
RESEARCH PAPER

Evaluation of hydrodynamic chromatography coupled to inductively
coupled plasma mass spectrometry for speciation of dissolved
and nanoparticulate gold and silver

María S. Jiménez1 & Mariam Bakir1 & Daniel Isábal1 & María T. Gómez1 & Josefina Pérez-Arantegui1 & Juan R. Castillo1
&

Francisco Laborda1

Received: 22 July 2020 /Revised: 12 November 2020 /Accepted: 16 December 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
In this study, hydrodynamic chromatography coupled to inductively coupled plasma mass spectrometry has been evaluated for
the simultaneous determination of dissolved and nanoparticulate species of gold and silver. Optimization of mobile phase was
carried out with special attention to the column recovery of the different species and the resolution between them. Addition of
0.05 mM penicillamine to the mobile phase allowed the quantitative recovery of ionic gold and gold nanoparticles up to 50 nm,
whereas 1 mM penicillamine was necessary for quantitative recovery of ionic silver and silver nanoparticles up to 40 nm. The
resolution achieved between ionic gold and 10-nm gold nanoparticles was 0.7, whereas it ranged between 0.31 and 0.93 for ionic
silver and 10-nm silver nanoparticles, depending on the composition of mobile phase. Best-case mass concentration detection
limits for gold and silver species were 0.05 and 0.75 μg L−1, respectively. The developed methods allowed the simultaneous
detection of nanoparticulate and dissolved species of gold and silver in less than 10 min. Size determination and quantification of
gold and silver species were carried out in different dietary supplements, showing good agreement with the results obtained by
electron microscopy and total and ultrafiltrable contents, respectively. Due to the attainable resolution, the quality of the
quantitative results is affected by the relative abundance of nanoparticulate and dissolved species of the element and the size
of the nanoparticles if present.
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Introduction

The continuous advances in nanoscience involve the growing
use of different engineered nanoparticles (ENPs) in an increas-
ing number of consumer products. This fact requires the ad-
aptation of existing techniques and methods, or the develop-
ment of new ones, to monitor their occurrence, fate, and

transformations in different scenarios. In order to understand
the environmental impact or the toxicological mechanisms of
inorganic ENPs, it is critical to discriminate among dissolved
and particulate forms of the element involved. Different tech-
niques and methodological approaches for the characteriza-
tion and quantification of ENPs and its derivatives in complex
samples have been recently reviewed [1–5].

Asymmetric flow field flow fractionation (AF4) and hydro-
dynamic chromatography (HDC) are commonly coupled to
inductively coupled plasma mass spectrometry (ICP-MS) as
an element-specific detector for the separation and determina-
tion of inorganic ENPs in a variety of samples [1, 3]. Gray
et al. [6] compared HDC and AF4, both coupled with ICP-
MS, with respect to their capacity to detect, quantify, and
characterize gold nanoparticles (AuNPs). They found that,
although HDC is a robust and versatile separation technique,
its resolving power is much lower than AF4, being even lower
in the smallest size range. On the other hand, recoveries for
HDC were better than for AF4 on average, ranging from 77 to
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96% for HDC and from 4 to 89% for AF4. An additional
advantage of HDC over AF4 lies in the analysis time, which
can be reduced to less than 10 min, in comparison with 30–
45 min of AF4, and dissolved low molecular mass species are
not lost, as in AF4 due to the ultrafiltration membranes used in
its separation channel. Thus, HDC-ICP-MS can provide si-
multaneous information about dissolved and particulate spe-
cies of an element in less than about 10 min, which is not the
case of AF4.

HDC is a liquid chromatographic separation technique in
which the sample is injected into a column packed with non-
porous beads, building up flow channels, and separation is
produced by the velocity gradient within the capillaries be-
tween beads. Thus, larger particles are transported faster than
smaller ones, as they spend less time near the edges of the
capillaries. In packed columns, the beads should be inert, that
is, made of a material that minimizes non-HDC enthalpic in-
teractions between the beads and the dissolved analytes. Such
non-HDC effects can be minimized through the addition of
salts and/or surfactants to the solvent/mobile phase to screen
electrostatic and van der Waals interactions, which are espe-
cially common in aqueous media [7]. Separation in HDC
arises from the parabolic or Poiseuille-like flow profile that
develops, under laminar flow conditions in the interstitial me-
dium of a packed column, where the fastest streamlines of
flow are in the middle of the interstitial medium and the
slowest ones are near the packing particles. The first experi-
mental paper on HDC was published in 1974 by Small [8],
who employed a series of packed columns to separate and
determine the particle size of various polystyrene latexes, car-
bon black, and colloidal silica. Since the first application of
HDC coupled to ICP-MS [9], HDC has become popular in
environmental analysis to understand the behavior, occur-
rence, and fate of nanomaterials (NMs) and colloids
[10–14]. Due to the simplicity of the separation mechanism,
the size determination and method development are straight-
forward [7, 9, 11]. For instance, the coupling of HDC to ICP-
MS in single-particle mode (SP-ICP-MS), first described by
Pergantis et al. [15], was applied to characterize AuNPs in
drinking water by determining particle mass, hydrodynamic
diameter, and number concentration.

The relative low size resolution of HDC compared to other
size separation methods [5] is more relevant when analyzing
NP mixtures [6, 9, 15, 16]. Gray et al. [6] showed the inability
of HDC to separate a mixture of AuNPs, but also showed
potential for separation of the Au dissolved from the AuNP
standards. They suggested it might be possible to separate Au
dissolved from NPs greater than 20 nm although without
reporting any recoveries for dissolved Au. To the best of our
knowledge, there are very few references in which the sepa-
ration and potential quantification of ENPs and their corre-
sponding metal ions using HDC-ICP-MS have been studied.
Philippe et al. [11] studied the effect of the eluent composition

on the retention factors of polystyrene nanoparticle standard,
Rh3+ and AuNPs. They reported that when using a mobile
phase without phosphate ions, the recovery for gold ions
was 20% worse than when phosphate is used due probably
to a stabilization effect of phosphate ions throughout the elu-
tion. In any case, they did not report any quantitative recover-
ies for AuNPs neither for ionic Au. Roman et al. [17] using
HDC-SP-ICP-MS determined the concentration of dissolved
Ag and the distribution of silver NPs (AgNPs), in terms of
hydrodynamic diameter, mass-derived diameter, and number
and mass concentration, in plasma and blood of burn patients.
Peak from dissolved Ag in plasma (most probably complexed
by proteins) could not be chromatographically resolved from
those of 20-nm particles; thus, an innovative algorithm was
implemented to deconvolute the signals of dissolved Ag and
AgNPs and to extrapolate a multiparametric characterization
of the particles in the same chromatogram. Pitkänen et al. [18]
studied the quantitative characterization of AuNPs contrasting
size-exclusion chromatography (SEC) and HDC coupled with
ICP-MS. They obtained that column recoveries for AuNPs
were complete and at least matched for both alternative
methods. They reported a recovery value of 99 ± 2% for ionic
Au using HDC-ICP-MS although no chromatogram of
AuNPs and ionic Au all together was shown.

The aim of this work was to develop and evaluate separa-
tion methods based on the use of hydrodynamic chromatog-
raphy coupled to ICP-MS for the simultaneous speciation of
dissolved species and nanoparticles of gold and silver, the
references being scarce in bibliography. The aim is focused
in both nanoparticle size characterization and quantification of
the different species. Optimization of the proposed HDC-ICP-
MS method was carried out paying special attention on col-
umn recovery and resolution between dissolved species and
nanoparticles. The methods were applied to the size charac-
terization and quantitation of gold and silver species in dietary
supplements containing nanoparticulate and/or ionic species.

Experimental

Materials and methods

Instrumentation

The high-performance chromatographic system used was a
Waters 2796 Bioseparations Module (Waters Corporation,
Milford, USA). HDC separations were performed in a PL-
PSDA type 1 column (Agilent Technologies, Germany) with
a nominal separation range of 5–300 nm, a length of 80 cm,
and an internal diameter of 7.5 mm. The exit of the column
was connected in series to an UV-visible detector (Waters 996
photodiode array detector) and to an ICP mass spectrometer
(ELAN DRC-e, PerkinElmer, Toronto, Canada) for element-
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specific detection. The outflow from the system was delivered
directly to the nebulizer of the spectrometer, and a glass con-
centric slurry nebulizer with a cyclonic spray chamber (Glass
Expansion, Melbourne, Australia) was used. Table 1 summa-
rizes the experimental ICP-MS and HDC conditions. Origin 8
(OriginLab, Northampton, MA, USA) was used for process-
ing the chromatograms.

A gold dietary supplement was analyzed by transmission
electron microscopy (TEM) with a JEOL-2000 FXII (JEOL
Ltd., Tokyo, Japan) at 200 kV. The sample was prepared by
placing 20 μL of the supplement suspension on a carbon-
coated copper grid and drying at room temperature.

Silver dietary supplements were analyzed by field emission
scanning electron microscopy (FESEM) with energy-
dispersive spectrometry (EDS). The observations were per-
formed in a Merlin™ FESEM microscope equipped with a
Gemini column (Carl Zeiss Nano Technology Systems,
Germany), working at 5 kV with the in-Lens secondary-elec-
tron detector, in order to improve resolution. FESEM was
coupled with an X-Max X-ray microanalyzer (Oxford
Instruments, UK). Twenty microliters of the product was de-
posited on a copper grid holder and, once the solvent was
evaporated, coated with carbon. Image analysis was carried
out using ImageJ software, and average particle diameter was
determined by randomly measuring the area of a certain num-
ber of particles in the images, and calculated as equivalent
circle diameter.

Chemicals

Diluted suspensions of gold and silver nanoparticles
were prepared from commercially available suspensions.
Suspensions of gold nanoparticles, stabilized in 2 mM
citrate with nominal concentrations of 50 mg L−1 and
nominal diameters of 10, 50, and 100 nm (11.6 ± 1, 52

± 6, and 97 ± 11 nm, respectively), and suspensions of
silver nanospheres (NanoXact), stabilized in 2 mM cit-
rate with nominal concentrations of 20 mg L−1 and
nominal diameters of 10, 20, 40, and 60 nm (10.3 ±
2.1, 18.6 ± 2.7, 39 ± 5, and 59 ± 6 nm), were all pur-
chased from NanoComposix (San Diego, CA, USA).
Ionic gold (1001 ± 4 mg L−1) and ionic silver (994 ±
3 mg L−1) standards were provided by Fluka BioChemika
(Buchs, Switzerland).

Table 2 summarizes the different mobile phases test-
ed for HDC separations. The pH of the mobile phases
was in all cases 7.5. Na2HPO4, DL-penicillamine (PA),
and Triton X-100 were obtained from Sigma-Aldrich
Chemie (Stenheim, Germany); sodium dodecyl sulfate
(SDS) from Bio-Rad Laboratories (Hercules, USA);
and formaldehyde 37% (w/w) solution from Probus
(Barcelona, Spain).

Ultrapure water (Milli-Q Advantage, Molsheim, France)
was used for the preparation of the HDC mobile phases and
dilutions.

Samples

A liquid nutritional supplement containing gold nanoparticles,
with a nominal concentration of 20 mg L−1 and a nominal size
of 3.2 nm, was purchased from a website distributor.

Three commercial colloidal silver products, purchased
from different website distributors, were also analyzed.
These products are recommended as health products intended
for oral administration or as surface sanitizers for external use.
The products were kept in a dark place at room temperature
until analysis.

Determination of the total Au and Ag concentration
in nanoparticle suspensions and nutritional supplements

Dissolution of gold nanoparticles was performed by adding
150 μL of nitric acid (69/70%, J.T. Baker (Phillipsburg,
USA)) and 310 μL of hydrochloric acid (37%, J.T. Baker
(Phillipsburg, USA)) to 100 μL of the suspension to be ana-
lyzed [11]. After 1 h at room temperature, solutions were
diluted with ultrapure water up to 10 mL. The concentrations
of total gold in AuNPs and the nutritional supplement were
measured by ICP-MS using rhodium as the internal standard.
Dissolution of AgNPs was performed by adding 750 μL of
nitric acid to 750 μL of AgNP standard, and after 1 h at room
temperature, solutions were diluted with ultrapure water up to
5 mL. For the nutritional supplements, between 500 μL and
1.5 mL of nitric acid were added to 500 μL of the supplement,
after 1 h at room temperature, solutions were diluted with
ultrapure water up to 5 mL. The concentrations of total silver
in AgNPs and nutritional supplements were measured by
flame atomic absorption spectroscopy (FAAS).

Table 1 Instrumental operating conditions

ICP-MS

Forward power (W) 1100

Argon gas flow rate

Plasma (L min−1) 15

Auxiliar (L min−1) 1.2

Nebulizer gas flow rate (L min−1) 1.0

Sweeps per reading 1

Dwell time (ms) 50

Acquisition mode Peak hopping

Isotopes monitored 196Au, 107Ag, 109Ag

HDC

Column PL-PSDA type 1

Flow rate (mL min−1) 1.6

Injection volume (μL) 50
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Determination of ionic gold and silver in nutritional
supplements

The ionic species in the suspensions were isolated by re-
moving gold and silver nanoparticles using Nanosep Pall
centrifugal ultrafilter devices with cut-off membranes of
3 kDa (equivalent to 2-nm hydrodynamic diameter).
Ultrafiltration devices were washed by centrifugation with
500 μL of ultrapure water twice. The second washing was
kept to check for any potential contamination. Suspensions
were sonicated for 2 min, and 500 μL was subjected to
centrifugation for 30 min at 9000 rpm and 20 °C (in a
Thermo Heraeus Multifuge X1R, equipped with a fixed
angle rotor for Eppendorf tubes, Waltham, USA). For gold
determination, the ultrafiltrate (ca. 500 μL) was diluted up
to 10 mL with 5% HCl prior to ICP-MS analysis. For silver
determination, the ultrafiltrate (ca. 500 μL) was diluted up
to 5 mL with 1% HNO3 prior to FAAS analysis. The re-
covery of ionic gold and silver from the ultrafiltration de-
vices under the operating conditions described above was
better than 90% for both elements.

Column recovery calculation

Potential loses of analytes during the chromatographic sepa-
rations were evaluated through the corresponding column re-
coveries, which were calculated from the ratio of the ICP-MS
peak areas of standards injected into the chromatographic sys-
tem with and without the HDC column, under the selected
operational conditions. Three replicates of each measurement
were performed. In total, 250 ng mL−1 of Au(III), AuNPs (10,
50, and 100 nm), Ag(I), and AgNPs (10, 20, 40, and 60 nm)
solutions were used for recovery calculations. Au(III) and
Ag(I) solutions were stabilized with different concentrations
of PA depending on the mobile phase used.

Resolution calculation

In all cases, resolution was calculated as 2(t2−t1)/(w1+w2),
where t1 and t2 are retention times, and w1 and w2 are peak
widths of 10-nm AuNPs or AgNPs and ionic Au or Ag,
respectively.

Results and discussion

Selection of mobile phases

Although different mobile phases have been reported for the
separation of metallic nanoparticles by HDC, the column
manufacturer recommends a mobile phase consisting of
0.5 mM Na2HPO4, 0.45 mM SDS, 0.05% Triton X-100,
0.05% formaldehyde, and pH 7.5 (CM mobile phase), which
is used in most of the published works as such or with small
modifications [6, 9, 11, 12, 17]. The low ionic strength of this
mobile phase reduces electrostatic interactions between the
NPs and the packing material because of the increase of the
double layer [19]; the non-ionic surfactant Triton X-100 is
used to prevent the aggregation of nanoparticles, whereas
the anionic surfactant SDS prevents the sorption of nanopar-
ticles onto the column packingmaterial. Formaldehyde is used
for its bactericidal properties and sodium hydrogen phosphate
helps to maintain the neutral pH of the mobile phase.

Whereas most of works have focused on the separation of
nanoparticles, the objective of this work was the development
of chromatographic methods that allowed the separation of
dissolved forms of gold and silver from their nanoparticle
counterparts with adequate resolution and recoveries of the
different species. Figure 1a shows the separation of AuNPs
using the manufacturer mobile phase at a flow rate of
1.6 mL min−1. AuNPs standards of 10, 50, and 100 nm were
eluted at 8.26, 8.08, and 7.94min, respectively. Recoveries for
the AuNPs ranged from 68 to 77% (Table 3), whereas ionic
gold was fully retained in the column.

By using a simpler mobile phase containing 0.45 mM SDS
at pH 7.5 (based on our previous experience [20]), AuNPs
were eluted at slightly different retention times (8.10, 7.90,
and 7.82 min for 10-, 50-, and 100-nm AuNPs, respectively),
as it can be shown in the chromatogram of Fig. 1b. Better
recoveries were obtained for AuNPs of 10 and 50 nm, except
for 100 nm (88, 83, and 44%, respectively, see Table 3), al-
though ionic gold was still retained into the column and no
peak was obtained.

Although the nature of the packing material is not available
from the manufacturer, cation exchange resin beads have been
reported as a typical packing in HDC [21]. Thus, it seems

Table 2 Composition of the
different mobile phases used in
HDC-ICP-MS separations

Gold species

• 0.5 mM Na2HPO4, 0.45 mM SDS, 0.05% Triton X-100, 0.05% formaldehyde (CM) pH 7.5

• 0.45 mM SDS pH 7.5

• 0.45 mM SDS, 0.05–0.5 mM DL-penicillamine pH 7.5

Silver species

• 0.5 mM Na2HPO4, 0.45 mM SDS, 0.05% Triton X-100, 0.05% formaldehyde, 0.05–1 mM

DL-penicillamine

pH 7.5

• 0.22–0.45 mM SDS, 1 mM DL-penicillamine pH 7.5
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feasible that both the nature of the packing and the instability
of the cationic gold in the media contribute to its irreversible
retention into the column. Different ligands (e.g., PA, thiosul-
fate) have been used for stabilization of cationic forms of
elements subjected to separation by micellar electrokinetic
[22] or reversed-phase chromatography [23]. The addition of
L-cysteine, methionine, and PA to a mobile phase consisting
of 0.45 mM SDS at pH 7.5 was studied in order to stabilize
ionic gold without affecting the elution of the nanoparticles.
PA was finally selected, since using L-cysteine or methionine
ionic gold was not eluted or irreproducible results were
obtained.

Three concentrations of PA (0.05, 0.2, and 0.5 mM) were
investigated. Recoveries obtained for the AuNPs of 10, 50,
and 100 nm and ionic gold at different PA concentrations are
shown in Table 3. Recoveries in the range of 88–116% were
obtained for ionic Au and 10-nm AuNPs at any PA concen-
tration. For 50-nm AuNPs, the recovery was around 100%
with a PA concentration of 0.05 mM and decreased down to
76% at the highest PA concentration of 0.5 mM. Recoveries
for the 100-nmAuNPs were low at any PA concentration (72–
61%), but this was also the case for the manufacturer mobile
phase and 0.45 mM SDS mobile phase without PA (69% and
44%, respectively), as it is also shown in Table 3). Best recov-
eries for ionic Au and AuNPs were obtained by using a PA
concentration of 0.05 mM, being used in all further
experiments.

Figure 1c shows the chromatogram obtained using a mo-
bile phase containing 0.45 mM SDS and 0.05 mM PA. Using
this mobile phase at 1.6 mLmin−1, an acceptable resolution of
0.70 between 10-nm AuNP and ionic Au was obtained (see

Fig. 1c), which could be improved by working at lower flow
rates (up to 1.03 at 1.0 mLmin−1, as it can be seen in Fig. S1 of
Supplementary Information (ESM)).

Separation conditions for ionic silver and silver nanoparti-
cles were based on the previous experience gained with gold.
To evaluate the behavior of AgNPs in the HDC column, both
the manufacturer mobile phase and 0.45 mM SDS were stud-
ied by using UV-visible detection. The best recoveries were
obtained with the manufacturer mobile phase, ranging from
100 to 92% for 10–60-nm AgNPs (Table S1 of ESM).
Therefore, the manufacturer mobile phase with different PA
concentrations (0.05, 0.2, 0.5, and 1 mM) was considered for
stabilizing ionic silver and studying its separation from
AgNPs using ICP-MS detection. Recoveries for the different
PA concentrations are shown in Table 3. As it can be ob-
served, good recoveries for ionic Ag (106%) were achieved
by using 1 mMPA, higher than for ionic gold (0.05 mM). The
recoveries for AgNPs were around 80% for 10 and 40 nm and
47% for 60 nm. In spite of the good recovery obtained by
stabilizing the ionic silver with 1 mM of PA, resolution be-
tween 10-nm AgNPs and ionic Ag was too low (R = 0.16)
(Fig. S2 of ESM). The use of a lower flow rate
(1 mL min−1) did not improved the resolution in this case
(R = 0.17). As an alternative for improving resolution, the re-
duction of the retention time of the nanoparticles by decreas-
ing the ionic strength of the mobile phase was investigated,
because at high ionic strength, strong van der Waals interac-
tions dominate over the hydrodynamic effect, increasing the
retention times of nanoparticles [19]. Mobile phases with low-
er ionic strength than manufacturer’s one, containing 1 mM
PA for stabilization of ionic silver and different SDS

Table 3 Recoveries for gold and
silver species separated by HDC-
ICP-MS and different mobile
phases (n = 3). Flow rate,
1.6 mL min−1; CM, mobile phase
recommended by the column
manufacturer. Mean ± standard
deviation (n = 3)

Mobile phase Recovery (%)

Au(III) 10-nm AuNPs 50-nm AuNPs 100-nm AuNPs

CM Not eluted 77±1 74±1 69±3
0.45 mM SDS Not eluted 88±1 83±5 44±2

0.45 mM SDS +

0.05 mM PA 94±3 103±1 102±2 72±9
0.20 mM PA 88±5 114±2 82±2 66±4

0.50 mM PA 89±6 116±2 76±8 61±2

Ag(I) 10-nm AgNPs 20-nm AgNPs 40-nm AgNPs 60-nm AgNPs

CM +

0.05 mM PA 25±4 66±5 66±4 66±9 24±1

0.2 mM PA 40±1 100±5 107±11 90±9 49±3

0.5 mM PA 35±7 77±6 81±1 80±9 76±2

1.0 mM PA 106±6 89±8 90±9 47±1

1 mM PA +

0.45 mM SDS 105±20 63±2 83±5 56±6

0.34 mM SDS 103±10 102±3 72±11 30±6 4±1

0.22 mM SDS 101±10 90±9 21±4 10±5 6±1
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concentrations, were studied. The resolution between
10-nm AgNPs and ionic Ag peaks increased from 0.31
up to 0.93 by decreasing SDS concentrations from 0.45
down to 0.22 mM. Although the best resolution was
achieved for the mobile phase containing 0.22 mM
SDS and 1 mM PA, recoveries were acceptable just
for 10-nm AgNPs and ionic Ag (101 and 90%, respec-
tively), whereas for 20-, 40-, and 60-nm AgNPs, recov-
eries were below 20%, most probably because of the
instability and sorption of the larger NPs onto the col-
umn packing material. Thus, a mobile phase containing

0.34 mM SDS and 1 mM PA was selected as a com-
promise between resolution and recovery. The chro-
matograms obtained under such conditions are presented
in Fig. 2. The resolution achieved between the 10-nm
AgNPs and ionic Ag peaks was 0.63, with recoveries
for Ag(I), 10-nm AgNP, and 20-nm AgNP of 103%,
102%, and 72%, respectively.

Analytical performance

Both logarithmic [9, 10, 13] and linear [11] fittings (by plot-
ting retention time vs. diameter, or retention time vs. square
root of diameter, respectively) have been applied for size cal-
ibration in HDC. Although some improvement in linearity has
been reported when using the latter approach, no significant
differences were observed in this work, with good logarithmic
and linear fits, showing correlation coefficient in the range of
0.986 to 1 in both cases (Table S2 of ESM).

The retention times obtained for the different mobile
phases studied are summarized in Tables S3 and S4 of the
ESM for gold and silver species, respectively. In all cases,
retention time repeatability was about 0.1% (n = 3). Gold
and silver mass concentration calibrations were performed
by using ionic standards prepared in the mobile phase selected
for each element and injected in flow injection mode without
column. Flow injection and chromatographic peaks were
processed through their peak areas for mass concentration
determination, showing good linearity in the range of 50 to
300 μg L−1 (R = 0.999).

Limits of detection (LOD) and quantification (LOQ) were
related to the detectability of the peaks according to their
height, and they were calculated as 3 and 10 times the baseline
standard deviation divided by the slope of the peak height
calibration. Under such conditions, best-case limits of detec-
tion and quantification for gold were 0.05 and 0.16 μg L−1,
respectively, and 0.75 and 2.5 μg L−1 for silver.
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Fig. 1 HDC-ICP-MS chromatograms corresponding to ionic gold and
10-nm, 50-nm, and 100-nm AuNPs (250 μg L−1) using different mobile
phases. (a) Column manufacturer mobile phase, (b) 0.45 mM SDS, and
(c) 0.45 mM SDS and 0.05 mM penicillamine. Flow rate, 1.6 mL min−1
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Table 4 Concentration and size of different gold and silver species in nutritional supplements. Mean ± standard deviation (n = 3)

Concentration HDC-ICP-MS UF+ICP-MS ICP-MS TEM
AuNPs (mg L−1) Au(III) (mg L−1) Total Au (mg L−1) Au(III) (μg L−1) Total Au (mg L−1)

Gold supplement 20.4±0.8 (*) 20.4 <2.3 21.0±0.8

Size AuNPs (nm) AuNPs (nm)

Gold supplement 6.5±0.1 5.1±2.4

Concentration HDC-ICP-MS UF+AAS AAS FESEM
AgNPs (mg L−1) Ag(I) (mg L−1) Total Ag (mg L−1) Ag (I) (mg L−1) Total Ag (mg L−1)

Silver supplement 1 4.3±1.2 14.2±0.5 18.5 16.8±0.5 21.3±2.1

Silver supplement 2 (*) 10.9±0.6 10.9 11.6±1.0 12.0±1.6

Silver Supplement 3 26.3±0.3 (*) - 1.7±0.6 37.5±0.8

Size AgNPs (nm) AgNPs (nm)

Silver supplement 1 23.7±0.8 23.4±5.8

Silver supplement 2 11.6±2.2 14.2±6.7

Silver supplement 3 49.7±0.03 -

*Not quantified due to peak overlapping
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Fig. 3 HDC-ICP-MS chromatograms of (a) gold nutritional supplement and (b) spiked with 155 μg L−1 of ionic gold. Mobile phase, 0.45 mM SDS and
0.05 mM penicillamine. Flow rate, 1.6 mL min−1

Fig. 4 TEM image and size distribution of the gold nutritional supplement
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Analysis of gold and silver species in nutritional
supplements

One gold and three silver nutritional supplements were ana-
lyzed using the mobile phases optimized in the study and the
operating conditions described in the “Experimental” section.
Table 4 summarizes the concentrations and sizes obtained for
the different species found in the nutritional supplements.

According to the manufacturer, the gold nutritional
supplement contained 20 mg L−1 of gold as gold nanopar-
ticles of 3.2 nm, whereas ionic gold was absent. Total
content of gold was determined by ICP-MS following
the procedure described in the “Experimental” section,
obtaining a concentration of 21.0 ± 0.8 mg L−1, in agree-
ment with the value given by the manufacturer. The nu-
tritional supplement was analyzed by HDC-ICP-MS using
0.45 mM SDS and 0.05 mM PA as mobile phase.
Figure 3a shows the chromatogram corresponding to a
1:150 dilution of the product in mobile phase. The chro-
matogram consisted of a peak at 7.99 min and a small
shoulder at 8.47 min. The peak at 7.99 min corresponds
to nanoparticles of 6.5 ± 0.1 nm (using linear fitting cali-
bration), in agreement with the size of 6 nm found by
France et al. using MECK-ICP-MS [22]. The small shoul-
der at 8.47 min would correspond to ionic gold, whose
presence was also reported by France et al. [22]. This
peak was not resolved from the nanoparticle peak due to
the low size of the nanoparticles in the sample and the
relative low abundance of the ionic gold. The nutritional
supplements were also studied by electron microscopy in
order to compare NP sizes. The NP size was determined
by calculating the equivalent circle diameter by randomly
measuring 87 particles in the images. In this way, the
study of the gold supplement by TEM also showed a
distribution maximum in a similar size (Fig. 4), with 5.1
± 2.4-nm diameter, even though some bigger particles ap-
peared in the TEM images. Quantification of the peak
corresponding to AuNPs was 20.4 ± 0.8 mg L−1 in the
original supplement, in agreement with the total concen-
tration found by ICP-MS (21.0 ± 0.8 mg L−1). Although
the determination of Au(III) by ultrafiltration and ICP-MS
was attempted, it was below the detection limit of the
method (2.3 μg L−1). To check the capability of the meth-
od for detection and quantification of ionic gold, the nu-
tri t ional supplement was spiked with ionic gold
(155 μg L−1) (see Fig. 3b). Ionic gold was eluted in the
sample at 8.78 min with a mass recovery of 88.7 ± 4.5%.

Three different nutritional supplements containing col-
loidal and/or ionic silver were analyzed. According to the
manufacturer, supplement 1 contained colloidal and ionic
silver with a silver concentration of 25 mg L−1, supple-
ment 2 contained colloidal silver with a concentration of
10 mg L−1 and a size range between 0.6 and 5 nm, and

supplement 3 contained colloidal silver with a concentra-
tion of 30 mg L−1 and a size range between 1 and 100 nm.
The three supplements were firstly analyzed by ultrafiltra-
tion and flame atomic absorption spectroscopy (FAAS) to
determine ionic and total silver, obtaining the concentra-
tions shown in Table 4. The three nutritional supplements
were analyzed by HDC-ICP-MS using the mobile phase
containing 0.34 mM SDS and 1 mM PA at a flow rate of
1.6 mL min−1 after dilution in the same mobile phase. The
chromatograms obtained are shown in Fig. 5. The chro-
matogram of supplement 1 showed two peaks at 7.99 and
8.48 min, corresponding to AgNPs of 23.7 ± 0.8 nm and
ionic Ag. In this case, with AgNPs of 23.7 nm, good
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Fig. 5 HDC-ICP-MS chromatograms of silver nutritional supplements.
(a) supplement 1, (b) supplement 2, and (c) supplement 3. Mobile phase,
0.34 mM SDS and 1 mM penicillamine. Flow rate, 1.6 mL min−1 flow
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resolution was obtained between AgNPs and ionic Ag,
and the quantification gave good results as it is discussed
below. The chromatogram of supplement 2 just showed a
peak at 8.46 min with a small shoulder at 8.1 min which
can be assigned to ionic Ag and AgNPs of 11.6 ± 2.2 nm,
whereas the chromatogram of supplement 3 showed two
peaks at 7.89 and 8.48 min, corresponding to AgNPs of
47.9 ± 0.03 nm and ionic Ag, respectively. In all cases,
size linear fitting calibrations have been used.

The silver supplements were studied by FESEM, due to the
expected bigger AgNP sizes. Figure 6 shows FESEM micro-
graphs from supplements 1 and 2. AgNP size distributions
were also calculated using ImageJ software (diameters of 82
and 67 particles were randomly measured, respectively, for
supplements 1 and 2), showing mean sizes of 23.4 ± 5.8 and
14.2 ± 6.8 nm, which were in fair agreement with the sizes
obtained by HDC-ICP-MS (see Table 4). AgNPs in supple-
ment 1 were quite regular in size. However, in FESEM im-
ages, silver distribution of supplement 2 was heterogeneous.
No reliable electron images were obtained for Supplement 3,
most probably due to the composition of the sample.

The concentrations of different silver species obtained
for each supplement are shown in Table 4, where results
obtained for total and ionic silver by ultrafiltration and

FAAS are also included for comparison. HDC-ICP-MS
quantification for supplements 1 and 2 was in good agree-
ment with the results obtained by ultrafiltration and FAAS.
The small shoulder obtained for supplement 2 by HDC-
ICP-MS, corresponding to 11.6-nm AgNPs, was not quan-
tified due to the overlapping with the dissolved silver peak.
Different batches from the same supplements had been pre-
viously analyzed by anodic stripping voltammetry [24],
obtaining similar results. The presence of dissolved silver
together with larger amounts of AgNPs was confirmed in
supplement 3, although dissolved silver could not be quan-
tified properly due to the overlapping with the peak corre-
sponding to the nanoparticles. In this supplement, concen-
trations obtained by HDC-ICP-MS were lower than the to-
tal silver concentration determined by FAAS due to the low
recoveries achieved for nanoparticles over 40 nm.

Conclusions

Although HDC-ICP-MS has been used successfully for the
separation and quantification of inorganic nanoparticles, this
hyphenated technique suffers from the inherent low resolution
of hydrodynamic chromatography. However, the capability of

Fig. 6 FESEM images and size distributions of silver nutritional supplements 1 (a) and 2 (b)
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HDC-ICP-MS for the simultaneous determination of dis-
solved species and nanoparticles of the same element had still
not been exploited in depth. In this study, a HDC-ICP-MS
methodology has been developed for the separation and de-
termination of dissolved species and nanoparticles of gold and
silver, by stabilizing the ionic forms of both elements by
adding penicillamine to the mobile phases. Using a mobile
phase containing penicillamine at 0.05 mM, ionic gold was
eluted quantitatively from the HDC column, whereas a higher
concentration, up to 1 mM, was required for ionic silver. Fair
resolution (ca. 0.7–0.6) between dissolved species and 10-nm
metallic nanoparticles was obtained with the optimized mo-
bile phases, although the partial overlapping of the peaks cor-
responding to dissolved species and nanoparticles below
10 nm can hamper the quantification of the lower abundance
species, especially when the latter are present at concentra-
tions closed to the limit of quantification. In such cases, de-
creasing of the elution flow rate can improve the resolution but
at the cost of increasing the separation time.

Using the developed methods, it was possible to detect the
presence of nanoparticulate and/or dissolved species of gold
and silver at the microgram per liter level in less than 10 min,
as well as the simultaneous determination of the nanoparticle
size and the mass concentration of both species, although the
latter depending on their relative abundance and the size of the
nanoparticles present. The analysis of different dietary supple-
ments containing gold and silver confirmed the presence of
nanoparticulate and/or dissolved species in the samples. The
sizes of the gold and silver NPs found by HDC-ICP-MS in the
dietary supplements were in good agreement with those found
by TEM or FESEM, respectively. Quantitative results were
compared with those obtained by ultrafiltration and AAS, al-
though the quality of the results obtained depended on the
relative abundance of the species in the sample and the size
of the nanoparticles if present. Despite their limitations, the
HDC-ICP-MS methods developed can be considered a feasi-
ble alternative to other methods based on techniques like
single-particle ICP-MS, where the detectability of nanoparti-
cles is more seriously affected by the presence of dissolved
species.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-020-03132-3.
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