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1. Abstract 

 
For microparticles suspended in a solution, friction is mainly governed by their hydrodynamic radius. 

The hydrodynamic radius can change when a different coating for the particles is used. In Biosensors, 

where these micro particles are coated and used in order to detect biological components, also called 

Biomarkers. For a biosensor to function properly it is necessary to know how coated micro particles 

react under different circumstances.  

Therefore hydrodynamic radii of differently coated micro particles were measured in solutions of 

different ionic strengths (ranging from 7.7*10-4 M to 7.7*10-7 M). Hydrodynamic radii were measured 

using Dynamic Light Scattering. These results were then used to see if the Debye length can be used as a 

characteristic for the thickness of the double layer surrounding particles dispersed in a fluid. Also it was 

tested, if the hydrodynamic radius can be used to see if a coating procedure was successful.  

It was found that coating Fluosphere microspheres with anti-PSA antibodies increased the 

hydrodynamic radius by 20±13 nm, which is the typical size of an anti-PSA antibody. Coating Myone 

particles with myoglobin increased their hydrodynamic radius by (61±39) nm. However, myoglobin is 

only 3 nm in length, so this difference in larger than would be expected if the increase of hydrodynamic 

radius was only caused by the increase of the actual particle radius. Furthermore the hydrodynamic 

radius of Myone control particles (who underwent the same coating procedure as the Myone myoglobin 

but without adding the myoglobin) showed an increase of (70±49) nm in hydrodynamic radius compared 

to the hydrodynamic radius of to the Myone non-functionalized. This indicates that not myoglobin, but 

the functionalization procedure is responsible for the change in hydrodynamic radii for the Myone 

control, and Myone myoglobin particles. It could be that the functionalization procedure changed the 

charge of the Myone myoglobin and Myone control particles.  

The hydrodynamic radii of the Ademtech Masterbeads, the Myone myoglobin and the Myone control 

particles were found to vary in value when the ionic strength of the solution was changed. The 

Ademtech Masterbeads showed a maximum hydrodynamic radius of 472 ± 9 nm for an ionic strength of 

1.5 *10-5 M. The hydrodynamic radius of Myone myoglobin increased from (599 ± 35) nm for an ionic 

strength of 3.9 *10 -5 M to a hydrodynamic radius of (677 ± 60) nm for an ionic strength of 7.7*10-7 M. 

The hydrodynamic radius of the Myone control particles increased from (572 ± 21) nm for an ionic 

strength of 3.9 *10 -5 M to a value of (628 ± 14) nm for an ionic strength of 7.7*10-7 M. These values 

were compared to the Debye length, and it was found that the Debye length varies more (from 186 nm 

to 1311 nm) as a function of the ionic strength than the hydrodynamic radius of the Myone control, 

Myone myoglobin particles and the Ademtech Masterbeads.  
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In order to see if the potential could be linked to the hydrodynamic radius of particles, zeta potentials of 

Myone myoglobin, Myone control, and non-functionalized Myone particles were measured. This was 

done using the M3-PALS technique. It was found that there was no difference in zeta potential between 

the three different types of Myone particles. It was also seen that all the zeta potentials increased in 

absolute value as the ionic strength decreases. Unfortunately the zeta potential measurements could 

not be done at the same ionic strength regime as the hydrodynamic radius measurements. However, a 

zeta potential that increases as the ionic strength decreases might be an indication that the Debye 

length increases faster than the hydrodynamic radius when ionic strength is decreased. This is because 

the zeta potential (which is the potential at the hydrodynamic radius) will then be closer to the potential 

value at the Debye length.  

The zeta potential measurements and the hydrodynamic radii measurements on the Ademtech 

Masterbeads, Myone myoglobin, and the Myone control particles then indicate that the Debye length is 

not suited to describe the hydrodynamic radius. Thus the potential of a micro particle does not solely 

determine size of the hydrodynamic radius. The charge of the particles might have an effect, because 

the functionalization procedure of the Myone particles showed an increase in hydrodynamic radius for 

both the Myone control, and the Myone myoglobin particles.  

It has also been shown in this thesis, that the success of the functionalization procedure for the 

Fluosphere microsphere can be checked by using Dynamic Light Scattering, because a difference 

between funtionalized and non-functionalized microspheres has been measured. This cannot be said for 

the functionalization procedure used for the Myones, because no difference could be measured 

between the Myone myoglobin, and the Myone control particles.  
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2. Introduction 
 

Nowadays it is common practice to fabricate particles with a radius in the range of micrometers. These 

particles can be coated, or functionalized, with different molecules to give them unique properties. It is 

not surprising that these particles are used in a wide variety of different applications. One example of 

these applications is the Biosensors. In a biosensor, micro particles are coated in such a way they can 

easily attach themselves to a biological component (i.e. nucleic acids, enzymes, antibodies), as shown in 

figure 1.1. The biological component is often referred to as a Biomarker. The micro particles, together 

with their bound Biomarker, are then directed to a surface (see figure 1.2). This surface is also prepared 

in such a way that the Biomarker can be bound to its surface, creating a so called immuno sandwich 

assay . Then the micro particles are directed away from the surface (figure 1.3). Only the immuno 

sandwich assyas will stay at the surface. If the number of immune sandwich assays can be measured, 

this is an indication of the concentration of the biological component.  

 

Figure 1: A micro particle is bound to a biological component (step 1). The biological component can then bind to a surface, 
creating the immune sandwich assay(step 2). If then by a force is acted on the micro particles (in this case a magnetic force), 
micro particles that are not bound via an immune sandwich assay will move away from this surface. Immune sandwich 
assays can now be counted, and are a measure of concentration of the biological component of interest. Figure: D.M.  Bruls, 
T.H. Evers et al. Rapid integrated biosensor for multiplexed immunoassays based on actuated magnetic nanoparticles. Lab 
Chip (2009) 9.  

In this thesis micro particles were coated with material that could also be used in biosensors. These 
materials were myoglobin, a protein, and anti-PSA, the antibody of the prostate specific antigen (PSA). 
Both myoglobin and PSA perform vital roles in the human body.  
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2.1 Myoglobin 

 

Figure 2: Structure of myoglobin. 4 Nitrogen atoms bind to the ion atom, creating a porphyrin ring.  Around the heme there 
are eight alpha helices. One of the other binding sites of the iron atom,  is used to bind the globin protein. At the last binding 
site of the iron atom oxygen can be bound. Picture: Wikimedia Commons, Public Domain. Author: AzaToth. 

Myoglobin is a protein found in muscles of most mammals, and binds oxygen. Myoglobin consists of a 

heme, which is an iron atom surrounded by a cyclic molecules of at least two different types of atoms. 

Around the heme are eight alpha helices (see figure 2). The total complex of myoglobin is about 3nm in 

size. Oxygen can bind to the iron atom, which is usually in the Fe2+ state. This oxymyoglobin can then 

store the oxygen, until muscle tissue is need of extra oxygen.  

Damaged muscle tissue releases high concentrations of myoglobin [1]. This makes myoglobin a potential 

marker for muscle diseases, for example heart failure.  
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2.2 Anti-PSA 

 

Figure 3: A typical antibody consists of two chains, the heavy chain and the light chain. The chains are connected with 
disulfide bonds to create a Y-shaped molecule. The ends of the arms are unique for each antibody, and they make up the 
antigen binding site. The antigen binding site is only receptive to a specific antigen. In the case of anti-PSA, the antigen 
binding site is receptive to PSA. Figure: Essential Cell Biology, 2/e. (2004 Garland Science) 

In a biosensor anti-PSA can be used to detect PSA.PSA is used in the male body to liquefy semen in order 

for sperm to swim freely. PSA can be found in substances such as breast milk and urine, but semen 

contains the highest concentrations by far. Therefore PSA is used to identify semen in forensic 

investigations, but also to detect prostate cancer [2].  

When men are healthy their serum will contain low levels of PSA. When men get prostate cancer, the 

prostate cells will decrease their PSA production. However, since the cancer cells grow very fast, more 

prostate cells are created, causing the PSA levels in the serum to rise. These elevated levels can be 

detected, and used as an indication for prostate cancer  

Anti-PSA is about 20 nm in size and has a Y-shape, which is a typical form for antibodies (see figure 3). 

The antibody consists of two chains, the heavy chain and the light chain. Both chains are kept together 

by disulfide bonds. At the end of both the arms of the molecule, where the light and heavy chain come 

close to each other, a binding spot for an antigen is created. In the case of anti-PSA, this will be a binding 

spot for the PSA antigen. The ends of the light and heavy chain are the parts that are different for each 

antibody. Thus the capacity to bind PSA antigens is specific for the anti-PSA molecule. 
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2.3 Hydrodynamic radius 
 

When a particle (i.e. in a biosensor) is dispersed in a solution it almost always gains a net surface charge. 

Effects that cause this might be the ionization of surface groups, or the adsorption of ions. Due to this 

surface charge oppositely charged ions from the solution are attracted, and these ions will surround the 

particle (figure 4). 

 

Figure 4: A particle is suspended in a solution containing ions, and gains a surface charge (negatively in this picture). The 
possitive ions from the solution are attracted to the particle and form a so called double layer The potential at the slipping 
plane is called the zeta potential (see section 2.5).  Picture: Malvern instruments. 

 When the particle moves (i.e. due to Brownian motion), the layer of ions will move along with it. Ions 

directly attached to the particle form the so called Stern layer (see figure 4). The ions that are not 

attached directly to the particle, but still move along with the particle form the Diffuse layer (see figure 

4).  Both layers of ions are usually referred to as the double layer, and the boundary of the double layer 

is called the slipping plane.  

Because the double layer will follow the particle this means that, in effect, the size of the particle has 

increased. The movement of the particle through the solution is determined by the new particle size, 

and its corresponding new diffusion coefficient. 
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For solutions with a low Reynolds number, the diffusion coefficient D of a particle can be related to the 

so called hydrodynamic radius, via the Stokes-Einstein equation [3]: 

  

    
   

     
 (2.1) 

With kB the Boltzmann-constant, T the absolute temperature, and η the viscosity of the medium through 

which the particle moves and RH the hydrodynamic radius.  

The hydrodynamic radius of a particle is defined as the radius of a sphere that diffuses though a solution 

at the same rate as the particle (figure 5). For a spherical particle the hydrodynamic radius will be the 

distance to the slipping plane.  

 

Figure 5: The hydrodynamic radius of a positively charged particle in a solution. The hydrodynamic radius of a particle is 
defined as the radius of a sphere with the same diffusion coefficient as the particle.  Figure: Corduan Technologies. 

In aqueous solutions containing micro particles flow is typically laminar (low Reynolds number), and 

using equation (2.1), hydrodynamic radii can be calculated from the diffusion coefficients. It is important 

to note that the hydrodynamic radius of a particle is not the same as the physical radius of the particle. 

The hydrodynamic radius does depend on the physical size of the particle, but also on the width of the 

double layer surrounding the particle.  

To gain more understanding of the hydrodynamic radius, more understanding of the width of the layer 

of ions should be gained. The Debye length might be used to characterize the width of the double layer. 

2.4 The Debye length 
 

The Debye length is used to characterize the potential of a particle dispersed in a solution containing 

ions. The way the potential changes as a function of the distance to the particle is influenced by the 

oppositely charged ions. In case of radial symmetry it can be shown that the potential Φ for a charged 

particle in a solution containing ions satisfies the following equation [4]  
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      (2.2)  

Here r is the distance to the charged particle, ci is the concentration (in ions per cubic meter) of ion i 

with a charge of zi, kB is the Boltzmann constant, T is the absolute temperature, and ε is defined as: 

          (2.3) 

With ε0 the permittivity of free space and εr the permittivity of the medium.  

 λD is known as the Debye length: 

     
    

       
 

 
 

 
  

  (2.4) 

The solution of differential equation (2.2) is a sum of two exponents 

     
 

     
 

 

     (2.5) 

Boundary conditions state that the potential should become zero at infinite distance from the particle, 

thus A = 0. At the boundary of the charged particle the potential is determined by the charge 

configuration of the particle itself. If this potential is given the symbol V0, (2.5) becomes. 

      
  

  
  (2.6) 

The Debye length then, is a characteristic length for the potential of a charged particle in solution 

containing ions. From equation (2.4) it can be seen that as the ionic strength of a solution decreases, the 

Debye length will increase. This can be explained by the fact that more volume of solution is needed to 

screen off the charge of the particle. 

2.5 External factors effects on the hydrodynamic radius 
 

If the Debye length depends on the ionic strength, this could means that ionic strength also influences 

the hydrodynamic radius of micro particles. It has been shown that hydrodynamic radii of 

polysaccharides [5], copolymer micro particles [6], and polystyrene particles [7] increase as the ionic 

strength decreases. This does not apply to all particles however, for it was seen in [5] that the ionic 

strength did not have a significant effect on the hydrodynamic radius of Sodium alginate. In this 

particular case, Sodium Alginate was already treated with Sodium, and it is argued that the structure of 

Sodium Alginate is the reason why the hydrodynamic radius did not change as a function of the ionic 

strength. Also, the pH [5], [6], [7] of the solution where the particles are suspended in had an effect on the 

hydrodynamic radius. Depending on pH, molecules at the surface of the micro particle can absorb 

negatively or positively charged ions. This will affect the surface charge of the micro particle, and thus 

the double layer. 
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Finally it was shown in [8] that S. Mitis with fibrils larger than 500 nm on its surface has a hydrodynamic 

radius that does increase with decreasing ionic strength. However, bald particles such as E. Coli did not 

have a hydrodynamic radius that increased with decreasing ionic strength. This shows that surface 

structure has an effect on the behaviour of the hydrodynamic radius. This means that when particles are 

coated in order to give them unique properties to be used in biosensors, the hydrodynamic size might 

change, causing different diffusion properties. 

2.6 Goal 
 

The goal of this study is to examine the effects of a functionalization process on the hydrodynamic 

radius of particles. If a clear effect of the functionalization process on the hydrodynamic radius can be 

measured, this could be used to discriminate non-functionalized particles from functionalized ones. This 

way, using the hydrodynamic radius, it can be checked if a functionalization process was successful.  

As described in section 2.4 the Debye length is used to characterize the potential of a particle in a 

solution containing ions. This might possibly also be a good measure for the width of the double layer 

surrounding a particle dispersed in a solution. To check this hypothesis Debye lengths were calculated 

using equation (2.4), and compared to hydrodynamic radii of the particles. This was done at different 

ionic strengths, to see if the hydrodynamic radius depends on the ionic strength in the same way as the 

Debye length does. 

Too see if the potential of a particle with a double layer can also be described using the Debye length, 

zeta potentials are measured. Zeta potential is defined as the potential at the boundary of the double 

layer (slipping plane, see figure 4). The effect of ionic strength on zeta potential is also measured, to see 

if this could also be explained by the Debye length.   

Measurements of hydrodynamic radii were made using the Dynamic light scattering technique (DLS). 

The particles were first tested for their suitability for DLS, and concentrations were adjusted to get the 

best results. Then hydrodynamic radii of micro particles with different surface molecules were measured 

as a function of ionic strength.   

Zeta potentials were measured using technique called M3-PALS. Zeta potentials are also measured at 

different ionic strengths. 

Both methods will be explained in the next section. 
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3. Methods  
 

3.1 Size measurements 

3.1.1 Dynamic Light Scattering 

 

Dynamic Light Scattering (DLS), also known as Photon Correlation Spectroscopy or Quasi-Elastic Light 

Scattering, is a technique that can be used to identify the hydrodynamic radius of particles [5],[6],[7], [8]. This 

is done by measuring the diffusion coefficient and linking this to a hydrodynamic radius using the 

Stokes-Einstein equation (2.1). 

 

 

Figure 6: Set-up of a DLS experiment. A laser is focused on a sample which will scatter light. A photon detector will collect 
this scattered light. The intensity of light on the detector will fluctuate due to particle motion, and a correlator is used to 
make a correlation function of the signals. 

In DLS a laser is focused on an area of the fluid containing the particles that are of interest (see figure 6). 

For small particles compared to the wavelength of the laser Rayleigh [9] scattering will occur. For particles 

about the size of the wavelength of the laser MIE [10] scattering will occur. Because not all the particles 

have the same distance to the measuring instrument, their light will not necessarily reach it with the 

same phase. When the light is in phase (figure 7.A), a high intensity will be measured, which is a light 

spot.  When the light is in anti-phase (figure 7.B) a dark spot will appear, because of destructive 

interference. Because a lot of particles are measured at the same time, a speckle pattern will arise 

(figure 8). 
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Figure 7:  Light is scattered from particles, but since they might not have the same distance to the photon detector the light 
might not reach the screen in phase. In figure 7.A the light arrives in phase, in 7.B it arrives in anti-phase. Picture: Malvern 
instruments. 

 

Figure 8: Speckle pattern that arises due to constructive and destructive interference of scattered light. Picture: A.L. Narayan 
(Medicalphysicsweb april 2007). 

Because the particles have thermal energy, they undergo Brownian motion. This will result in a speckle 

pattern that changes over time.  

In DLS the goal is to measure the diffusion coefficients. Brownian motion is determined by the diffusion 

coefficient. So, in order to gain information about the diffusion coefficient of the particles speckle 

patterns are compared to speckle patterns from an earlier time. This is done by a correlator, which 

constructs an auto correlation function (ACF). At small time intervals the correlation will be high, 

because the particles will not have had enough time to move over a large distance. The correlation 

function will eventually decrease to zero, because the Brownian motion is a random motion. 

When particles move fast under the influence of Brownian motion, their correlation function will 

decrease faster than slower moving particles, because the speckle pattern changes faster. By the 

Einstein-Stokes relation (2.1) it can be seen that smaller radii lead to higher diffusion coefficients, so 

smaller particles show a stronger decline in the ACF.  This can be seen in figure 9 which shows two 

typical correlation functions for two different particle sizes measured by DLS. The shape of the function 

will be explained below.  
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Figure 9: Two typical autocorrelation curves for smaller and larger particles. Picture: Nano discovery Inc. 

 The correlator will measure the intensity of the scattered light, and the normalized intensity ACF is 

described by the following equation: 

        
            

       
  (3.1.1) 

Here τ is the time delay between the samples, and the angle brackets denote the time average. Via the 

Siegert relation [11] this can also be written in terms of the first-order correlation function g1(τ): 

                   
   (3.1.2) 

 

If all the particles in the solution have the same size (monodisperse), then the first order correlation 

function g1 will be a single exponential decay [12] 

                (3.1.3) 

 

Γ is given by the following formula: 

         (3.1.4) 

Where D is the translational diffusion coefficient and q the length of the scattering vector, defined by 

the following formula: 

  

   
   

  
          (3.1.5) 

With n the refractive index of the medium, λ0 the wavelength of the laser and θ the scattering angle.  

The correlator will not measure a normalised function, and the correlation function made by the 

correlator is given by equation (3.1.6):  

                   
  . (3.1.6) 
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Here B is a parameter of the measurement instrument, and A is the signal which is measured after a 

long time delay. This will be equal to the average intensity squared: <I>2. When no time has passed, it 

follows from (3.1.1.) that the normalized correlation function is equal to 1. However, the unnormalized 

correlation, which is the correlation function that is actually measured, will be the average squared 

intensity: <I2>. This is the y-intercept. These parameters are used to assess the quality of DLS 

measurements, as will be shown in section 3.3. Usually the correlation function is plotted linearly 

against a logarithmic time scale, and a typical result for a measured correlation function is shown in 

figure 9. 

 

Figure 10: Typical correlation function curve for a DLS measurement. Picture: Nano composix. 

 

If the solution is not monodisperse, and there are particles with different sizes present in the solution, 

the first-order correlation function g1(τ) will be a sum or distribution over the correlation functions of 

the different sized particles  

                   

 
    (3.1.7) 

With W(Γ) a factor, which satisfies the following equation: 

      
 

 
      (3.1.8) 

Using (3.1.6) a fit can be made for the data from which the translational diffusion coefficient can be 

determined. In this thesis this is done using the cumulants method [13]. 
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3.1.2 The methods of cumulants 

 

In the cumulants method the baseline A determined by the measurement instrument is used to examine 

following equation: 

                                                (3.1.9)  

Here, equation (3.1.6) was used as the correlation function G2.    

The next step is to linearize the first order correlation function g1(τ)  in equation (3.1.9). This is done 

using a Taylor expansion about τ = 0.  

                          
  

  
   

  

  
   

  

  
    (3.1.10)  

K(-τ; Γ) is called the cumulant-generating function, and km s the mth cumulant. The mth cumulant is 

defined as the mth derivative of K(-τ; Γ): 

           
 

                      (3.1.11) 

 

The first two cumulants are given here: 

               
 

 
   (3.1.12) 

           

       

With: 

              . (3.1.13) 

The second cumulant k2 is an indication for the width of the distribution, or the difference in particle 

sizes and when it is normalized by (k1)
2 it is called the Poly dispersity index (PDI). From the first cumulant 

the diffusion coefficient can be calculated using (3.1.4). 

     
   

     (3.1.14) 
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3.1.3 Z-average 

 

Using equation (2.1), the average diffusion coefficient from (3.1.14) can be linked to the average 

hydrodynamic radius of the particles. 

       
   

      
 (3.1.15) 

 Because DLS is measuring the intensity of scattered light, the calculated distribution of particle 

diffusions coefficients is an intensity weighted distribution. This will mean that the averages in (3.1.14) 

are intensity averaged values. The average of the hydrodynamic radii will therefore also be an intensity 

averaged value. Using the intensity weighted averaging is called the z-average, and is defined in 

equation (3.1.16). 

      
       

   
  (3.1.16) 

Here Si is the intensity of the scattered light by particle i and RH,i the hydrodynamic radius of particle i. If 

the particles are small enough for Rayleigh scattering, then Si will increase with the sixth power of the 

radius of the particles (Ri
6)[9]. This means that the z-average value is more sensitive for bigger particles 

than for smaller particles.  

This effect especially plays a significant role when there are particles with two or more different sizes in 

the sample. Consider, for example, a sample contains equal amounts of particles with radii of 5 nm and 

50 nm (see figure 11, left graph). Due to the R6 relation of intensity and radius, the intensity of the 

scattered light from the particles with a radius of 50 nm will be a million times more than the intensity 

of the scattered light from particles with a radius of 5 nm (see figure 11, right graph).  

Figure 11: Left: the distribution using the regular (number weighted) averaging of a sample containing equal amount of 
particles with a radius of 5 nm and 50 nm. The peaks two are both of the same height, because there are equal amounts of 
both particle sizes. Right: the same sample, but now with an intensity distribution. Because the intensity of the scattered 
light from the larger particles will be  a million times more than that of the smaller particles. because of the R

6
 dependency 

of intensity to the radius, the intensity weighted distribution shows a peak for the 50 nm particles that is a million times 
higher than the peak of the 5 nm particles.  
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DLS will be more sensitive to the bigger particles, and this makes it difficult to get an idea of the actual 

size distribution of the particles. Only when all particles have the same size, is the z-average equal to the 

actual particle size. However, the z-average hydrodynamic radius is often used in DLS, because it follows 

directly from the cumulants method. 

3.2 Zeta potential 
 

In zeta potential measurements an external electric field is applied to a solution containing suspended 

particles. Because the surfaces of the particles are charged, by applying an electric field, a force is acted 

upon the particles. The strength and direction of this force is dependent on the potential on the slipping 

plane of the particles, the zeta potential, which is described in section 2.6. The movement of a charged 

particle in a fluid due to the electric field, called electrophoresis, was used to determine the zeta 

potential. 

Electrophoresis 

When charged particles are suspended in a liquid, these particles will experience a force when an 

electric field is applied. Under influence of this force the particles will move to the electrode of the 

opposite charge. Due to viscosity they experience a drag countering this force, and when equilibrium is 

reached they move at a constant velocity. This velocity depends on the zeta potential. When the velocity 

is known the zeta potential can be calculated using the Henry equation, which is: 

    
   

        
 (3.2.1) 

In (3.2.1) v is the velocity of the particles, E the electric field, η is the viscosity of the fluid where the 

particles are dispersed in and ε is the dielectric constant of the fluid. f(Ka) is the symbol for Henry’s 

function. When using aqueous media Henry’s function can be approximated by 1.5 [12]. This is known as 

the Smoluchowski approximation, and this can be used when particles are larger than about 0.2 

micrometers, and when the electrolyte contains more than 10-3 molar of salt [15]. 

For small particles dispersed in media with a low dielectric constant Henry’s function can be 

approximated by the Huckel approximation, which states the function to be 1.0 [14]. 

In this thesis the Smoluchowsky approximation has been used. 

 

 

 

 

 



(August 2012) The effect of ionic strength on hydrodynamic radius for different micro particle surfaces 

 

20 
 

Electroosmosis 

 

Figure 12: Electroosmosis in a closed sample holder. Ions are attracted to the sample holder, because it has a charged surface. 
When an electric field is applied the attracted ions will move to the electrode of opposite charge. Because the sample holder 
is closed, and the fluid has nowhere else to go a flow in opposite direction of the flow of the charged ions is induced.  

Typically the sample holder, usually a cuvette, also has a charged surface, in the same way the particles 

have. This will mean that there will be a layer of ions of opposite charge attracted to the surface of the 

sample holder (see figure 12). When an electric field is applied, these ions will also move to the 

electrode of opposite charge. This causes the fluid to flow alongside the walls of the cuvette. In a closed 

cuvette, the flow alongside the walls will induce a flow of opposite direction through the centre of the 

cuvette (see figure 12). 

When applying an electric field on a sample both electroosmosis and electrophoresis will occur. 

Therefore, when measuring the particles velocity at an arbitrary position, this is a combination of 

electroosmosis and electrophoresis.  

The zeta potential was determined by measuring the electrophoretic mobility of particles in a solution. 

This was done by applying an external electric field and measuring the velocity of the particles. The 

velocities were measured by use of the M3-PALS technique. M3 stand for Mixed Mode Measurement, 

and refers to a special switching of the applied electric field. PALS stands for Phase Analysis Light 

Scattering. In M3-PALS, the Mixed Mode Measurement technique and PALS are combined to measure 

zeta potentials.  
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3.2.1 Phase Analysis Light Scattering 

 

 

Figure 13: Setup for LDV. Picture: Zetasizer manual [11]. 

In PALS, Laser Doppler Velocimetry (LDV) is used to determine the velocity of the charged particles.  

In LDV a laser beam is first split in two separate beams (see figure 13). One of the beams will be 

focussed on the point of interest inside the medium. If there is a particle in the focus of the beam, 

scattering will occur. This scattered light is then combined with the original laser beam. Due to the 

movement of the particles inside the medium the intensity of this combined laser beam will fluctuate, 

with the frequency of the fluctuation being proportional to the particle’s velocity. Rather than using the 

intensity the phase shift is analyzed. When a particle scatters light the phase is shifted in proportion to 

the particle’s velocity. PALS will determine the velocity of the particles from this phase shift. The phase 

shift is used, because the forms of phase shifts of effects other than electrophoresis, i.e. thermal heating, 

are known and can be separated from the signal.  

To determine the sign of the zeta potential, the phase of one of the laser beams is modulated by an 

oscillating mirror. When the light hits a particle the phase shift of the particle will add to this self applied 

phase shift. This way, the direction of particle movement and thus the sign of zeta potential could be 

determined.  
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3.2.2 Mixed Mode Measurement 

 

 

Figure 14: The M3 technique. First the electric field is reversed fast to measure the electrophoresis effects without 
electroosmosis effects. Then the electric field is reversed in a slower fashion. Because of the slow field removal the 
distribution of zeta potentials can be determined. However, the results are a mixture of electrophoresis and electroosmosis 
effects and the signal is shifted. When the two results are subtracted, the effects of electroosmosis are undone, and an 
accurate measurement of electrophoresis is made. Picture Malvern instruments. 

In the M3 technique a special switching of the electric field is used. First the electric field is changed in 

orientation rapidly, and after a while in a more slow fashion. The fast reversal of the electric field is done 

at such a frequency that the particles can still reach their terminal velocity, but electroosmosis is not yet 

significant. However, since the velocity of the particles is measured for only a small time, information 

about the distribution of zeta potentials is degraded (see figure 14).  

After the fast reversal of the electric field the field is reversed in a more slowly fashion. Now the charged 

particles in the sample will move for a longer time, and differences in velocities between particles can be 

measured. This gives information about the distribution of zeta potentials of the particles in the sample 

(see figure 14). When the measurement results of the fast field reversal are subtracted from the results 

of the slow field reversal, the effect of electroosmosis is filtered out. The final result is an accurate 

determination of the effects only due to electrophoresis (figure 14). 
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3.3 Particle preparation 
 

The particles that were functionalized are the Myone particles and the fluorescent beads from 

Fluosphere. The whole procedure is explained step-by-step in the appendix; however a short overview is 

given here. 

3.3.1 Functionalizing the Myone particles 

 

The Myone particles are supplied with a coating of carboxylic acid groups. These groups were activated 

using EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide) and NHS (N-Hydroxysuccinimide) (see figure 

15) 

  

Figure 15: Procces of functionlization using NHS and EDC to activate the carboxylate groups on the Myone particles.Picture 
Pierce Biotechnology Inc. 

In the first step EDC attaches to the carboxylic groups at the surface of the Myone particles (see most 

left chemical reaction in figure 15). This forms a (O-acylisourea) intermediate, which can already form a 

stable amine bond (figure 15, uppermost branch). However, the intermediate is unstable in aqueous 

solutions, and therefore NHS is also added. The NHS will convert the intermediate to an amine-active 

NHS-ester (figure 15, lower branch). This configuration is more stable. In the next step (figure 15, most 

bottom right) a molecule (numbered as (2) in figure 15) with an amine group somewhere on its surface 

is added. This molecule will replace the NHS-ester, and is then bound to the Myone particles via a stable 

amine-bond.  
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For one group of the Myone particles myoglobin was bound to the particles. The control group Myone 

control underwent the same procedure, but no myoglobin was added. As a final step ethanolamine in 

functionalization protocol was added, which binds to activated carboxyls where no coating is yet present 

(see figure 16), and effectively blocks these spots [16]. 

 

 

Figure 16: The last steps of the functionalization process. Spots were no myoglobin has been attached yet, are blocked by 
ethanolamine. Figure from [16]. 

The result is that the Myone myoglobin should have a surface of myoglobin, with some spots blocked by 

ethanolamine. The Myone control group should have a surface as indicated by the lower figure in figure 

16.  

3.3.2 Functionalizing the fluorescent particles 

 

The fluorescent particles from FluoSphere were combined with solutions containing biotinylated anti-

PSA antibodies and BSA (Bovine serum albumin). The particle had a Neutravidin coating when in the 

stock solution, which has a strong affinity with biotin. The biotinylated anti-PSA antibodies could 

therefore easily bind to Neutravidin (see figure 17). BSA is added to decrease non-specific binding at the 

sites where no antibodies are attached.  

 

Figure 17: Neutravidin (yellow) binds well to biotin (blue). When antibodies are biotinylated, they are bound to Neutravidin 
via the biotin. 
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3.3.3 Suspending and washing particles 

 

The Myone and Ademtech Masterbeads are superparamagnetic particles and can be washed 

magnetically. When a solution containing these particles is placed close to a magnet the particles will 

group near the magnet. The fluid can then easily be removed by a pipette, resulting in a negligible loss 

of particles during the washing steps. Washing steps were repeated three times, because there was 

always some leftover fluid.   

The fluorescent particles used were not magnetic. In order to wash these particles the particles were 

centrifuged for at least 4 minutes at 13400 rpm until a clear pellet of particles could be seen. The fluid 

was then removed using a pipette. These steps were repeated two more times. Due to the centrifuging 

large clusters of particles were formed. It was found that putting the particles in a sonication bath 

(Branson 1510 sonication bath operating at 40 kHz) was not sufficient to destroy these clusters, 

therefore a sonication finger (ultrasonic processor (UIS250L) and sonotrode (LS24d3) from Hielscher 

ultrasound technologies) were used. The particles were mixed for 0.6 seconds at 60% of the amplitude 

for a total of three times.  

After each washing step (either magnetically or with the centrifuge) the suspension of particles was 

made uniformly again. Using a lab vortexer to do this seemed to result in PDI values >0.300, indicating a 

wide distribution of particle size. The particle should be monodisperse, thus using the vortexer was 

considered bad for measurement quality. Therefore particles were mixed using a pipette by taking the 

fluid and releasing it back in to the container. This was done until there were was no sediment left to be 

seen.  

3.4 Determining the quality of the measurements  
 

3.4.1 Size Merit 

In order to ensure the quality of the measurements, the concentration of particles in the sample should 

not be too high or too low. As the particle concentrations get higher, the possibility of scattered laser 

light encountering another particle increases. The laser light is then scattered multiple times. When the 

multiple scattered laser light finally reaches the detector, the size of particles cannot be determined 

correctly anymore. For particle concentrations that are too low, the ratio between scattered laser light 

and noise signals is too low. This will result in a large deviation in the measured particle size.  

The quality of DLS measurements was examined for four of the types of beads. As a measure of 

suitability the Size Merit of the measurements was used.  The Size Merit is a representative for the 

signal to noise ratio and defined by the following formula: 

             
             

          
         (3.5.1) 



(August 2012) The effect of ionic strength on hydrodynamic radius for different micro particle surfaces 

 

26 
 

In this formula the Y-intercept is the intercept of the autocorrelation function with the Y axis, which is 

equal to <I2>, the measurement at zero measurement time, and the Baseline the measurement at 

infinite time, which is <I>2, as can be seen in figure 10 in section 3.1.1  

Size Merit values should not exceed the 100 value, because this indicates the presence of large 

contaminants, and values <50 are usually regarded to be a cause of too low particle concentrations [17]. 

Figure 18.A shows a normalized correlation function with a Size Merit of 47.2. Fluctuations due to noise 

can be easily seen. Also the Y-intercept is low (0.5). This means that at zero delay time the correlation of 

the speckle patterns was only 0.5, whereas it should be close to 1. This difference can also be explained 

due to a noisy signal. It can also be seen that the shape of the function differs from that of an 

exponential decay, which is shown in figure 10. Figure 18.B shows a correlation function that has a Size 

Merit of 77.5. The Y-intercept of 18.B is 0.8, and there is much less noise over the signal.  

The Size Merit is a good indication for the quality of the DLS measurement. In this thesis Size Merit 

values of 70 and higher were considered to give reliable results. 

A. 

 

B. 

 

Figure 18: Two correlation functions measured for a Spherotech bead with a radius of 430 nm (for extra specifications see 
section 4.2). The right measurement (18.B) was done at a particle concentration of 2.8*10

10
 particles/μL and has merit value 

of 77.5. The left (18.A) measurement has a Size Merit value of 47.2, and was made at a particle concentration of 2.9*10
8 

particles/μL. The noise can clearly be seen on the left signal, and the correlation function differs a lot from an exponential 
decay (as shown in figure 10). The right correlation function shows a less noisy signal. Besides that, the Y-intercept of the 
right correlation function is at a higher value (0.8 compared to 0.5 for the left correlation function).   

3.4.2 Polydispersity index 

 

Besides Size Merit, polydispersity indices also give an indication about the quality of the sample, since 
the assumption was made that all samples should be monodisperse. Figure 19 shows two graphs with 
different PDI values. Figure 19.A shows a distribution of hydrodynamic radii for a measurement with a 
PDI of 0.053. Figure 19.B shows a distribution in hydrodynamic radii for a measurement with a PDI of 
0.383. The measurements were both preformed with the same ionic strength (3.3*10-6 M). During this 
thesis, measurements with a PDI higher than 0.300 were considered to be of bad quality.   
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A. 

B.  

 

  

 

Figure 19: Figure 19.A (top) and 19.B (bottom) show size distributions by intensity for measurements on the 
Neutravidin coated microspheres from Fluospheres (specifications in section 4.2). Both measurements were 
done at the same ionic strength of 3.3*10

-6
 M.  19.A is made from a measurement with a PDI of 0.053 and 

19.B is from a measurement with a PDI of 0.383. The distribution in hydrodynamic radii is a lot bigger in figure 
19.B. Also at 19.B there are two peaks to be seen. All the particles should be monodisperse however, so the 
measurement for 19.B was considered to have failed. PDI values <0.300 seemed to give reliable results.    
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4. Materials and equipment 
 

A brief overview of the particles and equipment used in this thesis is shown below. 

4.1 The Zetasizer Nano 
 

For performing the DLS and zeta potential measurements a Zetasizer Nano ZS was used. The laser was a 

HeNe type laser with a wavelength of 632.8nm. Diameters in the range of 0.3 nm – 10 microns can be 

measured by this instrument.  

For the size measurements the dispersed particles were inserted in a micro cuvette from Malvern 

instruments (ZEN0040). For the zeta potential measurements a high concentration zeta potential cell 

(ZEN1010) was used. This high concentration cell could be used multiple times, and was cleaned by 

pumping purified water through the cell with a syringe.  

In the DLS measurements the Zetasizer measures the light intensity at an angle of 175 degrees with 

respect to the incoming light. This is done because at this angle there is a relatively high intensity for 

almost all particles [9]. Furthermore, from MIE-scattering theory it is known that large particle tend to 

scatter in a forward direction [10]. Large dust particles will therefore not have a large effect on the quality 

of the measurement.  

4.2 The beads 
 

The beads used in this experiment were the 506 nm radius Myone beads, 430 radius nm and 1575 nm 

radius Spherotech beads (CAT PGP-08-5 and CAT PGP-30-5 respectively) and 260 nm radius Ademtech 

Masterbeads. The Myone and Ademtech Masterbeads are polystyrene particles with a carboxylic acid 

group coating, and the Spherotech beads were polystyrene particles coated with Protein G. All these 

beads are superparamagnetic. 

A smaller type of particles has also been used. These were the Neutravidin labeled microspheres from 

Fluospheres. The microspheres had a nominal radius of 0.1 μm and are made from ultra clean 

polystyrene and labeled with Neutravidin. The Fluospheres are not magnetic.  
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4.3 The buffer solution 
 

As a solution a Phosphate buffered saline (PBS) pH 7.4 has been used, because this resembles the 

conditions of human blood.  PBS is a mixture of a phosphate buffer, potassium chloride, and sodium 

chloride. One tablet of PBS, purchased from Sigma, was dissolved in 44 ml of water purified by a 

Milipore Simplicity 185 filtering system. One tablet of PBS dissolved in 200 ml of deionized water yields 

0.01M Phosphate buffer [Na2HPO4], 0.0027 M Potassium Chloride [KCl] and 0.137 M Sodium Chloride 

[NaCl]. This means that when dissolving a single tablet in 44 ml of deionized water the concentrations 

are 0.045 M for the Phosphate buffer, 0.0123 M for the Potassium Chloride, and 0.623 M for Sodium 

Chloride. The Phosphate buffer was Na2HPO4. 

 

To determine the ionic strength I the following equation is used: 

    
       

    (4.1) 

 

Here ci is the concentration of the ion type i, and zi its charge. The charge of Potassium is +1, that of 

Chloride -1, that of Sodium is +1, and that of Phosphate is -2.This results in a ionic strength of 0.77M. 

This PBS was filtered using a Anotop 25 0.1μm filter. This PBS was then diluted with purified water to get 

the desired ionic strength.  

4.4 Particle concentrations 
 

For the determination of z-average radius it was not known what range of ionic strengths and particle 

concentrations give reliable results for these particles. This was tested using the Size Merit as a quality 

indicator. The results will be discussed in section 5.1. 

It has been shown that for the zeta potential measurements of Myone particles only deliver reliable 

results for ionic strengths in the range of 15 to 50 mM[18]. However it was found in this thesis that an 

ionic strength of 154 mM still delivered reliable results. Measurements with ionic strengths higher than 

154 mM, or lower than 15 mM could not be reproduced, so the ionic strength range used was 15 mM to 

154 mM. According to [18] Myone particle concentrations had to be higher than 2*103 particles/μL. This 

condition was met in this experiment. 

4.5 Coatings 
 

As coating materials myoglobin and anti-PSA were used.  
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The length of myoglobin is 153 amino acids long. This results in a diameter of only 2.5 nm. Myoglobin 

was purchased from CalBiochem.  

Anti-PSA was purchased from Fujirebio, with a density of approximately 1 μg/mL. The antibodies were 

biotinylated, and have a size of about 20 nm. 
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5. Results and discussion 
 

5.1 Suitability of the different beads 
 

Different beads were tested for their suitability for DLS. Concentrations levels of these beads were also 

changed in order to get the best results possible. The particles that were tested are the Myone particles, 

Ademtech Masterbeads, and two types of Spherotech particles: with 430 nm and 1575 nm as particle 

radius. 
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Graph 1: left: the merit values for the Myone particles and Ademtech 
Masterbeads as a function of particle concentration. It can clearly be seen 
that there is a maximum value for the merit in this concentration range. 
Lines have been drawn through the measurement points to guide the 
eye. 
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Graph 2: Merit values for both types of Spherotech particles as a function 
of particle concentration. It can be seen that the merit decreases as the 
ionic strength decreases, and that the merit values never exceed those of 
the Myone or the Masterbeads particles. Lines have been drawn through 
the measurement points to guide the eye. 

 

As can be seen in graph 1 and 2, the merit of all the particles does not exceed the 100 value limit in this 

range of particle concentration. Furthermore, from graph 2 it can be seen that the Size Merit of both the 

Spherotech particles is lower than that of the Myone or Masterbeads (graph 1) at almost all particle 

concentration levels that were measured. This indicates that the Spherotech particles are not as well 

suited for DLS as the Masterbeads or the Myone beads. 

It can clearly be seen that for a particle concentration of 4.5*108 particles/μL the Ademtech 

Masterbeads reach a maximum Size Merit value of 88. The maximum value in Size Merit for the Myone 

particles is 80 for a particle concentration of 7*107 particles/μL.  

When the concentration is lower than these values the intensity of the scattered light was low, resulting 

in a signal to noise ratio which is too low for accurately determining particle size. Size Merit for 
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Ademtech Masterbeads decreased to 62 for a particle concentration of 3.3*107 particles/μL. The Size 

Merit for Myone particles was as low as 34 for a particle concentration of 7*105 particles/μL.  

 At higher concentrations the laser light will be scattered several times before reaching the photon 

detector. This makes it impossible to determine the particle sizes. If the density is too high particle-

particle interactions may also occur. These are neglected by the DLS software and will give incorrect 

particle sizes.  

Increasing particle concentrations of Ademtech Masterbeads more than 4.5*108 particles/μL lead to a 

Size Merit value of 62 at a particle concentration of 1.4*1010 particles/μL. At a particle concentrations of 

7*108 particles/μL a Size Merit of 48 was seen for the Myone particles.  

The lowest Size Merit for the 430 nm radius Spherotech particles was 10 at a particle concentration of 

3.7*107  particles/μL. The highest measured Size Merit for these particles was 77 at a particle 

concentration of 2.8*1010 particles/μL.   

For the 1575 nm radius Spherotech particles, the lowest Size Merit measured was 7 at a particle 

concentration of 6.4*106 particles/μL. The highest Size Merit measured for these particles was 71 at a 

particle concentration of 6.4*1010. For both the sizes of the Spherotech particles, the upper 

concentration is apparently not yet reached, however the concentration could not be increased any 

more for practical reasons.  

 

5.2 Different ionic strength 
 

For the following experiment only the Myone and Masterbeads were used. The concentration for the 

Myone particles was 0.1 mg/mL (≈7*107 particles/ml) and for the Masterbeads a concentration of 4.26 

μg/mL (≈1.36*109 particles/mL) was used. This ensures measurement quality, because these 

concentrations were shown to give the highest Size Merit (see graph 1). 

Hydrodynamic radii of both particles were measured as a function of ionic strength to investigate its 

behaviour. 
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Graph 3: The hydrodynamic radius as a function of the ionic strength for the Myone (red circle) and Ademtech Masterbeads 
(black square) particles. Each data point consists of at least 3 runs, and each run consists of about 7-14 actual measurements. 
These measurements were averaged and the error bars are determined by calculating the standard deviation between the 
runs.   

It can clearly be seen that the hydrodynamic radius of the Ademtech Masterbeads varies more than the 

hydrodynamic radius of the Myone particles. When the ionic strength is about 7.7*10-5 M the 

Masterbeads start to show a steep increase in hydrodynamic radius. The hydrodynamic radius of the 

Masterbeads reaches a maximum of (472 ± 9) nm for an ionic strength of 1.5 *10-5 M. After this 

maximum the hydrodynamic radius shrank to (219 ± 19) nm for an ionic strength of 1.9*10-6 M. 

This effect cannot be seen with the Myone particles, where the hydrodynamic radius showed no 

significant decrease or increase. The average hydrodynamic radius of the Myone particles is (540 ± 52) 

nm.  

In [8], it was found that that the hydrodynamic radii of S. Mitis BA increased as the ionic strength 

decreased from 40 mM to 10mM. The increase of hydrodynamic radius depended on the pH, but a 

maximum increase of 200 nm has been seen. This behaviour has not been seen for the S. Salivarius HB, 

and S. Salivarius HBC12, and A. Calcoaceticus RAG-1 particles. S. Mitis has large fibrils of approximately 

500 nm on its surface, whereas the fibrils of S.Salivarius HB are 178, 91, and 72 nm long. S. Salivarius 

HBC12 does not have fibrils at all and A. Calcoaceticus RAG-1 has fibrils of lengths up to 180 nm.    

The results of [8] would suggest that the Myone particles and Masterbeads have different surface 

structures. However, both particles are coated by carboxylic groups, so the Myone particles and the 

Masterbeads should have the same surface structures.   

The increase in z-average radius of the Masterbeads might be explained by an increase in the Debye 

screening length. As the ion concentration in the solution decreases the volume of solution needed to 
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effectively screen the surface charge of the particle increases. This volume will be carried along as the 

Masterbead moves through the fluid, thereby increasing its hydrodynamic radius.  

To see if the change in Debye length is indeed related to the change in the hydrodynamic radius of the 

Masterbeads, the values of the Debye length are plotted in the same graph as the hydrodynamic radius 

of the Masterbeads. The result is graph 4. 
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Graph 4: The hydrodynamic radius of the Ademtech Masterbeads (black squares) and the Debye length (blue triangle) as a 
function of the ionic strength. Debye lengths were calculated using equation (2.4), with ε = 80 (for water), and T = 295K.  

At an ionic strength of 7.7*10-5 mol the Masterbeads have hydrodynamic radius of (240 ± 22) nm. The 

hydrodynamic radius of the Masterbeads then increases to a maximum of (472 ± 9) nm for an ionic 

strength of 1.5 *10-5 M. The Debye length increases from 131 nm to293 nm for these ionic strengths. 

The difference in Debye length (162 nm) is bigger than the difference in hydrodynamic radius for the 

Masterbeads, which is (32 ± 31) nm. Besides, the Debye length increases for ionic strengths higher than 

7.7*10-5 mol, but the hydrodynamic radius of the Ademtech particles shows no significant increase in 

this regime of ionic strengths. Also, the Debye length increases for lower ionic strengths than 1.5 *10-5 

M, whereas the hydrodynamic radius of the Masterbeads decreases again for this regime of ionic 

strength. This indicates that the Debye length is not a good measure for determining the size of the 

hydrodynamic radii of particles.   

Solutions with ionic strength higher than 7.7*10-4 M were found to affect the quality of the 

measurements on Myone particles and Masterbeads negatively. Poly dispersity indices increased from 

typical values of 0.1 to >0.3, and merit decreased from typical values of 80 to <60. Also, standard 

deviations > 70nm (typically 31 nm for the Masterbeads and 21 for the the Myone particles) were 

observed. It could be that the PBS buffer solution was polluted, and would negatively influence the 

quality of the measurements. However, the solution was filtered as shown in section 4.3, making this 

unlikely. 
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  5.3 The functionalization  
 

5.3.1 Functionalizing the Myone particles 

 

It was shown in section 5.1 that the Ademtech Masterbeads had similar or higher Size Merit values than 

the Myone particles. However, as can be seen in graph 3 the measurements with the Ademtech 

Masterbeads had high standard deviations for some ionic strengths. For example, the standard 

deviation at an ionic strength of 3.3*10-5 M a hydrodynamic radius of (342± 69) nm was measured. The 

hydrodynamic radius of the Myone particles at this ionic strength was (522 ± 14) nm. The average 

standard deviation for the Ademtech Masterbeads was 31 nm, whereas the average standard deviation 

of the Myone particles was 21 nm.  

Masterbeads had an average PDI of 0.23 ± 0.14 and the Myone had an average PDI of 0.12 ± 0.01, also 

indicating that the Myone particles are better suited for this thesis. 

For these reasons only the Myone particles were functionalized. The hydrodynamic radii of the 

functionalized Myone particles were measured at different ionic strengths to see if the ionic strength 

had effect on the hydrodynamic radius. As a functionalizing substance myoglobin was used. The process 

of functionalizing is described in appendix A and in the methods section 3.3.1. The results are shown 

below in graph 5. 
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Graph 5: The Myone particles functionalized with myoglobin (black squares) and the Myone particles control group (red 
circles) and the non functionalized particles that received no treatment at all (blue triangles). Each data point consists of at 
least 3 runs each consisting of 7-14 measurements. Measurements were done at a pH of 7.4. The error bars are given by the 
standard deviation between these runs. To guide the eye, lines have been drawn through the measurement points. 
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The black squares are the particles actually functionalized with myoglobin. The red circles are the 

control group which received the same treatment as the functionalized beads, only without the step of 

adding the myoglobin. The non-functionalized group (blue triangles) consists of the measurement points 

gained in the previous experiment, where no steps of functionalizing the beads were done. 

The Myone myoglobin had an average PDI of 0.161 ± 0.130, an average Merit of 69 ± 5 and an average 

standard deviation of 23 nm.  

The Myone control particles had an average of PDI 0.147 ± 0.01, an average Size Merit 70 ± 3, and an 

average standard deviation of 23 nm 

There could no significant difference be measured between the hydrodynamic radii of the Myone 

myoglobin and the Myone control groups. The measurements at ionic strength of 3.3*10-6 M form an 

exception, where a hydrodynamic radius of (652± 6) nm for the Myone myoglobin was found, and a 

hydrodynamic radius of (600 ± 24) nm for the Myone control group was found.  

A difference in hydrodynamic radius between the Myone myoglobin particles and the Myone control 

particles is expected, because the Myone myoglobin particles have myoglobin as an extra on their 

coating. However, since myoglobin is only about 3 nm in length, it is clear that this falls within the 

standard deviation of the measurements of both the Myone control and Myone myoglobin particles.  

Both the control Myone and myoglobin coated Myone show an increase of z-average radius compared 

to the non-functionalized Myone. The hydrodynamic radii of the Myone myoglobin and Myone control 

particles does not yet change significantly for the ionic strength range between 7.7*10-4 M and 3.9 *10 -5 

M. In this range the Myone myoglobin average hydrodynamic radius is (581 ± 26) nm and the Myone 

control has an average hydrodynamic radius of (590± 36) nm. For an ionic strength between 7.7*10-4 M 

and 3.9 *10 -5 M the average hydrodynamic radius of the non-functionalized Myone particles is (520 ± 13) 

nm. The measurement point for the hydrodynamic radius of the non-functionalized particles at an ionic 

strength of 7.7*10-4 M was disregarded because the standard deviation was large at this ionic strength 

(± 67 nm). This results in a difference of hydrodynamic radius of (61±39) nm between the Myone 

myoglobin and non-functionalized Myone. The difference between average hydrodynamic radius 

between Myone control and the non-functionalized Myone particles is (70± 49) nm 

At ionic strengths lower than 3.9 *10 -5 M the hydrodynamic radii of the Myone myoglobin and the 

Myone control particles started to increase with decreasing ionic strength. For the Myone myoglobin 

the hydrodynamic radius increased from (599 ± 35) nm for an ionic strength of 3.9 *10 -5 M to a 

hydrodynamic radius of (677 ± 60) nm for an ionic strength of 7.7*10-7 M. For the Myone control the 

hydrodynamic radius increased from (572 ± 21) nm for an ionic strength of 3.9 *10 -5 M to a value of 

(628 ± 14) nm for an ionic strength of 7.7*10-7 M. 

The results will be discussed in section 5.3.3.  
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5.3.2 Functionalizing the Fluorescent beads 

 

The increase of hydrodynamic radius when a particle is coated can be due the actual difference in 

physical size, or to others effects involving the surface charge of the particles. No difference in 

hydrodynamic radius could be measured between Myone myoglobin and Myone control particles. 

However, it was shown in section 5.3.1 that the deviation in the measurements was to high to measure 

a molecule of the size of myoglobin (3 nm). To enlarge the effect of the increase in actual particle size, 

particles smaller than Myone where coated with biotinylated anti-PSA antibodies. Anti-PSA antibodies 

are larger than myoglobin: 20 nm instead of 3 nm. These particles were FluoSpheres microspheres 

coated with Neutravidin, and had a nominal particle radius of 100 nm. The functionalization of the 

Fluospheres was done as in [19]. The results are shown in graph 6 below. 
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Graph 6: Z-average values of FluoSpheres microspheres labeled with Neutravidin (red circles) and coated with biotinylated 
anti-PSA (black squares) as a function of ionic strength. Each measurement point consists of at least 3 runs and each run of at 
least 10 measurements. The error bars are determined by the standard deviation between those runs.  

There was no significant difference in PDI for the Fluospheres with anti-PSA and the Fluospheres with 

Neutravidin. The average PDI was 0.120 ± 0.08, and the average standard deviation was 4 nm.  

There is a significant increase in z-average radius between the anti-PSA and Neutravidin coated particles. 

The ionic strength of the solution does not seem to have a significant effect on the z-average radius of 

the particles, but the large spread in measured values makes it hard to draw a conclusion. The average 

size (over all measurements) for the Neutravidin fluorescent particles is 123 ± 7 nm and for the anti-PSA 

particles 146 ± 6 nm. This results in a difference of 23 ± 13 nm. Although the standard deviation is rather 

high, the typical size of an antibody is approximately 20 nm, so the difference in size could be explained 

by the size of the antibodies used as coating.  
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5.3.3 Discussion 

 

Change in hydrodynamic radius due to functionalization procedure 

During the functionalizing steps the surface molecules of the Myone particles and the Fluospheres were 

changed. The functionalization of Myone seems to have a significant effect on the behaviour of the 

hydrodynamic radius for both the control Myone and Myone myoglobin (see graph 5). For ionic 

strengths higher than 3.9 *10 -5 M the hydrodynamic radius of the Myone control was (590± 36) nm and 

the hydrodynamic radius of the Myone myoglobin was (581 ± 26) nm. The Myone non-functionalized 

particles had an average hydrodynamic radius of (520 ± 13) nm in this region of ionic strength. Thus the 

difference in hydrodynamic radius between the non-functionalized Myone and the Myone myoglobin 

particles was (61±39) nm for ionic strengths between 7.7*10-4 M and 3.9 *10 -5 M. The difference in 

hydrodynamic radius between the non-functionalized Myone and the Myone control particles was 70± 

49) nm for ionic strengths between 7.7*10-4 M and 3.9 *10 -5 M. For ionic strengths lower than 3.9 *10 -5 

M the radii of the Myone myoglobin and Myone control increased, whereas the hydrodynamic radius of 

the non-functionalized Myone did not increase. This means that there was always a significant 

difference in hydrodynamic radius measured between the non-functionalized Myone and either of the 

two other Myone particles.  

This increase in hydrodynamic radius can either be explained by a change in surface charge, or by a 

change in particles size of the Myone myoglobin and Myone control particles. However since the Myone 

myoglobin shows an increase in hydrodynamic radius larger than 3nm, which is the size of myoglobin, it 

unlikely that this increase is solely due to actual particle size increase. Also the Myone control particles 

should not have increased in actual at all, but their hydrodynamic radius also increased significantly 

compared to to the non-functionalized Myone particles. 

Because both the Myone myoglobin and the Myone control particles showed an increase in 

hydrodynamic radius with respect to the non-functionalized Myone, it could be that the 

functionalization process changed the charge of the Myone myoglobin and Myone control particles. 

For the FluoSphere fluorescent particles anti-PSA was used as coating. Anti-PSA antibodies are about 20 

nm in length, and the difference between the hydrodynamic radii of the fluorescent particles was 23 ± 

13 nm (see section 5.3.2). Therefore, the increase of actual particle size of the fluorescent particles due 

to the coating, might be the cause of the increase in hydrodynamic radius.  

Effects of ionic strength on the hydrodynamic radius 

For ionic strengths lower than 3.9 *10 -5 M it can be seen that the hydrodynamic radius of the Myone 

myoglobin and Myone control particles increases as the ionic strength decreases (see graph 5, and 

section 5.3.1). When the ionic strength decreases, more volume of fluid is needed to effectively screen 

of the charge of the Myone particles, thus the double layer should increase. It would mean that the 

increase of hydrodynamic radii can be explained by the Debye length. Therefore, the Debye length has 
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been plotted in the same graph as the hydrodynamic radii of the Myone myoglobin and Myone control 

particles.   
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Graph 7: The hydrodynamic radius of the Myone myoglobin particles (black squares), the hydrodynamic radius of the Myone 
control particles (red circles), and the Debye length plotted as a function of the ionic strength. It can be seen that the Debye 
length varies more in value than the hydrodynamic radii of both the Myone particles do. For determining the values of the 
Debye length equation (2.4) with ε = 80 (for water), and T =295K was used. 

From graph 7 it can be seen that the Debye length increases more in length than the hydrodynamic 

radius changes in this regime of ionic strength. For the Myone myoglobin the hydrodynamic radius 

increased from (599 ± 35) nm for an ionic strength of 3.9 *10 -5 M to a hydrodynamic radius of (677 ± 60) 

nm for an ionic strength of 7.7*10-7 M. For the Myone control the hydrodynamic radius increased from 

(572 ± 21) nm for an ionic strength of 3.9 *10 -5 M to a value of (628 ± 14) nm for an ionic strength of 

7.7*10-7 M. In this regime of ionic strength the Debye length increases from 186 nm for an ionic strength 

of 3.9 *10 -5 M to a value of 1400 nm for an ionic strength of 7.7*10-7 M.  

In section 5.2 it was shown that, in the measured regime of ionic strength, the Debye length increases 

more than the hydrodynamic radius of the Ademtech Masterbeads does as the ionic strength is 

decreased. As is shown in graph 7, the Debye length also increases more than the hydrodynamic radii of 

Myone myoglobin and Myone control when the ionic strength decreases. This indicates that the Debye 

length is not a good measure for the thickness of the double layer.  
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5.4 Zeta potential 
 

In the previous section it is stated that functionalization might influence the surface charge of the 

particles. For this reason, zeta potential measurements were done to gain a better insight in the effect 

of functionalization on the potential.  Zeta potentials were done at ionic strengths of 154 mM, 77 mM, 

and 26 mM, to see how the zeta potential changes as a function of the ionic strength. The results are 

shown in graph 8.  
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Graph 8: The zeta potential of Myone (blue triangle), Functionalized Myone (black square) and the Myone control group (red 
circle) as a function of the ionic strength. Each measurement point consists of at least 5 runs and each runs consisted of at 
least 10 measurements. The error bars are determined by the standard deviation between those runs. Particle concentration 
varied between the runs, but was always higher than 2*10

3
 particles/μL. 

From graph 8 it can be seen that the zeta potentials for all the particles increases in absolute value as 

the ionic strength decreases. The values of the zeta potentials (Zp) are shown below in table 1. A zeta 

potential that increases in absolute value has also been seen in [5], where the zeta potentials of Sodium 

Alginate, C. Pulcherrima, G.Triacanthos, Chitosan, and k-Carragennan, increased in absolute value as the 

ionic strength decreased.  
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Ionic strength 

(mM) 

Zp Myone myoglobin (mV) 

 

Zp Myone control (mV) Zp Myone non-

functionalized (mV) 

154 -28.2±1.5 -24.0±2.4 -26.5±0.7 

77 -30.6±4.2 -31.8±1.1 -33.5±0.8 

26 -32.2±0.4 -34.2±1.4 -36.7±0.3 

Table 1: Zeta potential (Zp) values for the Myone myoglobin, Myone control, and Myone non-functionalized particles as a 
function of the ionic strength. 

The lowest ionic strength where zeta potential measurements are done is 26 mM. This is higher than the 

highest ionic strength where hydrodynamic radius measurements are done (7.7 mM). Unfortunately 

zeta potential measurements for lower ionic strengths than 26 mM delivered results that could not be 

reproduced, and the same goes for hydrodynamic radius measurement for higher ionic strengths than 

7.7 mM (see section 5.2). Therefore the effect of zeta potential could not be linked to the z-average 

radius values directly. However, the zeta potential measurements could also indicate that the Debye 

length of a particle’s potential increases more in length as a function of the ionic strength than the 

hydrodynamic radius of that particle.  

In figure 20 two exponential decaying potential functions as a function of the distance to a particle have 

been sketched. The black curve is for a solution with low ionic strength, and the red curve for a solution 

with high ionic strength. Because there are fewer ions in the solution with low ionic strength, the 

potential decays at a slower rate, than the potential decays in a solution with high ionic strength. The 

position of the Debye length is defined as the distance from the particle where the potential is 

decreased by a factor e. Thus the Debye length will increase for lower ionic strengths (see equation 2.4).  

 

Figure 20: Two potential functions, one for a low ionic strength solution (black curve), and one for a high ionic strength 
solution (red curve). It can be seen that for a low ionic strength, the potential measured at the hydrodynamic radius Rh is 
larger than the potential measured for a high ionic strength. This is because at a low ionic strength the hydrodynamic radius 
will be closer to the position of the Debye length. 
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If the Debye length increases more than the hydrodynamic radius of a particle increases as a function of 

the ionic strength, then measuring at lower ionic strength means measuring closer to the Debye length 

(see figure 20). Thus a higher (in absolute value) will be measured.  

Zeta potentials of all the Myone particles increased in absolute value as the ionic strength was lowered. 

So this could indicate that in this regime the Debye length increases more than the hydrodynamic radii 

of these particles as the ionic is decreased. In section 5.2 and 5.3.3 it was also shown that the 

hydrodynamic radii of the Myone myoglobin, the Myone control and the Ademtech Masterbeads did 

not increase as fast as the Debye length when ionic strengths were decreased.   

 

.  
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6. Conclusions and outlook 
 

The hydrodynamic radii of Ademtech Masterbeads, Myone, and FluoSPhere fluorescent particles have 

been measured under different ionic strengths. Also the hydrodynamic radii of anti-PSA coated 

fluorescent beads, and Myone coated with myoglobin were measured for different ionic strengths. Also 

the hydrodynamic radius of a Myone control group that underwent the same functionalization 

procedure as the Myone myoglobin was measured for different ionic strengths. Finally to see if the 

hydrodynamic radius can be linked to the Debye length, zeta potential measurements on the non-

functionalized Myone, Myone myoglobin, and the Myone control particles were executed.  

For the fluorescent particles a clear increase in hydrodynamic radius could be seen when the particles 

were coated with anti-PSA antibodies. The increase in hydrodynamic radius was 20±13 nm, which is 

about the size of an antibody. Therefore it can be concluded that the increase in hydrodynamic radius is 

because of to increase of the actual particle size due to the functionalization.  

When the Myone particles were functionalized with myoglobin their radius increased with (61±39) nm 

with respect to the non-functionalized particles. For ionic strengths lower than 3.9 *10 -5 M, this 

difference in hydrodynamic radius got even larger, as the hydrodynamic radius of the Myone myoglobin 

increases with decreasing ionic strength, whereas the hydrodynamic radius of the non-functionalized 

Myone particles does not show this increase. The difference of (61±39) nm is larger than a myoglobin 

molecule, which is only 3 nm in length. Also the Myone control particles have a hydrodynamic radius 

which does not differ significantly from that of the Myone myoglobin particles (see section 5.3.1). The 

difference in hydrodynamic radius between the Myone control particles and the non-functionalized 

Myone particles was (70 ± 49) nm . The actual particle radius of the Myone control particles should not 

have changed during the functionalization process, and the actual particle radius of the Myone 

myoglobin should have only be increase by 3 nm due to the myoglobin. These two findings indicate that 

the functionalization process itself has an effect on the hydrodynamic radius. It could be that the surface 

charge of non-functionalized Myone particles was changed during the functionalization process. Then 

more ions will be attracted, and the width of the double layer is changed.  

The Myone myoglobin particles should have a larger hydrodynamic radius than the Myone control 

particles, because the Myone myoglobin have an extra myoglobin as particle coating, and the actual 

particle radius should be larger. However, the standard deviation of the measurements on both the 

Myone control particles, and the Myone myoglobin particles was too large to measure a difference in 

the range of 3 nm, which is the size of myoglobin. 

The hydrodynamic radius of the Myone myoglobin increased from (599 ± 35) nm for an ionic strength of 

3.9 *10 -5 M to a hydrodynamic radius of (677 ± 60) nm for an ionic strength of 7.7*10-7 M. For the 

Myone control the hydrodynamic radius increased from (572 ± 21) nm for an ionic strength of 3.9 *10 -5 

M to a value of (628 ± 14) nm for an ionic strength of 7.7*10-7 M. The hydrodynamic radius of the 

Ademtech Masterbeads increased from (240 ± 22) nm for an ionic strength of 7.7*10-5 M to a maximum 

of (472 ± 9) nm for an ionic strength of 1.5 *10-5 M. After this maximum the hydrodynamic radius shrank 
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to (219 ± 19) nm for an ionic strength of 1.9*10-6 M. Increases of hydrodynamic radii when ionic 

strengths decreases were linked to the increase of the Debye length. It was found that the Debye length 

increases from 186 nm for an ionic strength of 3.9 *10 -5 M to a value of 1400 nm for an ionic strength of 

7.7*10-7 M. This is far more than the hydrodynamic radii of the Myone myoglobin, the Myone control 

and the Ademtech Masterbeads increase.  

To investigate how the potential of the particles depended on the ionic strength, zeta potentials of the 

non-functionalized Myone, the Myone myoglobin, and the Myone control particles were measured. It 

was found the zeta potential of the all the Myone particles increased in absolute value as the ionic 

decreased. This could be explained by a Debye length increases faster than the hydrodynamic radius of 

the Myones as the ionic strength decreases. Then, when measuring a zeta potential at lower ionic 

strength, the hydrodynamic radius (where the zeta potential is measured, see figure 4) is closer to the 

Debye length. This means that the measured zeta potential is closer to the value of the potential at the 

Debye length and thus higher in absolute value. 

It was also found that the zeta potential of the non-functionalized Myone particles did not differ from 

the zeta potentials of both the Myone myoglobin and Myone control particles.  

Since the functionalization process itself had an effect on the hydrodynamic radius of both the Myone 

myoglobin and Myone control particles it is likely that particle charge does have an influence on the 

hydrodynamic radius. However, since for some particles the hydrodynamic radius does not increase as 

ionic strength decreases, and since zeta potential increase in absolute value as ionic strength decreases, 

this indicated that the Debye length cannot be used to explain the dependency on the ionic strength of 

the hydrodynamic radius. Thus the Debye length can also not be used to determine the width of the 

double layer surrounding a particle dispersed in a fluid, and apparently the position of this slipping plane 

is not singly determined by the potential of the microparticle. 

However, it has been shown that with DLS differences between coated particles and non-coated 

particles can be detected. DLS can be used to see if a coating procedure was successful in the case of 

small particles with a relative large coating, as was the case with the anti-PSA coating for the FluoSphere 

fluorescent particles. DLS cannot be used to see if the functionalization of Myone particles with 

myoglobin was successful, because the standard deviation in the measurements will be too large to 

detect a difference between a control group and a myoglobin coated group.  
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8. Appendices 
 

Appendix A: Procedure for coating the Myone particles 
 
This procedure is based on the report of: A.J.M. van Gorkom (November 2011), Eindhoven University of 
Technology. 
 
Required Materials: 
 

 50 mL Dynalbeads Myone Carboxilic Acid (stock solution with concentration 

 of (7-12)*109 particles/mL) 

 600 μl 100 mM MES (2-(N-morpholino)ethanesulfonic acid) buffer pH 5 

 1200 μl 25 mM MES buffer pH 5 

 Phosphate buffered saline 150mM (PBS) 

 40 μL 0.2 mg/ml Myoglobin solution 

 40 μL 100 mg/ml EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide solution 

 40 μL 100 mg/ml NHS (N-Hydroxysuccinimide) solution 

 200 μL 50 mM Ethanolamine 

 MilliPore Water 
 
Preparation of the solutions : 
 

 PBS 150mM: dissolve one tablet of PBS from Sigma Aldrich in 200ml MilliPore water 

 MES 100mM: 
- dissolve 1.95g MES in 100ml MilliPore water 
- adjust pH at 5 with 2N NaOH 

 MES 25mM: dilute 10 ml 100mM MES in 30ml MilliPore water 

 Ethanolamine 50mM: dilute 3ml Ethanolamine stock solution in 997ml 

 EDC 100mg/ml: dissolve 4mg EDC in 40ml 100mM MES pH 5 buffer 

 NHS 100mg/ml: dissolve 4mg NSH in 40ml 100mM MES pH 5 buffer 

 25mM MES pH 5 buffer 
 
Activating the carboxylic groups on the particles: 
 
1. Pipette out 50μl of Dynalbeads Myone Carboxylic Acid from stock solution into an Eppendorf tube 
(Protein LoBind) 
2. Separate the Myone particles from the solution using a magnet; wait for about one minute so that all 
the particles are moved to near the magnet 
3. Remove the storage buffer and suspend the particles in 200μl 25mM 
MES pH5 buffer; use your pipette to make sure the particles are equally divided over the solution. 
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4. Repeat steps 2 and 3 three more times so that the particles are magnetically washed a total of four 
times with 200μl 25mM MES pH 5. 
5. Separate the Myone particles from MES buffer using a magnet and pipette out the buffer solution 
6. Add 40μl each of 100mg/ml EDC and 100mg/ml NHS to the particle mixture. 
7. Use your pipette to mix the solution; incubate for 20 minutes under continuous shaking to activate 
the carboxyl groups on the particles. 
8. Remove the buffer using a magnet to attract the particles onto the walls of Eppendorf tube. 
 
Functionalize Myone with myoglobin 
 
9. Divide the solution in two Eppendorf tubes with 40 μl particle solution each 
10. Separate the particles magnetically and remove the buffer from both Eppendorf tubes 
11. Add 50μl 25mM MES pH5 buffer to one of the Eppendorf tubes to make the control group, and add 
45μl 25mM MES pH 5 buffer and 5 μl 0.2mg/ml myoglobin solution to the other Eppendorf tube (test 
particles)  
12. Incubate both for 30 minutes under continuous shaking 
 
At the end of this stage the peptide bonds between the carboxyl groups on the particles and the amine 
groups of the myoglobin are formed. 
 
Quenching and storage 
13. Remove the buffer from both the test and the control tube using a magnet. 
14. Quench the reaction by adding 50μl 50mM ethanolamine into both Eppendorf tubes 
15. Incubate for 30 minutes under continuous shaking 
16. Magnetically wash the particles using 50μl PBS for each tube. 
17. Put the particles into the ultrasonic bath for 30s to destroy the particle clusters 
18. Repeat steps 18 and 19 for three more times 
19. Suspend the particles in 25μl PBS for each tube 
20. Store both tubes at 40C. 
 
Before preparing the sample shake the tube lightly to reduce the amount of big clusters and put the 
tube in the ultrasonic bath for 15 more seconds. 
 

Appendix B: Procedure for coating the fluorescent microspheres of 

Fluospheres 
 

Required materials: 

 0.8 μl of stock solution Fluospheres Neutravidin labelled fluorescent microspheres (0.2 

μm, 1% solids). 

 7.2 μl of 10 mg/ml BSA in PBS. 

 Biotinylated anti PSA antibodies (1 μg/ml) stock solution from Fujirebio. 

 

1. Add 1 mg BSA (Bovine serum albumin) to 100 μl of PBS (Phosphate buffered saline) creating a 
buffer of 10 mg/ml BSA in PBS. Adjust pH (if needed) to 7.4. 
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2. Add 0.8 μl of Fluospheres microspheres stock solution to a 1.5 ml protein low bind Eppendorf 
tube. 

3. Add 7.2 μl of the BSA in PBS buffer. 
4. Add 72 μl of biotinylated antibodies (anti PSA antibodies) stock solution. 
5. Incubate at room temperature under constant shaking (700 rpm) for two hours. 
6. In order to remove clusters: 3 pulses of sonification finger (frequency 60, cycle: 0.6). 


