N

N

Towards reproducible measurement of nanoparticle size
using dynamic light scattering: Important controls and
considerations
Dominique Langevin, Eric Raspaud, Sandrine Mariot, A. Knyazev, A. Stocco,
Anniina Salonen, A. Luch, A. Haase, B. Trouiller, C. Relier, et al.

» To cite this version:

Dominique Langevin, Eric Raspaud, Sandrine Mariot, A. Knyazev, A. Stocco, et al.. Towards re-
producible measurement of nanoparticle size using dynamic light scattering: Important controls and
considerations. Nanolmpact, 2018, 10, pp.161-167. 10.1016/j.impact.2018.04.002 . hal-04037015

HAL Id: hal-04037015
https://hal.science/hal-04037015
Submitted on 20 Mar 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04037015
https://hal.archives-ouvertes.fr

On the measurement of nanoparticle size using Dynamic Light
Scattering. Advantages and drawbacks of commercial instruments

D.Langevin?, E.Raspaud?, S.Mariot?, A.Knyazev'®, A.Stocco'"", A.Salonen?, A. Luch?, A.Haase?, B.
Trouiller?, C. Relier?, O. Lozano®, S.Thomas®, A.Salvati*®, K.Dawson®.

1. Laboratoire de Physique des Solides, CNRS, Univ. Paris Sud 11, Université Paris Saclay, 91405 Orsay,
France

2. German Federal Institute for Risk Assessment, Department of Chemical and Product Safety, 10589 Berlin,
Germany

3. Namur Nanosafety Centre (NNC), Namur Research Institute for Life Sciences (NARILIS), Research Centre

for the Physics of Matter and Radiation (PMR), University of Namur, Namur, Belgium.
4. Ineris, Parc Technologique Alata, BP2, 60550 Verneuil en Halatte, France

*  present address: Baxalta Manufacturing, Route Pierre-a-Bot 111 2000 Neuchatel, Switzerland

**  present address: Laboratoire Charles Coulomb, CNRS, Université Montpellier 2, Montpellier, France

§ present address: Centro de Investigacion Basica y Transferencia, Hospital Zambrano-Hellion. Tec Salud.
Tecnoldgico de Monterrey, Mexico.

S present address : Groningen Research Institute of Pharmacy, University of Groningen, 9713AV Groningen, the
Netherlands

Abstract

It is prerequisite to characterize nanoparticles in dispersions in particular with respect to their size
and size distribution before they can be used in toxicological testing. This requires robust methods
with high reproducibility. The aim of this study was to apply interlaboratory comparisons using
Dynamic Light Scattering (DLS), in order to evaluate the reproducibility of nanoparticle size
determinations. DLS is well established in most nanotoxicological laboratories. Due to the fact that
this technique appears easy to use it has become a standard technique nowadays. Still,
reproducibility and in particular differences between different commercial instruments have not
been addressed systematically before. Our aim was to develop a robust standard operating
procedure (SOP). Therefore, at the beginning, experiments were performed with dispersions of
rather monodisperse and spherical particles in water. Significant differences were observed between
the results obtained with different commercial instruments for DLS, especially when fitting the data
using mathematical inversion methods. As a consequence of the different settings applied when
fitting the data, significant errors could be made especially when working with dilute dispersions of
very small particles. Here we have identified options how to overcome possible issues.

However, It should be noted, that in practice, nanoparticles may have significant polydispersities
and/or be non-spherical. The potential of the DLS technique in this situation should be noted that in
nanoparticles may have significant polydispersities and/or be non-spherical. The potential of the DLS
technique in this situation is evaluated. A combination of two different techniques (DLS and electron
microscopy for instance) is recommended to fully interpret the results.



1. Introduction

Light scattering (1) is a well-known phenomenon, responsible in particular for the blue color of sky:
light from the sun is scattered by particles in the atmosphere, the scattering being more important
for the smaller wavelengths, hence the blue component of the sun light spectrum dominates the
scattering. Particles in the atmosphere are very dilute, so there are no interferences between the
light scattered by the different particles. In liquid dispersions of nanoparticles, the interparticle
distance is in general smaller than the wavelength of light, so the scattering should in principle
disappear. The scattered intensity (per particle) indeed becomes very small, but does not vanish. This
is due to the Brownian motion of the nanoparticles: the dispersion is not fully homogeneous, some
regions contain more particles than others at a given time. As a result of this motion, a spectral
broadening due to Doppler effect occurs, of order D/A?, D being the particle diffusion coefficient and
A the light wavelength. For nanoparticles of 20 nm radius in water and a wavelength of 600 nm, the
broadening is of the order of 1000 Hz. In order to detect such a small broadening, laser sources
should be used. By measuring the broadening of laser spectral lines, or alternatively the time
correlation function of the scattered intensity, the diffusion coefficient D can be determined.
Knowing D, the particle size can be obtained. This method is called Dynamic Light Scattering (DLS)(2).
DLS was developed in the 1960s and 70s, after lasers became available. Today, many commercial
instruments can be purchased. Among the very popular ones, several benchtop instruments
determine not only the zeta potential of the particles, but also their size, as they make use of light
scattering for both determinations. Such instruments nowadays are extensively used in standard
characterization laboratories because they are simple to operate and not too expensive. However,
the measurements are automatized to a large extent, which can produce errors in size
determinations. When the particles have a rather well defined size and when they are spherical,
these instruments provide reliable results provided the data analysis is performed with care. When
the particles are very polydisperse and/or when they have non-spherical shapes, more sophisticated
instruments are necessary. It should be noted that the intensity of the light scattered by particles
increases as the sixth power of the diameter, so the signal is dominated by the largest particles.
When the dispersions contain both large and small particles, the small ones can hardly be detected.

The present paper describes the problems that can arise and proposes solutions to avoid them.

2. Principle of the method

Figure 1 shows a scheme of the method. A light source illuminates the sample and the scattered light
is detected at a scattering angle 6.

We will briefly recall below the principle of DLS data analysis. Useful supplementary information and
practical details can be found for instance in ref (3).

The DLS instruments measure in general the correlation function of the scattered intensity | :
g2(T) =< 1(t) It + 1)>/<I(t)>>

which is the Fourier transform of the power spectrum of the scattered light; t is time and t is the lag
time.
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Figure 1. Scheme of the DLS procedure

In the ergodic limit (space and time averages identical), this correlation function is related the
correlation function for the scattered electric field E,

g1(7) = <E(t) E(t + 1)> /<E(t)>>
through the Sigert relation:

92(t) = 14 Bgy(1)?

where 3 is an instrumental parameter (0<Bf<1). When the particles are monodisperse:
92(t) =1+exp (-1/1) (1)
with
™ =1/(2Dq’) (2)

D being the diffusion coefficient and q the wave vector: q = 4znn sin(6/2)/A, with n the solution
refractive index and A the wavelength of light. If the dispersions are dilute so that interactions
between particles can be neglected, D is given by the Stokes-Einstein formula:

kpT

D., =
st 6TNRp

(3)
ks being the Boltzmann constant, T the absolute temperature, 1 the viscosity of the liquid used to
disperse the particles and Rn their hydrodynamic radius.

In the best commercial instruments, a goniometer allows to systematically vary the scattering angle
0, hence the wave vector g. The validity of equation 2 can then be checked, proving that the particle
motion is Brownian, and very precise values of the diffusion coefficient and particle size are
obtained. In other commercial instruments, the detector is fixed, usually in backscattering conditions
(6 ~170°). The influence of eventual convection in the sample cannot be evaluated and the accuracy
on the particle size is lower.



When the dispersions are not dilute, interactions between particles start playing a role and D differs
from the Stokes expression: D is larger for repulsive particles, smaller for attractive ones. For
dispersions containing a few percent particles in volume:

D~ Da(1+ad) (4)

¢ being the particle volume fraction. In the special case of hard-sphere interactions o ~1.5 (4). In
general o is of order of unity, so little error is made calculating the particle radius with the Stokes
formulas provided the volume fraction is less or close to about 1%.

In practice, particles are never monodisperse, and the correlation function is a superposition of
functions corresponding to the different particle sizes. When the polydispersity is not too high, the
correlation function can be written as a cumulant expansion:

2
~ Tt KT
nlg() - 1] = - =+ (1) (5)
where u,/2 is the polydispersity index (PDI). In the case of a Gaussian distribution of sizes around a
mean size R :

(R-R)?

1 _\RTR)7
fR)= s=e 27 (6)
the PDI is equal to o.

In the cumulant method, the mean radius R, is calculated from the characteristic time 7 in
equation 5 using equations 2 and 3. R, is therefore a harmonic average (usually called Z-average).
For an extremely narrow monomodal distribution, R, should be equal to the average radius from
the size distribution R, but with even a small poly-dispersity R, is smaller than R . In general, the
cumulant method is considered useful only if the distribution is relatively monodisperse (i.e. PDI <
0.5).

When the polydispersity is larger, other types of analysis are required. The correlation function gi(z)
is, as explained above, the sum of exponentials corresponding to the different sizes of the particles
present in the dispersion. The size distribution can therefore in principle be obtained by taking the
Laplace transform of this correlation function. Unfortunately, and at the difference of the Fourier
Transform, a Laplace transform is very sensitive to noise and fast and efficient algorithms do not
exist. Some commercial instruments allow using an inversion method named CONTIN. This well-
documented computation routine utilizes regularized non-negative least-squares techniques
combined with eigenfunction analysis. As there is no unique answer to the inversion problem,
CONTIN choses the least detailed distribution consistent with the data. It assumes in particular that
sharp peaks are improbable, so the analysis will in general broaden the distribution for extremely
monodisperse particles. In addition, because of the noise problem, the quality of the correlation
function data needs to be excellent in order to retrieve the actual size distribution. When this is the
case, it has been shown that even complex multimodal distributions can be retrieved (5). The
different commercial instruments use their own improved inversion routines and since the
algorithms are proprietary, little information about the exact type of algorithm is available.



Although it is usually recommended to measure the correlation function up to 10* times tp in order
to be able to analyse the data with sophisticated routines such as CONTIN, it is essential to discard
the data for times much longer than tp if a cumulant analysis is performed.

3. Spherical particles with small polydispersity

We will discuss examples of measurements done with polystyrene particles coated by amine groups,
called afterwards PS-NH; particles. These particles were obtained from a commercial source of
nominally 50 nm PS-NH, nanoparticles as an aqueous dispersion (Bangs Laboratories PA02 N-8626)
and were used for a small Round Robin test between three different laboratories. The starting
dispersion was diluted to a concentration of 1 mg/ml in MilliQ grade water and aliquots of the same
dispersion were distributed to the 3 participating laboratories (UCD, Ireland; UPS, France and BfR,
Germany). For the measurement, the particle dispersions were further diluted in pure water by a
factor ten in each laboratory to reach a final concentration of 100 pug/ml. The sample preparation and
the measurement were performed following a standard operating procedure (SOP) established
within the EU funded Research Infrastructure QualityNano (6)

The measurements have been done using three different commercial DLS instruments (from
different manufacturers, the scattering angle being the same, 173°, and the sources being either
LEDS or lasers with A~ 650 nm. The corresponding results are given using numbers 1-3 for the
different instruments. Experiments were also performed in a home-made instrument in UPS (7). The
temperature was set at 25°C. We show typical results in Figure 2.

Size Distribution by Intensity

Z-Average (d.nm): 57.96
Pdl: 0.060

Intensity (%)

0.1 1 10 100 1000 10000
Size (d.nm)

Size Distribution by Intensity

Z-Average (d.nm): 59.86
Pdl: 0.064

Intensity (Percent)

1000 10000
Size (d.nm)

Figure 2. Diameter distributions of PS-NH2 particles obtained by instruments 1 and 2. The Z-average diameter
comes from the cumulant analysis while the distribution plotted comes from a Contin analysis



The experiments done with the home-made instrument and the same sample were fully consistent
with those of Figure 2, diameter 58 nm, PDI<10%. A simple exponential fit of the correlation function
was performed in this last case, as it is known that PDI values less than 10% can hardly be measured
using DLS. The results are shown in table 1.

The commercial instruments allow not only an analysis by the cumulant method, but also by
inversion methods such as CONTIN. When using the inversion methods, the results are different, the
diameter and the PDI are larger (see table 1). Reason for this difference were already discussed in §2.

0.06 61.2 0.16

Zetasizer 1 58

Zetasizer 2 60 0.06 62.4 0.06
Zetasiser 3 65 0.23 95 0.75
home made 58 <0.1

instrument

Table 1. Measured sizes and polydispersity of the PS-NH2 nanoparticles from the different instruments and
using different analysis procedures. The numbers are averages of experiments made three times, each with
three different samples.

The results obtained with the benchtop instrument 3 are compatible, although slightly larger. The
cumulant analysis leads to a mean diameter of 65 nm and a significantly larger PDI: 0.23. Figure 3
shows the size distributions obtained with the inversion method: as for the other instruments, 3
different cells were used and 3 correlation functions measured for each cell. The PDI significantly
varies from one curve to another, from 0.07 to 0.50. This is accompanied by a large variation of the
average diameter, between 61 and 76 nm.

In order to search for the possible origin of these discrepancies, we have looked in more detail at the
correlation function g(t) obtained with the instrument 3 for one of the 9 experiments that led to a
diameter of 61.2 nm and a PDI of 0.123. The correlation function g,(t) was measured for T between 0
and 1 second, although the main decrease occurs during the first millisecond. It is therefore possible
that the noise introduced by non-significant long time data produces artefacts in the fitting
procedure.
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Figure 3. Size distribution (intensity averaged) of a dispersion of PS-NH2 particles obtained from the instrument
3. The curves correspond to samples prepared by dilution of a unique sample to the same final concentration
(three different samples), or to different aliquots of the same solution. The PDI indicated in table 2 corresponds
to the average of the 9 distributions.

We have therefore kept only the data between 1 and 400 ps (Figure 4). Above 400 s, g(t) is equal
to 1 within less than 102 and some values of g»>-1 are negative; in this case, In (g>-1) is not defined
and no fit can be performed. The instrument’s software suppresses data points, but one has to
specify a minimum value for g,, the recommended value from the manufacturer being 1.003. Note
that in our fits, we have cut all the points above t = 400us, and g was always larger than 1. In the
data used by the instrument, g, values of 1.003 are found already for times as short as 3800 ps.

In(g,-1)

ol 1 I ST e R

0 50 100 150 200 250 300 350 400

time (us)

Figure 4. Correlation function measured for lag times t up to 400us. Linear(blue line) and cumulant fits (red
line). Inset: Correlation function at shorter times, up to 30ps.



Two fits were performed for In [g»(t)-1], a linear fit and a polynomial (cumulant) fit using equations 1
and 5. They are shown in Figure 4. One sees that the linear fit and the polynomial fit are
undistinguishable from one another. This is better seen in Figure 5, restricted to short times, 1-30pus.
One also sees that the noise in the data prevents a safe determination of the PDI. In the case
discussed, the PDI obtained from the cumulant fit is 0.025, much lower than the value given by the
instrument with the same cumulant analysis. The correlation time from this fit leads to a diameter of
60 nm, somewhat smaller than the value given by the instrument, but consistent with those obtained
with the other instruments (table 1). This is likely due to the fact that method used by the instrument
to remove data points is different from ours. When g, < 1.0003, the instrument replaces the actual
value of g by 1.0003, introducing therefore many large values of g, which artificially increase the
correlation time and, as a consequence, the particle diameter.

This discussion demonstrates that a poor signal to noise ratio introduces important uncertainties in
the determination of the correlation time distribution. It confirms that the cumulant method cannot
be safely used without cutting data at times much longer than tp. The noise introduces errors in the
size distribution and as a consequence, errors in the measured sizes. The problem arises with all
instruments when the samples are diluted too much.

The commercial DLS instruments also provide the size distribution by number and by intensity when
an inversion analysis is performed. As we have mentioned earlier, these distributions should be
handled with caution as the size averages and the polydispersity increase when the noise level
increases. . Figure 5 gives an example with the rather monodisperse PS-NH2 particles (PDI 6%) where
the intensity averaged diameter is 58 nm, while the number average is only 45 nm.

Size Distribution by Intensity
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Figure 5. Size distribution by intensity and by number of a dispersion of PS-NH2 particles obtained from the
Zetasizer 2.

Since the inversion procedure leads to a size distribution, it is indeed easy to obtain a new
distribution, such as number average. This can allow for instance comparisons with size
determination made using electron microscopy. As the intensity is proportional to the square of the



particle volume, intensity averages are shifted to large diameter values with respect to number
averages as seen in Figure 5.

4. Recommendations to minimize errors

If dilute solutions of small particles are to be investigated, care has to be taken to obtain correct
results.

e Some instruments offer the possibility of using different analysis methods (cumulant,
Contin). One test could be to check if the different methods are in agreement. We have seen
that in the example chosen, this was not the case for the different commercial instruments.
In this case, it is better to use the values given by the cumulant method which are the less
sensitive to noise level. It should be kept in mind however that the values provided by the
cumulant method are smaller than those obtained from the (exact) size distribution.

e |n the case of a cumulant analysis, and in order to limit the possible influence of the noise in
the data treatment, the range of correlation times investigated should be limited, typically to
times above which the correlation function has decreased by a factor of 100. Setting a lower
limit for g, and using a larger range of correlation times introduces errors.

e Animportant number is the minimum detected intensity below which the measurements are
not reliable. The commercial instruments indicate when the intensity is too low, and the
difficulty can sometimes be overcome by removing attenuators. When this is not possible,
one can in principle acquire the signal for a longer time. It is our experience that when this
occurs, the signal does not significantly improve even after long averaging.

e Some instruments are not very strict with the corresponding noise level. In case of doubt, the
intensity can be changed by changing for instance the optical filters or the size of the
detection pinhole. If the intensity range is appropriate, the sizes measured should not
change.

Other sources of error could be:

e Some instruments adapt automatically the position of the cell. It is important to verify that
the light beam does not travel across the meniscus if the liquid volume in the cell is too small.

e In general, glass cells or plastic cells are provided with the instruments. If the particles adsorb
on glass or plastic, the results will not be reliable.

5. Very polydisperse and/or non spherical particles
5.1 Large polydispersity

The intensity of the light scattered by particles increases as the power 6 of the diameter, so the signal
is dominated in general by the largest particles. When the dispersions contain both large and small
particles, the small ones can hardly be detected.
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Figure 6. Number distribution of TiO2 particles dispersed in a phosphate buffer as deduced from Contin analysis
of DLS data from a Zetasizer. Inset : distribution obtained with the DCS technique with the same samples.

An example is given in Figure 6 with titanium oxide nanoparticles dispersed in a phosphate buffer.
The TiO; nanoparticles used were purchased from Evonik (AEROXIDE® TiO, P25). The diameter of
these particles is 21 nm. They were first dispersed by sonication in ultrapure water, at 21°C. The final
solutions, at 0.63, 3.17 and 12.67 mg/ml were prepared in phosphate buffered saline (PBS 10X, Gibco
#7011-036). The ionic strength of the buffer is large (around 0.1 M), which leads to partial
aggregation of the particles. Whatever their concentration, large aggregates were detected. A
number distribution, averaged over 9 measurements is shown in Figure 6.

The instrument indicated that the results do not meet quality criteria: the polydispersity is too high
for distribution analysis and even for cumulant analysis. Interestingly, experiments were performed
on the same samples using a different method, differential centrifugal sedimentation (DCS) (8; 9) and
the distribution obtained was centered on the nominal size of 21 nm. DCS is a technique based on
the use of centrifugal force on a spinning disk to fractionate samples by size and density, performing
the measurements with a laser source almost at the end of the disk. For a sample with multiple
populations of the same material (hence the same density), the sample will be fractionated by
populations, ensuring the hydrodynamic measurement of each population individually. This result
confirms that the original small particles are still present and that the amount of aggregates is much
less than suggested by Figure 6, even when calculated number distributions are plotted.

This example illustrates the limitations of DLS measurements at a single scattering angle, clearly not
appropriate to characterize partially aggregated particles.

5.2 Non-spherical particles

Commercial light scattering instruments equipped with goniometers in order to vary the scattering
angle are able to determine not only the mean particle size, but also the shape when the particles
are large enough (R > 10 nm). These instruments use a combination of the gyration radius R,
determined from the angular variation of the static scattered intensity, and of the hydrodynamic
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radius Rn, determined from classical DLS. Rg can be calculated plotting the static scattered intensity |
as a function of g2, 1(q)= 1-(q Rg)?/3 for qRg <<1 and for dilute particle concentrations (2).

If we take the example of rods of length L and circular section of radius r with large aspect ratio (10) :

12 r2\1/2
Ro= (i + %) )
_ L
= 0D (8)

Rg and Ry depend on L and r in different ways, hence their measurement allow the determination of
both Land .

Another method makes use only of the intensity correlation function and is applicable to all
nanoparticles. We will give an example below. When particles are not spherical, their rotation also
gives rise to light scattering and to a spectral broadening related to the rotation diffusion coefficient
Drot. Analysing the correlation functions for polarized and depolarized scattering allows the
determination of both Dt and the translation diffusion coefficient D. Again for rod-like particles
(10):

kgT . L
= ———|N—

3nnl  2r

_ 3kpT, L
Drot - TL'T]L3 In 4r (9)
Other expressions were proposed (11), but they do not differ much at large aspect ratio. The method
was used for nanotubes by Shetty et al (12), we will give an example here. We measured the
polarized (VV) depolarized (VH) dynamic light scattering using the homemade light scattering setup
of UPS, on which two Glan-Taylor polarizing prisms (CVI Melles Griot, France) were mounted. The
nanotubes used were functionalized by the method of (13) in order to disperse them in water.

The polarized and depolarized electric field correlation functions gw(q,t) and gvu(q,t) are shown in
Figure 7. We fitted these autocorrelation functions with an exponential decay and a first order
cumulant term (equation 5).

g0
9y,

Figure 7. Correlation functions gvv and gvu at scattering angles 6 = 30, 50, 70, 90, 110, 130°.
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The characteristic relaxation times tvwand tvy are such that: 1/ tww =D g and 1/ tvx = D g*+ 6Dyor. The
slope of 1/tw versus g2 leads to D=1.88 10*? m?/s. Extrapolating 1/tw to g%= 0 leads to D= 10.4 s
(see Figure 8).
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Figure 8. Variation of 1/ tva with g% The line is the fit with 1/ tvu = D g+ 6Drot using the diffusion coefficient
determined from twv.

Knowing D and D, one can calculate the length L and the radius r of the nanotube following
equation 9. One finds: r=1.8 £ 1 nmand L~ 1.3 um. The PDI is large, around 0.6, likely because of
the polydispersity in length of the nanotubes. AFM or SEM images of similar nanotubes gave L values
between 500 and 1500 nm (14), in good agreement with the value measured here. The
determination of r is the less precise, because it appears in a logarithm in equations 9. The mean r
value is slightly larger than that measured with AFM: r =1 * 0.2 nm (13), but the agreement is
reasonable in view of the error bars.

In the special cases of gold nanorods and gold-platinum Janus nanoparticles it has been observed
that polarized light scattering alone is able to detect two modes attributed to the D g> and D g*+
6Dt (15; 16):

91yv (1) = Ay exp(=Dq?1) + Aexp(—(Dq? + 6Dy1)1T),
where A; and A; are the amplitude of the modes.

It is interesting to notice that standard nanosizers are able to distinguish well the two modes given
the backscattering geometry and the relatively high value of the scattering vector (6 = 173°) (15).

These methods can of course be applied to other types of anisotropic particles. Relations between R,
and Ry or Ry and Dyt have been established for other type of particles. In the case of particular
shapes, they can be computed on purpose (17).

In the general case, and even for spherical particles, it is quite useful to perform measurements at
different g and concentrations; extrapolations to zero allow measuring more accurately the diffusion
coefficients and they can also provide additional information as the interparticle interactions (using
equation 4)
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6. Conclusion

Dynamic light scattering is a very versatile method for the study of Brownian motion of nanoparticles
in a liquid medium. Although its main application is for particles sizing, it is not the more accurate
method for polydisperse samples. Indeed, particles of larger sizes scatter light more efficiently, hence
the scattering is dominated by the fraction of particles of larger size. The average size is therefore
shifted with respect to the size measured by electron microscopy for instance. The results provided
by commercial instruments should be considered as indicative, especially those obtained with
inversion methods. Significant errors could be made when working with dilute dispersions of very
small particles that scatter little light. When the instruments allow retrieving the correlation function
data, the results can be analyzed in more detail, taking into account the actual noise of the
correlation functions, and better estimations of the sizes can be made.

One of the great interest of the DLS technique is the possibility to obtain additional information, for
instance on hydrodynamic interactions between particles when their concentration is sufficient
(volume fractions above a few percent). Anisotropic particles cause depolarization of the scattered
light and when using polarizers, information about shape can be obtained.

In the case of particles of arbitrary shapes, it is difficult to assess their precise shape using light
scattering only, and a combination of the technique with electron microscopy for instance is
recommended. When the polydispersity is very high, the method is not recommended either, other
methods are to be preferred (18).
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