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ABSTRACT: Monodispersity is a key property to control the self-
assembly of colloidal particles, and is typically reached after fine-tuning of
the synthesis conditions. Monodisperse particle fractions can also be
separated from polydisperse suspensions via ultracentrifugation. This
paper demonstrates the capability of isolating and characterizing
suspensions of core—shell iron oxide-polymer nanoparticles with
extremely low polydispersity (p < 0.01) and, thus, of complementing
nanoparticle synthetic approaches in the pursuit of highly monodisperse

materials.

B INTRODUCTION

Monodispersity is a crucial property in determining the
microstructure and properties of colloidal materials." Extensive
structural studies have, for instance, demonstrated that
ensembles of spherical particles fail to crystallize for
polydispersities larger than 10%, and that simply adding a
small percentage of slightly bigger or smaller particles slows
down considerably the kinetics of crystallization.” High
monodispersity is also necessary for the formation of complex
nanoparticle (NP) suprastructures.” Numerous high-end
applications can take advantage of monodisperse colloids,
including batteries,” nanoparticle patterns,” plasmonic bio-
sensors,” and nanoparticle transport through cell membranes.”

Nature can often produce monodisperse objects with specific
functionality, including viruses (e.g, tobacco mosaic virus),
peptides, and proteins. Most typically, monodispersity of man-
made nanoscale objects is sought and achieved during
nanoparticle synthesis, which often requires thorough and
sensitive control of the reaction conditions to reach narrow size
distributions. In some cases, monodisperse systems can only be
achieved for certain size windows and sequences of growth
steps may be required to bridge over different length scales.”
Furthermore, in particle growth and nucleation processes, there
are physical limitations for monodispersity, linked to the
kinetics and thermodynamics of the reactions.”

A way to overcome these limitations and improve the
outcome of synthetic processes is to separate monodisperse
particle fractions after synthesis. Many strategies have been
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developed to perform this task, and include electrophoretic
separation'’ and microfluidics."’ One of the classical
approaches employs centrifugation (or ultracentrifugation),'”
and it is commonly used to separate proteins in biology or
isotopes in nuclear technology. The technique has seen a recent
revival in particle technology,'”'* partly due to improvements
in data analysis, and it has been successfully applied to separate
a large range of systems, including multivalent patchy particles
in the micrometer range,ls’16 monodisperse silicon nanocryst-
als,'”'® semiconductor quantum dots,'” and metal NPs coated
by different molecular capping agents.”’ Additional applications
entailed the isolation of highly monodisperse graphene sheets”’
and the separation of carbon nanotubes by their length®* and
diameter,”” respectively. So far ultracentrifugation has not been
demonstrated for more complex core—polymer shell NPs,
where both the uniformity of the shell and of the core sizes
affect the separation. In this paper, we demonstrate that
ultracentrifugation via rate zonal separation can be successfully
applied to produce fractions of iron oxide nanoparticles
stabilized by dendritic poly(ethylene glycol) (PEG) shells
with extraordinarily small polydispersity values. We define
polydispersity as p = 67, ', following the standard definition
for small-angle scattering characterization of particulate
systems,”* where & is the standard deviation of the size
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distribution and r,,,, the average radius. Suspensions of particles
with core radii continuously varying between 3.8 and 4.6 nm
could be consistently achieved, with values of p down to the
order of 107% In order to characterize core size and shell
thickness of all the NP fractions thoroughly, we carried out
small-angle X-ray scattering (SAXS) experiments, offering
significantly improved statistical analysis compared to electron
microscopy characterization, as detailed later. Specifically, a
spherical core—shell model together with a power-law model
were used to fit the scattering signal coming from the core—
shell NPs form factor and in order to include the effects of
thermal fluctuations of the polymer shell, respectively. Our
results indicate the capability of both isolating and character-
izing polymer-stabilized NP fractions with unprecedented
degrees of monodispersity, paving the way for future studies
and applications where extremely small degrees of mono-
dispersity are a key, for example, for optical applications or
encapsulation.

B EXPERIMENTAL SECTION

SAXS Measurements. The SAXS experiments were performed
using a Rigaku MicroMax-002* microfocused beam (40 W, 45 kV, 0.88
mA). Cu Ka radiation (g, = 1.5418 A) was collimated by three
pinhole collimators (0.4, 0.3, and 0.8 mm). The scattered X-ray
intensity was detected by a two-dimensional Triton-200 gas-filled X-
ray detector (20 cm diameter, 200 ym spatial resolution) covering a
momentum transfer range of 0.1 nm™' < g < 2 nm™}, where g =
47sin0/Acukq and 26 is the scattering angle. The scattering intensity
profiles were analyzed using the software SANS & USANS Analysis
with IGOR Pro.”

In order to get information about the size and distribution of the
core—shell spherical nanoparticles, small-angle X-ray scattering
(SAXS) experiments were performed on aqueous dispersions of
freeze-dried NPs at four different concentrations (0.24, 0.11, 0.059,
and 0.024 wt %) for the pristine dispersion after synthesis and on the
seven fractions after ultracentrifugation separation. Samples were
frozen by plunging in liquid nitrogen and then freeze-dried in a Christ
Alpha 1-2 LD Plus freeze drier (Germany) at a pressure of 0.086
mbar and a temperature of —52 °C. First, all scattering data were dark-
current and transmission corrected and the corrected capillary signal
was subtracted. Second, the concentration factor and the solvent
subtraction were conducted for all samples in order to verify that all
scattering profiles fell on the same master curve, indicating that the
concentrations were sufficiently diluted to leave only the form factor
P(q) ~ I(q)/c visible in the curves, with the structure factor S(q)
independent from concentration and S(q) 1 (Supporting
Information Figure SI-1). Then, the form factors P(q) were calculated
from the corresponding scattering patterns of the highest concen-
tration by applying a spherical polydisperse core—shell particle model
keeping the thickness (tg,;) of the dendritic PEG shell constant and
estimating the radius of the core (r.,.) and its polydispersity (p = o
feore - The scattering length densities used for the magnetite core and
the solvent (water) were p.. = 42271 X 107 nm™2 and p e =
9.5096 X 10~* nm™, respectively. For the polymer shell, a constant
value of py = 9.8450 X 10™* nm™2 was found and kept constant for
all the samples due to the nature of the monodisperse dendritic PEG
polymer. Finally, a power-law model was included in order to adjust
the intensity of the scattering signal at low g values coming from the
fluctuations of the polymer shell, where the intensity profile was I(q) =
ki-q" + kyP(q) + bkg, where bkg was the background scattered
intensity.

The form factor P(q) for the polydisperse core—shell spheres can be
construgted from the form factor of a monodisperse core—shell
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where p is the polydispersity as defined in the main text, and z is the
Schulz width parameter.

Ultracentrifugation. For nanoparticle fractionation, a Gradient
Station (BioComp Instruments, Inc.) was utilized. Briefly, stock
solutions of NPs were prepared in ultrapure water (Milli-Q) at a
concentration of 10 mg-mL™". Then, 200 uL of the NP stock was
loaded onto 12 mL of 20—50 wt % sucrose gradients in SW41 tubes
(Beckman Coulter, Inc.) for rate zonal separation. NPs were
centrifuged at 39 krpm for 2 h at 20 °C. The samples were manually
fractionated via piston gradient fractionation in 3 mm wide slices,
retaining every other fraction. Identical fractions were pooled across
tubes and purified from sucrose by centrifugal filter dialysis (Amicon
Ultra 15 Centrifugal Filter Units ). We emphasize here that the
colloidal stability of our iron oxide-PEG nanoparticles allowed
removing sucrose residues via dialysis without any aggregation as a
result of purification. We chose sucrose gradients for ease of operation
and to be able to reach high resolution in the isolation of fractions in a
narrow size range, but, strictly speaking, density gradients are not
essential for rate zonal separation and other solutes (e.g, inorganic
salts, polysaccharides, etc.) could also be employed. Approximately
half of the initially loaded particles were recovered after fractionation;
the rest were likely lost to precipitation or adsorption on the plastics/
membranes during centrifugation and subsequent fractionation and
purification.

Nanoparticle Synthesis. The details of the nanoparticle synthesis
and characterization are found in ref 30. Briefly, the Fe;O, cores were
synthesized by thermal decomposition of iron(III) acetylacetonate at
300 °C, according to the method published by Xu et al. using
oleylamine as capping agent.’' Particle stabilization was obtained by
ligand exchange with second generation dendritic PEG (M,, = 2477g-
mol ™) with a nitrocatechol anchoring group. Ligand exchange was
performed in ethanol at 50 °C for 24 h with 4-fold weight excess of the
stabilizer compared to the oleylamine-stabilized Fe;O, NPs. After
replacement of the ligands, the particles were separated out of solution
by precipitation after adding hexane to the suspension and collected
using a magnet; the oleylamine was then removed by decantation.
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Figure 1. (a) NP sedimentation profile in the sucrose gradient after ultracentrifugation and schematic representation of the fractionation process.
The inset shows the NP suspension loaded on top of the sucrose solution before centrifugation. (b) Schematic representation of the core—shell NPs.

After a second precipitation step, the particles were dried and
resuspended in water, followed by centrifuge-assisted ultrafiltration.

TEM Image Analysis. Particle sizing from TEM images was
carried out by an automated, custom-written algorithm using IDL
(Exelis Visual Information Solutions, Inc.). The size distribution was
extracted by binarizing the images using a threshold value to
distinguish the particles from the background. The image-dependent
threshold was chosen after plotting the intensity histogram of the
images and identifying the peak corresponding to the particles. The
correct choice of the threshold was confirmed by independently
locating and counting the particles until the number of binarized
regions corresponded to the particle number. The particle size
distribution was then extracted from the area of each binarized region,
assuming a circular cross section.

B RESULTS AND DISCUSSION

For our experiments, we used iron oxide (Fe;O,) NPs whose
surface is coated by a brush of second-generation dendritic
PEG through nitrocatechol anchors. Details on the particle
synthesis and characterization can be found in refs 30 and 32
(see the Experimental Section for more details). For the
purpose of this paper, we report that the as-synthesized NPs
have a core diameter of 8.4 + 1.4 nm (from SAXS), a shell
thickness of 4.3 nm from DLS and p of 0.10 (from DLS). The
molecular weight of the second generation PEG dendrons is
2477 gmol™, they have a grafting density of 0.73 + 0.03
chainsnm™ (from TGA) and the particles bear a slightly
negative charge in 0.1 M HEPES buffer (pH = 7.4).
Nanoparticle fractionation was carried out according to the
procedure described in ref 33. Briefly, a sucrose gradient was
generated using the hybrid Gradient Station (BioComp
Instruments, Inc.), capable of both gradient formation and
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piston fractionation. Aqueous nanoparticle solutions (10 mg:
mL™") were carefully loaded onto 20—50 wt % sucrose
gradients before 2 h of ultracentrifugation and subsequent
fractionation (see the Experimental section for more detail).
During centrifugation, NPs travel from the meniscus interface
down along the gradient at a rate influenced greatly by their
density (as described by Svedberg’s equation). In particular,
separation in rate zonal centrifugation depends critically on two
parameters: particle density and particle size. For inorganic/
organic core/shell NPs like the ones employed in this study,
particle density rapidly increases with particle size, due to the
growing influence of the dense metal core as the inorganic shell
remains practically unchanged in thickness and density. The
latter assumption is supported by previous analysis of the
polymer grafting density on the surface of the NPs, showing
that the grafting density, and thus the mass of polymer per
particle, depends only on the molecular weight of the stabilizer
and not on its architecture, that is, linear or dendritic.>
Therefore, this excludes therefore the presence of strong
curvature effects on the steric packing of the ligands on the
surface of the particles, indicating that differently sized NPs
have similar thickness and density of the stabilizing layer. This
led to a broad and continuous profile of NPs along the tube
that could be isolated by careful fractionation. Figure 1 shows
the as-synthesized NPs suspension loaded on top of the sucrose
solution and the sedimentation profile after ultracentrifugation.
Seven NPs fractions were extracted from the gradient, the
sucrose was thoroughly cleaned out and both the as-synthesized
and the fractionated NPs were characterized by SAXS.
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Before examining the NP fractions, we initially carried out
calibration measurements on the as-synthesized suspensions in
order to ascertain the concentration and form factor parameters
related to the core—shell spherical NPs, that is, core radius,
shell thickness, and polydispersity of the cores. Pristine freeze-
dried spherical core—shell NPs were redispersed in water and
the SAXS pattern was measured to confirm the validity of the
fitting models used for this study and to fix given fitting
parameters. In particular, we used a model based on the sum of
the scattering intensity profiles coming from the form factor of
a polydisperse spherical core—shell NPs model together with
the scattering intensity profile coming from a power-law model.
The second part crucially accounts for thermal fluctuations in
the polymer layer to adjust the intensity of the scattering signal
at low g-values.”* The first part gives the form factor for
polydisperse spherical NPs with a core—shell structure, with a
polydisperse core and a constant shell thickness,”® due to the
monodispersity of the PEG dendrons (see the Experimental
section for more details).

Figure 2 shows the scattering intensity profile for the as-
synthesized dispersion of the spherical core—shell NPs. The
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Figure 2. Scattering intensity profile (empty black symbols) and the
form factor fitting curve (red). The polydisperse core—shell spherical
particle model with a fixed shell thickness (fg = 3.3 + 0.2 nm) is
shown in blue and the power-law contribution coming from the
fluctuations of the adsorbed polymer layer is shown in green. The gray
line corresponds to the background.

results show the best agreement with a fitted core radius r,,, =
4.44 + 0.01 nm, a corresponding polydispersity value p = 0.111
+ 0.003 and a fixed shell thickness ty; = 3.3 + 0.2 nm. The

scaling factor from the power-law model which yields the best
fit is n = 2.68 =+ 0.03, which differs from the 4/3 value predicted
for linear polymers adsorbed onto the NPs surface. This
difference might stem from the dendritic architecture of the
stabilizing polymers, which cannot form blobs when swollen
and present a higher rigidity. In particular, the fitted polymer
thickness corresponds to ca. 80% of the fully stretched
configuration predicted by Force Field Molecular Mechanics
calculations (typppos = 4.1 nm). It is worth mentioning that, as
shown in Figure 2, the use of a simple polydisperse spherical
core—shell model was not able to capture the scattering
intensity profile of our particles and that the power-law term
was necessary for successful fitting at low g values.

We then constructed a calibration curve to be able to
estimate the volume fraction of the NP suspensions by
preparing and measuring suspensions of as-synthesized freeze-
dried particles at different known concentrations (0.24, 0.11,
0.059, and 0.024 wt %, corresponding to 0.0458, 0.0211,
0.0114, and 0.00459 V/V-%) and plotting the measured
scattered intensity at low g (¢ = 0.10 nm™") versus volume
fraction (Supporting Information Figure SI-2). This also
allowed us to exclude that, in this concentration range and
below, any structure factor contribution was not present
(Supporting Information Figure SI-1).

Next, we moved on to SAXS measurements of the NP
fractions after ultracentrifugation. From the evaluation of the
low g-value scattering intensities of all the fractions (Figure 3a),
their concentration could be determined against the above-
mentioned calibration (Figure 3b). In particular, this approach
allowed to determine accurately volume fractions ranging
between 5.5 X 107 and 4.6 X 107% and the obtained volume
fractions for the seven investigated fractions ranged from 5.9 X
1076 to 5.2 X 107>, Due to the high contrast between the iron
oxide core and the surrounding medium this technique is very
sensitive to measure concentrations for such kind of NPs.

Finally, all scattering profiles from the collected fractions
were fitted (Supporting Information Figure SI-3) to extract the
particle radius and polydispersity of all the fractions. The fitted
scattering data are reported in Figure 4, where the zoom in the
inset highlights the region around the first minimum in I(g). A
shift in the minimum position toward the left indicates an
increase in particle size.

First, we note that by collecting fractions at decreasing height
along the sucrose gradient, the core radius continuously
increases until reaching a plateau value at 4.69 + 0.04 nm

1(g) (a.u.)

¢ (nm™)

b sxi0®
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Figure 3. (a) Scattering intensity profiles for the seven collected fractions of the core—shell spherical nanoparticles (A to G). (b) NP concentration
(volume fraction) for the seven fractions estimated from the calibration curve in Supporting Information Figure SI-2.
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Figure 4. Fitted scattering intensity profiles for the seven fractions.
Inset: zoom in the region of the first minimum of I(q). The arrow
indicates increasing average particle size.

(Figure Sa). The lower r..[A] = 3.8 + 0.2 nm and the upper
TeorelG] = 4.67 + 0.04 nm values for the NPs core radius fall
quite nicely in the 2-sigma window obtained for the average
value of the as synthesized dispersion (r.,,.[O]—06 = 3.95 nm <
Teore < Teore O] + 6 = 4.93 nm, where O indicates the original, as
synthesized suspension). We can already note that the size-
distribution of each fraction is extremely narrow. More precise
information on this can be obtained by evaluating the
polydispersity index of the NPs fractions. Here, we observe
that all fractions have a lower polydispersity than the as-
synthesized particles (0.0001 < p < 0. 092, corresponding to
percent standard deviations between 0.01% and 9.2%) always
below to the one from the original nanoparticle dispersion p =
0.111 + 0.003 (Figure Sb) and that the first three fractions
exhibit extraordinarily low p values of the order of 107*. The
sudden increase in p might be due to a deviation from linearity
in the density gradient. In the future, this hypothesis can be
tested by taking thinner slices out of the vial or by purposely
imposing nonlinear density gradients.

Compared to standard size analysis from direct imaging, for
example, by transmission electron microscopy, SAXS offers
significantly higher accuracy and leads to more robust estimates
of the average particle size and polydispersity. The main reason
for this is mostly connected to the much higher statistics in
scattering experiments, compared to the analysis of order 10*—

10° particles from TEM. Additionally, any particle sizing
procedure using images entails a certain degree of arbitrariness
in setting threshold parameters to separate the particles from
the background (more details on the procedure we used are
found in the Experimental section). To support these
statements, we report the results of quantitative image analysis
of the original suspension and of two fractions (E and G), as
shown in the TEM images of Figure 6. For the as-synthesized
sample, we obtained values of ¢ = 0.54 nm, r,,. = 3.67 nm, and
thus p = 0.15, measuring 5499 particles. For fraction E we got ¢
= 0.32 nm, .o, = 3.35 nm, and p = 0.10, analyzing 583 particles
and for fraction G, ¢ = 043 nm, 7., = 3.53 nm, and p = 0.12,
measuring 628 particles. In all cases, we see that image analysis
overestimates polydispersity and underestimates the average
particle size. The former is mainly due to statistics, whereas the
latter is due to the choice of threshold intensity to maximize the
number of measured particles without including any artifact
form the background.

B CONCLUSIONS

In conclusion, we have reinforced the finding that ultra-
centrifugation is a viable route to select highly monodisperse
NP fractions out of as-synthesized, polydisperse suspensions. In
particular, our results have shown that this route is viable not
only for NPs stabilized by short molecular ligands, but that it is
also successfully applicable to more complex core—shell objects
with polymeric shells. Finally, we have also demonstrated that
SAXS, as an ensemble method, is a rapid, robust, and sensitive
tool to characterize the fractionation process with high
accuracy.

The results of our work, therefore, are encouraging to extend
this method to the separation of other complex nanoparticle
systems to be able to work experimentally with truly
monodisperse particles. In this way, a more direct comparison
between numerical simulations (where polydispersity can be
controlled at will) and experiments can be achieved and may
pave the way for the realization of nanoparticle assemblies with
fine control on the structure and thus of the material properties.
Our findings are general and are not limited to the case of PEG-
iron oxide nanoparticles, but can also be extended to other
materials, for example, metallic nanoparticles stabilized by
extended polymer shells. Monodispersity in the former case
could be beneficial in relation to encapsulation within lipidic
membranes,” whereas in the latter case, it may lead to the self-
assembly of responsive nanoparticle arrays with well-defined
optical properties.’”® The generality and robustness of our
results open up the possibility to extend our isolation and
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Figure S. (a) Core radius and (b) polydispersity for the seven collected fractions of the core—shell spherical nanoparticles obtained from the form
factor fitting curve of polydisperse spherical core—shell particles with a fixed shell thickness (e = 3.3 + 0.2 nm). Note: lines are guides to the eye.
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Figure 6. TEM images of the original suspension (a) and of fraction E (b) and G (c).

characterization procedure to even more complex core—shell
objects, displaying shape or chemical anisotropy. Another
interesting direction for future work may be to apply
ultracentrifugation to separate nanoparticles with identical
cores and stabilized by polymers of similar molecular weight
but different architecture, for example, linear versus dendritic,
to test the proficiency of the technique in decoupling particle
mass from the details of the stabilizing polymer layer.
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