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We  show  that  using  asymmetric  flow-field-flow  fractionation  and  UV–vis  detector  it  is  possible  to sepa-
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rate,  characterize,  and  quantify  the  correct  number  size  distribution  of  gold  nanoparticle  (AuNP)  mixtures
of various  sizes  in  the  5–60  nm  range  for which  simple  dynamic  light  scattering  measurements  give  mis-
leading  information.  The  size  of  the  collected  nanoparticles  fractions  can  be determined  both  in  solution
and  in  the  solid  state,  and  their  surface  chemistry  characterized  by NMR.  This  method  will  find  widespread
applications  both  in  the  process  of  “size  purification”  after  the  synthesis  of  AuNP  and  in the  identification
and  characterization  of  gold-based  nanomaterials  in  consumer  products.
anotoxicity

. Introduction

Nanotechnology is expected to have a large socio-economical
mpact in practically all industrial activity fields. The use of nano-

aterials is constantly increasing in all industrial sectors, in
articular in biomedicine with applications in diagnostics and ther-
peutics [1,2]. In particular gold nanoparticles have already several
pplications in biology and medicine [3].  For example the drug
urimuneTM, that uses TNF protein bound to gold nanoparticles

o target solid tumors, just completed Phase I clinical trials [4].
old nanoparticles are also used in consumer products such as
osmetics.

The effects of nanoscale objects on biological systems and their
otential toxicity are currently the focus of widespread investiga-
ions. Recently the interaction of nanoparticles with proteins [5]
as emerged as a key parameter in nanomedicine and nanotoxicol-
gy [6] and it is also quite clear that size, composition, and surface
hemistry play an important role [7,8].

The fractionation and characterization of mixtures of nanoparti-
les is thus a key requirement for the assessment of their properties
n toxicology testing or for their identification and size deter-

ination in consumer products. The proper size determination

f different nanoparticles present in complex samples is a dif-
cult problem. The standard approach to measure the size of
anoparticles in solution is to use dynamic light scattering (DLS)
easurements. The technique can be applied to both diluted and
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concentrated solutions [9] but has a limited power at resolving
mixtures mainly due to the fact that particles contribution to the
scattering intensity depends by the sixth power of their radius
[10,11]. The accurate and sensitive determination of size distribu-
tion of nanoparticles in complex mixtures will likely become even
more important in the near future if the proposed definition of
nanomaterial as containing more than 1% of the total number of
particles in the 1–100 nm size range will be adopted by the Euro-
pean Union.

Flow-field-flow fractionation is a well established technique for
the size-based separation of components of complex mixtures [12]
in a wide range of fields from ultra-high molecular mass poly-
mers [13], to nanoparticles in environmental conditions [14], and
biomolecules [15]. Only a few studies have addressed the char-
acterization of gold nanoparticles by AF4 [16–20].  In particular
Rameshwar et al. [18] showed that in the case of a AuNP stabi-
lized by mercaptosuccinic acid, using AF4 was possible to separate
as-synthesized nanoparticles into fractions of different sizes. In
their very recent paper Cho and Hackley [20] have showed how
experimental conditions for the separation of gold nanoparticles
can be optimized by controlling some parameters such as injection
volume, mobile phase composition, membrane type and pore size.

In this work, using AF4 and high sensitive UV–Vis detection we
developed a procedure for the efficient separation, size determina-
tion, chemical characterization, and quantification of the relative
number of particles of different size starting from complex gold

nanoparticle mixtures. The detailed analysis performed here is a
fundamental requirement for the identification and correct quan-
tification of the relative number size distribution of nanoparticles
in consumer products and the toxicology testing of too often poorly
characterized nanoparticles samples.

dx.doi.org/10.1016/j.chroma.2011.01.017
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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. Materials and methods

.1. Gold nanoparticles synthesis and sample preparation

.1.1. 5 nm AuNP
Gold nanoparticles were produced by NaBH4 (Sigma) reduction

f a starting solution of sodium citrate (Sigma) (2.5 mM)  and HAuCl4
Sigma) (0.5 mM)  in water. Typically 100 mL  of the starting solution
as cooled in an ice bath to 4 ◦C before the reduction was initiated

y the addition of 1 mL  of freshly prepared ice-cold NaBH4 solution
0.1 M)  under rapid stirring. The formation of gold nanoparticles
as observed to occur immediately as shown by the rapid colour

hange from pale yellow to wine red.

.1.2. 15 nm AuNP
HAuCl4 (0.5 mM)  in water was rapidly heated to 97 ◦C in a

icrowave heating system (Discover S by CEM) and allowed to
quilibrate for 5 min. The reaction was started by injection of
ufficient sodium citrate (0.1 mM)  to produce a final citrate con-
entration of 2.5 mM.  The reaction mixture was  then kept at 97 ◦C
or 20 min  after which the reaction vessel was  rapidly cooled to
oom temperature.

.1.3. 45 nm AuNP
100 mL  of HAuCl4 (0.5 mM)  was heated to 97 ◦C in a microwave

eating system and then allowed to stabilize for 5 min. The pH of
his solution was then increased to >10 by the addition of 1.1 mL  of
aOH (0.2 M).  At this point the reduction reaction was  started by

njecting sodium citrate (0.01 mM)  solution to produce a final cit-
ate concentration of 0.5 mM.  The higher pH of this mixture ensured
hat the reduction of gold by citrate proceeds slowly with the for-

ation of a smaller number of larger particles. The solution was
aintained at 97 ◦C for 20 min  at which point the solution was

een to be a slightly purple/pink color indicating the partial con-
ersion of the gold salt into gold nanoparticles. The solution was
hen cooled to 90 ◦C under stirring at which point 1 mL  of NaOH
0.2 M)  then 2.5 mL  of NH2OH·HCl (0.1 M)  were injected into the
olution. The addition of NH2OH·HCl promotes the reduction of
he remaining gold ions in solution selectively on the surface of
xisting gold nanoparticles, thus increasing the size of the existing
articles rather than nucleating new particles. The second addition
f NaOH serves to adjust the pH of the final solution to value of
round 6.5–6.8 which is comparable with the other two synthesis
ethods.

.2. Asymmetric flow-field flow fractionation

Fractionation of AuNP mixture was carried out using a AF4
ystem (AF2000 Postnova Analytics, Germany). The channel used
as 29 cm long with a spacer of 350 �m and a regenerated cel-

ulose membrane with a 10 kDa cutoff. The flows were provided
y two separate pumps and the cross-flow was realized by a sep-
rate piston pump which is continuously adjustable. The eluent
as ultrapure MilliQ water and was degassed by sonication with a
ater bath sonicator and with a vacuum degasser just before deliv-

ry and the flow kept at 0.5 mL/min. Optimal separation of the three
omponents was achieved using a constant cross-flow of degassed
illiQ water of 2 mL/min for the first 10′, a linear gradient 2–0 mL
or the next 10′, and then 0 mL/min for the last 10′. The output
rom the channel was connected to an on-line UV–Vis spectrome-
er set at 525 nm wavelength for detection of AuNP. The injection
olume was 20 �L and each fraction of 500 �L was  collected with
n automatic fraction collector.
 1218 (2011) 4234– 4239 4235

2.3. Particle size distribution

Particle size distribution (PSD) was  determined by dynamic light
scattering (DLS) using a Malvern Zetasizer Nano-ZS instrument
with temperature control. Each sample was recorded at 25 ± 1 ◦C, in
triplicate; each measurement is the average of 20 data sets acquired
for 10 s each. Hydrodynamic diameters have been calculated using
the internal software analysis from the DLS intensity-weighted par-
ticle size distribution.

2.4. Scanning electron microscopy

Samples were studied with a scanning electron microscope
(SEM) FEI Nova 600I Nanolab, using relatively low acceleration
voltages (5 kV) that allow immersion lens detection without sig-
nificant loss of resolution. Samples were prepared by spotting 2 �L
of solution on clean conductive silicon (n-doped) to avoid charg-
ing effects on the images. The drying was  performed on a warm
hotplate. Images were taken before and after 30 min  of UV/ozone
treatment used to clean some possible organic matrix around the
nanoparticles. The image of the samples treated with UV radiation
exhibited some improvement that could be better appreciated for
smallest size nanoparticles.

2.5. UV–vis spectra

UV–vis spectra were recorded at room temperature with a
Thermo Nicolet Evolution 300 instrument in the 190–800 nm range
using 1-cm path length quartz cuvettes and 1.5 nm bandwidth.
Recorded spectra were smoothed with a 20 point smoothing aver-
age function.

2.6. NMR spectroscopy

Samples for NMR  experiments were prepared by transferring
450 �L of sample from selected fractions into NMR tubes and addi-
tion of 20 �L D2O. 1H NMR  experiments were collected with a
500 MHz  Bruker instrument using an excitation sculpting pulse
sequence for water suppression [21] and 256 scans. Data were pro-
cessed with the same processing parameters for all samples using
the TopSpin NMR  software.

3. Results

We synthesized well defined gold nanoparticles (citrate stabi-
lized) of three different sizes below 100 nm.  The three different
AuNP preparations (termed 5 nm AuNP, 15 nm AuNP, and 45 nm
AuNP) were well mono-dispersed with mean hydrodynamic diam-
eters (Dh) of 6.1, 17.4, and 43.7 nm (as obtained by DLS) and
polydispersivity indexes (PdI) of 0.15, 0.09, and 0.12, respectively
(see Fig. 1A).

To study the behavior of complex AuNP mixtures and to develop
methods for their separation based on size, we  prepared a sample
containing an equal volume amount of these three AuNP samples.
The various AuNP samples were synthesized starting from the same
amount of HAuCl4, thus equal volumes contain many more small
AuNP compared to larger. Based on the dimensions of the three
different AuNP preparations the relative number of particles in the
mixture can be estimated to be around 350:15:1 for the 6.1, 17.4,
and 43.7 nm AuNP, respectively.
Fig. 1B shows the particle size distribution of this gold mixture
in water (1:1:1 volume mixture of 5 nm AuNP, 15 nm AuNP, and
45 nm AuNP); it has a mean hydrodynamic diameter of 41.9 nm
and a polydispersivity index of 0.21. So basically the DLS mea-
surement indicates the presence of particles with a hydrodynamic



4236 L. Calzolai et al. / J. Chromatogr. A 1218 (2011) 4234– 4239

F nts. (
d  nm A

d
t
b
m
d
t
a
l
t

s
a
q

w
fi
b
f
s
c
c
s
[
d
o
l
e

A
1
f
i
v
a
n
e
a

c
c
e
t

ig. 1. Particle size distribution of gold nanoparticles obtained by DLS measureme
otted  line, and 45 nm AuNP dashed line). (B) PSD distribution of 1:1:1 mixture of 5

iameter slightly smaller than the biggest particles in the mix-
ure and an increased polydispersivity index. These results could
e caused by two effects: a well known difficulty of DLS measure-
ents in resolving particles which have less than a factor of 3 size

ifference [11] or a real aggregation of some smaller nanoparticles
owards bigger ones in the mixture. The two effects are not mutu-
lly exclusive and both of them could contribute to the shift towards
arger hydrodynamic diameter and increased polidispersivity for
he AuNP mixture.

The scanning electron microscopy images of the AuNP mixture
hown in Fig. 2A indicate that the sample still contains particles of
t least three different sizes of around 5, 20, and 50 nm and a few
uite larger aggregates.

To separate the AuNP mixture into the individual components
e used asymmetric flow-field-flow fractionation. The cross-flow
eld in AF4 leads to an accumulation of the analyte species at the
ottom of the channel. When the effects opposing the cross-flow
orce are dominated by diffusion the system is operating in the
o-called normal-mode FFF or diffusion-mode FFF and the analyte
omponents with small hydrodynamic diameter will elute from the
hannel before large particles. In the case of larger particles the
ystem is operating in the steric-mode FFF (usually above 1 �m)
22]. In this situation diffusion is negligible in opposing the primary
riving force of the cross-flow and the large particles reach a state
f equilibrium in close proximity to the wall. The end result is that
arge particles are displaced more rapidly by flow and are eluted
arlier than the small particles.

Fig. 3A shows the fractogram obtained after injection of 20 �L of
uNP mixture using a constant cross-flow of 2 mL/min for the first
0′, a linear gradient 2–0 mL  for the next 10′, and then 0 mL/min
or the last 10′. The different fractions have been collected at time
ntervals of 1′ each, allowing the off-line characterization of the
arious fractions. The UV–vis detector has been set to 525 nm,
t a wavelength specific for the plasmon resonance band of gold
anoparticles (see Fig. 4). The fractogram in Fig. 3A shows the pres-
nce of three well distinct peaks of AuNP with retention times of
round 10′, 14′, and 20′.
The cross-flow rate was optimized by performing test runs at
onstant cross-flow rates of 1, 2, and 3 mL/min. The most promising
ondition (2 mL/min) was then optimized by adding a linear gradi-
nt (2–0 mL/min) after the appearance of the first peak containing
he small particles at time 10′.
A) PSD of individual AuNP preparations (5 nm AuNP continuous line, 15 nm AuNP
uNP, 15 nm AuNP, and 45 nm AuNP.

Fig. 3B shows the hydrodynamic radius (measured by DLS) of
selected fractions and the trend in sizes is consistent with the above
picture with smaller particles exiting first and a general increase in
particle size with time. The mean counts per second (CPS) values
from the DLS measurements of the fractions are shown in Fig. 3C.
Early fractions have very low CPS values, with a slight increase in
correspondence of Peak 1 at 11′, Peak 2 at 14′, and a clear maximum
for Peak 3 at 20′.

The hydrodynamic diameter of fractions around Peak 1 could
not be measured due to low concentration of the sample and the
fact that in the Rayleigh approximation the intensity of scattered
light depends by r−6 of the particle radius (r) and thus smaller par-
ticles scatter light much less efficiently. Peak 2 has an average Dh of
26 nm and Peak 3 average Dh of 54 nm,  both with polydispersivity
indexes below 0.2. Fraction 26 has an average size of 82 nm with a
PdI of 0.39 indicating that it is not monodispersed and a high reso-
lution analysis of the DLS data indicates the presence of aggregates
larger than 2 �m.

The above data indicate that the separation was  operating (as
expected due to the relatively small size of the particles) in the
normal-mode FFF with small particles exiting the channel before
larger ones.

The SEM images of Peaks 1–3 in Fig. 2 show that AF4 fraction-
ation has been able to separate the AuNP mixture into fractions of
homogenous sizes of around 8 nm,  20 nm,  and 45 nm. In particular
the fractionation process has been able to remove large size aggre-
gates that are for example present in the original mixture (Fig. 2A)
and large particles are not present in Peak 1 that contains only very
small particles (Fig. 2B).

The integrals of the three peaks present in the fractogram
of the AF4 separation (obtained by detecting the absorbance at
525 nm)  of the AuNP mixture are proportional to the amount of
nanoparticles present in each peak: it is thus possible to esti-
mate the relative number of particles present in the different
peaks from the measurement of these integrals. A complication
arises due to the fact that the extinction coefficient of the sur-
face resonance band of AuNP responsible for the absorbance at

525 nm strongly depends by the particle size. The molar extinction
coefficient, ε, of AuNP of different sizes can be calculated by the
equation [23]:

ln ε = k ln D + a
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ig. 2. Scanning electron micrograph of gold nanoparticles. (A) Mixture of 1:1:1 of 5
ractogram. (D) Peak 3 of AF4 fractogram.

here D is the diameter of the nanoparticles in nm,  k = 3.32,
 = 10.80.

From this equation we have calculated the molar extinction
oefficient for the three different AuNP sizes (using the diameter
btained from the number particle size distribution of DLS data) as

 × 107, 6.5 × 108, and 1.3 × 1010, for the small, medium, and large
uNP, respectively. The number of nanoparticles for each compo-
ent of the AuNP mixture is proportional to the integral of its peak

n the fractogram divided by the molar extinction coefficient. Thus,

No. of particles)i = Ii
εi

ith integral values of 12, 34, and 54, for the small, medium, and

arge AuNP, respectively. The relative number of particles for the
hree peaks can thus be estimated by taking the ratios:

Ii/εi

Ij/εj
uNP, 15 nm AuNP, and 45 nm AuNP. (B) Peak 1 of AF4 fractogram. (C) Peak 2 of AF4

In this way we  can estimate the relative number of par-
ticles present in the three AF4 peaks to be 290:12.7:1. These
relative ratios are in quite good agreement with the number
of particle ratios of 350:15:1 for the small, medium, and large
AuNP samples, which have been used to prepare the AuNP mix-
ture.

To better characterize the different fractogram peaks we
recorded the 1H NMR  spectra of the original mixture and of Peaks
1–3. The NMR  spectra in Fig. 5 show that the original mixture
contains an excess of citrate used to stabilize the gold nanopar-
ticles, while free citrate is not present in the NMR  spectra of AF4
peaks. Comparing the NMR  spectra of the original mixture and of
the AF4 peaks it is possible to estimate that the eventual residual
concentration of free citrate in the AF4 peaks to be below 100 nM.

While it is possible to identify the presence or absence of free cit-
rate in the various AuNP samples, it is not possible at the moment
to reach any conclusion on the citrate molecules bound to AuNP
because the chemical shift of such species has not yet been identi-
fied.
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Fig. 3. Separation of gold nanoparticle mixture of 1:1:1 of 5 nm AuNP, 15 nm AuNP, and
measurement at 525 nm (continuous line, left y-scale), the cross-flow program used for th
distribution of collected fractions. Fractions for which the DLS intensity is too low to allo
measurements for some collected fractions.

F
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4

t

F
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ig. 4. UV–vis spectrum of the original AuNP mixture of 1:1:1 of 5 nm AuNP, 15 nm
uNP, and 45 nm AuNP.
. Discussion

The determination of the size of nanoparticles in complex mix-
ures is a challenging problem, but the correct identification of the

ig. 5. 1H NMR  spectra of peaks of AF4 fractogram of AuNP mixture: Peak 1 (A), Peak
 (B), Peak 3 (C), and starting AuNP mixture (D). The spectrum of AuNP mixture has
een scaled down 8 times compared to spectra A–C.
 45 nm AuNP by AF4. (A) Fractogram of AuNP mixture detected by on-line UV–vis
e separation is shown (dotted line, right y-scale). (B) Mean diameter of particle size
w a measurement are indicated by *. (C) Average Count per Seconds (CPS) of DLS

size and surface chemistry of nanoparticles is a key parameter for
the proper assessment of the relationship between properties and
toxicity of nanoparticles. For example in in vitro tests NP smaller
than 5–10 nm can easily enter cells and it has been proven that
AuNP toxicity strongly depends on the size of the nanoparticles
[7]. Our results show that in the case of mixtures of nanoparti-
cles of different sizes the direct measurement in solution of the
particle size distribution does not correctly represent the sample
(see Fig. 1). If we had used this mixture for toxicity testing we
would have treated it as a mildly polydispersed AuNP sample of
around 40 nm,  when in reality it contains a combination of 5, 20,
and 45 nm AuNP, with small particles representing the majority in
terms of particle numbers. The situation is intrinsic in the use of
DLS measurements and relates to the inability of the technique
in resolving particles with sizes that are less than 3–4 times of
each other [10,24] and to the fact that the intensity of the scat-
tered light is inversely proportional to sixth power of the radius
of the nanoparticle. Thus a 50 nm particle will scatter 106 as much
light as a 5 nm particle. Direct SEM images of the mixture sample
are useful, but they are also somehow constrained by the fact that
they relate to samples in the dry state and thus the behavior of
the same sample in solution could be different. For example the
removal of solvent could artificially increase the aggregation of the
particles.

All these considerations highlight the importance of verifying
the “real” size of particles present in the sample by a method that
separates particles based on their size. In this respect, asymmetric
field flow fractionation has given very good results in separating a
quite challenging AuNP mixture of nanoparticles in the 5–60 nm
range. It has been possible to separate the mixture injecting a
very low volume of 20 �L and the AuNP peaks in the fractogram
have been detected using a simple UV–Vis detector tuned at the
plasmon resonance frequency specific of gold nanoparticle. Using

the integral of the peaks from the fractogram and the calculated
extinction coefficient for the AuNP of different size it has been
possible to estimate with good accuracy the relative number of
particles of the three different sizes. These results represent a
clear-cut example of the effectiveness of AF4 in detecting the real
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umber size distribution of mixtures of nanoparticles of different
izes.

The possibility of collecting the different fractions allows the
xtensive off-line characterization of the different AuNP peaks
sing non-destructive techniques such as NMR, DLS, and UV–Vis.
MR  indicates that while the original mixture contains an excess
f citrate that is used as stabilizer for the bare AuNP, the citrate is
ot present in the AF4-separated peaks.

Recently sedimentation field flow fractionation (SdFFF), which
ses the centrifugal force [25] as the perpendicular field, has been
sed to study the synthesis of gold nanoparticles with good results
26]. In that example the use of SdFFF was limited to the analysis
f the size distribution of different methods for the synthesis of
old nanoparticle and no attempt was made to separate complex
ixtures of nanoparticles. In general SdFFF involves instrumenta-

ion that is more technically complex than AF4 [15]. In addition
F4 has the advantage of using relatively low cost semi-permeable
embranes in the separation channel.
The use of AF4 for the separation and characterization of com-

lex mixtures of nanoparticles will be particularly useful in two
cenarios: for the preparation of NP samples with narrow parti-
le size distributions and the identification of nanomaterials in
onsumer products. It is easy to envision situations where AF4
ill be used for the “size purification” of nanoparticles prepara-

ions: instead of the time consuming and expensive process of
ptimization of the synthetic procedure a rough synthesis could be
ollowed by a “size-purification” step by AF4. This approach could
lso take advantage of the availability of semi-preparative sepa-
ation channels. The other scenario is made all the more urgent
y the continuous increase in the use of nanoparticles in several
onsumer products and by the introduction of the labeling require-
ents for the presence of nanomaterials in cosmetic recently

ntroduced in the European Union legislation. While the identifi-

ation of the bulk material is quite straightforward with current
echnologies the determination of the number size distribution,
specially below 100 nm,  will be challenging and the current results
re very encouraging on the capabilities of AF4 to solve these prob-
ems.
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