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Determination of Particle Size, Core and Shell Size
Distributions of Core—Shell Particles by Analytical

Ultracentrifugation

Thomas Schmidt, Jirgen Linders, Christian Mayer, and Helmut Colfen*

In core—shell nanoparticle analysis, the determination of size distributions

of the different particle parts is often complicated, especially in liquid media.
Density matching is introduced as a method for analyzing core-shell nanopar-
ticles using Analytical Ultracentrifugation (AUC), making it possible to obtain
the core size distribution in liquid dispersions. For this approach, the density
of the dispersion is adjusted to the density of the shell. Oil filled nanocapsules
are utilized with component densities of around 1 g mL™ to demonstrate this
technique. The shell size distribution is calculated supposing the particle size
distribution as a convolution of the shell- and core size distributions. Finally,
the distributions of core size, shell thickness, particle size, and particle density

via magnetic resonance tomography and
to destroy it via hyperthermia by using
oscillating magnetic fields.l’) In the field
of catalysis, titanium dioxide nanoparti-
cles coated with gold are used for special
redox reactions, which can be tuned by a
laser pulse. But in a more general sense,
every nanoparticle stabilized by (macro)
molecules is a core-shell particle. A spe-
cial case of core-shell particles are nano-
capsules. These are polymeric capsules
with a fluid content and a radius between

and thus particle composition are obtained. To clarify the effect of swelling,
AUC measurements are combined with further size characterization methods
like Particle Tracking Microscopy and Dynamic Light Scattering.

1. Introduction

Core-shell particles are a widely used class of nanoparticles.
One example is the application as impact modifier for plastics.!!
Another is the use of bimetallic core—shell particles with vari-
able optical properties usable for example as chemical sensors.?!
In medical studies, iron oxide nanoparticles coated with mitrox-
antrone can be used to bring the substance into a tumor, or in
case of coating with special antibodies to better localize a tumor
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50 and 500 nm. They can be used in med-
ical applications, for example as carrier
for anti-tumor compounds or for peptides
and proteins such as insulin to make them
orally ingestible.l>*!

For the different applications it is impor-
tant to know the size distribution of the core and shell. But the
size determination of the different parts of core—shell particles is
often difficult. There are a few methods to determine the mean
sizes of cores and shells including small angle neutron scat-
tering with contrast matching, UV-vis techniques or thermo-
gravimetric analysis (TGA).”! However, they do not yield whole
size distributions. Transmission Electron Microscopy (TEM) is
one method which is, in principle, able to yield both, the size
distributions of the core and of the shell. But the particles are
observed in a vacuum and not in solution, and organic matter
suffers from poor electron contrast. Also in terms of statistics,
the results are not immaculate because only a fraction of the
particles can be imaged and counted.

These problems can be circumvented by using Analyt-
ical Ultracentrifugation (AUC). It was invented by Theodor
Svedberg in the 1920s for analyzing particle dispersions and
macromolecules.®% In the present work, density matching is
introduced as a new approach for analyzing core—shell nano-
particles. Density matching has already been successfully used
to eliminate the effect of detergents on membrane proteins in
ultracentrifugal fields by using H,0/D,0 mixtures or further
substances to match the density of the detergent typically in
sedimentation equilibrium runs.'% As a result, the density
matched compound becomes “invisible” in the AUC since
it will not respond to the centrifugal force. This prompted us
to use density matching for core-shell nanoparticle analysis
using AUC. For this method the density of the dispersion
medium is adjusted to the density of one of the particle’s com-
pounds. Therefore, this compound is density matched and will
not influence the separation of the particle in the centrifugal
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field, yielding the sedimentation coefficient distribution of the
unmatched compound. That way, size distributions of core
and shell or the amounts of different polymers in hybrid nano-
particles can be obtained. Yielding the size, particle density or
further core shell properties via AUC generally need multidi-
mensional analysis or simulations.'? Another advantage of
this method is that no “core only” particles without ligands are
required as a reference. Furthermore, swelling of particle shells
may be evaluated by combining the AUC results with another
particle sizing method.

2. Experimental Section

The nanocapsules were prepared by the method of Al Khouri
Fallouh and coworkers.'®l The organic phase consisting of
absolute ethanol (50 mL), Miglyol 812 (3.604 g) and n-Butyl-
2-cyanoacrylate (0.541 g) was added in drops during stirring
into a 5 percent solution of Pluronic F-68—a polyoxyethylene-
polyoxypropylene block copolymer (200 mL). The dispersion
obtained was stirred for 30 min and extracted three times with
cyclohexane (30 mL). To remove excess surfactant, the disper-
sion was dialyzed against distilled water in a dialysis tube with
a molecular weight cut-off value of 100 kDa for one week. The
water was changed three times.

For the AUC measurement of the pure capsules, the sample
was diluted with water and measured at 20 and 25 °C. For the
measurements at 20 °C the dilution was 1:3 (sample to water),
and 1:1 for the measurements at 25 °C. Different mixtures with
different densities were prepared to investigate the swelling of
the shells. The composition of the water/ethanol mixtures is
summarized in Table S37 (Supporting Information). For the
measurement in the acetone-water mixture 300 UL of the sample
dispersion, 251 pL acetone and 49.2 puL water were mixed. The
isopropanol-water mixture consisted of 300 puL sample disper-
sion, 212 uL isopropanol and 85.2 uL water. The composition of
the mixtures is based on the literature to result in a density of
0.95 g mL, which was controlled by using a density meter.[":18]

For densities larger than 1 g mL™, sodium chloride mixtures
were prepared. The composition is summarized in Table S38
(Supporting Information).

In all cases, the AUC reference sector mixtures were simi-
larly with the difference that the volume of the sample was
replaced by water.

The AUC measurements were performed in 20 mm double
sector cells for the sedimentation velocity runs. The speeds for
the different mixtures are listed in Table 1. To analyze the data,
the program SEDFIT was used.[>2¥

2.1. Substances Used and Sources

For all experiments Milli-Q water (18.2 MQ cm) was used except
for dialysis where normal distilled water was used (internal
device). Glucose was purchased from Riedel de Haén, sucrose
and sodium chloride from Fisher Scientific. Glycerin, ethanol
(absolute), isopropanol (p. a.) and acetone (p. a.) came from VWR.
Caesium chloride was purchased from Merck, the surfactant
Pluronic F-68 (Poly(ethylene oxide)-poly(propylene oxide) block
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Table 1. Overview of the conditions at which the samples were
measured.

p (medium) [g mL™] Speed [rpm] Temperature [°C]
0.93 3500 25
0.95 (ethanol-water mixture) 6000 25
0.95 (acetone-water mixture) 3000 20
0.95 (isopropanol-water mixture) 3000 20
0.97 3500 25
0.98 3500 25
1.0 5000 25
1.0 5000 20
1.01 3500 20
1.02 3000 20
1.03 3500 20
1.04 3500 20
112 2500 20
1.13 2500 20
1.14 1500 20
115 1500 20

copolymer) from BASF and n-Butyl-2-cyanoacrylate from 3M.
The oil Miglyol 812 was obtained from Caesar & Lorentz GmbH.

2.2. Instruments

AUC Beckman Instruments XL-A/I, detection via interference
(660nm Laser Rayleigh-interferometer)

Dynamic Light Scattering (DLS) (own construction), laser:
633 nm power < 35 mW, single-photon-detector: PMT-120-OP/B,
digital correlator: Flex 02-08D/C

Darkfield microscope (Orthoplan, Leitz), with CCD-Camera
(FireWire-Cam-011H, Phytec) with self-written software

Density meter Anton Paar DMA 5000 M.

3. Results and Discussion

The sedimentation coefficient s is the key value obtained by AUC.
It is defined as the ratio of the drift speed and the acceleration
in the ultracentrifugal field and holds a unit of S (Svedberg, 1 S
=103 s). In the ultracentrifugal field the fractionated particles
are recorded resolved in radial position and in time, obtaining
sedimentation curves, which can be fitted with different models
to get the respective s values or distributions.”) We applied the
sedimentation coefficient distribution Is-g*(s), obtained from a
least squares fit to the original sedimentation curves.?!

To determine the hydrodynamic diameter dj, of a particle via
AUC Equation (1) can be used assuming it to be a hard sphere!”!

187s
dh = |7
\(p,—p) 0

Therefore, the density of the particle p,, the viscosity of the
dispersion solvent 77 and the density of the dispersion solvent p
have to be known or determined.
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If the density of a particle is not known, it can be calculated
with the knowledge of an independently determined d;, by con-
verting Equation (1) into Equation (2)

_187s
dhz

Py +p @

Furthermore, characteristic values like density and size of
the particle parts can be obtained and therefore knowledge
about the composition of the nanocapsules is obtained.

To calculate the density of the shell, its mass has to be divided
by its volume. The shell’s mass is obtained by subtracting the
mass of the core from the mass of the particle, which leads to
Equation (3)

_ PpVo — P Ve

p=BY G)

with ¢ = core, p = particle, and s = shell, assuming that the
density of the core is not influenced by the solution so that
no swelling occurs. Because the core is protected by the sur-
rounding shell, this assumption ought to be true. Furthermore,
in our case, it is an oil which should not swell in water. The
density of the shell is, however, affected by the surrounding
solution and we expect it to swell.

If all densities of the compounds are known or obtained,
the volume of the core can be calculated in a next step. For
that, first the core mass fraction w. has to be calculated via
Equation (4).24 This is the fraction of the core mass contri-
buting to the particle mass

L _(17p=1/p:) y
U p—-1/p.) ®
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Thereby the core volume fraction ¢ can be calculated via
Equation (5). This is the fraction of the volume occupied by
core in the core—shell nanoparticles

g =2 e (5)
P

If the radius of the spherical particle is known, the volume of
the particle can be calculated and with the core volume fraction
the size of the core can be calculated.

With our approach of density matching, we are also able to
obtain size distributions of the different particle parts and not
just single average values, as explained in detail below.

In this study, we investigated Pluronic-stabilized poly(n-butyl-
2-cyanoacrylate) nanocapsules filled with Miglyol 812 oil. First,
the size of the nanocapsules was measured in different ways,
because the particle size is essential in this study. One method
was Particle Tracking Microscopy (PTM), which yielded a
number weighted hydrodynamic diameter of 327 nm + 3 nm
(Figure 1a) as the maximum of the distribution. Another
method was Dynamic Light Scattering (DLS) which gave a
mean intensity weighted value of 324 nm * 144 nm (295 nm as
the maximum of the distribution; Figure 1a). To determine the
size distribution via AUC, the average density of the particles
was determined by combining the PTM with the AUC meas-
urement using Equation (2) (with the maximum values of the
s- and PTM distributions). A value of 1.006 g mL™! for particles
in water at 25 °C was obtained. A second measurement at 20 °C
resulted in 1.007 g mL~L. The viscosities of the solvent at the dif-
ferent temperatures were taken from literature.*!

To verify our results, a comparison between the measured
data and the sy, distribution is applied. It gives the den-
sity and viscosity corrected s value with respect to a standard

0 PTM CDF of PTM —— normalized distribution /s-g*(s)
a) — Gauss fit of PTM - DLS b)  _ hormalized integral distribution G*(s) c) — 20°C
1.0 1.0 1.0 1.0 1.0
D T N A = 5 s 5 s
S =08 0894 = =08 08 % _ =08 20w
= Qo > o 2
S Ro6 06 78 ¥ K06 0628 % 806
53 28 &3 0T & 5
g §0‘4 04 £ £ < g 0.4 0.4 % g 0.4
g 502 02F % =02 02 & €02
0.0 — : L0.0 0.0 0.0 0.0
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dh/nm s/S s/S
d) 1.0 — particle size e 10 10 - isopropanol
3 . : 2
S 08 — core size 208 208 - ac;tone
T3 0.6 — shell size 3 0.6 *37@ 0.6 - ethanol
¥E 204 3g
< £ 04 g = Eo04
= 20.2
T 02 20 To2
0.0
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dh /nm
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s/S

Figure 1. a) Particle Tracking Microscopy- and DLS-measurement of the nanocapsules in pure water measured at 25 °C, b) AUC-measurement of the
nanocapsules in pure water measured at 25 °C and 5000 rpm (s distribution), ¢) AUC-measurement of the nanocapsules in pure water measured at
20 °C (s distribution) and 5000 rpm and s,,, distribution (calculated from the s distribution measured at 25 °C), d) size distribution of core, shell and
the entire nanocapsules, e) density distribution of the nanocapsules in NaCl solutions with densities between 1.12 and 1.15 g mL™" (see also Figure S18
in the Supporting Information), f) AUC-measurements of the nanocapsules measured in mixtures of water with: acetone, isopropanol and ethanol at
a density of 0.95 g mL™" (condition for the measurement in the water/ethanol mixture: 25 °C and 6000 rpm, for the other ones: 20 °C and 3000 rpm).
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measurement in water at 20 °C. The sy, distribution was
calculated from the s distribution measured in water at 25 °C
using Equation (6)24

(1 - VP>ZOYW Nrp
(1- aP)Tyb “Thow

SZO,W =

s ©

Here the index T,b represents the condition in the second
medium b with the temperature T and the index w the condi-
tion in water. The partial specific volume v is the volume that
is replaced by one gram of the particle (reciprocal of its den-
sity) respectively the volume increase of the surrounding solu-
tion. The s distributions of the measurements at 20 and 25 °C
as well as the sy, distribution are presented in Figure 1b,c.
As visualized in Figure 1c, the maxima of the distributions
are almost at the same position, revealing that no significant
friction effects occur, which would alter the results of the
matching experiments described later. The reason why the s
distribution looks bimodal could be that parts of the polymer
or surfactant dissolve as has been described for microgels in
the literature.?]

Furthermore, it is possible to determine not only the den-
sity but the density distribution. For this we used the normal-
ized integrated s- and integrated PTM distribution (Figure 1a,b)
calculated with Equation (2) using sampling points between
0 and 1 with a step width of 0.1 and obtained density values
between 1.005 and 1.007 g mL™! (Figure S1, Supporting Infor-
mation). Because the fluctuations are smaller than the standard
deviation of the sedimentation coefficient from AUC (4.4%),
we considered the value to be constant.?®! Using a density of
1.006 g mL™ we calculated the size distribution visualized in
Figure 1d.

Because the diameter of the nanocapsules has already
obtained, the volume of the nanocapsules can be calculated as
well as the volume and the diameter of the core. A diameter of
290.6 nm was obtained using Equations (4) and (5) with a den-
sity of 0.95 g mL™ for the oil (Miglyol 812) and 1.142 g mL™ for
the shell (polybutylcyanoacrylate).?2l However, the determined
core size is just a one value and not a distribution and it relies
on a fixed shell density, which is not correct if the shell swells.
Moreover, since the capsule membrane is formed by interfacial
polymerization, the thickness of the capsule wall will neces-
sarily depend on the local monomer concentration during the
preparation. The monomer concentration on the other hand
is not only time dependent, but will also vary with the given
location, both dependencies being caused by local reaction and
diffusion processes. In consequence, we can expect a Gaussian
distribution of capsule wall thicknesses, which is not linked to
capsule size.

We therefore applied the density matching of the shell to
independently determine the core size distribution.Thus, a
compound must be found which raises the solvent density
without forming a density gradient in the centrifugal field
during the experiment and without destabilizing the particles.
Different agents such as glucose, sucrose, glycerin and caesium
chloride were tested but they formed a gradient in the ultra-
centrifugal field even at low speeds. Using NaCl yielded good
results. No gradient was formed and the particles remained

Part. Part. Syst. Charact. 2021, 2100079 2100079 (4 of 8)

Particle Systems Characterization

www.particle-journal.com

stable even at NaCl concentrations of 20 wt% as tested by DLS
(Figure S2, Supporting Information).

To match the shell of the particles, the density has to be
adjusted to a region around 1.15 g mL™, the density of the shell
material. To calculate the density distribution of the capsules
with matched shells, different mixtures with densities in that
region (between 1.12 and 1.15 g mL™) were prepared and meas-
ured in the AUC. Additionally, the normalized integrals G*(s)
of the distributions were calculated (Figures S3-S6, Supporting
Information). These G*(s) distributions can be regarded as
cumulative distributions. To calculate the density of the capsules
in the NaCl solutions we used a modified method introduced by
Tziatzios and coworkers, plotting the sedimentation coefficient
against the solvent density.””] We first chose sampling points
between G*(s) = 0 and G*(s) = 1 with a distance of 0.1 of the
normalized integrals of the G*(s) distributions and obtained the
respective s-values. Therefore, we received 11 sampling points
for each of the four measured distributions. In a second step we
plotted for each G*(s) value all 4 respective s values against the
density where the s value was received from. These 11 graphs
visualizing the density dependent sedimentation coefficients
are depicted in (Figures S7-S17, Supporting Information). Thus,
the density of the capsules is now obtained as the intercept with
the x-axis for each G*(s) value. Since G*(s) can be regarded
as a cumulative distribution, we could link the obtained den-
sity values to a certain occurrence and fitted the values with a
normal cumulative density distribution function (Figure S18,
Supporting Information). Differentiating and normalizing
the resulting curve, the density distribution in NaCl at core
matching conditions as visualized in Figure le was obtained.

Using the cumulative density distribution (Figure S18, Sup-
porting Information) and the normalized integral s distribution
under shell matching conditions (Figure S6, Supporting Infor-
mation) obtained from the mixture with a density of 1.15 g mL™},
we calculated via Equation (1) single values of the core size dis-
tribution and fitted them with a normal cumulative distribution
function, connecting each density value to an s value of the dis-
tributions (Figure S19, Supporting Information). We calculated
from this the derivative as visualized in Figure 1d. Compared
with the average values calculated before, these values seem
to be too low. Independently, the mass-weighted value of the s
distribution under shell matching conditions (Figure S6, Sup-
porting Information) was calculated with the program SEDFIT
yielding a value of —1020.47 S and a diameter of 274.08 nm.[>"!
This fits to the value calculated before by only using the densi-
ties of the compounds (290.6 nm). and confirms the validity of
the core size distribution.

Similarly, density matching of the core should permit
calculation of size distribution of the shell. In this case
not the shell thickness but the size of a spherical particle with
the same volume like the shell would be obtained. To calcu-
late the shell thickness, the core volume needs to be added.
From the resulting size distribution of the whole particle and
the core size distribution, the shell thickness distribution could
be calculated. On the other hand, the swelling of the shell is
expected to depend on the solvent, therefore this approach is
less suitable.

As the particle size and the core size of the particle are
known as distributions, the shell thickness distribution can
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be calculated even under the conditions of shell swelling.
Regarding the size distribution as convolution of the shell
and core size distributions, we calculated the shell thickness
using the PTM based particle size distribution and the core
size distribution, assuming that both distributions can be
described by normal distributions. For this we used the rela-
tion that g = iy + i, and o=+ (01 + 0y). The shell thickness
distribution is visualized in Figure 1d (as normalized distribu-
tion). Because of the model of capsule formation, we expected
Gaussian normal distributions for the different sizes of the
fragments. These arise due to the fact that the drops are sta-
tistically distributed in the dispersion where the monomer
is reacting at their surface. The shell thickness is influenced
by concentration fluctuations of the monomer. It is addition-
ally influenced by the diffusion of the drops and capsules as
well as of the monomer. Thus, a variety of statistical processes
make a Gaussian distribution of the different fragment sizes
most likely. Therefore, if we calculate back the whole particle
size distribution with a Gaussian core and shell size distribu-
tion, we would get a Gaussian particle size distribution as it
is indicated by the density independent PTM distribution in
Figure 1a. This is the justification for a Gaussian particle size
distribution even if the sedimentation coefficient distribu-
tion is bimodal since it is a folded distribution depending on
particle size and density. Because in the Is-g*(s) method the
diffusion broadening is not taken into account, the values of
the main particle size seem to be lower than the ones from
the core size. However, the lowest values of size distribution
obtained by PTM and of the core size distribution correspond
well to each other.

To demonstrate the effect of swelling of the shell in different
solvents, mixtures in ethanol/water, acetone/water and iso-
propanol/water, all with a density of 0.95 g mL™" (the density
of the oil core) were prepared and measured in the AUC. The
composition of the mixtures can be found in the experimental
section. The resulting s distributions are depicted in Figure 1f.
The related DLS measurements can be found in the Supporting
Information (Figures S20-S22, Supporting Information) to
clarify that no particle aggregation occurs. In the various mix-
tures different swelling of the shell occurs as indicated by the
different shape of the s distributions.

To determine the swelling of the capsules more precisely,
different AUC measurements with media in a density region
between 0.93 and 1.04 g mL™! were realized, by mixtures of eth-
anol and water for densities lower 1 g mL™! and aqueous NaCl
solutions for higher densities (Figures S23-S29, Supporting
Information).

The maxima of the s distributions were plotted against the
density of the medium (Figure 2a). A nearly straight line is
obtained. For media densities larger than the particle density,
the sedimentation coefficient is negative due to flotation. The
mixtures with densities between 0.94 and 0.96 g mL™" were left
out because this is the region of the oil's density and matching
effects could occur. The errors on the sedimentation coefficient
were quite low in a range between 0.01 and 0.03 for the root
mean square deviation of the Is-g*(s) method, indicating that
our measurements yield relevant results.

The same samples were also investigated by Particle Tracking
Microscopy and DLS to obtain size information of the particles

Part. Part. Syst. Charact. 2021, 2100079 2100079 (5 of 8)

Particle Systems Characterization

www.particle-journal.com

(in terms of densities lower than 1 g mL™ with PTM, for higher
densities with DLS; Figures S30-S36, Supporting Informa-
tion). The physical data needed, such as viscosities and refrac-
tive indices were taken from the literature.?!?8] The maxima of
the size distributions plotted against the density, also yield a
nearly straight line with a few outliers (Figure 2b). The swelling
seems to have a linear behavior. For obtaining the error bars of
the size values, we took the error on fitting the maximum of
the Gaussian in case of the PTM measurements. In the case
of the DLS measurements we used the 6™ root of the error of
the intensity weighted mean. The errors of the sizes and of the
sedimentation coefficient were used to calculate the errors on
the further calculated values in terms of error propagation.

Combining the size and the sedimentation coefficient
(maxima of the distributions) using Equation (2), the density of
the particles can be calculated because this density is dependent
on the density of the surrounding medium (Figure 2c). Plotting
theses values, also in this case a straight line is obtained. It has
to be mentioned that the increase is small compared with the
size change.

From that, the density of the shell can be calculated using
Equation (3) with the allready calculated core diameter of
290.6 nm and particle sizes (converted to a volume) and the
density of the oil of 0.95 g mL™!. Plotting the shell density
against the density of the medium, one obtains the diagram
illustrated in Figure 2d. Also, in this case a straight line (with
a few outliers) is obtained, indicating a small increase of the
shell density with the density of the surrounding medium. The
errors for the values obtained at higher densities are slightly
higher because of the greater errors of the DLS measurements.

Because the radii of the capsules and the core are known,
the mean shell thickness is obtained (Figure 2e) by subtracting
the core size from the particle size. Plotting the thickness
against the density of the medium also gives a straight line. It
is conceivable that there is not only a swelling effect, but also
an extension of the shell by the Pluronic surfactant molecules
resulting in a larger size. Namely the observed shell thickness
of up to 165 nm compared to the lowest one of almost 10 nm
indicates that the growth is not only resulting from the swelling
of the polymer shell. Possibly ethanol molecules are addition-
ally coordinated to the oxygen atoms of the surfactant, a polyox-
amer, resulting in the extension.

To determine the volume swelling degree Q, of a particle, the
quotient of the volumes of the swollen and the unswollen par-
ticle has to be formed. Because in our case it was challenging
to determine the unswollen state of the particle, the one with
the smallest measured diameter (309.4 nm) was chosen. Using
this, the result seen in Figure 2f was obtained.

Because the volume of the shell can be calculated by sub-
tracting the volume of the core from the particle volume, also
the degree of swelling of the shell could be calculated, as seen
in Figure 2g. While Q, was comparatively low (Q, = 1-8),
the degree of swelling increased up to Q; = 42 for the shell
(Figure 2g). This is because the shell is thin compared to the
whole particle and only the shell, which is most subject to
swelling, leads to higher degrees of swelling.

Furthermore, the distribution of the nanoparticle composi-
tion can be calculated from the particle density p,, in terms of the
mass fraction w using the known densities of core (c) and shell
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Figure 2. a) The dependence of the nanocapsule sedimentation coefficient
measured s distributions) b) size dependence of the nanocapsules on the
density of the medium, d) dependence of the shell density on the density

on the density of the medium (the data points represent the maxima of the
density of the medium, c) dependence of the nanocapsule density on the
of the medium, e) dependence of shell thickness on the medium density,

f) dependence of the degree of swelling of the nanocapsules Q on the medium density, g) dependence of the degree of swelling Q of the shell on the
medium density. The error bars were calculated by error propagation of errors in size and sedimentation coefficient.

(s) in Equation (4). For this we used the density distribution of
the nanocapsules in water (Figure S1, Supporting Information).
As described previously, the values obtained lie between 1.005
and 1.007 g mL™%. They can thus be regarded as constant, taking
the precision of the method into consideration. The densities
of core (0.95 g mL™Y) and shell (1.142 g mL™) are also regarded
as constant, because the oil cannot swell in water and since the
particle density is constant, the density of the shell also has to
be constant. As seen from Figure 3a, the core and shell mass

a) W core

1.0 ° = o shell
= ° |
< (.84 ° n
20.6- . .
E04] . .
5 . .
80.2- . .
° n

00 T — — T 1

00 02 04 06 08 1.0

mass fraction

Figure 3. Composition of the nanocapsules. a) Calculated distributions of

fraction give a constant value each of w. = 0.669 and w, = 0.331
or in terms of the core/shell volume fraction of ¢, = 0.708 and
@, = 0.292 calculated via Equation (5). Even though our par-
ticular system gives a constant value, our method should be
able to yield distributions. In this case we expect the core/shell
mass and volume fractions to exhibit cumulative distribution
functions, as they are calculated from the cumulative distribu-
tion functions of the different density distributions, which are
in our case constant.

b
)1.0-
£0.81

1

0.6
$0.4-
0.2+

0.92

| fract

096  1.00
plgmL’

the core and shell mass fractions give a constant value for the case of the

nanocapsule dispersion in water. b) dependence of core volume fraction of the nanocapsules on the surrounding medium and a linear fit to the data.
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We furthermore calculated the composition of the nano-
capsules for dispersions in the mixtures described of water/
ethanol and water/NaCl, using additionally the Equations (2)
and (3) to calculate the density of the shell under the respec-
tive conditions. As depicted in Figure 3b, the core volume frac-
tion of the investigated nanocapsules decreases with increasing
density of the surrounding medium. The values range from
¢. = 0.898 in water/ethanol (0.93 g mL™Y) to ¢, = 0.171 in water/
NaCl (1.04 g mL™). These calculations demonstrate the large
influence of swelling on the nanoparticle composition, which
can vary greatly, depending on the surrounding medium.

4. Conclusion

The new AUC density matching method can yield good results for
determining the core size distribution of nanocapsules. The shell
thickness distribution is obtained from the core size distribution
and the particle size distribution, which can be independently
determined once the density distribution of the nanocapsules is
known via sedimentation experiments in solutions of different
densities. This yields, for the first time whole distributions of
core, shell thickness, particle size, and particle density for nano-
capsules. It was also possible to determine the swelling of the
shell by combining an independent method for the determina-
tion of particle size distributions including PTM with AUC.

Such information is invaluable for the characterization
of nanocapsules, or more general core—shell nanoparticles
because it additionally yields the nanoparticle composition.

For application of this method to diverse core-shell parti-
cles, further high-density solvents, solutions, or solvent mix-
tures should be found to match polymers with densities higher
than 1 g mL™". These materials must not form a gradient in the
centrifugal field and the particles must be stable in the corre-
spondent solutions. This does certainly limit the applicability
of our method. In our case, the capsules were stable in sodium
chloride solution, which is not true for all nanoparticles.?l A
further disadvantage is that it is not yet possible to match high
densities (>2 g mL™) in solution without adding very dense
salts in high concentrations, so that the method is not yet appli-
cable for typical inorganic nanoparticles including the impor-
tant semiconductor and metal nanoparticles.
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