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Abstract

The development of reliable protocols suitable for the characterisation of the physical properties of nanoparticles in suspen-
sion is becoming crucial to assess the potential biological as well as toxicological impact of nanoparticles. Amongst sizing
techniques, asymmetric flow field flow fractionation (AF4) coupled to online size detectors represents one of the most robust
and flexible options to quantify the particle size distribution in suspension. However, size measurement uncertainties have
been reported for on-line dynamic light scattering (DLS) detectors when coupled to AF4 systems. In this work we investigated
the influence of the initial concentration of nanoparticles in suspension on the sizing capability of the asymmetric flow field-
flow fractionation technique coupled with an on-line dynamic light scattering detector and a UV—Visible spectrophotometer
(UV) detector. Experiments were performed with suspensions of gold nanoparticles with a nominal diameter of 40 nm and
60 nm at a range of particle concentrations. The results obtained demonstrate that at low concentration of nanoparticles,
the AF4-DLS combined technique fails to evaluate the real size of nanoparticles in suspension, detecting an apparent and
progressive size increase as a function of the elution time and of the concentration of nanoparticles in suspension.
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Introduction

Asymmetric flow field flow fractionation (AF4) is a liquid-
based fractionation technique which is commonly used in
the separation and characterization of particle, polymer
and protein suspensions. AF4 separates particles in sus-
pension by the application of a cross-flow perpendicular to
the direction of a longitudinal suspension flow through a
thin ribbon-like separation channel. The high-dimensional
aspect ratio of the separation channel causes the longitudi-
nal suspension flow to develop a parabolic profile, with a
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flow velocity that increases from a minimum value at the
channel walls to a maximum value at the centre of the chan-
nel. The perpendicularly applied cross-flow forces a particle
in suspension towards the bottom wall of the channel. A
counteracting diffusive force arises due to the concentration
gradient formed and drives the particles back towards the
centre of the channel [1]. Once the equilibrium between the
cross-flow force and the diffusion force is achieved, particles
in suspension reside at a certain distance from the accu-
mulation wall depending on their diffusion coefficient and
size (Fig. 1). Smaller particles equilibrate higher up in the
channel and experience a faster longitudinal flow, causing
them to elute from the channel before the larger ones, thus
allowing separation [2]. The size-separated suspension of
particles can be then characterised and analysed by coupling
AF4 to online detectors such as visible spectrophotometry
(UV) to measure particle concentration and dynamic light
scattering to provide particle size information. In this way
it becomes possible to determine of the size distribution of
the particles in suspension in relation to their mass/concen-
tration [3]. It has been claimed that AF4 is able to separate
particles with high resolution: within a broad size range
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Fig. 1 Schematic of the separa-
tion principle of asymmetric
flow field flow fractionation
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(1 nm to 100 pm in diameter) [4]; of a variety of materials
(including polymers, organic and metallic particles, bacte-
ria, viruses, proteins etc.) [4,5]; dispersed in aqueous and
organic solvent carriers [1]. A typical fractogram generated
by an AF4 coupled with online DLS and UV-Vis detectors
for a single elution peak is presented in Fig. 2. The fracto-
gram contains quantitative information about the suspension
eluted by the AF4, providing the hydrodynamic diameter of
the particles recorded by DLS and the absorbance recorded
by UV-Vis spectrophotometer (directly linked to the con-
centration of particles in suspension [6]) as a function of the
elution time. The Gaussian distribution of the absorbance as
function of the elution time provides evidence that the con-
centration of particles in solution is lower at the beginning
and at the end of the elution process. It can be noted that for
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low concentrations of particles in suspension (zones 1 and
3) the DLS detected an apparent and progressive increase in
the size of the particles in suspension, returning a U-shaped
distribution for the diameters as function of the elution time
and of the concentration of particles in suspension. This phe-
nomenon can be found in a significant number of studies in
the literature describing the application of asymmetric flow
field flow fractionation to separate and characterise parti-
cles of various sizes and materials [3,4,7-10]; however, a
clear understanding of the factors regulating its appearance
is still missing. Some studies in the literature suggest that
the apparent progressive size increase detected by the DLS
at low concentrations of particles (at the beginning and at
the end of the absorbance distribution curve) can be related
to the presence of larger aggregates in suspension. This

Fig.2 Schematic fractogram
generated by an AF4-DLS-UV
system for a single elution peak.
The fractogram can be divided
in three zones according to the
absorbance exhibited by the sus-
pension of particles during the
elution process. Zones 1 and 3
are associated with low particle
concentration, while zone 2 is
associated with high particle
concentrations
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hypothesis could explain the trend towards an increase in
diameter at the right tail of the concentration distribution
but contradicts the operating principle of the AF4 for the left
tail, because smaller particles are eluted before larger ones
[10,11]. Other authors suggested that deviations between the
real physical properties of the particles and the ones detected
by the AF4-DLS-UV system are linked with a change in
the surface shape of the particle during the separation and
elution processes, but no experimental investigations sup-
port this hypothesis [8]. In this study, we investigated the
influence of the initial concentration of nanoparticles in sus-
pension on the sizing ability of an AF4-DLS-UV system,
by testing suspensions of gold nanoparticles with a known
nominal diameter of 40 nm and 60 nm. The results obtained
demonstrate that the sizing inaccuracy of the AF4-DLS-UV
system is more evident for suspensions at the lowest ini-
tial concentration of nanoparticles of 10° particles mL~",
and that the sizing accuracy of the AF4-DLS-UV system is
directly linked with the initial concentration of nanoparticles
in suspension. The size distribution of the same suspensions
of nanoparticles was also evaluated by Centrifugal Liquid
Sedimentation (CLS) analysis, to investigate whether the
concentration of nanoparticles influences the sizing ability
of a technique based on a different operating principle and
theory. The CLS results show negligible influence of the
initial working concentration of the particles on the sizing
ability of the instrument. Hence, the CLS analysis represents
a more robust method to quantify the size distribution of a
suspension of particles within the concentration range tested.

Materials and Methods

Spherical citrate-capped gold nanoparticles
([Au] =0.25 mM) were purchased from Sigma Aldrich (St.
Louis, MO, USA), with nominal diameters of 40 nm and
60 nm. The as-supplied concentrations were reduced by add-
ing the concentrate to 2.5 mM citrate solution as appropri-
ate to obtain initial working concentrations of 10° particles
mL~!, 10'° particles mL~" and 10'! particles mL~!. Asym-
metric flow field flow fractionation analysis was performed
in an AF2000 Multiflow FFF system (Postnova Analyt-
ics) equipped with an on-line PN3212 spectrophotometer
UV-Vis detector (Postnova Analytics) and with a DLS
detector (Malvern). The AF4 channel had a 280 mm long
separation channel, with a 350 pm spacer.

A 10 kDa cut-off membrane of regenerated cellulose
and a 100 pl injection loop were used. Phosphate buffer
(1 mM, pH 7.4) was used as a carrier. The parameters of
the AF4 separation were as follows: During a 5 min Injec-
tion and Focussing step the sample flow was 0.2 mL min~!
with a Focus Flow of 1.8 mL min~' and Cross flow of
1.5 mL min~'. This step was followed by 1 min transition

step to the starting conditions of the elution. The elution
step started with a Cross-flow of 1.5 mL which decreased
as a power function (Exponent=0.45) to 0.1 mL min~" over
35 min after which the cross flow was maintained constant
for a further 10 min. In each step the outflow to the detector
flow was 0.5 mL min~!. The UV—Vis spectrophotometer
wavelength was set to 525 nm, corresponding to the maxi-
mum of the surface plasmon resonance band for 40 nm and
60 nm gold nanoparticles [12]. The suspensions of nanopar-
ticles were injected into the separation chamber in ascending
order of initial working concentration. Between each injec-
tion, the phosphate buffer was allowed to flow through the
AF4-DLS-UV system for 10 min, to remove any residual
from the previous suspension. The parameters of the AF4
procedure used, including focusing time (5 min) had previ-
ously been optimised systematically and evaluated for use
in separating a range of Au, Ag and SiO2 nanoparticles with
sizes in the range of 10-110 nm [13,14].

The reliability of the data provided by the AF4-DLS-UV
system was analysed by dividing the fractogram into three
regions and evaluating the coefficient of variation of the
DLS measurements for each suspension tested. The three
regions of the fractogram were identified according to the
absorbance detected by the UV—Vis spectrophotometer over
the elution time in the following manner:

e Zones 1 and 3: regions of the fractogram, where the
absorbance of the suspension is lower than the 30% of
the maximum; and,

e Zone 2: region of the fractogram, where the absorbance
of the suspension is higher than the 30% of the maxi-
mum.

The average and relative standard deviations of the diam-
eters detected by the DLS for each suspension of nanopar-
ticles tested are available in the supplementary material
(Tables S1 and S2).

Centrifugal Liquid Sedimentation analysis was performed
in a disk centrifuge DC24000UHR (CPS Instruments) using
an 8-24 wt% sucrose density gradients with a disc speed of
22,000 rpm. Each sample injection of 100 pL was preceded
by a calibration step performed using certified PVC particles
with a weighted mean size of 237 nm.

Results and Discussion

The DLS size measurements are shown in Fig. 3 as a
function of the elution time, along with the relative coef-
ficients of variation at the various stages of the elution
process for each suspension of 40 nm gold nanoparticles
tested. The complete fractogram for each suspension of
particles tested is included in the supplementary material
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(Fig S1-S6). At the higher initial concentration of 10'!
particles mL~!, the AF4-DLS-UV system provides an
accurate sizing of the nanoparticles in suspension return-
ing an average diameter close to the nominal one with low
coefficients of variation throughout all the zones identified
in the absorbance distribution curves. The apparent size
increase at the beginning and at the end of the elution
curve starts to appear for an initial working concentration
of 10" particles mL~! and becomes progressively more
evident as the initial working concentration of the particles
in suspension is decreased. At the lowest concentration
tested of 10° particles mL~!, the DLS returns a noticeable
U-shaped distribution for the diameters as a function of the
elution time and detects an increase in the size of the parti-
cles of at least the 50% respect with to the nominal size of
the particles, even in the region associated with maximum
concentration of particles passing through the size detec-
tor, i.e., zone 2. The dependence of the coefficient of vari-
ation on the concentration of particles provides a further
confirmation of the sizing inaccuracy of the AF4-DLS-UV
system, both for suspensions at low initial concentrations
and for suspensions at the beginning and end of the elu-
tion process. The coefficient of variation quantifies the
variability of a set of data by evaluating the level of disper-
sion of a given set of measurements around the mean. A
high coefficient of variation indicates low reliability and
stability of the measurements [15]. In our test scenario, the
high coefficients of variation exhibited particularly at the
beginning and end of the elution process by suspensions
with particle concentrations up to 10'* particles mL~" pro-
vides evidence of the failure of the AF4-DLS-UV system

@ Springer

to yield an accurate size characterisation for the population
of particles in suspension.

Similar results can be observed analysing the measure-
ments provided by the AF4-DLS-UV system for the sus-
pensions of 60 nm gold nanoparticles investigated (Fig. 4).
Again, the suspension at the lowest initial concentration
of 10° particles mL~! exhibits a more obvious U-shaped
distribution for the diameters and the highest coefficient of
variation in all the regions of absorbance. For suspensions
in this concentration range, the average diameter detected by
the DLS is at least 35% higher than the nominal diameter of
nanoparticles in suspension.

The concentration—dependence of the sizing ability of
the AF4-DLS-UV system demonstrated in our study can
be explained by looking at the theoretical principles of the
DLS-based sizing analysis. The DLS detector evaluates the
diffusion coefficient of particles in suspension quantifying
the rate of variation of the light scattered by the suspension
over time [16].

Then, the Stokes—Einstein equation is applied to deter-
mine the hydrodynamic diameter of the particles:

KT
" 3and M

where D is the diffusion coefficient, d is the diameter of the
particle, K, is the Boltzmann constant, 7 is temperature and
n is fluid viscosity. Criticism about the accuracy of DLS
measurement coupled to AF4 has been already reported in
literature for high values of the suspension flow velocity
passing through the detector. A fast suspension flow induces
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an additional and non-negligible translational component
to the natural diffusion process of the particles. The DLS
misinterprets this higher diffusion motility as a result of
the presence of smaller particles in suspension, returning
an inaccurate size distribution of the particles population.
However, the effect of the flow rate and particle size used
in this study on DLS accuracy has been reported to be
negligible [17]. Moreover, our investigation evidences an
opposite phenomenon, with the DLS detecting an apparent
size increase of the particles in suspension as the concentra-
tion is reduced. A number of studies in the literature have
demonstrated that the diffusion process of particles at low
concentrations is slower than predicted by the Stokes—Ein-
stein equation. Holmberg et al. found using a dynamic light
scattering technique that the diffusion coefficient of titanium
dioxide nanoparticles is dependent on the mass concentra-
tion of particles in solution and is lower than the diffusion
coefficient calculated with Stokes—Einstein equation [18].
Similar results were obtained by Tuoriniemi et al. [8] char-
acterising the diffusion behaviour of silica nanoparticles.
Coglitore et al. found by tracking single monodispersed gold
and polystyrene nanoparticles that, below a critical size and
concentration, the diffusion coefficient of the nanoparticles
was at least one order of magnitude smaller than the theo-
retical value predicted by Stokes—Einstein equation and was
independent of nanoparticle size and density. The transition
from the Stokes—Einstein diffusion regime to the slower dif-
fusion regime has been reported to appear for concentration
of particles in the range of 10%-10° particles m™' [19,20].

This evidence demonstrates that, at low concentrations, the
nanoparticles do not follow the Stokes—Einstein diffusive
regime and the real diffusion coefficient is lower than the
theoretical prediction. As a result, the DLS fails to determine
the real size of nanoparticles in suspension returning an
apparent size increase. In our test scenario, this concentra-
tion-dependant diffusion process causes the sizing failure of
the AF4-DLS-UV system for suspensions with low concen-
trations of particles. In fact, at the beginning and end of the
elution process, the concentration of particles in suspension
is progressively lower as well as their diffusion behaviour.
The DLS misinterprets the progressive decrease of the dif-
fusion coefficient as a result of a progressive increase in the
size of nanoparticles in suspension, returning a U-shaped
curve for the diameter as a function of the concentration of
particles. This hypothesis has been confirmed by the CLS
analysis performed on the same suspension of nanoparticles.
In a CLS analysis, the diffusion behaviour of nanoparticles
is not taken into account and the Stokes diameter of particles
in suspension is derived from the Stokes sedimentation law
through the evaluation of the sedimentation time of particles
subjected to a centrifugal force field driving their transport
towards the medium [16]. Figure 5 shows that this analysis
provided more consistent results between suspensions at dif-
ferent concentration of particles, demonstrating the negligi-
ble influence of the concentration of particles on the sizing
ability of the CLS both for 40 nm and 60 nm suspensions,
proving the theoretical limitations of a DLS-based analysis.
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Conclusion

In this study we have investigated the reliability of the size
measurements provided by an AF4 machine coupled with
online DLS and UV detectors for suspensions of gold nano-
particles of a known nominal size of 40 nm and 60 nm at
a range of different concentrations. The results obtained
demonstrated that the theoretical limitations and resolution
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constraints of the DLS analysis compromises the reliability
of the size characterisation provided by the AF4-DLS-UV
system for suspensions at low concentrations of particles.
The deviation of the real diffusion behaviour of nanopar-
ticles at low concentration from the theoretical predic-
tions causes the DLS to detect an apparent and progressive
size increase, reducing the accuracy of the size measure-
ments. The concentration-dependant sizing ability of the
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AF4-DLS-UV system demonstrated in this work should be
taken into account particularly in biomedical and toxicologi-
cal investigations, where the correct characterisation of the
physical properties of particles in solution is a key prereq-
uisite to assess their potential positive as well as negative
impact.
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