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Preface

Nanoparticles or nanomaterials, terms now familiar not only to scientists and 

engineers but also to the general public, is of increasing importance due 

to their unique physical and chemical features. For nanomaterials, broad 

considerations of particle size, zeta potential, and molecular weight, along with 

other properties of the system, are invariably important and significantly affect 

particle behavior and product performance. In a suspension, for example, 

particles may aggregate together rather than exist as separate entities. The 

extent to which this occurs depends on the relative forces between the 

particles, which are affected by the properties just mentioned.

The scientific concept of nanoparticles has been extensively known for 

decades. From time to time, though, our team hears from instrument users that 

they face challenges in characterizing nanoparticles for industrial and scientific 

applications. From our point of view, the primary obstacle for a broad audience 

lies in the proper experimental use of light scattering techniques, other than a 

good grasp of the principles.

In such cases, we intend to provide a practical, illustrative and easy-to-read 

guide on the seemingly daunting topic of "Nanoparticle Characterization by 

Light Scattering Techniques". The techniques described in this guide are well-

established and widely-used characterization approaches, including dynamic 

light scattering (DLS), electrophoretic light scattering (ELS), and static light 

scattering (SLS). This guide highlights practical considerations for carrying out 

measurements, while briefly introducing the theory behind the measurements 

and illustrating typical applications with specific examples. The purpose of 

this guide is to equip readers, even those who are new to light scattering 

measurements, with the necessary understanding to meet measurement 

requirements, and to come up with measurement solutions to reach the best 

practice in the characterization of nanoparticles.

We hope you enjoy this guide.
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8        Nanoparticle Size Measurement

What are nanoparticles?

The nanoparticles are ultrafine particles in the size of nanometer 
order. Depending on the materials, fields, and applications 
concerned, the nanoparticles differ in definition and have various 
unique features in the morphological properties, thermal properties, 
electromagnetic properties, optical properties, mechanical 
properties, etc.[1-3] For example, polystyrene latex spheres are one 
of representative nanoparticles sized down to 20 nm, as depicted 
in Figure 1-1, and have been characterized in-depth by utilizing a 
variety of light scattering techniques these days.

What is particle size?

Particle size is a physical property to indicate how small or large a 
particle is. For a solid spherical particle, its size can be represented

Figure 1-1

Schematic 
diagram of 

polystyrene latex 
nanoparticles.

1. Nanoparticle Size Measurement

1.1. Size of Nanoparticles
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by its diameter, while for a non-spherical particle, it needs to be 
equivalent to a spherical particle to describe its size.[4-7] Different 
particle measurement techniques employ different equivalent 
methods.

Geometric size is obtained in the microscopic measurements, while the 
equivalent size is applied in the measurements such as laser diffraction, 
dynamic light scattering (DLS), electrical sensing zone, and so on. For 
example, the DLS technique can obtain the equivalent particle size 
through the hydrodynamic behavior of the particles (hydrodynamic 
diameter), as shown in Figure 1-2. In other words, the measured 
particles have the same diffusion behavior as the equivalent spheres.

Why do we measure the size of nanoparticles?

The effective control and accurate measurement of the nanoparticle size 
of materials are of great significance in many fields for improving product 
quality, reducing energy consumption, and reducing environmental 
pollution. Common applications are as follows:

Hydrodynamic 
Diameter

Figure 1-2

Schematic 
diagram of the 
hydrodynamic 
diameter 
obtained by 
DLS.
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●  Nanomaterials (silver nanoparticles, quantum dots, titanium dioxide, 
zinc oxide, synthetic silica, etc.)

Nanomaterials have wide applications in emerging technologies such as 
nanoelectronics, nanophononics, energy conversion, etc. Many of the 
physicochemical properties associated with nanomaterials are strongly 
dependent upon the size and particle-particle interaction.

●  Proteins & polypeptides (lysozyme, human serum albumin, 
immunoglobulin G, etc.)

To guarantee the efficacy and safety of a protein formulation, even subtle 
changes in size and stability should be detected accurately. Proteins 
in poor formulations are likely to form aggregates, which will reduce 
the efficacy of protein drugs and, even worse, cause immunological 
reactions and toxicity.

●  Pharmaceuticals (fat emulsions, liposomes, vaccines, hydrogels, 
etc.)

In the field of pharmaceuticals, by characterizing size, the researcher 
can evaluate the systematic stability and alleviate risks from formulations 
to accelerate the R&D process. The size and size distribution of drugs 
and drug delivery systems are closely related to the manufacturing 
process, and impact bioavailability, efficacy, and immune response 
produced by the final product significantly.

●  Foods and beverages (soft drinks, dairy products, confectioneries, 
plant-based products, etc.)

Studies on food and beverages can be performed by characterizing 
size, in order to optimize the stability of dispersion and emulsification, 
which improves the appearance, taste, and mouthfeel, and also 
prolongs the shelf life of products.
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●  Abrasives (nano-alumina, nano-silicon carbide, nano-diamond, cubic 
boron nitride, etc.)

Nanosized abrasives are extensively used for high-precision polishing 
and surface finish of materials such as optical lenses, crystals, 
gemstones, semiconductors, etc. The stability of polishing slurry is 
significant for preventing the formation of aggregates that may lead to 
scratches on workpieces.

●  Paints, inks & coatings (oil-based and water-based paints, organic 
pigments, ceramic inks, etc.)

Size and size distribution of paint, inks, and coatings are crucial 
indicators for a long shelf life that ensure their prominent performances. 
Poor product quality may lead to aggregation, color inconsistencies, and 
blockages in the channels or nozzles. The size measurement benefits 
formulation development and improves the product performance.

●  Household chemicals (cosmetics, shampoos, detergents, etc.)

The nanomaterials dispersed in sun creams, one of the commonly-
used household chemicals, block ultraviolet radiation from the sun. The 
smaller the particle size, the bigger the specific surface area and the 
smoother the cream feels. The surfactants in the detergents may remove 
oil contamination by forming microemulsions. The decontamination 
effect depends on the type of surfactants and the size of emulsion 
droplets.

●  Academia (fundamental and frontier research related to nanoparticle 
characterization)

Measurements of size provide a strong tool for academic research, 
ranging from verifying theory extrapolations to exploring novel synthetic 
substances. The accurate and highly reproducible size result can ensure 
the authenticity and reliability of the research results.
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Brownian motion is the random motion of particles suspended in a 
liquid or gas medium, resulting from the collision caused by thermal 
fluctuations of molecules in the medium, as displayed in Figure 1-3.

Brownian motion is often showcased through the movements of small 
particles that can be observed in dusty areas under the sunlight or in 
the liquid dispersed with pollens, as depicted in Figure 1-4. Brownian 
motion is relatively slower for particles that are larger in size, at lower 
temperatures, or in fluids with higher viscosity. [6-8]

The concept of Brownian motion has become increasingly significant 
in the areas of analytical mathematics and statistics. And it has 
been widely applied in nanoparticle characterization ever since its 
development.

Figure 1-3

Schematic 
diagram of 

the Brownian 
motion. A particle 

constantly collides 
with other solvent 

molecules.

Figure 1-4

Brownian motion 
of dust in sunlight.

1.2. Brownian Motion
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Dynamic light scattering (DLS), also known as photon correlation 
spectroscopy (PCS), or quasi-elastic light scattering (QELS), is a 
technology to characterize the particle size of samples on the nanoscale 
that is utilized in many application fields.[12] 

Particles suspended in liquid media experience random Brownian 
motion. When illuminating the sample with a laser beam, the Brownian 
motion of the particles leads to fluctuations of the scattered light. 
By analyzing the time-dependent scattering intensity fluctuation with 
correlation calculation, the correlation function is obtained which is 
displayed as a decay curve. By fitting the correlation function with 
different algorithms, the average size and size distribution are obtained. 
Figure 1-5 shows a schematic diagram of the DLS principle.

By irradiating the particle suspension with a laser, the light of the 
particles will be scattered in all directions. If a photodetector is set at 
a certain angle, the scattering intensity of all particles in the scattering 
volume received by the photodetector can be recorded. If the particles 
are nanometer-sized, the number of particles in the normal concentration 
range will be tens of thousands or even 10n.

1.3.1. Intensity Fluctuation

Figure 1-5

Schematic diagram 
of the DLS 
principle.

Scattering Fluctuations

Correlation Functions

Fitting Algorithms

Hydrodynamic Size

1.3. Dynamic Light Scattering (DLS)
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Particles experience random Brownian motion due to the collision of 
solvent molecules, and strengthen or weaken the coherence of light 
with time when the light scattered by different particles reaches the 
detector. Therefore, the intensity of the scattered light detected by the 
photodetector fluctuates over time. [13-16]

The scattered light at the detection location has a phenomenon of 
coherence strengthening or coherence weakening over time, that is, the 
wave properties of light.

For DLS, an important characteristic of Brownian motion is that small 
particles move fast, while large particles move slowly. The scattering 
intensity fluctuations caused by Brownian motion indicate this 
characteristic, as displayed in Figure 1-7.

Data analysis of the intensity fluctuation

The intensity fluctuation of the scattered light is related to the size of the 
particle. It is possible to directly calculate the spectrum of frequencies 
contained in the intensity fluctuations arising from the Brownian motion 
of particles, but it is inefficient to do so. Using a device known as a 
digital correlator to perform time correlation statistics is a much better 
way to do this. There are multiple calculation channels in the correlator, 

Laser

Detector

Time (μs)
0

0

2000

4000

6000

8000

10000

12000

14000

16000

200 400 600 800 1000

In
te

ns
ity

Intensity

Most light passes through 
the sample without being 
scattered

Figure 1-6

Scattered light 
of particles 
performing 

Brownian 
motions.
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and these channels are gradually delayed in the process of recording 
the scattering intensity signal. This time interval is called correlation time.

Upon comparing the intensity of the signal at time = t to the intensity at 
a very short time later (t+τ), a strong relationship or correlation will exist 
between the intensities of the two signals, indicating that the two signals 
are well or strongly correlated. 

If the signal, obtained from a random process like Brownian motion, 
at t is compared to the signal at t+2τ, a reasonable correlation or 
comparison will still be there between the two signals; however, it 
will not be as good as the comparison at t and t+τ, indicating that 
this correlation reduces with time. If the signal intensity is compared 
with itself at a specific time and at a time that is much later, then it is 
apparent for a randomly fluctuating signal that the intensities are not 
going to be associated in any way, that is, no correlation exists between 
the two signals.

Figure 1-7

Diagram of the 
scattering intensity 
fluctuations 
caused by 
small and large 
particles.
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Usually, the period of time Δt is extremely small, perhaps microseconds 
or nanoseconds, and is known as the sampling time of the correlator. 
For the intensity fluctuation caused by particles within the typical 
measurement size range, the decay time to the baseline is on the order 
of a millisecond or tens of milliseconds. 

If the intensity of the signal at t is compared with itself, then there is 
a seamless correlation as the signals are identical. No correlation is 
indicated by zero (0.00) and perfect correlation is indicated by unity 
(1.00). Upon comparing the signals at t+3τ, t+4τ, t+5τ, and so on with 
the signal at t, the correlation of a signal arriving from a random source 
will reduce with time until at time t = infinity, no correlation will be there. 
The typical correlation functions are able to provide plenty of information 
regarding the samples, as shown in Figure 1-8.

If there are large particles, the Brownian motion will be slow, the 
scattered signal will change gradually, and the correlation will continue 
for a long time. However, the correlation will decay more rapidly if the 
particles are small and experience fast Brownian motion.

Figure 1-8

Correlation 
functions (up) and 

size distributions 
(bottom) of small 

and large particles.
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The correlation function is the most original signal obtained by DLS and 
contains all the information about the particle size and size distribution. 
The following are the mathematical methods used in the analyses.

Monodisperse dispersion

An important characteristic of monodisperse samples is that all particles 
have almost the same size, that is, unimodal distribution. When the 
correlation data is obtained, the following expression can be used to fit 
the function:

where G1 is the normalized field-correlation function obtained by 
the correlator, and τ is the correlation time. A is the intercept of the 
correlation function, which may present the signal-noise ratio of the 
sample. Normally A will be less than 1.0, and a closer A value means a 
higher signal-noise ratio. Γ is the decay rate of the correlation equation 
with unit 1/s, which is related to the particle's diffusion coefficient:

q is the vector factor of the scattered light:

where n is the refractive index of the solvent, λ is the wavelength of 
the laser, and θ is the detection angle. The diffusion coefficient D of the 
particle, in μm2/s, is related to the particle diameter, also known as the 
hydrodynamic diameter DH, through the Stokes-Einstein equation:

1.3.2. Correlation Function
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where kB is the Boltzmann constant, T is the ambient temperature in 
Kelvin, and 𝜂 is the solvent viscosity with the unit of cp or mPa·s.

Polydisperse dispersion

The sizes of the particles in the polydisperse sample are multi-
distributed. For such a sample, it is necessary to obtain both the 
average particle size and the size distribution. Two algorithms calculate 
these pieces of information by fitting correlation functions, one is the 

cumulants method, and the other is the multi-exponential fit.

Cumulants method

The correlation function is fitted by the following expansion:

where A is the intercept of the correlation function which presents the 
signal-noise ratio. Γ is the average decay rate, which can be substituted 
into the equation               to calculate the average diffusion coefficient 
of all particles.    is then put into the Stokes-Einstein equation to provide 
the average of the particle size      , namely the Z-average hydrodynamic 
diameter.

For dynamic light scattering, Z-average size is used to present the 
average particle size, which means intensity weighted average size. The 
PDI (Polydispersity Index) value defined by                     indicates the 
width of the distribution. 
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Table 1-1

PDI range of different samples.

PDI

Monodisperse sample 0 - 0.05

Narrow disperse sample 0.05 – 0.08

Moderately disperse sample 0.08 – 0.7

Wide disperse sample > 0.7

DLS is a technique suitable for relatively narrow distributed particle 
systems. For samples with PDI greater than 0.7, DLS measurement 
might not be applicable.

Multi-exponential fit

Multi-exponential fit is more complicated than cumulants method since 
it involves multiple fitting parameters. In the history of DLS algorithm 
development, there are various distribution algorithms. Among them, 
CONTIN and NNLS are most frequently used.[17-21] Different algorithms 
will provide different resolutions of the measurement. A simple 
expression could be:

In which n defines how many fractions of the size are considered in the 
fitting process, and each fraction corresponds to a decay rate Γi related 
to the particle size component Di and an intensity parameter Gi. The 
fitting result will be a group of data as displayed in Figure 1-9.

When plotting the intensity of each fraction with the corresponding 
particle size, the size distribution curve could be obtained, as shown in 
Figure 1-10.

As a rule of thumb:
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Figure 1-9

Example of 
size distribution 

table.

Figure 1-10

Example of 
size distribution 

curve.

The most original distribution result obtained by DLS is the intensity 
distribution weighted by the scattered light of each fraction, but it can 
also be transformed into the distributions weighted by the volume, area, 
and number of the particles using mathematical computations.
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If the size and distribution of the particles do not change with 
concentration, the particle size needs to be measured at the diluted 
concentration range to obtain the diffusion coefficient of the particles to 
calculate the hydrodynamic diameter of the particles. A diluted range 
may be hard to define since it is sample dependent, while the particle 
size should be constant in the diluted range.

A suitable concentration range for measurement should be within a 
relatively diluted concentration range. When preparing the sample, the 
initial concentration should be controlled at slight turbidity visible to the 
naked eye, at which the particle size is measured. Then the sample is 
diluted by 10 times. If the measured particle size is basically the same 
as the undiluted sample, the accurate particle size of the sample is 
obtained. If there is a significant difference in the particle size results, 
the sample dilution should continue until the results no longer vary 
significantly.

Figure 1-11

The plot of 
apparent particle 
size vs. sample 
concentration.

1.4.1. Particle Concentration

1.4. Experimental Considerations for DLS
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Although the test in the low concentration range provides a more 
accurate result, it is not recommended to run the sample at the 
extremely diluted concentration, since low concentration leads to 
weak scattering light, which further causes low signal-noise ratios, and 
number fluctuations in the scattering volume.[22-26]

If the particle system is in dynamic equilibration, such as some 
emulsions, microemulsions, and surfactant micelles that have not been 
homogenized and pressurized, changing the sample concentration will 
affect the equilibration of the system and change the particle size and 
its distribution. Therefore, in this case, the measurement should be 
performed in the original state of the sample rather than in the diluted 
state.

1.4.2. Sample Homogeneity

Since the scattering intensity of the particles is proportional to the 106 
of the particle size, the DLS technique is extremely sensitive to the 
presence of even trace amounts of dust and impurities (usually micron-
sized particles) in the system. [13-15] The presence of these substances 
will significantly affect the results.

Generally, for a clear and transparent system with a particle size less 
than 50 nm, it is recommended to improve the sample homogeneity 
before measurement by filtering it with an appropriate pore size filter.

Centrifugation is another dust removal method for weakly scattered 
samples with small particles. Put the sample in the centrifugal tube and 
control the appropriate centrifugal speed and time. After centrifugation, 
take the supernatant for the test.
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Figure 1-12

Size distributions 
weighted 
by different 
parameters.

Area Distribution Volume Distribution Intensity DistributionNumber Distribution

What is the difference among intensity, volume, area, and number 
distributions?

Think about a particle system, which contains only two particle sizes 
(10 nm and 100 nm) with equal amounts of particles. For the results 
of the number distribution on the far left of Figure 1-12, there are two 
peaks with the same peak area as to be expected (1:1) since they have 
equal numbers of particles. For the area distribution, the ratio of the two 
peak areas is 1:100 since the surface area of 100 nm particles is 100 
times that of 10 nm particles (the surface area of a circle equals πr2). 
For the volume distribution, the ratio of the two peak areas is 1:1000 
as the volume of 100 nm particles is 1000 times that of 10 nm particles 
(the volume of a sphere equals 4πr3/3). For the intensity distribution, 
the peak area of 100 nm particles is 1,000,000 times that of 10 nm 
particles since large particles scatter much stronger than small particles. 
(According to the Rayleigh approximation, the scattered light of a 
particle is proportional to the 106 of its diameter.)

The intensity distribution is very sensitive to the large particles existing 
in the sample, followed by the volume distribution and then the area 
distribution, while the number distribution is more sensitive to the small 
particles.[27-29]

It should be noted that the original size distribution obtained by DLS 
measurement is the intensity distribution, and all other distributions are 
generated from it by the inversion calculations involving Mie theory.

1.4.3. Intensity, Volume, Area, and Number 

Distributions
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1.4.4. Comparison with Electron Microscopy

Electron microscopy (TEM, SEM, etc.) and dynamic light scattering 
(DLS) are commonly used analytical techniques for characterizing 
nanoparticles. Many researchers utilize both techniques to measure the 
particle sizes at the same time and then raise a series of questions:

●  Why does the size of the nanoparticles obtained by electron 
microscopy differ from the size obtained by dynamic light scattering?

●  Where does the difference come from?

●  Which technique is more accurate?

Before explaining these questions, consider the characteristics of 
electron microscopy:

●  It is an imaging technique that can observe the morphology and state 
of nanoparticles in detail.

●  By measuring the sizes of hundreds to thousands of particles, size 
distribution can be obtained.

●  The obtained size distribution is the number-weighted statistical 
result. Due to the insufficient number of detected particles, the 
probability to observe the very few large particles with electron 
microscopy is quite small.

●  The test is performed under vacuum, which may change the original 
state of particles during the sample preparation process.

●  Aggregates can often be observed, but it is quite subjective to judge 
whether the aggregates are existing in the solution or are introduced 
during the sample preparation process.

●  Aggregated particles may often be subjectively ignored or counted as 
several small particles in electron microscopy.
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Corresponding to the electron microscope, the following are the 
characteristics of DLS:

●  It is a light scattering technique to obtain particle size by measuring 
the diffusion behaviors of nanoparticles experiencing Brownian motion.

●  It has excellent statistics. Each test contains at least ten to 10N 
particles. Therefore, the detection of a very small number of stable 
agglomerates in the sample is not a small probability event for the DLS 
technique.

●  The obtained size distribution is the intensity-weighted statistical 
result. Since the intensity is proportional to the 106 of the particle size, 
large particles scatter very strongly and have a significant contribution to 
the scattered signals.

●  When measured in the solution by the DLS technique, the particle 
aggregates will be treated as one particle rather than being subjectively 
ignored or counted as a few small particles.

By comparing the technical characteristics of the two methods, we can 
draw the following conclusions:

For monodisperse samples, the particle size results from electron 
microscopy and DLS are close.

Taking the 60 nm standard nanoparticles as an example, the nominal 
value of TEM is 60 nm ± 4 nm whilst the nominal value of DLS is 63 nm 
± 5 nm. This slight difference is caused by the electrical double layer 
and the hydrated layer formed by particles in the dispersant.

For polydisperse samples, the results of DLS are usually larger than 
those of electron microscopy. A wider size distribution usually causes a 
greater difference. Properly operated electron microscopy and DLS may 
yield two different but correct measurement results. The reasons for the 
differences are based on the followings:
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●  Statistically, the scattering intensity is proportional to the 106 of the 
particle diameter. The average particle size obtained by DLS is the 
Z-average, which will be greater than the number average obtained by 
electron microscopy theoretically.

●  Aggregates can be ignored subjectively and avoid being counted 
into the result if they are observed during the electron microscopy 
measurement.

●  Another situation is that aggregates in the electron microscope 
picture are counted as several small particles during the test, although it 
is unknown whether they are dispersed in the original state.

●  In most cases, there are only a few nanometers of the difference 
caused by the electrical double layer and the hydrated layer of particles, 
which slightly contribute to the result difference between electron 
microscopy and DLS.[30-36]

Example 1. Measuring gold nanoparticles

Here is the first example - the particle size characterization of gold 
nanoparticles (AuNPs).

Figure 1-13

Typical electron 
microscope 

pictures of gold 
nanoparticles.
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Figure 1-13 is an electron microscopy picture of AuNPs. There are 
multiple particles aggregated. Whether it should be counted as one 
large particle or several small particles is questionable. During sample 
preparation for electron microscopy, the sample has to be diluted and 
dropped on the copper mesh. Then the solvent gradually evaporates, 
and the sample dries up. Particles may form aggregates during this 
process. However, it cannot be ruled out if these aggregates themselves 
are present in the suspension originally.

Figure 1-14

A: intensity-weighted 
distribution; 

B: volume-weighted 
distribution; 

C: number-weighted 
distribution.
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The particle size and distribution of this sample in the original state 
(suspension) through DLS are shown in Figure 1-14. In the intensity 
distribution curve, there is a large particle fraction, indicating that some 
aggregates shown in the electron microscope pictures are indeed 
present in the suspension. In the volume distribution curve, the total 
volume corresponding to large particles is much smaller; In the number 
distribution curve, the number of large particles is traced. Hence, 
these large particles/aggregates present in trace amounts are easily 
overlooked during the electron microscopy test.

Example 2. Measuring nano silica particles

Second example - this is a test conducted in published literature 
(Langmuir, Vol. 24, No. 6, 2008, 2426-2432). A nano-silica particle 
system was characterized by TEM and DLS techniques at the same 
time. The original state of the silica system was dispersed in toluene. 
The radius of silicon oxide obtained by electron microscope statistics is 
< RTEM > = 14.3 ± 5.8 nm, which is a number-weighted statistical result.

DLS measurements were performed at 15 - 50°C to ascertain whether 
nano-silica has a state change within this temperature range. The 
average particle size of the nano-silica system <Rh> = 26.7 nm was

100nm
115K

Figure 1-15

Left: TEM pictures 
of nano silica; 

Right: the 
distribution of the 
nano-silica sizes 

obtained by TEM 
results.
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Table 1-2

Temperature dependence of characteristic parameters for colloid/toluene dispersion. The 
parameters were obtained by DLS using a volume fraction of colloids around 0.25%.

T (℃ )
<D0> / by extrapolation
(10-7cm2s-1)

<Rh> (nm) μ2/  
2 Rn (nm)

15.0 1.30 / 1.38 26.5 0.12 15.0

20.0 1.39 / 1.49 26.5 0.11 15.7

30.0 1.61 / 1.70 26.7 0.13 14.5

40.0 1.85 / 1.85 26.5 0.13 14.3

50.0 2.05 / 2.20 26.4 0.15 13.6

Γ

determined by DLS, which is a Z-average result contributed by the 
intensity. The DLS result is significantly larger than the TEM result. The 
reason for this has already been demonstrated above.

Table 1-2 shows the DLS characterization of this nano-silica sample, 
where <Rh> is the hydrodynamic radius obtained by DLS, and μ2/   

2 is 
the PDI.

Since it is a statistical difference, we can convert the intensity-weighted 
result of DLS to the number-weighted result of TEM. For systems that 
have a relatively narrow distribution (PDI or μ2/   

2 is less than 0.2), 
the average weighted by number RN can be calculated from the DLS 
average <Rh> and PDI, as follows (J.C.Thomas, J.Colloid Interf. Sci. 
117, 187 (1978)):

Table 1-2 shows the average radius weighted by number RN that is 
calculated by the average radius weighted by intensity of DLS and PDI. 
This calculated value is between 13.6 - 15.7 nm, which is consistent 
with the results obtained by electron microscopy 14.3 ± 5.8 nm.

Γ

Γ
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There is no ISO or ASTM standard that strictly quantifies the quality of 
DLS results. And the validity of results depends on the type of sample 
and the application. For example, users have different requirements of 
standard deviations for academic and industrial applications (e.g., QA/
QC). However, users can evaluate the results by the following widely 
accepted knowledge of the DLS technique:

●  Parameters provided by DLS include Z-average size, the distribution 
coefficient PDI, size distributions weighted by intensity, volume, area, 
and number, the exact particle size of each peak, and the peak area.

●  Although D10, D50, and D90 of the size distribution can be obtained 
by DLS, they are not commonly used as the standards for evaluating 
the particle size except for specific purposes.

●  From a quantitative perspective, the Z-average particle size result is 
more repeatable than all other size distribution results.

●  The Z-average size, the polydispersity index PDI, and the intensity 
distribution are the most authentic size results calculated by the 
correlation function. These results are used in more than 90% of DLS-
involved applications and industry standards.

●  In addition to specific measurement purposes, it is often necessary 
to measure one sample multiple times to investigate the repeatability of 
results. It is recommended that users perform 3 to 6 repeatability tests 
on a prepared sample (6 times is recommended by ISO 13321). By the 
statistical calculation, “average particle size ± standard deviation” is 
used to represent the particle size of the sample.

1.5. Evaluation of Data Quality
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Interpretation of intensity fluctuation curve 

The intensity fluctuation curve is the curve of the scattering intensity 
received by the detector during a sub-run, which indicates the 
homogeneity of the sample.

When the sample is homogeneous, the 
scattering intensity fluctuation is relatively 
uniform, indicating that the particle 
distribution of the sample is uniform and 
stable.

If dust is present in the sample, random 
sharp peaks will be observed. In the 
subsequent calculations, the sub-run 
results caused by dust can be filtered 
intelligently using particular algorithms.

However, if there is a large amount of dust 
and impurities in the sample, a severe 
deviation in the result will be generated 
inevitably.

Interpretation of correlation function

The correlation curve, or correlation function, is accumulated by multiple 
sub-run signals and displayed in the interface, which is a decay curve 
with time generated by the statistical method of time correlation. It is 
the most authentic signal that does not depend on any input sample 
parameters. Its decay rate is affected by particle size, dispersant, 
viscosity, and other parameters.

By different definitions, correlation functions can be expressed in various 
ways. The normalized correlation function g2-1 is displayed in the test 
interface.
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An ideal correlation function has the following 
traits:

●  The curve is smooth and single-mode 
decayed 

●  The intercept is lower than but close to 1.0

●  Good repeatability of correlation functions 
of multiple tests

Generally, poor test quality is usually 
generated in two scenarios:

1. There are large particles of impurities 
such as dust in the system. In this case, the 
correlation function is not smooth and has 
multiple decay and tailing, and the intercept 
is higher than 1.0. The repeatability of the 
correlation functions of multiple tests is poor.

For such samples, the operator should try to 
filter the sample with the appropriate pore size 
before measurement.

2. Another case is that the sample is relatively 
clean and free of large particles, but the 
scattering is weak. In this case, the correlation 
function is not smooth, and the decay rate 
is high. The intercept is much less than 1.0. 
However, the repeatability of the correlation 
functions of multiple tests is good.

For such samples, it is recommended to 
increase the number of sub-runs, so that 
more intensity signals are accumulated. The 
correlation function will become smoother and 
is expected to generate more accurate and 
repeatable results.
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The DLS technique requires the sample to be homogenous, which 
means that the particles of the sample perform Brownian motion 
rather than precipitate or float, and also the content of each fraction is 
distributed evenly in the sample cell.

Typical samples suitable for DLS measurements include nano-silicon 
oxide abrasive, nano-aluminum oxide abrasive, nanodiamond, nano 
battery material (aluminum iron phosphate), coating, paint, pigment, 
ink, drug release system, liposome, hydrogel, microemulsion, emulsion, 
polymer solution, hyperbranched polymer material, self-assembly 
systems, proteins, peptides or gold nanoparticles, etc.

Table 1-3

Parameters required for DLS measurement.

Parameters Description

Refractive index and viscosity of 
dispersant at the corresponding 
temperature

To calculate Z-average size, PDI, 
and intensity distribution

Refractive index and absorptivity 
of the material

To calculate volume, area, and 
number distributions

1.6.1. Introduction

1.6. Examples of Applications
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Introduction

Lysozyme, also known as muramidase or N-acetylmuramide 
glycanhydrolase, is abundant in secretions including tears, saliva, human 
milk, and mucus. It is an antimicrobial enzyme produced by animals and 
forms part of the innate immune system that plays an important role 
in the prevention of bacterial infections. It can destroy the cell walls of 
certain bacteria and thereby act as a mild antiseptic.

Lysozyme is a commonly used enzyme for lysing Gram-positive bacteria. 
For example, E. coli can be lysed using lysozyme to free the contents of 
the periplasmic space. Lysozyme was the first enzyme structure to be 
solved via X-ray diffraction. The primary structure of lysozyme is a single 
polypeptide containing 129 amino acids. In physiological conditions, 
lysozyme is folded into a compact, globular structure with a long cleft 
on the protein surface. The comparatively simple structure and low cost 
make it a popular model in current biological research.

The molecular weight of lysozyme is 14.4 KDa, which is small, and 
lysozyme denatures at high temperatures. The scattering intensity of 
lysozyme is extremely weak and is a challenge for DLS measurement.

Experimental

Lysozyme samples with different concentrations were prepared in PBS 
buffer solution with a pH of 7. The sample information is as follows:

1.6.2. Lysozyme with Low Concentration

Table 1-4

Information on lysozyme sample.

No. Concentration Note

1 30 mg/mL Protein denaturation study

2 10 mg/mL N/A

3 5 mg/mL N/A
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The measurement temperature was set to be 25 ± 0.1℃ . Since 
lysozyme molecules were very small and the scattering intensity was 
extremely weak, the presence of impurities such as dust would have a 
significant impact on the measurement results. Therefore, the samples 
were filtered by a 220 nm filter before the measurement. Each sample 
was measured at least three times to investigate the repeatability of the 
results.

Results and discussion

Correlation functions were obtained through the scattered light signals 
of the samples.

As shown from Figure 1-16 to Figure 1-19, correlation functions of small 
particles decayed very fast, due to the rapid Brownian motion. Signal-
noise ratios of correlation functions were high enough to show good 
repeatability.

Figure 1-16

Correlation 
functions of 
10 mg/mL 
lysozyme.

Figure 1-17

Size 
distributions 
of 10 mg/mL 
lysozyme.
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Figure 1-18

Correlation 
functions of 

5 mg/mL 
lysozyme.

Figure 1-19

Size distributions 
of 5 mg/mL 

lysozyme.

As shown in Table 1-5, the particle size of lysozyme was measured 
to be between 3 and 4 nm. The molecular weight of lysozyme can 
be calculated through the Mark-Houwink equation using the K and α 
constants of lysozyme. It can be seen that the calculated molecular 
weight of lysozyme (12.6 KDa), at the concentration of 30 mg/mL, was 
very close to the theoretical value (14.4 KDa) of lysozyme.

Table 1-5

Particle sizes of lysozyme at different concentrations at 25℃ .

Concentration Z-ave (nm) Calculated Molecular Weight (Da)

30 mg/mL 3.63 ± 0.22 12.6 K

10 mg/mL 3.47 ± 0.31 10.3 K

5 mg/mL 3.79 ± 0.90 12.4 K

Ly 5 mg/mL 173-3

Ly 5 mg/mL 173-2

Ly 5 mg/mL 173-1

0

0.05

0.1

0.15

0.2

0.25

101 100 1000 10000 100000 1000000
Time (μs)

g2
-1

Ly 5 mg/mL 173-3

Ly 5 mg/mL 173-2

Ly 5 mg/mL 173-1

0

0.1

0.2

0.05

0.15

0.25

0.3

101 100 1000 10000
Size (d.nm)



        Nanoparticle Size Measurement        37

As can be seen from Figure 1-20 to Figure 1-23, the particle size of 
lysozyme was initially small and had a narrow distribution at room 
temperature (25℃ ), whereas large lysozyme aggregates were formed 
due to protein denaturation at high temperatures.

Figure 1-20

Size distribution 
of 30 mg/mL 
lysozyme at 
25℃ . 

Figure 1-21

Size distribution 
of 30 mg/mL 
lysozyme at 
45℃ .

Figure 1-22

Size distribution 
of 30 mg/mL 
lysozyme at 
56℃ . 
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Figure 1-23

Size 
distributions 

of 30 mg/
mL lysozyme 

at different 
temperatures.

Figure 1-24

Z-average 
sizes of 30 mg/

mL lysozyme 
at different 

temperatures.

The Z-average mean and scattering intensity of lysozyme were stable 
at various temperatures below 50℃ , while they increased dramatically 
when the temperature exceeded 55℃ , due to a structural change 
caused by the denaturation of lysozyme at high temperatures and 
consequently the generation of a significant number of aggregates.

Conclusion

The particle size of lysozyme, at the concentration of 30 mg/mL, was 
measured to be 3.63 ± 0.22 nm, and the molecular weight of lysozyme 
was calculated to be 12.6 KDa through the empirical Mark-Houwink 
equation. The study on lysozyme denaturation at high temperatures has 
been successfully carried out.
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Figure 1-25

Scattering intensities of 30 mg/mL lysozyme at different temperatures.
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Introduction

Pigments are either organic or inorganic coloring materials. Many 
technical criteria apply to pigment production, including ease of 
application, color strength, and durability, all of which are closely related 
to the sizes of the pigment particles.

In this section, DLS was utilized to measure the particle sizes of two 
high-concentration pigment suspensions. Due to the high concentration 
and poor light transmittance of the sample, a capillary sizing cell with 
an inner diameter of 1 mm was used as the sample cell for the DLS 
measurement.

Experimental

A red and a yellow pigment were pre-dispersed in water for the particle 
size measurements. The measurement temperature was set to be 25 
± 0.1℃ . Each sample was measured at least three times to obtain the 
standard deviation of the results.

Results and discussion

The correlation functions of two pigment samples were calculated 
through their scattered light signals.

As shown in Figure 1-26 and Figure 1-27, the repeatability of the 
correlation function is good, indicating that the samples remain stable 
during the measurement. Neither the color nor the high concentration of 
samples affected the measurement results.

Both size distributions of red and yellow pigments were wide with two 
peaks detected. The peak of small particles was at approx. 40 nm, 
whereas the peak of large particles was at hundreds of nanometers.

1.6.3. Concentrated Pigments
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As can be seen in Table 1-6, although both pigment samples were 
nanometer-sized, the yellow pigment sample had a larger particle size 
but narrower size distribution than the red pigment sample.

Figure 1-26

Correlation 
functions of 
red pigment 
sample for six 
measurements.

Figure 1-27

Correlation 
functions of 
yellow pigment 
sample for six 
measurements.
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Table 1-6

Particle sizes of two pigment samples.

Sample Z-ave (nm) PDI

Red Pigment 112.49 ± 1.42 0.528

Yellow Pigment 267.54 ± 2.69 0.391



42        Nanoparticle Size Measurement

Figure 1-29

Size 
distribution of 

yellow pigment 
sample.
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Figure 1-28

Size 
distribution of 

red pigment 
sample.

Size (d.nm)

In
te

ns
ity

 (%
)

1
0

1

2

3

5

6

7

4

10 100 1000 10000

Conclusion

The particle sizes of high concentration pigments (red and yellow 
samples) had been successfully characterized. Using the capillary sizing 
cell, even samples with high concentrations and low transmittance can 
be analyzed to yield reliable and accurate results. 
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Figure 1-30

Schematic 
diagram of 
micelle.

1.6.4. Micelles Self-assembled by Surfactants

Introduction

Surfactants are amphiphilic molecules 
containing hydrophilic part and 
hydrophobic part. When surfactants 
are dissolved into water, they orient 
themselves at the air-water interface, 
with the hydrophilic part in water and 
the hydrophobic part in the air. When 
the surfactant concentration is higher 
than the critical micelle concentration 
(CMC), the surfactant molecules will 
be regularly arranged on the liquid 
surface or form micelles through self-assembly behavior. Note that the 
change of ambient temperature and surfactant concentration will result 
in different phase behaviors of the micelles and consequently different 
sizes and morphologies. 

Surfactant molecules are divided into non-ionic surfactants such 
as the CmEn series, ionic surfactants such as SDS, and copolymer 
surfactants. The phase behavior of a particular surfactant is determined 
by its specific type or chemical composition. Surfactants have a wide 
range of applications in chemistry, biology, pharmaceuticals, etc.

In this section, a non-ionic surfactant micelle Tween 20 and an ionic 
surfactant micelle SDS were studied by investigating their particle sizes 
and the effect of temperature on their phase behaviors through DLS.
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Experimental

Two surfactant suspensions were prepared at different concentrations 
as shown in Table 1-7.

The measurement temperature was set to be 25 ± 0.1℃ . Since the 
surfactant molecules were very small and the scattering intensity was 
extremely weak, the presence of impurities would have a great impact 
on the measurement results. Therefore, the samples were filtrated by a 
220 nm filter before the measurement. Each sample was measured at 
least three times to investigate repeatability of the results.

Table 1-7

Sample information.

Sample Concentration Dispersant

Tween 20 10 mg/mL Water

Tween 20 25 mg/mL Water

Tween 20 50 mg/mL Water

SDS 25 mg/mL Water

SDS 50 mg/mL Water

Figure 1-31

Correlation functions of 10 mg/mL Tween 20 at the temperature from 5℃ to 65℃ .
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Figure 1-32

The correlation 
function of 25 
mg/mL Tween 
20 at 25℃ .

Figure 1-33

The correlation 
function of 50 
mg/mL Tween 
20 at 25℃ .

Figure 1-34

The correlation 
function of 25 
mg/mL SDS 
self-assembled 
micelle.

Figure 1-35

The correlation 
function of 50 
mg/mL SDS 
self-assembled 
micelle.
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Results and discussion

The correlation functions were calculated through the scattered signals 
of samples.

According to the correlation functions shown from Figure 1-31 to Figure 
1-35, all the samples decayed extremely fast, due to the rapid Brownian 
motions of small particles. As depicted in Figure 1-31, the signal-noise 
ratios of correlation functions were good, and the correlation functions 
decayed faster with the increase of the temperature because the 
micelles diffused faster at higher temperatures.

Figure 1-34 and Figure 1-35 illustrate the correlation functions of 
25 mg/mL and 50 mg/mL Tween 20 micelles obtained by multiple 
measurements respectively. It can be seen that the repeatability of 
measurements was satisfactory even for several-nanometer particles 
with extremely weak scattering intensity.

The results of multiple measurements under different conditions are 
listed in Table 1-8.

As seen in Table 1-8, the Z-ave values of micelles formed by Tween 20 
surfactant under different conditions were relatively stable, fluctuating 
between 7.3 nm and 7.6 nm in the concentration range from 10 mg/
mL to 50 mg/mL at 25℃ . When the concentration was 10 mg/mL, the 
Z-ave of the Tween 20 sample was between 6.8 nm and 8.1 nm at the 
temperature ranging from 25℃ to 65℃ .

As we know, for SDS surfactant micelles, the particle size is highly 
dependent on its concentration. At a concentration of 25 mg/mL, in 
addition to the nanometer-sized micelles, large aggregates of several 
hundred nanometers also formed. When the concentration increased 
to 50 mg/mL, the number of large micelle aggregates decreased 
significantly.
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Figure 1-36

Size distributions 
of 10 mg/mL 
Tween 20 at the 
temperature from 
5℃ to 65℃ .

Figure 1-37

Size distributions 
of 25 mg/mL SDS 
micelle at 25℃ .

Figure 1-38

Size distributions 
of 50 mg/mL SDS 
micelle at 25℃ .
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Conclusion

The particle sizes of self-assembled micelles (ionic and non-ionic) 
had been characterized successfully. The built-in temperature control 
system of the DLS analyzer allows the thermal stability analysis of 
particle size by controlling the sample temperature to the desired 
value with the precision of ±0.1°C.
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Table 1-8

Z-average sizes of micelle samples.

Sample Temperature (°C) Z-ave (nm)

10 mg/mL Tween 20 5 7.12 ± 0.41

10 mg/mL Tween 20 10 8.11 ± 0.17

10 mg/mL Tween 20 15 8.14 ± 0.12

10 mg/mL Tween 20 20 7.86 ± 0.01

10 mg/mL Tween 20 25 7.56 ± 0.07

10 mg/mL Tween 20 35 7.16 ± 0.25

10 mg/mL Tween 20 45 6.96 ± 0.08

10 mg/mL Tween 20 55 6.88 ± 0.15

10 mg/mL Tween 20 65 7.24 ± 0.06

25 mg/mL Tween 20 25 7.41 ± 0.10

50 mg/mL Tween 20 25 7.30 ± 0.14

25 mg/mL SDS 25 53.03 ± 7.23

50 mg/mL SDS 25 2.21 ± 0.1



        Nanoparticle Size Measurement        49

Introduction

Iron dextran is a liquid complex comprised of ferric hydroxide and 
dextran, which is used to treat iron deficiency anemia through 
intramuscular injection. In the clinical setting, it is used in patients 
who cannot be treated with oral iron supplements, or those who need 
immediate and sufficient iron supplements.

The size and size distribution of iron dextran are closely related to 
the manufacturing process of the injections, and, in turn, affect 
bioavailability, efficacy, and immune response produced by the final 
product significantly. In addition, product stability could be evaluated by 
monitoring the size and size distribution of the injection. In this section, a 
comparison study on the size distributions of one commercially available 
and one R&D stage iron dextrans was carried out.

Experimental

Commercially available and R&D stage iron dextran injections, two 
intramuscular injections, were measured in this study. The stock 
solutions of both were dark-brown suspensions, indicating high 
absorbance. The stock solutions were diluted with deionized water by 
100 times, respectively, and measured at 25 °C.

Each sample was measured at least 3 times to obtain the standard 
deviations of sizes and investigate the result's repeatability.

Results and discussion

By analyzing the original scattered light signals, the correlation functions 
of samples are calculated, as shown in Figure 1-39 and 1-40.

1.6.5. Iron Dextran Injections
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As illustrated, both correlation functions display high signal-to-noise 
ratios and excellent repeatabilities. However, their decay rates show 
slight deviations from each other, as shown in Figure 1-41.

The correlation function of the commercially available sample decayed 
more rapidly than that of the R&D stage sample. This, thereby, illustrates 
that the particle size of the R&D stage iron dextran is greater than that 
of the commercially available one, and its particles diffused slower.

Table 1-9 shows that the R&D stage iron dextran had a larger Z-average 
size and larger polydispersity index (PDI) than the commercially available 
one.

Figure 1-39

The correlation 
function of 

commercially 
available sample.

Figure 1-40

The correlation 
function of the 

R&D stage 
sample.
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Table 1-9

Sizes of iron dextrans.

Iron Dextran Sample Z-average Size (nm) PDI

Commercially available 15.78 ± 0.27 0.089

R&D stage 22.25 ± 1.26 0.230
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Figure 1-41

Correlation 
function 
comparison 
between two 
samples.
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Size distributions of two iron dextran injections were displayed in Figure 
1-42 and Figure 1-43, demonstrating the narrow distribution of sizes 
in the commercially available sample, compared with the two peaks 
from the R&D stage sample. Such an additional peak at around 200 nm 
suggests the presence of aggregates in the R&D stage sample.

Figure 1-42

Size distribution 
of the 
commercially 
available iron 
dextran.

Figure 1-43

Size distribution 
of the R&D stage 
iron dextran.
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Conclusion

DLS was used to characterize two iron dextran injections, one 
commercially available and one in the R&D stage. Size differences were 
successfully distinguished, and the presence of aggregates in the R&D 
stage sample was ascertained. With regards to the injections, particular 
attention needs to be paid to the formation of aggregates, due to their 
significant effect on the drug stability, efficacy, and immune response. 
Hence, the DLS technique with its excellent sensitivity for aggregates or 
large particles will be extremely useful and convenient as a research tool 
for injection preparation.
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Introduction

Turbidimetry (also known as turbidimetric immunoassay) is a commonly 
used approach for the diagnosis of clinical immunological reagents. 
PETIA (Particle-enhanced turbidimetric immunoassay) is one of the 
homogeneous turbidimetries that has emerged in recent years, which is 
a more stable and accurate access to quantifying the level of antigen-
antibody complexes in body fluids than traditional methods. It detects 
the opaqueness of the diagnostic reagent containing immunoparticles 
mixed with specimens that might contain the target analyte (antigen).

Polystyrene latex nanoparticles coated with monoclonal antibodies 
are commonly applied as antigen-antibody complexes in PETIA. The 
concentration, size, and size distribution of latex particles are critical 
indicators for developing such immunodiagnostic reagents, since they 
significantly affect the responsiveness and sensitivity of PETIA tests and 
also the stability of the reagents.

In this section, the particle size and size distribution of three latex 
samples coated with monoclonal antibodies in the R&D stage were 
investigated.

Antigen

Monoclonal Antibody

Figure 1-44

Schematic 
diagram of 
antibody and 
antigen.

1.6.6. Nanoparticles Coated with Monoclonal 

Antibody



54        Nanoparticle Size Measurement

Experimental

Three latex complexes were measured, and the corresponding 
information is shown in Table 1-10.

The measurements were performed at 25 °C. Each sample was 
measured at least three times to obtain the standard deviations of sizes 
and investigate the result's repeatability.

Results and discussion 

By analyzing the original scattered light signals, the correlation functions 
of samples are obtained.

Figure 1-45, 1-46 and 1-47 show the correlation functions of 
three samples. As depicted, the correlation functions are with high 
repeatabilities.

Table 1-10

Sample information.

Sample Dilution Times Dispersant

A 1000 Distilled Water

B 1000 Distilled Water

C 2000 Distilled Water

Figure 1-45
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Figure 1-48

Size 
distributions 
of Sample A.

Figure 1-46

Correlation 
functions of 
Sample B.

Figure 1-47

Correlation 
functions of 
Sample C.
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Figure 1-49

Size 
distributions of 

Sample B.

Figure 1-50

Size 
distributions of 

Sample C.

Figure 1-51

Size 
distributions of 

Sample A, B, 
and C.
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Table 1-11

 Measurement results of Sample A, B, and C.

Sample Z-average size (nm) RSD% PDI

A 200.47 ± 1.73 0.86 0.027

B 99.52 ± 0.41 0.42 0.028

C 411.59 ± 4.05 0.98 0.029

Comparing the size distributions of the three samples in Figure 1-51, it 
can be concluded that the size of Sample C > Sample A > Sample B 
and their size distributions are highly differentiated.

From the measurement results in Table 1-11, we can see that the 
Z-average sizes of the three samples are significantly different. Sample 
C is the greatest in size, and Sample B is the smallest. The difference 
in size between sample B and sample C is larger than four times. The 
relative standard deviation (RSD) of the repeatability of each sample is 
less than 1%. The polydispersity index (PDI) of all samples is less than 
0.05, suggesting that the size distributions of all samples are narrow, 
and all samples are monodisperse in size.

Conclusion

In the field of immunodiagnostic assay, DLS can provide accurate and 
reproducible test results, which is a powerful process-monitoring tool for 
producing and developing such latex-antibody immunological reagents.
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Introduction

PNIPAm, Poly (N-isopropyl acrylamide), is a thermal-sensitive polymer, 
which has been extensively studied since the 1990s. Due to the 
characteristics of its molecular structure, PNIPAm shows a phase 
transition corresponding to temperature variation. When the temperature 
exceeds its low critical solution temperature (LCST), the polymer chains 
gradually shrink to a collapsed conformation because of hydrogen bond 
interaction and hydrophobic effect. Interestingly, either compounded 
or copolymerized with other materials, the thermosensitive property 
of PNIPAm molecules can be effectively maintained, and the phase 
transition behavior is reversible. Such a thermosensitive characteristic is 
promising for many applications in pharmaceuticals and smart material 
design.

In this section, DLS is used to characterize the sizes and zeta potentials 
of a PNIPAm hydrogel with the temperature change and study the 
impact of the solution environment on its structure.

Experimental

The PNIPAm hydrogel is dispersed in water. The measurement 
temperature range was set to 25°C - 50°C, and measurements were 
performed with a temperature interval of 1°C. A heating-cooling cycle 
was performed. To ensure that the measured sample is in thermal 
equilibrium, we set 60 seconds as the temperature equilibration time for 
each temperature interval. 

Results and discussion 

As shown in Figure 1-52, during the temperature raising process, in the 
range of 25°C - 50°C, the particle size of PNIPAm hydrogel decreases

1.6.7. Thermosensitive Polymers PNIPAm
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Figure 1-52

Particle sizes and count rates of PNIPAm hydrogel as a function of temperature.

when temperature increases, while the count rate gradually increases. 
At 25°C, the size is approximately 700 nm, while at 50°C, the size is 
reduced to around 350 nm.

The PNIPAm size decreases upon heating when the surrounding 
temperature has exceeded a phase transition temperature (normally 
around 32°C, as reported in most literature, dependent on the colloidal 
structure). The hydrophobic effect of PNIPAm molecules and the 
formation of a protein-like hydrogen bond would result in rapid changes 
in its conformation from the unfolded-coil state to the collapsed state. 
Additionally, the gradual increase of count rates results from the 
shrinking of PNIPAm, which leads to an increase in colloidal density and 
the value of (dn/dc) for suspension. And the count rates are directly 
proportional to the value of (dn/dc)2.

Z-ave with increasing temperatures

Z-ave with decreasing temperatures

Count rates with increasing temperatures

Count rates with decreasing temperatures
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The assembled behavior in the heating-cooling cycle is reversible. 
Obvious hysteresis of the phase transition can be observed in the 
heating and cooling cycle. It is because PNIPAm needs to absorb 
energy in order to form the hydrogen bonds upon heating, while the 
cooling process is attributed to the released energy from the breaking of 
hydrogen bonds.

Figure 1-53 shows the zeta potential trend of the sample under different 
temperatures. As illustrated, the zeta potentials of PNIPAm hydrogel are 
negative in the detected temperature range, which means the sample 
carries negative charges on the surface, and the amplitude of zeta 
potentials increases with the elevation of temperature. At 25°C, the zeta 
potential of PNIPAm is approximately -10 mV, and when the temperature 
reaches 50°C, the zeta potential decreases to approximately -24 mV. 
The zeta potential trend of PNIPAm hydrogel behaves the same for both 
the heating and cooling processes.

Figure 1-53

Zeta potentials of PNIPAm hydrogel as a function of temperature.

Zeta potential with increasing temperatures

Zeta potential with decreasing temperatures
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The temperature dependence of the zeta potential of the PNIPAm 
sample can be illustrated in Figure 1-54. At relatively lower temperatures, 
the sample displays unfolded conformation, where the surface charge 
density is relatively lower; however, with the increasing temperature, 
the particle size decreases, leading to the increase of surface charge 

density and the zeta potential amplitude.

Conclusion

A thermosensitive sample PNIPAm is characterized by automatic 
measurements of the particle sizes and zeta potentials under the 
programmed temperature change process of a DLS analyzer. The 
PNIPAm measured exhibits similar behavior to the reported results from 
most literature. The temperature trend measurement can significantly 
improve the measurement efficiency and provide a robust and powerful 
testing tool for such applications.

Figure 1-54

The schematic diagram for the temperature dependence of PNIPAm conformation.

Descending 
Temperature

Rising 
Temperature
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What is zeta potential?

Particles usually carry charges on their surfaces in aqueous systems, 
surrounded by counter-ions that form a firm inner Stern plane and 
an outer shear plane. The definition of electrical double layer varies 
depending on different theoretical models.[37-41]

The electrostatic potential reaches the maximum at the particle surface, 
which is called the surface potential. The Stern plane is located at the 
electrical double layer's inner region, where ions are strongly bounded, 
and the electrostatic potential at the Stern plane is called Stern potential. 
The electrostatic potential at the shear plane is called zeta potential, 
which is a parameter that measures the electrochemical equilibrium at 
the particle-liquid interface.

At a position that is infinitely far away from the particle surface, the 
electrostatic potential approaches zero. Within the shear plane, all 
components move with the particles, whereas the solution environment 
refers to any position outside the shear plane. The sign of zeta potential 
indicates whether the particles are positively or negatively charged: 
particles with positive zeta potentials are positively charged, and those 
with negative zeta potentials are negatively charged.

2. Zeta potential measurement

2.1. Zeta Potential
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Stern Plane

Shear Plane

Surface Potential

Stern Potential

Zeta Potential
mV

Figure 2-1

Potential distribution at particle surface.

Why do we measure zeta potential?

A colloidal system with a higher zeta potential tends to be more stable 
and less likely to form aggregates, while lower zeta potentials lead to 
flocculation and coagulation of the particles due to van der Waals forces. 
Due to the usefulness of zeta potential measurements for many practical 
purposes associated with the determination of stability, zeta potential 
has been widely applied in many fields including ceramics, paints, inks, 
pharmaceuticals, water treatment, food and drinks emulsions, etc.



64        Zeta Potential Measurement

Zeta potential is related to the net charge density on the particle surface 
rather than the absolute number of charges.[42-43] Particle surface charge 
is mainly generated due to three factors:

●  Dissociation of chemical groups on the particle surface

●  Oriented adsorption of charged ions

●  Adsorption of additives

Dissociation of groups on the particle surface

The chemical groups on the particle surface may dissociate in the 
solution, leading to the charging of the particle, and different groups 
can cause the particles to have different charges, e.g., the particles are 
negatively charged by the dissociation of sulfonic acid groups, and are 
positively charged by the dissociation of amino groups. 

Some particles have a complex composition of surface groups, such as 
proteins, which carry both a carboxyl group COO- that can dissociate 
into negative charges, and an amino group NH4

+ that can dissociate 
into positive charges. The overall charge of the particles depends on the 
ionization balance of the different kinds of groups and the particles can  
be positively or negatively charged in different environments.

2.2.1. The Origin of Surface Charge

2.2. Particle Stability
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Oriented adsorption of charged ions

Some particles, such as most metal and non-metal oxides, do not 
carry dissociable chemical groups, but these particles may also have 
a relatively high zeta potential when dispersed in water under certain 
conditions. 

This is because water contains positively charged hydrogen ions and 
negatively charged hydroxide ions, as well as other types of ions, which 
can be adsorbed on the surface of the particles in a specific condition.

Adsorption of additives

Additives, such as polysaccharides and surfactants, are often present 
in the solutions of complex systems, and these substances can 
be adsorbed on the surface of the particles charging them, so the 
concentration of these substances also affects the zeta potential of the 
particles to some extent.
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The stability of a colloidal dispersion is its most important property. 
There are various interactions between particles. Some forces make 
the particles repel each other, such as electrostatic repulsion forces, 
and some forces make the particles attract each other, such as van 
der Waals forces. If only electrostatic repulsion forces and van der 
Waals forces are considered, the interactions between particles are 
in accordance with the DLVO (Derjaguin–Landau–Verwey–Overbeek) 
theory. Electrostatic repulsion forces can act over relatively long 
distances, while van der Waals forces increase sharply in the distance 
where the particles are very close.

There are two stabilization mechanisms for particle dispersions, namely 
electrostatic repulsion and steric effect. The electrostatic repulsion can 
be characterized by the values of zeta potential.

Zeta potential is closely related to the stability behavior of the colloid 
particles. With a high zeta potential, the electrostatic repulsion force 
between particles is strong and the particle system tends to be stable. 
With a low zeta potential, the repulsion force between particles is weak 
and when the particles approach each other, the van der Waals force 
between particles plays a dominant role, the particles are likely to 
agglomerate or flocculate, and the particle system tends to be unstable.

Figure 2-2

Particle suspensions with high (left) and low (right) zeta potential indicate different stability.

2.2.2. Mechanisms of Stabilization
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Another stabilization mechanism of the particle system is steric 
stabilization. Commonly, the polymer chains are grafted onto the surface 
of the particles by chemical bonding or physical adsorption, and when 
the particles gradually approach, the potential energy between the 
polymer chains increases, preventing the particles from aggregating.

Figure 2-3

Schematic diagram of the steric effect of particles.
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Electrophoresis is the most frequently used and classical method 
to determine the zeta potential. When applying an electric field to a 
suspension containing charged particles, the force applied on the 
charged particle through the electric field can be given by:

where F is the force of the applied electric field, q is the electric charge 
on the particle, and E is the field strength. The velocity of moving 
particles reaches equilibrium when the applied field force equals the 
drag force after a certain period of time.

where η is solvent viscosity, r is the radius of the particle, and v is the 
electrophoretic velocity. v can be expressed as:

The velocity v is proportional to the field strength E as follows:

where μ is the electrophoretic mobility that is the velocity with which 
a solute moves in response to the applied electric field. Taking all the 
above equations into account, μ can be expressed as:

The unit of electrophoretic mobility is (m/s)/(V/m) or m2/(V•s).

2.3. Electrophoretic Mobility
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Electrophoretic light scattering (ELS) is a light scattering technique 
utilized to measure the zeta potential of particles suspended in solution 
via Doppler shifts in scattered light. Figure 2-4 illustrates the principle of 
ELS.

The beam splitter splits the laser beam into the incident beam and the 
reference beam. The incident beam is used to illuminate the sample, 
while the reference beam passes through the PZT and reflecting mirror 
and combines with the scattered light detected at the forward angle 
of 12°. Charged particles experience electrophoresis when subjected 
to an electric field. As a consequence, the frequency of the scattered 
light shifts compared to the incident light due to the Doppler effect. And 
the magnitude of the frequency shift correlates to the electrophoretic 
velocity.[44-48]

A detector set up at 12° in the forward direction detects beat signals 
of the combined beam. A modulated base frequency is added to the 
reference beam by PZT in order to avoid the noise caused by Brownian 
motion when the electrophoretic velocity is low, and also to resolve the 
direction of the electrophoretic movement.

Figure 2-4

Schematic 
diagram of the 
ELS principle.

Mirror
Reference Beam

Mirror on PZT

Electrode
LensAttenuator

Beam 
Splitter

Attenuator
Electrode

Electrode

Processor

PC

2.4. Electrophoretic Light Scattering (ELS)
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Figure 2-5

The beat signals 
of the combined 
beam received 
by the detector.
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Figure 2-6

Alternating voltages and phases of PALS.

The beat frequency equals the frequency difference between the 
reference beam and the scattered light. For most charged particles 
in electrophoresis, the beat frequency falls in the range from 0 to 100 
Hz. However, other motions of particles in the suspension system 
also contribute to the beat signals when the particles’ electrophoretic 
mobility is low, such as the Brownian motion and liquid turbulences, 
imposing difficulties on interpreting the beat frequency analysis.

Phase analysis light scattering (PALS)

Phase analysis light scattering (PALS) is a more sensitive technique that 
has been developed to analyze the beat signals by measuring the phase 
shift instead of the frequency shift.[49-57]

PALS is able to provide more accurate results, especially for low 
electrophoretic mobility samples.
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In an ELS measurement, an alternating voltage is applied to the sample 
to change the electrophoresis directions of charged particles. PALS 
detects the change in phases of scattered light with respect to time. 
The slope of the phase plot is proportional to the frequency shift Δf. The 
relationship between electrophoretic mobility μ and frequency shift Δf is 
described as follows:

Henry’s equation relates the electrophoretic mobility μ and zeta potential ζ:

where ε0 is the solvent dielectric constant in a vacuum, εr is the relative 
dielectric constant, η is the solvent viscosity, Κ is the reciprocal Debye 
length, α is the particle radius, and Κα refers to the ratio between the 
thickness of the electrical double layer and the particle radius.
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In a relatively low concentration range, while keeping the solution 
environment constant, the zeta potential will not change with the sample 
concentration, and the zeta potential value detected in this range is the 
true zeta potential.

However, when the particles reach a critical concentration, the zeta 
potential will deviate from its original value and approach zero in most 
cases. This is due to two possible reasons: one is that the number of 
particles is increasing such that the particle interactions start to affect 
the normal electrophoresis, resulting in a decrease in the electrophoretic 
mobility of the particles and thus a decrease in the apparent zeta 
potential (which is no longer the true zeta potential) with concentration; 
another reason is that when the particle concentration is overwhelmingly 
high, the contribution of charged particles to the ionic strength can no 
longer be neglected, and an increase in ionic strength also leads to a 
decrease in the zeta potential.

Dilution of highly concentrated samples

Theoretically, the true zeta potential of the current solution environment 
will not be obtained unless the sample is diluted by an appropriate 
amount. It is worthwhile noting that the sample needs to be diluted 
using the original solution. This is not a problem for samples with known 
solution composition, but is a relatively difficult problem for highly 
concentrated systems with unknown solution formulations. Dilution with 
distilled water can significantly change the solution environment in some 
cases, by reducing the ionic strength and causing the electrical double 
layer of the particles to extend further and the zeta potential value to 
become larger.

2.5.1. Particle Concentration

2.5. Experimental Considerations for ELS
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A practical approach to obtain a true zeta potential value is to centrifuge 
the highly concentrated sample and take the supernatant for dilution, 
which can avoid the change in the solution environment of the sample.

Figure 2-7

An example of particle concentration vs. zeta potential.

Figure 2-8

Dilution of highly concentrated samples by centrifugation.

take out the test tube take the supernatant
into the sample cell
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pH is one of the most important influencing factors on zeta potential. 
Generally, at low pH, the solvent has more hydrogen ions and the 
particles tend to be positively charged, while at high pH, the solution has 
more hydroxide ions and the particles tend to be negatively charged.

It is important to note that even for particles of the same chemical 
composition, the zeta potential can vary significantly depending on 
the composition, preparation or synthesis method. In Figure 2-9, the 
zeta potentials of two alumina samples from different sources show a 
significant difference due to the dependence of zeta potential on the 
solution pH.

Figure 2-9

Variation of zeta potential with pH for two alumina samples of different sources.

2.5.2. pH Values
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The addition of salt to a solution increases the ionic strength of the 
solution, which is closely related to the valency and concentration 
of the salt. The higher the valency and concentration of the salt, the 
higher the ionic strength and the stronger the shielding effect on the 
surface potential of the particles, and the lower the zeta potential of the 
particles.

2.5.3. Salt Concentration

Figure 2-10

Variation of zeta potential with conductivity for polystyrene spheres at different salt concentrations.
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A common misconception is that for a particle, the larger the particle 
size, the more charges it carries and therefore the higher the zeta 
potential, but this is not the case. Zeta potential is not related to particle 
size but the surface charge density. According to the Debye-Hückel 
equation, for a moderate zeta potential, the relationship between 
surface charge and zeta potential can be expressed as:

where ζ is the zeta potential, Q is the number of charges on the particle, 
ϵ is the dielectric constant, R is the radius of the particle, and κ is the 
reciprocal of the Debye length. The expression shows that the zeta 
potential depends not only on the total number of charges Q, but also 
on the radius R. Thus, the zeta potential is more related, though not 
proportionally, to the surface charge density than to the total amount of 
charges. 

The effect of particle size on zeta potential was investigated by 
measuring a silica abrasive sample.

The supernatant of the sample at different centrifugation durations 
was characterized. Centrifugation causes large particles to sediment, 
which changes the particle size of the sample, but not the solution 
environment. As can be seen in Figure 2-11 and Figure 2-12, the 
particle size of the supernatant decreases with centrifugation duration, 
whereas the zeta potential does not change, thereby demonstrating that 
there is no direct relationship between zeta potential and particle size.

2.5.4. Particle Size
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Figure 2-11

Sizes of particles 
with different 
centrifugation 
durations.

Figure 2-12

Zeta potentials 
of particles 
with different 
centrifugation 
durations.
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Currently, there are no ISO or ASTM standards that strictly quantify the 
quality of zeta potential results, and the validity of results depends on 
the types of samples and their applications. Nonetheless, users can 
evaluate the results based on some widely accepted knowledge of the 
ELS technique.

Information about zeta potential results

●  The zeta potential of particles in suspension depends on the 
functional groups on particles’ surfaces and the solution environment. Its 
magnitude and sign indicate the electrostatic potential at the interface of 
shear plane in the current solution environment.

●  The higher the zeta potential is, the more stable the system will be 
and the less likely it is to form aggregates. According to some scientific 
research, if the magnitude of zeta potential is greater than 30 mV, the 
system is thermodynamically stable. However, 30 mV is not a rigid 
threshold of stability. Some suspension systems are still stable even 
with zeta potentials that are around 10 mV, e.g., proteins suspended in 
certain solvent environments.

●  For microparticles, even if the suspension system has a relatively 
high zeta potential, it does not necessarily prevent the particles from 
sedimenting.

●  Measuring zeta potentials enables stability analysis for systems with 
different environments, formulations and engineering processes. 

●  Zeta potential is not the only factor that affects the stability of a 
suspension system. The steric effects on particle surfaces also keep a 
suspension stable.

2.6. Evaluation of Data Quality
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Interpretation of phase plot

(a) High-quality plot

●  Good linearity between time and phase.

●  Phase changes as the electric field changes, and the curve is clear and 
distinguishable.

●  Indicates high-quality beat signals.

●  Suggests recognizable and strong electrophoresis of charged particles.

(b) Average-quality phase plot

●  Moderate linearity between time and space, with some level of noise.

●  Phase changes as the electric field changes, and the curve is clear 
and distinguishable.

●  Indicates distinguishable beat signals.

Possible Causes

●  The sample has a low zeta potential or slow electrophoresis.

●  The sample has a high concentration and scattered light in the 
forward direction is weak.
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(c) Low-quality phase plot

●  High noise level, poor linearity between time and space.

●  Non-distinguishable changes of phase with respect to the electric 
field.

●  Indicates low-resolution beat signals.

Possible Causes

●  Low zeta potential of the sample and extremely slow electrophoresis.

●  The sample might disperse in a high salt concentration system or 
near the isoelectric point.

●  The sample has a very high concentration and the scattered light in 
the forward direction is extremely weak.
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The ELS technique requires the sample to be relatively stable, without 
apparent settling or floating movements. Particles suitable for zeta 
potential measurements by the ELS technique have sizes between 
several nanometers and approx. 100 micrometers. 

Typical samples suitable for ELS measurement include abrasives such as 
nano-silicon oxide and nano-aluminum oxide, battery cathode materials 
(e.g., aluminum iron phosphate), coatings, paints, pigments, inks, 
drug release systems, liposomes, hydrogel, microemulsions, polymer 
solutions, hyperbranched polymer material, self-assembly systems, 
proteins, polypeptides, wastewater treatment and gold nanoparticles.

It is theoretically and experimentally proven that the value of zeta potential 
depends on particles’ surface modification and solution environment, 
but is not closely related to the particle size. If the sample has a strong 
settling trend due to its size or specific gravity, the operator can keep the 
sample still and let it settle for a period and then use the supernatant for 
measurement.

Table 2-1

Parameters required for ELS measurement.

Parameters Description

Refractive index, viscosity, and 
dielectric constant of the dispersant 
at a specified temperature

To calculate zeta potential, 
electrophoretic mobility and 
frequency shift of the sample.

2.7.1. Introduction

2.7. Examples of Applications
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Introduction

Measuring and interpreting the zeta potential of highly concentrated 
samples have always been a challenge. In this section, the zeta 
potentials of concentrated fat emulsion dispersed in water at different 
concentrations are measured. Made up of soybean oil, glycerides, fatty 
acids, and phospholipids, a fat emulsion is typically opaque with a milky-
white color. 

Experimental

Since there was no trace of salt (which could dissociate into cations 
and anions potentially altering the zeta potential values) found in the 
ingredients of fat emulsion, the distilled water was used to dilute the 20% 
w/v stock fat emulsion down to different concentrations. The diluted fat 
emulsion suspensions had concentrations ranging from 0.002% to 20% 
w/v. The temperatures of suspensions were controlled to be 25°C. The 
zeta potential measurements were performed using the folded capillary 
cell. Each sample was measured at least three times to investigate the 
repeatability of the results.

Results and discussion

The zeta potentials of fat emulsion at different concentrations are 
shown in Figure 2-13. Concentrated fat emulsion suspensions, whose 
concentrations were from 2% to 20%, had zeta potentials approximately 
around -5 to -7 mV. For those suspensions whose concentrations 
were below 2% but above 0.5% w/v, as concentrations decreased, 
the absolute values of zeta potentials increased. For suspensions with 
concentrations between 0.002% and 0.5% w/v, the zeta potentials were 
around -41 to -44 mV. Such small fluctuations indicate that the zeta 
potentials were independent of concentration in this concentration range.

2.7.2. Concentrated Fat Emulsion
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Two possible reasons accounted for the extremely low zeta potentials 
in highly concentrated fat emulsion suspensions. The first one pertains 
to the particle-particle interaction. In concentrated suspensions, 
the particle-particle interaction was so strong that suppresses the 
electrophoretic movements, and therefore results in a decrease in 
electrophoretic mobility of the particles, and thus a decrease in the 
zeta potential. The second reason pertains to the surface charges 
of lipid particles. When particle concentrations are high enough, the 
contribution of charged particles to the ionic strength of the solvent 
environment can no longer be neglected, which effectively reduces the 
influence of charge through shielding and thereby decreases the zeta 
potentials. 

As the suspensions became less concentrated, the two above-
mentioned phenomena were less dominant, thus yielding more accurate 
and stable zeta potential results. Consequently, zeta potentials of this 
suspension with concentrations higher than 0.5% w/v were no longer 
the true zeta potential of the system but were instead the apparent zeta 
potential.

Figure 2-13

Zeta potential 
of fat emulsion 
at different 
concentrations.
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Conclusion

The zeta potential results obtained from highly concentrated samples 
are not the true values of the system. To obtain the true zeta potential 
value of an aqueous system, it is essential to use a proper dilutant, 
which keeps the environment the same as the stock solution, to dilute 
the stock solution to an appropriate concentration range where the 
zeta potential does not depend on the concentration. For an unknown 
aqueous system, it is recommended to perform a concentration titration 
experiment to determine the optimal concentration range.
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Introduction

In this section, the relationship between the zeta potential and pH is 
investigated by measuring the zeta potentials of a commercially available 
powdered coffee creamer at different pH. This creamer is a mixture of 
polysaccharides, proteins, and stabilizers.

Experimental

10 mg of powdered coffee creamer was dispersed in 100 mL of distilled 
water and was dispersed using a magnetic stirrer for 15 minutes to 
obtain the stock solution. The pH value of the stock solution was 
measured to be 8.3. The stock solution was then equally divided into 
smaller portions in different sample cells, each with a volume of 3 
mL. The pH values of the solutions were changed by adding different 
amounts of 25 mM HCl or 25 mM NaOH solution into each of the stock 
solutions.

The measurement temperature of the samples was controlled at 25 
± 0.1°C. The zeta potential measurements were performed using the 
folded capillary cell. Each sample was measured at least three times to 
investigate the repeatability of the results.

Results and discussion

The zeta potentials of the coffee creamer suspensions were measured 
at different pH and the results are shown in Figure 2-14.

The zeta potential of the coffee creamer solution shows a positive value 
in low pH ranges, indicating that the particles' surface carried positive 
charges in this pH range. As the pH value increased, the zeta potential

2.7.3. Coffee Creamer
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value decreased, gradually approaching 0 mV when the pH was 5. 
After the isoelectric point (IEP) was reached, the pH of the system kept 
increasing as more NaOH was added, and the particles in the system 
started carrying negative charges. In the pH region higher than 9, the 
absolute values of zeta potential gradually increased as the pH value 
increased.

Conclusion

The zeta potential results of coffee creamer obtained show good 
accuracy and repeatability even at low zeta potential specifically in the 
±10 mV range.

Figure 2-14

Scatter plot of 
coffee creamer 

solution’s 
pH vs zeta 

potential.
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Introduction

Through emulsion polymerization, polystyrene and butadiene can form 
nano copolymer latex spheres, which are widely used in paper, cement, 
and other industries. Depending on the composition, the latex surface 
may carry positive or negative charges that maintain the stability of the 
latex system. Therefore, it is important to measure the zeta potential to 
evaluate charges and, eventually, the stability of the sample.

In this section, we measured the sizes and zeta potentials of 
polystyrene-butadiene copolymers dispersed in aqueous environments 
that are from the same source but vary in manufacturing processes.

Experimental

Two copolymer latexes were diluted in pure water by 1000 times for size 
and zeta potential measurements. Each sample was measured at least 
three times to investigate the repeatability of the results and obtain the 
standard deviation of the results.

Results and discussion

The sizes and zeta potentials of two latex samples were obtained. 
Figure 2-15 shows the size distribution curves of both samples. It turns 
out that both samples are narrowly distributed without large aggregates. 
Figure 2-16 and Figure 2-17 display the phase plots and zeta potential 
trend plots of ELS measurement. The slopes of phase plots represent 
the frequency shifts of scattered light due to electrophoresis. The very 
clear slopes of the phase plots demonstrate good signal-to-noise ratios 
of measurements.

2.7.4. Copolymer Latexes
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Figure 2-15

Size distribution 
curves of Sample 

1# and Sample 2# 
copolymers.

Figure 2-16

The phase plot and 
zeta potential trend 
plot of sample 1#.
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Figure 2-17

The phase plot 
and zeta potential 
trend plot of 
sample 2#.
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The multiple measurement results of the samples are displayed in Table 
2-2, indicating the small size difference. PDI of both samples is far 
less than 0.05, which means that the samples are narrowly distributed 
in size. With respect to zeta potentials, the signs are negative and 
absolute values are larger than 30 mV, suggesting that a large number 
of negative charges are carried by the particle surfaces to generate 
strong electrostatic repulsion to keep the latex system stable.

Table 2-2

Measurement results of two latex samples.

Sample Z-average (nm) PDI Zeta potential (mV)

1# 155.76 0.010 -52.76 ± 1.31

2# 170.31 0.002 -58.90 ± 1.68
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Conclusion

The size and zeta potential of the two polystyrene-butadiene copolymer 
latexes were successfully characterized. The results show that both 
copolymers are monodisperse in terms of size and are less likely to form 
aggregates due to high zeta potentials.
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Introduction

Nanoscale silicon dioxide has significant versatility. It can be used as 
an abrasive when polishing the semiconductor surface, and coating 
material due to its excellent surface performance. And it has been 
widely applied in the area of rubber, plastic, steel, etc.

In 1968, with the development of chemistry, Stober found that nano-
silica spheres, whose particle size is similar to monodisperse ones, can 
be obtained at room temperature by stirring the mixture of ammonia 
in different proportions and the tetramethylsilane dispersed in ethanol 
solution. There are lots of situations where the nano-silica is dispersed 
in liquid when used. Therefore, the measurement of zeta potential is 
essential, aiming to understand the stability of the system and improve 
the quality of products. 

In this section, we measured the zeta potential of nano-silica from 
different batches dispersed in the aqueous environment.

Experimental

Zeta potentials of four nano-silica slurry samples were measured at 
the stock concentration (solid content of 10%) and 30-times dilution in 
water. Each sample was measured at least three times to investigate the 
repeatability of the results.

Results and discussion

The zeta potentials of four nano-scaled silica suspensions are obtained. 
Figure 2-18, 2-19, 2-20 and 2-21 show the phase plot of each 
measurement, the slope of which refers to the frequency shift caused by 
electrophoresis. As can be seen, each phase plot has a clear slope and 
shows a good signal-to-noise ratio.

2.7.5. Silica Suspension
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Figure 2-18

The phase 
plot and zeta 

potential trend 
of Sample 1# 

with stock 
concentration 

(left) and diluted 
by 30 times 

(right).

Figure 2-19

The phase 
plot and zeta 

potential trend 
of Sample 2# 

with stock 
concentration 

(left) and diluted 
by 30 times 

(right).

Figure 2-20

The phase 
plot and zeta 

potential trend 
of Sample 3# 

with stock 
concentration 

(left) and diluted 
by 30 times 

(right).
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Figure 2-21

The phase plot 
and zeta potential 
trend of Sample 
4# with stock 
concentration (left) 
and diluted by 30 
times (right).

As can be seen, the zeta potentials are negative, demonstrating 
negative charges on the particle surface. The consistent zeta potential 
trends as well as relatively small standard deviations show the 
excellent results’ reproducibility.

Given that the zeta potentials of all samples are high (>30 mV), the 
samples are less likely to form aggregates under this circumstance. 
By comparing each result, we can conclude that Sample 1# and 
Sample 2# have the highest zeta potentials, followed by Sample 
3#, and the lowest Sample 4#. Hence, Sample 1# and 2# are, quite 
possibly, the most stable among the four silica suspensions. In 
addition, after being diluted 30 times, Sample 2# and 3# have much 
larger absolute values of zeta potentials, thereby indicating better 
stabilities than those of stock solutions.
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Table 2-3

The zeta potential results of silica samples.

Sample
Zeta potential
(stock solution) (mV)

Zeta potential 
(30 times dilution) (mV)

1# -55.08 ± 1.18 -52.48 ± 0.56

2# -43.90 ± 1.2 -50.85 ± 0.64

3# -35.98 ± 1.07 -45.22 ± 0.50

4# -33.40 ± 0.77 -37.52 ± 0.56
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Conclusion

Zeta potential measurements of four nano-silica suspensions, with high 
concentration and 30-times dilution by pure water, were well carried 
out. The results show good repeatability and, most importantly, allow for 
stability comparison between different batches or formulations so that 
product quality can be monitored and controlled quantitatively. 
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Introduction

Nano alumina is extensively used for high-precision polishing of 
materials such as optical lenses, microcrystalline glass substrates, 
crystal surfaces, gemstones, glass products, metal products, 
semiconductors, plastics, etc. The stability of polishing suspension is 
significant for preventing the formation of alumina aggregates that may 
lead to scratches on workpieces. To evaluate the stability of polishing 
suspensions, zeta potential must be accurately determined.

In this section, the size and zeta potential of nano alumina dispersed in 
the aqueous environment were characterized.

Experimental

The highly concentrated stock of nano alumina slurry was diluted in 
deionized water by 100 times. The measurement temperature was 
maintained at 25 °C. The polystyrene (PS) cell was used for DLS 
measurement, whereas the folded capillary cell was used for zeta 
potential measurement. Each sample was measured at least 3 times to 
investigate the repeatability of results and obtain standard deviations.

Results and discussion

Size measurement

Using the DLS technique, the size and size distribution of the nano 
aluminum oxide were measured. The Z-average diameter is 100.91 nm, 
and the polydispersity index (PDI) is 0.034. The size distribution showed 
a single peak, with PDI being smaller than 0.05, indicating that the nano 
aluminum oxide is nearly monodisperse in size.

2.7.6. Alumina Abrasive
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Figure 2-22

Correlation 
function (up) 

and size 
distribution 

(bottom) of a 
nano alumina.

Zeta potential measurement

The zeta potential of nano alumina was provided. Figure 2-23 shows the 
phase plot of the zeta potential measurement, whose slope indicates 
the light frequency shift due to electrophoresis. The steep slope 
demonstrates a high signal-to-noise ratio.

The values of zeta potential obtained from 10 measurements are shown 
in Table 2-4. As illustrated, the zeta potential values of nano aluminum 
oxide in water were negative, suggesting that the particle surfaces are 
carrying negative charges. The mean value of zeta potential is 37.3 mV, 
and the standard deviation is 0.92 mV, showing good result repeatability.

The amplitude of the zeta potential is over 30 mV, suggesting high 
stability of the suspension. Additionally, PDI being 0.034 further proves 
such stability with the lack of aggregates.
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Figure 2-23

Phase plot (up) 
and trend plot 
of zeta potential 
(bottom).

Table 2-4

The zeta potential results of silica samples.

Test Zeta Potential (mV)

1 -37.0
2 -37.9
3 -36.6
4 -38.6
5 -37.8
6 -37.2
7 -35.6
8 -36.4
9 -38.1
10 -37.9
Mean -37.3
Standard Deviation 0.92
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Conclusion

The size and zeta potential of nano alumina dispersed in the aqueous 
environment were successfully determined. The measurement results 
suggest that the nano alumina is close to monodisperse in size and 
possesses high stability with zeta potential amplitude over 30 mV.
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Introduction

Zeta potential relies on the chemical composition of the particle 
surface and the medium environment such as salt concentration and 
pH. Therefore, a particle system may show various zeta potentials at 
different pH. Generally, the system tends to carry more positive charges 
in low pH range and carry more negative charges in high pH range. The 
isoelectric point (IEP, the pH at which a molecule carries no net electrical 
charge) of most dispersions is in the pH range of 1-14.

The impact of pH on the zeta potential could be interpreted from 
different aspects. First, the pH affects the dissociation equilibrium 
of the groups on the particle surface. Secondly, the [H]+ and [OH]- 
concentrations of the solution affect the absorption efficiency of these 
two ions on the particle surface. At last, the addition of acid or base 
during titration changes the ionic strength of the dispersion. All these 
factors should be taken into account when interpreting the titration 
curves.

In this section, the zeta potentials of titanium dioxide (TiO2) at different 
pH were measured with a pH autotitrator.

Experimental 

The TiO2 powder is dispersed in pure water and stirred for 15 mins 
with a magnetic stirrer. The initial pH is 5.4 and the corresponding zeta 
potential is negative. The titration is performed automatically from pH 
5.4 to 2 with HCl titrant by an autotitrator, and the pH interval and the 
tolerance are set to be 1 and 0.2, respectively.

The zeta potentials are measured with the folded capillary cell at the 
default temperature of 25 ± 0.1℃ controlled by the built-in temperature 
control system. A single zeta potential measurement is performed at 
each target pH.

2.7.7. Titanium Dioxide at Different pH
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Figure 2-24

The zeta 
potential curve 
at different pH.

Results and discussion

Figure 2-24 shows that the zeta potentials of TiO2 are positive in the 
low pH range, which indicates there are many positive charges on the 
particles. 

With the increase of pH, the zeta potential gradually approaches 0 and 
the dispersion reaches the isoelectric point at pH=3.5. With the further 
increase of pH, the particles begin to carry negative charges, and the 
magnitude of zeta potential gradually increases. 

When there are more charges (either positive or negative) on the 
particles, the magnitudes of the zeta potentials of the dispersion are 
higher, which illustrates that the system tends to be more stable and 
less likely to form aggregates, while the system tends to be unstable 
where the zeta potential is near the isoelectric point. 

Titanium Dioxide
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Conclusion

Accurate and repeatable zeta potentials can be obtained even within 
the potential range of ± 10 mV, which is very important for confirming 
the isoelectric point of the system since the zeta potential near the 
isoelectric point is very low. The autotitrator significantly simplifies users’ 
operation, improves titration efficiency, and reduces workload.
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What is molecular weight?

Molecular weight (MW) is the weight of a molecule of a substance. 

In practice, it is calculated by adding up the atomic weights of the 
atoms that make up the molecular formula of a substance. For instance, 
the molecular weight of a H2O molecule is 18. 

A macromolecule is a very large molecule of high molecular weight 
ranging from the thousands to the millions. Common macromolecules 
include natural polymers, proteins, and polypeptides. 

Why do we measure molecular weight?

Researchers give close and thoughtful attention to the measurement 
of molecular weight, due to the significant dependence of product 
performance of polymers and other macromolecules on it.

Figure 3-1 shows an example of the dependence of mechanical 
strength on the molecular weight of polymers. 

3. Molecular Weight Measurement

3.1. Molecular Weight
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Figure 3-1

Schematic 
diagram of the 
typical curve 
associating 
mechanical 
strength and 
molecular weight.

Another example of molecular weight dependence is polymeric 
biomaterials. When preparing drug release systems, the researcher has 
to choose polymers with low molecular weight to obtain microspheres 
with fast drug release. For microspheres with delayed release, polymers 
with higher molecular weights are required. 

The methods to measure molecular weight include gel permeation 
chromatography (GPC), centrifugal sedimentation, end-group analysis, 
and osmotic pressure method. Besides the above-mentioned methods, 
static light scattering (SLS) can also be used for particle’s molecular 
weight characterization.[58-61] 
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Scattered Light 

Laser

Random Coils of 
Macromolecules

Transmitted Light 

Figure 3-2

Scattered light of 
macromolecules.

3.2. Static Light Scattering (SLS)

Static light scattering (SLS) is a light scattering technology that 
measures the average scattering intensities to calculate the weight-
average molecular weight of particles in a liquid solution. When a laser 
beam irradiates macromolecules in solution, the macromolecules scatter 
light in all directions.

The relationship between the scattering intensity and the molecular 
weight of a macromolecule is described by the Rayleigh equation:

where c is the sample solution concentration, θ is the detection angle 
between the detector and the incident beam, Rθ is the Rayleigh ratio 
that is used to characterize the intensity ratio between the scattered 
light and the incident light at angle θ, MW is sample’s weight-average 
molecular weight, and A2 is the second virial coefficient. Equations 
below define the constant K and the shape factor Pθ.
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The λ0, NA, n0 and dn/dc are the wavelength of the incident laser in 
vacuum, Avogadro’s number, refractive index of the solvent, and the 
refractive index increment of the solution with respect to concentration 
under constant temperature, respectively.

Rg is the macromolecule’s radius of gyration. The terms remaining 
unknown in the Rayleigh equation are MW, A2, and Pθ. When the 
macromolecule’s radius of gyration Rg is much less than the wavelength 
of the incident light λ0 (usually smaller than 1/40 of the incident 
wavelength), the sample is considered to scatter homogenously at all 
angles, where the Pθ is approximately 1.0. Therefore, the molecular 
weight calculations based on any angle yield identical and accurate 
results. Under this circumstance, the Rayleigh equation is simplified into:

The instrument collects scattering intensities of macromolecules in 
solutions at different sample concentrations.

The Debye plot is then constructed by plotting and linearly fitting the Kc/
Rθ values versus the concentrations. The slope of the linear fit is used to 
calculate the second virial coefficient A2, while the Y-Axis intercept of the 
linear fitting yields the reciprocal of molecular weight.

A series of sample solutions with accurate concentrations, clean 
solvents, and clean standard samples with the known Rayleigh ratio 
is required for an SLS measurement. The instrument detects the 
scattering intensities of samples at each concentration and calculates 
the residual intensities. Using the known Rayleigh ratio of the standard 
sample (usually toluene), the Rayleigh ratios of samples at different 
concentrations are calculated.
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K
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R
θ

Concentration (g/mL)

Figure 3-3

Preparation of samples at different concentrations.

Figure 3-4

An example of Debye plot.
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The data quality of molecular weight measurement is determined by the 
cleanliness of the sample and the accuracy of the concentration, which 
can be judged by the followings.

●  The scattering intensity is relatively uniform and steep peaks rarely 
appear during the measurement, suggesting that the sample is clean.

●  The Kc /R plot is linear, suggesting that the Debye plot has a good 
fitting.

When a particular concentration shows a large deviation on the Debye 
plot, it is recommended to remove the result of that concentration and 
calculate the molecular weight of the sample again.

3.3. Evaluation of Data Quality
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The principle of the SLS technique is to detect and analyze the uniformly 
scattered light signals of sample solutions at different concentrations to 
calculate the molecular weight of the sample. According to the Rayleigh 
theory, light scattering is homogenous at all angles only when the 
molecule’s radius is less than 1/40 of the incident light wavelength. 

Typical examples that meet this criterion include polymers such as PS, 
PVC, PC, polysaccharides, and proteins. Before proceeding to the SLS 
measurement, the sample solutions are required to be clean and dust-
free, with known and accurate concentrations.

An SLS measurement requires that the sample dissolves in the 
solvent and the molecular chain fully unfolds. In a particle suspension, 
the particles are dispersed, not dissolved in the solvent, hence it is 
incapable to make a molecular weight measurement in this situation.

Table 3-1

Parameters required for SLS measurement.

Parameters Description

Refractive index of the dispersion 
medium at a specified temperature, the 
Rayleigh ratio of the standard sample, 
dn/dc value of the sample in the current 
solution, concentration of each sample

To calculate MW and second 
virial coefficient A2

3.4. Examples of Applications

3.4.1. Introduction
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Figure 3-5

Illustration of 
sample filtration.

3.4.2. Polyethylene Oxide Standard

Introduction

In this section, we characterized the molecular weight of a polyethylene 
oxide (PEO) standard in aqueous solutions at different concentrations 
using SLS.

Experimental

A toluene standard with a known Rayleigh ratio 
was prepared for reference. PEO aqueous 
solutions were prepared at the concentration 
of 0.5, 1.0, 1.5, 2.0, 2.5, 5, 10, and 20 mg/mL, 
and filtrated by 0.22 μm PES filter.

The instrument measured the dark count rate 
(ID), scattering intensities of the solvent (Is), and 
scattering intensities of the samples at different 
concentrations (I1, I2, I3…In). The residues of 
absolute scattering intensities of the samples at different concentrations 
with respect to the solvent were calculated as follows:

Using the calculated absolute scattering intensities (Irn), scattering 
intensity of the standard toluene sample (ISTD), and the known Rayleigh 
ratio of the standard toluene sample (RSTD), the Rayleigh ratios of 
samples at different concentrations were computed as follows:

With the calculated Rcn, the Debye plot was constructed by plotting the 
Kc/Rcn against the concentration profiles. The molecular weight and 
the second virial coefficient were obtained through the intercept and 
slope from the linear regression of Debye plot. The results were then 
compared with the literature values to verify the accuracy of the results.
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Results and discussion

The literature values of weight-average molecular weight and the 
refractive index increment (dn/dc) for the PEO standards determined 
are 20.217 kDa, and 0.132, respectively. The Debye plot constructed 
from the experimental data is displayed in Figure 3-6. From the linear 
regression equation of the Debye plot, the molecular weight and the 
second virial coefficient were calculated.

The weight-average molecular weight result of the PEO standard 
obtained is 22.98 kDa, and the deviation between this measured value 
and the literature value of 20.217 kDa is approx. 10%.

Conclusion

The weight-average molecular weight measurement of the PEO 
standard was performed, and the measured value is 22.98 kDa using 
the Debye plot.

Figure 3-6

The Debye 
plot of PEO 

suspensions 
at different 

concentration 
profiles.

                Debye Plot                     y = 3.006x+0.04335

Concentration (g/mL)

K
c/

R

Table 3-2

The Debye plot of PEO suspensions at different concentration profiles.

Intercept 
(1/kDa) 

Measured MW 
(kDa)

Slope 
(L*mol/g^2)

A2 
(mL*mol/g^2)

0.0435 22.989 3.006 0.001503
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Introduction

Proteins composed of amino acids are essential macromolecules that 
play vital roles in all kinds of activities in living organisms. Specifically, 
amino acids are held together by peptide bonds to form polypeptides 
that are further folded into particular tertiary conformations. The 
conformation of protein changes when exposed to different 
environments, thereby changing the properties of proteins. For example, 
when dispersed in an aqueous environment, protein’s structure and 
biological activity depend on the solvent composition, ions concentration 
and temperature. Proteins are studied and applied in various fields such 
as pharmaceuticals, biological sciences, and food and beverage, etc. 

Bovine serum albumin (BSA) is a frequently used protein, which is 
purified from cows’ blood. Because of its abundant source, affordable 
price, stable and sphere-like structure, BSA is widely used in protein 
research and industries. In this section, the size, molecular weight, 
and zeta potential of BSA aqueous solutions are characterized, in 
order to investigate the dependence of protein structure and molecular 
interaction on the dispersant environment.

Experimental

Sample preparation

To investigate the relationship between the solution environments and 
BSA structure, the dispersant and the concentration were the two 
variables set up in this experiment. Specifically, BSA solutions with 
concentrations of 0.5, 1.0, 2, 3.5, and 5 mg/mL were prepared using 
20 mM NaCl, 100 mM NaCl and 10 mM PBS buffer with pH of 7 as 
dispersant, respectively. All solutions were thoroughly mixed using a 
magnetic stirrer and filtered with 0.22 μm polyethersulfone (PES) filters 
to remove dust or aggregates. All measurements were performed 
at 25°C. Each sample was measured three times to investigate the 
repeatability of the results.

3.4.3. Bovine Serum Albumin (BSA) Solution
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Particle size measurement

BSA solutions with different concentrations were filtered and transferred 
into polystyrene (PS) cells for particle size measurements.

Zeta potential measurement

Zeta potential measurements were performed by transferring around 
0.75 mL of BSA solution in three dispersants into the folded capillary 
cell. The concentrations of the samples were 5 mg/mL.

Molecular weight measurement

In the static light scattering experiment, the scattering intensities of 
samples at different concentrations were detected. A toluene standard 
with a known Rayleigh ratio and the refractive index was prepared and 
used for reference. The dark count rate, scattering intensity of standard 
toluene sample, scattering intensities of the dispersant, and scattering 
intensities of samples at different concentrations were measured. 
Subtracting the dark count rate and scattering intensity of dispersant 
yields the absolute scattering intensities of the solutes, which can 
be further used to calculate the Rayleigh ratio of samples at different 
concentrations. Finally, the Debye plot was constructed by plotting the 
Rayleigh ratio versus sample concentrations.

Results and discussions

As can be seen in Figure 3-7, the sizes of BSA in all three dispersants 
decreased as the concentrations increased. These solid lines are linear 
fitting for the data. From the slopes of the fitting curve, it suggests that 
the order of the size decrease is 20 mM NaCl > 10 mM PBS > 100 mM 
NaCl. There are two possible contributions to the change of size with 
concentration.
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Figure 3-7

Dependence 
of BSA size 
in different 
dispersants on 
concentration.

Figure 3-8

BSA diffusion 
coefficients 
at different 
concentrations.

The first one is sample concentration. Due to the presence of the 
functional groups in proteins, the surfaces of BSA were charged when 
dispersed in the liquid medium. As BSA concentrations increased, 
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the average distance among the BSA particles decreased, and the 
electrostatic repulsion increased. Consequently, the Brownian motions 
speeded up and the diffusion coefficient D increased, as shown in 
Figure 3-8. According to the Stokes-Einstein equation,

the hydrodynamic diameter DH decreased as the diffusion coefficient 
D increased, which explains the trend that the particle sizes of BSA 
decreased as concentration increased. 

The second one is the ionic strength of dispersants. The ions in 
dispersants may shield the potential on the particle, and therefore 
decrease the electrostatic repulsion. Moreover, the shielding effects 
got stronger as the ionic strength increased. Therefore, in dispersants 
that had higher ionic strength, or in other words, dissociated more ions 
(i.e., 100 mM NaCl), the sample concentration affected the particle 
sizes less. This explains the trend that the particle sizes decreased less 
dramatically in the 100 mM NaCl dispersant.

Figure 3-9 shows the Debye plot of BSA constructed by plotting and 
linearly fitting the Kc/R90 values versus the concentration profiles of the 
BSA. The molecular weight can be provided by the intercept of the 
linear fit of the plot. And the second virial coefficient A2 relates to the 
slope of the linear regression equation.

Figure 3-9

Debye plot of 
BSA solutions 

in different 
dispersants.
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As can be seen in Table 3-3, MW in three dispersants ranges from 91.74 
kDa to 101.01 kDa. According to our knowledge, the BSA monomer 
is 66.5 kDa. When BSA is dissolved in solutions, a few monomers will 
form oligomers and aggregates. For instance, a BSA dimer consists of 
two monomers and thereby has an MW of 132 kDa, and a trimer has 
an MW of around 200 kDa. As a result, the average molecular weight of 
BSA measured is higher than that of monomers due to the presence of 
oligomers and aggregates.

Figure 3-10 displays the chromatogram of BSA, using PBS buffer as the 

Figure 3-10

Gel permeation 
chromatography 
(GPC) 
chromatogram of 
BSA dispersed in 
PBS buffer.

Table 3-3

Molecular weight (MW) of BSA in different dispersants.

Dispersant MW (kDa)

20 mM NaCl 96.15

10 mM PBS 91.74

100 mM NaCl 101.01

Table 3-4

Molecular weight (MW) corresponding to different integration regions of GPC.

Peak 1 2 3 4 5

MW (kDa) 97.17 255.51 196.43 131.06 66.78

R
ef

ra
ct

iv
e 

In
d

ex
 S

ig
na

l (
m

V
)

Retention Volume (mL)

LS
 S

ig
na

l (
m

V
)



116        Molecular Weight Measurement

mobile phase, provided by a gel permeation chromatography 
(GPC) system which is equipped with a light scattering detector 
and a differential refractive index detector. There are multiple elution 
constituents in the chromatogram. Integration region 2-5 corresponds 
to each individual peak 2-5 respectively. Peak 5 is a monomer peak 
because it has an MW of 66.78 kDa. Likewise, peak 4 is a dimer peak 
with an MW of 132.06 kDa, peak 3 is a trimer peak with an MW of 196.43 
kDa, and peak 2 is a tetramer peak with an MW of 255.51 kDa. With 
integration region 1 being from peak start to peak end, the average MW 
of the whole BSA by GPC is measured to be 97.17 kDa, which is in 
excellent agreement with the average MW obtained by SLS.

Protein stability has always been a significant concern for users. With 
DLS, ELS, and SLS techniques, the protein stability can be speculated 
by measuring either interaction parameter kD, or zeta potential, or 
second virial coefficient A2 correspondingly. The larger the values of kD, 
A2, and the absolute value of zeta potential, the stronger the interaction 
force and consequently the more stable the protein.

With respect to the values of kD and zeta potential in Table 3-5, the BSA 
stability in three dispersants is in the order: 20 mM NaCl > 10 mM PBS 
> 100 mM NaCl. Depending solely upon A2, the speculated stability 
is, though, in the order: 20 mM NaCl > 100 mM NaCl > 10 mM PBS. 
Given the complexity of SLS measurement as well as its relatively high 
deviation, A2 is less reliable than kD and zeta potential when it comes to 
indicating protein stability. Therefore, a reasonable conclusion according 
to the above results suggests that the BSA stability in three dispersants 
is in such an order: 20 mM NaCl > 10 mM PBS > 100 mM NaCl. 

To sum up, the BSA dissolved in 20 mM NaCl has the best stability 
across three samples. A plausible explanation is that being dissolved in 
an environment of relatively low salt concentration, proteins have higher 
potentials and stronger static repulsion, and, eventually, better stability. 
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Table 3-5

Interaction parameters kD, zeta potential, and second virial coefficient A2 of BSA 
solutions in different dispersants.

Dispersant kD (mL/mg) Zeta Potential (mV) A2 (mL*mol/g2)

20 mM NaCl 0.04373 -12.45 1.5*10-7

10 mM PBS 0.02035 -9.23 4.0*10-8

100 mM NaCl 0.01241 -8.45 1.0*10-7

Conclusion

Three light scattering technologies, i.e., DLS, ELS, and SLS, were used 
to measure size, zeta potential, and molecular weight, respectively. 
First, the sizes of BSA in three dispersants were measured, showing 
the size trend when using different types of dispersants. Second, the 
molecular weight of BSA was obtained by the SLS technique and 
showed excellent agreement with the molecular weight provided by the 
GPC system. Finally, by utilizing kD, zeta potential, and A2, the stabilities 
of BSA protein in different dispersants were successfully evaluated.
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