second incubation step, and 𝐼𝑠.𝑛.([𝐷𝑁𝐴] = 0) is the fluorescence intensity of the 

supernatant when adding non-functionalized streptavidin Microparticles. For more 

details of the supernatant assay, see Supporting Information section S4.3. 
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4.2.4 Particle functionalization for the antibody sandwich system 

Carboxylic acid coated Ademtech Masterbeads were functionalized through an 

EDC-NHS reaction with a matching pair of monoclonal PSA antibodies that target a 

different epitope on the PSA antigen. The particle surface area in between the 

antibodies area was coated with an amine-terminated PEG (10, 20, 30 or 40 kDa) and 

the remaining surface area was blocked with tris. All steps were performed at room 

temperature. 

First, 4 μL of particle stock solution (50 mg/mL) was mixed with 196 μL a 100 mM 

MES solution (pH 5.0), 50 μL EDC in MES solution (10 mg/mL) and 50 μL NHS in 

MES solution (10 mg/mL). The particles were incubated for 30 minutes on a roller 

bench to activate the carboxyl groups on the particle surface.  

After the activation step the particles were magnetically washed twice and 

redispersed in 200 μL MES solution. Subsequently the particle solution was sonicated 

(10x 0.5s) to undo the particle clustering that occurred during the magnetic washing 

steps. Then, 100 μL of antibody solution was added to the particles and incubated for 

30 minutes on a roller bench, to covalently attach the antibodies to the particles. The 

antibody concentration was varied in one of the experiments. However, if not 

specified in the text, the antibody-to-particle ratio during incubation was kept equal 

to 1500. 

After the antibody coating step 50 𝜇L of amine-terminated PEG solution (1 mM) 

was added to the particle solution and incubated for 180 minutes on a roller bench. 

To block the remaining active carboxyl groups, 100 μL of tris buffer is added (150 mM 

NaCl, 50 mM tris, pH 7.6) and incubated overnight on a roller bench. Finally, the 

particle solution is magnetically washed twice and the particle are redispersed in a 10 

mg/mL BSA in PBS solution to suppress nonspecific particle aggregation. Finally, the 

particle solution was sonicated (10x 0.5s) to undo the particle clustering that occurred 

during the functionalization process. 

4.3 Specific particle aggregation quantified for DNA and protein 

systems 

The specific particle aggregation rate is first investigated for the DNA system and 

the protein system without passive surface crowders. The inter-particle aggregation 

rate is quantified using the OMC experiment. This methodology is summarized in 

section S4.1 of the Supporting Information.  
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In the DNA model system, see Fig. 4.2a, streptavidin coated Microparticles were 

functionalized with biotinylated DNA docking strands and DNA filler strands. The 

docking DNA consists of a 20 bp dsDNA with a 15 nt ssDNA overhang. The filler 

strands are similar to the docking strands, but do not have the 15 nt ssDNA 

overhang. The maximum docking strand density per particle was quantified using an 

indirect supernatant assay, giving 𝜎𝑑𝑜𝑐𝑘,𝑚𝑎𝑥 = (2.0±0.4)∙104 µm-2. By varying the 

concentration of docking DNA and filler DNA strands, the docking strand coverage 

was controlled (functionalization protocol is described in Materials and methods 

section). A complete description of the DNA strands and the supernatant assay is 

given in sections S4.2 and S4.3 of the Supporting Information, respectively. 

The DNA analyte is symmetric, with a central 20 bp dsDNA fragment and on both 

ends a 15 nt ssDNA overhang that can bind to the docking DNA on the particles, in 

this way forming a specific molecular bridge between two particles. The 15-bp 

complementarity ensures that this bond is stable throughout the complete experiment 

(~10 min). The DNA coated particles were incubated with a controlled concentration 

of analyte DNA for six minutes. After five minutes of incubation, the OMC actuation 

protocol was started, such that during the last minute of the incubation the first 

measurement phase was executed. Subsequently the actuation phase, waiting phase 

and second measurement phase were performed. The aggregation rate 𝑘𝑎𝑔𝑔
  was then 

determined using equation S4.1. 

Fig. 4.2b shows the measured aggregation rate as a function of the analyte 

concentration scaled to the particle concentration, for four different docking strand 

coverages on the particles. Without analyte, the observed aggregation rate is much 

lower than the rates observed in the presence of analyte, demonstrating the high 

molecular control of the system. For analyte-to-particle-ratios below 103, the 

aggregation rate increases with analyte concentration by two effects: Having more 

analytes per particle increases the probability that an analyte molecule is present in 

the interaction area of a dimer, allowing for specific aggregation of the two particles. 

For even more analytes per particle, all dimers have analytes in their interaction area 

and an increase in the number of analytes in the interaction area further increases the 

particle reactivity. For analyte-to-particle-ratios around 103, the aggregation rate 

reaches a maximum value. At this point the system is in its most reactive state, which 

implies that half of the docking strands is covered with an analyte strand. For 

analyte-to-particle-ratios higher than 103, the aggregation rate decreases because the 

docking strands on the particle surface become saturated with analyte strands. Note 

that the actual number of analytes per particle may be lower than the indicated 

analyte-to-particle ratio, due to the short incubation time of six minutes. 
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The docking strand surface density was also varied in this experiment. The total 

number of DNA strands on the particles was kept constant by saturating the surface 

with filler strands, in order to keep the electrostatic repulsion constant. For each non-

zero analyte concentration, the particles with a higher docking strand coverage 

aggregate faster. For a docking strand surface density 𝜎𝑑𝑜𝑐𝑘  ≤ 5.1∙102 µm-2, the 

aggregation rate is measurable for the complete analyte concentration range. For a 

binder density of 𝜎𝑑𝑜𝑐𝑘  = 2.0∙104 µm-2 and analyte-to-particle-ratios above 4∙102, the 

aggregation rate is equal to the experimental limit of 0.1 s-1. Under these conditions, 

the particle surface is so reactive that all magnetic dimers chemically aggregate 

during the interaction time in the experiment. 

In the antibody sandwich system, see Fig. 4.2c, carboxylic acid coated Ademtech 

Masterbeads were functionalized with a matching pair of anti-PSA antibodies (α-

PSA10 and α-PSA66) via EDC-NHS chemistry (complete functionalization protocol is 

described in Materials and methods section). Note that each particle contains both 

types of antibodies. In the presence of PSA, the particles can specifically aggregate by 

sandwiching a PSA molecule between an α-PSA10 antibody on one particle and an α-

PSA66 antibody on the other particle, or vice versa. The particle surface reactivity was 

varied by varying the antibody concentration during the particle functionalization 

and the incubation with the PSA analyte. Fig. 4.2d shows the measured aggregation 

rate as a function of the PSA concentration scaled to the particle concentration, for 

three different antibody concentrations. The PSA incubation time was six minutes.  

The measured aggregation rate of the antibody coated particles shows a similar 

analyte concentration dependence as the DNA sandwich system. For increasing PSA 

concentrations the aggregation rate initially increases w.r.t. the nonspecific 

aggregation rate. For PSA-to-particle-ratios between 103 and 104, the aggregation rate 

reaches its maximum value and for the highest antibody concentration reaches the 

experimental limit. For PSA-to-particle-ratios higher than 104, the aggregation rate 

decreases due to saturation of the antibodies on the particle surface. A control 

experiment was performed in which the aggregation rate was measured for particles 

functionalized with only a single type of antibody. Fig. S4.4 shows that the 

aggregation rate of the control does not depend on PSA concentration, thus 

confirming that the PSA induced binding is only possible for a matching antibody 

pair. 
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Fig. 4.2   Specific particle aggregation rates measured with the optomagnetic experiment. (a) DNA 

sandwich system consisting of streptavidin coated particles functionalized with biotinylated DNA docking 

and filler strands. Specific binding is induced by a symmetric DNA analyte molecule. (b) Measured 

aggregation rate as a function of the DNA analyte concentration for particles with different densities of 

DNA docking strands. The lines through the data points represent simulation results. The input 

parameters of these simulations can be found in Supporting Information Section S4.6. (c) Antibody 

sandwich system consisting of carboxylic acid coated particles functionalized with a matching pair of PSA 

antibodies. The PSA molecules form specific molecular bridges between the particles. (d) Measured 

aggregation rate as a function of the PSA concentration for particles functionalized with different 

concentrations of PSA antibodies. The lines through the data points represent simulation results. The input 

parameters of these simulations can be found in Supporting Information Section S4.6. 

 

The particle aggregation process is not only determined by the surface reactivity 

of the particles, but also by the particle encountering process. Previous measurements 

performed by Ranzoni et al.8 on a comparable antibody sandwich system showed 

that the equilibrium particle cluster concentration as a function of PSA concentration 

is sensitive in the range of 0.2-200 PSA per particle. The aggregation rate 

measurements described here show a PSA dependence in the range of 300-3000 PSA 

per particle. The difference in PSA dynamic range is caused by the different particle 
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encountering processes. Ranzoni et al. used multiple short magnetic field pulses, 

whereby magnetic dimers were brought in close proximity many times for a short 

interaction time. Each time a different interaction area on the particle was probed, 

such that even particles with a single PSA molecule are at some point in the correct 

orientation for binding. For a PSA concentration that is much larger than the particle 

concentration, all particles can aggregate and the equilibrium state is always the fully 

clustered state. In the experiments of this paper, we measure the aggregation rate by 

bringing dimers in close proximity only once for a longer interaction time. For [PSA] 

≈ [particle], most magnetic dimers will not have their binding sites aligned, and 

therefore the aggregation rate cannot be distinguished from the nonspecific 

interaction. For [PSA] ≫ [particle], all magnetic dimers can aggregate if the antibody 

surface density is sufficiently high. 

4.4 Simulating specific particle aggregation 

To interpret the measured aggregation rates, a stochastic binding simulation was 

developed which mimics the specific aggregation process in the OMC experiment. 

Briefly, during an actuation time 𝑡𝑎𝑐𝑡 magnetic dimers are formed at a constant rate 

(as shown in Section S4.1 of the Supporting Information). Each dimer has a 

probability to chemically aggregate which depends on several parameters that are 

included in the simulation: the binder and analyte density on the particle surface, the 

intrinsic molecular analyte-binder binding rate, and the interaction time of the 

magnetic dimer. For all magnetic dimers it is checked if chemical aggregation occurs, 

after which the average aggregation rate of the ensemble of particles is calculated 

according to equation S4.1. The resulting aggregation rates are then compared to the 

experimental results. 

In the simulation, particles are modelled as spheres with radius 𝑅 and a binder 

surface density 𝜎𝐵 (either DNA docking strands or antibodies) where the number of 

binders per particle follows a Poisson distribution. For a given analyte concentration 

[𝐴] and a given binder areal surface density 𝜎𝐵, the rate at which analytes from the 

solution bind to the binders on the particle surface during the incubation time is 

described by equation 4.2.  

𝑑𝜎𝐴𝐵

𝑑𝑡
= 𝑘𝑜𝑛[𝐴]𝜎𝐵         (4.2) 

Here, 𝜎𝐴𝐵 represents the particle surface density of bound analytes. 𝑘𝑜𝑛 is the 

association rate between analyte and binder, for a binder on a particle surface and 

analyte in solution. Using equation 4.2 we can numerically calculate the analyte 
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surface density after the incubation time 𝑡𝑖𝑛𝑐 as a function of the analyte 

concentration in solution. 

During the actuation time, magnetic dimers are created at a constant encounter 

rate 𝑘𝑒𝑛𝑐
 , neglecting monomer depletion and the formation of larger clusters (as 

justified in section S4.1 and reference 15). For two particles that are magnetically 

attracted to become a dimer, we define an interparticle distance Δ𝑥 with a cylindrical 

interaction volume defined as schematically shown in Fig. 4.3a. The length of the 

cylindrical volume is limited by the specific bond length of the interaction, 𝐿𝑏𝑜𝑛𝑑. For 

the DNA model system this is taken as the length of the hybridized docking-analyte-

docking DNA complex (~31 nm), whereas for the antibody system it is taken as the 

length of the antibody-antigen-antibody sandwich (~35 nm).  

The interaction volume defines an interaction area at the particle surfaces in which 

the analytes on one particle can form bonds with the binders on the other particle, 

and vice versa. The specific particle aggregation rate depends on the surface 

reactivity of the particles and can be expressed in terms of the analyte areal density 

𝜎𝐴𝐵 (analyte A bound to binder B) and the free binder areal density 𝜎𝐵. The rate of 

formation of chemical bonds between two interacting surfaces is described by 𝑘𝑐ℎ𝑒𝑚, 

expressed in unit µm2s-1. This describes the rate of bond formation between one 

particle with unit binder density and another particle with unit analyte density, 

averaged over all possible configurations of the binders and analytes in the 

interaction area on the particles. The rate 𝑘𝑐ℎ𝑒𝑚 depends on the molecular interaction 

and the distance between the interacting surfaces. For two particles, the interacting 

surfaces are curved and the interaction distance is a function of the position in the 

interaction area. 

The density of bonds that is formed between analytes on particle 1 and binders on 

particle 2 and vice versa during the interaction time 𝑡𝑖𝑛𝑡 is numerically calculated 

using equation 4.3.  

𝑑𝜎𝑏𝑜𝑛𝑑

𝑑𝑡
= 𝑘𝑐ℎ𝑒𝑚𝜎𝐴𝐵𝜎𝐵         (4.3) 

The absolute number of bonds between the particles in the dimer is calculated by 

multiplying the bond density by the interaction area, see equation 4.4.  

𝑁𝑏𝑜𝑛𝑑𝑠 = 𝜎𝑏𝑜𝑛𝑑𝐴𝑖𝑛𝑡         (4.4) 

In case 𝑁𝑏𝑜𝑛𝑑𝑠 ≥ 1, the dimer is marked as a chemical dimer. In addition to the 

specific aggregation a constant non-specific aggregation rate 𝑘𝑐ℎ𝑒𝑚,𝑛𝑠 is included in 

the simulation. Similar to the experiment, the ensemble average aggregation rate 𝑘𝑎𝑔𝑔 

is calculated, see equation S4.1. 
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A parameter scan has been performed to investigate the effect of several input 

parameters on the simulated particle aggregation rate 𝑘𝑎𝑔𝑔. In each scan all other 

parameters were kept constant at the default value shown in Table S4.4. Fig. 4.3b-d 

show the simulated aggregation rates as a function of the analyte-to-particle 

concentration ratio. The simulated curves resemble the trends observed in the 

measurements: for low analyte concentration the aggregation rate increases with 

analyte concentration, for intermediate analyte concentration the aggregation rate 

reaches a maximum value and for high analyte concentration the aggregation rate 

decreases. The position of the maximum represents the situation where 50% of the 

binders is covered by an analyte. 

Fig. 4.3b shows the simulated aggregation rate for different analyte association 

rates 𝑘𝑜𝑛. For increasing 𝑘𝑜𝑛, the analyte coverage on the particle is higher at the same 

analyte concentration, shifting the curves to lower analyte concentrations. In the limit 

of an infinite association rate, the analyte coverage equals the analyte-to-particle 

concentration ratio until the surface is saturated with analytes. Fig. S4.4a shows that 

for increasing binder density 𝜎𝐵 the aggregation rate increases and the position of the 

maximum shifts to higher analyte concentrations. 

The simulated particle aggregation rate 𝑘𝑎𝑔𝑔 depends strongly on the intrinsic 

molecular aggregation rate 𝑘𝑐ℎ𝑒𝑚, see Fig. 4.3c. For increasing 𝑘𝑐ℎ𝑒𝑚, bond formation 

occurs faster which makes the particle surface more reactive, and thus the 

aggregation rate increases. The x-position of the maximum of the curve depends only 

on 𝜎𝐵, 𝑡𝑖𝑛𝑐 and 𝑘𝑜𝑛 and does not change with 𝑘𝑐ℎ𝑒𝑚. However, the height of the 

maximum does increase with 𝑘𝑐ℎ𝑒𝑚. Fig. 4.3d shows that increasing the interparticle 

distance Δ𝑥 leads to a decrease in the particle aggregation rate which can be 

attributed to a decrease in the interaction area and the accompanying decrease in the 

absolute number of interacting analytes and binders. 

The parameter scan for the experimental settings, magnetic dimer formation rate 

𝑘𝑒𝑛𝑐
  (Fig. S4.5b) and the actuation time 𝑡𝑎𝑐𝑡 (Fig. S4.5c) are relatively modest and are 

explained in more detail in section S4.5 of the Supporting Information. Adding a 

nonspecific aggregation rate to the simulation, 𝑘𝑐ℎ𝑒𝑚,𝑛𝑠 = 0.1 s-1, leads to a non-zero 

background aggregation, see Fig. S4.5d. 

The experimentally measured aggregation rates of Fig. 4.2b and 4.2d are 

accompanied by simulated aggregation rate curves. Apart from 𝜎𝐵 and the 

parameters relevant for the molecular system such as 𝐿𝑏𝑜𝑛𝑑 and 𝑘𝑐ℎ𝑒𝑚,𝑛𝑠, all other 

input parameters are kept constant in the simulation. Particle radius 𝑅, incubation 

time 𝑡𝑖𝑛𝑐 and actuation time 𝑡𝑎𝑐𝑡 are known in the experiment and the interparticle 

distance is estimated to be equal to the bond length minus the thickness of the two 
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coatings on the particles (Δ𝑥~19 nm). A complete list of the values of the input 

parameters for these simulations is given in Section S4.6 of the Supporting 

Information. 

 

Fig. 4.3   Particle aggregation simulations with different input parameters 𝒌𝒐𝒏, 𝒌𝒄𝒉𝒆𝒎, 𝚫𝒙. (a) Definition of 

interaction volume where the interaction areas on the two particles can form chemical bonds. The size of 

the interaction area depends on the maximum bond length (𝐿𝑏𝑜𝑛𝑑~35 nm for antibody sandwich system 

and 𝐿𝑏𝑜𝑛𝑑~27 nm for DNA system) and on the interparticle distance Δ𝑥. (b) Simulated aggregation rate as a 

function of the analyte-to-particle ratio, for different analyte association rate constants 𝑘𝑜𝑛 (𝑘𝑐ℎ𝑒𝑚= 2∙10-6 

µm2s-1 and Δ𝑥 = 19 nm). Increasing the association rate leads to a shift of the curve to lower analyte 

concentrations. (c) Parameter scan of the chemical aggregation rate 𝑘𝑐ℎ𝑒𝑚 (𝑘𝑜𝑛 = 106 M-1s-1 and Δ𝑥 = 19 

nm). For higher 𝑘𝑐ℎ𝑒𝑚, the aggregation rate increases. (d) Parameter scan of the interparticle distance Δ𝑥 

(𝑘𝑜𝑛 = 106 M-1s-1 and 𝑘𝑐ℎ𝑒𝑚= 2∙10-6 µm2s-1). A larger interparticle distance leads to a smaller interaction 

area and thus lower aggregation rates. 

 

The simulated aggregation rate curves for the DNA model system in Fig. 4.2b 

closely resemble the experimental data. From this simulation two unknown 

parameters are obtained: the analyte association rate 𝑘𝑜𝑛 = 1.5∙106 M-1s-1 and the 

intrinsic chemical aggregation rate 𝑘𝑐ℎ𝑒𝑚 = 5.0∙10-4 μm2s-1. The association rate 
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obtained here, is similar in magnitude to the association rate measured for similar 

sized DNA oligonucleotides bound on the surface of a graphene field-effect 

transistor16. For the highest possible DNA docking strand density on the particle, the 

analyte association rate seems to be lower. Fig. S4.7 shows the measured aggregation 

rate for 𝜎𝑑𝑜𝑐𝑘  = 2.0∙104 µm-2 accompanied by simulations using 𝑘𝑜𝑛 = 1.5∙106 M-1s-1 and 

𝑘𝑜𝑛 = 1.0∙105 M-1s-1. The data and simulation agree best for the lower association rate. 

At this high DNA docking strand density, association of the negatively charged DNA 

analyte from the solution may be hindered by the negative charge on the particle.  

The simulations of the antibody sandwich system are shown in Fig. 4.2d. The data 

give 𝑘𝑜𝑛 = 1.9∙105 M-1s-1 and 𝑘𝑐ℎ𝑒𝑚 = 9.5∙10-6 μm2s-1. The association and the intrinsic 

chemical binding rate for the PSA antibody system are lower compared to the DNA 

model system. Apparently, DNA hybridization is faster than antibody-antigen 

binding, which is probably due to multiple orientations in which DNA oligos can 

start hybridizing, while the reaction between an antibody and an antigen is 

orientationally much more restricted. 

4.5 Tuning specific aggregation rate using passive surface crowders 

In this section we investigate if it is possible to tune the specific reactivity of 

microparticles by incorporating PEG molecules on the particle surface. For the DNA 

model system the particles were coated with a lower density of biotinylated DNA 

docking strands and the remainder of the surface was saturated with biotin-PEG, see 

Fig. 4.4a. The DNA docking strand density was quantified to be 𝜎𝑑𝑜𝑐𝑘  = (5.6±0.5)∙103 

µm-2, so 28% of the docking strand capacity, leaving room for immobilization of PEG 

molecules. 

Fig. 4.4b shows the measured aggregation rate as a function of the analyte-to-

particle ratio, for DNA particles coated with 10, 20, 30 or 40 kDa PEG or without PEG. 

The 10 and 20 kDa PEG curves are very similar to the measurement without PEG, 

only the 10 and 20 kDa curves are shifted to slightly higher analyte concentrations. 

Such a horizontal shift of the curve has been observed in the parameter scan of the 

simulation for a decreasing association rate 𝑘𝑜𝑛. Consequently, one might 

hypothesize that the presence of the PEG close to the docking strands may hinder the 

association of analytes on the docking strands. 

The nonspecific interaction is higher for the 10 and 20 kDa PEG coated particles 

compared to the 0, 30 and 40 kDa PEG coated particles, possibly caused by 

nonspecific PEG-DNA interaction17. The Flory radius of a 10 kDa PEG molecule (2𝑅𝐹 

= 18 nm) is similar to the length of the docking strands (𝐿𝑑𝑜𝑐𝑘  ≈ 16 nm) on the 
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particle, which makes interaction between the PEG on one particle and the DNA on 

the other particle possible. For the 20 kDa PEG (2𝑅𝐹 = 28 nm), the 30 kDa PEG (2𝑅𝐹 = 

36 nm) and the 40 kDa PEG (2𝑅𝐹 = 42 nm), the Flory radius significantly exceeds the 

length of the docking strand, such that steric repulsion between the PEG molecules 

may prevent nonspecific aggregation. However, for the 20 kDa PEG the nonspecific 

aggregation rate is still high. The confinement of the particles due to the attractive 

magnetic dipole-dipole force may deform the steric barrier and still allow for 

nonspecific interactions between the particles in a dimer. 

The specific aggregation rate significantly decreases for the 30 and 40 kDa PEG, 

see Fig. 4.4b. By adding the PEG molecules to the particle surface, steric hindrance 

occurs and the aggregation rate between the particles decreases due to a decreased 

particle surface reactivity. To interpret the effect of the PEG molecules on particle 

surface reactivity, the molecular rate of bond formation 𝑘𝑐ℎ𝑒𝑚 was varied in the 

simulation. In the simulations, the 𝑘𝑜𝑛 and 𝑘𝑐ℎ𝑒𝑚 values that were obtained in the 

previous section are used as the basis for the low MW data. The non-specific 

aggregation rate is obtained from the measurements of Fig. 4.4b and the association 

rate is chosen to be 𝑘𝑜𝑛 = 1.5∙105 M-1s-1 to match with the experimental data. Table S4.8 

shows an overview of the used simulation parameters. The experimental data of the 

low molecular weight PEG (≤ 20 kDa) and high molecular weight PEG (≥ 30 kDa) is 

matched with the simulations, see Fig. 4.4c. The green and blue bands show the error 

margin of the experimental data and the green and blue lines are simulated 

aggregation rate curves. The simulated curve for the high MW data is obtained from 

the low MW simulation by only changing the molecular rate of bond formation from 

𝑘𝑐ℎ𝑒𝑚 = 5.0∙10-4 μm-2s-1 to 𝑘𝑐ℎ𝑒𝑚 = 6.5∙10-7 μm-2s-1. This indicates that the effect of the 

PEG coating on the particle can be described as an effective decrease of the intrinsic 

molecular binding rate between the DNA molecules, by almost three orders of 

magnitude.  
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Fig. 4.4   Tuning particle surface reactivity using PEG surface crowders. (a) DNA sandwich system 

including a PEG coating. (b) Measured aggregation rate for the DNA sandwich system for particles coated 

with biotinylated docking strands and biotin-PEG of different molecular weights. For PEG MW ≥ 30 kDa, 
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the aggregation rates clearly decrease. (c) Experimental data plotted in two bands. A low MW PEG band (≤ 

20 kDa) and a high MW PEG band (≥ 30 kDa). The curves represent simulations using input parameters 

shown in Table S4.8. (d) Antibody sandwich system including a PEG coating. (e) Measured aggregation 

rate for the antibody sandwich system, for particles coated with a matching pair of PSA antibodies and 

amine-PEG of different molecular weights. For PEG MW ≥ 30 kDa the aggregation rates clearly decrease. 

(f) Experimental data plotted in two bands. A low MW PEG band (≤ 20 kDa) and a high MW PEG band (≥ 

30 kDa). The curves represent simulations using input parameters shown in Table S4.8. 

 

For the antibody sandwich system, the antibody concentration during 

functionalization was kept constant at 11.25 µg/mL. The simulations of the previous 

section showed that for this antibody concentration the antibody density is 𝜎𝐴𝑏  = 

3.8∙103 µm-2. This corresponds to 19-57% of the geometrically expected maximum 

surface coverage, for upright or side-on orientation respectively. The remainder of the 

surface was blocked with amine-PEG molecules. Fig. 4.4e shows the measured 

aggregation rate as a function of the PSA-to-particle ratio, for particles coated with 10, 

20, 30 or 40 kDa PEG or without PEG. The nonspecific interaction is lower compared 

to the DNA model system and does not depend on the molecular weight of the PEG. 

The curves show a similar trend with PEG molecular weight as was observed for the 

DNA model system. PEG molecular weights ≥ 30 kDa cause a significant decrease in 

the aggregation rate. This observation is supported by the maximum bond length 

being similar in both systems: 𝐿𝑏𝑜𝑛𝑑  ≈ 31 nm for the docking-analyte-docking 

complex and 𝐿𝑏𝑜𝑛𝑑  ≈ 35 nm for the antibody sandwich.  

Fig. 4.4f shows the experimental bands and the simulated curves for the low MW 

PEG (≤ 20 kDa) and the high MW PEG (≥ 30 kDa) for the antibody sandwich system. 

Again, by changing the molecular rate of bond formation 𝑘𝑐ℎ𝑒𝑚, the simulation can be 

matched with the experimental data. The effective decrease in molecular binding rate 

for the antibody sandwich system is from 𝑘𝑐ℎ𝑒𝑚 = 9.5∙10-6 μm-2s-1 to 𝑘𝑐ℎ𝑒𝑚 = 1.4∙10-6 

μm-2s-1, which is a significantly lower decrease than for the DNA model system. This 

might be explained by a significantly lower PEG density is on the DNA coated 

particles compared to the antibody coated particles, originating from the different 

coupling chemistries. To test this hypothesis, the effect of PEG density on the 

reduction in particle reactivity should be studied more thoroughly. 

4.6 Conclusion 

We described aggregation rate measurements on biofunctionalized microparticles, 

for a DNA sandwich system and an antibody sandwich system, using an 

optomagnetic cluster experiment. Particles were coated with specific binders, either 

DNA docking strands or a matching pair of antibodies. The kinetics of particle 
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aggregation was measured in the presence of analyte molecules, from which the 

particle surface reactivity was quantified.  

Subsequently, we studied the influence of crowder molecules on the specific 

interactions between particles. Particles were coated with a mixed surface 

functionalization of specific binder molecules and PEG as a passive surface crowder. 

The aggregation rates were measured for a wide range of analyte concentrations and 

several different molecular weights of the PEG molecules. For high MW PEG (≥ 30 

kDa), the specific aggregation rate significantly decreases with respect to the low MW 

PEG (≤ 20 kDa), indicating that the crowder molecules tune the particle surface 

reactivity. Aggregation rate simulations were compared with the experimental 

results, showing that the decrease in particle surface reactivity by the high MW PEG 

molecules can be modelled as an effective decrease in the molecular rate of bond 

formation.  

To our knowledge, this is the first study that quantifies the effect of passive 

surface crowders on the reactivity of biofunctionalized particles. The results reveal a 

novel way to tune the specific reactivity, namely by adding passive surface crowder 

molecules on the surface, which gives a new dimension for the control of properties 

of colloidal particles for biological applications.   
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4.7 Supporting Information 

S4.1 Optomagnetic cluster (OMC) experiment 

In this paper specific particle aggregation rates will be measured using the OMC 

experiment described in a previous paper21. Fig. S4.1a sketches the optomagnetic 

cluster (OMC) experiment. A square glass cuvette filled with a solution of particles is 

situated in the centre of a quadrupole electromagnet setup, which can produce a 

rotating magnetic field in the y,z plane. A 660 nm laser is focussed insight the cuvette 

and the light scattered by the particles is measured by a photodetector at an angle of 

90° w.r.t. to the incoming laser beam. In the presence of a rotating magnetic field, 

with a rotation frequency below the breakdown frequency, the dimers in the solution 

will rotate along with magnetic field.  

Fig. S4.1c shows the oscillating scattering signal for both types of 

superparamagnetic particles used in this paper: polystyrene Ademtech Masterbeads 

(𝑑 = 528 nm, CV ≈ 25%) and silica Microparticles (𝑑 = 511 nm, CV < 5%). The 

differences in the scattering signals of Ademtech and Microparticle dimers are caused 

by differences in refractive index, size and size dispersion. For example, the 

oscillating scattering signal of the Microparticles contains more peaks compared to 

the Ademtech signal, although the particle size is very similar. However, due to the 

large size dispersion of the Ademtech particles the measured scattering signal is the 

average of many dimers consisting of particles with different sizes, whereby detailed 

features of the scattering signal are lost. Note that even in case the size dispersion of 

Ademtech and Microparticles are equal, it is unlikely that the scattering signals are 

completely similar due to the different refractive indices of the particles (𝑛𝐴𝑑𝑒𝑚𝑡𝑒𝑐ℎ  = 

1.83±0.08, 𝑛𝑀𝑖𝑐𝑟𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠  = 1.59±0.04).  

The amplitude of the oscillating scattering signal is a measure of the amount of 

dimers that are present in the solution. Therefore, the Fourier transform of the 

scattering signals of Fig. S4.1c is shown in Fig. S4.1d. Several peaks are observed at 

frequencies that are multiples of two times the field rotation frequency 𝑓𝑟𝑜𝑡 = 5 Hz. 

The peak at the frequency equal to four times the field rotation frequency, |A4f|, is 

used as a measure of the dimer concentration. Fig. S4.1e shows a calibration 

measurement of the |A4f| as a function of the concentration of a particle stock 

solution. In these stock solutions a certain fraction of the particles is in dimer form (1 

in 12 for Ademtech, 1 in 9 for Microparticles) which leads to a measurable |A4f| 

peak. By diluting the stock solution several times, the dimer concentration is varied 

and the |A4f| is measured. The slopes of the fitted curves in the loglog plot being 

about equal to 1 indicate a linear relation between |A4f| and dimer concentration for 

both particle types. Fig. S4.1f shows a single actuation cycle that is used to quantify 
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the aggregation rate for both particle types. Both panels show a constant |A4f| 

throughout the measurement phases and a rather linearly increasing |A4f| during 

the actuation phase. 

To quantify the aggregation rate a four-step actuation protocol is followed, as can 

be seen in Fig. S4.1b. Initially the number of already present chemical dimers is 

measured using magnetic pulses with a short on-time, 𝑡𝑜𝑛 = 0.4 s, and a long off time, 

𝑡𝑜𝑓𝑓 = 10 s. During the subsequent actuation phase, the rotating magnetic field is 

turned on continuously during a time 𝑡𝑎𝑐𝑡  = 20 s to induce additional magnetic 

dimers, causing the |A4f| signal to increase approximately linearly over time (this is 

true for both types of particles, see Fig. S4.1f). Since each magnetic dimer is formed at 

a different point in time, each magnetic dimer has a different interaction time in 

which it has the possibility to form a chemical bond. The mean interaction time of all 

dimers, for a constant magnetic dimer formation rate, equals half the actuation time. 

After the actuation phase, the field is turned off during a waiting time 𝑡𝑤𝑎𝑖𝑡  = 80 s to 

let the non-aggregated particles redisperse in solution. Ultimately, the number of 

chemical dimers is measured again and compared to the initial number of dimers. 

The increase in the number of chemical dimers, Δ𝑁𝑐ℎ𝑒𝑚, depends on how reactive the 

particles are. To calculate the aggregation rate 𝑘𝑎𝑔𝑔
𝑚𝑎𝑔

, the fraction of magnetic dimers 

that becomes a chemical dimer during the actuation phase, Δ𝑁𝑐ℎ𝑒𝑚/𝑁𝑚𝑎𝑔,𝑡𝑜𝑡, is 

divided by the mean interaction time of all magnetic dimers. 

𝑘𝑎𝑔𝑔
 =

Δ𝑁𝑐ℎ𝑒𝑚 / 𝑁𝑚𝑎𝑔,𝑡𝑜𝑡
1

2
𝑡𝑎𝑐𝑡

        (S4.1) 

In case of very reactive particles, it is possible that all magnetic dimers form a 

chemical bond during the interaction time. For a 20 s actuation time the maximum 

experimentally measurable aggregation rate is limited to 𝑘𝑎𝑔𝑔,𝑚𝑎𝑥
𝑚𝑎𝑔

 = 0.1 s-1. 
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Fig. S4.1   Optomagnetic cluster experiment. (a) Optomagnetic dimer quantification: A 660 nm laser is 

focussed inside a cuvette filled with a particle solution. The scattering of the particles is measured at an 

angle of 90° w.r.t. the incoming laser beam. Four electromagnets are placed around the cuvette to apply a 

rotating magnetic field. Particle dimers are rotated, which leads to an oscillating scattering signal. The 

amplitude of the oscillating signal is used as measure of the dimer concentration. (b) Four-step actuation 

protocol to quantify the aggregation rate. First, the initial number of chemical dimers in the solution is 

measured using short magnetic field pulses. Then the field is turned on continuously to induce additional 

magnetic dimers, during an actuation time 𝑡𝑎𝑐𝑡. The field is subsequently turned off for a waiting time 𝑡𝑤𝑎𝑖𝑡 

to let the unbound particles redistribute in the solution. Finally, the new number of chemical dimers is 
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measured. Using equation S4.1 the aggregation rate can be determined. (c) Oscillating scattering signal of 

both types of superparamagnetic particles, Ademtech Masterbeads and Microparticles, measured by a 

photodetector at an angle of 90° w.r.t. the incoming laser beam in the presence of a rotating magnetic field, 

𝑓𝑟𝑜𝑡  = 5 Hz. (d) Fourier transform of the oscillating scattering signals of Fig. S4.1c, showing peaks at 

multiples of two times the field rotation frequency. (e) Calibration measurement of |A4f| as a function of 

particle concentration of a stock solution (containing a constant number of dimers), indicating that the 

|A4f| scales linearly with dimer concentration. (f) Single actuation cycle to measure the aggregation rate 

with the OMC experiment, for both particle types. 

 

S4.2 List of used DNA strands 

In this paper three different DNA constructs are used: A functional docking 

strand, a DNA filler strand and an analyte strand. These double stranded DNA 

constructs are built up from the five single stranded DNA sequences shown in Table 

S4.2. The DNA docking strand is obtained by annealing the base strand B with the 

docking strand D. The DNA filler strand is obtained by annealing the base strand B 

with the filler strand F. The analyte construct is obtained by annealing the analyte 

strand 1 with the analyte strand 2. 

Table S4.2   Single stranded DNA sequences for DNA model system. Overview of the single stranded 

DNA sequences from which the DNA docking strand (B+D), the DNA filler strand (B+F) and the DNA 

analyte strand (A1+A2) are made of. 

Code: Name: Sequence: 

B base strand biotin-5’-CCT CCC AGC CCA TCC TAA CC-3’ 

F filler strand 3’-GGA GGG TCG GGT AGG ATT GG-5’ 

D docking strand 3’-GGA GGG TCG GGT AGG ATT GG AAG CAG CAG 
AAC AAA-5’ 

A1 analyte strand 1 5’-TTC GTC GTC TTG TTT CCA CCC TTC CCG CCC CTC 
CC-3’ 

A2 analyte strand 2 5’-TTC GTC GTC TTG TTT GGG AGG GGC GGG AAG GGT 
GG-3’ 

 

S4.3 Supernatant assay for DNA docking strand density quantification 

To determine the maximum DNA coverage of the streptavidin coated 

Microparticles for short biotinylated DNA strands, an indirect fluorescence 

supernatant assay is performed. Fig. S4.3a shows in blue a calibration curve of the 

fluorescence intensity corresponding to concentration of biotin-atto655. The capacity 

of the Microparticles for b-atto655 is measured by incubating different b-atto655 

concentrations with a constant particle concentration. After 60 minutes of incubation 

in an incubator shaker (1200 rpm, room temperature), the fluorescence of the 

supernatant is measured (green line in Fig. S4.3a). The b-atto655 capacity per particle 

is obtained from the point in the graph where the fluorescence intensity of the 
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supernatant starts increasing, 𝑁𝑏−𝑎𝑡𝑡𝑜655 = (4.3±0.5)∙104. The measured capacity is 

slightly lower than the geometrical capacity that can be expected based on the size of 

the particle (𝑑 = 511 nm), the size of a streptavidin (sphere, 𝑑 ~ 5 nm) and the number 

of functional biotin binding pockets per streptavidin (~2.5 out of 4), see Fig. S4.3a. 

In the indirect supernatant assay the particles are first functionalized with 

different amounts of biotinylated DNA strands for 60 minutes in an incubator shaker 

(1200 rpm, room temperature). Subsequently particles are magnetically washed and 

another incubation step is performed with a b-atto655 concentration that is slightly 

higher than the b-atto655 capacity. From the fluorescence intensity of the supernatant, 

the DNA coverage can be calculated using equation 4.1. Fig. S4.3b shows that when 

increasing the DNA concentration the DNA coverage also increases, until a plateau is 

reached at 𝑁𝑑𝑜𝑐𝑘,𝑚𝑎𝑥 = (1.6±0.3)∙104. The corresponding maximum docking strand 

coverage is 𝜎𝑑𝑜𝑐𝑘,𝑚𝑎𝑥  = (2.0±0.4)∙104 µm-2. The DNA capacity is about a factor three 

lower than the b-atto655 capacity, which can most likely be explained by the negative 

charge on the DNA backbone. 

 
Fig. S4.3   Supernatant assay for DNA docking strand quantification. (a) Calibration curve (blue) of the 

fluorescence intensity as a function of the biotin-atto655 concentration. Supernatant assay (green) after b-

atto655 incubation with streptavidin coated Microparticles to obtain the capacity of the particles for b-

atto655. (b) DNA coverage per particle as a function of the DNA concentration during incubation, 

measured with an indirect fluorescence supernatant assay.  

 

S4.4 Antibody sandwich system: control experiment 

To investigate whether the aggregation in the antibody sandwich system is 

specific and originating from the antibody sandwich, a control experiment is 

performed. Two batches of particles are functionalized: One batch coated with only 

𝛼PSA10 antibodies and one batch coated with only 𝛼PSA66 antibodies. Fig. S4.4 
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shows the aggregation rate that is measured with the OMC experiment, using either a 

mixture of both particles (blue data points) or only particles coated with 𝛼PSA10 

(green data points). For the mixture of particles a clear increase in the aggregation 

rate is observed as a function of the [PSA] to [particle] ratio. For the control 

experiment with only 𝛼PSA10 coated particles no response is observed for increasing 

[PSA] to [particle] ratio. 

 

Fig. S4.4   Control experiment for antibody sandwich system. Aggregation rate is measured for a mixture 

of particles coated with 𝛼PSA10 and particles coated with 𝛼PSA66 (blue) and a control experiment where 

only particles are used with 𝛼PSA10 (green). 

 

S4.5 Simulation parameter scan 

A parameter scan of the input parameters of the aggregation simulation has been 

performed to investigate the effect of each parameter on the simulated aggregation 

rate. Table S4.5 shows the default input values of the simulation during the 

parameter scan. While one parameter is scanned, the other parameters are constant 

and equal to the default values. Some parameters are not scanned: particle radius 𝑅, 

maximum bond length 𝐿𝑏𝑜𝑛𝑑  and incubation time 𝑡𝑖𝑛𝑐. 
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Table S4.5   Default values input parameters of simulation. Overview of the default values of the input 

parameters that are used in the parameter scan of the aggregation rate simulations. 

 
 

Fig. S4.5a shows the parameter scan for the binder surface density 𝜎𝐵. For 

increasing binder density the aggregation rate curve shifts upward to higher rates, as 

more binders leads to more options to form bonds between the particles. Fig. S4.5b 

shows the parameter scan for the magnetic encounter rate 𝑘𝑒𝑛𝑐
𝑚𝑎𝑔

. The aggregation 

process does not depend on the encounter rate, but for higher encounter rates, the 

statistics increases and thus the fluctuations decrease. Fig. S4.5c shows the parameter 

scan for the actuation time 𝑡𝑎𝑐𝑡. For increasing actuation times the probability that a 

dimer aggregates is larger. This leads to a higher aggregation rate. However, for very 

reactive dimers, i.e. when the typical time-to-aggregation is smaller than the mean 

interaction time, the aggregation rate is underestimated. This underestimation is 

greater for the longer actuation times compared to the shorter actuation times. 

Therefore the curves intersect around their peak values. Fig. S4.5d shows the 

parameter scan for the nonspecific aggregation rate. For nonzero nonspecific 

aggregation rate a baseline of the simulated aggregation rate is observed. For 

increasing nonspecific aggregation rates, this baseline level shifts upwards to higher 

aggregation rates.  
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Fig. S4.5   Parameter scan of aggregation simulation. (a) Simulated aggregation rate as a function of the 

analyte-to-particle ratio for the parameter scan of the binder surface density 𝜎𝐵. Increasing binder density 

leads to increasing aggregation rate for every analyte concentration, i.e. the curve shifts upwards. (b) 

Parameter scan of the magnetic dimer formation rate 𝑘𝑒𝑛𝑐
𝑚𝑎𝑔. Changing the rate at which magnetic dimers 

are formed does not change the aggregation process, though it determines the statistical fluctuations in the 

simulation. (c) Parameter scan of the actuation time. For increasing actuation time, the mean interaction 

time will increase, and therefore the aggregation rate will increase. However, the maximum measurable 

aggregation rate decreases for increasing actuation time, which leads to a lower peak of the curve for 

increasing actuation times. (d) Parameter scan of the nonspecific chemical aggregation rate 𝑘𝑐ℎ𝑒𝑚,𝑛𝑠. For 

increasing nonspecific aggregation rate the background aggregation level increases. 

 

S4.6 Input parameter for simulation of varying binder density 

The input parameters used for the simulated curves shown in Fig. 4.2b and 4.2d 

are shown in Table S4.6. The particle radius 𝑅, the incubation time 𝑡𝑖𝑛𝑐, the actuation 

time 𝑡𝑎𝑐𝑡 and the magnetic encounter rate 𝑘𝑒𝑛𝑐
𝑚𝑎𝑔

 have equal values for the DNA model 

system and the antibody sandwich system. The bond length 𝐿𝑏𝑜𝑛𝑑, interparticle 

distance Δ𝑥, the association rate 𝑘𝑜𝑛, the specific chemical aggregation rate 𝑘𝑐ℎ𝑒𝑚 and 

the nonspecific chemical aggregation rate 𝑘𝑐ℎ𝑒𝑚,𝑛𝑠 are different for the two 

experimental systems, but they are constant throughout the simulations. The binder 
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density on the particle surface 𝜎𝐵 is varied experimentally and therefore also varied 

in the simulations.  

Table S4.6   Simulation input parameters. Overview of the parameters that are used in the simulation to 

match to the experimental results of Fig. 4.1d and Fig. 4.1f. 

DNA model system Antibody sandwich system 

parameter value unit parameter value unit 

𝑅 0.25 μm 𝑅 0.25 μm 

𝐿𝑏𝑜𝑛𝑑 0.031 μm 𝐿𝑏𝑜𝑛𝑑 0.035 μm 

Δ𝑥 0.019 μm Δ𝑥 0.019 μm 

𝑡𝑖𝑛𝑐 360 s 𝑡𝑖𝑛𝑐 360 s 

𝑘𝑜𝑛 1.5 ∙ 106 M−1s−1 𝑘𝑜𝑛 1.9 ∙ 105 M−1s−1 

𝑡𝑎𝑐𝑡 20 s 𝑡𝑎𝑐𝑡 20 s 

𝑘𝑒𝑛𝑐
𝑚𝑎𝑔

 102 s−1 𝑘𝑒𝑛𝑐
𝑚𝑎𝑔

 102 s−1 

𝑘𝑐ℎ𝑒𝑚 5.0 ∙ 10−4 μm2s−1 𝑘𝑐ℎ𝑒𝑚 9.5 ∙ 10−6 μm2s−1 

𝑘𝑐ℎ𝑒𝑚,𝑛𝑠 0.005 s−1 𝑘𝑐ℎ𝑒𝑚,𝑛𝑠 0.005 s−1 

𝜎𝐵 1.3 ∙ 102 
2.5 ∙ 102 
5.1 ∙ 102 
2.0 ∙ 104 

μm−2 𝜎𝐵 7.6 ∙ 103  

(45.0
μg

mL
) 

3.8 ∙ 103  

(22.5
μg

mL
) 

1.0 ∙ 103 

(11.3
μg

mL
) 

μm−2 

 

S4.7 Association rate dependence for high docking strand coverage 

Fig. S4.7 shows the experimental data for high docking strand coverage 𝜎𝑑𝑜𝑐𝑘  = 

2.0∙104 µm-2. The data is accompanied with two simulations using the input 

parameters of Table S4.6 and an association rate of either 𝑘𝑜𝑛 = 1.5∙106 M-1s-1 and 𝑘𝑜𝑛 = 

1.0∙105 M-1s-1. The experimental data agrees best with the association rate 𝑘𝑜𝑛 = 1.0∙105 

M-1s-1, whereas the for the lower docking strand coverages in Fig. 4.2b the data agrees 

best with 𝑘𝑜𝑛 = 1.5∙106 M-1s-1. The lower association rate at higher docking strand 
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density might be explained by the fact that there is much more DNA bound at the 

surface of the particles which has a repulsive electrostatic effect. 

 
Fig. S4.7   Lower association rate for high docking strand density Measured aggregation rate for the DNA 

model system with a DNA docking strand density 𝜎𝑑𝑜𝑐𝑘  = 2.0∙104 µm-2. The experimental data is 

accompanied with two simulated curves having analyte association rate 𝑘𝑜𝑛 = 1.5∙106 M-1s-1 and 𝑘𝑜𝑛 = 1.0∙105 

M-1s-1. 

 

S4.8 Input parameter for simulation of varying PEG molecular weight 

The input parameters used for the simulated curves shown in Fig. 4.4c and 4.4f are 

shown in Table S4.8. The particle radius 𝑅, the incubation time 𝑡𝑖𝑛𝑐, the actuation time 

𝑡𝑎𝑐𝑡 and the magnetic encounter rate 𝑘𝑒𝑛𝑐
𝑚𝑎𝑔

 have equal values for the DNA model 

system and the antibody sandwich system. The bond length 𝐿𝑏𝑜𝑛𝑑, interparticle 

distance Δ𝑥, the association rate 𝑘𝑜𝑛 and the nonspecific chemical aggregation rate 

𝑘𝑐ℎ𝑒𝑚,𝑛𝑠 are different for the two experimental systems. The specific molecular 

binding rate 𝑘𝑐ℎ𝑒𝑚 is varied in the simulation to reproduce the experimental results in 

the presence of a PEG coating. 
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Table S4.8   Simulation input parameters. Overview of the parameters that are used in the simulation to 

match to the experimental results of Fig. 4.4c and Fig. 4.4f. 

DNA model system Antibody sandwich system 

parameter value unit parameter value unit 

𝑅 0.25 μm 𝑅 0.25 μm 

𝐿𝑏𝑜𝑛𝑑 0.031 μm 𝐿𝑏𝑜𝑛𝑑 0.035 μm 

Δ𝑥 0.019 μm Δ𝑥 0.019 μm 

𝑡𝑖𝑛𝑐 360 s 𝑡𝑖𝑛𝑐 360 s 

𝑘𝑜𝑛 1.5 ∙ 105  M−1s−1 𝑘𝑜𝑛 1.9 ∙ 105 M−1s−1 

𝑡𝑎𝑐𝑡 20 s 𝑡𝑎𝑐𝑡 20 S 

𝑘𝑒𝑛𝑐
𝑚𝑎𝑔

 102 s−1 𝑘𝑒𝑛𝑐
𝑚𝑎𝑔

 102 s−1 

𝑘𝑐ℎ𝑒𝑚 low MW PEG 
5.0 ∙ 10−4  

high MW PEG 
6.5 ∙ 10−7  

μm2s−1 𝑘𝑐ℎ𝑒𝑚 low MW PEG 
9.5 ∙ 10−6  

high MW PEG 

1.4 ∙ 10−6  

μm2s−1 

𝑘𝑐ℎ𝑒𝑚,𝑛𝑠 low MW PEG 
0.03 

high MW PEG 
0.005 

s−1 𝑘𝑐ℎ𝑒𝑚,𝑛𝑠 low MW PEG 
0.005 

high MW PEG 
0.005 

s−1 

𝜎𝐵 5.6 ∙ 103 μm−2 𝜎𝐵 3.8 ∙ 103  μm−2 
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Chapter 5 

 

Multivalent weak interactions enhance 

selectivity of inter-particle binding − 

experimental proof 
 

 

Targeted drug delivery critically depends on the binding selectivity of cargo 

transporting colloidal particles. Extensive theoretical work has shown that two factors 

are necessary to achieve high selectivity for a threshold receptor density: 

multivalency and weak interactions. Here, we study multivalent and weak 

interactions between DNA-coated particles, as a mimic of ligand-receptor interactions 

between particles and cells. Using an optomagnetic cluster experiment, particle 

aggregation rates are measured as a function of ligand and receptor densities. The 

data show that the binding becomes more selective for shorter DNA ligand-receptor 

pairs, proving that multivalent weak interactions lead to enhanced selectivity in inter-

particle binding. Simulations confirm the experimental findings and show the role of 

ligand-receptor dissociation in the selectivity of inter-particle binding.  

 

 

 

This chapter is in preparation as a manuscript: Scheepers, M.R.W.; van IJzendoorn, L.J.; Prins, 

M.W.J. Multivalent weak interactions enhance selectivity of inter-particle binding − 

experimental proof.  
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5.1 Introduction 

Large efforts in nanomedicine focus on developing methods to target 

nanoparticles to highly specific cell types in order to improve diagnosis and 

treatment1-3. The targeting relies on identifying membrane receptor signatures that 

are unique to the targeted cell. However, in many diseases the receptors are not 

unique for diseased cells, but the receptors are expressed at higher levels compared to 

healthy cells.4,5 Therefore, the drug delivery particles should exhibit receptor-density 

specificity, i.e. the particles should bind as selectively as possible to cells with a 

receptor density above a certain threshold density, see Fig. 5.1a. 

The group of Frenkel in Cambridge has done extensive theoretical work on the 

topic of receptor-density specificity. They have developed a statistical mechanical 

model that describes the interaction between ligand-coated guest particles and a 

receptor-coated host substrate.6 The model yields the fraction of bound guest 

particles 𝜃 in the equilibrium state as a function of the receptor density. The 

selectivity of the guest-host binding is quantified by a selectivity parameter 𝛼, which 

is smaller than one if the binding has a sublinear dependence on receptor density, 

and larger than one if the dependence is faster than linear (superselectivity). The 

work of Frenkel and other groups predict that a high receptor-density specificity can 

be achieved by using particles that interact in a multivalent fashion with a cell 

membrane.6-10 Interestingly, the selectivity is higher when the equilibrium association 

constant 𝐾𝑎 of an individual ligand-receptor pair is lower.6,11,12 Many weak bonds are 

more selective than a single strong bond. 

Several experimental studies have proven parts of Frenkel’s theoretical work. 

Mani et al. showed that antibody conjugated micrometre sized particles bind faster to 

antigen coated surfaces for higher antibody densities13, proving that the binding 

kinetics increases with multivalency. Albertazzi et al. showed superselectivity in self 

assembling of a supramolecular BTA polymer by introducing a multivalent binder14. 

Dubacheva et al. showed superselective binding for a model system of multivalent 

hyaluronic acid polymers binding to a functionalized surface.15 However, a 

comprehensive experimental study is lacking on how weak multivalent interactions 

yield enhanced selectivity. 

Here, we mimic the particle-cell interaction by a particle-particle interaction, see 

Fig. 5.1b. Colloidal particles are suspended in solution, where half of the particles are 

coated with ligands at a surface density 𝜎𝐿, called the ligand particles (L), and the 

other half of the particles are coated with receptors at a surface density 𝜎𝑅, called the 

receptor particles (R). We use a DNA model system in which ligand DNA and 

receptor DNA consist of single-stranded overhangs, exposed from 20 bp double 
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stranded DNA fragments. When two particles (𝑅 = 250 nm) are in close proximity, 

multiple ligand-receptor bonds can be formed, depending on the binder densities. By 

changing the length of the single stranded overhangs, i.e. changing the number of 

complementary bases, the strength of the individual ligand-receptor bonds can be 

tuned. 

 
Fig. 5.1   Particle-particle interaction mimics cell-particle interactions. (a) Multivalent binding of a ligand 

coated particle to receptors on a cell membrane. (b) Ligand particles are coated with short DNA constructs 

with a single-stranded overhang, called ligand DNA. Receptor particles are coated with short DNA 

constructs with a complementary single-stranded overhang, called receptor DNA. The overhang 

complementarity determines the strength of the ligand-receptor interaction. Filler dsDNA strands, without 

single-stranded overhang, are inserted to maintain a constant surface charge density. (c) The aggregation 

rate is measured as a function of the receptor density, for a constant ligand density. Weaker interactions, 

with fewer complementary nucleotides in the single-stranded overhang of the receptor strand, cause a 

higher selectivity of inter-particle binding. (d) The selectivity parameter 𝛼 is calculated from the 

dependence of aggregation rate on receptor density. Weak multivalent interactions yield enhanced 

selectivity compared to strong multivalent interactions. 

 

To quantify the binding between the ligand and receptor particles, we measure the 

inter-particle aggregation rate 𝑘𝑎𝑔𝑔 using a previously developed optomagnetic 

cluster (OMC) experiment.16 The parameter 𝑘𝑎𝑔𝑔 represents the rate at which 

biochemical inter-particle aggregation occurs, for particles that are in a well-defined 

state of proximity. Briefly, a dispersion of superparamagnetic particles is exposed to 
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an external magnetic field. The attractive inter-particle magnetic force brings particles 

in a well-defined proximal state and accelerates the formation of inter-particle ligand-

receptor bonds. The number of biochemically bound dimers is recorded as a function 

of time, which allows quantification of the inter-particle aggregation rate 𝑘𝑎𝑔𝑔. A 

complete description of the OMC experiment is given in Section S5.1 of the 

Supporting Information. 

In this paper, we experimentally study how the kinetics of particle-particle 

binding scales with the density of ligands, density of receptors, and their interaction 

strengths. The selectivity parameter is quantified for complementary DNA lengths 

ranging from 15 bp to as few as 5 bp, i.e. from strong to very weak interactions. 

Additionally a simulation model is presented which elucidates that enhanced 

selectivity can be obtained by only increasing the dissociation rate of the ligand-

receptor pairs. The paper concludes with a discussion about how the obtained results 

can be interpreted for applications in targeted drug delivery. 

5.2 Materials and methods 

5.2.1 Materials 

Streptavidin coated superparamagnetic Ademtech Masterbeads were purchased 

from Ademtech (diameter 528 nm, coefficient of variation 25%). Biotinylated DNA 

strands were purchased from IDT (for a complete list of the used DNA sequences, see 

Supporting Information section S2). Phosphate buffered saline (PBS) tablets, bovine 

serum albumin (BSA, >98% pure), biotin-Atto655 and Protein LoBind Eppendorf 

tubes were obtained from Sigma Aldrich. Borosilicate glass 3.3 cuvettes with inner 

dimensions of 1.00±0.05 mm x 1.00±0.05 mm and outer dimensions of 1.23±0.05 mm x 

1.23±0.05 mm, and a length of 20±1 mm were obtained from Hilgenberg GmbH. 

5.2.2 Particle functionalization 

Streptavidin coated Ademtech Masterbeads were functionalized with biotinylated 

ligand or receptor DNA strands and filler DNA strands by sequential incubation 

steps. First, 15 μL of the particle stock solution (10 mg/mL) was mixed with 285 μL of 

ligand DNA or receptor DNA solution in PBS, and incubated for 60 minutes in an 

incubator shaker (1200 rpm, room temperature). Subsequently 2 µL of a large excess 

of filler DNA was added to saturate the remaining streptavidin groups with DNA, 

and incubated for 60 minutes in an incubator shaker (1200 rpm, room temperature). 

The amount of functional ligand DNA or receptor DNA strands on the particle was 

varied throughout the experiments. After the second incubation step, the particle 

solution was magnetically washed to remove the unbound DNA strands. The 
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particles were redispersed in a 10 mg/mL BSA in PBS solution to suppress 

nonspecific aggregation of the particles. The particle solution was then incubated in a 

sonic bath for 10 minutes and the solution was sonicated (10x 0.5s) to reduce the 

number of background clusters in the solution.  

5.2.3 Supernatant assay for DNA docking strand coverage quantification 

To quantify the number of DNA strands on the streptavidin coated Ademtech 

Masterbeads an indirect fluorescence supernatant assay was performed. First, the 

biotin capacity of the particles was quantified by binding increasing amounts of 

biotin-atto655 (b-atto655) on the particles, during 60 minutes in an incubator shaker 

(1200 rpm, room temperature). The lowest b-atto655 concentration at which there is 

still b-atto655 left over in the supernatant after incubation was quantified using a 

Thermo Fischer Fluoroskan Ascent FL (𝜆𝑒𝑥 = 646 nm, 𝜆𝑒𝑚 = 679 nm, spectral width 5 

nm), see Fig. S3a. The b-atto655 capacity per particle was equal to 𝑁𝑏−𝑎𝑡𝑡𝑜655 = 

(7.3±0.6)∙104. 

Next, increasing amounts of ligand or receptor biotinylated DNA were added to 

the particles and incubated during 60 minutes in an incubator shaker (1200 rpm, 

room temperature). After this incubation step, the particle solution was magnetically 

washed to remove unbound DNA strands. Subsequently, b-atto655 was added in a 

concentration that was slightly above the b-atto655 capacity of the particles followed 

by an incubation step of 60 minutes in an incubator shaker (1200 rpm, room 

temperature). Particles that were not fully coated with DNA strands bind some of the 

b-atto655 in the solution, while the fully coated particles do not bind any b-atto655 

anymore. After the incubation the particle solutions were magnetically washed and 

the fluorescence of the supernatant was measured. The amount of b-atto655 in the 

supernatant for a certain DNA concentration, 𝐼𝑠.𝑛.([𝐷𝑁𝐴]), is related to the number of 

DNA on the particle, 𝑁𝐷𝑁𝐴, according to equation 5.1.  

𝑁𝐷𝑁𝐴 =
𝐼0− 𝐼𝑠.𝑛.([𝐷𝑁𝐴])

𝐼0− 𝐼𝑠.𝑛.([𝐷𝑁𝐴]=0)
∙ 𝑁𝑏−𝑎𝑡𝑡𝑜655        (5.1) 

Here 𝐼0 is the fluorescence intensity of the b-atto655 solution that is added in the 

second incubation step, and 𝐼𝑠.𝑛.([𝐷𝑁𝐴] = 0) is the fluorescence intensity of the 

supernatant when adding non-functionalized streptavidin Ademtech Masterbeads. 

For more details of the supernatant assay, see Supporting Information section S5.3. 
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5.3 Aggregation rate as a function of receptor and ligand density 

We investigate how the binding between a ligand conjugated particle and a 

receptor coated cell surface depends on the ligand and receptor density. For this 

purpose the particle-cell interaction is mimicked by a particle-particle interaction 

using the DNA model system of Fig. 5.1b. Streptavidin coated Ademtech 

Masterbeads were functionalized with three different biotinylated DNA constructs: 

Ligand DNA, receptor DNA and filler DNA. Ligand DNA strands consist of a 20 bp 

double-stranded DNA spacer with a 15 nt single-stranded overhang. Receptor DNA 

strands also consist of a 20 bp double-stranded spacer, but they have a single 

stranded overhang that varies from 5 up to 15 nt. The filler DNA consists only of the 

20 bp double-stranded spacer and is used to saturate the particle with DNA, such that 

the surface charge of the particle remains constant throughout the experiments. 

The streptavidin coated particles were sequentially incubated for one hour. First 

with a certain concentration of either ligand or receptor DNA to obtain a certain 

ligand or receptor coverage, and subsequently with an excess of filler DNA to 

saturate the particle surface (complete description of functionalization process is 

given in the Materials and methods section). To quantify the number of functional 

DNA strands that bind to the particles during the one hour incubation, a supernatant 

assay was performed (the supernatant assay is described in detail in Section S5.3 of 

the Supporting Information). Fig. S5.3b shows the dependence of the bound DNA 

surface density as a function of the incubated DNA surface density, calculated by 

dividing DNA concentration by particle concentration. The measured curve follows a 

linear relation until a plateau is reached. The DNA surface density of this plateau 

represents the DNA capacity of the particle: 𝜎𝐷𝑁𝐴,𝑚𝑎𝑥  = (2.2±0.5)∙104 µm-2. The 

obtained relation between incubated DNA coverage and bound DNA coverage is 

used in the remainder of this paper, such that the ligand density 𝜎𝐿 or receptor 

density 𝜎𝑅 always represent bound surface densities. 

To quantify the binding between ligand particles and receptor particles, they were 

mixed in a 1:1 ratio and the aggregation rate was measured using the optomagnetic 

cluster experiment.16 Fig. 5.2a shows the measured aggregation rate as a function of 

the receptor density for the 15 complementary basepair system. The data point at 

zero receptor density quantifies the nonspecific interaction between the DNA coated 

particles: 𝑘𝑎𝑔𝑔,𝑛𝑠 = (5±2)∙10-3 s-1. For non-zero receptor densities, the measured 

aggregation rate is significantly higher than the nonspecific aggregation rate, and 

increases with increasing receptor density. Over a range of more than two orders of 

magnitude increase in the receptor density, the aggregation rate increases by only one 

order of magnitude. This binding process is sublinear, with a weak dependence on 

receptor surface density and therefore a low selectivity parameter, as can be seen 
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from the low slope. Higher ligand densities lead to higher aggregation rates, as more 

ligands can bind with the receptors on the other particle.  

For receptor densities  𝜎𝑅 > 103 μm-2, a plateau is reached at an aggregation rate 

slightly above 𝑘𝑎𝑔𝑔 = 0.05 s-1. This is the highest aggregation rate that can be 

measured for this system using the OMC experiment. Only 50% of the magnetic 

dimers that are formed during the actuation time consist of a ligand particle and a 

receptor particle, allowing for specific binding. The other 50% of the magnetic dimers 

consists of either two ligand particles or two receptor particles, having only 

nonspecific interactions. Fig. S5.4 shows that their nonspecific aggregation rate is low 

and does not depend on receptor density. 

Fig. 5.2b and 5.2c show similar curves for the DNA system with 12 and 9 basepair 

complementarity, respectively. The measured curves, for all ligand densities, 

resemble the ones of the 15 bp system. To understand this result, we need to take a 

closer look at the OMC experiment. During the actuation phase, dimers of particles 

are held in close proximity for a certain interaction time. It is known from literature 

that the association rate 𝑘𝑜𝑛 of short DNA strands in solution only very weakly 

depends on the number of complementary bases17-19. Therefore, in the OMC 

experiment roughly the same number of ligand-receptor bonds are expected to be 

formed between the particles for the 15, 12 and 9 bp system. Subsequently, the field is 

turned off during a waiting time of 𝑡𝑤𝑎𝑖𝑡  = 40 s, allowing the particles to redisperse in 

the solution. After the waiting phase the number of bound particle dimers is 

measured and the aggregation rate is calculated. Dimer dissociation during the 

waiting phase leads to a lower aggregation rate. However, in case of 15, 12 or 9 bp 

complementary DNA, the single-molecular dissociation time is significantly higher 

than the waiting time of 40 s20-22, so dimer dissociation is not expected in the OMC 

experiment. Thus we attribute the similarity of the curves in Fig. 5.2b and 5.2c for the 

15, 12 and 9 bp complementary DNA, to their similar association rates and slow 

dissociation. 

The results are very different for the 8, 7 and 5 bp systems. Fig. 5.2d-f show the 

aggregation rate as a function of the receptor surface density. The curves have a steep 

dependence on receptor density, which implies a higher selectivity parameter than 

for the high affinity interactions (15/12/9 bp). The receptor-density onset, i.e. the 

threshold where aggregation occurs, increases with decreasing ligand density and 

with decreasing number of complementary bases. This is in qualitative agreement 

with the theoretical predictions of Wang et al.18 Note that particle aggregation is 

observed even for the 5 bp interaction, for which the single-molecular dissociation 

time20-22, about 10-9 s, is much shorter than the waiting time of 40 s in the OMC 

experiment. Still, particle aggregation is clearly observed at high receptor densities, 
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which therefore must be due to the presence of multivalent bonds between the 

particles in a dimer.  

 
Fig. 5.2   Aggregation rate as a function of receptor density (𝝈𝑹), ligand density (𝝈𝑳) and ligand-receptor 

affinity (bp). (a) 15 bp (b) 12 bp (c) 9 bp (d) 8 bp (e) 7 bp and (f) 5 bp complementary between ligand and 

receptor. 
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5.4 Enhanced selectivity for weak multivalent interactions 

To quantify and compare the selectivity of the ligand-receptor binding for 

different DNA lengths, the aggregation rate curves for ligand density 𝜎𝐿 = 

(2.2±0.5)∙104 μm-2 for all DNA lengths are fitted and plotted in one graph, see In Fig. 

5.3a. The measured curves are fitted using a sigmoid curve. More details about the 

fitting can be found in Section S5.5 of the Supporting Information.  

In Fig. 5.3a the grey dotted line indicates the receptor density above which it is 

possible to from multiple bonds. This point is calculated based on the radius of the 

particle, the length of a ligand-receptor bond and the inter-particle distance (for the 

complete calculation see Section S5.6 of the Supporting Information). At receptor 

densities left from the dotted line, there is on average at most one receptor present in 

the interaction area, which is the area on the receptor particle that is at a distance 

from the ligand particle of at most a bond length (𝐿𝑏𝑜𝑛𝑑  ~ 20 nm). For the DNA 

lengths for which a single bond is stable on time scales of the waiting time - 15, 12 

and 9 bp - there is significant specific aggregation at receptor densities in the 

monovalent regime. For the weaker interaction - 8, 7 and 5 bp - higher receptor 

densities are necessary to allow for particle aggregation by multivalent binding. 

The selectivity parameter 𝛼 is defined by Martinez-Veracoechea and Frenkel12 as 

the relative change in the number of bound particles 𝑁𝑏𝑜𝑢𝑛𝑑 formed in equilibrium, as 

a function of the number of receptors on a cell 𝑛𝑅, see equation 2. Here, we measured 

the rate of inter-particle binding 𝑘𝑎𝑔𝑔, which represents the number of bound dimers 

divided by the mean interaction time, as a function of the receptor density 𝜎𝑅, which 

is the number of receptors divided by the particle area. Since 𝛼 describes a relative 

change in the number of bound particles with the number of receptors, we can 

multiply 𝑁𝑏𝑜𝑢𝑛𝑑 and 𝑛𝑅 by any nonzero constant, without changing 𝛼. Thus, we can 

replace 𝑁𝑏𝑜𝑢𝑛𝑑 and 𝑛𝑅 in equation 5.2 by 𝑘𝑎𝑔𝑔 and 𝜎𝑅, respectively. 

 𝛼 =
𝑑 ln 𝑁𝑏𝑜𝑢𝑛𝑑

𝑑 ln 𝑛𝑅
=

𝑑 ln 𝑘𝑎𝑔𝑔

𝑑 ln 𝜎𝑅
       (5.2) 

Making use of equation 5.2 and the fitted curves of Fig. 5.3a, the selectivity 

parameter is calculated as a function of the receptor density, see Fig. 5.3b. The shaded 

bands around the solid curves are obtained from the fit errors and represent the 

uncertainty interval in the selectivity parameter. The selectivity for the 15, 12 and 9 bp 

interactions are below 1, meaning that there is a sublinear increase with receptor 

density. The selectivities for the 8, 7 and 5 bp interaction almost reach the value 2. 

This proves that multivalent weak interactions lead to enhanced selectivity in inter-

particle binding.  
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Fig. 5.3   Enhanced selectivity for weak multivalent interactions. (a) Measured aggregation rates as a 

function of receptor density for a constant ligand density of 𝜎𝐿 = (2.2±0.5)∙104 μm-2, for all interaction 

strengths. The 15, 12 and 9 bp data is fitted with an exponential function and the 8, 7 and 5 bp data is fitted 

with a sigmoidal function. Details about the fitting can be found in Section S5.4 of the Supporting 

Information. (b) Calculated selectivity parameter using formula 2, with the fit parameters obtained from 

Fig. 5.3a. The weak ligand-receptor interactions (5/7/8 bp) yield an enhanced selectivity compared to the 

strong ligand-receptor interactions (9/12/15 bp). 

 

5.5 Aggregation rate simulations 

To further investigate the experimentally measured binding selectivities, a 

stochastic binding simulation is developed that mimics the ligand-receptor-induced 

particle binding. The aim of the simulation is to understand the origin of the 

enhanced selectivity for the weak multivalent interactions and assess the relevance of 

the results for conditions beyond the experimental scope. 

In the simulation, particles are defined as a spheres with radius 𝑅 having either a 

ligand density 𝜎𝐿 or a receptor density 𝜎𝑅. During the actuation time 𝑡𝑎𝑐𝑡, particle 

dimers with a surface-to-surface distance Δ𝑥 are formed at a constant rate 𝑘𝑑𝑖𝑚
𝑚𝑎𝑔

. Here 

monomer depletion and the formation of larger clusters are neglected (see SI Section 

S5 of ref. 16). The probability that a dimer consists of a receptor particle and a ligand 

particle is fifty percent. Each ligand-receptor dimer has an individual interaction time 

𝑡𝑖𝑛𝑡, equal to the time between the moment that the dimer is formed and the end of 

the actuation time. During this interaction time the particles in a dimer can form one 

or more ligand-receptor bonds. The rate of bond formation depends on the ligand 

density 𝜎𝐿, the receptor density 𝜎𝑅 and the intrinsic binding rate between ligand and 

receptor molecules 𝑘𝐿𝑅 [μm2s−1]. The intrinsic binding rate 𝑘𝐿𝑅 is defined as the rate 

at which ligand-receptor bonds are formed between a particle with unit ligand 
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density 𝜎𝐿 and a particle with unit receptor density 𝜎𝑅. Because the particle surfaces 

are curved and the ligand-receptor interaction depends on the distance, 𝑘𝐿𝑅 

represents the average binding rate over all possible ligand-receptor distances. The 

maximum distance equals the length of the ligand-receptor bond. 

The ligand-receptor bond density 𝜎𝐿𝑅 can be calculated numerically according to 

equation 5.3. 

𝑑𝜎𝐿𝑅

𝑑𝑡
= 𝑘𝐿𝑅𝜎𝐿𝜎𝑅 − 𝑘𝑜𝑓𝑓𝜎𝐿𝑅        (5.3) 

Here 𝑘𝑜𝑓𝑓  [s−1] is the rate at which ligand-receptor bonds dissociate. To calculate 

the total number of inter-particle bonds that is formed during the interation time, first 

the bond density is calculated numerically and subsequently the total number of 

bonds is determined using equation 5.4. 

𝑁𝐿𝑅 = 𝜎𝐿𝑅𝐴𝑖𝑛𝑡        (5.4) 

Here 𝐴𝑖𝑛𝑡 is the interaction area on the particles, which is defined as the area on 

the particles where the distance between the two particles is smaller than the length 

of the hybridized DNA construct 𝐿𝑏𝑜𝑛𝑑 ≈ 20 nm, see Fig. S5.6. The size of the 

interaction area depends on the inter-particle distance Δ𝑥. Since the total DNA 

density on each particle is equal (ligand or receptor density completed with filler 

DNA), the charge induced inter-particle repulsion which balances the magnetic 

attraction is unchanged and Δ𝑥 is assumed to be constant throughout the 

experiments. 

When at least one ligand-receptor bond has been formed during the interaction 

time, the dimer is called aggregated. Subsequently, during the waiting time 𝑡𝑤𝑎𝑖𝑡, 

already formed ligand-receptor bonds may dissociate, but simultaneously new bonds 

can be formed since the particles are still held in close proximity by the already 

formed bonds. During the waiting time, the bond formation process continues in a 

similar way. After the waiting time, the final number of ligand-receptor bonds inside 

a dimer is calculated using equation 5.3 and 5.4. Ultimately, a certain fraction of the 

dimers is aggregated by one or more ligand-receptor bonds. Also nonspecific 

interactions are taken into account, by including a nonspecific interaction rate 

𝑘𝑛𝑠 [s−1]. From the total fraction of aggregated dimers, the aggregation rate 𝑘𝑎𝑔𝑔
  is 

calculated according to equation S5.1. A complete parameter scan of the simulation is 

given in section S5.7 of the Supporting Information. 

The simulation can be used to interpret the experimentally measured aggregation 

rates. First, the experimental results for the high affinity interaction are simulated 

(15/12/9 bp). The experimental data is very similar and therefore this data is 
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averaged and represented by the orange datapoints in Fig. 5.4a. As mentioned above, 

molecular dissociation can be neglected, implying a dissociation rate equal to zero, so 

unknown simulation parameters are Δ𝑥 and 𝑘𝐿𝑅. The other simulation parameters are 

kept constant, see Table S5.8. Fig. 5.4b and S5.8 show that there are multiple 

combinations of Δ𝑥 and 𝑘𝐿𝑅 for which the simulated aggregation rate matches with 

the measured aggregation rate. Small inter-particle distances (Δ𝑥 ≤ 8 nm) and high 

ligand-receptor binding rates (𝑘𝐿𝑅 ≥ 10-5 µm2s-1) are necessary to match the simulation 

with the experiment. The shape of the curve is solely due to the geometrical effect 

that at lower receptor densities it is more likely that there is no receptor present in the 

interaction area. 

Subsequently, the experimental data for the 8, 7 and 5 bp DNA interaction is 

reproduced using the simulation. For each matching combination of Δ𝑥 and 𝑘𝐿𝑅 

simulations are performed with a varying nonzero dissociation rate. Fig. 5.4a shows 

the simulated aggregation rate curves for Δ𝑥 = 4 nm and 𝑘𝐿𝑅 = 10-4 µm2s-1 (red dot in 

Fig. 5.4b), accompanied by the experimental data. The simulation can reproduce the 

measured data for each DNA length. This implies that the enhanced binding 

selectivity for weak affinities can indeed be obtained by modifying only the 

dissociation rate of the ligand-receptor interaction.  

Table 5.1 gives an overview of the simulated dissociation rates (green columns) 

that lead to a match between simulation and experiment, for all matching 

combinations of Δ𝑥 and 𝑘𝐿𝑅 (grey columns). For a certain Δ𝑥 multiple 𝑘𝐿𝑅 values are 

possible that range over orders of magnitude. It turns out that for a ten times higher 

binding rate, the corresponding dissociation rate that follows from the simulation is 

also ten times higher. We calculate the affinity constant 𝐾𝑎 according to equation 5.5 

for each simulation in Table 5.1 (blue columns).  

𝐾𝑎 =
𝑘𝐿𝑅

𝑘𝑜𝑓𝑓
           (5.5) 

The affinity constant does not depend on the binding rate that is used in the 

simulation and only slightly depends on the interparticle distance. Although the 

simulation cannot yield the exact ligand-receptor binding rate and dissociation rate, it 

does give a very narrow range for the affinity constant. For shorter DNA lengths the 

obtained affinity constant decreases as expected. The obtained affinity constants are 

defined in terms of surfaces, but can be converted to volume affinity constants and 

then compared with the 𝐾𝑎 calculated from the DNA sequences (for details see 

Section S5.9 of the Supporting Information). Table S5.9 shows that the affinity 

measured here is weaker than the affinity calculated from the DNA sequence. For 

example for the 7 bp DNA the measured 𝐾𝑎 = 4∙101 M-1 is significantly lower than the 

calculated affinity constant 𝐾𝑎 = 8∙107 M-1. Several factors can be identified that might 
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be responsible for this lower affinity. The DNA molecules are bound to a particle 

surface which significantly alters their mobility as well as accessibility while in 

addition the particles are electrostatically charged by the large number of DNA 

molecules per surface area. 

The selectivity parameter can be extracted from the simulation results, see Table 

5.1 (orange columns). The selectivity values increase with decreasing DNA length. 

This is in agreement with the experimental observation that the selectivity increases 

with decreasing ligand-receptor affinity. The selectivity parameters resemble the 

measured values shown in Fig. 5.3b, for all DNA lengths except for the 5 bp DNA. 

However, the discrepancy for the 5 bp DNA is likely due to the limited data points in 

the rising edge of the experimental curve. 

In this paper we measured the aggregation rate of DNA coated microparticles to 

mimic cell-particle binding. In the OMC experiment, the particles are held quasi 

continuously in close proximity (< 𝑡𝑖𝑛𝑡 > = 10 s). The interaction time is long enough 

to form multiple weak ligand-receptor bonds, which together form a stable bond 

between the particles. However, when identical particles were freely dispersed in a 

solution, the proximity time would be much shorter. If the proximity time is shorter 

than the typical time to form a single ligand-receptor bond, particle aggregation is 

very unlikely to occur.  

We calculate the interaction time for particles free in solution using the diffusivity 

of the particles. For particles with radius 𝑅 = 0.25 µm in an aqueous solution with 

viscosity 𝜂 = 1 mPa∙s, the typical time in which a particle diffuses a distance equal to 

the ligand-receptor bond length 𝐿𝑏𝑜𝑛𝑑 = 0.02 µm is calculated by equation 5.6. 

𝜏𝑝𝑟𝑜𝑥 =
𝜋𝜂𝑅𝐿𝑏𝑜𝑛𝑑

2

𝑘𝐵𝑇
         (5.6) 

This gives a proximity time of 𝜏𝑝𝑟𝑜𝑥 = 10-4 s. Experimentally, we cannot install 

such short actuation times, but we can calculate the typical time 𝜏𝐿𝑅 in which a single 

ligand-receptor bond is formed, by rewriting equation 5.3 and 5.4 to equation 5.7. 

𝜏𝐿𝑅 =
1

𝑘𝐿𝑅𝜎𝐿𝜎𝑅𝐴𝑖𝑛𝑡
         (5.7) 

For the highest ligand and receptor densities that were experimentally assessed in 

this study, 𝜎𝐿 = 𝜎𝑅 = 104 µm-2, and a typical ligand-receptor association rate in 

solution of 105 M-1s-1 that corresponds to 𝑘𝐿𝑅 = 10-2 µm2s-1, we obtain a typical binding 

time of 𝜏𝐿𝑅 = 10-4 s. This implies that there is a significant chance to for a single 

ligand-receptor bond during a single particle encounter. For the high affinity DNA 

interaction (15/12/9 bp) a single bond can cause particle aggregation. However, for 
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the low affinity DNA interaction (8/7/5 bp) it is unlikely that a stable multivalent 

bond will be formed during a single particle encounter, i.e. many particle encounters 

are necessary to obtain a significant probability for particle aggregation. 

These calculations suggest that to observe selective particle binding for particles 

free in solution, similar to Fig. 5.3a, either the particles should be larger to enhance 

the proximity time and the interaction area, or the ligand and receptor densities 

should be higher. The results described in this paper, hold implications for the 

relevant field of targeted drug delivery. Particle size, ligand densities and ligand-

receptor affinities need to be tailored to target the correct onset receptor density. 

 
Fig. 5.4   Simulation results compared to experimental data. (a) Experimental data points accompanied by 

simulated aggregation rate curves for an inter-particle distance Δ𝑥 = 4 nm and a ligand-receptor binding 

rate 𝑘𝐿𝑅 = 10-4 µm2s-1. The experimental data of the 15, 12 and 9 bp DNA is averaged as this data is very 

similar. Simulated aggregation rate curves for the other combinations of Δ𝑥 and 𝑘𝐿𝑅 are shown in Fig. S5.8. 

(b) Heat map showing the possible combinations of Δ𝑥 and 𝑘𝐿𝑅 for which the simulation reproduces the 

experimental data. Small inter-particle distance and high ligand receptor binding rates lead to a match 

between simulation and experiment. The red dot shows the specific combination of Δ𝑥 and 𝑘𝐿𝑅 for the 

simulation curves in Fig. 5.5a.  

 

 

 

 

 

 

 

 

 



Enhanced binding selectivity for multivalent weak interaction               115 

 
Table. 5.1   Overview of simulation results.  Simulations were performed for each consistent combination 

of the inter-particle distance Δ𝑥 and ligand-receptor binding rate 𝑘𝐿𝑅 (grey columns). The dissociation rate 

𝑘𝑜𝑓𝑓 for which the simulation reproduces the experimental data of the 8, 7 and 5 bp DNA was determined 

for each combination of Δ𝑥 and 𝑘𝐿𝑅 (green columns). The affinity constant 𝐾𝑎, the ratio of ligand-receptor 

binding rate 𝑘𝐿𝑅 and dissociation rate 𝑘𝑜𝑓𝑓, are independent of the used 𝑘𝐿𝑅 and depend only slightly on 

the inter-particle distance Δ𝑥 (blue columns). The selectivity parameter of the simulated aggregation rate 

curves were extracted by fitting the curves of Fig. S5.8 (orange columns).  

 

5.6 Conclusion 

In this paper, the selectivity was studied of the multivalent binding between DNA 

coated ligand and receptor particles, quantified by the rate of aggregation observed in 

an optomagnetic cluster experiment. The aggregation rate was measured for a broad 

range of receptor and ligand densities, showing how increasing densities lead to 

increasing aggregation rates. A selectivity parameter is defined as the relative 

increase in the number of particle dimers as a function of the receptor density on the 

particle, where a selective binding process is characterized by a selectivity parameter 

exceeding 1. For DNA receptors with different numbers of complementary base pairs, 

from 15 to 5 bp, the following selectivity parameters were obtained: 𝛼15𝑏𝑝 = 0.9±0.1, 

𝛼12𝑏𝑝 = 0.7±0.1, 𝛼9𝑏𝑝 = 1.0±0.2, 𝛼8𝑏𝑝 = 1.7±0.3, 𝛼7𝑏𝑝 = 1.9±0.5 and 𝛼5𝑏𝑝 = 1.8±0.5. 

These results proof that weaker ligand-receptor affinity leads to enhanced binding 

selectivity. 

A simulation model tailored to the optomagnetic experiment reproduces the 

experimentally obtained values of the selectivity parameter 𝛼. Moreover the 

simulation indicates that the enhanced selectivity for a weaker ligand-receptor 

affinity can be explained by only an increase in the dissociation rate of ligand and 

receptor. The simulation results show the importance of the proximity time of the 

particles for the possibility to form multivalent bonds. Guidelines are suggested for 

the design of particles for drug delivery in terms of particle size, ligand density and 

ligand-receptor affinity. 
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5.7 Supporting Information 

S5.1 Optomagnetic cluster (OMC) experiment 

In this paper specific particle aggregation rates will be measured using the OMC 

experiment described in a previous paper22. Fig. S5.1a sketches the optomagnetic 

cluster (OMC) experiment. A square glass cuvette filled with a solution of particles is 

situated in the centre of a quadrupole electromagnet setup, which can produce a 

rotating magnetic field in the y,z plane. A 660 nm laser is focussed insight the cuvette 

and the light scattered by the particles is measured by a photodetector at an angle of 

90° w.r.t. to the incoming laser beam. In the presence of a rotating magnetic field, 

with a rotation frequency below the breakdown frequency, the dimers in the solution 

will rotate along with the magnetic field. Fig. S5.1c shows the oscillating scattering 

signal for the superparamagnetic particles used in this paper: polystyrene Ademtech 

Masterbeads (𝑑 = 528 nm, CV ≈ 25%). The amplitude of the oscillating scattering 

signal is a measure of the dimer concentration. The Fourier transform of this 

oscillating scattering signal is shown Fig. S5.1d. The peak at four times the field 

rotation frequency, |A4f|, is the largest contribution to the scattering signal and is 

used as a measure of the dimer concentration. Fig. S5.1e shows a calibration 

measurement of the |A4f| peak, indicating that |A4f| scales linear with dimer 

concentration. 

To quantify the aggregation rate a four-step actuation protocol is followed, as can 

be seen in Fig. S5.1b. Initially the number of already present chemical dimers is 

measured using magnetic pulses with a short on-time, 𝑡𝑜𝑛 = 0.4 s, and a long off time, 

𝑡𝑜𝑓𝑓 = 10 s. During the subsequent actuation phase, the rotating magnetic field is 

turned on continuously during a time 𝑡𝑎𝑐𝑡  = 20 s to induce additional magnetic 

dimers, causing the |A4f| signal to increase approximately linearly over time (this is 

true for both types of particles, see Fig. S5.1f). Since each magnetic dimer is formed at 

a different point in time, each magnetic dimer has a different interaction time in 

which it has the possibility to form a chemical bond. The mean interaction time of all 

dimers, for a constant magnetic dimer formation rate, equals half the actuation time. 

After the actuation phase, the field is turned off during a waiting time 𝑡𝑤𝑎𝑖𝑡  = 40 s to 

let the non-aggregated particles redisperse in solution. Ultimately, the number of 

chemical dimers is measured again and compared to the initial number of dimers. 

The increase in the number of chemical dimers, Δ𝑁𝑐ℎ𝑒𝑚, depends on how reactive the 

particles are. To calculate the aggregation rate 𝑘𝑎𝑔𝑔
 , the fraction of magnetic dimers 

that becomes a chemical dimer during the actuation phase, Δ𝑁𝑐ℎ𝑒𝑚/𝑁𝑚𝑎𝑔,𝑡𝑜𝑡, is 

divided by the mean interaction time of all magnetic dimers. 
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𝑘𝑎𝑔𝑔
 =

Δ𝑁𝑐ℎ𝑒𝑚 / 𝑁𝑚𝑎𝑔,𝑡𝑜𝑡
1

2
𝑡𝑎𝑐𝑡

        (S5.1) 

In case of very reactive particles, it is possible that all magnetic dimers form a 

chemical bond during the interaction time. For a 20 s actuation time the maximum 

experimentally measurable aggregation rate is limited to 𝑘𝑎𝑔𝑔,𝑚𝑎𝑥
  = 0.1 s-1. 

 
Fig. S5.1   Optomagnetic cluster experiment. (a) Optomagnetic dimer quantification: A 660 nm laser is 

focussed inside a cuvette filled with a particle solution. The scattering of the particles is measured at an 

angle of 90° w.r.t. the incoming laser beam. Four electromagnets are placed around the cuvette to apply a 



118               Chapter 5 

 

 

rotating magnetic field. Particle dimers are rotated, which leads to an oscillating scattering signal. The 

amplitude of the oscillating signal is used as measure of the dimer concentration. (b) Four-step actuation 

protocol to quantify the aggregation rate. First, the initial number of chemical dimers in the solution is 

measured using short magnetic field pulses. Then the field is turned on continuously to induce additional 

magnetic dimers, during an actuation time 𝑡𝑎𝑐𝑡. The field is subsequently turned off for a waiting time 𝑡𝑤𝑎𝑖𝑡 

to let the unbound particles redistribute in the solution. Finally, the new number of chemical dimers is 

measured. Using equation 5.2 the aggregation rate can be determined. (c) Oscillating scattering signal of 

the Ademtech Masterbeads, measured by a photodetector at an angle of 90° w.r.t. the incoming laser beam 

in the presence of a rotating magnetic field, 𝑓𝑟𝑜𝑡  = 5 Hz. (d) Fourier transform of the oscillating scattering 

signals of Fig. S5.1c, showing peaks at multiples of two times the field rotation frequency. (e) Calibration 

measurement of |A4f| as a function of particle concentration of a stock solution (containing a constant 

number of dimers), indicating that the |A4f| scales linearly with dimer concentration. (f) Single actuation 

cycle to measure the aggregation rate with the OMC experiment. 

S5.2 Info DNA strands 

In this paper several different DNA constructs are used: ligand DNA, receptor 

DNA and filler DNA. Table S5.2 gives an overview of all the ssDNA sequences that 

have been purchased from IDT to build these functional dsDNA constructs from. The 

light blue part of the ligand- or receptor sequences is complementary with the dark 

blue part of the biotinylated base sequence. The light green parts of the receptor 

strands are complementary with the dark green parts of the ligand strand. Ligand 

DNA strands are made by annealing the ligand strand to the base strand (L15+B). 

Receptor DNA strands are made by annealing a receptor strand to the base strand 

(Rx+B). Filler DNA strands are made by annealing the filler strand to the base strand 

(F+B). 

Table S5.2   Info DNA sequences. Overview of the single stranded DNA sequences from which the ligand 

DNA, receptor DNA and filler DNA is made. 

Code: Name: 5’ mod: Strand 5’ to 3’: 

B base strand biotin CCT CCC AGC CCA TCC TAA CC 

F filler strand - GG TTA GGA TGG GCT GGG AGG 

L15 ligand strand 15 - AAA CAA GAC GAC GAA GG TTA GGA TGG 
GCT GGG AGG 

R15 receptor strand 15 - TTC GTC GTC TTG TTT GG TTA GGA TGG 
GCT GGG AGG 

R12 receptor strand 12 - GTC GTC TTG TTT GG TTA GGA TGG GCT 
GGG AGG 

R9 receptor strand 9 - GTC TTG TTT GG TTA GGA TGG GCT GGG 
AGG 

R8 receptor strand 8 - TC TTG TTT GG TTA GGA TGG GCT GGG 
AGG 

R7 receptor strand 7 - C TTG TTT GG TTA GGA TGG GCT GGG AGG 

R5 receptor strand 5 - TG TTT GG TTA GGA TGG GCT GGG AGG 
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S5.3 Supernatant assay for DNA docking strand density quantification 

To determine the maximum DNA coverage of the streptavidin coated Ademtech 

Masterbeads for short biotinylated DNA strands, an indirect fluorescence 

supernatant assay is performed. Fig. S5.3a shows in blue a calibration curve of the 

fluorescence intensity corresponding to concentration of biotin-atto655. The capacity 

of the Ademtech Masterbeads for b-atto655 is measured by incubating different b-

atto655 concentrations with a constant particle concentration (2.5 pM). After 60 

minutes of incubation in an incubator shaker (1200 rpm, room temperature), the 

fluorescence of the supernatant is measured (green line in Fig. S5.3a). The b-atto655 

capacity per particle is obtained from the point in the graph where the fluorescence 

intensity of the supernatant starts increasing, 𝑁𝑏−𝑎𝑡𝑡𝑜655,𝑆𝑁 = (7.3±0.6)∙104. The 

measured capacity is slightly lower than the geometrical capacity 

(𝑁𝑏−𝑎𝑡𝑡𝑜655,𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐𝑎𝑙  = 105) that can be expected based on the size of the particle (𝑑 = 

500 nm), the size of a streptavidin (sphere, 𝑑 ~ 5 nm) and the number of functional 

biotin binding pockets per streptavidin (~2.5 out of 4). 

In the indirect supernatant assay the particles are first functionalized with 

different amounts of biotinylated DNA strands for 60 minutes in an incubator shaker 

(1200 rpm, room temperature). Subsequently particles are magnetically washed and 

another incubation step is performed with a b-atto655 concentration that is slightly 

higher than the b-atto655 capacity. From the fluorescence intensity of the supernatant, 

the DNA coverage can be calculated using equation 1. Fig. S5.3b shows that when 

increasing the DNA concentration the DNA coverage also increases, until a plateau is 

reached at 𝑁𝐷𝑁𝐴,𝑚𝑎𝑥  = (1.7±0.4)∙104. The corresponding maximum DNA coverage is 

𝜎𝐷𝑁𝐴,𝑚𝑎𝑥  = (2.2±0.5)∙104 µm-2. The DNA capacity is about a factor four lower than the 

b-atto655 capacity, which can most likely be explained by the negative charge on the 

DNA backbone. 
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Fig. S5.3   Supernatant assay for DNA docking strand quantification. (a) Calibration curve (blue) of the 

fluorescence intensity as a function of the biotin-atto655 concentration. Supernatant assay (green) after b-

atto655 incubation with streptavidin coated Ademtech Masterbeads to obtain the capacity of the particles 

for b-atto655. (b) DNA areal density as a function of the incubated maximum DNA areal density, 

measured with an indirect fluorescence supernatant assay.  

 

S5.4 Control experiment of nonspecific aggregation rates 

A control experiment is performed to investigate the nonspecific aggregation rate 

between ligand particles or between receptor particles. Fig. S5.4a shows that the 

aggregation of particles coated with the same ligand with a 15 nt single-stranded 

overhang is below 0.01 s-1 for the complete range of receptor and ligand densities. Fig. 

S4b shows similar aggregation rates for particles coated with ligands of shorter 

complementary DNA interaction, at high receptor and ligand density. 

 
Fig. S5.4   Control experiment of nonspecific aggregation between similar particles. (a) Aggregation rate 

of similar particles as a function of the density of ligand or receptor DNA, showing low rates that are 

independent of the density. (b) Aggregation rate for similar particles, for different lengths of the single-

stranded overhang. 

 

S5.5 Fitting aggregation rate as a function of receptor density 

To quantify the selectivity parameter 𝛼 for each DNA length, the aggregation rate 

graphs are fitted, see Fig. S5.5. The S-shaped curves are fitted using the sigmoid 

function of equation S5.2. 

𝑦 =
𝑎

1+exp(−𝑘(𝑥−𝑥𝑐))
         (S5.2) 
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Fig. S5.5   Fitted aggregation rate curves. Aggregation rate as a function of the receptor density fitted with 

the sigmoid function of equation S2: (a) 15 bp (b) 12 bp (c) 9 bp (d) 8 bp (e) 7 bp and (f) 5 bp. 

 

S5.6 Calculation of multivalent interaction point 

There exists a receptor density at which there is on average exactly one receptor 

able to bind to the other particle in the dimer. For higher receptor densities there can 

on average be more than one receptor able to bind to the other particle, thus 

multivalent binding is possible. Fig. S5.6 shows a sketch of the particle dimer, 
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including the important length scales: The bond length 𝐿𝑏𝑜𝑛𝑑 ~ 20 nm, the particle 

radius 𝑅𝑝 = 250 nm and the interparticle distance Δ𝑥 ~ 5 nm. Using these length 

scales and equation S5.3, the receptor density at which on average one receptor is 

present in the interaction area can calculated: 

 𝜎𝑅1 =
1

𝜋𝑅𝑝(𝐿𝑏−Δ𝑥)
≈ 102 μm-2      (S5.3) 

 
Fig. S5.6   Length scales for calculation of multivalent interaction rage. Sketch of the interface between 

two particles indicating the area on the particles where the ligands or receptors can bind to the other 

particle.  
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S5.7 Parameter scan of aggregation rate simulation 

To get insight in the effect of different simulation parameters on the simulated 

aggregation rate, a parameter scan is performed. One parameter is varied in the 

simulation while the other parameters are kept constant to the default values shown 

in Table S5.7.  

Table S5.7   Default input values parameter scan. Overview of the default input values in the parameter 

scan of the aggregation rate simulation shown in Fig. S5.6. 

 
 

Fig. S5.7 shows the results of a parameter scan of the simulation for the paramters: 

ligand density 𝜎𝐿, inter-particle distance Δ𝑥, ligand-receptor binding rate 𝑘𝐿𝑅 and 

dissociation rate 𝑘𝑜𝑓𝑓, as a function of the receptor density 𝜎𝑅. Table S5.7 shows the 

default input values for the parameter scan of the simulations. All simulated curves 

level off at an aggregation rate slightly above 𝑘𝑎𝑔𝑔 = 0.05 s-1, half of the experimental 

limit, because only fifty percent of the dimers is a ligand-receptor dimer and the other 

dimers only have nonspecific interaction. Fig. S5.7a shows the simulated aggregation 

rate as a function of the receptor density for varying inter-particle distance Δ𝑥. The 

inter-particle distance Δ𝑥 determines the size of the interaction area on the particles. 

For increasing Δ𝑥 the aggregation rates decrease and the curves shift to slightly 

higher receptor densities and become somewhat less steep. By increasing the ligand-

receptor binding rate 𝑘𝐿𝑅, bonds are formed faster whereby the simulated curves shift 

to substantially lower receptor densities, see Fig. S5.7b. Increasing the ligand density 

𝜎𝐿 has a similar but stronger effect on the simulated aggregation rate as decreasing 

the inter-particle distance. Higher ligand densities lead to faster aggregation, see Fig. 

S5.7c. For nonzero dissociation rates 𝑘𝑜𝑓𝑓, particle dimers can dissociate such that the 
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simulated aggregation rate decreases. Fig. S5.7d shows how the aggregation rate 

curves decrease and become steeper. At low receptor densities, the rate at which 

bonds are formed is lower than the rate at which a bonds dissociate, therefore a low 

aggregation rate is obtained. For high receptor densities, bonds are formed faster than 

they dissociate and the aggregation rate becomes equal to the aggregation rate curve 

with 𝑘𝑎𝑔𝑔 = 0 s-1.  

 
Fig. S5.7   Simulation parameter scan. Simulated aggregation rate as a function of the receptor density, for 

a parameter scan of (a) the surface-to-surface distance Δ𝑥 (b) the ligand-receptor binding rate 𝑘𝐿𝑅 (c) the 

ligand density 𝜎𝐿 and (d) the dissociation rate 𝑘𝑜𝑓𝑓. 

 

S5.8 Matching simulation with experimental data 

Simulation are performed to reproduce the experimental data. Initially, the 9-15 

bp data is reproduced using the input parameters that are shown in the second 

column in Table S5.58. The dissociation rate 𝑘𝑜𝑓𝑓 is kept equal to zero as dissociation 

is not likely to occur for these DNA lengths. The interparticle distance Δ𝑥 and the 

ligand-receptor binding rate 𝑘𝐿𝑅 are varied. Several combinations lead to agreement 

between simulation and experiment, as can be seen in Fig. S5.8 and Fig. 5.4b. 
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Subsequently the 8, 7 and 5 bp data is reproduced by performing the simulation for 

each correct combination of Δ𝑥 and 𝑘𝐿𝑅, while increasing the dissociation rate 𝑘𝑜𝑓𝑓. 

Fig. S5.8 shows that the measured data for the 8, 7 and 5 bp DNA can be reproduced 

with the simulation. 

Table S5.8   Input values simulation. Overview of the default input values for the aggregation rate 

simulations shown in Fig. S5.8. For the 9-12 bp simulation, the dissociation rate is chosen equal to zero and 

Δ𝑥 and 𝑘𝐿𝑅 are varied to match the simulation with experimental data. For the simulation of the 8, 7 and 5 

bp data the Δ𝑥 and 𝑘𝐿𝑅 are kept equal to the values that are found in the 9-12 bp simulation. The 

dissociation rate is varied to match the simulation with the experimental results of the 8, 7 and 5 bp DNA.  
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Fig. S5.8   Match simulation with experimental data. Measured data points matched with simulated 

aggregation rate curves for different combinations of the interparticle distance Δ𝑥 and the ligand-receptor 

binding rate 𝑘𝐿𝑅: (a) Δ𝑥 = 2 nm, 𝑘𝐿𝑅 = 10-5 𝜇m2s-1 (b) Δ𝑥 = 2 nm, 𝑘𝐿𝑅 = 10-4 𝜇m2s-1 (c) Δ𝑥 = 2 nm, 𝑘𝐿𝑅 = 10-3 

𝜇m2s-1 (d) Δ𝑥 = 4 nm, 𝑘𝐿𝑅 = 10-4 𝜇m2s-1 (e) Δ𝑥 = 4 nm, 𝑘𝐿𝑅 = 10-3 𝜇m2s-1 (f) Δ𝑥 = 6 nm, 𝑘𝐿𝑅 = 10-4 𝜇m2s-1 (g) Δ𝑥 = 6 

nm, 𝑘𝐿𝑅 = 10-3 𝜇m2s-1 (h) Δ𝑥 = 8 nm, 𝑘𝐿𝑅 = 10-3 𝜇m2s-1. 

 

S5.9 Converting surface affinity constants to volume affinity constants 

The surface affinity constants that are obtained from the match between 

simulations and experimental data are compared with the calculated affinity 

constants for each DNA length. To compare these values, they are converted to 

volume affinity constants. To convert the surface affinity constant to a volume affinity 

constant, the 𝐾𝑎 is divided by the interaction area and multiplied by the interaction 

volume, see Fig. S5.6. The interaction area is the area of the spherical cap on the 

particle and is calculated using equation S5.4. 

𝐴𝑖𝑛𝑡 = 𝜋𝑅(𝐿𝑏𝑜𝑛𝑑 − Δ𝑥) = 1.2 ∙ 10−2 µm2     (S5.4) 

Here 𝑅 = 0.25 µm is the particle radius, 𝐿𝑏𝑜𝑛𝑑  = 0.02 µm is the length of the DNA 

bond and Δ𝑥 = 0.005 µm is the interparticle distance. The interaction volume is 

estimated by a cylinder with length 𝐿𝑏𝑜𝑛𝑑 and a radius equal to the radius 𝑎 of the 

base of the spherical cap, see equation S5.5. 

𝑉𝑖𝑛𝑡 = 𝐿𝑏𝑜𝑛𝑑𝜋𝑎2 = 𝐿𝑏𝑜𝑛𝑑𝜋[2(𝐿𝑏𝑜𝑛𝑑 − Δ𝑥)𝑅 − (𝐿𝑏𝑜𝑛𝑑 − Δ𝑥)2] = 2.3 ∙ 10−4 μm3  (S5.5) 

The volume affinity constant is now calculated using equation S5.6. Table S5.9 

shows the calculated affinity constants. 

𝐾𝑎
𝑉 = 𝐾𝑎

𝐴 𝑉𝑖𝑛𝑡

𝐴𝑖𝑛𝑡
         (S5.6) 

The Δ𝐺 for each used DNA sequence is also converted to an affinity constant using 

equation S5.7, in which 𝑘𝐵 is the Boltzmann constant and 𝑇 is the absolute 

temperature. 

𝐾𝑎 = exp (
Δ𝐺

𝑘𝐵𝑇
) ∙ 1M         (S5.7) 

The affinity constants obtained from the DNA sequences are significantly higher 

than the ones obtained from the match between simulation and experiment. 

Electrostatic repulsion between the DNA coated particles in a dimer may exert a force 

on the DNA bond and explain why a weaker affinity is measured here. 

Table S5.9   Comparison of volume affinity constants from simulation and from DNA sequence.  Upper 

part shows an overview of surface affinity constants that are obtained from the simulation and converted 
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to volume affinity constants according to equation S6. Bottom part shows the volume affinity constants 

calculated for each DNA sequence.  
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Chapter 6 

 

Protein corona induced inter-particle 

binding in blood plasma: the influence of 

biomolecular particle coating 
 

 

The protein corona that forms around particles in complex biological fluids is very 

important for the stability and bio-functionality of the particles. In this study we 

quantify the aggregation kinetics of particles in blood plasma, for various surface 

coatings and solution conditions. The aggregation rate is demonstrated to increase 

with plasma concentration for particles coated with proteins, carboxylic acids, Tris 

and polyethylene glycol (PEG). In some cases, the aggregation rate increases super-

linearly with plasma concentration, suggesting that multivalent weak interactions are 

responsible for the inter-particle aggregation. The particle aggregation rate is 

significantly reduced in plasma that has been pre-exposed to particles with the same 

functionalization. This demonstrates that the aggregation inducing corona proteins 

are different for the different particle coatings. 
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6.1 Introduction 

Micro and nanoparticles are used in a wide range of medical applications, for 

example in biosensing1,2 and targeted drug delivery3,4. Upon administration of 

particles in a complex biological fluid like blood plasma, a protein corona is formed 

around the particles which modifies the stability and functionality of the particles5. 

The presence of a protein corona typically increases nonspecific particle aggregation6, 

negatively affecting drug delivery processes7 and particle-based diagnostic assays8. 

The thousands of different plasma proteins9 have affinities to the particle surface 

that vary over a wide range. Initially, the protein corona is formed by highly 

concentrated proteins which rapidly bind to the particle surface; this is followed by 

an exchange of proteins that have lower concentrations but higher affinities toward 

the particle surface10,11. The composition of the protein corona around a particle thus 

depends on plasma composition and many particle characteristics, e.g. particle 

size12,13, shape14, material15, charge16 and coating16,17. The protein corona is often 

described as consisting of a hard and a soft corona where the affinity of the proteins 

for the particle surface is the discriminating factor18. The hard corona is generally 

considered to consist of tightly bound proteins that do not readily desorb, whereas 

the soft corona contains the weakly bound proteins that are in a dynamic equilibrium 

with the bulk. 

Finding out which plasma proteins are responsible for particle aggregation is a 

complex problem, not only due to the diversity of plasma proteins9 and the 

dependence of corona composition on physicochemical properties of the particles10-

15,19, but also due to the difficulty to experimentally quantify the particle surface 

reactivity and to correlate this with protein corona composition.  

Only few experimental reports exist in literature that measure particle-particle or 

particle-surface interaction in complex biological matrices. Gebauer et al. quantified 

the particle size distribution as a function of time by tracking Brownian motion 

trajectories of individual particles, in the presence of different concentrations of 

human serum albumin (HSA) in buffer6. The group of To Ngai made use of total 

internal reflection microscopy (TIRM) to quantify the potential energy landscape of 

protein coated particles above a protein coated surface in fetal bovine serum20,21. Ho 

et al. quantified the agglomeration of plasma protein coated gold nanoparticles using 

an aggregation index that is based on the spectral changes of surface plasmon 

resonance22. However, a comprehensive study that quantifies the surface reactivity of 

particles in diluted and undiluted blood plasma, is still lacking. 
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Here, we use a previously developed optomagnetic cluster (OMC) experiment23 to 

study particle surface reactivity by quantifying the particle aggregation rate constant 

𝑘𝑎𝑔𝑔 directly in blood plasma. The parameter 𝑘𝑎𝑔𝑔 represents the rate at which 

biochemical inter-particle aggregation occurs, for particles that are in a well-defined 

state of proximity. In the OMC experiment, the proximal state is created and 

controlled by an attractive magnetic inter-particle force. Briefly, a dispersion of 

superparamagnetic particles is exposed to an external magnetic field. The attractive 

inter-particle magnetic force brings particles together and the number of 

biochemically bonded dimers is recorded as a function of time. This allows a 

quantification of the inter-particle aggregation rate 𝑘𝑎𝑔𝑔. A complete description of 

the OMC experiment is given in Section S6.1 of the Supporting Information. 

In this chapter, we study the aggregation rate of particles in blood plasma as a 

function of the biomolecular surface coating (Fig. 6.1a). Measurement results as a 

function of plasma dilution suggest that the aggregation is caused by multivalent 

weak interactions between the protein coronas around the particles. The data show 

that particle aggregation in blood plasma is mainly caused by the hard corona 

proteins. Finally, the results demonstrate that aggregation inducing corona proteins 

are different for the different particle coating and that the aggregation rate increases 

on the time-scale of hours. 

6.2 Materials and methods 

6.2.1 Materials 

Carboxylic acid coated superparamagnetic Ademtech Masterbeads were 

purchased from Ademtech (diameter 528 nm, coefficient of variation 25%). Phosphate 

buffered saline (PBS) tablets, 2-(N-morpholino)ethanesulfonic acid (MES), 1-ethyl-3-

(dimethylaminopropyl) carbodiimide hydrochloride (EDC), tris (hydroxymethyl) 

aminomethane (tris), N-hydroxysulfosuccinimide (sulfo-NHS), bovine serum 

albumin (BSA, >98% pure) and Protein LoBind Eppendorf tubes were obtained from 

Sigma Aldrich. Monoclonal mouse IgG against cardiac troponin I (anti-cTnI 19C7) 

was supplied by Abcam. Amine-terminated polyethylene glycol (PEG) with a 

molecular weight of 5 kDa (Blockmaster CE510) was purchased from JSR Life 

Sciences. Amicon Ultra-0.5 mL centrifugal filters for protein purification were 

purchased from Merck. Mini-PROTEAN TGX precast gels (4-20%) were obtained 

from BIO-RAD. Borosilicate glass 3.3 cuvettes with inner dimensions of 1.00±0.05 x 

1.00±0.05 mm and outer dimensions of 1.23±0.05 x 1.23±0.05 mm, and a length of 20±1 

mm were obtained from Hilgenberg. 
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6.2.2 Particle functionalization 

Carboxylic acid coated Ademtech Masterbeads were functionalized through an 

EDC-NHS reaction with one of the following four molecules: tris, BSA, 5 kDa PEG or 

a-cTnI 19C7. A solution of a large excess of one of these molecules will be referred to 

as the coating solution. All steps were performed at room temperature. 

First, 4 µL of particle stock solution (50 mg/mL) was mixed with 196 μL a 100 mM 

MES solution (pH 5.0), 50 µL EDC in MES solution (10 mg/mL) and 50 µL NHS in 

MES solution (10 mg/mL). The particles were incubated for 30 minutes on a roller 

bench to activate the carboxyl groups on the particle surface. 

After the activation step the particles were magnetically washed twice and 

redispersed in 200 µL MES solution. Subsequently the particle solution was sonicated 

(10x 0.5s) to undo the particle clustering that occurred during the magnetic washing 

steps. Then, 100 µL of coating solution was added to the particles and incubated for 3 

hours on a roller bench, to covalently attach to the particles.  

After the coating step the remaining active carboxyl groups are blocked by adding 

100 µL of tris buffer (150 mM NaCl, 50 mM tris, pH 7.6) and incubating overnight on 

a roller bench. Finally, the particle solution is magnetically washed twice and the 

particle are redispersed in PBS buffer. Finally, the particle solution was sonicated (10x 

0.5s) to undo the particle clustering that occurred during the functionalization 

process. 

6.2.3 Plasma dilution, filtration and washing 

Samples of citrate stabilized human blood plasma from healthy anonymous 

donors were obtained from Sanquin. Plasma was diluted using a PBS buffer, where a 

plasma concentration of x percent corresponds to a solution which consists of x 

percent of plasma and 100-x percent of PBS.  

Plasma was filtered using Amicon spin filters with a molecular weight cut-off of 

100 kDa. A volume of 500 µL blood plasma was inserted in the spin filter and placed 

in the centrifuge for 20 minutes at 13.000 rpm to separate the proteins based on 

molecular weight. PBS buffer was added to the filtrate to make the total volume equal 

to 500 µL, to keep the individual protein concentrations equal to their concentration 

in unfiltered plasma. The filter was taken out of the reaction tube and put upside 

down in another reaction tube and centrifuged again for 20 minutes at 13.000 rpm to 

retrieve the residue from the filter. Again PBS buffer was added to the residue to keep 

the individual protein concentrations equal to their concentration in unfiltered 

plasma. 
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Plasma samples were washed with (functionalized) particles to fish out the 

proteins that are present in the hard corona of those particular particles. For this 

purpose 0.2 mg of (functionalized) particles were added to 200 µL of plasma and 

incubated for 60 minutes on a roller bench at room temperature. Subsequently, the 

particle solution is magnetically washed three times and the particle are redispersed 

in PBS buffer. The depleted plasma solutions are used in the experiments. 

6.3 The effect of particle coating on aggregation rate in (diluted) blood 

plasma 

To study the effect of blood plasma on the surface reactivity of biofunctionalized 

particles, the aggregation rate was measured in various dilutions of plasma using the 

OMC experiment. The particles were functionalized with either carboxyl groups, the 

proteins IgG or BSA, or the blocking agents Tris or PEG (2 kDa). We used a large 

excess of coating molecules (>100x the amount of molecules that fit on the particle 

surface) and a long incubation time (3 hours). More details about the 

functionalization process can be found in the Materials and methods section. 

Fig. 6.1b shows the nonspecific aggregation rate of biofunctionalized particles as a 

function of the plasma concentration, where a concentration of 0% corresponds to 

pure PBS buffer and a concentration of 100% corresponds to undiluted blood plasma. 

In buffer, the PEG and the carboxyl coating lead to the lowest aggregation rate 

compared to the other functionalizations, most likely due to steric and electrostatic 

stabilization of the particles, respectively. By gradually increasing the plasma 

concentration, the aggregation rate significantly increases independent of the 

functionalization. Note that the aggregation rate of the carboxyl coated particles 

exceeds the other coatings already at 3% plasma, whereas the aggregation rate of the 

PEG coated particles remains lowest at all plasma concentrations. While the steric 

stabilization by PEG limits the aggregation rate for buffer and plasma24,25, the 

presence of reactive carboxyl groups (partially negatively charged) likely attracts 

protein moieties enhancing the nonspecific particle surface reactivity. The tris, BSA 

and anti-cardiac troponin I (a-cTnI) functionalized particles show a similar increase in 

aggregation rate when going from buffer to plasma. 

In previous research, we studied inter-particle aggregation for DNA-

functionalized particles26. In case of weak multivalent interactions, i.e. DNA 

interactions for which a single bond has a lifetime that is much shorter than the 

experiment (𝜏𝑜𝑓𝑓 ≪ 102 s), the aggregation rate increased super-linearly with DNA 

surface density, indicative of a selectivity parameter above 1. The selectivity 

parameter 𝛼 is defined by Martinez-Veracoechea and Frenkel27 as the relative change 
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in the number of bound particles 𝑁𝑏𝑜𝑢𝑛𝑑 as a function of the number of receptors on a 

cell 𝑛𝑅, see equation 6.1. 

𝛼 =
𝑑 ln 𝑁𝑏𝑜𝑢𝑛𝑑

𝑑 ln 𝑛𝑅
         (6.1) 

In the present paper, the dependence of the aggregation rate 𝑘𝑎𝑔𝑔 on plasma 

concentration is measured. As the relation between protein surface coverage and 

protein concentration is unknown, we quantify the volume-selectivity 𝛼𝑉, i.e. the 

selectivity of the aggregation process for the protein concentration in the solution. 

Since the selectivity describes a relative change in the number of bound particles with 

the number of receptors, we can multiply 𝑁𝑏𝑜𝑢𝑛𝑑  and 𝑛𝑅 in equation 6.1 by any 

nonzero constant, without changing 𝛼. Thus, we can replace 𝑁𝑏𝑜𝑢𝑛𝑑 and 𝑛𝑅 by 𝑘𝑎𝑔𝑔 

and plasma concentration, respectively. 

𝛼 𝑉 =
𝑑 ln 𝑘𝑎𝑔𝑔

𝑑 ln[𝑝𝑙𝑎𝑠𝑚𝑎]
         (6.2) 

Fig. 6.1c shows the volume-selectivity parameter as a function of the plasma 

concentration obtained from the aggregation rate curves of Fig. 1b. The volume-

selectivity parameter exceeds 1 for different particle coatings. The tris, BSA and a-

cTnI coated particles show a selectivity above 1 around a plasma concentration of 

10% and the PEG coated particles show a selectivity above 1 for a plasma 

concentration of about 50%.  

The obtained selectivities suggest that the inter-particle aggregation in blood 

plasma might be induced by multivalent weak interactions between the protein 

coronae of the interacting particles. However, to draw conclusions we need to know 

the relation between protein surface density and plasma concentration. By increasing 

the plasma concentration we basically increase the concentration of each individual 

protein in the solution. In case the protein surface density increases linearly with 

protein concentration in the solution, which may be expected for low protein 

concentration, the calculated volume-selectivity is equal to the selectivity of the 

aggregation process for protein surface density. At high protein concentration, the 

particle surface might become saturated whereby the protein surface density increase 

sub linearly with protein concentration. In this case the volume-selectivity parameter 

is an underestimation of the actual selectivity. However, cooperative binding effects 

between proteins on the particle surface might cause the protein surface density to 

increase super linearly with protein concentration. In this case the obtained volume-

selectivity is an upper limit for the selectivity. 

In order to investigate which corona proteins are responsible for particle 

aggregation we have carried out experiments with different plasma fractions 
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prepared using spin filters (MW cut-off 100 kDa). Unfortunately, the used spin filters 

were quickly saturated during the filtration process and the intended separation was 

not achieved, indicated by the presence of many small molecules (< 100 kDa) in the 

residue of the filter. A complete description of this experiment is given in Section S6.2 

of the Supporting Information. 

 

Fig. 6.1  Effect of particle coating on particle aggregation in blood plasma. (a) Interaction between plasma 

proteins and the particle surface causes the formation of a protein corona. The hard corona proteins are 

tightly bound to the particle surface, whereas the soft corona proteins are more weakly bound and in a 

dynamic equilibrium with the proteins in the solution. We vary the particle surface coating and investigate 

the effect on the rate of particle aggregation. (b) Particle aggregation rate as a function of the plasma 

concentration, for different particle functionalizations. At zero plasma concentration (pure PBS buffer) the 

COOH and PEG coated particles show the lowest aggregation rate. For nonzero plasma concentration the 

PEG coating gives the lowest aggregation rate. (c) Selectivity parameter 𝛼 determined from the aggregation 

rate curves in Fig. 6.1b, as a function of the plasma concentration. A selectivity parameter above 1 

corresponds to a super linear-increase in the aggregation rate curves, which suggests that multivalent weak 

interaction might be responsible for particle aggregation in blood plasma. The a-cTnI, BSA and tris 

functionalized particles have the highest selectivity parameter at a plasma concentration of 10%, whereas 

the PEG functionalized particles show high selectivity above 50% plasma concentration.  
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6.4 Effect of plasma composition on inter-particle aggregation 

The optomagnetic cluster experiment also provides the opportunity to investigate 

whether the aggregation rate and composition of the protein corona depends on the 

functionalization of the particles. For this purpose, the corona proteins are depleted 

from a plasma sample using particles with a specific functionalization. This is 

achieved by incubating plasma samples with functionalized particles for one hour at 

room temperature, as illustrated in Fig. 6.2a. After incubation, the particles are 

magnetically separated and the supernatant, i.e. the depleted plasma, is preserved in 

another Eppendorf tube. Subsequently the particles are washed twice with PBS 

buffer. Ultimately we have a dispersion of particles with their hard corona in PBS 

buffer, and a plasma of which (part of) the hard corona proteins are washed out.  

The aggregation rate of PEG or IgG functionalized particles was measured in 

buffer, in undiluted plasma and in plasma that has been depleted using particles with 

either a carboxyl coating, a PEG coating or an IgG coating, see Fig. 6.2b. The 

measurement in buffer yields the lowest aggregation rate and serves as a reference. 

The aggregation rate in plasma is highest and represents an upper limit for the 

aggregation rate. It is assumed that the presence of the protein corona around the 

particle is responsible for the increased aggregation rate in plasma compared to the 

aggregation rate in buffer. When measuring in the depleted plasmas the aggregation 

rate is lower compared to the full plasma measurement. The composition of the 

protein corona in the depleted plasma samples is apparently different from the 

protein corona in a non-depleted plasma. Moreover, when the plasma is depleted 

using particles with the same functionalization as the particles that are used for the 

aggregation rate measurements, the decrease in aggregation rate is larger than when 

the plasma is depleted using particles with a different functionalization. The 

composition of the depleted plasma samples must be different, hence the proteins 

that have been removed from the plasma during the depletion process are different 

when using particles with different particle functionalizations. This indicates that the 

composition of the protein corona depends on the particle functionalization. 

Apparently, the aggregation inducing proteins for a specific particle coating are 

selectively removed from the plasma, when depleting the plasma with particles 

having the same coating. 

To investigate if particle aggregation is induced by proteins in the hard corona or 

in the soft corona, the aggregation rate was measured both in the presence of a hard 

and a soft corona, and in the presence of only a hard corona. In full plasma both the 

hard and the soft corona are present. To obtain only a hard corona around the 

particles, particles were incubated in full plasma for one hour, subsequently 

magnetically washed three times and finally redispersed in PBS buffer, see Fig. 6.2a. 
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These particles contain the hard corona, but lack the soft corona. The soft corona 

represents the dynamic equilibrium between association and dissociation of plasma 

proteins on the particle surface. However, when the bulk proteins in the solution are 

removed during the magnetic separation step, the dynamic equilibrium of the soft 

corona is distorted, whereby the soft corona proteins will dissociate from the particle 

surface. Fig. 6.2c shows the aggregation rate measured for PEG and IgG coated 

particles in either buffer (no corona), in full plasma (hard + soft corona) or in buffer 

after plasma incubation (only hard corona). For both functionalizations the 

aggregation rate for the hard corona only is about equal to the hard + soft corona, and 

significantly higher than the measurement without a corona. It seems that the 

aggregation inducing proteins are mainly present in the hard corona. 

6.5 Timescale of protein corona formation 

To investigate the timescale of protein corona formation, particles were incubated 

in plasma for different incubation times before the aggregation rate was measured, 

see Fig. 6.2d. The aggregation rate of PEG functionalized particles increases with 

incubation time and starts to reach a plateau for incubation times of more than one 

hour. However, because the plateau is close to the experimental limit, the particle 

reactivity may still be increasing with incubation time, but this is not measurable with 

the OMC method. Studies by Dell’Orco et al.10 and Saneh et al.11 also report protein 

corona formation times of multiple hours.  

Particle-based diagnostic assays, such as the Magnotech technology28 and cluster 

assays29, suffer from the enhanced non-specific interactions in blood plasma. For 

point-of-care assays that typically take about 10 minutes, the nonspecific aggregation 

is relatively low, but the protein corona formation process is still in the kinetic 

regime. Small changes in the incubation time of the particles can cause variations in 

the outcome of the measurements. Therefore care should be taken to keep the 

incubation time constant in these assays. For assays with much longer assay times, up 

to hours, the nonspecific aggregation is larger. This might make it more difficult to 

measure small analyte concentrations, as the background nonspecific interactions 

could become more important with respect to the specific interactions. 
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Fig. 6.2   Effect of plasma composition on the particle aggregation rate. (a) Functionalized particles were 

incubated in plasma for one hour at room temperature, during which a protein corona forms around the 

particles. The particles are magnetically washed out of the plasma and the supernatant, i.e. the depleted 

plasma, is stored in a different Eppendorf tube. The particles are washed magnetically two more times, and 

redispersed in PBS buffer. (b) Particle aggregation rate measured in buffer, undiluted plasma, and in 

plasma samples depleted by particles with either a COOH, a-cTnI or PEG coating. Depleting the plasma 

with particles with the same coating as the measurement particles leads to the largest reduction in 

aggregation rate w.r.t. the full plasma sample. (c) Particle aggregation rate measured in buffer (no corona), 

in undiluted plasma (hard + soft corona) and in buffer with particles that have been incubated in plasma 

(only hard corona). The aggregation inducing corona proteins seems to be dominantly positioned in the 

hard corona. (d) Particle aggregation rate measured for PEG coated particles, incubated in 50% plasma for 

different durations. 
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6.6 Conclusion 

Nonspecific inter-particle aggregation rates of biofunctionalized particles were 

measured in blood plasma. The aggregation rate is demonstrated to increase with 

plasma concentration for various particle functionalizations. PEG coated particles 

show the lowest aggregation rate at each plasma concentration. Binding selectivities 

greater than 1 are obtained, which suggests that multivalent weak interactions 

between the protein coronae of particles are responsible for particle aggregation.  

Plasma samples were depleted by incubation with functionalized particles. The 

particle aggregation rate measured in depleted plasmas is lower compared to the 

aggregation rate in full plasma. Moreover the reduction in aggregation rate is greatest 

when depleting the plasma with particles that have the same functionalization as the 

particles that are used for the aggregation rate measurement. These results proves 

that the composition of the protein corona depends on the biomolecular 

functionalization of the particles. The particles that were used to deplete the plasma, 

were separated from the plasma by magnetic washing. Their aggregation rate was 

subsequently measured in buffer, and compared to measurements of similar particles 

in plasma. This experiment showed that the aggregation inducing proteins are mainly 

present in the hard corona. 

From the experiments performed in this chapter we conclude that the aggregation 

inducing corona proteins are specific for the biomolecular surface coating of the 

particles and that they are part of the hard corona. Over time the protein corona 

evolves and the aggregation rate increases, on the timescale of hours. 
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6.7 Supporting Information 

S6.1 Optomagnetic cluster (OMC) experiment 

In this paper specific particle aggregation rates will be measured using the OMC 

experiment described in a previous paper25. Fig. S6.1a sketches the optomagnetic 

cluster (OMC) experiment. A square glass cuvette filled with a solution of particles is 

situated in the centre of a quadrupole electromagnet setup, which can produce a 

rotating magnetic field in the y,z plane. A 660 nm laser is focussed insight the cuvette 

and the light scattered by the particles is measured by a photodetector at an angle of 

90° w.r.t. to the incoming laser beam. In the presence of a rotating magnetic field, 

with a rotation frequency below the breakdown frequency, the dimers in the solution 

will rotate along with magnetic field. Fig. S6.1c shows the oscillating scattering signal 

for the superparamagnetic particles used in this paper: polystyrene Ademtech 

Masterbeads (𝑑 = 528 nm, CV ≈ 25%). The amplitude of the oscillating scattering 

signal is a measure of the dimer concentration. The Fourier transform of this 

oscillating scattering signal is shown Fig. S6.1d. The peak at four times the field 

rotation frequency, |A4f|, is the largest contribution to the scattering signal and is 

used as a measure of the dimer concentration. Fig. S6.1e shows a calibration 

measurement of the |A4f| peak, indicating that |A4f| scales linear with dimer 

concentration. 

To quantify the aggregation rate a four-step actuation protocol is followed, as can 

be seen in Fig. S6.1b. Initially the number of already present chemical dimers is 

measured using magnetic pulses with a short on-time, 𝑡𝑜𝑛 = 0.4 s, and a long off time, 

𝑡𝑜𝑓𝑓 = 10 s. During the subsequent actuation phase, the rotating magnetic field is 

turned on continuously during a time 𝑡𝑎𝑐𝑡  = 20 s to induce additional magnetic 

dimers, causing the |A4f| signal to increase approximately linearly over time (this is 

true for both types of particles, see Fig. S6.1f). Since each magnetic dimer is formed at 

a different point in time, each magnetic dimer has a different interaction time in 

which it has the possibility to form a chemical bond. The mean interaction time of all 

dimers, for a constant magnetic dimer formation rate, equals half the actuation time. 

After the actuation phase, the field is turned off during a waiting time 𝑡𝑤𝑎𝑖𝑡  = 40 s to 

let the non-aggregated particles redisperse in solution. Ultimately, the number of 

chemical dimers is measured again and compared to the initial number of dimers. 

The increase in the number of chemical dimers, Δ𝑁𝑐ℎ𝑒𝑚, depends on how reactive the 

particles are. To calculate the aggregation rate 𝑘𝑎𝑔𝑔
𝑚𝑎𝑔

, the fraction of magnetic dimers 

that becomes a chemical dimer during the actuation phase, Δ𝑁𝑐ℎ𝑒𝑚/𝑁𝑚𝑎𝑔,𝑡𝑜𝑡, is 

divided by the mean interaction time of all magnetic dimers. 
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𝑘𝑎𝑔𝑔
 =

Δ𝑁𝑐ℎ𝑒𝑚 / 𝑁𝑚𝑎𝑔,𝑡𝑜𝑡
1

2
𝑡𝑎𝑐𝑡

        (S6.1) 

In case of very reactive particles, it is possible that all magnetic dimers form a 

chemical bond during the interaction time. For a 20 s actuation time the maximum 

experimentally measurable aggregation rate is limited to 𝑘𝑎𝑔𝑔,𝑚𝑎𝑥
  = 0.1 s-1. 

 
Fig. S6.1   Optomagnetic cluster experiment. (a) Optomagnetic dimer quantification: A 660 nm laser is 

focussed inside a cuvette filled with a particle solution. The scattering of the particles is measured at an 

angle of 90° w.r.t. the incoming laser beam. Four electromagnets are placed around the cuvette to apply a 
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rotating magnetic field. Particle dimers are rotated, which leads to an oscillating scattering signal. The 

amplitude of the oscillating signal is used as measure of the dimer concentration. (b) Four-step actuation 

protocol to quantify the aggregation rate. First, the initial number of chemical dimers in the solution is 

measured using short magnetic field pulses. Then the field is turned on continuously to induce additional 

magnetic dimers, during an actuation time 𝑡𝑎𝑐𝑡. The field is subsequently turned off for a waiting time 𝑡𝑤𝑎𝑖𝑡 

to let the unbound particles redistribute in the solution. Finally, the new number of chemical dimers is 

measured. Using equation S6.1 the aggregation rate can be determined. (c) Oscillating scattering signal of 

the Ademtech Masterbeads, measured by a photodetector at an angle of 90° w.r.t. the incoming laser beam 

in the presence of a rotating magnetic field, 𝑓𝑟𝑜𝑡  = 5 Hz. (d) Fourier transform of the oscillating scattering 

signals of Fig. S6.1c, showing peaks at multiples of two times the field rotation frequency. (e) Calibration 

measurement of |A4f| as a function of particle concentration of a stock solution (containing a constant 

number of dimers), indicating that the |A4f| scales linearly with dimer concentration. (f) Single actuation 

cycle to measure the aggregation rate with the OMC experiment. 

 

S6.2 Effect of plasma filtration on particle aggregation 

To investigate which proteins are responsible for particle aggregation, plasma 

samples are filtrated to separate the larger proteins (MW ≥ 100 kDa) from the smaller 

proteins (MW < 100 kDa), see Fig. S6.2a. The plasma samples are first centrifuged for 

20 minutes at 14,300 rpm in a spin filter with a molecular weight cut off of 100 kDa, 

after which the filtrate and the residue are separated. Ultimately, the volume of the 

filtrate and residue is restored to the original amount, to keep the concentrations of 

the individual molecules equal to those in plasma. 

An SDS PAGE experiment is performed with (diluted) plasma samples before and 

after filtration (residue and filtrate), see Fig. S6.2b. Unfiltered plasma contains too 

many proteins to visualize the individual bands on the gel, but for the diluted plasma 

samples the bands are visible. The filtrate should contain the proteins with MW < 100 

kDa and the residue the proteins with MW ≥ 100 kDa. However, the filtrate only 

shows some intensity around 50 kDa, which are most likely albumins. The other 

bands below 100 kDa that are visible in the unfiltered samples are not observed for 

the filtrate samples. We hypothesize that during the spin filtering process, the filter is 

clogged whereby almost all plasma proteins remain in the filtrate. 

The inter-particle aggregation rate for PEG coated particles and a-cTnI coated 

particles is measured in PBS buffer, full plasma and in the residue and filtrate of 

filtered plasma, see Fig. S6.2c. The aggregation rate in buffer is low and represents the 

baseline aggregation in this experiment. The aggregation rate in full plasma is higher 

and represents the upper limit of the aggregation rate. For both particle 

functionalization, the aggregation rates of the filtrate and residue are about equal to 

the aggregation rate in buffer and full plasma, respectively. These results agree with 

our hypothesis that due to the filtration process almost all proteins remain in the 

residue.  
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Fig. S2   Effect of plasma filtration on particle aggregation. (a) Plasma is filtered by centrifuging the 

sample using spin filters with a molecular weight cut off of 100 kDa. The filtrate and the residue are 

separated and for both the volume is restored to the original amount to keep the concentrations of the 

individual molecules constant. (b) SDS Page gel of (diluted) plasma samples before and after filtration, 

both residue and the filtrate. The columns of which the header is crossed out failed. (c) Inter-particle 

aggregation rate for particles dispersed in PBS buffer, plasma or in the filtrate or residue of the filtered 

plasma. The aggregation rate in the filtrate solution is about equal to the aggregation rate in buffer, and the 

aggregation rate in the residue solution is about equal to the rate in full plasma. 
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Chapter 7 

 

Conclusion and outlook  
 

 

In this thesis, the inter-particle biomolecular reactivity of functionalized 

submicrometer sized particles has been investigated by experiments and simulations. 

Particles have been confined in dimers using magnetic fields and particle aggregation 

has been measured by optical techniques. To quantify particle surface reactivity, two 

experimental methods have been developed that measure the aggregation rate: an 

ensemble optomagnetic cluster (OMC) experiment and a single-dimer aggregation 

(SDA) experiment. Particle reactivity was studied in buffers and (diluted) blood 

plasma as a function of the particle surface functionalization with antibodies, DNA, 

PEG, and combinations thereof. An enhanced binding selectivity was proven in 

experiments with multivalent low-affinity biomolecular surface functionalization. In 

this chapter the main conclusions of this thesis will be summarized and discussed, 

and an outlook is presented. 

7.1 Quantification of inter-particle surface reactivity 

The optomagnetic cluster experiment has been introduced in chapter 2 as a 

method for measuring aggregation rates on an ensemble of particles. Many 

experimental parameters have been varied to find the optimal settings to allow for 

measuring the dimer formation rate instead of the formation of multiplets: magnetic 

field amplitude, magnetic field actuation time and waiting time, magnetic field pulse 

sequences and particle concentration. A simulation based on the Smoluchowski rate 

equations has been used to validate that under the optimal experimental settings the 

clusters are dominantly dimers. The sensitivity and dynamic range of the OMC 

experiment have been investigated using a model experiment in which the pH and 

ionic strength of an aqueous buffer were varied in a solution with negatively charged 

carboxylic acid coated 500 nm particles. An increase of over two orders of magnitude 

in the aggregation rate was observed when decreasing the pH of the buffer from 8 to 
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4. The measured aggregation rates are representative for magnetically confined 

particles. Using DLVO theory it has been shown that these magnetically confined 

aggregation rates can be converted to dimer formation rates in the absence of an 

attractive inter-particle force, showing that with the OMC experiment it is possible to 

measure rates in the range of 101-105 M-1s-1. 

In chapter 3 we studied particle surface reactivity on a single-dimer level using 

optical microscopy. Using a single-dimer aggregation (SDA) experiment, we have 

been able to follow multiple aggregation and dissociation events of single-dimers. 

Video microscopy of the aggregation and dissociation events of individual dimers 

revealed discrete areas on the particle surfaces with high reactivity, indicating strong 

heterogeneity of the surface reactivity. The pH of the aqueous buffer was varied for 

two particle systems: The first consisted of two identical particles that were coated 

with anti-cardiac troponin I (a-cTnI) antibodies and blocked with PEG, and the 

second particle system consisted of one particle coated with a-cTnI and blocked with 

PEG and another particle with a diameter of one micron and coated with carboxylic 

acids. The measured average dimer formation rate increased over multiple orders of 

magnitude when decreasing the pH of the buffer from 8 to 4, which is in qualitative 

agreement with the experimental results of the OMC experiment in chapter 2. To 

study the influence of the particle surface functionalization on the aggregation rate, 

the antibody density on the surface of the secondary particle was varied. However, 

no significant effect on the aggregation rate has been observed. A stochastic binding 

simulation on the aggregation of particles with a heterogeneously reactive surface 

resulted in quantitative agreement between the OMC experiment and the SDA 

experiment, when assuming that the secondary particle makes a shoving motion over 

the primary particle. 

7.2  How particle surface reactivity depends on molecular surface 

composition 

In chapter 4 the OMC experiment was used to study the dependence of the inter-

particle surface reactivity on the molecular composition of the surface, consisting of 

strong specific binders and passive surface crowders. For this purpose two 

experimental systems were used: A DNA based model system and a PSA antibody-

based sandwich system. Specific interaction was induced by adding a specific 

bridging molecule to the colloidal solution, either analyte-DNA or PSA. The inter-

particle surface reactivity was measured as a function of the analyte concentration for 

several binder areal densities. In addition, the molecular weight of the passive PEG 

surface crowder was varied. The experiments show that specific particle aggregation 

significantly exceeds nonspecific aggregation and that the particle surface reactivity 
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changes with the surface composition: increasing the areal binder density leads to 

increased particle surface reactivity. Increasing the molecular weight of the PEG, such 

that the PEG becomes significantly larger than the specific binder, leads to a 

decreased particle surface reactivity. Simulations confirmed that the decrease in 

surface reactivity by the high molecular weight PEG can be modelled as an effective 

decrease in the molecular rate of bond formation. In addition, experiments and 

simulations reveal that particle aggregation has a multivalent character.  

In chapter 5 the selectivity of the inter-particle binding process was studied 

further using a DNA-based model system in which particles were either coated with 

ligand DNA or with receptor DNA. To quantify the particle surface reactivity, the 

inter-particle aggregation rate was measured using the OMC experiment. The inter-

particle aggregation rate was found to increase with binder density for a broad range 

of receptor and ligand densities. The multivalent character of the interactions was 

investigated by changing the affinity of the ligand-receptor pair by changing the 

number of complementary base pairs of the DNA interaction. For DNA bonds as 

short as 5 base pairs significant inter-particle aggregation still occurred, which 

indicates that multivalent bonds are formed between the particles. It has been 

experimentally proven that multivalent weak interactions enhance the binding 

selectivity. A simulation model that is tailored to the OMC experiment confirmed the 

experimental observations and indicated that the enhanced selectivity for weaker 

ligand-receptor affinity is explained by an increase in the dissociation rate of ligand 

and receptor. 

7.3 Inter-particle surface reactivity in a complex matrix 

In chapter 6 the particle surface reactivity was investigated in a complex biological 

solution. Inter-particle aggregation rates have been measured in various dilutions of 

blood plasma, using particles functionalized with antibodies, PEG, tris or carboxylic 

acids. Experiments show that electrostatic repulsion by carboxylic acids and steric 

repulsion by PEG molecules both induce particle stability in aqueous buffer solutions. 

However, in blood plasma, the electrostatic stabilization does not occur. Nonspecific 

interactions increase with plasma concentration in a seemingly super linear fashion, 

which suggests that aggregation was caused by multivalent weak interactions e.g. 

between the protein coronas formed around particles. 

To investigate if the aggregation inducing corona proteins were specific for the 

particle functionalization, corona-forming proteins were removed from the plasma 

samples by incubation with and removal of functionalized particles. After removal, 

measurements showed that inter-particle aggregation was most efficiently decreased 
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when corona-forming proteins had been removed using particles with the same 

functionalization as the measurement particles. This suggests that the aggregation-

inducing corona proteins are coating specific. Moreover, we found that the 

aggregation-inducing corona proteins were dominantly present in the hard corona. 

Over time the protein corona evolves and the inter-particle surface reactivity 

increases, on the time-scales of hours. 

7.4 Outlook 

The optomagnetic cluster experiment and the single-dimer aggregation 

experiment make a range of very low aggregation rates experimentally accessible, 

both for nonspecific and specific inter-particle aggregation. The OMC experiment 

provides a screening method for developing anti-aggregation coatings on particles, or 

as a method to screen for specific protein-protein interaction, e.g. for finding 

combinations of antibodies that form a matched pair. The range of thermal particle 

aggregation rates that is accessible for the OMC experiment is 101-105 M-1s-1. 

However, the dynamic range of the method can be extended to 4∙105 M-1s-1 using 

shorter actuation times. The SDA experiment can be used to study heterogeneity in 

particle surface reactivity to investigate different functionalization protocols and 

coupling chemistries. 

Nonspecific particle aggregation has been measured for particles with different 

surface functionalizations. The PEG coating is most efficient in suppressing the 

nonspecific particle aggregation both buffer and blood plasma, in agreement with 

literature. In order to understand the origin of the strong nonspecific aggregation in 

blood plasma and eventually scavenge for the aggregation-inducing corona proteins, 

it is important to be able to correlate the surface reactivity with the protein corona 

composition. Our experiments lead to the hypothesis that the protein corona 

composition is specific for a certain particle functionalization. By eluting the hard 

corona from particles and analyzing their composition using liquid chromatography-

mass spectrometry (LCMS), the coating specific proteins can be identified. 

For applications that employ specific particle interactions, we obtain a couple of 

design rules. The surface reactivity can be tuned by the density of specific binders 

and by passive surface crowders that are significantly larger than the specific binders. 

Follow up research should focus on how the PEG density influences the specific inter-

particle surface reactivity, in order to tune the surface reactivity in a more continuous 

way. Additionally, to obtain a high binding selectivity, high densities of weak binders 

are needed to maximize the combinatorial entropy of the ligand-receptor binding. 

Flexible multivalent binders, i.e. molecules with multiple analyte binding sites, ought 
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to be most effective for this purpose. The experiments in this thesis show that 

multivalent weak interactions are very promising for targeted drug delivery, because 

the specificity for cell receptor density is higher using multivalent weak interactions 

compared to single strong interactions.  
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