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Abstract

Nanocarriers have attracted a huge interest inastedecade as efficient drug delivery
systems and diagnostic tools. They enable effectiamgeted, controlled delivery of
therapeutic molecules while lowering the side @éferaused during the treatment. The
physicochemical properties of nanoparticles deteentheirin vivo pharmacokinetics,
biodistribution and tolerability. The most analyzeanong these physicochemical
properties are shape, size, surface charge angdipoand several techniques have been
used to characterize these specific propertiessd hdifferent techniques assess the
particles under varying conditions, such as physitzde, solvents etc. and as such probe,
in addition to the particles themselves, artifattie to sample preparation or environment
during measurement. Here, we discuss the differethods to precisely evaluate these
properties, including their advantages or disacvged. In several cases, there are
physical properties that can be evaluated by nmwae bne technique. Different strengths
and limitations of each technique complicate theiah of the most suitable method,
while often a combinatorial characterization applos needed.
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7.1 Introduction

Nanomaterials are generally defined as materiaksreih 50 % or more of the particles
in the number size distribution, one or more exdédimensions is in the size range 1 nm
- 100 nm’[1] and are important components in novel drug fdation. Due to their small
size and large surface area, nanoparticles canitakpase solubility and thus enhanced
bioavailability, can mediate additional ability twoss the blood brain barrier (BBB),
enter the pulmonary system and be absorbed thrtheglight junctions of endothelial
cells of the skin [2]. Carriers used in drug delweystems are made of polymers
(polymeric carriers, matrices, micelles or dendrshelipids (liposomes or solid lipid
carriers), gold carriers, viruses, nanotubes anghetz carriers (Figure 1) [3]. They have
been shown to efficiently transport therapeutic négeto cells influencing the
pharmacokinetics of transport, drug release anttilaigion of the active drug. The
advantages of using nanocatrriers include increbsevailability of the drug, protection
against degradation and stabilization of more s@esagents (e.g. proteins, antibodies),



resulting in their higher concentrations in thegértissue and reduced side effects [4].
Moreover, nanocarriers can be attached to targdigagds [5], [6], [7] such that their
specificity to target cells/tissues can be incrdase addition, nanocarriers can also be
used to deliver hydrophobic or poorly water-solutidegs, for instance by using micelles
which assemble into a hydrophobic core and hydiimpsinell. A remarkable example is
Doxil®. The first FDA approved nano-drug composée tdrug doxorubicin loaded
within PEGylated nano-liposomes, which demonstratedonged drug circulation time
and avoids clearance by the reticuloendothelialesygRES). Nanocarriers also allow
for synergistic therapy options via the codelivefymultiple drugs at the same time to
the same location with the same pharmacokinetics.

Over the last several decades, nanocarriers has@rgean attractive option to deliver
therapeutic molecules to target tissues after systdelivery. However, the physical and
chemical properties of nanocarriers affect theadistribution and tissue retention within
the body [8], [9]. Nanocarriers can be administesgber by direct injection, inhalation
or via oral intake. Once they are part of the systecirculation, they interact with serum
proteins [10], adsorb small molecules, such as amaaids, folate, biotin and many others
[11]. Specifically, their shape and size strongifluences cellular uptake. It has been
shown that 100 nm particles exhibited a 2.5-foléater uptake compared touh
diameter particleq vitro [12]. Another challenge to these nanoparticlethésimmune
system. While small particles (<30 nm) are rapidgared by the kidney, while those
>30 nm in size are cleared by the reticuloendatheiystem (RES), including
macrophages in the liver and spleen. Whether nanersaare taken up by macrophages
or not, depends on opsonization by the innate in@rsystem [13]. On the other hand,
the size and surface properties of the nanopastaleo influences thein vivo stability
[14]. For instance, PEGylation, i.e. conjugationagbolymer polyethylene glycol (PEG,
(CH,CH;0),) on the nanoparticle surface can at least partiphotect them from
opsonization [15].

In fact, nanopatrticle size in particular affectamome cell sequestration and subsequent
clearance from the blood stream. It was observed plarticles greater than 200 nm
activate the lymphatic system and are removed frinoulation quicker [16]. Moreoever,
nanopatrticle size considerably influences its @gmity. Xiong et al. demonstrated size
dependent cytotoxicity, with smaller (60 — 100nma)tjeles triggering more damage, as
measured by the release of TN&-as compared to those above 200nm [17]. For
systemically delivered nanocarriers, the nanoaardeug complexes should also remain
soluble and stable, escape aggregation in the plmoprevent exposure of their ‘cargo’
to degrading enzymes within the blood or intertessfluid. Determining the
physicochemical properties of nanoparticles andloeiyy their structure-function-
interaction relationships is, therefore, a critipalrt of nanomedicine. Characterization
parameters,shape, size, surface charge, porosépd viscosity, and the different
characterization techniques, each based on ditfeieysical properties, are described in
this chapter

7.2 Shape and size distribution



As discussed above, the shape and size of narersaare the most important and most
studied parameters in their characterization, exfting their size distribution, degree of
aggregation, surface charge and area as weil\d@so biodistribution, tolerability as well
as pharmacokinetics. Moreover, due to the synth@sisess of nanocarriers, the product
is often prone to be a polydispersion of nanopladievhich sometimes might be of a
broad distribution, making size distribution an@éysrucial to understanding nanoparticle
behaviourin vivo. The morphological characterization of nanocasrigan be performed
by direct or indirect methods. Direct methods, udthg for example microscopy, X-ray
diffraction and scattering, radioimmunoassay, lydirectly observing the nanocarriers
together with the therapeutic material and distisiging this assembly from its individual
components, the carrier and the therapeutic mate@la the other hand, indirect
techniques focus on the parameters of a suspemsigolution containing all three
entities, the carrier-therapeutic assembly, theaeutic material and the carrier alone,
thereby remaining unable to identify the differendeetween the pure components.
Indirect methods include for example static andadyiz light scattering, absorbance,
linear and circular dichroism, zeta potential.

7.2.1 Transmission electron microscopy

Transmission electron microscopy (TEM) is one oé tmost efficient tools for
nanomaterials characterization. TEM is based onitteraction between a uniform
current density electron beam and a thin sample &ktent of this interaction is
dependent on the size, sample density and elememntgbosition of the sample. As the
electron beam reaches the sample, the electroregadting with specimen are
transformed to unscattered electrons, elasticatigttered electrons or inelastically
scattered electrons [18]. The scattered or unsedttelectrons are then focused by a
series of electromagnetic lenses and projected @treen to generate an electron
diffraction, amplitude-contrast image, a phases@sitimage or a shadow image of
varying darkness according to the density of utiecad electrons (Figure 2A) [18].

Both TEM and light microscopes operate on the shawsc principle, however, due to
the much shorter wavelength of electrons, TEM aasea much higher level of
resolution up to the level of atomic dimensions @#fh). Moreover, TEM provides the
most accurate estimation of nanoparticle homoggn@EM is undoubtedly the most
important and frequently used nanopatrticle charaetion technique.

The abovementioned advantages of TEM are also gmaied by serious limitations.
Due to the high resolution provided by TEM, samplis often challenging, allowing the
user to only view a small section of the sampleotAer problem of sampling is that for
TEM imaging, very thin (electron transparent) spem are required, and specimens
<100 nm in thickness should be used wherever pessilowever, the thinning processes
used affect the specimens, changing both theictstret and chemistry. In addition, due to
the high energy, the electron beam can damage iorgg@olymer and hybrid
nanoparticles. This problem can be addressed hgreieducing the acceleration of the
electron beam (however simultaneously reducingattened resolution) or using Cryo-
TEM (discussed in section 1.4). Another problerthet TEM presents 2D images of 3D



specimens, averaged through the thickness of timeplsa thereby lacking depth
sensitivity, also known as ‘projection-limitatiofi8].

7.2.2 Scanning electron microscopy

In scanning electron microscopy (SEM) a focusednbed high-energy electrons is
incident across a sample in a raster pattern. Thittesl electrons are detected by a
detector for each position in the scanned areagrgéing an image by the interaction
signals obtained at the surface of solid samplegi(€ 2B). The intensity of the emitted
electron signal is displayed as brightness on plafsmonitor and is stored in a digital
image file that represents the morphology of thre@a surface. Since SEM uses electron
beams that are less powerful than for TEM, it lgtiteir penetration depth and therefore,
the results are sensitive to the surface morpholag the advantage of minimal to no
damage to the sample. However, due to the low gneliertron beams, the resolution
limit of SEM is typically around 3 nm. While SEM lgryields information on the sample
surface structure, TEM interacts with the whole gl@mvolume, thereby providing
information on the sample’s internal structuresdifect comparison of SEM and TEM
for the same nanoparticles was described by He aolidagues confirming these
observations (Figure 2C-D) [19].

Although sample preparation for SEM is straightfardy and simple, the samples are
dried and imaged under vacuum, which may altertdpography of the sample. In
addition, for high resolution imaging, the sampées required to be conductive. Non-
conductive samples need to be coated by a thim [@#® nm) of a metallic film before
being analysed. An alternative methedyironmental or wet SEM, is performed at low
pressure instead of high vacuum aibbws the analysis of hydrated materials without
fixing, drying or coating of the specimen [20]. Hewver, environmental SEM has a lower
spatial resolution than standard SEM imaging and ba far been limited to the
characterization of microspheres and microcapgigs

SEM can be operated in the transmission mode,thugh the technique called
‘scanning-transmission electron microscopy’ (STEMhich combines both operational
modes, SEM and TEM. In STEM mode, a convergentraedeam is focused to a small
area of the sample. To register an image, the relegbrobe is raster-scanned and
subsequently propagated through the sample. Dtigetelectron-matter interaction, the
trajectory of the electrons is scattered away affdrdnt kinds of signals are registered in
sync with the electron probe scanning. Using STBWM;anced nanoparticle analysis can
be carried out in the transmission mode by gaimirdepth information, and analysis of
ensembles of particles is possible [21]. One efrttain advantages of STEM over TEM
is that the electrons scattered out to high anglesa high-angle annular dark field
detector (HAADF) are chemically sensitive, and angle with a definite crystalline
arrangement is not a requirement.

7.2.3Cryo-TEM

Cryo-TEM was developed in the 1980s to visualizgldgical samples in their vitrified,
frozen-hydrated state, i.e. in a near native saétéhe resolution of TEM (0.1+#n).
Although originally developed to image biologicahngples in water, Cryo-TEM



currently plays an important role in visualizinguses [22], lipids- and polymer-based
nanocarriers [23], [24] validating the structunaleigrity of nanopatrticles. Cryo-TEM can
be applied to samples in organic solvents or ineaga surroundings, thereby allowing
the visualization of nanoparticles under differentvent conditions as well as evaluate
the changes during the development or self-assedfithe particles.

Typically, in Cryo-TEM, samples are suspended thia layer of frozen buffer stretched
across a carbon grid in a specialized holder, whlsh contains a small dewar for liquid
nitrogen as cooling agent at its end. Adequate Eapgwling is essential to avoid sample
damage by freeze drying. In Cryo-TEM, the frozemgle grid is kept at liquid nitrogen

temperature during imaging in a TEM, thereby takimgges of the sample in its frozen
but hydrated state. Since the sample is flash fro€eyo-TEM avoids artefacts that result
from sample drying.

Currently, Cryo-TEM is considered the gold standfod liposome imaging [25]. An
interesting recent example is the imaging and cteriaation of a widely used anticancer
agents, namely doxorubicin encapsulated in liposorire 2016, Wibroe et al. assessed
liposome morphology of four liposomal doxorubiciarrhulations, Doxil®, Caelyx®,
DOXOrubicin and SinaDoxosome (Figure 3) [26]. Thelyserved that while Doxil,
Caelyx and DOXOrubicin show intact spherical analate ellipsoidal unilamellar
vesicles, SinaDoxosome, revealed co-existence aff d¢ircular disks along with
unilamellar vesicles.

Despite its many advantages over traditional TEMyocTEM also suffers some
drawbacks. A significant concern of Cryo-TEM isttisnce the samples are frozen, the
density difference between the sample and the rfrazater is minimal resulting in a
reduced contrast obtained in micrographs. To ciremhthis problem, often Cryo-TEM
micrographs are taken a few micrometers out of ddougenerate phase contrast in the
image [27]. In addition, frozen samples are monesgre to electron damage and can
only tolerate lower electron doses, approximatedy fbld lower than in TEM, before
significant damage occurs to the samples.

Cryo-TEM images provide useful information abow 8hape, size and importantly, the
integrity of the nanoparticles. Furthermore, CryeM can also be used to determine 3D
structures of nanocarriers at atomic resolutionr Btructurally and chemically
homogenous patrticles, such as icosahedral virdbkggrotein based nanoparticles [28]
or gold nanopatrticles [29], single particle recomstion may be performed by averaging
multiple Cryo-TEM micrographs taken in various otgions. On the other hand, for
irregularly shaped or heterogenous nanocarriersh @8 liposomes or multipolymer
micelles [30], Cryo-electron tomography (Cryo-ETaynbe performed, wherein the
sample is tilted through a large angular rangei(fstance, -80° to +80°) collecting a tilt
series of images of a single specimen area. Thetrete dose is a critical factor,
especially for Cryo-ET images, and should be maieth at approximately 20
electrons/&. Irrespective of the method used, 3D reconstrostiprovide a complete
representation of the sample as well as spatialtyrate and quantitative measurements
of each sample.



7.2.4 Atomic Force Microscopy

Atomic force microscopy (AFM) belongs to the famiy scanning probe microscopy
(SPM) techniques and was developed in 1985 contpitire principles of scanning
tunneling microscopy and the stylus profilometet][AFM uses a sharp tip probe at the
end of a cantilever of a probe to scan the sunfmoperties of the specimen. AFM can be
used to assess surface properties, such as mogyhaltd mechanical properties of
materials at an exceptionally high (nanometer) ltgm [31]. This high resolution of
AFM is achieved due to a combination of its prober(hally a sharp tip), carefully
controlled tip-specimen forces, the optical levald ehigh-precision movement of the
scanner. The probe is generally less than 5pmgtteand 10 nm in diameter at the apex
and is located at the end of a microscale cantiledéch is 100-500 pm long (Figure 4A,
B) [32]. This tip moves over the sample surfaced dne to the tip-surface attractive or
repulsive forces, the cantilever moves verticadlyd a laser beam focussed on the back
of the cantilever is deflected and detected. Tleegfthe movement of the tip can be
monitored by alterations in the laser which is théimately translated into a 3D image.
A piezoelectric scanner is used to precisely corbre probe - sample position and the
accurate movement of the probe tip over the sarspiéace [33],[31]. AFM permits
guantitative, high-resolution, non-destructive imagof surfaces, including biological
ones.

AFM allows shape and size measurements of nanecmamander different conditions,
such as various charge ratios, pH ranges and satteatrations, without any special
treatment or vacuum conditions [33]. AFM can berafed in different modes, of which
the two most popular are the contact and non-comde. In the contact mode, as
implied by the name, the AFM tip is in contact witte sample surface. As the scanner
moves over the sample surface, the cantilever dédleis sensitive to changes in surface
topography [33]. In this case, the interaction lestw the tip and the sample is repulsive
and coupled to the frictional force; it can damagter samples and is therefore ideal for
imaging relatively hard samples [34].

In the non-contact mode, the cantilever is ose&tlaabove the sample surface (5-15 nm
above, amplitude < 10 nm) near its resonant frequéh00 — 400 kHz). The attractive
forces between the tip and surface change accotditige distance between them, which
induce alterations in the resonant behaviour ofaballating cantilever. These changes
in frequency or phase and amplitude are used tergeimages. The main advantage of
the non-contact mode is that the tip never come®simact with the sample and therefore
the sample remains undisturbed making it suitatnes6ft or vulnerable samples, such as
biological samples.

An intermediate and the most commonly used modéedstapping mode, wherein the
cantilever is oscillated over the sample and taeamehthe highest resolution, comes very
close to the sample, often making intermittent aonwith the sample. The short contact
further dampens the oscillation amplitude which banfurther translated to an image.
This mode circumvents the lateral forces in themamwhile minimizing frictional forces

[35], [36]. In the tapping mode, topography and gghamages are simultaneously



acquired so as to obtain information on differembperties of the sample [37]. The
tapping mode is appropriate for samples weakly Hotanthe surface or soft samples,
such as polymers, lipid bilayers, DNA, or proteif&8], [39], [40].

Common AFM probes include silicon or silicon nigigrobes and carbon nanotube tips
[41]. The tip, however, can be modified accordiadglifferent applications. For instance,
for micrometer-scale imaging and mechanical testapdnerical tips can be constructed
by gluing colloid or glass spheres to the AFM tB8]. Interestingly, AFM probes can
also be functionalized by coating polymers or griteonto the tips thereby allowing
measurements of the force required for the intemacbetween the substrate and
protein/polymer. Using folic acid receptor (&R coated cantilevers, Jones et al.
demonstrated the interactions between free folid acfolic acid decorated micelleplex
nanopatrticles [42]. The nanoparticles investigateithe latter study consisted of micelles
formed with a FA conjugated triblock copolymer (REPCL-b-PEG-FA) which
condensed siRNA to form micelleplexes. Using thidified cantilever, over 1000 force
measurements were made for each substrate andintmd probability as well as
rupture force was determined (Figure 4C). They destrated that the folate decorated
micelleplexes had a significantly higher bindingcas compared to free folic acid.

7.2.5 X-ray diffraction

X-ray techniques are generally non-destructive a@madvide information about the
ensemble average of many particles, in contragtirect imaging techniques such as
electron microscopy where only a very small sangblparticles is analyzed which may
not be truly representative of the material, foaraple, in case of polydisperse particles.
X-ray techniques provide direct measures of part®ize and lattice dimensions, in
contrast to other indirect methods such as UV-lass#ipectroscopy, where the particle
size is inferred from the systematic shift in tlosifion of the absorption peak.

The importance of X-ray diffraction (XRD) was ewdesoon after its discovery. X-ray
diffraction was proposed in 1912 by Max von Laubpwvas awarded the Nobel Prize in
1914 for the same. In the next year, father and\Wdham Henry Bragg and William
Lawrence Bragg received the Nobel Prize for deteimgi the first crystal structures
using X-rays. They characterized the atomic ordesodium chloride and other similar
compounds and since then, crystal structures oérand more complex compounds have
been elucidated. XRD allows for the determinatiébthe atomic or molecular structures
of all types of materials, which is a prerequistteunderstanding their properties.

XRD is based on the constructive interference afyatalline sample and monochromatic
X-rays directed toward the sample, generated bgtlaode ray tube, filtered to produce
monochromatic radiation. The interaction of theideat rays with the sample produces
constructive interference (and a diffracted ray)ewlconditions satisfy Bragg's Law
(M=2d sin 8). This law relates the wavelength of electromagneadiation to the

diffraction angle and the lattice spacing in a tajme sample. The larger the collection
angle (or smaller the wavelength), the higher tlcbieved data resolution. These
diffracted X-rays are then detected, processed @nhted. By scanning a sample
through a range of angles, all possible diffractdirections of the lattice should be



attained due to the random orientation of the poediematerial. XRD provides
information about the crystal components, theirrage shape and size, nature of the
phase, lattice parameters and crystalline gain Biaethe latter, the Scherrer equation is
used by broadening of the most intense peak ofRD Keasurement.

XRD is performed in dry, powdered samples, commaifilgr evaporating their colloidal
suspensions. In the area of nanopatrticles, X-rattexing and diffraction allow the non-
destructive, direct evaluation of the crystal aragtiple size and their crystallographic
phase. Interestingly, Upadhyay et al. determined aherage crystal size of magnetite
nanopatrticles in the range of 9-53 nm. However, TtB& deduced size of the same was
found to be higher than that calculated from XRDe¥ further showed that when the
particle size was bigger than 50 nm, there was rtiae one crystal boundary on their
surface, which could not be distinguished by XRB][4Similarly, another study with
copper telluride nanostructures of different shagleswed that the relative intensities
between the different XRD peaks depends on thécfeshape [44].

7.2.6 Small angle X-ray scattering

X-ray scattering (XRS) techniques are used to dbariae the crystal and particle size
and the crystallographic phase, which all togetietermine the physical properties of the
nanoparticle. Due to their small volume and limitetherence, XRS of nanoparticles is
much weaker than that of bulk materials. The sigaal be increased by either measuring
the sample over a longer time or with high-flux @s (increased photons/sec). While
high-flux sources provide superior signal-to-noitey can have a detrimental effect on
the sample due to radiation damage, which is paatty relevant for polymers or
organic molecules such as surfactants that may resept as stabilizers on the
nanoparticle surface [45].

Small angle X-ray scattering (SAXS) is widely ugeddetermine the shape and size of
materials in the range of 1 to 100 nm. SAXS is Hase the elastic scattering of the
electron cloud of each atom present in the sampiethe difference in the electronic
density of the scattering object and the mediunpidally, a SAXS sample is highly
concentrated and can be a solid, powder, compos#éenanoparticle dispersion in liquid
medium. Samples are then irradiated by a monochionfaray beam and the X-ray
detector records its scattering pattern, whichlmaexpressed as a function of momentum
transfer as g =#5in 6/i, where) is the wavelength of the incident beam afd<2the
scattering angle. Being an ensemble method, SAX®hgw a very large number of
nanoparticles simultaneously and gives a statitia@levant average over a large
proportion of the sample. Wang et al. compared SAK& XRD to monitor the structural
changes of platinum nanoparticles with temperafd€. They observed that for some
conditions, the sizes from XRD and SAXS did notrelate since SAXS is more
sensitive to the size of the fluctuation regiorelgfctron density during thermal treatment.

7.2.7 Dynamic light scattering

Dynamic light scattering (DLS) is one of the mostumonly used methods to analyse
nanoparticle size. When particles are suspended liguid, they undergo constant
random motion, known as Brownian motion, whereichegarticle is constantly moving,



and its motion is not correlated with that of otlparticles. The diffusion of spherical
particles can be described by the Stokes—Einstpiaten:

_ KkgT
~ 3mnd

where,kg is the Boltzmann constant, T is the absolute teatpee,n is the viscosity of
the solvent, D is the diffusion coefficient of tparticles, and d is the diameter of the
particles. Accordingly, smaller particles move moaidly in solution as compared to
larger particles.

When a particle is irradiated by a visible lightpart of the light will be transmitted
through the sample and a part can be absorbed éoysdmple (Figure 5A, B). For
particles considerably smaller (at least 20-foltBrt the wavelength\) of the incident
radiation, the radiation will be scattered in diffiet directions, without altering its
wavelength or energy. This elastic scattering gttlis known as Rayleigh scattering. As
light scatters from the moving particles, the distabetween patrticles varies with time
which creates constructive and destructive interfees in the intensity of scattered light,
resulting in time-dependent fluctuations in theeidity of the scattered light, which in
DLS are measured by a fast photon counter. Thesuation of scattered light intensity as
a function of time reveals information on the vélpof the particles, known as the
translation diffusion coefficient. As expected, gar particles will cause smaller
fluctuation rates in the scattered light, whereamlker, faster particles will result in
higher fluctuation rates. From the translation wfobn coefficient, the hydrodynamic
diameter of particles can be calculated using tio&eS-Einstein equation. The practical
upper limit of the particle size determined using DLS method is around 1-u8n.

DLS is one of the most frequently used methodssfpe estimation of nanoparticles.
Sample preparation and the measurement method fbf [@re simple and
straightforward. Since DLS depicts the intensitygcéttered light as a function of particle
size distribution, which can be converted to thmantribution per volume or relative
number, DLS can be used to observe subtle chamggmriicle sizes. For instance,
diameter changes after silica coatings on gold parles have been described [47].
Due to the low contrast of silica, measurement3 BWM correspond only to the metallic
cores, whereas the results obtained by DLS correspm the total size of the metallic
core and the coating layer, enabling the assessofie¢hé thickness of the coating layer.
Another application is evaluating particle stapiiver different conditions. For example,
Guidelli et al. determined the minimum concentnataf a stabilizing agent required to
prevent particle aggregation [48]. In 2013, Barstch et al. [49] used DLS to study the
interaction and complex formation between CdSe/BE&OH 570 Quantum Dots with
negatively charged meso-tetrakis(p-sulfonato-pheoybhyrin (TPPS4). DLS has also
been utilized to study the changes in particle éi@nms after encapsulation of small
molecule drugs into polymeric micelles [50] or Igmmnes [51].

On the other hand, DLS measurements are also easijtive to the salt concentration,
pH or the buffer in which the nanoparticles arepsusied. In a comprehensive study,



Huang et al. [52] demonstrated impact of polymercemtration, type of organic solvent,
temperature, aqueous phase ionic strength, orgdrase injection rate, aqueous phase
agitation rate, gauge of the needles, and finayrpet concentration on the size of the
poly(D,L-lactic-co-glycolic acid) nanoparticles nsemed by DLS.

An important parameter for DLS measurements isptblg dispersity index (PDI). The
intensity size distribution of particles is higtdgnsitive to small numbers of aggregates.
If particle size distribution can be fitted to a USaian distribution, the PDI can be
calculated as

PDI = d
=&

where,c represents the standard deviation Bpdthe average hydrodynamic radius. A
higher PDI indicates that the mixture contains ipkes of different sizes and the
hydrodynamic diameter is the average of this mgturrespective of the relative
contribution of each different particle (i.e. if @0of the mixture has a diameter of 100
nm and only 10% has a diameter of 1000 nm, DLS uoreasents will result in an
average diameter of 200-400 nm). In addition, sizalyses of nonspherical particles by
DLS must be performed with caution. Since the dated diameter for DLS is calculated
by the Stokes-Einstein equation, the diameter ohoa-spherical particle will be
approximated to that of a sphere diffusing in thene medium at the same velocity
regardless of the particle shape. To circumverd gioblem, Badaire et al. [53] used
depolarized light for DLS measurements of the sizearbon nanotubes in suspension.

Taken together, considering that the limitationsDifS are mainly associated with

particle geometry, it provides one of the most picat and fastest ways to study particle
size distributions in monodispersed and polydigeérsystems and the kinetics of size
evolution under different conditions.

7.2.8 Tuneableresistive pulse sensing (TRPYS)

Due to its ease of use, high throughput naturetandd applicability DLS is currently
the preferred method for nanoparticle size charaettion. However, when analyzing
polydisperse systems, the Z-average value obtaafedt DLS measurements is not
indicative of the neither population’s actual hydlypamic diameter. Recently, tuneable
resistive pulse sensing (TRPS) has shown to bgldyhsensitive method to determine
individual particle sizes as well as the real sirgtribution, with similar accuracy to
TEM, for a nanoparticle suspension. TRPS can bd fmesize estimations [54], with a
lower detection limit of 40 nm, for concentrationadysis, to analyse nanoparticle shape
[55], [56], conductivity [57] and also surface chaf58], [59].

TRPS is based on th@oulter principle,wherein whenever a particle passes through a
single pore in a thin membrane, separating cellsdfiwith electrolytic solutions, the
ionic current passing through that pore is blockeda short period of time resulting in a
“resistive pulse”. This electric signal, proportabro the particle volume, is recorded and
analysed for each particle, one after the othamethy resulting in a particle-by-particle
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size estimation, providing in the end number-wesghpopulation statistics. TRPS uses a
polyurethane membrane wherein the size of the raeagan be ‘tuned’ [60] (Figure 5C-
E). Since TRPS relies on changes in electric curierequires conductive solutions for
the analysis, making it incompatible to charactenmnoparticles under physiological
buffer conditions.

Our group recently demonstrated that for sSiRNA-pay polyplexes, which were largely
monodisperse, particle sizes depending on usedadtihs (ratio between excess polymer
to siRNA) followed a similar trend [21]. Interesgily, DLS measurements performed in
HEPES showed the smallest particle sizes and nftisteat SIRNA packaging at a
polymer per siRNA excess of N/P 5.5. On the otlardh in the high ionic strength TRPS
electrolyte solutions, the smallest particles walbserved at N/P 4. Although the TRPS
data displayed slightly higher mean diameters,aVerage sizes as well as the number-
weighted distribution profiles were in acceptalieegment with DLS data.

Pal and colleagues directly compared TRPS and DdSharacterize polydisperse
dispersions of engineered nanomaterials in compkdk culture medium, containing
serum, mimickingn vitro testing conditions [61]. They performed serial tidas of the
engineered nanomaterial dispersions over the 0.9#ffhL concentration range in
RPMI+10% FBS. In nanotoxicology studies, lower raarticle concentrations have
shown to be better tolerated (<1 mg/ml), thus teracterization of nanomaterials at low
doses is critical. Their results, summarized inuFég6 and Table 1, show that DLS
produced very broad unimodal size distribution®sgrall concentrations. The measured
average hydrodynamic diameter decreased from 31f{ah®B0ug/mL) to 43 nm (at 0.5
ug/mL), this later peak corresponding to serum pmstgconfirmed with blanks). In
addition, the PDI increased from 0.3 to 0.4 to [bwel ug/mL. On the other hand, TRPS
size distributions were bimodal (peaks at 220 &f@iréim), which did not change notably
as a function of their concentration. In additismce TRPS has a lower cut-point at 40
nm, serum proteins were not measured. As expeittedrequency at which the particles
went through the pore also dropped from 1000 gasimin (at 50 pug/ml) to 134
particles/min (at 0.5pg/ml).

Further, TRPS also provides indirect information perticle shape. For particles of
similar dimensions, for instance, it was shown tihat resistive pulse signal of a rod is
significantly different from that of a sphere [5@]he resistive pulse of a particle with
different shapes can be distinguished by the blgelevent magnitude, revealing particle
size and the full width at half maximum duratioglated to the time taken for the particle
to traverse the pore, dependent on its speed agthle

7.2.9 Nanoparticle tracking analysis

One of the more recent techniques, nanoparticlekittg analysis (NTA), is an
innovation system to characterize the size of nartagbes. In NTA, the particles, moving
under Brownian motion, are illuminated by a lasearin and the light scattered by them
is recorded by a microscope camera (Figure 7). ,Thash individual particle can be
tracked and its hydrodynamic diameter can be catledl based on a modified Stokes-
Einstein equation. For NTA, the measurable sizgean between about 50 - 1,000 nm,
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depending on the refractive index of the analysadigles. With real time monitoring,
subtle changes in the characteristics of partidpugations, such as aggregation or
disassembly under different conditions (eg. therrsabss) can be observed and
confirmed by visual validation. In addition, NTArcalso provide approximate particle
concentrations. Filipe et al [62] compared NTA ddS measurements of polystyrene
particles and protein aggregates. Both techniqimesved good sizing accuracy and
narrow distributions for all monodisperse sampleslystyrene beads). However, when
beads of two different sizes were mixed togetheesult in a polydisperse system, NTA
was able to resolve and distinguish the two sizaufagions in all mixtures, resulting in
accurate size estimations of the beads in the n@gt(Figure 8). On the other hand, DLS
resulted in a broad single peak, shifted towardddbger sizes present.

7.3 Surface Charge

Surface chemistry and charge play critical rolesanopatrticle stability and aggregation,
cellular uptake [63], [64], [65], [66]n vivo biodistribution [67], cytotoxicity, activation
of the immune system [68] and the development amadposition of the protein ‘corona’
that develops around the nanopartictesivo [69].

Generally, positively charged nanoparticles havenbshown to be taken up more
efficiently via phagocytosis than neutral or negalif charged patrticles, irrespective of
their composition [66]. On the other hand, slightBgatively charged nanoparticles were
shown to be taken up by tumour cells more effidyemtith low liver uptake [64]. In
addition, negatively charged samples also did igtifecantly adsorb proteins thereby
reducing their clearance by the reticuloendothedimtem (RES) and improvirig vivo
compatibility. By varying the surface charges, oren thus vary the electrostatic
interaction between the nanoparticles and serurteip thereby affecting the fate of
nanoparticles administered in biological systems.

The surface charge of nanocarriers can be inféodyy measuring theiZ eta potential
(C-potential), which describes the electrokinetic potentiatalloidal dispersion. Thé-
potential represents the electrostatic potentighatplane of shear and typically samples
with (-potential values higher (or equal to) +20 —n3@ form stable colloidal
suspensions that do not tend to agglomerate [A@}e@t characterisation methodologies
are based on ensemble measurements (e.g. phagsisafight scattering, laser doppler
anemometry, streaming potentiometry) that measweaverage electrophoretic mobility
of particles in suspension. However, while deakvith polydisperse systems (such as
polyelectrolyte complexes) that contain a hetereges mixture of a range df-
potentials, an ensemble approach is problematiagussistive pulse sensing, Deblois et
al. [71] first performed single particle electro&tic measurements, which are discussed
at the end.

7.3.1 Laser doppler anemometry

One method for the measurement of theotential is based on the relative
electrophoretic motion of particles and electradytégthin an applied electric field. In this

technique, voltage is applied across a pair ofteldes at the ends of a cell containing
the particle suspension and is irradiated withrléigat. The particles are attracted to the
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oppositely charged electrode, and the velocity ¢ particles can be measure by
observing the Doppler shift in the scattered ligtite direction and velocity of motion of
the nanoparticles is a function of their charge,gbspension medium and the strength of
the applied electric field. Their mobility can thibe calculated as the ratio of the velocity
to the applied electric field strength.

Avd

2E.n.Sin (%)
where A is the wavelength of the laser ligMgl, the particle velocity determined by the
Doppler shift; E, the applied electric field strémgn, the refractive index of the solvent
used and the scattered light angle,

Subsequently, thépotential can be calculated according to the etepbtential of the
particle at the shear plane using the followingtiehship

__Un
¢= ef(ka)
where, U is the electrical mobility; the dielectric constant of the solventthe solvent
viscosity and f(ka), the Henry coefficient.

Interstingly, Liao and colleagues demonstrated ke dependence of-potential of
Titanium oxide (TiQ) particles irrespective of their size and shap4].[&imilarly,
Sharma et al. observed pH-dependency of Gipotential of magnetic iron oxide
nanoparticles coated with citrate, PEG-PEI, CM-thext dextran, and methoxy-PEG-
phosphate- rutin over a pH range from 2 to 10 [47]. They obserthat the citrate or
PEG-PEI coated precursor magnetic iron oxide gasgtiblad a strongly positivé-
potential at pH <3, i.e. around 40 mV while othetymers displayed a mildly positive
(-potential (< 10 mV) at low pH values (Figure Mtdrestingly, all polymer coatings
except PEG-PEI demonstrated negatjy@otentials at higher pH (pH > 5) while PEG-
PEI had a positivé-potential across the entire pH range tested. Thardages of laser
Doppler anemometry are that the method requiresmrminsample preparation, can
analyse multiple samples, provides results withdgstatistics, and, by using disposable
cuvettes, avoids cross contamination between sample

7.3.2 Single particle electr o-kinetic measur ements

TRPS can be used to measure the surface chargartaflgs in suspension, enabling
single particle surface-charge measurements leatbngobust and reproduciblé-
potential measurements. This property is basedhenrésistive signal duration as a
function of the applied pressure or voltage actbsspore. The average electrophoretic
mobility shift is then calculated with respect teetcalibration standards (carboxylated
polystyrene particles, for example) with known age{-potentials. The step by step
calibration process and the consecutive zeta patecdlculation of the sample on a
particle-by-particle basis have been explainedetaitl by Blundellet al [72] and Vogel
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et al. [73, 74]. Briefly, there is a linear relatghip of electrokinetic (electroosmotic and
electrophoretic) particle velocities of sample aralibration and their respectivé
potentials, based on the Smoluchowski approximd#éh

7.4 Porosity

Over the last decade, mesoporous nanoparticles lheme actively investigated in the
areas of drug delivery and imaging. Mesoporous pariitles can be made of inorganic
materials, often silicon or silica. The most rensdnle advantage of mesoporous
nanoparticles as drug carriers is their extremegh hsurface to volume ratio, large
surface area (700 — 100G/y), and large pore volume (> 0.9 cm3/g) [76], [WHiile still
maintaining a thermally, mechanically and chemycaliable and rigid framework [78].
The small size of the pores confines the space drug and engages the effects of
surface interactions of the drug molecules and ghee wall. Pore diameters of
mesoporous materials lie betweer52 nm, allowing high payloads of therapeutic
molecules while protecting them from prematureaséeand degradation [76]. Thus, they
can be used to deliver large doses of hydrophatigsito target organs, at a controllable
release rate [79].

Porosimetry is a useful technique for the charazton of porous materials, providing
information about the pore size, pore volume, amdase area of a sample [80]. The
technique is based on the intrusion of a non-wgtliquid (such as Mercury) into the
voids in a porous sample. As pressure is appliegtcuamny fills the larger pores and
further proceeds to fill the smaller pores as tippliad pressure increases. Using
mercury porosimetry, pores between about 250 pm3aham can be investigated [80].
Using the Washburn Equation the pore diametg) ¢@n be calculated as

D, — 4o0cos6

(P —Pg)

where,c is the surface tension of mercufy; the contact angle of mercury (between
135° -142° for most solids), Bhe pressure applied to mercury angl e gas pressure
(since the assay is usually performed in a vacuhisyvalue is 0) [80].

7.5 Viscosity

The viscosity of a nanoparticle suspension sigaifity influences its injectability, since
high viscosities require high injection forcesakidition, highly viscous fluids should not
be injected intravenously due to the risk of pulamynembolism [81] and should be
administered subcutaneously. Interestingly, a Jewy viscosity of a subcutaneously
injected solution has also been associated witiner@ased sensation of pain. Berteau
and colleagues compared the pain perceived aftecusaneous injections of three
different fluid viscosities (1, 8-10, and 15-20 ci)d observed that high viscosity
injections (up to 15-20 cP) were less painful ammhsequently, the most easily tolerated
ones [82]. Since the application route of nanoplartsuspensions depends on their
viscosity, knowledge of their rheological propestimecomes crucial. Particle size, shape,
concentration and temperature affect the nanossgpeniscosity [83], and Rudyak and
colleagues reported that nanoparticle size hadsthengest impact on viscosity as
measured by rheology [84].
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Rheology studies flow behavior and is normally &aplo fluid or ‘soft solid’ materials,
such as hydrogels. Flow is typically measured ushngpar stress and its parameters, stress
(t) and strain ratey} are calculated from measurements of torque avd ifate. Viscosity
(n) is defined as
T
n=-
Y

Experimentally, a rheometer can measure the viasteity, yield stress, thixotropy,
extensional viscosity and stress relaxation bemaviahe suspension. There are three
main types of rheometers: capillary, torque, andadyic rotational. For a capillary
rheometer, the sample is forced to flow througtagillary of well-defined dimensions
under high pressure, and the pressure drop adntessapillary is measured resulting in
pressure-flow rate data for the fluid, from whidsoosity is calculated. Temperature and
shear rate can be closely controlled to simulagepfocessing environment of interest
and smaller sample volumes can be evaluated, witiay be beneficial for more
expensive formulations, such as nucleic acids ongulmnal antibodies [85]. A torque
rheometer resembles an extruder and measuresrtjue ton the mixing screws or rotors,
which reflects how hard it is to mix the materiaddacan be correlated to viscosity [86].
While both capillary and torque rheometers typicaltovide data on viscosity and melt
flow as material passes through the instrument,adya rotational or oscillatory
rheometers probe into a polymer’'s molecular stmecand viscoelastic properties. These
instruments place the plastic sample between twopooents, one stationary and one
that turns back and forth at adjustable speed petate at relatively low shear stress.

An ideal fluid flows in Newtonian behavior, withliaear relationship between stress and
strain rate and zero stress at zero strain rateveMer, only a small number of fluids
exhibit such constant viscosity. Most fluids shoansNewtonian behavior, of which
most commonly demonstrate plastic or pseudoplasti@aviours. For plastic fluids flow
only initiates after a certain level of stress p@plaed (yield stress), however, once
attained, subsequently the relationship betweessstand strain rate is linear. On the
other hand, for pseudoplastic fluids viscosity dases as strain rate increases [87].

7.6 Concluding remarks and future perspectives

Nanomaterials have great potential for use in dkrelgvery, improving drug stability and
releasdn vivo while minimizing toxic side effects. Over the last decaal@apid growth

in the development of nanocarrier systems has besoribed, which exist in various
chemical compositions ranging from micelles to rnsetar metal oxides, synthetic
polymers or biomolecules. Each of these materialstufes a completely different
chemistry, surface properties and interaction gakrparticularly with proteingn vivo.
The choice of the nanoparticle characterizatiorhniegues depends at first, on their
physical form, i.e. solid samples and powders @psusions. Solid or dry samples
provide considerable freedom in the choice of teqm and can be analysed by electron
microscopy, AFM or X-ray scattering. Nanoparticlesgensions, on the other hand are
more challenging, especially in case of high pdpdisity, and can be evaluated by light
scattering or NTA techniques. Characterizationha surface charge is almost always
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performed by electrophoretic methods, irrespeabivparticle state. Subsequently, it is
imperative to characterise nanoparticles under ehegisioned biological operating
conditions of the nanomaterial. Components of Ilgwlal fluids, such as proteins, often
interact with and assemble with the nanopartigles,lting in the formation of a protein
corona, thereby altering their initial surface prdjes (Box 1). In summary, to get a full
picture of the physico-chemical characteristicsahoparticles, typically a combination
of the techniques described here is essentiahdt) éven to analyse a single parameter,
such as size, a combination of techniques may ttekd employed.
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Important notes

* Nanoparticle characterization i® major obstacle in nanoscience and
unfortunately cannot be addressed in a straightdicdwnanner.

* Nanoparticles possess unique physicochemical giepetue to their high surfacs
area and nanoscale size, depending on their sbiapegnd structure.

» Different physicochemical properties define theustre-function relationshipin(
vivo) of a nanopatrticle and precise evaluation of easpécially shape, size, charge
and porosity) is critical.

» Measuring these properties is important for traimgjathe potential benefits of
nanoparticles into specific applications in drug\ay or as diagnostic tools.

S

1Y%

Questionsfor futureresearch

* How does one decide what is the best method to use? In most conditions, a
combination of methods is required to fully chaeaize a sample. The choice of
methods depends on prior the nanoparticles’ phlygcan, whether dry, poweders
or colloidal suspensions. In addition, if the naamoiers are sensitive to high energy
electron beams or whether they have crystallinectires. Polydispersity of the
samples also adds an additional parameter to ceEmsebpecially when light
scattering methods are used. Moreover, nanopatgteuld be characterized i
buffers that mimic the pH, temperature and ionrergjth that the nanoparticle
would encountein vivo as closely as possible.

* Does the nanoparticle result in the formation of a protein corona in contact
with plasma? This depends on the particle size, surface toposoglcomposition.
The formation of a protein corona around the narigpas result in decreased
activity by masking the surface of the particlesvadl as resulting in immune
recognition. Therefore, depending on the presemcsence of a protein coron:

[20=]

j-l.l
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the same NPs can induce different biological oueam
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Figure 1. Nanocarriers used in drug deliver&. summary of nanocarriers explored as
carriers for drug delivery, together with illusimats of their biophysicochemical

properties.
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Figure 2. Scanning vs. Transmission electron microsc&ignplied schematic diagram
of A) SEM and B) TEM. C, D) SEM and TEM micrograple$ C) poly(methyl
methacrylate) (PMMA) microspheres and poly(vinyl acetate) (PVA) microspheres
prepared under the same conditions. The scale Bapm.Reproduced from [19] with
permission from American Chemical Society.
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Figure 3. Cryo-TEM analysis of four liposomal doxorubicinrifioulations. Cryo-TEM
images of Doxil® (A, B), Caelyx® (C, D), DOXOrubiti(E, F) and SinaDoxosome (G,
H). Scale bars: 200 nm. Black arrows indicate enliptysomes (D), an oligolamellar
vesicle (E) and disks (G). White arrows represetefon view of disks (G, H).
Reproduced from [26] with permission from ElseBeY.
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Figure 4. Atomic force microscopy.A) Simplified schematic of AFM. B) SEM
micrograph of a AFM probe tip. Reproduced from [3&h permission from AIP
publishing. C) Rupture force histogram plottedgabstrate functionalized with free folic
acid (left) and functionalized with folate decoxhteanopatrticles (right). Reproduced
from [42] with permission from Elsevier B.V.
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Figure 5. DLS vs. TRPS. A) Schematic illustration of DLS. Bypothetical DLS
scattering plots of smaller particles (top) andyéarparticles (bottom). C) Schematic
illustration of TRPS. Tunable pores are locatedhim central septum of a polyurethane

membrane (Memb.), placed within a fluid cell. D)pgResentative data of one typical
pulse in detail. E) Number based size distributibtained from TRPS analysis.
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Dynamic Light Scattering Tunable Restive Pulse Sensing
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Figure 6. Comparative evaluation of TRPS and DLS in char&hg sensitivity and
stability of size distribution measurements of aiese of sequential dilutions of
nanoparticles from 0.5-50g/mL, prepared from a stock solution of 5Q@/mL in
RPMI+10% FBS. The graphs represent averages ofickip measurements. Note
changes in the DLS size distributions belowdmL, especially left-side broadening of
the peak and appearance of a smaller peak <50efaied to proteins in serum. At higher
concentrations (50g/mL) the peak broadened to the right. In contta®2LS, the TRPS
size distribution remained fairly constant over theéhole concentration range.
Reproduced from [61] with permission from Ameri€dlemical Society.
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Figure 8. Size distribution from NTA and DLS measurements roixtures of
monodisperse polystyrene beads (middle panels) wieh corresponding NTAvideo
frame (left panels) and 3D graph (size vs. intgngst concentration; right panels)) 60-
nm/100-nm beads at a 4:1 number ratio; b) 100- @@fn beads at a 1:1 number ratio;
c) 200-nm/400-nm beads at a 2:1 number ratio; d}-r8/1,000-nm beads at a 1:1
number ratio. Reproduced from [62] with permissioom American Association of
Pharmaceutical Scientists.
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Figure 9. The measured pH-dependent zeta potential of magnebdn oxide
nanoparticles (MNPs) coated with citrate (red), PEFES (blue), CM-dextran (green),
dextran (magenta), and methoxy-PEG-phosphatéin (amber) in waterAll MNP
constructs displayed a negative surface charge Hat7p except PEG-PEI MNPs.
Reproduced from [47] with permission from Sprindeture.
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Table 1. Effect of dilution on hydrodynamic size by DLS ahRPS

DLS TRPS
NP dilution in Oh z-ave(nm) | Pdl size mean | size mode
medium (nm) (nm)
1:10 311+11 0.37| 317 228
1:50 223+1 0.28 | 291 204
1:100 240+ 4 0.48| 315 210
1:500 70+2 1 313 223
1:1000 43 +£2 1 297 208

Table modified from [61]
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Table 2. Summary of characterization methods for nanopasticl

Method

Nanoparticle state

Parameter

Advantages

Disadvantages

Transmission electron
microscopy (TEM)

High vacuum, dried
sample

Size, size distribution
Shape

Direct imaging of nanopatrticles at Tedious sample preparation

very high resolution (<1 nm)

High energy electron beam may
damage sample

Scanning electron
microscopy (SEM)

High vacuum, low
pressure

Size, size distribution,
surface structure

Single particle resolution,

Lower energy electron beams as

TEM

Limited resolution and penetration
depth

Atomic for ce microscopy

Dry or liquid

Size, shape, binding force Allows high resolution

to modified cantilever

measurements in different
conditions

Particles must adhere to a fixed
surface

X-ray diffraction (XRD)

Dry, powdered

Crystallite size

Determines crystalline/amorphot
phases and information about

crystal structure

Low sensitivity
No information about particle size,
shape

Small angle X-ray
Scattering (SAXYS)

Dry, in suspension

Size, size distribution andHigh sensitivity.

shape

Information about particle
morphology is required

Dynamic light scattering

In suspension

Hydrodynamic radius and Large measurement range (0.6 n

intensity based size
distribution

to 1pm)
Rapid and high throughput

Biased towards larger particles in
suspension, difficult data
interpretation for polydisperse sampl

es

Tuneableresistive pulse

In suspension (in

Size, shape, concentrationTunable detection range, single

Requires specific liquid (conductive)

sensing (TRPS) conductive liquid) { potential particle resolution and careful initial calibration
Nanoparticle tracking In suspension Hydrodynamic radius, siz Single particle resolution, suitabli Requires highly scattering particles
analysis(NTA) distribution, concentratior for highly polydisperse samples

Laser doppler In suspension Surface Chargef Rapid and high throughput, Depends on the model applied to
anemometry potential) minimal sample preparation convert mobility tol potential

(electrophor etic mobility)

Porosimetry

Dry

pore size, pore volume,
and surface area of a
sample

Compatible with polydisperse

samples

Sample cannot be used subsequent

Yy
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