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Introduction

Dynamic light scattering and transmission
electron microscopy in drug delivery: a roadmap
for correct characterization of nanoparticles
and interpretation of results

¢ Anastasiia Murmiliuk, €

b and

Sergey K. Filippov, 2 *3° Ramil Khusnutdinov,
Wali Inam,® Lucia Ya. Zakharova, (2 ¢ Hongbo Zhang
Vitaliy V. Khutoryanskiy (2@

In this focus article, we provide a scrutinizing analysis of transmission electron microscopy (TEM)
and dynamic light scattering (DLS) as the two common methods to study the sizes of nanoparticles
with focus on the application in pharmaceutics and drug delivery. Control over the size and shape
of nanoparticles is one of the key factors for many biomedical systems. Particle size will substan-
tially affect their permeation through biological membranes. For example, an enhanced permea-
tion and retention effect requires a very narrow range of sizes of nanoparticles (50-200 nm) and
even a minor deviation from these values will substantially affect the delivery of drug nanocarriers
to the tumour. However, amazingly a great number of research papers in pharmaceutics and
drug delivery report a striking difference in nanoparticle size measured by the two most popular
experimental techniques (TEM and DLS). In some cases, this difference was reported to be 200-300%,
raising the question of which size measurement result is more trustworthy. In this focus article, we pri-
marily focus on the physical aspects that are responsible for the routinely observed mismatch between
TEM and DLS results. Some of these factors such as concentration and angle dependencies are com-
monly underestimated and misinterpreted. We convincingly show that correctly used experimental
procedures and a thorough analysis of results generated using both methods can eliminate the DLS
and TEM data mismatch completely or will make the results much closer to each other. Also, we pro-
vide a clear roadmap for drug delivery and pharmaceutical researchers to conduct reliable DLS
measurements.

for drug delivery and diagnostics. Nanoparticles are increasingly
being included in pharmaceutical formulations as they provide

Modern pharmaceutics has very strict regulatory requirements
for thorough characterization of formulations used for drug
delivery. Nanomedicine is a rapidly growing area of pharma-
ceutical research, which is focused on the use of nanoparticles
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many beneficial effects such as improved drug bioavailability,
possibility of targeting particular organs in the body, reduced side
effects, and prolonged pharmacological effects. Information about
the nanoparticle size and shape is very important since these two
parameters directly affect the functionality of nanocarriers and
their fate in the body."” For example, the size of nanocarriers in
the range of 50-200 nm is an advantage for passive drug delivery
in cancer therapy.'”* Recent studies give evidence that nano-
particles with cylindrical morphology have enhanced tumor
accumulation®® and improved circulation time in the blood
stream in comparison with spherical nanoparticles.”®
Dynamic light scattering (DLS) and transmission electron
microscopy (TEM) are the two experimental techniques most
commonly used to study nanoparticle size and shape. Recent
technological advancements resulted in the availability of afford-
able DLS and TEM instruments leading to a significant

This journal is © The Royal Society of Chemistry 2023
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breakthrough in the development of numerous
formulations. However, if TEM instruments are usually exploited
by trained operators, DLS equipment is routinely used worldwide
by researchers, who are commonly unfamiliar with the science
behind these measurements. This is particularly true for pharma-
ceutical and drug delivery science. In addition, some of the DLS
instruments from Malvern Panalytical Ltd or Anton Paar manu-
facturers resemble an easy-to-deal “one-button” box, giving a false
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impression about the simplicity of the data analysis resulting
from these measurements. Nowadays, scientists often tend to take
DLS data as is, without critical analysis and understanding the
principles of this complex physicochemical technique. Unsurpris-
ingly, due to this lack of understanding, many authors do not
even publish DLS raw data such as correlation functions when
reporting their findings. Many papers report hydrodynamic dia-
meters or radius values only, without inclusion of polydispersity
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indices (PDI) and distribution functions. As a result, there are a
significant number of papers on pharmaceutics, biochemistry,
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food and nutritional science, and drug delivery where some
substantial discrepancies between DLS and TEM data are
reported.

Fig. 1 presents the analysis of the discrepancy between the
nanoparticle sizes reported by different authors using TEM and
DLS measurements, when investigating various pharmaceutical
carriers.

The discrepancy could be in the range from a few nan-
ometers up to several hundred nanometers (Fig. 1). In the vast
majority of these publications the observed discrepancy was
either not discussed at all or was attributed to the existence of a
nanoparticle hydration shell in solution.’™®
opinion, for most of the cases, these discrepancies come from
either poor-quality experiments or misunderstanding of the
physical phenomena that lie behind DLS or TEM experiments.

Below we have highlighted several possible physical aspects
that have to be taken into consideration when dealing with DLS
and TEM data analysis: (1) poor quality DLS experiment and
misinterpretation of the reported results; (2) shape factor; (3)
angle dependence factor; (4) concentration factor; (5) charge
factor (polyelectrolytes and a double layer); (6) contrast factor;
(7) particle aggregation; (8) size-weighting factor (number vs
intensity weighted) and small peak suppression; and (9) radia-
tion damage in TEM experiments.

We are not going to provide a comprehensive theory of DLS
or TEM since it is out of the scope of this focus article. For those
who are interested in learning the fundamentals of DLS or
TEM, we recommend reading the comprehensive books of
Berne & Pecora'” or Williams & Carter."®

However, in our
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Fig. 1 Correlation between particle sizes determined using DLS and TEM
for pharmaceutical nanoparticles reported in the literature. Every point on
the figure represents a particular pharmaceutical system reported in the
literature where DLS and TEM sizes are provided. The bisector shows the
perfect case when two sizes match each other. Three areas of mismatch
are highlighted that could result from some physical factors discussed in
the paper. The yellow area represents mostly the case when the intensity-
weighted numbers were taken into consideration for moderately and
highly polydisperse nanoparticles. The magenta area represents mostly
the cases where the influence of shape, angle-dependence, and charge
factors is significant, whereas the light-green area shows the zone where
contrast factors might be important. Concentration dependence, radiation
damage, and bad quality DLS experiments could contribute to the data
discrepancy in any of these areas.

As mentioned above, the main problem that faces research-
ers dealing with dynamic light scattering experiments is the
lack of understanding of the fundamental principles of this
method. They often assume that the size of nanoparticles, such
as hydrodynamic diameter (D) or radius (Ry), is directly
measured in DLS experiments. In reality, it is calculated from
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the value of the translational diffusion coefficient and such
calculations are based on several assumptions that are not
always valid for a particular pharmaceutical system. Moreover,
extraction of the translational diffusion coefficient value from a
correlation function could be very challenging and not always
achievable in a single DLS experiment. Thus, it is a multi-step
process in which a scientist should verify first the validity of the
translational diffusion coefficient and hydrodynamic diameter
value calculations prior to drawing any conclusions on the size
of nanoparticles. However, the first step, without any doubt,
should be the collection of a reliable correlation function.
It is a correlation function that is directly recorded in a DLS
experiment, and not a translational diffusion coefficient or
a hydrodynamic diameter. Anyone aiming to obtain reliable
DLS data should concentrate primarily on the quality of a
correlation function. Below we will provide convincing argu-
ments on the importance of the accumulation of a correlation
function of good quality.

Bad quality DLS experiment and
misinterpretation of the reported
results

The major issue which should always be remembered is that
any large particles, dust or large inhomogeneities that were not
removed by filtration, will aggravate a count rate and thus
amend a correlation function by showing an additional decay
(Fig. 2, left). This artificial decay will also manifest on a
hydrodynamic size distribution function as an additional peak
that could be misinterpreted as the presence of nanoparticles
with different size (Fig. 2C, left). The presence of large-micron
size particles sometimes leads to continuous sedimentation
that is visible as oscillations on the correlation function (Fig. 2,
right). This is the worst scenario since the distribution function
calculation does not make any sense in this case and provides
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Fig. 2 Example of poor-quality measurements: typical count rate (A), correlation function (B), and Dy, distribution function (C) for samples containing
dust or large aggregates (left); and for even the worst case of system sedimentation (right).

This journal is © The Royal Society of Chemistry 2023
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unreasonable data. In general, any sub-nano or above-micron
size results that come from a DLS report should not be trusted
even though some commercial DLS instruments claim an
applicability size range of 0.3 nm-10 pm. Extreme sub-nano
or above-micron size DLS experiments require extra efforts
for sample preparation such as thorough sample filtration,
high concentration for sub-nano size samples, and appropriate
solvent selection for micron size particles together with
verification by complementary sizing techniques. Extra care should
be taken for turbid samples; we strongly recommend dilution or
sample filtration in this case. Filtering samples from large dust
particles critically affects the correlation function and improves the
agreement between DLS and TEM results."*° Currently, there are
several types of commercially available filters (PTFE, PVDF, PES,
Nylon) that can be used to remove dust from solutions. Before
filtering the solution, it is important to make sure that the filter
does not interact with the solvent. Otherwise, unwanted conse-
quences are possible in the form of dissolution of the filter
material or its swelling.

The solute can also interact with the filter material. This is
especially important if a protein solution is to be filtered.
We strongly recommend that you select filters with the label
“low protein binding”. This guarantees against unwanted
sample loss during filtration. If you want to make sure that
there is no loss of sample during filtration, it makes sense to
use a good refractometer, if available, and measure the refrac-
tive index of the solution before and after filtration. Modern
refractometers allow measurements of the refractive index up
to the fifth decimal place. In the case of measuring a protein
solution, we recommend recording their UV-vis spectra and
calculating the protein concentration before and after filtration.

It must be remembered that any filter has an internal volume.
The larger the filter diameter, the larger this volume. Therefore,
with a small volume of solution, it is recommended to use filters of
a smaller diameter. The internal volume can be from 5 to 100 pL.

The existence of an internal volume is also important if the
same filter is used multiple times. This is not supposed to be
done; one filter should ideally be used for filtering ONLY once,
but filters are expensive, and not every laboratory can afford to
buy filters in large quantities. Therefore, when filtering a series
of concentrations, it must be remembered that a small amount
of the previous solution remains inside the filter. When filter-
ing a series of solutions from dilute to more concentrated, there
will be a slight dilution of the solution. When filtering from
more concentrated to more dilute, the opposite will occur - an
increase in the concentration of the solution. If you do not
know which filter to use for solution filtration, it is recom-
mended to cross-check with a filter compatibility chart avail-
able from a filter manufacturer’s website. It is also advised to
discard the first couple of drops if a filter is not sterile.
However, filtration itself might cause the formation of micro-
and nanobubbles in the solution, which should also be taken
into account.?! Because of their small size, such bubbles are
stable in solution and often cannot be removed by sample
equilibration only, and additional approaches are required
such as centrifugation, heating or ultrasonication.

5358 | Mater. Horiz., 2023, 10, 5354-5370
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Fig. 3 Different types of relaxation processes. (A) Rotational diffusion
of rod-like particles along minor semi-axes; (B) internal motion of long
flexible macromolecules; (C) gel mesh size fluctuations; (D) hydrodynamic
modes in a plain solvent.

Speaking more broadly, DLS is very sensitive to any motion
in a sample, not just to Brownian motion of nanoparticles.
Any fluctuations of polarizability « that show how a material
reacts to an applied external electrical field give a decay in a
correlation function.'””** There are a number of different
dynamic processes that can be “seen” by DLS; these include
rotational diffusion of rod-like particles, internal motion of
long flexible macromolecules, gel mesh size fluctuations, and
hydrodynamic modes in a plain solvent (Fig. 3).

One should always keep in mind that most instruments’
software assumes translational diffusion of nanoparticles as
the only reason for any decay in correlation function by default.
In most cases, this assumption is valid, especially when the
studied system is a diluted solution of non-ionic or weakly
charged nanoparticles. However, any more or less complex
system might present one or several peaks of non-diffusion
nature in the distribution function.

Another classical example of a non-diffusional process is
liquid crystals. The reorientation of ordered liquid crystalline
molecules in time gives rise to fluctuations in polarizability «,
and therefore, scattered light intensity fluctuations.”® As a
result, DLS experiments will show a decay in a correlation
function with a peak in a correlation/relaxation time distribu-
tion function.*® The vast majority of DLS software automatically
converts the distribution function over correlation times 7 to
the distribution over translational diffusion coefficient D,
assuming a diffusion nature (1/t ~ Dg°) of any relaxation
process, where g is a scattering vector related to a scattering
angle and laser wavelength. The distribution over hydrody-

kT
6nnD,
will be calculated as the last step. Thus, a nematic liquid crystal
examined by the DLS method will manifest a peak located in
the 50-100 nm range even though there are no nanoparticles in
the system but just plain bulk material. Of course, it is very
unlikely that a pharmaceutical or drug delivery scientist will
have the task of investigating bulk liquid crystals, although
such cases can be found in the literature.>® Block copolymers
do have several relaxation processes that potentially could be

namic sizes using the Stokes-Einstein equation, Ry =

This journal is © The Royal Society of Chemistry 2023
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seen in a distribution function.”®® The interchain dynamics®”
and compositional heterogeneity*>*° are examples of such
relaxation processes. It should be pointed out here that for a
single DLS experiment there is no possibility to identify the
nature of the process visible in a correlation function. Multi-
angle experiments or complementary methods are needed to
shed light on the nature of the process.

In view of all of the above, it is clear that it is necessary to
include the correlation function in a paper (perhaps in the
supplementary information) similarly to the inclusion of TEM
micrographs that are commonly presented in many publica-
tions. This allows the readers to understand whether the DLS
analysis was conducted correctly. However, after analyzing over
500 articles, we determined that the correlation function was
included in less than 5% of the publications. Moreover, not all
authors present the distribution function, while around 50% of
the analyzed articles presented the values of the hydrodynamic
radius or diameter only.*" ™’ In our opinion, this practice is very
poor, since DLS does not measure the particle size directly, but
calculates it from the correlation function, so the primary data
should be presented, at least in the supplementary informa-
tion. When both the distribution function and the correlation
function are presented in the article, one can confidently
evaluate the results presented to see whether these correlate
well with the microscopy results.>®

Misleading DLS results can also be generated from a selec-
tion of incorrect instrument parameters. It is important to
specify the conditions and parameters of the instrument under
which the measurements were performed. Most of the DLS
instruments require presetting parameters such as ‘“material”,
“refractive index”, “‘solvent viscosity”’, ‘‘temperature”, “num-
ber of runs”, and ‘“accumulation time”. This information will
allow readers to fully evaluate the correct choice of parameters
based on the particles/solvent system being analyzed.** The
selection of accumulation time could be done manually or
automatically when the software determines the time required
to collect a good quality correlation curve. If an experimentalist
sets the accumulation time in a manual mode, we suggest that
the number of collected counts during the experiment should
be close to 1000 000. Thus, for a hypothetical sample scattering
50000 counts per second, the accumulation time should be 200
seconds. This rule of thumb should be kept in mind when pH
or ionic strength is varied for the same sample. Changes in
ionization might also cause a significant drop in the scattering
intensity making the correlation function very noisy.

The selection of solvent viscosity value is also very critical,
especially for cases of mixed solvents. Binary or ternary solvent
mixtures are widely used in pharmaceutics to improve the
solubility of active pharmaceutical ingredients (API); the visc-
osity of mixtures such as water-/dimethyl sulfoxide (DMSO),
water/DMSO/ethanol is a non-monotonous function of solvent
composition. The viscosity of water/DMSO mixtures is the
subject of 4-fold changes with increasing water content from
0 to 100%,"° and thus incorrect selection of the solvent viscosity
could be the reason for substantial discrepancy between TEM
and DLS data.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 shows the general roadmap that must be used for
generating reliable DLS data. Solution filtration should be
mandatory prior to any DLS measurements. The experimenters
should make sure that the filter porosity is higher than the
possible nanoparticle size. They should use 0.45 um or 1.2 pm
filters if not sure. Alternatively, for a low amount of sample or if
some specific interactions with the filter material are expected,
the solvent used for the preparation of samples should be
filtered. At the end of each experiment the count rate and the
correlation function should be inspected. No spikes, trends, or
oscillations should be present on count rate as a function of
time (Fig. 2 and 4). Also, the correlation functions should
not have any jumps and oscillations. Each sizing experiment
should be repeated several times. The correlation functions
should be identical between these repeats. The intensity-
weighted distribution function should be inspected as the next
step. The distributions should also be identical between the
repeated experiments. If these are not identical then sizing
experiments should be repeated with the increased accumula-
tion time. Following these experiments, the intensity-weighted
distribution should be converted to volume and number-
weighted distributions. The number-weighted values of Dy
should then be compared with TEM data if these are available.
Having established a mismatch, the researchers should think
critically, and check for possible sources of discrepancy such as
concentration, charge, shape, angle dependence, and radiation
damage factors (Fig. 4). Potentially, solutions could be diluted,
or the charges present could be neutralized by changing pH,
making sure that the correct solvent is selected in the measure-
ment settings.

Shape factor

The assumption of the nanoparticle’s spherical shape is
another simplification embedded in DLS software to calculate
their size. The Stokes-Einstein equation allows calculation of
the diffusion coefficient assuming that particles are rigid and
have a spherical shape. For a real drug delivery system, the
mismatch between nanoparticle perimeter and the hydro-
dynamic diameter value could be quite significant (Fig. 5).

Fig. 5 shows an example of how very distinctly different
nano-objects such as a polymer coil, rod-like nanoparticles,
and polymeric micelles might have the same hydrodynamic
diameter Dy, if simply measured using DLS.

When particles with the shape of a solid sphere are ana-
lyzed, the dimensions measured by DLS are the most accurate
and the sizing results are very close to the size data generated
using microscopy techniques.*®*'"*® However, there are many
articles reporting the analysis of particles with different shapes,
including studies of elongated spheres, cylinders, tubes, etc.*®
Unfortunately, the authors often use the same DLS settings and
equations to calculate the particle sizes, as in the case of
spherical particles. A typical situation is the measurement of
long nanotubes with a high asymmetry ratio using DLS. The
diffusion of these nanotubes is a combination of translational

Mater. Horiz., 2023, 10, 5354-5370 | 5359
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Fig. 4 The roadmap for a good quality DLS experiment and data assessment.

diffusion along two principal major axes. The averaged transla- (L), their thickness (d) and asymmetry ratio p = L/d (see eqn (1).
tional diffusion coefficient will be a subject of cylinder length The deviation of the diffusion coefficient value from the value
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Polymeric micelle

Rod-like nanoparticle

Polymer coil

Fig. 5 Red circle represents hydrodynamic size as seen by DLS. Three
different nano-objects with highly distinctive morphologies such as a
polymer coil, rod-like nanoparticle, and a polymeric micelle have the
same hydrodynamic size. This cartoon represents the fact that DLS is a
“blind” method that provides the value of a diffusion coefficient converted
later to hydrodynamic size. The mismatch depends on architecture and
draining of the nanoparticles.

typical for a hard sphere will obey the p**/Inp law. In general,
the higher the nanoparticle asymmetry, the greater the mis-
match between the nanoparticle’s outer sizes and calculated
value of hydrodynamic radius we can expect from the DLS
measurements. In some cases, the correlation curve always has
two decays: a fast one and a slow one, which look like separate
peaks in the distribution curve corresponding to the particles of
different sizes. The second decay usually corresponds to the
rotational diffusion of the tube around a short axis (Fig. 3A).°>°
As we stated above, multi-angle DLS experiments or comple-
mentary techniques are needed to attribute a peak to a non-
translational diffusion process.

Ry p3 . .
Rn ol (long thin cylinder/rod); p=L/d (1)
v . 31 2
(3) iz
R (1-p)2
h — P ( : : 1.
R T I (prolate ellipsoid); p
piln|——————
= minor/major axes; 2)

Ry = 3R/2[(1 + d*/4R*)"* + (2R/d)In(1 + d*/4R*)V*]~* (disk)

(3)

There are several shapes with derived dependence of transla-
tional diffusion coefficient as a function of shape parameters.
The most important ones include a long thin cylinder/rod,
a prolate ellipsoid, and a disk (eqn (1)-(3)). The following
approach is recommended for DLS analysis for the case when
asymmetric architecture is anticipated for nanoparticles in
solution. The value of diffusion coefficient/hydrodynamic
radius should be taken from DLS experiments and used as
the next step for calculation of the parameter of interest,

This journal is © The Royal Society of Chemistry 2023
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usually asymmetry ratio p. If one of the two coupled parameters
such as length/diameter, major/minor axes, or radius/thickness
is known, the complementary parameter can be deduced from
DLS data. Several reports were published where such a strategy
d.>*>* For nanoparticles with spherical or close to
spherical symmetry such as mesoporous silica, metal-organic
frameworks, and polymeric micelles with low to moderate
dispersity, the DLS and TEM show a very good match. However,
if the number-weighted value of D;, or R, does not agree with
TEM data, we suggest the above-mentioned strategy for asym-
metric nanoparticles. The discrepancy between the two meth-
ods could be up to 50% on average. For example, nano-disks
composed of PEG-based copolymers with a radius of 27-28 nm
give a peak of 40 nm in a distribution function.’*

was use

Angle dependence factor

As mentioned above, commercially available DLS software
automatically assumes that any peak on a distribution function
is associated with a translational diffusion. There are several
dynamic processes that can lead to the appearance of a decay
on a correlation function (Fig. 3). It is not straightforward to
determine the nature of a process to prove the diffusive nature
of a peak. However, there is a pattern for any translational
diffusion process that should be followed: inverse correlation/
relaxation time is proportional to the second order of a scatter-
ing vector (1/t ~ Dg”) (Fig. 6A and B). This dependence is a
direct consequence of the first Fick’s law that describes the
diffusion motion of a nanoparticle in solution.’” In general, it
means that the time needed for a diffusing nanoparticle to
“swipe’” is proportional to the area of diffusing place (Fig. 6C).
Since the change in the scattering vector g” is related to a
change in the probing area, it will result in a change of the
diffusion time visible as a change in the correlation time. Thus the
correct approach to determine the value of the translation diffu-
sion coefficient D, is to calculate it from the slope of linear
dependence of the reverse correlation time 1/t versus the scattering
vector squared, ¢*>*>® (Fig. 6C). For DLS instruments, where a
photodetector is mounted on a goniometer, or multi-angle detec-
tor setups, the information on 1/t = f(¢°) dependence gives a
significant advantage due to the possibility of verifying the diffu-
sive nature of every process visible on a distribution function
(Fig. 6B). Only peaks that obey 1/t = Dig" behavior could be
attributed to nanoparticles. Other relaxation processes such as
rotational diffusion of rod-like particles, internal motion of long
flexible macromolecules, gel mesh size fluctuations, and hydro-
dynamic modes (Fig. 3) will either be insensitive to the variation in
g or obey a different power law as a function of ¢.>>™'

Another important issue is that DLS experiments conducted
at high scattering angles can manifest deviation from g¢*
behavior for large particles compatible with the incident wave-
length due to the probing of internal nanoparticle dynamics
rather than nanoparticle diffusion motion (Fig. 6D). A corrected
equation was suggested to describe this phenomenon.

1/t ~ Dy (1 + Cq*)¢* (4)
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Here C stands for the nanoparticle’s internal structure. Thus, a
single angle DLS experiment conducted at high scattering
angles such as 173° can be misleading. In this case, the slope
used to calculate the D, value will obviously be overestimated
(Fig. 6D) giving a lower R;, value than the true one. It is hard to
predict when the internal structure starts to be important for
DLS data. Therefore, for large nanoparticles above 400 nm, we
strongly suggest reducing the scattering angle and calculation
of the diffusion coefficient/hydrodynamic radius from low
angles or by extrapolating to zero q if a goniometer is available.
The discrepancy between the true and apparent hydrodynamic
size/diffusion coefficient could be up to 50% on average. Fig. 6D
gives an impression of the possible mismatch between Ry
values measured at low and high scattering angles. The hydro-
dynamic size calculated from low g (the scattering angle range
25-40°) is 74 nm, whereas when it is measured at 173° it gives
just 42 nm. However, sample polydispersity might be an
important issue as well and will be discussed in the section
focused on size-weighting factor.

Concentration factor

Those who are using DLS should remember that, in contrast to
TEM, this method gives information from myriads of particles
in solution; it is impossible to measure the scattering from a
single nanoparticle using commercial instruments, although
some papers reported such experiments using a state-of-the-art
setup.®” A finite, non-zero nanoparticle concentration is

5362 | Mater. Horiz., 2023,10, 5354-5370

another important source of possible mismatch in the sizing
results. As we pointed out earlier, the value of hydrodynamic
size is calculated from the translational diffusion coefficient
value and is not measured directly. The diffusion of nano-
particles, in turn, is the subject of numerous types of interac-
tions present in solution: nanoparticle-nanoparticle,
nanoparticle-solvent, and solvent-solvent. Depending on the
nature of nanoparticles, the presence of charges, and the
thermodynamic quality of a solvent, the measured, also called
apparent diffusion coefficient value, may grow or decrease with
increasing concentration. Thus, this coefficient will be different
from the true value of the diffusion coefficient, D,.

It is known®*®* that in a dilute regime the concentration
dependence of an apparent translation diffusion coefficient can
be written as

Dy appl(€) = Do(1 + kpe) (5)

Here kp is the second hydrodynamic virial coefficient which is
specific to a particular polymer-solvent system. It was shown®’
that in diluted solutions the kp parameter is related to the
second virial coefficient A, and the molecular weight M, by the
following equation

kp = 24,My, — kg — v (6)

Here k¢ and v are the concentration friction coefficient and
partial specific volume, respectively. In contrast to A,, k¢ is
always positive therefore in a general case the sign of kp is
determined by all three parameters: M,, A,, and k; (the partial

This journal is © The Royal Society of Chemistry 2023
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specific volume value can be neglected). If A, or M,, is decreas-
ing, the sign of k;, may change® % (Fig. 7).

We must point out that such concentration dependence of
the translational diffusion coefficient has nothing to do with
the nanoparticle size changing. Nanoparticles are not shrinking
or growing with changes in their concentration even though
their hydrodynamic size is changing.

It is very hard to predict the value of hydrodynamic virial
coefficient kp a priori since it is a combination of A,, M, k¢, and
v. The kp, value is extremely sensitive to the presence of charges
in a system (see the section ‘“charge factor”). As a rule of
thumb, we recommend the dilution of a sample to verify the
lack of concentration dependence. If the apparent R;, value
shows sensitivity to concentration, we suggest making a series
of concentrations with further extrapolation of Ry, to an infinite
dilution (c = 0). The discrepancy between the true and apparent
sizes could be up to 100% on average. This should be kept in
mind when working with concentrated solutions.

The concentration dependence of apparent Ry, value can be
observed in diluted transparent solutions and is different from
multiple scattering phenomenon observed only in concentrated
turbid solutions. Indeed, increasing the concentration of the
solution leads to an increase in the number of particles in the
sample, due to which the number of light scattering centers
increases dramatically. Thus, a photon scattered from one
particle before reaching the photodetector will be scattered
from another particle and so on. This is called the multiple
light scattering process. A photon reaching the detector
after multiple scattering is recognized by the instrument as a
single scattering, and the resulting correlation function decays
faster and the average particle size indicated by the instrument
decreases, with an increase in polydispersity.®” Many commercial

This journal is © The Royal Society of Chemistry 2023

DLS instruments have a back scattering setup that successfully
eliminates the multiple scattering contribution. At back scatter
geometry, the correlation function is measured at 173° scattering
angle. For turbid systems we strongly recommend using a back
scattering geometry.

The role of particle concentration in the solution is intensi-
fied in the case of unstable particles that aggregate with
each other. Here the primary error factor is not the multiple
scattering, but the size of the conglomerates. In this case,
as the concentration of the substance increases, the size of
the particles displayed by the DLS will increase.®®

Charge factor (polyelectrolytes and
double layer)

Electrostatic interactions are the strongest between other inter-
molecular forces such as van der Waals, hydrogen bonding, and
hydrophobic interactions. The presence of charge could
affect the Brownian diffusion of nanoparticles since attractive
or repulsive electrostatic forces will retard or accelerate the
motion. Mathematically speaking, it happens due to electro-
static contribution to the kp value in eqn (5), which modifies
the apparent D, value significantly, making DLS experiments
very challenging. In principle, any nanoparticle might have a
charge due to the formation of a double layer (Fig. 8).
Charged particles attract counterions from the solution,
which form a Stern layer of tightly bound ions around particles.
At the same time, oppositely charged ions are attracted by ions
in the Stern layer and form an outer diffuse layer. Thus, each
charged particle is surrounded by an electrical double layer
that moves together with the particle during its translational
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motion (Fig. 8). Between the surface of the charged particle and
solution, there is an electrostatic potential that depends on the
distance from the surface. In the vicinity of the particle, the
potential decreases linearly with the distance, and further from
the surface it decays exponentially within the diffusive layer.
Electrostatic potential can be screened out by adding salt. It will
diminish the strong electrostatic kp contribution and allow
measurement of a realistic diffusion coefficient that can be
used for the calculation of nanoparticle sizes. However, in salt-
free conditions the hydrodynamic motion is extremely compli-
cated. Unscreened electrostatic interactions together with the
cloud of counter- and co-ions result in the appearance of
an extra peak on the correlation function. This problem is
known as a “slow mode dilemma”. This is especially true for
polyelectrolytes.®®”" Many biological polymers with pharma-
ceutical applications such as DNA, RNA, and polylysine display
evidence of bimodal distribution for salt-free conditions
(Fig. 8).”>”® In general, none of the peaks provide a clue to
the nanoparticle size in a salt-free environment. We recom-
mend adding salt for highly charged samples; in general, 0.1 M
should be enough to suppress electrostatic charges.

Contrast factor and resolution

Another source of discrepancy between TEM and DLS might
come from different contrasts of these two methods. Indeed,
electrons and photons interact with matter differently. In TEM
any object is visualized by a difference in the absorption of
electrons by nanoparticles and the environment. Electron
absorption is proportional to the material density and element
atomic number. With all other parameters equal, iron oxide
nanoparticles will give a better contrast in comparison with
organic-based nanoparticles of similar size. This is why in cryo-
TEM experiments the outer layer of polymeric nanoparticles
composed of hydrophilic polymer highly swelled in water is less
visible in comparison with a denser nanoparticle core. As a
rule of thumb, a human eye cannot distinguish the intensity of

5364 | Mater. Horiz., 2023, 10, 5354-5370

pixels that differ by less than 10%. However, digital analysis can
go beyond this limit. Another opportunity to improve the
contrast is by using a phase plate to give a phase-based contrast
that is more sensitive than the intensity-based one.”* For
samples analyzed by the ordinary TEM method where the
sample is dried on a copper grid, changes in nanoparticles
sizes could be possible due to solvent evaporation. Nanogels are
an example where sample drying is the major reason for the
true discrepancy between DLS and TEM. However, this possi-
bility should be taken with caution. Many researchers explain
the discrepancy between TEM and DLS by the dry state of
nanoparticles. Researchers should always rely on common
sense in this issue; for example, a collapsed dry polymer shell
in a polymer core-shell nanoparticle cannot explain a two-three
fold difference between TEM and DLS results.">”*"*> The con-
trast in light scattering experiments is based on the difference
in refractive indices. The physical phenomenon behind light
scattering is the refraction, and not its absorption. The key
parameter here is the refractive index increment dn/dc, which is
roughly proportional to the difference in refractive indices of
material and media. For aqueous solutions the dn/dc value is
always non-zero since water has one of the lowest refractive
indices between solvents (1.33) and it is lower than a refractive
index value of materials used for the design of nanoparticles in
drug delivery. However, some organic solvents could have the
refractive index value quite close to the refractive index of a
matrix. It is known from theory that light scattering intensity is
proportional to the second power of dn/dc, and nanoparticles
will be “invisible” in solution since the dn/dc value will be close
to zero. DLS experiments will show nothing for such cases.
Thus, different electron contrasts of nanoparticle hydrophobic
and hydrophilic compartments in TEM, and refractive index
increment in non-aqueous solutions should be taken into
consideration when DLS and TEM data are compared.

We should also point out here that TEM and DLS are quite
different in resolution. The DLS method cannot resolve
the difference between the nanoparticles with sizes differing
by less than 3 times. For example, a 1:1:1 mixture of latex
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nanoparticles with a diameter 220, 330, and 440 nm will be
seen as one broad single peak.

Particle aggregation

Particle aggregation is one of the prevalent factors that may
result in the difference between DLS and TEM data. The reason
for aggregation could be the high concentration of particles in
the sample, the charge of particles in the solution, or the non-
filtered sample, as we mentioned above. The presence of any
aggregate in the solution can dramatically affect the results of
DLS measurements. In the case of perfectly spherically shaped
nanoparticles, it is possible to influence this factor by changing
the conditions and achieving ideal conditions for the measure-
ments. However, in certain instances it is necessary to measure
the aggregates themselves, for example, to characterize pro-
teins, immune complexes, DNA clusters, and other biological
objects. In this case, the question of how to achieve the
best results may arise. In the next chapter, we will propose a
possible solution to this problem.

Size-weighting factor (humber vs.
volume vs. intensity weighted) and
small peak suppression

The substantial difference between DLS and Cryo-TEM results
to characterize aggregate sizes mostly comes from different
weighting procedures. This difference can be eliminated by the
conversion of the intensity-weighted aggregates distribution
function obtained by DLS to a volume-weighted®* or number-
weighted one, which shifts the distribution maximum to lower
Ry, values.®® The sizes measured by TEM are much better
coincided with number-weighted distribution data (Fig. 9).
When the particles present in solution have low inherent
dispersity this will reduce the effects of size-weighting factors
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Fig. 9 Combined TEM and DLS data for mesoporous silica. Number-
weighted and intensity weighted distributions are presented for DLS data.
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and small peak suppression, and will likely result in a smaller
difference between the results generated using DLS and TEM.**

Some commercial software provide additional, however, old-
fashioned information on nanoparticle size and polydispersity
based on cumulant analysis. Namely, Z averaged size, Z,,, and
polydispersity index, PDI. Both parameters should be taken
with precaution. Many scientists pay attention to Z,, and PDI
values only. We strongly suggest using distribution-based
values instead of a Z,, one. For single mode distribution
function Z averaged size is quite close to the intensity-
weighted value (Fig. 9), however, for multiple mode distribu-
tions, Z,, quite often gives absurd results. The PDI value often
receives greater importance than it deserves. Many papers have
stated that a PDI value below 0.3 stands for low polydispersity
of nanoparticles. There are no scientifically established criteria
for PDI values above 0.1. There is no sense of comparing PDI
values for the samples of different nature. The monodisperse
standard PDI values are lower than 0.1 and we suggest that only
PDI values below 0.1 can be treated as low polydispersity.
Higher values should be regarded as significant dispersity. Of
course, the PDI value could be informative dealing with nano-
particles of the same nature to follow changes in homogeneity.

Another example of a mistake is measuring the size of
particles that aggregate in solution. The DLS method, unlike
microscopy, does not allow measurement of the size of indivi-
dual particles within aggregates. Therefore, very often in such
cases the dimensions of the hydrodynamic radius determined
by the DLS method are tens of times larger than the dimensions
of the particles determined by TEM. In this case changing the
distribution function can help.®®%>%¢ since DLS is more sensi-
tive to larger particles, the scattering intensity will be propor-
tional to the sixth power of their radius. In this case the larger
particles, whose concentration in solution will be much lower,
will still mask the presence of the smaller particles, which may
be present in much greater numbers. A volume and number-
weighted distribution functions would then help to identify the
smaller particles in the solution.®” However, in the case of
studying the kinetics of aggregation using DLS, this approach is
not suitable. Intensity-weighted functions are best suited for
this purpose.®® It is strongly suggested to include all types of
distribution functions/Ry, values, intensity, volume and number-
weighted in the manuscripts for publication, since it gives the most
detailed description of solution dispersity.

Radiation damage of samples in TEM
experiments

Electron microscopy and light scattering are substantially dif-
ferent in the energy used to generate information. An electron
gun in an electron microscope emits electrons with the energy
varying in the range of 50-500 keV, whereas the visible light
used in most of the DLS instrument lasers have 4 orders of
magnitude lower energy of 2-2.5 eV. This difference is directly
related to the problem of radiation damage. Indeed, the elec-
trons can break the matter of a specimen, causing radiation
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Fig. 10 An example of TEM artefacts. Ribosome particles (A) and bubbles
(B). Taken from the ref. 88 with permission from Elsevier and IUCr.

damage. In extreme cases, the damage might cause the appear-
ance of artefacts resembling nanoparticles.

Fig. 10 shows typical examples of radiation damage artefacts
observed in a drug delivery system. The artefacts usually have a
circular shape with a contrast rim. The structure of artefacts
depends on the specimen preparation. For Cryo-TEM, a specimen
is a vitrified solution obtained by rapid plunging in liquid ethane.
The first type of artefacts observed commonly in micrographs is
melting of vitrified solution due to the heating by the electron
beam. The melted areas of specimen quickly disappear in high
vacuum resulting in the holes formation. This is especially true in
the case of organic solvents or mixed solvents such as H,O/
dimethyl sulphoxide. The cavities formed could be erroneously
treated as liposomal or spherical-like particles (Fig. 11).%

The size of the cavity is usually governed by the time of
illumination and beam energy; the longer the area of interest
was affected by the electron beam, the greater will be the pores
formed. If the specimen is characterised using the TEM method
the solution is preliminarily dried on a copper grid. The
artefacts generated in this case are generally caused by the
destruction of nanoparticles.

Samples can be damaged during cryo-TEM experiments even
by quite a low electron exposure, which makes high-resolution
imaging of a specimen impossible. This problem is especially
crucial for biological samples, such as proteins and DNA, for
which ionizing radiation can cause breaks of strands and
changes in molecular structure. Moreover, a long exposure
time can lead to the formation of microbubbles of hydrogen
gas as a result of the radiolysis of proteins or water (Fig. 12).5%%°

Fig. 11 An example of TEM artefacts. Taken from the ref. 89 with
permission from Elsevier and IUCr.
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Fig. 12 An example of radiolysis in cryo-TEM images. Taken from the ref.
90 with permission from Elsevier and IUCr.

As one can expect, there will be no correlation between the
sizes of the artefacts and the hydrodynamic size values
obtained from DLS. As a rule of thumb, we always suggest
making several images of the same spot of interest. If the
images show significant changes during the consequent
images, you can suspect the effects of the radiation damage.
We highly recommend working with low doses of electrons to
reduce possible radiation damage.

Conclusions

This comprehensive focus article highlights the physical
aspects that are responsible for the routinely observed mis-
match between TEM and DLS results and provides an intui-
tively clear roadmap for researchers specializing in drug
delivery and the pharmaceutical community on reliable DLS
measurements. We highlight that concentration, difference in
contrasts, charge, and shape of nanoparticles are important
issues that should be taken into consideration when sizes of
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nanoparticles measured by DLS and TEM methods have to be
compared. Many cases of reported mismatches between TEM
and DLS can be eliminated by correct analysis of the data.

We have provided some important advice that will help
scientists to characterize nanoparticles in drug delivery by
DLS and TEM experiments appropriately and how to correctly
interpret their data.
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