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ARTICLE INFO ABSTRACT

Background: Due to the increased use of engineered nanoparticles (NPs), their tracing in environmental and
biological systems is of utmost importance. Besides their accumulation within a biological specimen, little is
known about their degradation and transformation into corresponding low-molecular species that might influ-
ence any toxicological impact.

Analytical methods: Wistar rats underwent intraperitoneal injections of 40 nm citrate-stabilized gold nano-
particles. Different liver samples were analysed for the occurrence of nanoparticles and potential degradation
products by means of spICP-MS, TEM and HPLC-ICP-MS.

Main findings: Studies using spICP-MS revealed the presence of the originally administrated Au NPs (40 nm
diameter) and some evidences of other Au-containing species due to the increased background signal. Images
obtained by transmission electron microscopy (TEM) showed the predominant presence of particles of sig-
nificantly smaller diameter (6 + 2nm). As complementary method, HPLC-ICP-MS confirmed the presence of
both particle types indicating a degradation of the Au NPs accompanied by detection of low-molecular Au
species.

Conclusions: This study underlines that degradation of gold nanoparticles to low-molecular gold species might
have to be taken into account in future for studies on their toxicological behaviour and their potential use in
clinical applications.
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1. Introduction

Since the industrial use of nanomaterials (NMs) has continuously
grown in the last two decades, their impact on the environment and the
biosphere is of general concern. Among them, Au NPs attracted great
interest for their use in electronics, catalysis, and solar cells, but also in
biomedical applications. The evaluation of potential impact of these
emerging materials on organisms requires analytical techniques being
capable of delivering information about the elemental composition,
size, shape and concentration of the particles as well as the possible
release of ionic species in the case of metal-based NMs [1-3].

The great interest in tracing NPs in environmental and biological
systems has encouraged the development of various methods for the
analysis of Au NPs; in particular, ICP-MS was found to be a very va-
luable tool in various applications. Besides hyphenated techniques like
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(spICP-MS) turned out to be a powerful alternative thanks to its sim-
plicity of operation, its rapidness and its potential to provide valuable
species information (e.g. the presence of solubilized ions together with
the NPs) [11,12].

All these techniques were combined with different extraction stra-
tegies to address the fate of NPs in various biological samples [13]. In
these experiments, alkaline solubilization with tetramethylammonium
hydroxide (TMAH) resulted in recoveries between 86 and 123% of 10
and 60nm Au NPs as total Au. However, initial investigations using
asymmetrical flow field-flow fractionation (AF4) on separating the Au
NPs extracted this way (stabilized by bovine serum albumin) did not
succeed [5]. TMAH extraction also turned out to be suitable for the
analysis of Au and Ag NPs in ground beef using spICP-MS [14].
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Loeschner et al. compared the use of alkaline (TMAH) and enzymatic
(proteinase K) digestion for the determination of 60 nm Au NPs in
Wistar rat spleen tissues after intravenous injection using spICP-MS
[15]. This technique showed significant lower recovery of the sought
species after enzymatic digestion due to inferior transport efficiency of
Au NPs in the presence of enzymatically digested tissue residues. In
another approach, tomato plant samples were analyzed by spICP-MS
after releasing Au NPs enzymatically by Macerozyme R-10 enzyme
[16]. Jenkins et al. studied spICP-MS for the discrimination of Au NPs
and their agglomerates in spiked blood samples [17].

Lately, methods based on liquid chromatography coupled ICP-MS
have become popular due their ability to distinguish between particle-
bound metals and the corresponding low-molecular (ionic) species
[18,19]. HeLA cells and cell media were analyzed after incubation with
10 nm Au NPs or dissolved Au®* in order to follow their transformation
in the different environment [20]. A similar study was conducted on the
lysates of algae cells after incubation with 10 nm Au NPs or dissolved
Au®™ [21]. Recently, our group studied the use of HPLC-ICP-MS for the
analysis of 10 nm Au NPs (NIST RM 8011) in Wistar rat liver and spleen
tissues after intraperitoneal injection [22]. By applying enzymatic so-
lubilization with proteinase K, a remarkable fraction of total Au (" 30%)
turned out to be present as ionic species indicating the importance of
NP degradation processes during their transport, storage and metabo-
lism in biological organisms. This type of Au NP degradation was also
observed for other particle sizes [23].

Understanding the fate of Au NPs within biological systems is,
therefore, of high importance, and analytical techniques are required to
monitor the accumulation and potential degradation of the sought na-
noparticles. In this study, we aim a comparative study of spICP-MS,
HPLC-ICP-MS and TEM for tracing citrate-stabilized Au NPs in rat liver
tissues after intraperitoneal injection. We intend to demonstrate that
they can provide complementary data giving a more complete picture
about the degradation and transformation of Au NPs in biological sys-
tems.

2. Materials and methods
2.1. Reagents and materials

All solutions were prepared using ultrapure water (> 18 MQ cm)
obtained from a MIlli-Q system (Millipore, Bedford, MA, USA). The
investigated citrate-stabilised Au NPs of 40 nm nominal size in an
aqueous suspension (GC-40) were obtained from Nanovex
Biotechnologies S.L. (Llanera, Spain) and used without any further
purification. Standard aqueous suspensions of citrate-stabilised Au NPs
with nominal diameter of 10, and 30 nm (RM 8011, and 8012, re-
spectively) were acquired from National Institute of Standards &
Technology (NIST, Gaithersburg, MD, USA).

All tissue samples were prepared in phosphate-buffered saline
(PBS). Sodium chloride was purchased from Prolabo (Leuven, Belgium)
and potassium chloride, disodium hydrogen phosphate (Na,HPO,) and
potassium dihydrogen phosphate (KH,PO,) were purchased from
Merck (Darmstadt, Germany). In addition, tris(hydroxymethyl)amino-
methane (TRIS, pH 7.5, Bio-Rad Laboratories, USA), sodium chloride
(NaCl, = 99%, Sigma-Aldrich), ethylenediaminetetraacetic acid dis-
odium salt dihydrate (EDTA, Fluka) and TritonTM X-100 (Sigma-
Aldrich) were used for the preparation of the lysis buffer. Sucrose (a-p-
Glucopyranosyl, Sigma-Aldrich) was used for an additional pre-con-
centration step. The mobile phase for HPLC coupled to ICP-MS con-
tained ammonium acetate (> 98%) adjusted to pH 6.8 and sodium
dodecylsulfate (SDS, 98.5%) both from Sigma-Aldrich. For spICP-MS
experiments, methanol (Fisher, Geel, Belgium) was used to dilute all the
samples. Elemental standard solution of Au (1000 mgL~') was pur-
chased from Merck. The ICP-MS was operated with Alphagaz Argon
(purity 99.999%, Air Liquid, Valladolid, Spain) and was daily optimized
in terms of detection sensitivity by introducing a multi-element tuning
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Table 1
Instrumental settings of the ICP-MS coupled to HPLC and in the single particle
mode.

ICP-MS system

Instrument Agilent 7700
RF power 1500 W
Auxiliary gas flow 0.87 L'min~!
Coolant gas flow 15.5 L'min~?
Isotope monitored 197 Au
Dwell time 100 ms (HPLC)
10 ms (spICP-MS)
Nebulizer Meinhard type (HPLC)

EnyaMist (spICP-MS)

Scott type (2 °C) (HPLC)

Home-made total consumption spray chamber (spICP-MS)
[22]

1.1Lmin"' (HPLC)

1.1 Lmin~?! (spICP-MS)

0.5mL min~" (HPLC)

10 uL min ! (spICP-MS)

Spray chamber (T)

Nebulizer gas flow

Sample flow rate

HPLC system
Instrument
Column

Shimadzu LC-10AD

Nucleosil 7 pm particle size, C18, 1000 A pore size,
250x4.6 mm ID

Mobile phase 10 mmol L.~ ! ammonium acetate, 10 mmol L ! SDS, pH 6.8
Injection volume 20 uL

solution with a concentration of 1 g L™! of each element (Merck).
7Lit, 8%y, 295T1* were used for the sensitivity check, double-charged
ions by measuring the ratio '*°Ce*/**°Ce?*, and finally, the oxide
formation was monitored by the ratio **°Ce’®0* /**%Ce™*.

2.2. Instrumentation

All measurements were performed using the quadrupole based in-
ductively coupled plasma mass spectrometer (ICP-MS) Agilent 7700
(Agilent Technologies, Tokyo, Japan). Chromatographic separations
were carried out on a Nucleosii C18 column (Phenomenex,
Aschaffenburg, Germany) with an HPLC pump (LC-10AD, Shimadzu
Corporation, Kyoto, Japan) and a 6-way injection valve (Rheodyne
model 3125, Cotati, CA, USA). All connections and the injection loop
(20 uL) were made of PEEK. The coupling was realized by directly
connecting the column outlet to the nebulizer of the ICP-MS instrument
at a flow rate of 0.5 mL min ~ . Detailed information are summarized in
Table 1. For the single particle experiments, the ICP-MS was equipped
with a micro nebulizer, EnyaMist (ESI Elemental Service & Instruments
GmbH, Mainz, Germany) operated at a flow rate of 10 uL-min~ " using
an syringe pump (SP100IZ syringe pump, World Precision Instruments,
Sarasota, FL, USA) and a home-made total consumption spray chamber
[24]. A dwell time of 10 ms was chosen (}*’Au™). The ICP-MS was used
in time-resolved analysis (TRA) mode and the acquisition time of each
run was typically 180s. For the further characterization of Au NPs in
the tissues, a high resolution transmission electron microscope JEOL
JEM 2000EXII (Jeol Ltd, Tokyo, Japan) was used.

2.3. Sample preparation

Animals. Two adult male Wistar rats (180-200 g of weight) were
purchased from Charles River Laboratories (L’Arbresle, France). Citrate-
stabilized gold nanoparticles suspension (40nm) was injected in-
traperitoneally at a single dose to the first rat (2 mL of 50 pg mL ™). The
second rat was injected with 2 mL of ultrapure water.

After 4 h of formulation administration, both rats were anesthetized
with a solution of ketamine (0.75 mgkg ™' body weight) and xylazine
(0.10mgkg™! body weight) (both from Fatro Ibérica, Barcelona,
Spain), and exsanguinated by cannulating the posterior aorta. Each
liver was removed, weighed, placed in pre-weighed polyethylene vials,
and stored at —80 °C until analysis.
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All experiments with rats were carried out in accordance with
Directional Guides Related to Animal Housing and Care and all proce-
dures were approved by the Animal Experimentation Ethics Committee
of the University of Granada.

NP extraction. Liver was excised in little portions, snap frozen and
homogenised in a mortar cooled with liquid nitrogen to grind and
pulverize samples. The resulting frozen liver powder from each sample
were suspended into the appropriate volume of cold lysis buffer (con-
taining 150 mmol-L~! NaCl, 1 mmol'L~! EDTA, 20 mmol-L ™! Tris-HCl
(pH 7.5), 1% (v/v) Triton X-100). This suspension underwent sonica-
tion in an ice bath for 15 min. Lysates were cleared by centrifugation for
15 min at 13,000g and 4 °C and were further used for TEM, spICP-MS
and HPLC-ICP-MS studies.

3. Results and discussion

The purpose of applying different techniques was the determination
of particle sizes and size distribution by spICP-MS and the detection of
eventually present smaller nanoparticles (< 18 nm that was the size
detection limit of spICP-MS) and their corresponding low-molecular Au
species by HPLC-ICP-MS. In order to visualize the particles, TEM was
applied as a complementary technique. The nominal size given by the
producer was 40 nm and was determined to be (37 * 2) nm by our
TEM measurements (Fig. S1).

First, the EnyaMist nebulizer was tested for spICP-MS analysis as it
showed recently excellent suitability for single cell analysis [24]. This
nebulizer was chosen due to the expected higher transport efficiency in
comparison to standard pneumatic nebulizers accompanied by a re-
duction of sample consumption. The sample flow was fixed to 10 pL
min~'. According to the manufacturer the addition of an organic
modifier was recommended. The variation of the methanol concentra-
tion between 0 and 15% (v/v) showed that pure suspensions of 30 nm
Au NPs in water resulted in a relatively unstable aerosol with sig-
nificantly lower transport efficiency and detection sensitivity (Fig. 1). A
maximum transport efficiency was obtained at methanol concentrations
of 10% (v/v). Increasing methanol concentrations resulted in higher
sensitivity of the individual particle pulses. However, in order to pre-
vent carbon deposition on the sampler cone, it was decided to continue
further studies with 10% methanol.

Under these conditions, the transport efficiency was determined by
relating the pulse frequency to the calculated particle number con-
centration of the NIST materials [11,25] and determined to be 48.3%
for the 30 nm Au NPs. Using these parameters for spICP-MS analysis,
the 40nm Au NPs suspension was characterized in terms of size and
distribution. The corresponding spICP-MS experiment and the particle
size distribution can be found in Fig. S2. The obtained average particle
size ((34 = 5) nm) was in good agreement with the TEM data
(837 £ 2nm). and served as a reference for the following studies. They
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Fig. 1. Influence of the methanol concentration on the detection sensitivity and
transport efficiency.
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Fig. 2. Analysis of Au NPs in the extract of a rat liver tissue by spICP-MS. (a)

Time-resolved measurement of Au, and (b) the resulting size distribution (bin
size: 2nm).

had the aim to investigate and determine the potential degradation of
Au NPs in biological systems.

The 40 nm Au NPs suspension was injected intraperitoneally into a
Wistar rat and the liver tissue was prepared for further analysis as de-
scribed in the experimental section. The lysate of the liver tissue was
diluted 1:20 in a methanol/water mixture (10/90, v/v) and analysed by
spICP-MS. No significant matrix effects on the detection sensitivity were
found. Fig. 2 illustrates the obtained time-resolved measurement
(Fig. 2a) and the resulting particle size distribution (Fig. 2b). The par-
ticle size distribution was equal to the one of the standard suspension
(Fig. S2) indicating the adequate performance of the whole strategy to
preserve the originally injected Au NPs. The background was slightly
higher than in the spICP-MS experiments of the standard. The back-
ground signal increased from approximately 100 cps to 1000 cps. This
observation suggested the presence of dissolved Au species or Au NPs of
a size smaller than the achievable (size) detection limits ("18 nm using
the 3o-criterion [12]) and indicated a degradation of the originally
administrated nanoparticles. Such a degradation in biological systems
was also observed in other studies, e.g. for Ag NPs after oral adminis-
tration in rats [26] or for Au NPs after intraperitoneal injection [22].

In order to prove the findings, complementary TEM measurements
should reveal the presence of the initially administrated Au NPs and
other potentially present NPs of smaller diameter. Fig. 3 depicts a TEM
image of the previously analysed lysate solution. As can be observed,
various NPs were present with an average diameter of (6 * 2) nm. In
contradiction to the spICP-MS analysis, the Au NPs of original size
(37 = 2nm) could not be observed. According to the spICP-MS and the
TEM measurements, the detected number of bigger sized NPs was quite
low or even negligible. Interestingly, the size distribution of the
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Fig. 3. TEM image of the extracted Au NPs from the liver tissue.

observed particle sizes in the TEM images is relatively narrow. As the
observed population of smaller particles presented sizes below the de-
tection limit of spICP-MS, the latter method only revealed the presence
of bigger Au NPs. On the other hand, the TEM image gave a first proof
that smaller particles were predominantly accumulated in the liver
tissue, probably due to degradation during transport and/or accumu-
lation in the tissue.

Since HPLC-ICP-MS has proven to be a versatile tool for the analysis
of Au and Ag NPs in a size range between roughtly 2 and 50 nm and
their corresponding ionic species [7,9,27], this was the next strategy to
be tested. In combination with an enzymatic extraction (proteinase K),
it provided important information about different Au species (NPs and
ionic species) present in rat liver tissues [22,23].

Thus, the previously obtained lysate was subjected after 1:10 dilu-
tion in the mobile phase to this complementary method. The presence
of SDS in the mobile phase was necessary to elute nanoparticles from
the column [7]. It should also facilitate protein denaturation and reduce
the protein corona formed around the nanoparticles. A representative
chromatogram is shown in Fig. 4. Three different fraction could be
observed, each one with very low abundance. A relatively broad NP
fraction eluted between 3.5 and 4.5 min) and could be correlated to Au
NPs with sizes of around 30 nm (NIST 8012 (30 nm Au NPs) elute at
3.9 min). Obviously, they represent the particles initially administrated
and beforehand detected by the spICP-MS experiments. The second
fraction between 4.5 and 5 min reflected the presence of smaller Au NPs
(roughly between 6 and 10 nm, NIST 8011 (10 nm Au NPs) eluted at
4.6 min.) in agreement with the observation in the TEM measurements.

Comparing the peak areas of both fractions resulted in a ratio of
approximately 2:1 (fraction 1 : fraction 2). This is, at first view, con-
tradictory to the observation by TEM in which the fraction of smaller
Au NPs was dominant. In order to explain this result, it has to be kept in
mind that each particle of the fraction containing the bigger Au NPs
("37 nm diameter) consists of about 200 times more Au atoms than the
particles of the smaller size (‘6 nm)"' . This means that equal particle
number concentrations would result in a roughly 200 times larger peak
area for the bigger Au NPs. In conclusion, the observed peak intensity

! For spherical particles with a volume (V) and diameter (d) following
v=L1ra.
6
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Fig. 4. Chromatogram of the liver lysate after dilution in the mobile phase
(1:10, v/v).

for the fraction of the smaller Au NPs revealed a clearly higher particle
number concentration. The third peak proved the presence of low-
molecular Au species that obviously appeared due to particle de-
gradation. In fact, TEM is not capable of monitoring these species. Thus,
the HPLC-ICP-MS approach revealed the presence of two differently
sized NP fractions, and additionally, low-molecular species. Other stu-
dies reported about the presence of such Au species in different biolo-
gical systems [18,20-22] and their presence should be taken into
consideration for any toxicological study [28].

These studies clearly revealed that the administrated Au NPs were
predominantly degraded to smaller ones of a narrow size distribution.
Although the mechanism remains unclear, the significant reduction in
size might accompanied by a reduced cytotoxicity of Au NPs [28].
Sulphur-containing compounds like cysteine have been recognized for
its influence on the dissolution of Ag NPs [29] and could play a sig-
nificant role for the observed effects on Au NPs. As “side effect”, low-
molecular Au species were formed, but it could not be clarified whether
the processes appeared during the transport and/or accumulation of the
Au NPs.

4. Conclusions

The stability of citrate-coated Au NPs was investigated in liver
samples after intraperitoneal injection into Wistar rats. The application
of three different techniques (spICP-MS, TEM, and HPLC-ICP-MS) re-
vealed the presence of the originally administrated Au NPs with a
diameter of approximately 37 nm together with nanoparticles with a
significantly smaller size (6 * 2nm). The latter ones could be only
detected by TEM and HPLC-ICP-MS as their sizes were lower than the
size detection limit obtainable by spICP-MS. Another product of the
observed degradation process, low-molecular Au species, could be de-
tected by HPLC-ICP-MS. These findings underlined that the monitoring
of the fate of nanoparticles in biological systems requires various
complementary techniques in order to fully understand the evolution of
the sought species. Although little is known about the mechanism of
nanoparticle degradation within a biological system, the detection of
particles with significantly smaller diameters and the corresponding
low-molecular species (in this case of Au) might help to understand the
defence mechanisms of living organisms to the exposure of nanoma-
terials.
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