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ABSTRACT: The on-demand availability of nanomaterials with selected size and well-defined
chemical/physical properties is of fundamental importance for their widespread application. We
report two clean, rapid, and non-destructive approaches for nanoparticle (NP) size selection in
centrifugal fields. The first exploits rate zonal separation in a high viscosity gradient. The second
exploits selective sedimentation of NPs with different sizes. These methods are here applied to
metallic nanoparticles (MNPs) with different compositions and surface chemistry, dispersed either in
water or organic solvents. The approach is general and can also be exploited for the separation of NPs
of any material. We selectively sort both Au and AgNPs with sizes in the 10−30 nm range, achieving
chemical-free MNPs with low polydispersivity. We do not use solutes, thus avoiding contamination,
and only require low centrifugal fields, easily achievable in benchtop systems.

■ INTRODUCTION

The preparation of nanoparticles (NPs) with well-defined size
is of paramount importance for the accurate control of their
properties1−3 and for the investigation of size-dependent
chemical and physical phenomena.4,5

NPs with well-defined size in the 10−30 nm range are
important for several applications, in particular in the field of
photonics,6,7 nanomedicine,8 and nanobiotechnology.9 Au and
AgNPs of 10−30 nm size offer the best performance for
photothermal heating,10 because the surface plasmon resonance
is depressed in NPs smaller than 10 nm,11,12 due to free
electron scattering at surface boundaries,11,13 while above 30
nm light scattering overwhelms absorption,11,13 with conse-
quent reduction of light conversion to heat.10 Plasmon-induced
photothermal heating is used for photothermal14 and photo-
acustic imaging,15 as well as for photothermal therapy.10

Photothermal heating can also be used for plasmon
lithography16 and nanosurgery17 where 10−30 nm NPs offer
the best compromise between efficient heating and resolu-
tion.10 The NPs chemical18,19 and catalytic19−21 properties are
significantly influenced by their size. As an example, the surface
area per unit mass of 10 nm NPs is 5 times that of 50 nm ones;
thus, 10 nm NPs have higher catalytic activity with respect to
50 nm ones.22 The catalytic rate constant, i.e., the combined
reactivity of all surface catalytic sites,20,21 increases ∼32% for 13
nm AuNPs compared to 6 nm ones.21 The magnetic properties
are also size dependent,23,24 and, e.g., the superparamagnetic
iron oxide NPs with the largest magnetic moment are those in
the 10−25 nm range,23,24 because the transition from
ferromagnetic to superparamagnetic behavior in iron oxide
NPs is observed at 25 nm,23,25 and the magnetic moment of
NPs scales with their volume.23 In nanomedicine, 10−30 nm
NPs offer excellent performances for in vivo selective

accumulation in targeted tissues8,26−28 and reduced clearance
rates.8,26−28 This is because NPs below 10 nm are cleared by
kidneys less than 24 h after injection,29 which reduces the time
available for reaching the target with consequent low
accumulation yields29 and the need for repeated NP
injections.29 NPs larger than 30 nm are efficiently sequestrated
by macrophages of the reticuloendothelial system28 and Kupffer
cells30 in the liver, with a consequent accumulation in undesired
sites26−28 and clearance by multiple pathways on the time scale
of weeks to years.26−28 10 nm NPs undergo a 2-fold increase in
circulating time than larger NPs (e.g., 50-100 nm) due to a
slower sequestration by the reticuloendothelial systems.28 E.g.,
ref 31 demonstrated that 10 nm AuNPs were present in various
organ systems including blood, liver, spleen, kidney, testis,
thymus, heart, lung, and brain, whereas larger NPs (50-100 nm)
were only detected in blood, liver, and spleen. NPs uptake and
removal is also size dependent:31−34 uptake of 14 nm AuNPs is
33% higher than 74 nm AuNPs.34 Smaller AuNPs exocytose35

at a faster rate than larger ones.33,34 E.g., the exocytosis of 14
nm AuNPs is two times higher than 74 nm AuNPs and five
times higher than 100 nm AuNPs.33 Purity, i.e., the absence of
toxic chemicals, is also a crucial point for bioapplications.36

Metallic NPs (MNPs) are at the center of a rapidly
expanding research area, with applications ranging from
photovoltaics,37,38 to optical emitters,39 waveguides,40 surface-
enhanced Raman scattering (SERS),41−43 SERS-based sen-
sors,44,45 and nanoantennas,46 just to cite a few. The optical
properties of MNPs are dependent on their size6,7,47 and only
NPs with clean surface are effectively coupled with other
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materials, like graphene,38 Raman active molecules,6 and
semiconductors.48

Here we report two methodological advances to sort (i.e.
separate in a range of sizes) MNPs with no need of solutes or
additives. In the first, we use rate zonal separation (RZS) in a
viscosity gradient (VG) obtained by mixing common solvents,
such as water or ethanol (EtOH), with pure liquids with high
viscosity, such as ethylene glycol (EG) or glycerol. In the
second, we use sedimentation-based separation (SBS), without
any density gradient medium (DGM) or additional solute, by
selecting the appropriate range of relative centrifugal forces, to
achieve selective (i.e., in a dimension range) and sequential
(i.e., exploiting successive centrifugation runs) sedimentation of
the largest particles in solution. Both our approaches are
applied to 10−30 nm MNPs, where most previous attempts
failed49−51 or required additional (unwanted) solutes.52−56 We
test our methods on MNPs with different composition, surface
stabilization, and coating, including AuNPs and AgNPs
obtained by laser ablation in pure water. These are ideal
candidates for post-synthesis sorting because of their chemical
purity,47 absence of stabilizers,47 and a standard deviation (SD)
of the average NP size ∼ 60%.47 The separation strategies
reported in this article have general validity and can be applied
to NPs of any other material.

■ BACKGROUND
In wet chemistry synthesis, such as synthesis in liquid solution
of NPs from soluble precursors,4 monodispersed NPs are
obtained by the use of coating/stabilizing agents.4,19,57−61

Monodispersed MNPs are obtained by using thiolated
ligands5,19 or citrate molecules.4,5,19,62 A post-synthesis size
selection procedure49,52,53,55,63−69 can be a viable alternative to
the use of coating/stabilizing agents, especially when these
must be avoided because they are toxic36 or hamper further
functionalization with desired molecules.70 Several approaches
have been suggested for post-synthesis size selection, such as
preparative centrifugation,64,67,68,71 density gradient ultracen-
trifugation (DGU),49,52,53,55,63,69 size exclusion chromatogra-
phy,68 membrane filtration,65 selective precipitation,72 or
electrophoresis.66 Other post-synthesis treatments, such as
laser irradiation,25,73,74 can also be used for size refinement, i.e.,
to reduce the NP size polydispersivity.
The application of centrifugal fields to nanomaterials in

solution is called differential ultracentrifugation.75 When the
nanomaterials are dispersed in a uniform gradient medium, this
process is referred to as SBS,75 while it is called DGU when
performed in a DGM.76,77 Both SBS and DGU can spatially
separate particles based on their size.75−77 SBS separates
nanomaterials exploiting their sedimentation coefficient,75

commonly reported in Svedberg (S) units, where 1 S
corresponds to 10−13 s.75 The sedimentation coefficient
determines the time needed for the NPs to sediment out of
the fluid in which they are dispersed, under the centrifugal force
acting on them.
In DGU, particles are ultracentrifuged in a preformed

DGM.76−78 During the process, they move along a cuvette
until they reach the corresponding isopycnic point, i.e., the
point where their buoyant density equals that of the
surrounding DGM.78 The buoyant density is defined as the
density of the medium at the corresponding isopycnic point
(measured in g/cm3). The buoyant density depends on the
dispersion,79 on the type of surfactant,80 and may also change
with gradient medium79 or, for the same DGM, according to

the pH.79 Such process depends only on the buoyant density of
the particles and is also known as isopycnic separation.78 In
RZS, the ultracentrifugation is stopped during the transient
centrifugal regime, before the particles arrive at their isopycnic
points.81 RZS exploits differences in the sedimentation
coefficient.81 Thus, objects with different S values will travel
along the cuvette at different sedimentation velocities.78,81 This
will cause a spatial separation.81

DGU was originally developed for the separation of
biological particles, such as cells,82,83 viruses,81,84 deoxyribonu-
cleic acid (DNA),85 etc. This technique is now commonly used
to sort nanomaterials. Isopycnic separation was used to sort
nanotubes by diameter,86 metallic vs semiconducting nature,87

chirality,80 handedness,88,89 and graphite flakes by number of
layers.90 RZS was used to separate nanotubes by length,91

graphene oxide sheets by size92 and surface chemistry,92 several
types of small sized (i.e., < 10 nm) ligands stabilized inorganic
NPs, such as semiconductor quantum dots,49,63,93,94 thiolated
metal clusters,3 thiolated AgNPs,49 to separate Au nanospheres
from nanorods,51 Au nanowires,49 nanoplates,50 and small
aggregates of polymer encapsulated AuNPs.52,53 RZS is a quick
(∼10−20 min)55,81,92 and scalable process (ultracentrifuges can
process liters of dispersions per run), thus avoiding drawbacks
of other techniques, such as the limited scalability of size
exclusion chromatography,68 the very long processing time of
selective precipitation72 or electrophoresis,66 the agglomeration
frequently observed with membrane filtration,65 size exclusion
chromatography68 and electrophoresis,66 and the imprecise
sorting, i.e., SD of the order of 100% of the average size of
sorted NPs, typical of electrophoresis66 and size exclusion
chromatography.68 Moreover, separation strategies such as
membrane filtration65 will cause aggregation of NPs due to
removal of stabilizing agents. E.g., citrate stabilized AuNPs,54

cetyltrimethylammonium bromide stabilized Au nanorods,54,56

or surfactants stabilized nanotubes80 undergo irreversible
aggregation upon removal of the stabilizing agents, a process
carried out via dialysis.80

The liquid solutions commonly used for DGU have a
maximum density of 1.4 g/cm3.49,80 Higher density media, such
as bromoform,95 borotungstate of cadmium,96 etc., are toxic.97

Although non-toxic alternatives exist, such as sodium
polytungstate,98 the maximum density achievable is 3.1 g/
cm3.99 Therefore, isopycnic separation in a density gradient is
not possible for NPs with densities over 3.1 g/cm3, a value
much lower than the density of most inorganic materials, such
as metals (i.e., Au 19.1 g/cm3),100 metal oxides (i.e., Fe3O4 5.2
g/cm3),100 or semiconductors (cadmium sulphide 4.82 g/
cm3).100 Furthermore, the most common density gradients are
prepared by adding DGMs in the form of solutes, such as
CsCl,79,101 sucrose,102,103 or iodixanol.80,82,83,86 This affects the
dispersion purity, and these solutes are difficult to remove after
the separation process. RZS is thus the alternative for high
density particles. Density gradients produced using salts79,101

are less stable with respect to those produced with
sucrose102,103 and Optiprep,80,82,83,86 due to their low
viscosity;104 therefore, these are not ideal for RZS. Sorting by
transient motion causes a faster sedimentation for higher-mass
particles compared to lower-mass ones.55 This can be mitigated
by using high-viscosity DGMs, thus slowing the sedimentation
of high-mass particles to the point where structurally distinct
fractions (f) can be collected following centrifugation.55

Sucrose has high viscosity,105 exponentially increasing at high
concentrations.105 It is thus very popular for RZS.103 Optiprep
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has also high viscosity,82,83 but this is almost constant as a
function of the gradient density.106 It was recently used for RZS
of silica-coated AuNPs,55 while ref 54 created a high-viscosity
density gradient by dissolving polyvinylalcohol (PVA) in an
aqueous solution. This allowed the separation of NPs with size
in the 30−200 nm range, otherwise not possible by isopycnic
separation in a density gradient.54,55

The DGM can also interfere with the stability of the
nanomaterial dispersions107,108 because salts present in DGMs
reduce the electrostatic stability of charged NPs dispersed in
liquid solutions,109 and NPs can undergo aggregation during
preparative ultracentrifugation.103 The DGM can adsorb on the
NP surface.103 Salts can induce strong aggregation on
hydrophobic solutes107,108 that may affect the separation
process itself. A similar effect can happen when sucrose is
used.103 Moreover, DGMs containing CsCl cannot be used to
sort citrate stabilized NPs because saline solutions induce
aggregation of citrate coated/unstabilized NPs.110−112

The high weight fraction of polymers can also interfere with
NP stability,54 requiring the further addition of toxic
stabilizers,113 such as cetyl trimethyl ammonium bromide
(CTAB).54 PVA can also adsorb on the NP surface.19,114 The
PVA molar mass (10 000−40 000 Da)115 also complicates the
purification of NPs in the 10−30 nm range by dialysis65 or size
exclusion chromatography68 because the size of the unwanted
polymer chains is comparable to that of the NPs.54 In addition,
the high weight fraction needed for the experiments reported in
ref 54 would require multiple centrifugation runs for each
fraction, in order to remove the unwanted PVA by
sedimentation and redispersion. Other media, such as mixtures
of cyclohexane, C6H12, and tetrachloromethane, CCl4, have also
been proposed for the separation of AuNPs.49 However, both
solvents have health and environmental issues.116 In particular,
CCl4 causes liver, kidney, and central nervous system
damage.116

For these reasons, here we use two clean, rapid, and non-
destructive approaches for NP size selection, based either on
RZS and SBS, without the use of solutes, thus avoiding surface
contamination.

■ EXPERIMENTAL DETAILS
Materials. AuNPs and AgNPs are obtained by laser ablation

synthesis in solution (LASiS), as for refs 47, 117. Light pulses of
9 ns at 1064 nm from a Nd:YAG Quantel YG981E laser are
focused with a 10 cm focus lens on a 99.99% pure metal plate
placed at the bottom of a cell containing a 10−5 M NaCl
solution in bidistilled water, with a fluence of 10 J cm−2 and 10
Hz repetition rate, for 60 min. PEG coated AuNPs in water are
obtained by adding 1 mM aqueous solution of thiolated PEG
(MW 5000, from Lysan Bio) to LASiS-AuNPs. Excess PEG is
removed by dialysis. The PEG coated AuNPs are then
transferred in EtOH by drying the aqueous solution and re-
dispersing the product in EtOH. Citrate stabilized 10 nm
AuNPs in water are sourced from Sigma Aldrich.
Rate Zonal Separation in Viscosity Gradient. The

gradient (in viscosity and density) is formed directly in a
cuvette (Seton, ultra clear open-top, 14 × 89 mm, capacity 13.2
mL) by stacking different layers (1 mL each) prepared by
mixing water (0.9 × 10−3 kg m−1 s−1 at 25 °C equivalent to 0.9
mPa·s) with a high viscosity liquid, such as EG (16.1 mPa.s),
with proportions of EG/H2O varying linearly from 1:0 to
0.2:0.8 from the bottom to the top in 9 successive steps. This
creates a step gradient. At the top, we add the LASiS-MNPs

(AuNPs or AgNPs). The cuvette is capped and left in vertical
position in order to stabilize the gradient for 1 h prior to VG-
RZS.
VG-RZS is carried out via preparative ultracentrifugation

(Sorvall WX ultra100 ultracentrifuge) in a TH641 swinging
bucket rotor at 20 kRPM for 20 min at 15 °C. The average and
maximum accelerations are ∼49 360g and ∼68 600g, respec-
tively, where g is the gravitational acceleration. After VG-RZS,
the sorted MNPs are extracted following the fractionation
procedure described in refs 80, 87, and 118 for the extraction of
single-wall carbon nanotubes. We use upward displacement
fractionation81 exploiting a syringe pump. Fluorinert FC-40 (ρ
≈ 1.85 g/cm3; Sigma-Aldrich) is inserted with a needle at the
bottom pushing the gradient up into an inverted collection
needle. The distance between the top of the dispersion and the
upper enriched band is measured using a slide caliper, and the
corresponding volume calculated. This is then extracted and
discarded by injecting the same volume of Fluorinert at the
bottom of the cuvette. Once the bands of interest are at the top,
∼600 μL Fluorinert is injected to extract the same volume of
dispersion containing the separated MNPs. In our case, ∼600
μL correspond to a length of ∼8 mm along the cuvette. The
same separation and fractionation procedures are carried out
for citrate stabilized commercially available AuNPs sorted in a
water/EG gradient without any additional stabilizer, to show
that our separation technique is suitable also for AuNPs with a
different type of surface stabilization with respect to LASiS-
AuNPs.
We also test our separation procedure with different aqueous

mixtures, such as water/polyethylene glycol 200 (PEG-200)
and water/glycerol. In the first case, we use water/PEG-200
mixtures from 0.5:0.5 to 0.9:0.1, by stacking 10 layers (1 mL
each) of decreasing PEG-200 concentration from the bottom to
the top. This separation is carried out with a Sorvall WX
ultra100 ultracentrifuge in a TH641 swinging bucket rotor at 20
kRPM for 20 min. In the second case, we use water/glycerol
mixtures from 0.7:0.3 to 0.95:0.05, by stacking 6 layers (1 mL
each) of decreasing glycerol concentration from the bottom to
the top. This separation is carried out in a benchtop Thermo
Scientific centrifuge IEC CL10, equipped with a swinging rotor
model O-G26 and VWR cuvettes (borosilicate glass with
round-bottom, open-top, 13 × 100 mm, capacity 8 mL) at low
relative centrifugal force (rcf) of 2500 for 120 mins. The rcf is a
dimensionless quantity that refers to the force applied to a
certain mass, relative to that experienced by the same mass
when subjected to the gravitational acceleration. Thus rcf =
2500 means that the particles are subjected to an acceleration of
2500 g. In both cases, the fractionation is carried out following
the aforementioned procedure.
We also separate PEG-coated AuNPs dispersed in ethanol,

using EtOH/EG mixtures from 0.5:0.5 to 0.9:0.1, by stacking 5
layers (1 mL each) of decreasing EG concentration from the
bottom to the top. This is carried out in a benchtop centrifuge
(Thermo Scientific IEC CL10 equipped with a swinging rotor
O-G26) and VWR cuvettes at low rcf (2500). This centrifuge
requires a smoother gradient and longer centrifugation time
(75 min), due to the lower rcf with respect to the Sorvall WX
ultra 100. The fractionation procedure is carried out as
described above.

Sedimentation-Based Separation. SBS is carried out
with 1.5 mL plastic Eppendorf cuvettes in a benchtop
Eppendorf centrifuge 5430, equipped with a fixed angle rotor,
FA-45-24-11-HS. The cuvettes are filled with 1 mL LASiS-
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AuNPs and then centrifuged for 1 h in the 50−750 rcf range
with intervals of 50 rcf. After each run, the supernatant is
collected and either centrifuged at higher speed or stored for
analysis, while the lower fraction (∼100 μL of concentrated
dispersion at the bottom of the cuvette) is collected for
spectroscopic characterization at each centrifugation step. The
supernatant and 100 μL concentrated dispersion are sequen-
tially extracted with a micropipette. The same procedure is
followed for the centrifugation of AuNPs in a wider range of
rcfs: 50−5000 (30 min for each run) and 50−11000 (15 min
for each run).
We apply selective SBS also to LASiS-AgNPs. The

dispersions are centrifuged for 1 h in the 50−750 rcf range,
with intervals of 50 rcf. For the subsequent centrifugations and
extraction we follow the same procedure as for AuNPs.
Characterization. The attenuation of light through a

sample of MNPs is due to a combination of absorption and
scattering.11 We use a Varian Cary 5 spectrometer to measure
the optical extinction spectra, i.e., the sum of absorption and
scattering.11 A JEOL JEM 3010 operating at 300 kV and
equipped with a Gatan Multiscan CCD Camera model 794 is
used for transmission electron microscopy (TEM). The
samples for TEM are prepared by evaporating MNP
dispersions on a copper grid coated with an amorphous carbon
holey film. More than 300 NPs for each sample are analyzed for
the calculation of average size and SD. Optical extinction
spectra of AuNPs are compared with those calculated with the
Mie model,11,119 using the optical constants of Au from ref 120,
corrected for size according to refs 5, 11. The full width at half-
maximum (FWHM) of the extinction spectra is calculated with
Lorentzian fits.

■ RESULTS
Figure 1a shows the cuvette before preparative ultracentrifuga-
tion, while Figure 1b shows it after VG-RZS at 20 kRPM for 20
min. During the process, MNPs move along the cuvette,
dragged by the centrifugal force. The optical extinction spectra
of dispersions containing 5−60 nm AuNPs have a band
centered at ∼520 nm.11,19 This is due to extinction of incident
light11 and it is originated by the excitation of the surface
plasmons in AuNPs.11,47 Therefore, only red light is trans-
mitted through these AuNPs dispersions, while the electro-
magnetic spectrum with wavelength equal or shorter than 520
nm is absorbed and scattered by the AuNPs.11,19 The
appearance of the red color along the cuvette indicates that
AuNPs move from top to bottom, due to the centrifugal force.
In the 10−30 nm range, the FWHM of the surface plasmon

extinction depends on the reciprocal of AuNPs size d, i.e.,
FWHM ∝ d−1.5,11,13,121−124 This is called intrinsic size
effect,11−13,121 and it is due to electron scattering at particle
surfaces,11 which gains importance for decreasing d.5,11

Measuring the surface plasmon resonance (SPR) FWHM is
the best way to get information on the AuNP size by their
extinction spectra,5,11 and this method is more reliable than the
red shift of the SPR for AuNPs of 10−30 nm.5 In order to
provide a clear visualization of the trend of the FWHM in the
different fractions, the experimental extinction spectra in Figure
1c are normalized as 1 at 450 nm, where Au interband
transitions dominate the extinction properties of AuNPs,5,11 in
order to compare the FWHM of the surface plasmon band of
each fraction. Figure 1c shows that a higher intensity of the
surface plasmon peak in the normalized spectrum corresponds
to a lower FWHM5,11,13,121−124 and, consequently, to larger

d.5,11,13,121−124 The normalized extinction spectra show that the
AuNPs SPR intensity increases moving from the top (low
viscosity and density) to the bottom (high viscosity and
density) of the cuvette. It means that larger NPs are found at
the bottom of the cuvette. Figure 1d shows that the FWHM of
the SPR band of AuNPs decreases along the cuvette.
Figure 1c compares the experimental data with calculations

performed exploiting the Mie model5,11,125 for NPs with
increasing size from 8 to 28 nm. This is based on the resolution
of the Maxwell equations in spherical coordinates using a

Figure 1. Cuvette filled with AuNPs (a) before and (b) after VG-RZS.
(c) Theoretical and experimental extinction spectra of AuNPs. Dotted
lines are fractions collected at different positions along the cuvette. All
spectra are normalized at 450 nm. Solid lines are Mie model
calculations of the extinction spectra of AuNPs with size from 8 to 28
nm. The trend of calculated spectra (indicated by the arrow) agrees
with the experimental one, thus confirming that the AuNP size
increases moving from the top to the bottom of the cuvette. (d)
AuNPs SPR band FWHMs for fractions extracted along the cuvette.
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multipole expansion of electric and magnetic fields, and
accounting for the discontinuity of the dielectric constant
between the sphere and surrounding medium.11,126 Extinction
spectra are calculated considering a single spherical NP having
the dielectric properties of Au and size variable between 8 and
28 nm. These calculations show a general agreement with
experiments, thus confirming that the AuNPs size increases
moving from the top to the bottom of the cuvette. As shown in
Figure 1d, the FWHM goes from 53 nm for fraction 1 to 77 nm
for fraction 9 (i.e., a difference of 24 nm), while the maximum
of the SPR red shifts only 9 nm going from f1 to f9 (Figure 1c).
TEM analysis corroborates the conclusions derived from the

analysis of the extinction spectra, further confirming that VG-
RZS sorts the initially polydispersed AuNPs (size from 0 to 50
nm and SD ∼65% of the average size; see Figure 2a) in
fractions with lateral sizes increasing from 10 nm (f2) (Figure
2b), ∼ 15 nm (f5) (Figure 2c), to 20 nm (f8) (Figure 2d), with
SD between 11% and 18% of the average size (see Table1).

Therefore, the polydispersivity of AuNPs size for the
extracted fractions is reduced with respect to unsorted LASiS-
AuNPs. We also note that AuNPs do not undergo aggregation
or coagulation in the H2O/EG mixtures, although they are not
stabilized by any type of ligand or other molecules.47 In order
to prove the surface accessibility of AuNPs sorted by our VG-
RZS procedure in water/EG we add thiolated PEG to fraction
f7 and then test the stability against acidic pH. As shown in

Figure 3, no aggregation of AuNPs is observed at pH 1, because
the SH group can bind to the AuNPs surface.19 On the

contrary, aggregated AuNPs undergo modifications of
extinction properties due to plasmon hybridization,5,129 which
appears as a SPR broadening and red shift.129 This is what we
observe by adding non-thiolated PEG with the same MW
(5000 Da) and concentration (10−5 M), since no stabilization
against acidic pH is seeen (green line in Figure 3a).5,47,129

Consequently, VG-RZS in a high viscosity medium over-
comes a major problem of AuNPs produced by LASiS, i.e., their
polydispersivity,47 while retaining the uncoated surface47 and
the high purity of the colloidal suspension,47 typical of LASiS-
AuNPs.
We then use this approach on MNPs with a different surface

coating: citrate stabilized AuNPs and AuNPs coated with
thiolated PEG. In particular, we sort commercially available,
citrate AuNPs, stabilized in a water/EG gradient, without any
additional stabilizer and without observing aggregation,
contrary to what was previously reported for water/PVA
gradients54 (see Figure 4). Indeed, in ref 54, the addition of a

Figure 2. Representative TEM images and size distribution of AuNPs (a) before and (b−d) after RZS: (b) f2, (c) f5, and (d) f8.

Table 1. Average Size and SD of Pristine and Sorted Au and
AgNPs, As Measured by TEM

MNPs sample size (nm) SD (nm) SD (%)

Au unsorted 15.8 10.2 65
9.5 1.0 11

Au VG-RZS 14.7 2.2 15
20.0 3.7 18
7.8 1.7 22

Au selective SBS 19.1 4.2 22
26.7 8.1 30

Ag unsorted 23.3 8.2 35
Ag VG-RZS 22.0 3.4 15

31.1 5.0 16
Ag selective SBS 16.0 2.8 17

34.7 8.0 23

Figure 3. Black line: extinction spectrum of fraction f7 for the VG-RZS
AuNPs of Figure 1c. Red line: extinction spectrum of fraction f7 after
addition of PEG-SH (MW 5000), at a final concentration of 10−5 M,
for pH = 1. Green line: extinction spectrum of fraction f7 after
addition of non-thiolated PEG (MW 5000), at a final concentration of
10−5 M, for pH = 1.
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toxic solute, such as cetyl trimethyl ammonium bromide
(CTAB), was needed to avoid coagulation.

By the same VG-RZS procedure, MNPs with different
composition such as LASiS-AgNPs can also be sorted, as shown
in Figure 5. The appearance of the yellow color along the
cuvette indicates that AgNPs move from top to bottom, due to
the centrifugal force. The yellow color is due to the excitation
of surface plasmons in AgNPs, since only yellow light is
transmitted through these dispersions.11

Preparing gradients by mixing standard solvents, such as
ethanol, with high viscosity solvents (i.e., EG, glycerol, etc.) is a
simple procedure that can also be applied to MNPs dispersed in
organic solvents, e.g., Figure 6a shows that, due to the applied
centrifugal force, PEG-coated AuNPs dispersed in ethanol
move from the top to the bottom of the cuvette. The
normalized extinction spectra show that the PEG-coated
AuNPs SPR band increases moving from the top to the
bottom of the cuvette (see Figure 6b). The FWHM of the SPR
bands decreases along the cuvette from f1 to f4 (see Figure 6c),
consistent with the concomitant increase of AuNPs size.
We perform VG-RZS also using other low-cost pure solvents,

such as PEG-200 (viscosity, η, ∼60 mPa·s; density, ρ, 1.12 g/

cm3)127 or glycerol (η ≈ 1.5 × 103 mPa·s; ρ = 1.26 g/cm3),128

with viscosity higher than EG, and miscible both with water128

and many other organic solvents.128 In particular, gradients
with the same viscosity of a water/EG mixture can be obtained
by adding a reduced amount of PEG-200 (see Figure 7a) or
glycerol (see Figure 7b).
Although VG-RZS carried out in high viscosity pure media is

a clean, versatile, and rapid sorting methodology, the size
selection of MNPs directly in the original dispersion without
adding other solvents would be ideal, being simpler and faster
even with respect to VG-RZS, both for sorting and for post-
processing treatments.
Therefore, we develop a second approach to sort MNPs via

selective SBS using a benchtop preparative centrifuge. Figure 8a
shows the AuNPs in the cuvette before selective SBS. As
indicated in Figure 8b,c, after centrifugation for 1 h in the 50−
200 and 250−750 rcf ranges the dispersions are red. Aggregated
AuNPs undergo modifications of extinction properties due to
plasmon hybridization,5,129 which appears as a shift from red to
violet/blue, while the extinction spectrum shows SPR broad-
ening and red shift.129 Since the AuNP colloid is red, this
indicates that no aggregation takes place because the applied
centrifugal force (in the range 50−750 rcf) is lower than the
repulsion force among LASiS-AuNPs. Indeed, centrifugal fields
lower than in ordinary DGU54,55 are used throughout the
experiment. Extinction spectra in Figure 8d confirm no
aggregation in the AuNPs at the bottom of the cuvette, since
no SPR modifications are detected, i.e., the SPR is neither red-
shifted nor broadened compared to the initial AuNP dispersion.
Large AuNPs sediment at the bottom of the cuvette. The

FWHM of the plasmon band of the fractions extracted after
each selective SBS run increases with centrifugal field. Because
of the proportionality of FWHM to the reciprocal of the
AuNPs size,5,11 this is consistent with larger particles selectively
and sequentially sedimenting with increasing rcf. TEM further
confirms the selectivity. Indeed, the MNP sizes of the starting
dispersion are in the range 0−60 nm, with average 15.8 nm and
SD 65% of the average size (see Figure 9a). After the first
selective SBS in the 50−200 rcf range, the sediment shows
MNPs with size in the range 5−55 nm, average 26.7 nm, and
SD ≈ 30% (Figure 9b). After the second selective SBS, in the
200−750 rcf range, TEM in Figure 9c shows that the sediment
has size in the range 5−30 nm, average value 19.1 nm, and SD
≈ 22%, while the MNPs in the supernatant have a size

Figure 4. Extinction spectra of fractions of citrate stabilized
commercial AuNPs sorted in a water/EG gradient, collected at
different positions along the cuvette. The extinction spectrum of the
unsorted AuNPs is reported in red. All spectra are normalized at 450
nm.

Figure 5. Cuvette filled with (a) unsorted AgNPs and (b) after VG-RZS. Representative TEM images and size distribution of (c) unsorted AgNPs
and (d,e) after VG-RZS, extracted at different levels: (d) f5 and (e) f8.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp400599g | J. Phys. Chem. C 2013, 117, 13217−1322913222



reduction with respect to the starting material. The extracted
MNPs have sizes in the 0−15 nm range, average value 7.8 nm,
and SD ≈ 21%, (see Figure 9d). Our results show that the best
sorting (i.e., narrowest size distribution) is obtained for the
smallest NPs (see Table 1). Indeed, the latter have a smaller
sedimentation coefficient with respect to the larger ones and
are thus retained in dispersion during centrifugation. This is in
agreement with results obtained for two-dimensional materials,

such as graphene flakes, where high concentration of single
layers (>60%)130,131 was achieved with flakes having small
lateral size (∼20 nm average).131

Since no other chemical compounds are added during SBS,
NPs maintain the original surface accessibility of LASiS-NPs,
discussed in ref 47. Hence, MNPs sorted by SBS retain all the
advantages of MNPs produced by LASiS in ultraclean liquids,47

i.e., uncoated surface47 and high purity.47 The rcf and the

Figure 6. (a) Cuvette after VG-RZS of PEG-coated AuNPs dispersed in EtOH. (b) Extinction spectra of unsorted PEG-coated AuNPs dispersed in
EtOH belonging to different fractions. The width of the plasmon band decreases for fractions extracted at increasing distance from the top of the
cuvette, f1 to f4. All spectra are normalized at 450 nm for comparison. (c) SPR band FWHM for AuNP fractions along the cuvette.

Figure 7. AuNPs sorted in (a) water/PEG-200 and (b) water/glycerol gradients. Extinction spectra of fractions collected at different positions along
the cuvette. The extinction spectra of unsorted AuNPs are in red. All spectra are normalized at 450 nm.

Figure 8. Selective SBS of AuNPs: cuvette (a) before and (b,c) after centrifugation, in the (b) 50−200 rcf and (c) 250−750 rcf ranges. (d)
Extinction spectra of the unsorted AuNPs dispersion, the sediment after the two selective SBS runs, and the supernatant of the dispersion centrifuged
at 750 rcf. All spectra are normalized at 450 nm.
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centrifugation time are crucial parameters for reducing the
polydispersivity of sorted MNPs. In particular, by increasing the
rcf and reducing the centrifugation time, the polydispersivity of
the sorted AuNPs increases: by centrifugation either at 750 rcf
for 1 h, at 5000 rcf for 30 min, or at 11 000 rcf for 15 min, we
obtain, respectively, SD of 22%, 30%, and 45% of the average
AuNP size. As shown in Figure 10, our selective SBS is
successful also in sorting AgNPs prepared by LASiS in water.
As for Figure 10a, the unsorted AgNPs have average
dimensions ∼23.3 nm with SD ∼35%. After the first run of
SBS, in the 50−200 rcf range, the AgNPs sediment at the
bottom of the cuvette, with average size ∼34.7 nm and SD
∼23%. AgNPs of reduced size are extracted after the second
run of selective SBS in the 250−750 rcf range, see Figure 10b.
Indeed, in Figure 10c the extracted AgNPs have average
dimension ∼16 nm and a SD ∼17% (see Table 1). This proves
the effectiveness and the universality (i.e., its adaption to
different nanomaterials) of selective SBS for NP sorting, while
requiring low centrifugal fields, achievable with ordinary
benchtop centrifuges, and no gradient preparation and rcf,
unlike VG-RZS.

■ DISCUSSION
As summarized in Table 1, MNPs selected in size via VG-RZS
in high viscosity pure media have lower SD with respect to
selective SBS. In general, size selection in centrifugal fields takes
place when a difference in velocity between NPs of different
size is generated.78 Neglecting particle−particle interactions78

and diffusive effects,78 the sedimentation velocity (ν, m s−1) of a
spherical NP in a liquid medium has the following expression:78

ν
ρ ρ

η
=

−
·c

d
g

( )
rcf

2
NP L

(1)

where c is a dimensionless parameter depending on the
geometrical shape of the nanoparticles, d [m] its diameter, ρNP
and ρL [kg m−3] are the NP and liquid medium densities,
respectively, η [kg m−1 s−1] is the liquid viscosity. The rcf
linearly increases with the distance of the object from the center
of the rotor according to:78

ω= +r x
g

rcf ( )0

2

(2)

where r0 [m] is the radius of the rotor, x [m] the distance of the
object from r0, and ω [rad s−1] the angular velocity. In our VG-
RZS experiments, we have different layers (1 mL each)

Figure 9. Representative TEM images and size distributions of AuNPs for (a) the unsorted AuNPs, after selective SBS of the sediment at (b) 200
and (c) 750 rcf, and (d) the supernatant extracted after SBS at 750 rcf.

Figure 10. Representative TEM images and size distribution of AgNPs (a) before and (b,c) after selective SBS, at (b) 250 and (c) 550 rcf.
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prepared by mixing water (0.9 mPa·s at 25 °C) with ethylene
glycol (16.1 mPa·s) with proportions of EG/H2O varying
linearly from 1:0 to 0.2:0.8 from the bottom to the top in 9
successive steps (Figure 8); therefore, η increases up to 18
times132 for x varying from 0 (top of the cuvette) to L = 9 cm
(bottom), while ρL increases only 10% from x = 0 to x = L.132

Thus, as a first approximation, the variation of ρL along the
cuvette has negligible effect on ν, when compared to the
contribution deriving from the variation of η.
As shown in the example of Figure 11, ν of a spherical AuNP

moving from the top to the bottom of a cuvette drops ∼10
times with x due to the η increase. Moreover, from eq 2, the
velocity of a 10 nm AuNP is 4 times smaller than a 20 nm
AuNP located at the same x along the cuvette. The velocity of
inorganic NPs, such as AuNPs, never reaches 0 along the
cuvette because ρL is lower than ρNP for every x. Thus, the
ultracentrifugation time plays a fundamental role because, if the
ultracentrifugation were to be carried out for long periods, the
NPs would all sediment at the bottom. By numerical
integration of x(t) = ν(x,t)·t, we calculate133 that, after 20
min of ultracentrifugation at 20 krpm in the H2O/EG gradient,
10 nm AuNPs are still located in the upper part of the cuvette
(x = 2.3 cm), while 20 nm AuNPs move to the lower part (x =
7.2 cm, Figure 11), in fair agreement with experiments.
Indeed, the FWHM of the SPR band of AuNPs decreases

with the increase of d; see Figure 12a. For a 20 nm AuNP
(measured by TEM, see Figure 2), the corresponding FWHM
is ∼58 nm, while for 9.5 nm, the FWHM is ∼76 nm. Figure 12b
shows how the FWHM increases with the inverse of the square
root of the distance from the top of the cuvette. The gradient
formed by high viscosity media has the function of slowing
down NPs with increasing size, by progressively decreasing
their ν along the cuvette (Figure 11). This also suggests that
the intensity of the centrifugal field and the ultracentrifugation
time can be adjusted to target sorting of a specific size range on
demand.
In selective SBS there are two main differences with respect

to VG-RZS: (i) no gradient media are required and (ii) the

entire cuvette is filled with the NP dispersion, unlike VG-RZS,
where NPs are uploaded only at the top of the cuvette.
Although the geometry of our problem is complex because we
use a 45° fixed angle rotor and Eppendorf cuvettes, we can
draw a picture of the mechanism by using a simple model of a
spherical particle moving in a liquid medium in a cylindrical
cuvette under the force generated by a centrifugal field in a
swinging bucket rotor. According to eqs 1 and 2, ν depends on
the NP position along the cuvette. Considering NPs located at
the mid point (x = L/2) of a cylindrical cuvette filled with 1 mL
of dispersion, i.e., with a liquid level L = 1.5 cm (see Figure 13)
and a rotor radius r0 = 8.8 cm, in our experimental conditions,
we have that L/2 < 0.1r0. Consequently, the difference of ν
(Δν) between NPs with the same size located at the top (x =
0) or at the bottom (x = L) is <10%. Therefore, we can assume,
as a first approximation:

ω≈ → ≈L r r
g

/2 0.1 rcf0 0

2

(3)

We note that, in the selective SBS experiments, we reduced the
level of liquid in the cuvette to 1 mL in order to decrease Δν of
same size NPs, located at different x. However, larger volumes
of dispersion can be processed by using larger cuvettes, or

Figure 11. Schematic of selection via VG-RZS in high viscosity media: rcf and η increase along the cuvette from x = 0 to x = L. The resultant ν of
AuNPs drops 10 times from x = 0 to x = L. Size selection, after 1200 s ultracentrifugation at 20 krpm; 10 nm AuNPs are still in the upper part of the
cuvette (black line in the x(t) plot), while 20 nm AuNPs move towards the lower part.

Figure 12. (a) AuNPs SPR band FWHM as a function of the
experimental d determined via TEM. (b) AuNPs SPR band FWHM as
a function of the inverse of the square root of the distance from the
top of the cuvette.
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rotors with a longer r0, in order to maintain a low x/r0 ratio.
Under the assumptions of eq 3, ν is also independent of x, and
we can express the length traveled by a NP after the
centrifugation time tc as:

ρ ρ
η

=
−

· ·x t c
d

g t( )
( )

rcfc

2
NP L

c
(4)

According to eq 4, the ratio of length traveled by 10 and 20 nm
AuNPs after tc is given by the ratio of the square of their
diameters:

=
=

= =
=

=
x d t
x d t

d
d
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c

2

2 (5)

The separation of 20 nm AuNPs from 10 nm AuNPs initially
located at x = L/2 is achieved when x(d = 20 nm,tc) > L/2 and
x(d = 10 nm,tc) < L/2. E.g., for tc = 3600 s, in the plot of x(tc) =
νtc versus rcf (see Figure 13), there are 3 regions corresponding
to 3 different ranges of rcf: (I) at low rcf (below 525), no NP
selective sedimentation takes place over tc; (II) at intermediate
rcfs (between 525 and 2100), selective sedimentation of 20 nm
AuNPs is possible; (III) at high rcf (above 2100), non-selective
sedimentation of both 10 and 20 nm AuNPs takes place. Thus,
selective sedimentation requires that (a) ν among NPs with the
same size located at different x is minimized and (b), for a fixed
tc, the rcf is set to the appropriate range, e.g., 525−2100 for tc =
3600 s in the example of Figure 13. These separation strategies
have general validity and are not restricted to the NPs reported
in this article. In principle, by tuning the experimental
conditions, one could separate NPs of any material.

■ CONCLUSIONS
We demonstrated the viability of two sorting methodologies for
size selection of nanoparticles by centrifugal fields in clean
media without the use of chemical additives or other solutes.

Both methods allowed us to prepare size selected metal
nanoparticles in the 10−30 nm range, dispersed either in water
or in organic solvents. These can be implemented in common
benchtop centrifuges, with low intensity centrifugal fields. Rate
zonal separation in a viscosity gradient is the most accurate size
sorting technique, allowing us to achieve separation of Au
metallic nanoparticles ranging from 9.5 nm with standard
deviation 11% to 20 nm with standard deviation of 18%. Similar
results were also achieved with selective sedimentation-based
separation, although with slightly higher standard deviation
(from 22 to 30%), but with the advantage that the latter does
not require any modification of the initial nanoparticle
dispersion.
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