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Polymer Nanoparticle Characterization
in Aqueous Suspensions

Cécile Duclairoir and Evelyne Nakache
Equipe Polymeéres-Interfaces, ISMRa, Caen Cedex,
France

This article evaluates several techniques for measuring nanoparticle size
in suspension. The direct techniques measure the nanoparticle size by
electron microscopy. However, with this technique, the particles must be
observed dry, except in the case of environmental microscopy, and their
distribution is calculated by performing image analysis. Other indirect
methods, based on measurements of intensity fluctuations allow size
measurement but these methods are dependent on sample preparation
(concentration, polydispersity, etc.). Two types of materials are char-
acterized and discussed herein: model polystyrene latex particles used for
size standardization in several devices and polydisperse wheat protein
nanoparticles prepared in our laboratory. Our results show that no size
characterization method is totally universal and absolute. Coupling at
least two different methods allows for more rigorous size characteriza-
tion.
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Nowadays, polymer colloids are of great interest in many fields: drug
vectorization, agrochemistry, varnishes, paints, inks, and so on. Their
industrial use is related to their efficiency, which is a function of several
parameters: their particle size, surface properties, loading capacity, and
release capacity. In pharmaceutical applications, for instance, sub-
micronic vectors such as drug loaded polymer nanoparticles have to
reach the extremity of the smallest blood capillaries, whose diameter is
about 4 um. Their small sizes are therefore obviously of great importance.

Numerous techniques have been used to characterize colloids, but their
applications may be limited by theoretical considerations or by experi-
mental limitations. The purpose of this article is, first, to review some size
characterization techniques used to characterize nano- or microparticles.
Some techniques (light scattering, laser granulometry, electron micro-
scopy) will be described extensively. This presentation will also discuss, in
a less systematic way, the applications of the Coulter counter, ultrasonic
or confocal microscopy, and sedimentation techniques. Second, we will
illustrate some of these techniques by analyzing data on very dilute sus-
pension of standard latexes and plant protein nanoparticles'’, studied in
our laboratory. Both theoretical background and practical applications
will be discussed here. Usually nanoparticles are formed from synthetic
polymers, but they may also be formed from animal proteins. The
nanoparticles studied herein are biocompatible, biodegradable, and,
contrarily to animal proteins, they are free from prions.

The sample polydispersity is also a very important parameter, but it
can be hard to estimate. We will discuss here how to overcome this
difficulty.

REVIEW OF NANOPARTICLES SIZE
CHARACTERIZATION TECHNIQUES
IN AQUEOUS SUSPENSIONS

Methods for measuring nanoparticle size may be divided into two
categories: nondestructive methods and destructive methods. These
methods may also be categorized according to practical advantages and
disadvantages, such as limitations on size range, etc.

Nondestructive Methods

The nondestructive techniques allow the study of particles in an
aqueous medium, which may or may not be diluted. For easy size
characterization, the sample must be either monomodal (a unique size
distribution) or multimodal (several size classes) with a limited poly-
dispersity (narrow size distribution).
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Light Scattering

Light scattering (LS) requires the use of highly diluted samples in
order to avoid multiple scattering. The Particles in suspension are sub-
jected to Brownian motion and scatter’” the monochromatic incident
light (wavelength 2) in the diffusion volume shown in Figure 1P, In order
to avoid particle interactions, the sample has to be highly diluted with the
continuous phase of the suspension. In such an ideal case without any
particle interactions, the intensity fluctuations are collected by a photo-
detector. The data may be treated in two ways:

e Data averaged over a period of time: so-called dynamic light scattering
(SLS)

e Time dependent acquisition: so-called dynamic light scattering (DLS)
and then fitted by theoretical models

When a size determination is carried out by LS, it can be difficult to
choose the best algorithm to use for the interpretation of the data. These
algorithms will be discussed in the sample studies section. Nowadays, any
LS apparatus gives a size evaluation, but care must taken to assure
proper data interpretation. Rayleigh!®!, considering time-averaged scat-
tering of isolated spherical scatterers, treated the simplest case. Rayleigh
scattering only applies to particles smaller than 1/20[5]. When particles
are larger than about 4/20, the method commonly called SLS gives the
radius of gyration, the molecular weight and the second virial coefficient

:}'L Incident ray
i

Monochromatic
source

Scattering
intensity, [(6)

FIGURE 1 Light scattering device (courtesy of Oxford University Press™).
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of the g)olymer. By a more complex approach, Rayleigh—-Gans—Debye
theoryl® 71, investigates particles in interaction in a diluted medium. Sizes
up to 4/2 can be measured. The usual incident light is a red or green laser
(/ is less than 640 nm), so the biggest observed size is about 300 nm®.

DLS is a broadly applied size characterization technique, also known
as photon correlation spectroscopy (PCS) or quasi-elastic light scattering
(QELS). By this technique, the intensity fluctuations are fitted, with the
help of a correlator, by an autocorrelation function G, as a function of
time (Eq. 1).

G (1) = exp(—Dq*1) (1)

with D the translational diffusion coefficient, n solvent refractive index,
and /A the wavelength of the incident beam. The wave vector ¢ is given by

g=""sin (g) )

with 6 the observation scattering angle and #» the refractive index of the
medium. Different algorithms or theoretical models can be used for data
treatment and by Stokes law and Einstein’s equation of Brownian
motion, they can yield the diffusion coefficient D and, consequently, the
hydrodynamic radius R; (radius of sphere having the same diffusion
coefficient as the polymer) as given in Equation 3.

kT
~ 6myD

3)

Rh

with k the Boltzman constant, T the absolute temperature, and # the
sample viscosity. No calibration is needed, and the measured value is
absolute. For spherical particles smaller than 1/2, a single measurement
at 90° is sufficient, although for polydisperse materials angular depen-
dence on the measured D values may be observed.

In the two LS methods, plots of the particle diameter versus the size
distribution are generated as shown later in the sample studies. These two
approaches do not take into account the angular dependency of the
intensity fluctuations, even if they are accumulated at different angles
between 30° and 150°. For larger particles, which are bigger than A,
the intensity fluctuations depend dramatically on the observation angle.
The Mie theory™®, based on refractive index fluctuations, covers up this
angular dependence and gives the closest size classes to the real size
distribution. The two LS approaches diverge from each other for particle
size greater than 350 nm (i.e., 1/2) and the differences increase dramati-
cally. For instance, for a same relative scattering intensity at 90°, the
displacement could reach more than 100 nm for submicronic particles.
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The Mie theory allows the observation of particles of, at least, a few
micrometers.
The DLS drawbacks are as follows:

e Several angle acquisitions are necessary, except for spherical particles.
In that case, acquisition at a single angle of 90° is enough.

e The preparative conditions must avoid any pollutant such as oil on the
glassware or ambient dust during experiments and even before. The
glassware has to be cleaned carefully with sulfochromide or surfactant
mixtures and solvents have to be filtered.

e The sample has to be very diluted, which may provoke a dilution
shock. A slightly blue coloration appears for very diluted suspensions
of particles smaller than the light wavelength.

e Numerous algorithms are necessary to interpret light fluctuations and
to discriminate their various meanings.

e The proportions of the different size classes are related to peak areas,
and, due to theoretical assumptions, they could diverge from reality.

Laser Granulometry

Laser granulometry is based on light diffraction by a beam whose 4 is
smaller than the particle size. The particle refractive index must be dif-
ferent from that of the aqueous medium. A concentric annular detector
at small angles collects the diffracted light. The difference between the
refractive indexes of the particles and the medium leads to the particle
size. The study of the intensity fluctuations allows measurements of the
size distribution, X(d), as given by Eq. (4) with the help of Mie theory™

i 2n+1)/ + 1)|{a,m,(cos 0) + b,t,(cos )}

<y 4)

where 7, and 1, are related to Legendre polynomials as given in Egs. (5a)
and (5b)

7.(cos 0) = PV (cos 0)/sin 0 (5a)
and
,(cos ) = je( (1 (cos 0)) (5b)

and a, and b, are dependent on the particle size, d, and on the relative
refractive index of the particles to their medium, m1, as shown in Egs. (6a)
and (6b).

an = {¥n(0) ¥ (B) = m¥u(B)¥n(e) }/{Cu(2)ln(B) — mEy(B)Cu(®)}  (6a)
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by = {mW, (@) Vu(B) = n(B) V(o) } /{mCn(2)Cu(B) = Cu(B)Eu(e)}  (6D)

with a = 2nd/A and § = mo and ¥ Ricatti-Bessel functions and { Hankel
functions.

A lens with a focal length of 45 um situated between the incident beam
and the sample cell, as shown on Figure 2, allows the observation of
particles between 0.1 and 80 um and a lens with a focal length of 100 pm
positioned after the sample cell and before the detector, as represented in
Figure 3, characterizes sizes from 0.5 to 170 um. Thus different optical
systems allow the measurement of different size ranges.

Laser granulometry requires some caution during sample preparation:

e Elimination of dust (glassware cleaning, filtered solvents, etc.)

e Use of the ideal sample concentration, which is often a balance
between a limited sample quantity and systematic dilution. This
dilution may disturb particle stability. Usually, prior to the measure,
a concentration test is done by the estimation of an obscuration factor
of the suspension.

e Prevention of possible gas bubbles during the stirring or ultrasonica-
tion of the sample

Reverse Fourier Optics

Focal length = 45mm
45mm - 4.y posilion motors
expanded 1
laser Size range : 0.1 - 80Lm
bezm T [ detector

! 2
2 position
‘A T molor

E_jaL I I
lens position 1
cell

FIGURE 2 Laser granulometry device: 45mm lens focal (courtesy of Malvern
Instrument Limited).
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Normal Fourier Optics
Focal length = 100mm

molor
~ l?‘ﬂ foonn Size renge : 0.5 - 170Um
1 delector
laser motar
I M !
cell e

FIGURE 3 Laser granulometry device: 100 mm focal lens (courtesy of Malvern
Instrument Limited).

The resulting plot is similar to the plot generated in DLS: size
distribution vs. volume-average diameters.

Coulter Counter

Largely used by the paint and pharmaceutical industries, this method
is an electronic size measuring technique. It is based on the Coulter
principle!® of allowing the dispersion to flow through a narrow aperture,
where particles cause a change in the conductivity of the medium (see
Figure 4). This conductivity variation, R, is a function of particle dia-
meter, d, and its volume, V, as shown in Eq. (7).

£
A2 )
R= 7’111 (7)
e
I_O_ﬂﬂ
with A4 the aperture section, r, the electrolyte resistivity, r, particle
resistivity. This method is not very sensitive to submicron sized particles.

This instrument was one of the first particle size instruments on the
market and it is simple and quick to use.
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FIGURE 4 Scheme of Coulter counter apparatus (courtesy of Micromeritics).

The drawbacks are encountered in the following:

e The sample preparation must be without pollutant (i.e., oil on the
glassware or ambient dust).

e The difference in the conductivity between particles and the medium
has to be significant. The ideal case consists of a conducting medium
with a nonconducting particle.

Ultrasonic Spectroscopy

Since the beginning of the 1990s, vesicle and polymer particle dia-
meters have been measured by ultrasonic velocity!'”. In the emulsion
domain, this technique is very common and facilitates size investigation
from 10nm to 1,000 um. For high frequencies (i.e., study of large
particles), the ultrasound can be destructive, so this method should be
used with caution. This is especially the case for fragile objects such as
vesicles or emulsions.
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The main advantage of this technique is its application to concentrated
particle suspensions. Caution has to be observed in preparing samples
without gas bubbles, which may disturb ultrasonic wave displacement.

Confocal Microscopy

Confocal fluorescent microscopy!'! involves the study of labeled core
particles. It can be easily achieved with the help of fluorescent markers
for polymerized particles. In confocal microscopy, all objects out of focus
are suppressed from image formation. The minimum measured size is
200 nm. Three-dimensional representations can be built up from two-
dimensional image analyses.

By such microscopy, very small quantities, even of polydisperse sam-
ples, can be observed. This technique also generates very high quality
reflected images in brightfield. The disadvantages are necessary fluor-
escent core and matching solvent in order to reduce light scattering.

Environmental Microscopy

This most recent technique is based on scanning electronic micro-
scopy, but the aqueous environment of the particles is preserved (no need
to dry sample). Performing measurements involves exposing a drop of the
solution sample to an electron beam with a pressure gradient in the
specimen chamber, as shown in Figure 5!"2. This allows a sufficient
sample hydration instead of the high vacuum required in traditional
electronical microscopies. Following irradiation, the sample emits sec-
ondary electrons collected by a detector, as shown in Figure 6. Their
topography is observed in the sample micrograph. Recent work has
shown that by minimizing the electron beam path through the vapor and
by working at the lowest acceptable pressure, remote electron scatterin,
and artifact X-ray production can be reduced to an acceptable level'*.
This technique is suitable for characterizing polydisperse sample.

Sedimentation

The theory and practice of free sedimentation are ruled by the well-
known Stokes law. Free sedimentation means that a particle sediments
in a manner independent of the neighboring particlesl®l. The heavier the
particle is, the shorter the sedimentation time is.

Traditional sedimentation. Gravity-induced sedimentation is too slow
with submicronic objects. In fact, Brownian motion for such particles is
very important and disturbs the sedimentation kinetics. As a con-
sequence, centrifugation and ultracentrifugation are employed.

Centrifugation and ultracentrifugation. These methods separate parti-
cles into size classes by sedimentation resulting from the earth’s gravity
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Gun chamber

Anode aperture O] J

Column lining

l M e Projection apertures
2

b .« —— Column isolation
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valve

limiting aperture

] Yacuum manifold

Lower pressure
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Pressure Pressure
range zone

10-7torr o) Gun chamber
10-6torr 3 Upper calumn
10~*1Grr . EC?2

10-ttorr [ ] EC1

10 tarr [ Specimen

FIGURE 5 Environmental scanning, electronical microscopy apparatus (cour-
tesy of Elsevier Science Editors!!?).

and centrifugal acceleration. An optical system is generally used to detect
the displacement of the sedimentation front. The centrifugal speed is
less than 10,000 rpm for centrifugation. The minimum particle size is
250 nm'®. With ultracentrifugation, for inorganic particles, the accessible
size can be as small as a few nanometers!'*.
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ELECTRON
BEAM
SECONDARY Wy
ELECTRONS N\
SAMPLE
TRANSMITTED

ELECTRONS

FIGURE 6 Sample submitting to an electronic beam.

The drawbacks are as follows:

e Nonspherical particles require a more complex treatment.

e Hard particles are required because of strength of the centrifugal field,
which may deform soft particles.

e Finding an adequate optical system, particularly in the case of turbid
suspensions.

e Several dilutions may be necessary in order to avoid particle inter-
actions. Optimal concentration up to 1% (v/v) is usually obtained®!.

1. Destructive Methods

With destructive methods the particles are removed from the aqueous
environment.

Electron Microscopy

Electron microscopy!'” is a common name for several techniques

where the sample is submitted to an electron beam of modulated power.
In the observation chamber the pressure conditions are strictly con-
trolled, and most measurements are performed under vacuum. A scan-
ning electron microscopy (SEM) micrograph is a topography of the
intensity of the secondary electrons. For transmission electron micro-
scopy (TEM), the intensity of the transmitted electrons is collected
(see Figure 6). The size range and resolution of these techniques are
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dependent on the beam power. For example, 20kV is enough to observe
submicronic particles with a resolution of 50 nm.The sample preparation
is specific to each technique. By these methods, an image of the particles
themselves is obtained. A mean size characterization requires an image
analysis, which must be more elaborate if the sample is polydisperse. In
the latter case, the mean diameter is normally calculated as a number-
averaged diameter. One has to be aware that the electron beam can fuse
particles, such as polymer gels.

Scanning Electron Microscopy (SEM)

The “dried” sample is submitted to an electron beam and the topo-
graphy of secondary electron intensity leads to particle size evaluation.
The smallest observed particles are about 200nm. The preparation
method of the “dried” sample leads to the distinction between classical
and cryofracture methods.

In the classical case, the aqueous sample is placed on a sample-support
and evaporated under vacuum before covering it with colloidal metal. In
cryofracture SEC, the aqueous sample is frozen by immersion in liquid
nitrogen prior to fracturing. It is then submitting to a gentle cleaning of
the fracture plane surface. The ice quality is of great importance; it has to
be amorphous to form the best replica of the surface.

Platinum, then carbon are deposited in order to obtain a rigid and
SEM observable replica.

Cryofracture TEM

Several preparation methods may be employed depending on the
nature of the sample.

e Small drops of the sample are projected onto a cryogenically cooled
metal surface and mechanically fractured afterward. A replica is formed
by metal vapor deposition and then submitted to the electron beam.

e A thin layer of the sample is frozen and then submitted to the electron
beam. The transmitted electrons are collected to evaluate their intensity
topography. The sample is frozen so rapidly that amorphous and
transparent ice is formed.

Scanning Tunneling Microscopy (STM) and Atomic Force
Microscopy (AFM)

The “hydrated” and slightly conductive sample, where the solvent is
not completely evaporated, can be studied with the help of a sharp metal
tip bound to a piezoelectric crystal.

For STM!3, the sample surface has to be conducting or metallized. A
voltage increase of the piezocrystal moves the tip to a distance where a
tunneling current is detected. For AFM!?), the tip scans over the surface
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and its deflections are detected by a laser system on its backside. The size
resolution is less than one nanometer. The main disadvantage is that the
tip cannot scan convex topology. In this case, tapping (push and pull
STM) may be used, which allows measurements of diameters.

Let us now give some examples of experimental measurements in order
to illustrate some of these techniques and how to choose the appropriate
one.

STUDY OF AN IDEAL SAMPLE: LATEXES

The first example is a standard sample of calibrated polystyrene
nanoparticles, provided by Interfacial Dynamics Corp. (Portland, Ore-
gon, USA). The number-average diameter was given as 310 (£ 10)nm
(based upon TEM). This ideal suspension was characterized by three
techniques: DLS, laser granulometry, and SEM.

DLS Study

The complete DLS study was performed on a SEMATech photo-
goniometer (Nice, France) with the help of a Malvern 7032CN correlator
(Malvern, Worcestershire, UK). The Malvern software PCS 1.32 was
used to analyze the data. As stated earlier, the sample preparation has to
be done with caution (no dust, contaminants, or multiple scattering).

For each sample, at least five acquisitions of ten sub-runs were made.
The software for each subacquisition checks off the measurement quality
for each mathematical treatment (monomodal-cumulants, Contin
described later). The intensity ratio suspension/solvent has to be more
than ten. In our case, it is fifty times larger.

The correlator gives results that are highly dependent on the chosen
algorithm (i.e., a mathematical model) and the different theoretical
approaches: monomodal-cumulants, Contin, non-negatively constrained
least squared (NNLS), inverse Laplace transformation (ILT), and so on.
Several such methods are described in the literature, especially in an
exhaustive review by Stepanek!'®. Here, monomodal-cumulants and
Contin treatments are presented, since they are the most used routine
algorithms.

Each algorithm induces some assumptions about the sample compo-
sition and its polydispersity. The monomodal algorithm assumes nothing
about the distribution. It consists in fitting a polynomial to the log
of the normalized correlation function. Contin mode, developed by
the Provencher team!'” analyses the correlation through an inverse
transformation. Its consists in adding a constraint—the regulariser—to
an ordinary least-squares criteria for achieving the best fit. This mode is
convenient for several populations. An automatic mode exists, which is a
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combination of monomodal and Contin mode with a priority to the
monomodal.

In Table I various averaged diameters obtained by different analysis
are compiled.

Three average diameters can be obtained:

e Intensity-average, d;, (also called z-average diameter) calculated by
Sonid]
_
- mdf
i

with #n; the relative particle proportion in the corresponding class size d;

e Volume-average, d,, (also called weight-average) is obtained by
assuming that the particles are spherical and multiplying the relative
contribution of each size class d; by the volume corresponding to a
sphere in that size class

d; (8)

> mid}
dy =< 9
X:I’l,‘di3 ( )
e Number-average, d,, obtained with the help of
> nid;
dy = -1 1
S (10)

In the case of particle diameters larger than A, a part of the light is
adsorbed and the intensity average diameter estimation is a function of
the particle refractive index which has to be known precisely. Then, the
other average representations are calculated by the chosen method (Egs.
8-10). Thus, if the refractive index is not properly defined, these average-
diameters can be erroneous.

The intensity value is more appropriate for reporting results from a
DLS analysis based on intensity fluctuations, but the mean number

TABLE I Latex Mean Diameters by Monomodal Algorithm
and Relative Proportion

Analysis Intensity Volume Number
Mean (nm) 307.8 350 316.1
Width 109 146 175

% 100 100 100




16: 23 21 January 2011

Downl oaded At:

298 C. Duclairoir and E. Nakache

diameter also has to be considered, because it can be more easily com-
pared to microscopic results.

Monomodal-Cumulants Model

Here the chosen model is the monomodal one. In Figure 74, the plot of
the autocorrelation function Gy versus sample time, 7, is represented.
Function G quantifies the similarity between two acquisitions on a same
small suspension volume taken at two different moments separated by 7,
the sample time.

When two acquisitions are identical, G| (t) = 1, the most information
about the suspension is obtained. In the opposite case, when G| (1) equals
zero, i.e., when two acquisitions are totally different, no information
about the system can be extracted.

G, versus sample time t

0.8
G,
0.6

0.4

0.2

3 X

5 10 15 20
Sample time © (us) (x10°%)

FIGURE 7a QELS G, autocorrelation function of latexes in a function of the
sample time 7 fitted by monomodal algorithm (at least five acquisitions of ten sub-
runs, suspension/solvent intensity ratio > 50).
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Size distribution(s)

oy T T R

200 300 400 500
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FIGURE 7bh QELS intensity-average size distribution of latexes obtained by mono-
modal algorithm (at least five acquisitions of ten sub-runs, suspension/solvent
intensity ratio>50).

The first © for which G(t) equals zero, is called the relaxaton time, t,.
In other words, the shorter the sample time 7 is, the bigger the ratio #,/7 is,
and the better the statistics (number of accumulations) are.

In Figure 7a, the experimental data are represented by crosses and
fitted by the monomodal model curve. The fit is good for most of the
data, and only the data corresponding to the smallest G| values are not
correctly fitted. The relaxation time, 7., equals 20ms, which can be
considered as a covenient value.

In Figure 7b, the size class distribution in intensity is shown versus the
particle diameters analyzed. Only one peak appears centered about
310nm. It is a Gaussian curve.

Table I shows that the mean intensity value is very close to the one
measured by TEM, given by Interfacial Dynamics Corp. However, the
measured polydispersity is around 15%. Polydispersity is often an
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important parameter for nanoparticles. The mean volume and mean
number averages are obtained by calculaton. One can note that the mean
number value is very close to the mean intensity one.

Contin Model

The same data may be analyzed via use of the Contin algorithm. G,
versus sample time and size distribution versus intensity diameters are
represented, respectively, in Figures 8¢ and 8b. Here, the relaxation time,
t,, is about 30 ms, which is longer than with monomodal cumulant model.
As explained below, the shorter the sample time is, the better the statistics
are. Thus, the Contin model does not seem to be the most convenient
model.

The distribution peak form is not as close as the monomodal treat-
ment to a Gaussian distribution. It proves that the Contin analysis, in
this case of a nearly monodisperse sample, is not the more convenient
algorithm. The intensity mean diameter, shown in Table II, is not as close
to the given standard value 310 nm as the monomodal value. The other
mean values are out of range, especially because of their width, which is
as large as the diameter itself.

In conclusion, in the DLS study of nearly monodisperse samples, the
use of the monomodal algorithm is recommended.

Laser Granulometry Study

The use of laser granulometry requires some caution during sample
preparation as mentioned earlier. Similarly to DLS, laser granulometry
results are represented as the size distribution versus volume-average
diameters. Each sample is diluted with the help of the continuum medium
in order to achieve the ideal experimental condition with an adequate
obscuration coefficient (about 0.3). Then acquisitions are made until five
consecutive runs give similar results, in order to achieve good repeat-
ability.

In Figure 9, the size distribution was observed with the 45 um focal
lens and, in Figure 10, the same observation was carried out with the
100 um focal lens. With the former, only one population appears centered
on 300 nm and, for the latter, four different size classes are observed, with
three of them being obviously artifacts. The optical system, in relation to
the size range observed, is of great importance if meaningful results are
to be obtained.

Table III gives the results of the 45 um focal measurements. Among
the various averaged diameters compiled, which are obtained by different
calculations, the two most important are the volume and number
representations. The number diameter will be taken into account in the
following, since it can be easily compared to microscopy results.
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FIGURE 8a QELS G, autocorrelation function of latexes in a function of the
sample time 7 fitted by Contin algorithm (at least five acquisitions of ten sub-runs,
suspension/solvent intensity ratio >50).

STUDY OF PLANT PROTEIN NANOPARTICLES

The suspension used was a plant protein nanoparticle system described
earlier!"). It was obtained by a coacervation method. The desolvatation of
macromolecules was caused by addition of a solvent phase, an ethanolic
aqueous solution of the protein, to a nonsolvent phase. The chosen
protein is gliadins, extracted from wheat flour. Several techniques were
applied, DLS (cumulants and Contin), laser granulometry, and SEM, in
order to determinate the most representative distribution for the sample.

DLS Study

The same preparation caution is taken for the DLS sample as
described earlier (no pollutants and no multiple scattering). For each
sample, at least five acquisitions of ten sub-runs are made. The software



16: 23 21 January 2011

Downl oaded At:

302 C. Duclairoir and E. Nakache

Size distribution(s)

&

% in class
8

200 400 600
Diameter (nm)
FIGURE 8h QELS intensity-average size distribution of latexes obtained by

Contin algorithm (at least five acquisitions of ten sub-runs, suspension/solvent
intensity ratio > 50).

for each subacquisition checks off the measurement quality for each
mathematical treatment (monomodal-cumulants, Contin described later).
The intensity ratio suspension/solvent is fifty.

Monomodal-Cumulants Model

The relaxation time, ¢,, of the G fit, Figure 11a, is large (longer than
100 ms). The application of monomodal model here seems to be poor.

TABLE II Latex Mean Diameters by Contin Algorithm

Analysis Intensity Volume Number

Mean (nm) 297 391 354
Width 131.4 341.9 351.2
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FIGURE 9 Volume-average size distribution of latexes obtained by laser
granulometry with the 45 mm focal length (obscuration coefficient around 0.3,
five consecutive acquisitions given similar results).

The intensity size distribution, Figure 115, presents one peak, but the
number distribution, Figure 11¢, presents several. Table IV does not give
narrow values of the mean diameter. This heterogeneity of results shows
that the monomodel assumption is not appropriate for this particular
case.

Contin Model

With the Contin analysis, Figure 12a, ¢, of G| is less than 25 ms. The
results are better than those from the monomodal-cumulant model. A
single peak is seen in the size distribution curve, Figure 12b. Its form is
nearly Gaussian and it is centered around 800 nm. The mean intensity
value is around 800 nm, but the width is important. The two other ana-
lyses, in volume and in number, given in Table V, are out of sense and are
probably due to calculation artifacts. In fact DLS analysis points out a
quite polydisperse population with a mean size greater than 4 (i.e., about
800 nm).

To conclude, DLS analysis shows several distributions, with one of
them composed of particles larger than /.
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FIGURE 10 Volume-average size distribution of latexes by laser granulometry
with the 100 mm focal length (obscuration coefficient around 0.3, five consecutive
acquisitions given similar results).

Laser Granulometry Study

From the plant protein nanoparticles suspension, a laser granulometry
sample without any pollutants or gas bubbles was prepared. The size
distribution plot, Figure 13, shows two size classes: one around 500 nm
and another at 6 um. It is now clear why light scattering was not usable.
The latter class represents less than 10% of the sample population. The
mean volume diameter is 1 um while 50% of the particle size are less than
550 nm. These results are coherent, but very different. Let us now con-
sider an SEM image of the particles.

TABLE III Latex Mean Diameters by Laser Granulometry

Analysis Intensity Volume

Mean (nm) 340 290
Width 28 21
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FIGURE 11a QELS G, autocorrelation function of plant protein nanoparticles
fitted by monomodal algorithm (at least five acquisitions of ten sub-runs,
suspension/solvent intensity ratio > 50).

SEM

The sample preparation was evaporated in a vacuum chamber, and
then the deposition of a colloidal metal was performed. This layer con-
ducts on the sample surface the electron beam and generates the sec-
ondary electrons forming the SEM image. Should the beam fuse the
particles of gel or of soft polymers, cryo-SEM could be used.

Several micrographs (at least 10) of the same sample are taken.
Figure 14 is representative of all of them and shows spherical particles.
The diameter of most of them is less than 700 nm in a “dry” state. A few
of them are bigger than 2 um such as the one next to the 1 um bar. This
image confirms the previous results: the Contin DLS diameter of 800 nm,
which has been found in the aqueous medium, and the laser granulo-
metry two size classes whose diameters are upper than 1 um. It would be
interesting now to perform an image analysis in order to confirm the four
peaks seen by Contin analysis.
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FIGURE 115 QELS intensity-average size distribution of plant protein nano-
particles obtained by monomodal algorithm (at least five acquisitions of ten sub-
runs, suspension/solvent intensity ratio > 50).

This example shows that a characterization of nanoparticles size, for
such a non-ideal sample, is not evident. The sample polydispersity leads
to many difficulties. To resolve them, a solution could be to separate the
different size classes, and then to characterize them. Different solutions
may also be used, as reviewed in the following section.

POTENTIAL SOLUTIONS TO PROBLEMS ASSOCIATED
WITH POLYDISPERSITY

Sedimentation

Generally speaking, sedimentation gives access to information over a
wide size range, from a few nanometers up to several micrometers. This is
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FIGURE 11¢ QELS number-average size distribution of plant protein nanopar-
ticles obtained by monomodal algorithm (at least five acquisitions of ten sub-
runs, suspension/solvent intensity ratio > 50).

especially true with the ultracentrifugation for nanosized objects. With an
appropriated optical system, the size analysis is made easier with the help
of time used as a separator. A unique size class passes in front of the
optical system at any point in time. In fact, monodisperse and uncharged
hard spherical particles are quickly size characterized in very diluted
suspension if the sedimentation occurs rapidly enough.

These techniques are based on the free and unhindered sedimentation
of particles. The potential complicating factors for such a characteriza-
tion are polydispersity—i.e., size distribution mixture, attractive and
charged particles, non-ideal shapes, temperature, dilution shock, vessel
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TABLE IV Plant Protein Nanoparticle Mean Diameters by Monomodal
Algorithm and Relative Proportion

Analysis Intensity Volume Number

Mean (nm)  1107.3  752.5 1023.7 1313.2 446.5 738.5 1035.6 1327.7
Width 5239 1205 1345 205 96.8 156 2345 1024
% 100 12.4 39.2 47.8 7.3  30.6 44.4 17.7

G, versus sample time t
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FIGURE 12a QELS G, autocorrelation function of plant protein nanoparticles
fitted by Contin algorithm (at least five acquisitions of ten sub-runs, suspension/
solvent intensity ratio > 50).
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FIGURE 12h QELS intensity-average size distribution of plant protein nano-
particles obtained by Contin algorithm (at least five acquisitions of ten sub-runs,
suspension/solvent intensity ratio > 50).

geometry, and softness of the particles surface. Nowadays some of these
difficulties are partially covered up. Philipse!'® has written an interesting
review about this point.

TABLE V Plant Protein Nanoparticles Mean Diameters by Contin
Algorithm and their Relative Proportion

Analysis Intensity Volume Number
Mean (nm) 7.8 745.8 1.9 1.3
Width 16.2 1219 0.7 0

% 16.9 83.1 100 100
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FIGURE 13 Volume-average size distribution of plant protein nanoparticles
obtained by laser granulometry with the 45 mm focal length (obscuration
coefficient around 0.3, five consecutive acquisitions given similar results).

Another approach, for a very diluted complex sample, is to couple
DLS with SLS. This method is known as multiangle dynamic light
scattering.

Multiangle Dynamic Light Scattering!'®->"

At different angles, the fluctuation intensities data are cumulated and,
then, integrated in two ways: averaged over a period of time (SLS) and
time dependent (DLS). The two results are correlated: the dynamical data
are evaluated by the Mie scattering function and then related to the
statistical intensity values. The obtained results are more reliable than the
ones generated only by DLS or SLS. Several classes are now resolved and
characterized even if they are close together.
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FIGURE 14 Plant protein nanoparticles SEM image.

Another point of view is, first, to separate the size distribution frac-
tions and, then, to analyse them. The separation could occur by one of
the flow field fractionation (FFF) family techniques.

Flow Field Fractionation Techniques

FFF methods®" are direct and non-invasive methods. The different
fractions of the polydisperse sample are first separated, and then their
mean diameters are evaluated. The separation occurs by differential
retention related to a physicochemical parameter difference in a stream
liquid flowing through a thin channel (50-300 um). The separated com-
ponents are eluted one by one into a detector, often a MALS detector
(multi-angle light scattering). The size range spreads from a few nm to
100 um with the help of the Rayleigh—Debye—Gans and Lorentz—Mie
combination algorithms.

Sedimentation Flow Field Fractionation

The discriminating parameter involved in the sedimentation FFF is
the specific gravity difference between the particles and the aqueous
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phase. A circular channel spins around a centrifuge axis and the species
are separated by the radially induced acceleration. For each peak, the
retention time is related to the particle size through MALS measure-
ments, and these results could be complemented by other microscopic
characterizations.

Sedimentation FFF is not convenient for smaller sized particles
(< 30nm), whose sedimentation process is too slow. In such case, FFF is
convenient. The separation in this latter technique is driven by a “‘cross-
flow” field obtained by a second stream at a right angle to the main one.

Environmental Microscopy

Environmental microscopy, as shown earlier, avoids the inconvenience
and possible artifacts of “dried” sample. The sample hydration is con-
trolled by varying the vapor pressure in the chamber while maintaining
the temperature constant(!3l. The thermal conductivity of the sample can
be critical. In addition the water can condense or evaporate. Before the
pump-down sequence, the chamber has to be saturated to minimize the
sample water evaporation. This microscopy method needs no prior
sample preparation!'®. The image is a picture of nanoparticles; this
method is less invasive than SEM and the diameters are reliable. With the
use of an image analysis, the size distribution curve is easily obtained.
Such a method affords direct particle observation in their own medium
without any dilution.

CONCLUSION

The different examples presented show that size characterization is not
such an easy analysis especially with a complex sample composed of
several size populations.

Nanosized objects are observable by many techniques. Most of them
are adversely affected by concentrated conditions, polydisperse distri-
butions, and irregular particle shapes. Multiangle dynamic light scatter-
ing can be very helpful in overcoming the last two disadvantages.

The concentration dependency is avoided by eluting and by separating
each size class before identifying them. For instance, multiangle dynamic
light scattering is fruitfully coupled with sedimentation FFF. In this case,
the particles are observed by indirect ways, for example light intensity
fluctuations.

Particles are directly seen by methods such as electronic microscopy.
The major disadvantage of these techniques is that the particles are not
characterized in solution but in a “‘dried” state, environmental micro-
scopy being an exception. This method is a less invasive technique and
gives results that are most representative of the real sample size
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distribution if it is coupled with an image analysis. Its development seems
to be very promising in the next decades, but currently it is rarely applied.

Finally, to prevent making excessive assumptions, the preferred

solution is to couple several size characterization techniques. It is pre-
ferred that at least one in situ technique be combined with electronic
microscopy.
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