
Chapter 6
Dynamic Light Scattering (DLS)

Principles, Perspectives, Applications to Biological
Samples

Sven Falke and Christian Betzel

Abbreviations and Acronyms

ACF Auto-Correlation Function
BSA Bovine Serum Albumin
DDLS Depolarized Dynamic Light Scattering
MALS Multi-Angle Light Scattering
MES 2-(N-morpholino)ethanesulfonic acid
ML-I Mistletoe Lectin I
PDI Polydispersity Index
PDMS Polydimethylsiloxane
SANS Small-Angle Neutron Scattering
SARS Severe Acute Respiratory Syndrome
SAXS Small-Angle X-ray Scattering
SLS Static Light Scattering
Tris Tris(hydroxymethyl)aminomethane
XFEL X-ray Free Electron Lasers

Focus a laser on dissolved particles and analyze the scattered light to reveal their
size. This well established principle is used in dynamic light scattering (DLS), or
also called photon-correlation spectroscopy, which is a widely popular and highly
adaptable analytical method applied in different fields of life and material sciences,
as well as in industrial quality control processes. Fluctuations of elastic laser light
scattering due to the particle’s individual Brownian motion in a solvent can be
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Fig. 6.1 a Scheme of a light scattering setup. Light scattered by the particles over time
at a scattering angle θ is focused onto a detector or detector-connected fiber cable for
further downstream data processing. b Exemplary DLS data of an L-form DNAzyme (5′-
GAAGTTAGCAACATCGATCGGAGGCGG-3′) in solution containing MES buffer as evaluated
by the accompanying software. Autocorrelation function, half-logarithmic mean particle radius
distribution and particle radius plot of the molecules are indicating a homogeneous monodis-
perse solution and a hydrodynamic radius of 2.4 ± 0.1 nm. Details about data processing are
described in the following sections

utilized to determine particle size distributions in real-time. DLS usually uses non-
invasive visible laser light that is focused on a sample solution, suspension, emulsion
or aerosol inside a sample container, commonly a cuvette or a capillary. Besides, a
few more general components are required for a typical DLS device, as shown in
Fig. 6.1.

ThemethodDLS and underlying principles are known for several decades already
(Mueller and Givens 1961; Cummins et al. 1964; Chu 1970; Fujime 1972), whereas
the development of single-mode fiber cables, improvement of detection optics, vari-
ation of sample containers and introduction of affordable diode-pumped solid-state
lasers as light source advanced the applications of DLS tremendously later on and
particularly during the last years (Brown 1987; Dhadwal and Chu 1989; Brown
and Smart 1997; Minton 2016). In terms of data processing, digital autocorrela-
tors (Foord et al. 1970), the monomodal cumulant analysis (Koppel 1972) and the
CONTIN algorithm (Provencher 1982) are a few of the milestones.

After briefly explaining the physical principles and requirements of light scattering
techniques, different biological samples, recently established setups for in situ DLS
experiments and selected applications will be introduced. An additional section will
provide practical guidelines and hints for sample preparation. Further a short section
is summarizing selected complementary analytical methods. The chapter overall
focuses on exemplary biochemical sample solutions and the respective applications,
even though all principles are well applicable to other fields of natural sciences
targeting nano particles. Areas of applications and especially much further physical
detail of light scattering and data processing were covered for example by Berne
and Pecora (2000) and within the series of Light Scattering Reviews books edited by
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Fig. 6.2 DLS determines particle sizes based on the velocity of Brownian motion: a Generalized
illustration of the time-dependent intensity of light scattered by particles, which is fluctuating due to
Brownianmotion.Mixtures of small and large particleswould result in aweighted average of the two
displayed scattering intensity pattern. b Schematic illustration of the auto-correlation. Depending
on the particle size, the diffusion speed and hence the time scale of the correlation coefficient decay
is varying. Accordingly two auto-correlation functions (g(τ)) for a small (green) and a larger (blue)
particle species are shown on the right side

Kokhanovsky (2006). Exemplary biological applications were discussed in addition
more recently (Minton 2016).

In general, all kinds of particles scatter electromagnetic waves in all directions,
depending on their size isotropically or anisotropically. The laser light that is scattered
by the particles inside a small focal volume of aDLS sample is continuously recorded
and quantified by a photon-counting detector positioned at a specific angle; if not
hindered by other geometrical restraints, an angle of 90° might be suitable for the
experimental setup. The number of photons hitting the detector, which can be a photo-
multiplier tube, is fluctuating over time. This is explained by Brownian motion of
particles in and around the sample volume that is in focus of the laser (Fig. 6.2),
which results in characteristic size-dependent fluctuation intervals of the electric
field component of the scattered light. Scattering intensity pattern are correlated
with themselves (auto-correlation) after short delay intervals of time (τ) to monitor
the continuous decay of correlation. Depending on how fast particles are diffusing,
the correlation decay time constants, which are derived from the exponential auto-
correlation function (ACF) are individually different. Decay time constants of small
particles are shorter in agreement with the dependency of diffusion speed on particle
mass (Fig. 6.2). The ACF can be evaluated by the CONTIN algorithm according
to Provencher (1982), which allows to fit even a complex decay of correlation in
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polydisperse solutions to calculate the respective diffusion constants (D) and process
the data. As for most measurements the temperature T is kept constant and the
viscosity η of the sample solution is known, or can be determined rather easily, this
translational diffusion constant D can be used to determine the hydrodynamic radius
rh of a corresponding spherical particle, according to the Stokes-Einstein equation
(Eq. 6.1). This relationship between diffusion and size was established in 1906 and
is also useful for complementary methods like Taylor-Dispersion analysis or nano
particle tracking analysis (kB is the Boltzmann constant 1.380648 × 10−23 J K−1):

D = kBT

6πηrh
(6.1)

Depending on the implemented auto-correlation unit (and a few other parameters
of the setup), particles in a wide range of hydrodynamic radii, typically from below
1 nm up to a few μm, which corresponds to a molecular weight range from approx.
10 kDa to several MDa for compact globular macromolecules, can be investigated.
Further, all changes of D over time for given particles, typically due to particle size
changes, can also be followed in real time. DLS is very often used in preparation
and systematic optimization of sample solutions (pH-value, ionic strength, solvent
etc.) to meet strict requirements of particle homogeneity and long-term stability in
further structural investigation of macromolecules, see e.g. Borgstahl (2006) in terms
of X-ray crystallography or exemplified for RNA-protein complexes (Stetefeld et al.
2016). In this context DLS is frequently used in combination with other scattering
techniques or mass spectrometry. For example small-angle X-ray scattering (SAXS),
NMR spectroscopy and crystallization experiments usually require a high degree of
particle size homogeneity, i.e. a monodisperse solution (Jeffries et al. 2016). Today,
individual light scattering techniques and setups allow to manipulate the solution
composition during the experiment (Meyer et al. 2012), investigate sample solutions
in flow, to investigate a sample suspension at different neighboring positions in
parallel (Falke et al. 2018), determine the net surface charge of molecules (Ware
1974) or even allow to obtain limited shape and structure information in situ (Cantor
and Schimmel 1980; Minton 2007; Haghighi et al. 2013; Schubert et al. 2015) as
outlined in following sections of this chapter. Especially for in situ DLS instruments
with freely adjustable laser probe the alignment of the optics, i.e. the superposition of
the focal points of the laser and the focal point of the lens that focusses the scattered
light on a receiver fiber should be verified via a set of screws with μm precision to
obtain optimal performance.

6.1 Principles of Light Scattering

In contrast to methods like Raman spectroscopy, DLS is based on elastic electromag-
netic scattering of the dispersing particles. The electric field component of laser light
waves is interacting with sample molecules by inducing oscillating (point source)
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electric dipoles within the molecule at the same frequency, resulting in the emission
of light. Light is scattered spherically in all directions, while maintaining nearly
constant energy of the photons. Most samples of interest for a biochemist, like pro-
teins in solution, are much smaller than the wavelength of the applied DLS laser
(<0.1λ) allowing light penetration and isotropic scattering according to the laws of
Rayleigh scattering (Barnett 1942) named after the British physicist Lord Rayleigh.
The scattered light is typically not coherent and the spherical waves interfere with
each other. The intensity of scattered light I depends on other setup parameters such
as the wavelength λ, the scattering angle θ , the distance from the scattering particle
s, the refractive index n of the medium and the particle radius r:

I = I0
16π4

λ4

1 + cos2θ

2s2

(
n2 − 1

n2 + 2

)2

r6 (6.2)

The average value of I over all scattering angles is commonly called scattering
cross section. The scattering intensity is notably inverse proportional to the forth
power of the laser wavelength, which makes a shorter wavelength very attractive for
the detection of otherwise weakly scatteringmolecules. However, an increased inten-
sity of “background” reflections of laser light can obviously reduce the sensitivity of
the instrument again. Further, the focal lengths of lenses should be shortened as pos-
sible, according to I ~ s−2. Also probe position and fiber cables should be optimized
accordingly. For additional optimization, glass surfaces may be coated with a thin
layer ofMgF2 or a similar solidmaterial with low refractive index, tominimize reflec-
tion of laser light. Further, the light scattering intensity depends on the sixth power
of the particle diameter. Consequently, larger particles contribute to the total scat-
tering intensity exponentially more with increasing size, making DLS particularly
sensitive for clustering (very large oligomers or unspecific large aggregates) com-
pared to smaller molecules. When the diameter of the particles increases to the size
regime of the laser wavelength, the particles create shape dependent anisotropicMie
scattering (referring to the German physicist Gustav Adolf Mie) distorted in forward
direction (Mie 1908). One example is sun light scattered by spherical lipid droplets in
diluted milk. For particles significantly larger than the wavelength, surface reflection
becomes predominant and the scattering cross section, which determines how much
light is scattered by the particle, only weakly depends on the light frequency.

Accordingly, it is important to consider a suitable scattering angle for an experi-
mentalDLS setup.DLSmeasurements of inhomogeneous and therefore polydisperse
solutions with large particles should ideally be expanded to measurements at differ-
ent scattering angles exploiting multi-angle light scattering (MALS) (Fernández and
Minton 2009). MALS is beneficially combined with size-exclusion chromatogra-
phy, which can optionally be equipped with a UV absorbance and refractive index
detector for a most accurate approximation of the molecular weight M (Graewert
et al. 2015; Minton 2016) of unknown biological macromolecules using scattering
intensity I and refractive index RI:
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I =
(
dn

dc

)2

cM (6.3)

and RI = dn

dc
c (6.4)

6.2 Scattering Data Processing

As illustrated by Fig. 6.2, an ACF of scattered light at time point t, depending on
the correlation time delay τ , is generated during a DLS experiment. A second order
ACF is generally given by:

g(τ ) = 〈I (t)I (t + τ)〉
〈I (t)2〉 (6.5)

The additional brackets indicate averaging over time of the respective intensity
value products in a single measurement. For experiments that use different scattering
angles and therefore different values for the scattering vector q, g depends on τ and
q, as summarized by Provencher and Štêpánek (1996). In good approximation a
DLS ACF can also be expressed and fitted as the following exponential function
(or multiple exponential functions), where b∞ is the ACF baseline value at infinite
values of time delay, b0 is the maximum ACF value at a time delay of nearly zero
and Γ is a measure for the decay rate (Chu 1991):

g(τ ) = b∞ + b0 exp(−2Γ τ) (6.6)

In principle this exponential ACF function can be evaluated using an algorithm
in order to obtain values for D and a mean radius distribution with multiple particle
species, e.g. in a sample suspension: � is proportional to the diffusion constant D
for a given DLS setup (Eq. 6.7), n0 is the solvent’s refractive index, θ the scattering
angle and λ the wavelength in vacuum.

Γ = Dq2 = D

(
4πn0sin θ

2

λ

)2

(6.7)

The scattering vector q is used to determine D, which allows to calculate rh based
on the Stokes-Einstein equation (Eq. 6.1). D and subsequently rh valueswith standard
deviations can be directly obtained from the CONTIN algorithm (Provencher 1982),
which is solving the inverse Laplace transform of the ACF for the size distribution
analysis. As an alternative, a cumulant analysis of the ACF (Frisken 2001) can be
applied, which provides polydispersity index (PDI) and the intensity weighted Z-
average size value. PDI can express the homogeneity of the radii: For a Gaussian
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size distribution of a single particle species the width or standard deviation (σ) of an
individual rh peak is squared and divided by the square of the mean size to yield the
PDI. The distribution of rh values can commonly be weighted by molecular mass,
volume, particle number or scattering intensity.

Assuming that the investigated particle is spherical, the molecular weight (M) of
dissolved macromolecules might be approximated as following, which is explained
in more detail elsewhere (Cantor and Schimmel 1980). VS is the specific particle
density, the hydration is represented by h (mass of water per mass of protein) and
NA is the Avogadro constant:

rh,theor =
(
3M(VS + h)

4πNA

) 1
3

(6.8)

For non-globular particles the mass equivalent spherical radius is usually smaller
than the determined rh. The Perrin factor F, which is the ratio of the frictional coef-
ficients of the mass equivalent solid sphere (f s) and the sphere corresponding to the
measured rh (f h), provides a first estimate about the degree of elongation of an ellip-
soid particle. The frictional coefficients are derived from Stokes law as specified by
Eq. 6.9, with the inclusion of Eq. 6.8, with l being the thickness of a single solvent
layer:

F = fs
fh

= 6πη(rh − l)

6πηrh,theor
= (rh − l)

(
4πNA

3M(VS + h)

) 1
3

(6.9)

6.3 Sample Preparation and Selected Results

The capability of DLS to determine particle size distributions in awide size range and
to roughly compare the quantity of particles in different samples via the scattering
intensity opens applications for a variety of different samples. Further, indirectly it
is also possible to determine the solution viscosity applying a sample with known
hydrodynamic radius rh, which is shifting to a higher or lower rh value proportional
to the viscosity difference according to the Stokes-Einstein equation.

In preparation of samples even minor amounts of artificial large environmen-
tal particles need to be removed due to their disturbing scattering properties, i.e.
a “shielding” effect of the weaker scattering of smaller particles (Eq. 6.2) and the
limited size-resolution in a typical DLS experiment (Ruf 1993; Karow et al. 2015).
Next to other optical parameters those environmental particles also hinder the char-
acterization of particles larger than approx. 1 μm. Most commonly sample solu-
tions are simply filtered or centrifuged at the time of the experiment or fractionated
according to their size by chromatographic methods. Also extensive optimization of
solution additives or ultra-centrifugation typically helps to minimize polydispersity
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and undesired peak broadening. High-throughput additive screens for optimization
of the solution dispersity are supported by experiments in multi-well plates, which
are ideally covered by transparent oil rather than by foils to hinder evaporation of
aqueous solutions. Cleanness of optical and quartz glass components can be main-
tained by removing dust particles by pressured air and other remaining material by
diluted nitric acid.

Hydrodynamic radii of some exemplary proteins and other biological samples
investigated by DLS are listed in Table 6.1. To also ensure that rh is not concen-
tration dependent, typically in an artificial manner, the diffusion constant D can be
determined at different concentrations. Those diffusion constants should be evaluated
by a Debye plot. A linear dependency of D on the concentration allows to extrapo-
late D to a value at infinite dilution (unbiased by attractive or repulsive interactions),
similar to the extrapolation of size parameters in X-ray scattering data processing.
A high correlation value of the ACF at correlation time values of nearly zero (y-axis
intercept), which is considered as an essential “signal-to-noise ratio” parameter, will
obviously improve the accuracy of the ACF evaluation. However, if the sample con-
centration is too high or the solution becomes nearly non-transparent, the ACF and
the applicability of DLS will suffer from multiple photon scattering. The calculation
of an ACF can generally be completed in around 2 s. Nonetheless, static DLS exper-
iments are typically running for 10–30 s and are repeated several times for averaging
and verification. Scattering intensity data of weakly scatteringmolecules can to some
extend be statistically improved by prolonging themeasurement time. Requiredmin-
imum concentrations heavily depend on several parameters of the instrumentation,
most obviously laser intensity and detector sensitivity. Commonly, a monomeric pro-
tein of 30–40 kDa has a sufficient scattering intensity at concentrations of around
1–2 g l−1 (or around 50 μM) in a typical cuvette DLS instrument. For larger proteins
the concentration can be reduced according to I ~ r6.

Based on the considerations before, DLS is most suitable to study macromolecule
degradation, disassembly, homo- and hetero-oligomerization, polymerization (also
enzyme-catalyzed), clustering and amplification in real-time. Examples are the
pH-dependent dissociation and hydrolysis of Apoferritin (Jaenicke 1987), human
prion protein (PrP) aggregation upon specific proteolytic cleavage or UV irradiation
(Georgieva et al. 2004; Redecke et al. 2009) stages of protein crystallization (Dierks
et al. 2008; Meyer et al. 2012; Oberthuer et al. 2012; Schubert et al. 2017), monitor-
ing density of cell culture (Loske et al. 2014), assembly of lipid nano discs (Petrache
et al. 2016) and pharmaceutical kinetics (Fávero-Retto et al. 2013). For some of
these experiments the option to adjust the temperature is essential and also allows
to investigate and optimize the thermal stability or assembly of a native biological
macromolecule. Figures 6.3 and 6.6 further display DLS data of crystallization pro-
cesses exemplified by the protein mistletoe lectin I (ML-I) from Viscum album and
ferritin. After addition of the precipitant solution larger clusters and nanocrystals
are forming while the smaller protein oligomers observed in the beginning are still
highly abundant. Typically 2–4 major fractions of particles sizes are observed in
parallel towards later stages of crystal growth, recognized for different proteins with
different solution composition.
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Fig. 6.3 The half-logarithmic size distribution plots on the left were recorded applying ML-I (top
left) and ferritin (bottom left) in solution respectively. The plots in the middle display the respective
size-distribution over time after mixing with an appropriate crystallization solution. The abundancy
of radii is color-coded from blue (low) to red (high). The pictures obtained from a microscope show
crystals grown upon long-term incubation. The displayed ferritin crystals (bottom right), which
are >100 μm in all dimensions in size, are exposed to UV-light as well to confirm the intrinsic
fluorescence of the protein. Reproduced from Dierks et al. (2008), Crystal Growth and Design with
permission of the American Chemical Society, copyright 2008

6.4 In Flow DLS

AsDLS is determining particle sizes based on Brownianmotion, it is not self-evident
that sample solutions can be analyzed while they are flowing. However, it is well
established that below a critical velocity the ACF of scattering particles for a nearly
laminar flow is dominated by Brownian motion and the resulting hydrodynamic
radii are consequently not significantly different compared to static samples. The
application of DLS under shear flow conditions and in a microfluidic channel, both
mathematically and via an initial experimental approach with regard to flow chan-
nel dimensions, shear rate, velocity profile of the Poiseuille flow and Doppler shift
interferences has been verified (Destremaut et al. 2009). The obtained theoretical
approximation of an ACF with some geometrical restrains underlined the applica-
bility of DLS in flow mode. The DLS experiments in this study were performed in
a widened channel segment of a microfluidic PDMS chip with dimensions of 500
by 700 μm. Further stopped-flow DLS experiments have already been performed
to study stages of protein folding (Gast et al. 1997) and characterize spherical latex
particles in flow utilizing a specific fiber optic laser probe (Leung et al. 2006). This
experimental setup is potentially indicating a huge variety of further applications to
count and determine the size of macromolecules in place and in flow.

To properly design innovative DLS instrumentation for characterization of sam-
ples in flow, orientation of the scattering vector as well as velocity profile of the
sample need to be taken into account. Moreover, the focal volume of the laser should
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be minimized in order to minimize the time required for the particles to pass the scat-
tering volume at a certain flow rate (Taylor and Sorensen 1986). The applicability of
sample solutions in shear flow to DLS is also interesting due to the altered oligomer-
ization, fiber formation or aggregation of protein molecules recognized under shear
flow stress, which is still lacking some understanding (Bekard et al. 2011; Dobson
et al. 2017).

6.5 Latest Methods and Experimental DLS Setups

As discussed, DLS is a highly adaptable technique, which can be applied in situ to
characterize samples in various sample containers in different phase states and under
different physico-chemical environments, as well as in flow. Besides, DLS setups
were expanded and varied even further.

6.5.1 Cross-Correlation and Multi-channel DLS

Light scattering samples with a very high particle concentration or otherwise not
perfectly transparent samples are more prone to multiple light scattering (Fernández
and Minton 2009). The respective data sets can be analyzed by utilizing a particular
3Dcross correlationDLS setup (Medebach et al. 2007;Block andScheffold 2010). It
contains a split laser beam,which essentially hits the sample particles typically at two
different angles with the same scattering vector. A potential contribution of multiple
scattering is expected to vary for the two scattering pattern recorded in parallel,
whereas the contribution of single scattering remains constant. Thereby, a cross-
correlation of two intensity pattern can identify and suppress multiple scattering.
Alternatively, for highly dense colloidal suspensions, gels or biological media, which
scatter even stronger, diffusing-wave spectroscopy is most suitable (Zakharov et al.
2006).

In contrast to cross-correlation DLS, the term multi-channel DLS was recently
used for a setup that allows to record multiple DLS data sets in parallel (Falke
et al. 2018). The setup uses one laser and records the scattering data in different
neighboring and statistically independent positions of a sample solution close to the
focal point of the laser. Each data set is processed by an individual detector. This is
most time efficient and also allows to see local differences at different positions of a
solution or suspension.
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6.5.2 Electrophoretic Light Scattering

In combination with a homogeneous electric field, DLS can be utilized to determine
the electrophoretic mobility and thus the Debye-Hückel-Henry charge of unknown
particles, which is called electrophoretic light scattering (Ware 1974;Minton 2016).
The underlying principle is the quantification of the Doppler effect of the light scat-
tered by particles migrating in the electric field: The light scattered by particles in the
direction of migration, i.e. towards the oppositely charged electrode, is upshifted in
its frequency, while the frequency in the opposite direction is downshifted. At equal
intensity of incident light, the difference of these frequencies is proportional to the
electrophoretic mobility.

6.5.3 Depolarized Dynamic Light Scattering (DDLS)

Some DLS setups investigate intrinsic birefringence or form birefringence (Allen
1996), i.e. anisotropy of the individual molecule, or a crystal lattice, in order to
obtain valuable additional information on structure and shape of dissolved parti-
cles. The DDLS method quantifies depolarization of the scattered light using addi-
tional optical components, e.g. as essentially described before (Schubert et al. 2015;
Rifaie-Graham et al. 2018) as well as illustrated by Fig. 6.4. This is particularly chal-
lenging due to rather low intensities of depolarized light and multiple scattering of

Fig. 6.4 a Portable DDLS cabinet. The path of the laser beam is indicated by green lines; light
scattered by particles inside the cuvette is represented by dashed lines. A CPU is attached for data
processing and display. b A single exemplary 20 s measurement to monitor the oligomerization
process of the bacterial β-lactamase CTX-M14 (30 kDa) in an early stage of crystallization. The
DLS autocorrelation function (blue spheres and lines) indicates a polydisperse sample solution
containing a mixture of small oligomers with a radius of approximately 4 nm and larger particles
with a radius of a few hundred nm. The intensity of scattered light that is depolarized is quantified
by a separate detector (red spheres and lines)
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light which perhaps kept the method from being more common till now. In addition
to the translational diffusion constant (Eq. 6.1) the rotational diffusion constant Drot

is calculated to evaluate the ACF of the depolarized light scattering according to the
similar Stokes–Einstein–Debye equation:

Drot = kBT

8πηr3
(6.10)

A combination of both diffusion constants allows to calculate the dimensions of
both half axes of elongated particles, e.g. fibers, virus particles or synthetic nano parti-
cles or tubes, considered as rotational ellipsoids (Glidden andMuschol 2012). Based
on the birefringence of crystals, DDLS was also utilized to distinguish between pro-
tein nano and micro crystals and amorphous precipitation, e.g. for glucose isomerase
(Schubert et al. 2015). Rod-shaped gold particles are frequently used for calibration.
Besides, oxygen-binding Limulus polyphemus hemocyanin, which is forming large
hexa-, dodeca- and 24-mers were applied as well as the oblate membrane-bound pho-
tosystem I for which dimensions of 10 by 26 nmwere determined in good agreement
with X-ray diffraction data (Chayen et al. 2004; Beltramini et al. 2005). The method
was discussed to be ideally suitable for scoring of protein crystal suspensions used
at X-ray free-electron laser (XFEL) sources also in combination with second order
harmonic generation (SHG) microscopy.

6.5.4 “Combinatory” Devices for Online Sample Scoring

As discussed DLS is most suitable to verify sample homogeneity to match a high
standard of sample quality in nano particle sample preparation towards imaging
and manufacturing techniques. Consequently, a few setups and devices have been
developed to continuously monitor and score the sample quality in situ and in paral-
lel to other experimental procedures, including growth of macromolecular crystals
(Meyer et al. 2012), SAXS (Schwamberger et al. 2015; Falke et al. 2018), asymmet-
rical field flow fractionation (Sitar et al. 2017) and to score nanocrystal suspensions
to be measured at XFEL radiation sources in the future as well as in context of
other experimental procedures in biochemistry, genetics, material science, sorting
and chemical synthesis.

In order to induce, optimize and study the crystal nucleation of the protein ML-I
in detail and analyze complex liquid-liquid phase separation and phase transition
mechanisms in general, the DLS setup shown in Fig. 6.5 was utilized. The time-
resolved development of nuclei in this experiment is summarized as an example in
Fig. 6.6, starting with a single drop of protein solution positioned on a glass cover
slip in a humidity-controlled environment.
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Fig. 6.5 Schematic
representation of a setup to
monitor individual solution
drops and the
micromanipulation towards
optimized macromolecule
crystallization using in situ
DLS and a highly sensitive
balance. Reproduced from
Meyer et al. (2012), Acta
Crystallographica with
permission of the
International Union of
Crystallography, https://
journals.iucr.org/, copyright
2012

6.6 Complementary Techniques and Conclusion

A technique that is closely related to DLS and is not in focus of this chapter is static
light scattering (SLS), which allows to record the scattering intensity as an average
over time. Data recorded for a serial dilution and at different detector angles can
be visualized by Zimm plots (Hashim et al. 2014) and are combined in order to
determine the shape-dependent radius of gyration (rg), the second virial coefficient
B2 and also molecular weight as well as to verify ideal diffusion. The ratio of rg and
rh also called shape factor can reveal shape information as well. The expected shape
factor for globular particles is the square root of 0.6, which means rg/rh ≈ 0.775. The
second virial coefficient is highly useful in analyzing intermolecular interactions,
e.g. in crystallography—a negative B2 value is indicating repulsion, as explained
and summarized in more detail elsewhere, e.g. Yadav et al. (2011).

Further, X-ray photon correlation spectroscopy, which is using an X-ray beam,
i.e. a much shorter wavelength, and is otherwise highly similar to DLS, should be
mentioned (Sutton et al. 1991). Moreover, a variety of distinct techniques to comple-
ment data based on light scattering is available, including but not limited to Taylor
dispersion analysis, microscopic nano particle tracking, SAXS or small-angle neu-
tron scattering (SANS), native mass spectrometry, native gel electrophoresis, analyt-
ical ultracentrifugation or analytical size exclusion chromatography to obtain certain
size information of (biological) particles (see for example Boivin et al. 2016). SAXS
and SANS as well as electron microscopy techniques or even native ion-mobility
mass spectrometry are superior in analyzing the shape of molecules at moderately
low resolution in solution, Taylor dispersion analysis is capable of determining the
size of small compounds, also <1 kDa, and native mass spectrometry is known for
high mass accuracy. However, DLS (and SLS) has huge advantages in terms of
sample preparation/consumption, experimental effort, particle size range or instru-

https://journals.iucr.org/
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Fig. 6.6 Induction and characterization of ML-I nucleation utilizing in situ DLS according to
Fig. 6.5. a Radius plot of the experiment showing the time course of the hydrodynamic radii. After
adding the precipitant solution to supersaturate the protein solution and induce crystal nucleation
three distinct radius fractions are detected indicated by the green, blue and red line respectively.bThe
solution composition and precipitant addition is actively regulated by piezo pumps and monitored
over the experiment as displayed. c 3D plot of ACFs indicating increasing polydispersity due to
multimodal correlation decay in later stages of the experiment. d Comparison of initial (black) and
final (red) ACF visualizing also the particle species composition during a later stage of ML-I crystal
growth. Reproduced from Schubert et al. (2017), Crystal Growth and Design with permission of
the American Chemical Society, copyright 2017
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mental adaptability respectively, especially for long-term time-resolved experiments
and in an authentic solution environment for biomolecules. Some of the described
in situ DLS instruments can monitor sample volumes around or even below 2 μl. A
strongly curved drop surface for very small solution volumes might hinder the laser
alignment in those cases. The option to apply DLS to solutions and suspensions in
nearly laminar flow—with some restraints as mentioned—is another mayor benefit
in combination with chromatographic purification, automated analytical pipelines
and high-throughput or iterative sample analysis.

In this context, applications of DLS further include preparation of ceramic nano
particles (Sōmiya 2013), size determination in SiO2 particle suspensions (Woj-
ciechowski et al. 2018), conjugation of gold nano particles and proteins (Jans et al.
2009), liposomes used in cosmetics andmedical research (Hupfeld et al. 2006), mon-
itoring of the gelation of milk related to food quality control (Dalgleish and Hallett
1995) or gelation of organic-inorganic hybrid polymers (Norisuye et al. 1999).More-
over, the applicability ofDLSand scattering intensitymeasurements to hydrogel envi-
ronments was evaluated (Rochas and Geissler 2014). Dynamic light scattering can
also be applied to verify oligomerization and crystallization of Macromolecules in
preparation for experiments under microgravity conditions. Studying macromolecu-
lar interactions and symmetry under microgravity conditions has always been attrac-
tive, e.g. to obtain crystals of superior size, lattice homogeneity and maximized
diffraction capability (Drebes et al. 2016). Gels or microfluidic chips, which are
“down to earth” tools to partially mimic microgravity conditions, can be combined
with in situ DLS as mentioned before to follow the crystal growth. Further, time-
resolved experiments in outer space like at the International Space Station could be
monitored by DLS in this context. ANational Aeronautics and Space Administration
research institute applied a DLS technique to detect clinical eye cataract in an early
stage (Ansari et al. 2000).

Those individual examples and applications in structural biology as discussed
before underline the expectation that the applications of light scattering techniques
will even expand in the near future using further improved instrumentation modules.
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