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Abstract. Dynamic light scattering (DLS) is one of the most commonly used
photonic methods for estimating the hydrodynamic radius, {-potential,
polydispersity, and concentrations of nanoparticles (NPs), polymers, and cells,
as well as for studying changes in these parameters upon interaction or
aggregation of molecules and particles. NPs and polymers are components of
numerous drugs, cosmetics, and food industry products. Hence, the
monitoring of their physical, chemical, and morphological properties, often
related to their functional characteristics and toxicity, are of vital importance.
This review deals with the specifics of the DLS method as applied to the
analysis of samples of different types and the modifications of this method
depending on the characteristics of the samples. The theoretical basis of the
DLS method and its applications to the study of NPs, polymers, and their
interactions are presented, with the focus on biomedical applications. The last
section of the review considers the advantages and limitations of DLS analysis
as compared with other photonic analytical methods, as well as future trends
in the development of this approach. © 2023 Journal of Biomedical Photonics
& Engineering.
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1 Introduction

Photonic methods of analysis based on various principles
of light-matter interaction are widely used to analyze
both organic (including biological) and inorganic objects.
Light can be absorbed, refracted, or reflected upon its
interaction with molecules, or change its plane of
polarization or wavelength. These effects have been
employed in a variety of methods of analysis in medicine,
biology, biosensing, detection and analysis of mineral
resources, and many other fields of science and
technology. For example, Raman spectroscopy is used to
study chemical bonds, to identify molecules, and to study
their structure, which allows the detection of various
microorganisms [1] or to use this approach in the
diagnosis of cancer [2] and many other diseases. Specific
light absorption by protein molecules at 280 nm, and the
maximum absorption of radiation by nucleotides at
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260 nm are used to determine the concentrations of
proteins and nucleic acids, respectively [3, 4]. Estimation
of light polarization and measurement of circular
dichroism spectra can be used to study the chirality of
compounds, such as amino acids, monosaccharides, or
drugs [5, 6]. In refractometry, the measurement of the
refractive index is used to determine the concentrations
of chemical compounds in solutions [7], which is used in
cell biology, hematology [8], and other fields. Thus,
optical methods make it possible to study the
composition and structure of biological objects at the
atomic and molecular levels. These optical methods are
also successfully used for identifying organic molecules
and determining the concentration and purity of
biopolymers.

Unlike the approaches mentioned above, the dynamic
light scattering (DLS) method is suitable for estimating
macroscopic parameters of objects, such as the size of
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nanoparticles (NPs), microparticles, and polymers and
the {-potential of their surface, as well as for studying the
interaction of polymers, cells, NPs, and microparticles of
various types. It is especially important that DLS can be
used to study biological polymers in liquid phase, in their
natural environment, whereas many other methods of
determining macroscopic parameters, such as electron
and atomic force microscopies, require the sample to be
transferred to the dry or partly dehydrated phase.
Liposomes, polymers, and NPs of various
compositions are examples of advanced drug delivery
systems that have proved to be promising in delivering
drugs effectively and selectively to target cells or tissues.
Liposomes are spherical vesicles composed of a
phospholipid bilayer that can encapsulate both
hydrophilic and hydrophobic drugs. These vesicles can
be made in different sizes and can be functionalized with
specific ligands to target specific cells or tissues. The use
of liposomes as a drug delivery system has several
advantages, including improved drug solubility,
increased drug stability, prolonged drug circulation time,
and reduced toxicity [9]. Several liposomal formulations
have been approved by regulatory agencies for clinical
use, such as Doxil for ovarian and breast cancer and
AmBisome for fungal infections [10]. Polymer-based
drug delivery systems offer several advantages, including
their biocompatibility, biodegradability, and ease of
functionalization. Polymers can be synthesized in
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different forms, such as micelles, dendrimers, and NPs,
and can be functionalized with specific ligands to target
specific cells or tissues. The use of polymers in drug
delivery has been shown to enhance drug solubility,
stability, and bioavailability. For example, polymeric
nanoparticles have been used to deliver anticancer drugs,
such as paclitaxel, and have proved to be more
efficacious than traditional chemotherapy [11].
Nanoparticles are submicron-sized particles made from
different materials, such as metals, polymers, and lipids.
Nanoparticles can also be functionalized with ligands
targeting specific cells or tissues and can be used to
encapsulate drugs to improve their solubility and
stability. The advantages of using NPs in drug delivery
are an improved drug bioavailability, a reduced toxicity,
and the capability of crossing biological barriers, such as
the blood-brain barrier. Several NP-based drug delivery
systems have been approved for clinical use, such as
Abraxane for breast cancer and Onpattro for hereditary
transthyretin-mediated amyloidosis [12].

Nanoparticle size is an important parameter for many
applications of NPs, including imaging, catalysis, and
development of advanced drug delivery systems, and has
been a subject of research in the field of medical NP
applications for many years [13]. The main areas of the
use of nanoparticles are shown in Fig. 1.
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Fig. 1 Applications of nanoparticles in biomedicine sphere.
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The size of NPs can affect their physical, chemical,
and biological properties, which can, in turn, affect their
behavior and performance in different applications. In
drug delivery, e.g., the size of NPs can affect their
capacities for circulating in the bloodstream, penetrating
biological barriers, and interacting with target cells or
tissues. Smaller NPs usually have longer circulation
times, they better penetrate barriers but may also be more
susceptible to clearance by the immune system. Larger
NPs usually have longer circulation times, but they may
be less capable of penetrating biological barriers or
interact with target cells or tissues. In imaging, the size
of NPs may affect their contrast properties, such as
brightness and resolution [14]. Overall, understanding
the size-dependent properties of NPs, (-potential,
polydispersity, and concentrations is crucial for their
effective use in various applications and can help in
designing more efficient and effective NP-based systems.

The DLS method employs the interaction of
monochromatic coherent radiation with light-scattering
particles in the solution studied. Analysis of scattered
radiation spectra in the DLS method is based on the
Rayleigh scattering theory, Fraunhofer theory and the
Mie theory. In the general case, the interaction of the light
with a particle in the solution may lead to diffraction,
refraction, reflection, and absorption. If the characteristic
particle size is larger than the incident light wavelength,
the diffraction process described by the Fraunhofer
theory is predominant, and if the characteristic particle
size is smaller than the wavelength of the scattered light,
elastic light scattering without wavelength change
occurs, which is described by the Rayleigh scattering
theory [15]. Radiation scattered by particles whose size
is comparable to the wavelength is detected at large
angles (more than 90°) and is described in terms of the
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Mie theory. The DLS technique is implemented in
various devices differing in optical configuration, signal
modulation and analysis, detection system, and sensor
geometry. The differences in design do not so much
affect the calculated data or intensities of the measured
signal, but rather determine the differences in operating
concentration ranges, sensitivity of devices to certain
sizes of objects, achievable resolutions of size
distributions, and methods of data processing and signal
analysis, which directly affects the measurement error
and the results of measurements.

This review considers examples of using the DLS
method in recent studies of biopolymers, NPs, and
microparticles of various types, as well as interactions
between them, to establish the relationships between the
detected parameters and the properties of the objects
studied. The concluding section of the review provides
details on the application areas of the DLS method, its
advantages and inherent limitations, and comparison
with other optical methods of biomolecule analysis.

2 Theoretical Basis of the Dynamic Light
Scattering Method

The DLS method is based on analysis of changes in
incident radiation parameters, including the frequency
and intensity, as well as the directional diagram, which
changes or fluctuates when light passes through a layer
of Brownian particles [16]. In this case, interference of
individual scattering waves (signals) may lead to signal
fluctuations on the radiation detector. The principle of
DLS method is schematically shown in Fig. 2.

In the standard implementation of the DLS method,
the sample or system studied is laser-irradiated, and the
scattered light is detected at a certain scattering angle 6.
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Fig. 2 The principle of the dynamic light scattering method. Light scattered by nanoparticles irradiated by a laser is
measured with a high time resolution at a certain angle 0; the scattering signal fluctuation reflects the dynamics of
microstructural processes, such as the Brownian motion of the particles.
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The scattered radiation is either directly received by the
detector or is superimposed or “mixed” with the
reference signal reflected from the sample surface with
an unshifted frequency. The power of the resultant signal
is proportional to the product of the intensities of the
scattered and reference signals. This makes it possible to
detect low-power scattered radiation, which is important
in studying nanometer-sized particles. The measured size
of particles should not depend on the concentration of the
sample. The use of backscatter detection allows a wider
range of concentrations to be measured accurately
compared with the standard operating procedures with
the detection angle 6 =90° [17]. According to the first
approximation of the classical theory of radiation, a pair
of interacting molecules or NPs can be considered as a
time-varying dipole that emits electromagnetic radiation.
As such, the NP behaves like a secondary light source
and scatters light. This scattered light is fully polarized at
90° to the incident beam, and its intensity ([, ) is
proportional to the diameter (d) of the analyte (I, oo d®)
and its polarizability [18]. The polarization of light
scattered from particles with various shapes was
described by Damaschke et al. [19]. Thus, the DLS
method requires the use of colloidal suspensions with low
concentrations to avoid the effects of secondary
scattering and destructive interference.

Typical dynamic light scattering instruments use a
detection angle of 90°, which may be not sensitive
enough to measure small particles or molecules even with
the use of a high-powered laser at a small wavelength.
Backscatter detection is an optical configuration that can
measure samples with smaller sizes and lower
concentrations. At 0 =173°, the scattering volume
detected at the detector is about eight times greater than
in the case of the traditional 90° optics [20]. This leads to
an eightfold increase in the detected count rate, which is
directly related to the instrument sensitivity to small
particles at lower concentrations. Depending on the
experiment, the angle 6 can vary and reach, e.g.,
175° [21]. The use of fiber optics in combination with
this optical setup ensures that the signal-to-background
ratio or the intercept of the correlation function is not
degraded at high detection volumes, in contrast to the
traditional geometric optics (6 = 90°). Maintaining the
count rate while reducing the intercept of the correlation
function is crucial. This optical configuration provides
the exceptional sensitivity necessary for measuring the
size of NPs and molecules at low concentrations.

Regardless of the version of the DLS method, the
general principle is that the analysis of the detected
signals takes into account their fluctuations, whose
duration is determined by the Brownian motion of
particles and lies in the range from nano- to milliseconds.
Analysis of the DLS signals assumes that the scattered
light is coherent, but the classical DLS setup cannot
distinguish between coherent and incoherent signals,
which are mainly caused by multiple scattering. This
calls for alternative analytical methods, e.g., cross-
correlation techniques [22].
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In this review, we consider the main uses of the
classical DLS method in various fields. The use of the
dynamic light backscattering method and new DLS
approaches have been described by Malm et al. [23] and
Hou et al. [24].

In addition, the laser self-mixing interferometry
(SMI) and laser feedback interferometry (LFI)
methods [25,26] should be mentioned. The
interferometric technique enables a laser to act as both a
source and a detector. The operating principle of the laser
techniques is the interference of light waves that are
emitted and then reflected back to the laser cavity by an
external target. The resulting frequency shift, which is
proportional to the displacement of the target, is detected
as a phase shift in the laser output signal. This signal can
be used to determine the position, velocity, and
acceleration of the target [27].

There are also various speckle-based methods. This is
a class of optical methods that use the speckle structure
formed by coherent light scattered by a rough or dynamic
surface to extract information about the object or system
under study. One of the most commonly used speckle-
based techniques is speckle pattern correlation, which
measures the displacement of speckle patterns obtained
upon two separate measurements of the same object or
system [28]. However, this class of optical research
methods requires the development of time-consuming
algorithms for data analysis [29]. All these methods have
been used in various biomedical applications, including
measuring the thickness and mechanical properties of
biological tissues and detecting blood flow in blood
vessels. Although some optical techniques share
similarities with the DLS method, we do not discuss them
in detail here, because they are not commonly used for
characterizing microparticles, NPs, or polymers.

2.1 Light Absorption and Scattering by an
Arbitrary Particle

All media except for vacuum can be considered, in a
sense, heterogeneous. Even the media that are regarded
homogeneous, such as pure gases, contain some local
inhomogeneities — these are atoms and molecules.
Consequently, all media will scatter light due to these
local inhomogeneities. When an electromagnetic wave
passes a system, each particle in the system is affected
not only by the incident wave, but also by the sum of
secondary fields generated by all other molecules in the
medium. Under nonideal conditions, the average
number of molecules in a given area of the system at
any moment of time differs from that at the preceding
moment. Precisely these density fluctuations lead to
scattering in dense media. There are also concentration
fluctuations, which also lead to scattering. If molecules
have an irregular (nonspherical) shape, then orientation
fluctuations occur. With clusters of particles, the
situation is more complicated, because each particle is
excited by an external field and resultant field scattered
by all the other particles. In this case, the field scattered
by the particle directly depends on the field in which it
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is placed. When dealing with a cluster of charged NPs,
we should bear in mind that this group of particles may
display specific optical properties, which may
drastically differ from the optical properties of NPs
measured in a classical colloidal solution. For example,
a spiral arrangement of gold NPs (GNPs) results in
circular dichroism [30]. Interacting metal NPs exposed
to an external electromagnetic wave exhibit a greater
amplification of the electric field compared to isolated
metal NPs, as well as a shift of the resonance peak and
a change in scattering direction with changing distance
between the particles [30].

When a particle is irradiated by a light beam with
given characteristics (wavelength, incident angle, and
temporal and spatial coherences), the amount of
scattered light and its angular distribution, as well as the
amount of absorbed radiation, directly depend on the
particle shape, size, and composition. Light scattered by
asingle particle or a set of particles with the same shape,
composition, size, and orientation is completely
polarized. In this case, the intensity of scattered light is
maximal if the wavelength of incident radiation is of the
same order as the size of the examined object. If the
inhomogeneities are small-sized compared to the
wavelength of light, the intensity of the scattered light
is proportional to the fourth power of the frequency or
inversely proportional to the fourth power of the
wavelength [31]. This relationship is called Rayleigh’s
law:

1
I~(1)4~)\—4, (1)
. on?e3NT? fe—gg)? 2
I'=lo— 45— (€+€0) (1 + cos*8), (2)

where | and lo are the intensities of the scattered and
incident radiations, N is the number of particles in the
light-scattering volume, V is the particle volume, ¢ is
the dielectric constant of the particles, g, is the
dielectric constant of the medium where the particles
are suspended, 0 is the scattering angle, L is the distance
between the scattering volume and the observation
point, and A is the wavelength of nonpolarized incident
light.

Thus, Rayleigh scattering is coherent scattering of
light which does not change the incident wavelength on
particles or inhomogeneities. This type of scattering is
termed elastic scattering. The vibrational electric field
of incident light induces an oscillatory dipole moment
in the particle, which subsequently emits light in the
characteristic zone described by the dipole radiation
pattern. For example, in the case of a spherically
symmetric particle and linearly polarized light, the
induced dipole moment is parallel to the direction of
incident light polarization and is proportional to the
polarizability of the particle.
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2.2 Light Absorption and Scattering by a
Spherical Particle

The Mie scattering theory is a complete solution of
Maxwell’s equations for scattering of electromagnetic
waves on spherical particles and predicts the intensity of
scattering induced by all particles in the measurement
range [32]. It can be used to analyze the characteristic
intensity distributions for small particles (in this case
particle size is comparable with wavelength of the
scattered light), which, in contrast to those predicted by
the Fraunhofer theory, are not limited to scattering angles
smaller than 90° (forward direction) but can be also
calculated for scattering angles larger than 90° (backward
direction). For calculating the particle size on the basis of
the intensity distribution determined in this way, the Mie
theory, in contrast to the Fraunhofer theory, requires that
the refractive index and the absorption coefficient of the
material studied be known. It is worth clarifying that for
particles (with size a) that are significantly greater than
the wavelength (1) of the scattered light (a > A), and
with refractive indices that are substantially different
from the unity, the scattering light can be accurately
describe by Fraunhofer diffraction theory [33]. This
theory valid for particles of size greater than several pm
when analyzed with visible light [34]. When not all the
optical properties of the nanoparticles are known,
Fraunhofer is used since it is an approximation to the Mie
theory. However, in the case of small or transparent
particles, the use of the Fraunhofer approximation leads
to an error in the size measurement [35].

The cross section of electromagnetic wave scattering
on a particle depends on the ratio between the particle
size and the incident wavelength, as well as the change in
the light wavelength upon interacting with the particle
material [36]. Rayleigh scattering is a special case of Mie
scattering when the particle is much smaller than the
wavelength. In this case, the external electromagnetic
wave polarizes the particle, exciting an oscillating dipole
moment in it. The dipole moment, whose oscillation is
synchronous with the frequency of the external wave, re-
emits light with a radiation pattern characteristic of the
dipole moment. The Mie theory and Mie coefficients are
described in more detail in Ref [37]. As an
electromagnetic wave effect is an external perturbation,
we can use physical formalism to analyze the forces and
moments acting on the object. If the size of this object is
between the Rayleigh and geometric optics limits, its
original form considers the scattering of a plane wave by
a spherical particle and generalization of the
Lorentz—Mie scattering is required. Whereas the Mie
theory is more suitable for analyzing charged NPs in a
solution [38], the generalized Lorentz—Mie theory
describes the scattering of arbitrary fields [39] and makes
it possible to find exact solutions for the scattering of
plane waves by individual dielectric spheres in arbitrary
frequency modes [40]. The differences between Rayleigh
scattering and Mie scattering are shown in Table 1 and
Fig. 3.
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Table 1 Differences between Rayleigh scattering and Mie scattering.

Rayleigh scattering

Mie scattering

Fluctuation of the concentration may affect the
refractive index.

The suspension is strongly diluted, and light can be
considered to be scattered by a single particle and detected
before it has interacted with other particles.

The scattering strongly depends on the incident
wavelength.

The scattering weakly depends on the incident wavelength.

The particle size (a) is smaller than the incident
wavelength [41]:

a< E
The scattered light carries the same energy (elastic
scattering) as the incident light and is independent on
the angle.

Rayleigh Scattering

a<—
10

Mie Scattering

The particle size (a) is about the same as, or larger than, the
incident wavelength [41]:

>_
2~70

Rayleigh scattering is replaced by the anisotropic Mie
scattering, with the scattered light energy unequal to the
incident light energy (inelastic scattering) and depending on
the angle; i.e., the scattered light is more intense along the
direction of the incident light.

Fraunhofer theory

A
a>—
10

a »h

=z —

Light source

Direction of incident light

A
v

Fig. 3 Differences between Rayleigh scattering and Mie scattering; a is the characteristic size of the particles studied.

According to Yue etal. [42], disperse NPs scatter
incident light proportionally to the sixth power of their
radius
(1 o0 d®). In this case, the intensity distribution has the
form:

1+cos? 8 f2m\* (n?-1\? [d\®

2R? (7) (n2+2) (E)’
where | and |l are the intensities of the scattered and
incident radiations, R is the distance between the
scattering volume and the observation point, 8 is the
scattering angle, A is the wavelength of nonpolarized

incident light, d is the particle diameter, and n is the
absolute refractive index of the medium.

I:IO

©)

2.3 Brownian Motion

The behavior of colloidal particles is described by the
kinetic molecular theory, which assumes that spherical
particles diffuse in a liquid phase consisting of molecules
small enough for this phase to be considered as a
continuous medium. Then, Brownian motion of particles
results in self-diffusion of molecules in the liquid
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medium, whose coefficient is estimated using the
Stokes—Einstein equation [43]:

kgT
P~ Smrne @)
where D, is the diffusion coefficient of the particles, n is
the dynamic viscosity of the liquid, 7, is the
hydrodynamic radius (HR) of translationally moving
particles, T is the temperature of the colloidal solution,
and kg is Boltzmann’s constant.

The HR (Stokes radius) is the size of an object that is
calculated from its diffusion coefficient in a liquid, on the
assumption of its spherical shape. For spherical particles,
such as components of sols and latexes, the real size is
almost the same as the HR. For nonspherical particles,
such as ellipsoids, cubes, rods, or particles with through
holes, the HR is a conditional or effective parameter.

Brownian motion is a continuous chaotic motion of
particles of the dispersed phase caused by hits from the
molecules of the solvent (dispersion medium), which are
in the state of intense thermal motion. The particles of the
dispersed system, repeatedly hit by fluid molecules from
different sides, can translationally move in different
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directions. The Einstein—-Smoluchowski  equation
shows [44] that the mean squared displacement of a
particle in the case of one-dimensional Brownian motion
during the time (t) is equal to following:

AxZ = 2D,t, (5)

where D,, is defined by Eq. (4).

The chaotic Brownian motion of dispersed particles
leads to microscopic fluctuations of the particle
concentration in local points of space and the
corresponding local inhomogeneities of the refractive
index of the medium. When a laser beam passes through
the medium with local inhomogeneities, part of the light
will be scattered on these inhomogeneities. The
fluctuations of the intensity of scattered light will
correspond to the fluctuations of the local concentration
of dispersed particles. Information about the diffusion
coefficient of particles is contained in the time-dependent
correlation function of the intensity fluctuations detected
by the detector, and it depends on the fluctuations of the
particle coordinate in the solution (see Fig. 4).

Frequency analysis or correlation spectroscopy can
be used for qualitative and quantitative estimation of
scattering signal fluctuations. Frequency analysis
decomposes the signal into its frequency components to
obtain the frequency distribution or the spectrum of the
power P(w) [45]:

T 2
P(@) = lim (| [Z Iaee (£) - 7 dt| ),

(6)
P((D) = fooo(ldet(t) . Idet(t + T))ei“’t dt,

where I;,.(t) is the detected light intensity, T is the delay
time between two scattering signals, o is the carrying
frequency, and i is the imaginary unit.

By definition, the time autocorrelation function has
the following form [46]:

_ {det@®)1dec(t + D)

92(q.v) = == ()
The autocorrelation function g,(g,t) in Eq. (7)

quantitatively defines the time-averaged correlation

Light
source

Scattered light signals

¥
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between two scattering signals measured at the time
delay .

In a system of monodisperse particles with single
scattering where Brownian motion occurs, the
corresponding correlation function is represented as a
sum of a constant and a damped exponential, e.g.,

92(q,©) = A+ Bexp(—C - D,q*1), (8)

where q is the scattering amplitude; < is the time interval
between measurements; and A, B, and C are constants.

On the other hand, the first-order correlation function
of the electric field is exponentially damped in the case
of Brownian motion of monodisperse particles:

91(q, ™) = exp(-T - 7). )

For polydisperse particles, the equation takes the
following form:

91(4,0) = [ exp(~T  dQinc (), (10)
where T is the time coefficient of the decrease in particle
size in the medium and dQ;,;(I") = A; = const is the
weight coefficient defining the relative contribution to
the scattering intensity.

I = q?D,. (11)

The Euclidean norm of the scattering vector ¢ [47] is
Gl = ™ ein (8
q=llgll = 5 ~sin (2)

where n is the refractive index of the disperse medium,
Ao is the wavelength of incident light (a laser beam) in
vacuum, and 6 is the scattering angle.

Eg. (10) can be rewritten in the form:

(12)

91(¢, ) = [T A - exp(-T - D), (13)
where A(T) - dr is the proportion of the correlation
function damped with time of inverse relaxation between
Fand T +dr.

Detector
Electrical signals

\ >

CAVA -

N N

Further computer
analysis

Fig. 4 Fluctuation of the particle position in a colloidal solution.
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A

Correlation function

Particle size distribution
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Particle size distribution
(qualitative representation)

Correlation function

Fig. 5 The qualitative presentation of the data obtained using dynamic light scattering.

The coefficients at the exponent depend on the
contribution to the total intensity of the scattered light
and the intensity of the light scattered on particles of the
same size. To determine the correlation times from the
experimental correlation function, we need to select a set
of times and coefficients in Eq. (13) so that the difference
between the calculated and experimental functions tend
to the minimal value. It should be noted that Eq. (13) in
its general form belongs to the class of integral equations
and, in our case, represents the Fredholm integral
equation of the first kind. Its solution belongs to the class
of incorrectly set problems [48]. This means that, if the
function g,(gq,T) is defined with a small error, the
solution may differ from the true one and may not be the
only one. Within the experimental error, there will be an
infinite number of different solutions that fit the
experimental data well. The more accurate the
experimental data, the fewer solutions will fit these data.
Thus, knowing the form of the correlation function, one
can obtain the particle size distribution by using a
software (mathematical algorithm) [49]. Fig. 5 shows the
qualitative presentation of the results obtained by the
DLS method.

There are also NPs whose motion does not obey the
Stokes—Einstein relation. The DLS estimation of the
particle size distribution assumes that the scattered light
fluctuates only because the particles are continuously
displaced due to Brownian motion. When DLS is used to
quantify the properties of individual particles, the sample
should be diluted as much as possible to exclude any
influence of the particle concentration, otherwise the
estimates may considerably deviate from the actual
values, and the measurement error will be high.

Several factors that determine the difference between
the real and the ideal experimental situations are: (i)
multiple scattering within the sample; (ii) nonrandom
spatial distribution of particles; (iii) viscous interaction
between neighboring particles; (iv) signal fluctuation that
reflects not only the Brownian motion of individual
particles, but also stochastic variation of the local
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concentration of particles; (v) signal fluctuation
determined by Brownian displacement on short- and
long-time scales; (vi) possible coagulation of particles.

The results of the analysis also depend on the
properties of the particles (size, shape, and optical
properties) and the medium (phase boundary properties),
as well as the parameters of the measuring instruments
(wavelength and scattering angle). However, in the case
of nonspherical particles, one more factor, Brownian
rotation of the particles, inevitably contributes to the
signal fluctuation. The rotation affects the spatial
orientation of the particles and, hence, the scattering of
light in a given direction.

It should also be borne in mind that the characteristics
of the Brownian motion of particles can be influenced by
surfactants. These are substances that are positively
adsorbed at the phase boundary, forming an adsorption
layer with an increased concentration. A surfactant may
significantly affect the diffusion coefficient, which
additionally alters the Stokes—Einstein relation, so that
the relation does not hold for this type of systems. This
effect has been observed experimentally, e.g., in a reverse
micellar system containing 15 wt.% of polydisperse
hexaethylene glycol monodecyl ether ( CioEg ) in
cyclohexane [50]. As a result, the correction coefficients
for the viscosity and self-diffusion of particles were
determined to fit the experimental data to the Stokes—
Einstein relation.

In the general case, the estimated hydrodynamic
diameter of nonspherical particles is correlated with the
scattering angle [49]. Hence, the systemic dependence of
the measured size distribution on the scattering angle
suggests a nonspherical shape. Note that the effects of
nonspherical shape remain hidden for DLS devices with
only one scattering angle.

Characterizing the motion of particles in a medium is
generally a difficult task, and it is further complicated by
characteristic hydrodynamic interactions (HIs) mediated
by the solvent and suspended particles. Therefore, Hls
affect the dynamics of the spheres and considerably
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complicate the calculations. Hls are usually long-range,
non-pairwise-additive forces occurring at high particle
concentrations [51].

Short-term diffusion is defined as diffusion of
colloidal particles investigated over a time interval t
satisfying the following two inequalities [52]:

TH ~ TI Kt K TD, (14)

where ty is the hydrodynamic time scale that
quantitatively defines the interval in which shear waves
of the solvent cross the characteristic distances between
(larger) colloidal particles, t; is the time of impulse
relaxation, and t, is the time interval of diffusion
interaction described in terms of the Stokes—Einstein free
translational diffusion coefficient.

Inequalities (14) define the short-term colloidal
mode, which takes into account the times of impulse
relaxation and diffusion interaction of the particles. At
time moments t > t;, many random collisions of the
colloidal particle with solvent molecules occur, the
particle motion is diffusive, and inertia does not play any
role. During the time t = t,, diffusion considerably
changes the spatial configuration of (smaller) particles
compared to their original configuration, and, in addition
to Hls, permutations of groups of neighboring particles
begin to affect the dynamics of the particles in the
medium. This leads to a subdiffusive particle motion at
the time moment t = T, preceding the finite diffusive
long-term mode t > t,, in which the particle can
occupy many independent local regions.

The function of the scattering wavenumber g and the
correlation time t is a fundamental quantity determined in
DLS experiments. It represents the normalized
intermediate scattering function f.(q, 7) [51]:

fe(q,7) = exp(—q* - Ds(q)), (15)

where D;(q) is the short-term diffusion function
proportional to the hydrodynamic function H(g). The
hydrodynamic function serves as a generalized short-
term sedimentation coefficient and directly reflects Hls.
In the case of infinite dilution or (hypothetical) absence
of particles, the function H(q) is identically equal to
unity [51].

Attempts at computer model of the process described
above have been made [51, 52]. In general, the dynamic
scattering functions obtained in Stokes dynamics
simulations [53] agree well with the results of DLS for a
range of concentrations of charged spherical silicon NPs
in a mixture of organic solvents within certain
experimental time range and wavenumber range. There
are many approaches to determining the characteristic
particle size, in particular, estimations based on the
diffusion coefficient calculated from data on
polydisperse samples. Most of these approaches rely on
a known analytical distribution and adjust the variables
S0 as to obtain the best fit to the experimental data. The
main problem of these methods is the a priori assumption
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on a given form of distribution, which often leads to
ambiguous results.

2.4 Variants of the Dynamic Light Scattering
Method

The DLS method has some interesting variants. One of
them is the multipolarization dynamic light scattering
(MPDLS) method, which is based on two similar
methods, multi-angle dynamic light scattering (MADLYS)
and depolarized dynamic light scattering (DDLYS), but is
essentially a new method combining the advantages of
the other two. The MADLS analysis integrates
information on the scattering angle from the Mie theory
and analysis of the particle size distribution based on
DLS measurements. Lower noise and, hence, a lesser
smoothing provide a more reliable and accurate
representation of the particle size distribution and better
characterization of the individual components of a
multicomponent sample. The MADLS method provides
additional information about the sample by combining
DLS measurements made from different angles. An
example of comparison of the DLS and MADLS data is
presented in Ref. [54]. The DDLS method provides, in
addition to data on radius distributions, information on
the shape of the particles. The DDLS analysis is widely
used for calibrating nonspherical NPs, such as nanorods,
nanowires, and nanotubes. Detailed theoretical basis of
this method has been presented by Geers et al. [55]. The
depolarized component of the light-scattering signal
makes it possible to estimate both translational and
rotational diffusions of nonspherical NPs. As a result, the
DDLS method determines not only the HR of the
equivalent sphere, but also the actual length and diameter
of diffusing NPs [56]. By considering the Brownian
motion of NPs in terms of translational and rotational
diffusions, the particle sizes can be determined from the
rates of damping of the scattered-light fluctuations. The
damping rates are determined for light scattered with two
different polarizations, one of which (co-polarization)
coincides with the polarization of the excitation light and
is termed the VV component (vertically polarized waves
transmitted and received) and the other (cross-
polarization) is perpendicular to it and is termed the VH
component (horizontally polarized waves transmitted
and only vertically polarized waves received)
(see Fig.6). The depolarized component, e.g., the
horizontally polarized one in the case of vertically
polarized incident light, results from multiple DLS and is
usually weak. It disappears in the case of spherical
particles in dilute suspensions. Thus, the MPDLS method
differentiates between the translational Brownian motion
of particles from the Brownian rotation and provides the
shape parameters of the particles in addition to their
sizes [49].

Diffusing wave spectroscopy (DWS) is also based
on DLS. The concept behind this method is that the
motion of scattering particles influences the
coherence of the light scattered by them.
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Fig. 6 A method of depolarized dynamic light scattering measurement scheme.

By analyzing the temporal fluctuations of scattered
light, the diffusion properties of the particles can be
determined. In contrast to the DLS method, which
measures the intensity fluctuations of scattered light, the
DWS method measures the temporal fluctuations of the
speckle pattern of the scattered light, which ensures more
robust measurements. One of the primary applications of
DWS in biomedicine is the measurement of the size and
shape of NPs and molecules [57].

3 Specifics of the Dynamic Light Scattering
Analysis of Nanoparticles and Polymers

This section describes examples of the use of DLS in
biochemistry, with the focus on important specifics of
studying samples of different types and some guidelines
to these studies.

3.1 Measurement of Nanoparticle and Polymer
Sizes

DLS size measurements are based on measuring the time
parameters of light fluctuations on the detector caused by
random diffusion or motion of suspended particles in a
small “scattering volume”. The scattering volume is
defined as the volume inside the sample illuminated by
the laser beam from which the light scattered by particles
directly goes to the detector. Small particles diffuse
rapidly, leading to rapid fluctuations of intensity at the
detector; large particles diffuse more slowly, causing
longer fluctuations of scattered light at the detector.

The size of NPs is known to affect their distribution,
sites of accumulation, and routes of elimination from the
body, as well as their possible toxic effect [58]. At the
same time, NPs are increasingly used in cosmetic
products as sunscreens, which requires a low-cost
method of controlling the size of NPs in creams.
De la Calle et al. [59] have compared different analytical
methods used for determining the size of NPs in cosmetic
products. The DLS method quickly determined the HR
of NPs and their size distribution, but the size was
overestimated because of the solvation layer on the NP
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surface and the high viscosity of the samples. It was
found that the discrepancy between the experimental data
and real NP sizes in analysis of fat samples could be
reduced by treating the suspensions with 0.1% sodium
dodecyl sulfate or precipitating the NPs with hexane,
with subsequent removal of the hexane solution and
dissolution of the precipitate in distilled water. The DLS
method is readily applicable to analyzing the size of
dispersed liposomes and micelles intended for drug
delivery. Chan et al. [60] have developed a protocol for
analyzing nanoemulsions of oil in water by the DLS
method, thus having shown that the DLS method is
suitable for studying objects other than solid particles.

One example of an application of DLS is the study of
colloidal stability of charged NPs in the presence of
oppositely charged surfactants, such as
cetyltrimethylammonium bromide and
dodecyltrimethylammonium chloride. In this case, the
DLS method can be used to determine not only the
colloidal stability, but also the charge of NPs, and, hence,
to infer the structure of NPs coated with charged
surfactant ligands [61]. Now that a growing number of
various biological imaging studies use NPs as contrast
agents [62], it is important to explore the interaction of
NPs with proteins. Moerz et al. [63] studied how GNPs
with a citrate-functionalized surface formed stable hybrid
clusters with hemoglobin. In that study, DLS analysis
was used to estimate the sizes of not only GNPs, but also
the hemoglobin—GNP clusters. Note that the use of DLS
analysis allowed the researchers to determine minimal
concentrations of clusters formed upon adding as little as
0.1 mg/L of hemoglobin, which indicates a high
sensitivity of the method.

The DLS method is widely used to determine the
hydrodynamic sizes of NPs of different compositions and
with different surface ligands (Table 2). In addition, DLS
analysis is suitable for studying changes in the size and
morphology of GNPs exposed to strong laser radiation.

These studies are especially important because there
are examples of using NPs for hyperthermal destruction
of tumors [69], and it is essential to control the possible
size of the NPs after their heating with laser irradiation.
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Table 2 Hydrodynamic diameters of different nanoparticles determined by the dynamic light scattering method.

. . Hydrodynamic
Nanoparticle type Surface ligand diameter, nm Ref.
Poly(sodium(4)-styrenesulfonate) ~200 [64]
Fe.0 Poly(diallyldimethylammonium chloride) 107.4 + 53.7 [65]
3Y4
Mercaptosuccinic acid 78.48 £ 0.91 [66]
¢ — Fe.0 Poly(4-vinylpyridine)-block- without coating, 18
273 poly(methoxypolyethylenglycolacrylate-co- after coating, 27 [67]
Rhodamine polyethylenglycolmethacrylate-
co-carboxylic polyethylenglycolmethacrylate)
— Fe.0 without coating, 29
Y~ exls after coating, 36
Au@citrate - 58+ 6
Au@ pMEO;MA-G1 102
@p 2 2-(2-Methoxyethoxy)ethyl methacrylate
Au@ pMEO;MA-G2 177
Au@pNIPAM-G4 . 141
N-Isopropylacrylamide
Au@pNIPAM-G5 197 [68]
Au@pMMA-G6 225
Methyl methacrylate
Au@pMMA-G7 216
Au@pSt-G9 102
Au@pSt-G10 Styrene 151
Au@pSt-G11 198

PMEO2MA-(G1-G11) are samples differing in the molar fraction of sodium dodecyl sulfate used during sample
formation and in the molar ratio of solvents (water and ethanol).

Table 3 Effect of the solvent on the detected TiO, nanoparticle size [73].

Organic solvent

Nanoparticle size, nm

Acetone 642
Butanol 668
Methanol 626
Isopropanol 774
Ethylene glycol 550

Cavicchietal. [70] used the DLS, DDLS, and
transmission electron microscopy (TEM) analyses to
determine changes in the average size and size
distribution of GNPs under laser irradiation and
demonstrated a high sensitivity of DLS-based techniques
and good correlation of their results with TEM data for
diluted solutions of 10- to 100-nm NPs. It is also worth
noting that researchers who design the experiment and
select its parameters should be experienced in this field,
because a minor change in the experimental parameters
can significantly affect the reliability of the results. For
example, Zheng et al. [71] studied the effects of GNP
concentration, laser radiation power, and the multiple
scattering phenomenon on the estimated HR of GNPs
coated with citrate ligands with a nominal size of 100 nm.
Their study has shown that the estimated HRs of GNPs
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strongly depend on the concentration and on the power
of the incident laser radiation. The intensity of scattered
light is proportional to the sixth power of the NP
diameter, and the extremely intense light scattered on 80-
nm or larger GNPs causes a substantial multiple
scattering effect in conventional DLS instruments. This
effect leads to considerable errors in the detected HR in
the case of routine data analysis not taking into account
the multiple scattering. Other examples of experiments
with gold, silver, and alloyed gold—silver NPs in aqueous
media are compiled elsewhere [72].

Zhang et al. [73] studied the effect of the medium on
the measurement of NP sizes by the DLS method. As an
example, the sizes of TiO, NPs, originally in the powder
form, were determined in different solvents (Table 3).
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The above examples show the importance of selecting
the experimental parameters in DLS studies and
demonstrate the effects of the laser flux density and
medium composition on the estimated NP size. The
composition of the NPs may also influence the size
estimates. For example, a strong surface plasmon
resonance (SPR) on GNPs significantly increases the
intensity of scattered light compared to particles of the
same size and shape made from materials that do not
display SPR. This is of particular importance given the
widespread use of the SPR effect in the imaging of
malignant neoplasms, in theranostics, and in
bioimaging [74]. Lehmann et al. [75] used DLS to
measure the photoinduced size changes of hybrid
particles, GNPs coated with a thermosensitive polymer.
They used the setup for the MADLS analysis where the
particle size was determined by irradiation with a
helium-neon laser (633 nm), and an additional sapphire
laser (532 nm) was used to irradiate GNPs in the SPR
wavelength range. The use of MADLS made it possible
to obtain absolute values of the HRs of bare GNPs and
GNPs coated with thermosensitive polymer and to
correct the data by excluding the light scattered by the
GNPs. In contrast, in a single-angle DLS experiment, the
light scattered by the GNPs would dominate the signal,
especially at large angles, and only relative HR values
would be available. This example shows the effect of
SPR on the measurement process. A similar setup could
be used for studying vesicles, microgels, and other hybrid
systems, e.g., in developing drug carriers that would
degrade in response to irradiation. Table 4 summarizes
data on the sizes of different types of NPs as estimated
by the DLS, TEM, and small-angle X-ray scattering
(SAXS) methods.

However, it should be remembered that direct
comparison of NP sizes estimated using different
techniques is not entirely correct. For example, DLS
measures the HR of particles that actually consist, apart
from the particles per se, of the layers of ions and solutes
adsorbed from the solution, depending on the
measurement conditions. We will consider the
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comparative advantages and drawbacks of the DLS
method in more detail in the conclusion to this review.

The DLS measurement of NPs size is used in many
test systems. For example, Liu et al. [79] have described
a test system for detecting picomolar concentrations of
free prostate-specific antigen (f-PSA), a prostate cancer
biomarker, that identifies immunocomplexes of GNPs, f-
PSA, and gold nanorods by the DLS method. Dai et
al. [80] have reported a DLS-based method for detecting
specific DNA sequences. This method uses two types of
GNPs about 30 nm in size conjugated with
oligonucleotides complementary to the 5' and 3' ends of
the detected DNA. Here, DLS is used to detect the
complex formed by two GNPs with DNA. The detection
sensitivity is 1 pM, which is four orders of magnitude
more sensitive compared with the methods based on light
absorption measurement. At the same time, in developing
DLS test systems, it is necessary to take into account
inherent limitations of the DLS method. Specifically, the
mean HR of an NP or a globular polymer remains
constant, within the margin of error, as the concentration
increases to a certain threshold, but further increase in
concentration leads to a considerable decrease in the
mean HR. Zheng et al. [71] analyzed the effect of the
concentration of GNPs coated with citrate ligands on
their HR estimated by the DLS method. With increasing
GNP concentration, their estimated HR decreased from
the nominal size of ~100 nm at a concentration of
5.6 x 108 GNPs/ml to ~50 nm at 5.6 x 10° GNPs/ml and
further to ~3 nm in the most concentrated samples. Such
a high measurement error is explained by the
aforementioned effect of multiple scattering in
concentrated solutions.

DLS measurement of the size of fluorescent quantum
dots (QDs), which are widely used as fluorescent tags for
in vivo and in vitro imaging [81], also has some
peculiarities. The reason is that DLS analysis often
involves laser radiation with a wavelength of about 630
nm, and CdSe QDs about 15 nm in size fluoresce in this
wavelength range.

Table 4 Sizes of nanoparticles of different types estimated using the dynamic light scattering, transmission electron

microscopy, and small-angle X-ray scattering.

Nanoparticles Actual size, Estimated size, nm Ref
Type Sample nm DLS SAXS TEM et
Hollow HNP25 25 28£2 30.0£05 26+5
SiOy/TiO; HNP50 50 57+2 62.8+05 59+5 [76]
nanoparticles HNP100 100 108 £2 101.4+05 105=+5
Polystyrene PS1 - 335 43.2 40.5 -
nanoparticles PS2 - 25.0 29.6 25.5 77l
Gold Aul 15 50.7 - 13.7
nanoparticles Au2 60 50.8 - 59.1 78
Silicon Sil 50 153.7 - 43.8 [ ]
nanoparticles Si2 80 121.6 - 57.7
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This can distort the correlation function and lead to
incorrect results. Therefore, the researcher has to prevent
the overlap between the QD fluorescence spectrum and
the laser radiation spectrum by using narrow-band optical
filters or a laser with a different radiation
wavelength [82]. Modlitbova et al. [83] studied the
growth of the QD silicon shell as a function of time using
the DLS and SEM methods. The authors observed only a
minor discrepancy between the sizes of the shelled QDs
estimated by the two methods at the initial stage of shell
growth, but this discrepancy increased as the shell grew.
Specifically, the difference between the estimates
obtained by these methods was only about 8% before the
start of shell growth and increased to 20% when the shell
was formed. The explanation is simple: in the course of
shell growth, the QD shape gradually deviated from
spherical and the QD size became more variable, which
led to incorrect results of the DLS measurements. It is
important to correctly estimate the size of CsPbBrs;
semiconductor crystals with a perovskite structure. Due
to their unique properties, perovskite nanocrystals are
actively used in the production of solar cells, as well as
scintillation detectors for biological imaging [84]. In
determining their size by the DLS method,
recommendations developed for quantum dots would be
useful. Below, we will consider how the size of
nonspherical NPs can be nevertheless determined.

3.1.1 Measurement of the Sizes of
Nonspherical Nanoparticles

If the particles are considered as homogeneous spheres,
then all angular scattering data must satisfy the Mie
theory. In all other cases, the Rayleigh—-Gans
approximation yields the best results, with root-mean-
square radii calculated for the model selected on the basis
of all previously known or assumed particle structures.
For all interpretations based on the Mie theory or
Rayleigh—Gans approximation [85], the particle samples
should be fractionated before the measurement to ensure
that the measurements are made in monodisperse
samples. Nanomaterials of various shapes are widely
used in biomedical research. The shape of NPs affects,
e.g., their distribution in the bloodstream, circulation
time in the body, and efficiency of cellular uptake, which
is important when they are used for targeted drug
delivery [86]. As mentioned above, the DLS method is
the most suitable for measuring the sizes of NPs and
microparticles (more precisely, their HRs) under the
assumption that they are spherical. Therefore, the
estimation of the HR of nonspherical NPs [87-90] is
more difficult in both theoretical and practical terms.
Two-dimensional materials have unique light-dynamic
properties, a high heat conversion coefficient, and a large
effective area-to-volume ratio. Therefore, they are of
particular interest for various medical applications [91],
including highly efficient drug loading [92]. Therefore,
these materials are promising potential components of
smart drug-delivery systems [93]. For example, Y20s;
NPs inhibit the growth of both Gram-positive and Gram-
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negative bacteria, and flake-like Y,0; NPs exhibit
anticancer activity [94]. For qualitative analysis of the
shape of NPs under study, it is necessary to develop
mathematical models and introduce correction factors
determining the HR of NPs of different shapes [42].
Thus, when dealing with nonspherical structures, a
correction factor should be taken into account. In the
given example, this coefficient was so selected that the
transverse size of a square-shaped NP and a circular
nanoplate was 1.96 and 2.667 times the HR of their
equivalent sphere [42]. With these correction factors, the
DLS method can be used to accurately measure the
lateral sizes of two-dimensional or nonspherical NPs.
The following equation for calculating the HR of
cylindrical particles is an example of the use of a
correction factor:

-1

3 \/d2+L2+d—2><
Rh=zd2 L 1 L 1 (16)
Xln(E—EVd2+L2)—L

where L is the thickness and d is the diameter of the
particle.

However, complex mathematical calculations are not
always necessary. For example, Lotya et al. [95] studied
solutions of graphene, MoS,, and WS, nanoplates with
sizes ranging from 40 nm to 1 um. They have shown that
good calibration curves can be plotted with an error
between the DLS (in the backscatter mode, at an angle of
173°) and TEM data of less than 40%. Thus, it sometimes
suffices to plot calibration curves for NPs of different
shapes and sizes in different solutions and use them to
determine the size of nonspherical NPs and
microparticles by the DLS method.

It should be taken into account that even small
hollows and non-uniformity of shapes lead to significant
divergence of DLS results from actual values.
Experiments with nonspherical silver NPs with a nominal
diameter of about 50 nm have shown that DLS
significantly overestimates the size distribution, and
primary study of unknown samples should always
combine DLS with electron microscopy or a similar
method [96]. Alternative methods for estimating the size
of nonspherical silver NPs are summarized in Ref. [97].

Gold nanorods are a convenient biomedical material
because they bind amino and thiol groups of
biomolecules, thus facilitating functionalization and
bioconjugation involved in the fabrication of hybrid
imaging and therapeutic systems [98]. In addition, gold
nanorods, due to their effective radiation absorption in
the near-infrared spectral range, are ideal candidates for
photothermal destruction of tumor cells [99]. The optical
properties of gold nanorods and their distribution in the
body depend on their size and length-to-diameter ratio,
which makes the measurement of their sizes a topical
task. Levinetal [56] used the MPDLS method to
determine the size of gold nanorods. Their technique was
based on time-resolved measurements of the intensity of
light scattered by the NPs for different angles between
the directions of incident and scattered light
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polarizations. Experiments with gold and iron oxide
nanorods were performed. The lengths and diameters of
gold nanorods estimated from diffusion coefficients
using the simple Kirkwood diffusion model agreed with
the TEM data. However, this was not the case for iron
oxide nanorods, most likely because their shape was far
from cylindrical. To determine the size of axisymmetric
nonspherical NPs, these authors suggested the concept of
an equivalent cylinder with the same translational and
rotational diffusion coefficients as those of the real
particle. This concept can be useful for monitoring the
stability of NPs in liquid media and the changes in their
size with time, which has been demonstrated using the
example of gold nanorods subjected to selective etching.

The DDLS method was used to estimate the
parameters of several suspensions of gold nanorods and
a suspension of hematite (Fe.Os) rods, as well the
changes in the size of gold nanorods upon selective
etching [100]. For evaluating the DDLS data, all samples
were also examined by TEM, and, for gold nanorods, the
extinction spectra were measured in the spectral range
around the localized surface plasmon resonance (LSPR)
peak. The studies have shown that the method described
in Ref. [100] can be used to calibrate nonspherical
particles in liquid media. A study on citrate-coated gold
nanorods [55] provides another example of the difference
between the estimates of the nanorod sizes obtained by
the DLS and DDLS methods.

Other structures, including tubes, disks, thin layers,
ellipsoids of rotation, rings, hollow balls, and spherical
shells with specified radius and thickness, have been
considered [101]. Here, the DLS method could not be
used in its classical form, because ensembles of NPs of
irregular shape were studied. Therefore, the MADLS
method was used for more accurate estimation of sizes.
Equations have been derived for NPs of individual types,
whose root-mean-square radii are defined, e.g. nanotubes
(Eq. (17)), nanorods (Eqg. (18)), nanolayers (Eq. (19)) and
nanorings (Eq. (20)).

() =L+a*+5—ar, n
() = % + az_z (18)
(12) = 11—2(L2 + t% + w?), (19)
(t7)y=a* —at+£t2, (20)

where the nanotube has a length L, thickness t, and radius
a; the uniform nanorod has a length L and radius a; the
nanolayer has a length L, width w, and thickness t; and
the nanoring has an external radius a and a square cross-
section thickness t.

In conclusion, note that the DLS method in the
classical form yields size estimates substantially differing
from the actual ones when applied to asymmetrical
particles.
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Of no less interest are Janus particles, a subclass of
anisotropic particles considered to be among the most
complex colloidal particles available [102]. Janus
particles have two sides with different surface features,
structures, and compositions [103]. This asymmetric
structure allows combining different and even
incompatible physical, chemical, and mechanical
properties within a single particle. A new class of Janus
photonic particles based on poly(4-vinylpyridine)-r-
polystyrene has been reported [104], capable of re-
emitting light in a dynamically tunable range by varying
the size of the particle and the molecular weights of
dendronized  block  copolymers and  poly(4-
vinylpyridine)-r-polystyrene, as well as the mass ratio of
these last two components. This material is promising for
biomedical imaging. Much effort has been made to
obtain Janus particles with a high homogeneity, tunable
size and shape, combined functionalities, and scalable
synthesis. An approach to the synthesis of such particles
has been proposed [105]. Due to their unique properties,
Janus particles have attracted attention in a wide range of
applications, such as optics, catalysis, and
biomedicine [102]. For example, several materials or
combinations of materials can be incorporated into a
single particle to provide controlled release of several
drugs with independent release kinetics. This can be used
to obtain synergistic effects of combination therapy and
multilevel targeting that are impossible in the case of
isotropic systems. Silicon-based Janus particles are
known to be a promising material for biomedical
imaging. In addition, anti-cancer effect of dual-loaded
Janus particles against HeLa cells has been demonstrated,
with doxorubicin (DOX) release monitored using the
Forster  energy transfer between DOX and
7-hydroxycoumarin-3-carboxylate [106]. Therefore,
correct estimation of the size of Janus particles will allow
the monitoring of drug release, and the estimation of the
diffusion coefficient can be used to calculate the kinetics
of Janus particle distribution in the human body. Onajite
Shemi et al. [107] studied the behavior of spherical and
elliptical Janus particles in water and in 8% hydrogen
peroxide. The Janus spheres in hydrogen peroxide
solution had a diffusion coefficient of D = 0.60 um?s-!
and an average velocity of v=19 um?s-l. For
comparison, 1.0-um spherical Janus particles with a
5-nm platinum layer in 10% hydrogen peroxide had
D =0.31 um?s-1and v = 3.1 pm?s-1,

The DLS method has been used directly for
estimating the Janus NP sizes [108]. Four types of
polymeric NPs were synthesized: TCD1, TCD2, TCD3,
and TCD4. TCDI1 Janus NPs had a ‘“snowman”
morphology, and the other three types were spherical.
According to the DLS data, the mean HR of TCD1 Janus
NPs was 40 nm, which corresponded to the axial length
of the “snowman”-like structure of TCD1 Janus NPs. The
estimated mean HRs of TCD2, TCD3, and TCD4 NPs
were 27.5, 34.5, and 79.5 nm, respectively.

Silicon Janus NPs doped with rhodamine and
functionalized with 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE) on one hemisphere of the
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NP surface and a high-molecular-weight, long-chain
poly(ethylene glycol) on another hemisphere were
synthesized [109]. The size of the NPs as estimated by
the DLS method was 50.5 + 6 nm.

Because blood and water are similar in their physical
characteristics, such experiments allow using DLS for
qualitative estimation of the distribution of Janus NPs in
the bloodstream, as well as their size, in order to
implement flexible control of the release of the loaded
drugs.

3.2 Measurement of Nanoparticle {-Potential

In disperse systems, an electrical double layer (EDL)
emerges on the surface of particles (at the particle—
medium interface). EDL is a layer of ions formed on the
particle surface as a result of adsorption of ions from
solution or dissociation of surface compounds. The
surface of the particle acquires a layer of ions of a certain
sign evenly distributed over the surface and creating a
charge on it. These ions are called potential-determining
ions (PDIs). lons of the opposite sign or counter-ions
(Cls) are attracted to the particle surface from the liquid
medium. Thus, the EDL consists of the PDI layer, and the
Cl layer located in the dispersion medium. The CI layer,
in turn, also consists of two layers. The first layer is the
adsorption layer (dense layer) adjacent to the interphase
surface. This layer results from electrostatic interaction
with PDIs and specific adsorption. The second layer is
the diffusion layer, which contains Cls attracted to the
particle due to electrostatic forces. The diffusion layer
may be very thick, depending on the properties of the
system.

When the particle moves, the EDL is disrupted. The
place of disruption upon the movement of the solid and
liquid phases relative to each other is called the slip plane.
The slip plane lies at the boundary between the diffusion
and adsorption layers, or in the diffusion layer near this
boundary. The potential at the slip plane is called the
electrokinetic potential or (-potential. It is calculated
from the electrophoretic mobility of charged particles
under the action of an applied electric field. The
electrophoretic mobility of particles is equal to

14
Up = E’ (21)

where V is the speed of the particles (nm/s) and E is the
linear electric field intensity (V/cm).

The Helmholtz—Smoluchowski equation defines the
relationship between the electrokinetic potential and the
electrophoretic (electroosmotic) mobility:

~Up _ 4.0 (22)
£r&o ergo’

where A is a coefficient depending on the size and
concentration of the particles, 1 is the viscosity at the
experimental temperature, & is the dielectric constant of
the medium, and go is the electric constant (dielectric
constant of the vacuum). More details on the calculation
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of the {-potential in practical applications are presented
in Ref. [110].

The (-potential can be understood as the electric
potential formed between the charged groups associated
with the surface of the particle and the suspension
medium. From the known value of (-potential, the
surface charge of the particle can be deduced.

Laser Doppler velocimetry (LDV) uses the Doppler
effect to measure the velocity of fluids or particles. LDVs
have been used to estimate particle sizes [111]. However,
the sizes of some NPs, such as micelles and
liposomes [112], do not directly affect their velocities
and, hence, cannot be directly measured using LDV.
However, LDV can be used in conjunction with other
techniques, such as DLS, to indirectly estimate the NP
size from the velocity of NPs in a fluid. This information
can then be used to correct the DLS measurements of the
NP hydrodynamic diameter and obtain a more accurate
estimation. The combination of the two methods has been
used to measure the (-potentials of Ag, Cu,
Ag/Cu [113], AlLOs;, Al, HC-Ag, SiO,;, and
TiO2 NPs [114].

The DLS method can be used to determine the surface
charges of lipid exosomes, polymeric microcapsules or
particles, QDs, and other microparticles and NPs. For
example, lysosomes are used as a biomarker of diseases,
including Alzheimer’s disease and cancer, estimation of
the liposome surface charge being an essential diagnostic
step [115]. Determination of the surface charge is a step
in obtaining polymeric microcapsules whose shell
consists of oppositely charged electrolytes. Such
microcapsules can be used for encapsulation and targeted
delivery of anticancer drugs [116], for biological
imaging [117], and for engineering of multiplexed
diagnostic systems based on suspension
microarrays [118]. The fabrication of all these diverse
nanosystems involves layer-by-layer deposition of
oppositely charged electrolytes, fluorescent tags, and
sometimes drugs, and precisely the electrostatic
interaction between adjacent layers determines the
assembly and stabilization of the layers.

Estimating the charge of microparticles and NPs is
also important from a toxicological point of view. For
example, the NP charge largely determines the
mechanisms of NP entry into cells and their toxic effect.
Specifically, positively charged NPs interact better with
the negatively charged cell membrane or DNA and,
hence, are more toxic than neutral or negatively charged
NPs [58]. This tendency of microparticles and NPs of
different charges to accumulate differently in different
tissues is also used in designing delivery vehicles for
anticancer drugs [119]. In addition, NPs can serve as
centers of self-association or fibrillation of proteins and
peptides, provoking amyloid-like proteinopathies, or,
conversely, inhibitors of protein self-association. For
example, Sukhanova et al. [120] have shown that only
certain combinations of NP size and surface charge
induce insulin fibrillation, and even minor changes in
these parameters significantly reduce its rate.
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Estimating the (-potential of QDs is an equally
demanding task. QDs are characterized by a number of
optical properties, including a high quantum yield, high
brightness, high extinction coefficient, high resistance to
photobleaching, as well as intermittent fluorescence
signals (blinking), that have determined the wide use of
QDs in medicine, particularly in medical imaging [121].
At the same time, QDs are potentially toxic, their
characteristic size and the composition of their surface
ligands and protein corona directly affecting the toxicity
of QDs [122]. Nifontova et al. [123] used QDs as
fluorescent nanolabels for hollow polyelectrolyte
microcapsules. The microcapsules were assembled of
several layers formed over calcium carbonate cores
through successive precipitation from polystyrene
sulfonate, peracetic acid, and polycyclic aromatic
hydrocarbon solutions, and DLS estimation of the -
potential upon the formation of each layer is essential
because it determines the success of the microcapsule
synthesis. The size of the original calcium carbonate
particles should be known for selecting the
concentrations of the initial solutions used for layer-by-
layer adsorption of polyelectrolyte polymers and the
colloidal suspensions of hydrophilic magnetic NPs of
iron (11, 111) oxide with a carboxylated surface loaded into
some microcapsules.

3.3 Designing Theranostic Agents for
in Vitro/in Vivo Fluorescence Imaging,
Magnetic Resonance Imaging, and
Magnetically Controlled Drug Delivery
and Release

Correct estimation of QD sizes is necessary in some
immunostaining techniques where antigen—antibody
interaction is accompanied by the Forster resonance
energy transfer from QDs to reference fluorophores. This
approach is relevant if, e.g., CdSe/ZnS core/shell QDs
surrounded with a specific protein corona are used to
detect free tumor biomarkers, such as prostate-specific
antigen (PSA), in human serum samples [124]. In a study
on improving the aforementioned microcapsule
technology, Nifontova et al. [117] reported the mean HRs
and (-potentials of the main building blocks of the
microcapsules measured by the DLS method. The sizes
of different building blocks ranged from about 31 nm to
about 4137 nm, and their {-potentials ranged from —
41.8 mV for the smallest block to —8.86 mV for the
largest one.  These  parameters affect the
photoluminescence of polyelectrolyte microcapsules
with opposite surface charges in multicomponent media
and, hence, the possibility of using this platform as an
imaging agent.

3.4 Estimation of the Molecular Weight of
Polymers

Molecular weight is one of the most important properties
of a molecule. Comparison of the reference molecular
weights of proteins or nucleic acids with experimentally
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determined values can provide useful information on,
e.g., the oligomeric state of the biomolecules, their
degradation, and interactions between binding partners.
For example, estimation of the molecular weight for
confirming the absence of aggregates is a mandatory step
in the testing of antibodies used for therapy [125].
Molecular weight estimation is also a convenient test for
detecting interactions between molecules. Two
approaches can be used for molecular weight estimation
by the DLS method. The first is based on the calibration
of the instrument using particles with a known molecular
weight, such as ovalbumin (44 kDa, HR =2.98 nm),
aldolase (158 kDa, HR = 4.98), and other proteins. The
second approach is based on combining data on the
sedimentation coefficient obtained using an analytical
ultracentrifuge and the HR measured by the DLS method,
using the Svedberg equation [126]:

_ ﬁmloRhNAsgo,m
M, = kA0 (23)
1 VpPo

where s, ,, is the sedimentation coefficient converted to
standard conditions (in water at 20°C) , 7 is the partial
specific volume of the molecule, 0, is the viscosity of the
solvent at the experimental temperature T(°C), p, is the
density of the solvent at the given temperature T(°C), N,
is the Avogadro number, and R, the universal gas
constant. This approach is widely used for estimating the
molecular  weights of proteins and nucleic
acids [127, 128].

Another example of molecular weight estimation by
the DLS method is reported by Badasyan et al. [129]. In
order to correctly evaluate the results, identical solutions
of dendritic molecules and polycarbosilane were
analyzed by the DLS method and gel filtration
chromatography (GFC) under the same conditions. By
heating the diluted solutions, the agglomerates were
broken up to obtain a molecular dispersion, i.e., the
solution of individual dendrimer molecules, where the
molecule size could be measured by the DLS method.
The obtained HR value was used to measure the
molecular weight of the globular structure of the
dendrimer using the equation:

_ 4mp?
T 6

M,, = VpN, PNy, (24)
where N, is the Avogadro number, D is the particle
diameter, V is hydrodynamic particle volume, and the
density p = 1.54 g/ml is assumed as a calculated one. In
conclusion, it has to be noted that the measurement of the
molecular weight by the DLS method is used for solving
routine tasks, most commonly for the detection of dimers
or other aggregations of protein molecules.

3.5 Dynamic Light Scattering in Dealing with
Biopolymers

The most common examples of using the DLS method
for studying biological molecules are studies on protein
aggregation and assembly of nucleic acid complexes,

30 May 2023 © J-BPE



A. Knysh et al.: Dynamic Light Scattering Analysis in Biomedical Research and...

formation of protein—protein and protein—nucleic acid
complexes, and interactions between proteins and small
molecules. Complex formation is detected by measuring
the HRs of microparticles and NPs in solutions. For
example, Patel et al. [130] used DLS analysis to study the
interaction between the nidogen-1 membrane protein and
the laminin y-1 extracellular matrix glycoprotein, which
plays a key role in cell membrane formation. The DLS
method makes it possible to promptly study the formation
of this complex and its degradation by various chemical
agents. DLS can also be used to determine the
equilibrium and dissociation constants, as shown by
Sharma et al. [131] in experiments on the interaction of
the fibroblast growth factor with its receptor. Similarly,
the DLS method allows quick and high-throughput
screening of molecules inhibiting the interaction of two
proteins [132]. Test systems for DLS detection of viruses
have also been developed. For example,
Driskell et al. [133] used conjugates of antibodies against
the influenza virus with GNPs and detected the formation
of aggregates by the DLS method. The detection limit of
this technique was less than 100 TCIDso per milliliter
(tissue culture infectious doses (TCIDso) is the number of
infectious virus particles required to infect 50% of a
given cell culture).

It is known that single-stranded nucleic acid
molecules, particularly RNA, tend to form various
secondary structures, e.g., hairpins and pseudoknots. The
formation of one or another structure is determined by the
nucleotide sequence of RNA, which makes it possible to
search for single-nucleotide substitutions in the RNA
sequence by estimating its size using the DLS
method [134]. In addition, complementary nucleic acid
strands may form dimers, which can be used for detecting
viral or other specific RNA sequences. Finally, in 2020
Gao et al. [135] proposed a DLS method for
ultrasensitive detection of microRNA in the rolling circle
replication reaction. Further development of this
approach could provide a simple, inexpensive method of
cancer diagnosis based on DLS detection of microRNAs.

Applications of DLS to the analysis of biological
molecules and polymers are practically unlimited and
depend only on the design of the experiment. The use of
DLS is still one of the easiest and least expensive
approaches to high-throughput analysis of the properties
of biological molecules; therefore, its applications for
diagnosis and study of molecular interactions are rapidly
widening.

4 Conclusions

The examples presented in this review article clearly
demonstrate that DLS analysis has a number of unique
advantages  over  other  analytical  methods,
notwithstanding some challenges in the experimental
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techniques and data processing. The DLS method
estimates parameters indispensable for characterization
of biological molecules, microparticles and NPs, such as
HR, surface charge, and molecular weight. Unlike
transmission, scanning, and atomic force microscopies,
DLS analysis is performed in the liquid phase, which is a
natural medium for biological molecules. Furthermore,
the HRs of protein globules, microparticles, and NPs
coated with components of biological fluids are more
natural parameters than the physical sizes of denatured
protein molecules or solid shells of particles. The range
of research and applied tasks solved by the DLS method
includes testing of protein- and antibody-based drugs for
stability and aggregability; study of the interaction
between receptors and their ligands (proteins, nucleic
acids, and small biomolecules); fabrication of multilayer
polymeric functional microcapsules stabilized by
electrostatic interaction forces to be used for drug
delivery and imaging of lesions; characterization of
nanomaterials for biological research, medicine, and
electrical engineering; development of diagnostic test
systems; and many others. The DLS analysis is
advantageous over other analytical techniques due to its
higher technical availability, ease of performing, and
high throughput. In contrast to many microscopy
techniques, the DLS method can be used to study
dynamic processes, which is extremely important for
biological and medical research. At the same time, the
DLS method has a number of limitations and difficulties
related to the selection of experimental conditions, such
as the concentration range of solutions and the types of
solvents, as well as additional mathematical calculations
if the analyzed objects are not spherical. The DLS
method dovetails with other analytical techniques, such
as GFC and various types of microscopy, supplementing
the results and simplifying the analysis of large amounts
of samples, and it is also suitable for the study of dynamic
processes.

Thus, having considered the physical principles of
DLS necessary for understanding the DLS method and
planning experiments with proper account of its strengths
and limitations, as well as the examples of the use of this
approach for solving specific research and applied
problems, we can conclude that DLS analysis is
promising for a variety of research areas.
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