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Abstract: Nano-carrier systems such as liposomes have promising biomedical applications.
Nevertheless, characterization of these complex samples is a challenging analytical task. In this
study a coupled hydrodynamic chromatography-single particle-inductively coupled plasma mass
spectrometry (HDC-spICP-MS) approach was validated based on the technical specification (TS)
19590:2017 of the international organization for standardization (ISO). The TS has been adapted to
the hyphenated setup. The quality criteria (QC), e.g., linearity of the calibration, transport efficiency,
were investigated. Furthermore, a cross calibration of the particle size was performed with values from
dynamic light scattering (DLS) and transmission electron microscopy (TEM). Due to an additional
Y-piece, an online-calibration routine was implemented. This approach allows the calibration of the
ICP-MS during the dead time of the chromatography run, to reduce the required time and enhance
the robustness of the results. The optimized method was tested with different gold nanoparticle
(Au-NP) mixtures to investigate the characterization properties of HDC separations for samples
with increasing complexity. Additionally, the technique was successfully applied to simultaneously
determine both the hydrodynamic radius and the Au-NP content in liposomes. With the established
hyphenated setup, it was possible to distinguish between different subpopulations with various NP
loads and different hydrodynamic diameters inside the liposome carriers.

Keywords: single particle ICP-MS; nanoparticle characterization; nano-carrier; liposomes;
hydrodynamic chromatography (HDC); validation

1. Introduction

Nanoparticles (NPs) have unique physico-chemical properties which makes their application
attractive in a broad range of industrial applications [1,2]. Over the recent years an increasing trend of
consumer products which contain NPs became evident. They are used for example in cosmetics as
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energizer in skin creams (gold (Au)-NP), antibacterial reagents (silver (Ag)-NP), abrasives in toothpaste
(aluminum oxide (Al2O3)-NP) and as ultra violet protecting agent (titanium oxide (TiO2)-NP). Although
NPs are widely used, they exhibit a potential risk to human health by possible release from products
or by inhalative and oral uptake by humans [3,4].

The potential hazard of NPs depends on their intrinsic physico-chemical properties (composition,
size, concentration and shape), their surface modifications and their interaction with the
environment [5–11]. The latter results in the formation of a biocorona created by complex matrices
(e.g., lipids in cosmetics, proteins in cell culture media or bio-fluids) and influence the uptake,
dissolution or aggregation behavior of NPs in biological systems [12]. Liposomes are promising
carrier systems for the targeted administration of substances in biomedical applications. They are
used to deliver drugs such as small interfering ribonucleic acids, to prevent NPs degradation and
to target specific cell types [13–15]. Additionally, the directed combination of organic and inorganic
particulate systems has several advantages. For example, uptake can be controlled and facilitated
across different barriers, which is essential for a targeted therapy. With the encapsulation of NPs,
the properties of the enclosed particles can be influenced at the nanoscale level [16]. The determination
of particle size, shape and composition is vital for the prognosis of biodistribution and the in vivo
fate [17–19]. Unfortunately, the most commonly used methods (electron microscopy, dynamic light
scattering) to characterize NP parameters are strongly influenced by proteins or salts typically found
in biological environments [7]. Real samples usually contain low concentrations of various NPs in
combination with a high concentration of matrix. Traditionally NPs are extracted from the matrix
resulting in a sample that is suitable for the following instrumental analytical techniques. This process
can lead to matrix-based artifacts such as NP aggregation and/or even loss. Therefore, a reliable and
robust methodology encompassing sample preparation and analysis steps is required, where the
physico-chemical properties of the particles are not altered and the measurement in a matrix-containing
environment such as liposomes is feasible [20].

A possible solution to reduce the influence and content of the matrix is the application of an
additional separation step, using a hyphenated approach. Depending on the properties and capabilities
of the separation technique, it is possible to separate or concentrate the analytes of interest. Furthermore,
the matrix is diluted or exchanged, which typically simplifies NP characterization [21].

The hydrodynamic chromatography (HDC) is a technique, which is able to separate colloidal
suspensions through a solid phase of spherical particles. The colloidal suspension is separated
based on the size of the colloid, the packaging of the solid phase and the ionic strength of the
carrier [22]. The possibility of coupling HDC with other techniques results in an increased use for the
characterization of polymers and particle mixtures [23]. Tiede et al. have demonstrated the online
coupling of HDC for the pre-separation of NP fractions, and used inductively coupled plasma mass
spectrometry (ICP-MS) as a suitable technique to detect a broad range of engineered NPs in complex
environmental matrices in a size range of 5–300 nm for standard HDC columns [24,25]. The specific
properties of HDC in combination with asymmetric flow-field-flow fractionation (AF4) columns were
characterized [26]. This setup includes the possibility to detect metal ions as well as NPs at a low
detection limit of 5 µg L−1 and runtime below 10 min. With online coupling of HDC or AF4 and
spICP-MS Pergantis et al. were able to calculate the particle size and number-based concentrations
of low amounts of Au- and Ag-NPs in environmental matrices [27,28]. The hyphenated technique
applied in this study, HDC plus spICP-MS, allows to determine the hydrodynamic diameter (rh) of
a particle and the metallic core diameter of the particle at the same time. The particle core diameter,
which is obtained with the spICP-MS is comparable to results based on electron microscopy and is
dependent on the particle composition. The particle core diameter can also be used to quantify the
constituents of the NPs [23,29,30]. The hydrodynamic diameter is established by HDC separation and
is dependent on the environment surrounding the particle and its surface characteristics.

This study applied the guidelines of a conventional spICP-MS and expanded it with an optimized
workflow for a coupled HDC-spICP-MS approach to determine NP characteristics with and without
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liposomes. This procedure was based on a technical specification (TS), which was approved by the
International Organization for Standardization (ISO), the European Committee for Standardization
(CEN) and the German Institute for Standardization (DIN). The guideline is the CEN ISO/TS 19590:2019
(DIN SPEC 19286:2019-11) [31,32]. Special consideration was paid to reduce measurement time and
enhance robustness through an online calibration. The multidimensional capabilities of the coupled
techniques could be successful demonstrated for Au-NP-loaded liposomes. Especially promising is
the combined separation of liposomes based on their hydrodynamic size in combination with the
quantification of their inorganic NP content.

2. Materials and Methods

2.1. Chemicals and Materials

Standard solutions of dissolved Au (1000 mg L−1, TraceCERT®, Sigma-Aldrich, Darmstadt,
Germany), 3.5% nitric acid (technical graded 70% v/v, VWR, Darmstadt, Germany), purified
in a douPur quartz sub-boiling point apparatus (MLS GmbH), and Milli-Q water (MilliPore
gradient, Merck MilliPore, Darmstadt, Germany) were used for the calibration solutions (0.5,
1, 2, 5 and 10 µg L−1). Reference materials of citrate-stabilized Au-NPs (National Institute
of Standards and Technology (NIST) 8012 and 8013, Gaithersburg, MD, USA) at a nominal
size of 30 and 60 nm were used. Furthermore, Au-NPs in the size of 20, 80 and 100 nm,
respectively (NanoComposix, San Diego, CA, USA) were measured. Two cationic liposomes
(EL-01-C and EL-11-C, NOF Corporation, Tokyo, Japan) and a neutral liposome (El-01-PN,
NOF Corporation, Tokyo, Japan) were used, which contain the following lipid components
(µmol/vial): dipalmitoylphosphatidylcholine (DPPC):Cholesterol:Stearyl (52:40:8, EL-01-C in the size
of 100–300 nm), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC):Cholesterol:Stearyl (52:40:8,
EL-11-C in the size of 50–250 nm) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-polyglycerine
(DSPE-PG8G):DPPC:Cholesterol:1,2-dipalmitoyl-sn-glycero-3-phosphorylglycerol (DPPG) (4.2:20.5:
15.2:2.3, EL-01-PN in the size of 50–250 nm). The liposomes were dispersed in Milli-Q water (see
above). The reference NP materials NIST 8012 and 8013 were diluted to final concentrations of 85 ng
L−1 (NIST 8012), 50 and 500 ng L−1 (NIST 8013), respectively. The final concentrations used for the 20,
80 and 100 nm Au-NPs were 20, 1000 and 1450 ng L−1 respectively. The liposome NP solutions were
prepared by using 2.6 g L−1 of freeze-dried liposomes and 500 ng L−1 of the 30 nm Au-NPs (NIST 8012).
After mixing of both constituents, the solution was shaken and vortexed for 10 s. All solutions injected
to the HDC column are diluted in an eluent consisting of 0.5% Tween-20 (AppliChem, Darmstadt,
Germany), 0.13% sodium dodecyl sulfate (Merck, Darmstadt, Germany) and 5 mM ammonium acetate
(Merck, Darmstadt, Germany).

2.2. Instrumentation

An HDC column (polymer labs particle size distribution analyser (PL-PSDA) Cartridge Type 1,
Agilent, Waldbronn, Germany) with a separation capability of NPs in the size range of 1.5–300 nm are
coupled to a volume splitter (with an adjusted ratio of 1:10) via a Y-Piece to an ICP-MS instrument
(X-Series, Thermo Scientific, Bremen, Germany). The eluent consisted of ultra-pure water with 0.5%
Tween-20 (AppliChem, Darmstadt, Germany), 0.13% sodium dodecyl sulfate (Merck, Darmstadt,
Germany) and 5 mM ammonium acetate (Merck, Darmstadt, Germany). The sample injection with a
sample loop volume of 0.15 mL was done with a high-performance liquid chromatography (HPLC)
autosampler and pump system (Accela 600, Thermo Scientific, Bremen, Germany). The second line
port of the Y-piece was connected to a peristaltic pump. The flow rates before and after volume splitting
were 1.5 and 0.15 mL min−1, respectively. The overall measurement time was 60 s for the conventional
spICP-MS and 600 s for the HDC-spICP-MS, followed by a 200 s elution phase. Both experiments
used a dwell time of 10 ms, a radio frequency power of 1400 W and a nebulizer argon gas flow rate of
14 L min−1. For the conventional spICP-MS setup a PC3 Peltier cooler with a cyclonic spray chamber
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(Elemental Scientific, Mainz, Germany) were used. In order to measure the same number of particulate
events with the HDC-spICP-MS, the number concentration of NP solutions was increased by a factor
of 10 as described above.

The analysis of the hydrodynamic particle diameters was done either by dynamic light scattering
(DLS) (Zetasizer, Malvern Panalytics, Kassel, Germany) or by particle tracking (NTA) (Nanosight
LM20, Malvern Panalytics, Kassel, Germany).

2.3. Performance and Quality Criteria for spICP-MS

CEN ISO/TS19590:2019 defines several performance and quality criteria (QC) for spICP-MS. Key
parameters are namely the transport efficiency, which should be ≥1%, which is calculated as described
(e.g., by Degueldre et al.), and the linearity of an external ionic calibration, which is requested to
reach a correlation coefficient (R2) of ≥ 0.99 [29]. Moreover, the particle blank solutions should not
contain more than 10 particulate events and the overall number of events should be between 100 and
a maximum of 10% of the theoretical possible number of events. Furthermore, a general procedure
of the measurement (injection list) is outlined, which includes regularly blank (every 10 samples),
ionic and particle recovery samples (every 10 samples), along with full calibration samples (every 50
samples). Additionally, equations for the calculation of the limits of detection are given. Nevertheless,
the technical specification (TS) is a basic tool, which does not specify an approach for complex samples,
coupled setups, or alternative advanced sample introduction systems in general.

2.4. Data Analysis Procedure

The raw ICP-MS data were exported as csv-type files and further processed with Microsoft Excel
(2016) or Origin Pro 9.1 OriginLab, North Hamption, NH, USA). All calculations were done according
to CEN ISO/TS 19590:2019. The used formulas are given in the Supplementary Materials Section 1.
The size separated ICP-MS data were binned according to Pergantis et al. with binning sizes of 5 s for
the retention time and 2.5 nm for the ICP-MS core diameter [27].

3. Results and Discussion

3.1. HDC-spICP-MS Setup and Calibration Approach

In this study the QC of the TS of a conventional spICP-MS setup were compared with the results
from a coupled HDC-spICP-MS system. The applicability of the QC, along with the proposed additional
QC for the evaluation of a coupled system, was evaluated. The application of a hyphenated separation
technique based on spICP-MS can be time-consuming due to the separation technique-dependent
dead time, the separation process and essential calibrations. However, after a proper installation and
optimization, such a setup allows to generate additional information contributing to an improved
particle characterization that results in a multidimensional size determination.

The TS suggests determining the QC, based on particle standards every 10 samples (excluding blank
measurements) and ionic calibration every 50 samples. However, due to the increased measurement
time per sample with a coupled system a drift of the instrumental parameters is likely to occur,
especially in the case of intensity values. To prevent the infringement of the QC, which would result
in incorrect quantification, an online calibration approach was developed. This approach enables to
determine the QC for all runs of the whole sample sequence and the calculation of the drift.

For the hyphenation of HDC a Y piece was placed behind the column to inject standards into the
eluent for an online calibration. This approach allows the injection of all necessary standards via a
peristaltic pump during the dead time gap of the system (see Figure 1). The calibration procedure was
comprised of two steps. At first the transport efficiency of the ICP-MS system was determined with an
NP reference solution (around 50 ng L−1 of 60 nm Au-NPs NIST 8013). Calibration solutions of 0.5,
1.0, 2.0, 5.0 and 10 µg L−1 were injected for 30 s each. The averaged signal intensities were used to
calculate the sensitivity with a linear regression approach. This was followed by a sensitivity check of
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the analyte, achieved with the five-point ionic calibration linearity assessment. At the end of each run
only separated NPs are being detected.
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Figure 1. Exemplary HDC-spICP-MS measurement of Au NP (NIST 8013, 60 nm) with the online
calibration approach. This includes the measurement of a reference particle for the determination of
the transport efficiency (section a, number of spikes: 118, transport efficiency: 4.4%), and a five-point
ionic calibration (section b, sensitivity: 5699.12 cps (ng mL−1)−1). Both preparations are being directly
injected through a Y-Piece located between the HDC and ICP-MS instrument. The HDC-separated
60 nm Au-NPs were detected in section c (number of spikes: 173, average signal intensity: 9142 counts).

3.2. Determination of Quality Criteria Based on the Technical Specification (TS)

As a first step both setups—conventional spICP-MS and coupled HDC-spICP-MS—were
characterized based on their spICP-MS capabilities. The QC parameters used in this study were taken
from the ISO/TS 19590:2017 and adopted to convert the general approach of the TS towards hyphenated
methods using spICP-MS.

The experiments were performed using analyte blank samples as well as ionic solutions of Au
in the range of 0.5 to 10 ng mL−1 (n = 3). The measured intensities of these samples were used to
determine the analyte sensitivity, linearity over the investigated concentration range and to estimate
the limit of detection (LOD) in mass as well as to predict the LOD for the particle size. Both setups
were working within the defined QC range (see Table 1). Comparison of the conventional spICP-MS
setup with the coupled approach shows a small increase of the sensitivity (3879.44 to 5675.94 cps
(ng mL-1)-1), which results in a lower LOD in mass of the ionic concentrations (0.028 to 0.021 ng mL−1).
The predicted LOD in particle size (12.7 nm spICP-MS and 10.3 nm HDC-ICP-MS) is in agreement with
values from literature [33]. All LOD values related to particle size were calculated with an iterative
approach (see supporting information).
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Table 1. Quality criteria parameters of ionic calibration solutions.

Ionic Measurements spICP-MS HDC-spICP-MS

Sensitivity (cps (ng mL−1)−1) 3879.44 5675.94
R2 0.99996 0.99587 (0.00050)

LOD (ng mL−1) 0.028 (0.001) 0.021 (0.001)
LOD (nm) 12.7 (0.1) 10.3 (0.2)

The linearities of the calibration curves for both setups match the TS criteria (R2 > 0.99). A slightly
lower R2 value was obtained for the HDC-spICP-MS setup, which can be attributed to instrumental
differences (e.g., the injection of the ionic solutions by using the Y-piece). QC were comparable for
both systems showing the applicability of the chosen online calibration procedure.

Additional requirements of the TS are the following: a specific injection list, which includes
regularly blank solutions and calibration samples. This is applied in the experimental design and
not further discussed here. Lastly, a limit of particulate leftovers in the blank solution, as well as a
range of particulate events between 100% and 10% of the theoretical detectable particles is defined.
The particulate leftovers of the HDC-spICP-MS setup were counted with a mean of 6 ± 3 NPs per blank
sample. The number of particulate events was around 99 ± 8 NPs for the conventional spICP-MS with a
volume of 0.15 mL and a flow rate of 0.15 mL min−1. HDC-spICP-MS achieved 183 ± 15 NPs particulate
events in an injected sample volume of 0.1 mL with roughly the same flow rate due to a 1:10 variable
flow splitter. To compensate for the flow splitter, the concentration used with the HDC-spICP-MS setup
was increased by a factor of 10. The additional separation step led to an improved NP transportation
and thus an increasing particle number detected. A direct comparison of both data sets is shown in
the supplement Table S1. Our results indicate a proper fulfillment of the QC to further advance and
measure NPs in solution with HDC-spICP-MS setup.

3.3. Determination of Quality Criteria (QC) for Nanoparticle Solutions Based on the Technical Specification (TS)

As a second step, NP solutions (60 nm; 8013 NIST; 500 pg mL−1 and 50 pg mL−1) were analyzed
with and without the coupled HDC (see Table 2) in 5 repeats at one day to test the repeatability.
Additionally, day-to-day variations of the HDC as well as of the spICP-MS may heavily affect the
measurement quality. Therefore, it was decided to determine the QC parameters on a daily basis
as they are paramount for many essential parameters. For example, they are also relevant for NP
quantification, namely the number of particles, the calculated transport efficiency, and they affect the
determination of the regular blank and calibration solution.

Table 2. Repeatability test with 5 measurement of 60 nm Au-NPs (Au NIST 8013) in one day using
spICP-MS or HDC-spICP-MS.

Particulate Parameters spICP-MS HDC-spICP-MS

Size (nm) 56.8 (1.5) 55.2 (1.1)
Number of particles detected (×103 mL−1) 26.7 (2.3) 26.5 (2.2)

Transport efficiency (%) of counting method 2.54 (0.19) 6.86 (0.56)
Recovery (%) 100 (± 9) 100 (± 8)

For the evaluation of the transport efficiency two different approaches are mentioned in the TS,
the counting method and the size method. The correct selection of the appropriate calculation approach
for the transport efficiency is dependent on the availability of a NP reference material. If a certified NP
size standard with a known particle number concentration is used the so-called counting method can
be applied. When the particle number concentration of the certified NP standard is not available the
size method should be used, in which an ionic calibration serves as a substitute [34].

Both methods were employed to determine the transport efficiency, and no significant differences
were found (counting method: 2.7 ± 0.2%, size method: 2.5 ± 0.2%). Since a certified NP standard with
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a known particle number concentration was available the counting method was used for subsequent
data evaluation.

In order to evaluate the effects of a change from the spICP-MS to the HDC-spICP-MS setup the
same Au-NP (NIST 8013) was measured. The resulting particle size of 56.8 ± 1.5 nm for spICP-MS and
56.2 ± 1.1 nm for HDC-spICP-MS shows only a minor deviation and the detected size agrees with the
expected values of 56.0 ± 0.5 nm from TEM data provided in the manufacturers certification sheets. It
was noted, that the transport efficiency increases from 2.54% for spICP-MS to 6.86% for HDC-spICP-MS
(calculated on predicted concentration after the splitter) for the 60 nm Au-NP. The increase can be mainly
attributed to the additional use of the pre-separation HDC step which results in a lower frequency of
particles reaching the nebulizer and spray chamber. Although differences in the transport efficiencies
of the two setups are determined, the conditions of the QC (above 1%) are fulfilled. Therefore, the QC
of the TS is reached with our methods.

3.4. Additional Validation for Multidimensional Coupled Techniques

Nevertheless, it is beneficial to also account for the additional capabilities of the coupled setup,
which are not considered by the QC of the TS. Therefore, we propose here an alternative transport
efficiency calculation, a cross calibration between the spICP-MS and the HDC-spICP-MS as well as the
determination of the resolution of the separation.

3.4.1. Modified Transport Efficiency

As described above, the calculation of the particle size relies on the determined transport efficiency
of the spICP-MS setup. Due to the hyphenated setup additional considerations have to be taken into
account to guarantee trust- and meaningful robust results. Therefore, different NP sizes were tested to
confirm the independence between transport efficiency (η) and NP size.

In case of a coupled setup, the experimental setup of the HDC column, the flow splitter, connection
pieces and additional tubing have to be taken into account, when considering particle loss and
size-dependent transport efficiencies. To investigate this issue and also the robustness of the coupled
HDC-spICP-MS system, five different Au-NPs (i.e., 20, 30, 60, 80 and 100 nm) in comparable number
concentrations (20, 85, 516, 1000, 1450 ng mL−1) were measured 6 times during the period of one
month. For the HDC, a size-depended loss mechanism can be observed (see Figure 2). The effect is
increasing from smaller to bigger particles (ηHDC see Table 3). The particle number concentration
was determined as described before (using the 60 nm Au-NP NIST 8013, measured by spICP-MS).
The obtained values reveal a strong underestimation (77% to 94% for 20 to 100 nm) as shown in
Figure 2 (red spots). However, applying the size-dependent transport efficiency this falsification can
be corrected. Under these conditions, the expected values are obtained (see Figure 2, black spots).

Table 3. Recalculated average NP sizes based on different NP solutions in (nm) (n = 6, at 6 days).

TEM † spICP-MS DLS HDC ηHDC (%)

18.7 22.6 (0.8) 31.2 (0.5) 34.4 (5.7) 1.12 (0.34)
27.6 31.6 (1.1) 43.0 (0.5) 39.3 (2.3) 0.61 (0.18)
56 58.2 (1.0) 76.3 (1.1) 73.9 (19.1) 0.50 (0.30)

81.2 83.4 (8.1) 96 (0.8) 103.6 (24.7) 0.45 (0.27)
100.3 104.5(14.0) 115.9 (0.7) 119.5 (12.2) 0.42 (0.17)

†. TEM values are given from manufactures certification sheets.
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3.4.2. Cross Validation of NP Size Determination

For an evaluation of the size determination of the HDC-spICP-MS the particle sizes measured
have been compared to the results from TEM and DLS.

HDC-spICP-MS and TEM methods characterize the core particle diameter. The HDC-spICP-MS
values obtained are slightly higher as the expected values obtained by TEM measurements. To define a
QC the expected particle sizes (TEM) were plotted against the detected particle sizes by spICP-MS.
The acquired linear fit has an accuracy deviation of 4.5% (R2 = 0.9921) (see supplement Materials
Figure S1). Based on the TS such a correlation coefficient proves the values obtained with spICP-MS in
the coupled setup. Those values are in line with the literature (4.8%) [35].

As a next step the capabilities of the HDC-based size determination and separation was evaluated.
The Au-NPs of varying sizes (see Table 3) were required to pass through the HDC column, which retains
them differently based on their hydrodynamic sizes (1.5–300 nm). Bigger particles elute faster compared
to the smaller ones. One approach to calculate the retention time-dependent size was shown by
Mitrano et al. and Pergantis et al. [27,28].

In this study a similar approach was chosen to compensate for differences of the hydrodynamic
diameter compared to the core size of Au-NPs, DLS measurements were done with different particle
sizes (20–100 nm, in HDC eluent (supplement Figure S2)). The obtained values were used for the
calibration of the HDC. The obtained hydrodynamic diameters were plotted against the mean retention
time of the HDC, with time points over one month. A comparable behavior (accuracy deviation: 5.2%,
R2 = 0.9853 see Figure S3) as observed above can be seen for both hydrodynamic diameters measured
with DLS as the reference technique and the HDC.

Both cross calibrations can be used as additional QC (accuracy and R2) and are in good agreement
with the TS for the determination of particle sizes. In case of the core size determination with
HDC-spICP-MS data the same criteria as in the TS (R2 > 0.99) is applied. This value is purely based
on the instrumental performance, because it only takes the ion or particle response of the ICP-MS
into account.
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In the case of the hydrodynamic size determination, which is independent of material composition,
the result of the cross calibration is affected by the instrumental-dependent factors. Those are more
prone to variation for both techniques. Therefore, the criterion was set as R2 > 0.98 of the plot as shown
in supplement Figure S3. However, the results of the NP core sizes, hydrodynamic sizes and their
number concentrations are in good accordance with the complementary techniques. Our findings are
in agreement with data provided by literature [35].

Based on these findings, the introduced HDC-spICP-MS setup can analyze the inorganic
composition (see spICP-MS data before) as well as the hydrodynamic diameter of particles in
parallel. Moreover, the results are in line with the QC of the TS and also serve as an example of
additional QC for a hyphenated setup (accuracy and R2). The application of different cross calibration
techniques generates an increase in accuracy for the respective particle size measurements. Due to this
the presented approach is especially useful, if the analytes of interest consists of organic as well as
inorganic compounds, which cannot be differentiated by either technique alone.

3.4.3. Separation Capabilities of HDC-spICP-MS

The next series of experiments were focused on the separation capabilities of the combined
HDC-spICP-MS approach. Increasingly complex mixtures of the before used Au-NPs (60/100; 30/60;
60/80; 30/60/100 and 30/60/80/100, see Table 4) were measured to demonstrate the possible separation
capacity according to different size subpopulations. An overview of the cross calibration, as described
in Section 3.4.2, is shown in Figure 3A. The resolution was calculated as an adaptation of liquid
chromatography (see schematically description in Figure S4). Typically, 2 peaks are thought of being
resolved if the resolution is above at least 1.5. This value is achieved for most of the particle mixtures,
except for the most complex one. A summary of these values is given in Table 4. A representative spike
fractogram of the particle mixtures with 4 sizes is shown in Figure 3B. This was achieved with a multiple
peak fit function of the Peak Analyzer tool (Origin Pro 9.1). Additionally this procedure may include
a background subtraction depending on the calculated peak overlaps. Later, due to the broad size
distribution, this background subtraction (particle number-based) was used to differentiate between
different size subpopulations. The parameters used are shown in Table 4. With this approach the
resolution of a mixture of four particle sizes and their respective maxima was found overall enhanced
(18.5/0.4/0.4 to 5.3/2.2/4.0). The uncorrected frequency-based distribution is shown in Figure 3C.

Table 4. Peak resolution for particle size mixtures without and with background correction.

Separated Size (nm) Peak Resolution
(Number Distribution)

Background
(Number of NP)

Background Corrected Peak Resolution
(Number Distribution)

30/60 2.12 1.5 3.14
60/80 1.82 2.4 1.49

60/100 1.86 3.3 5.16
30/60/100 1.86/1.54 1.5 3.06/2.05

30/60/80/100 18.51/0.36/0.38 11.5 5.3/2.22/4.03

To sum up, the size determination (hydrodynamic and core diameter) of different Au-NP mixtures
with increasing complexity was successfully achieved. Based on these results this method is feasible to
detect different subspecies of NPs with size differences of about 20 nm. A QC based on these results for
a hyphenated setup is the evaluation of a size mixture of at least 2 known particles. The separation must
be evaluated as described before. The satisfying separation is achieved if the resolution is above 1.5.
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3.5. Proof-of-Concept Application—Au-NPs Embedded in Liposomes

In order to apply our validated HDC-spICP-MS to a relevant complex problem, hydrodynamic
sizes and metallic/inorganic content of lipid-based nano-carrier systems were investigated.
The HDC-spICP-MS setup should be able to differentiate between similar sized lipids based on
their inorganic content. Therefore, an estimation about their particulate content as well as information
about the hydrodynamic size of the loaded liposome is required.

To test the exemplary liposome EL-01-C without particulate content, NTA was conducted
(see supplement Figure S5). The NTA derived hydrodynamic size of 182.0 ± 7.8 nm is in rough
agreement with the HDC-UV-Vis based values from Helsper et al. of 205 ± 6 nm [36]. They reported a
large peak width at half height, which indicates a rather polydisperse sample. The polydispersity was
also confirmed in the NTA and explains the deviation of the NTA based size value.

The loading of 30 nm Au-NPs leads to a visible size shift in the NTA derived size from 38 nm to
around 200 nm for all 3 investigated liposomes (Figure 4A–D). The HDC-spICP-MS results are in good
agreement with the NTA data. Furthermore, they show a fraction of liposomes with a hydrodynamic
size below 150 nm. These fractions are possibly due to liposome fragments, which are disrupted
during the preparation steps or have not formed a properly closed liposome carrier or Au-NPs only
(Figure 4F–H).

The majority of the loaded liposomes contained one NP as indicated by the first dashed line (see
Figure 4J–L). Available literature demonstrates the formation of a lipid layer around Au-NPs [37].
However, it remains challenging to localize the Au-NPs within the loaded liposome carrier complex.
Modification and disruption of the formation, uptake and rearrangement steps may additionally
influence this analytical question. With the HDC-spICP-MS a differentiation between absorbed, partially
absorbed and adsorbed Au-NP as part of the loaded liposome carrier is not possible. For biomedical
applications TEM measurements are recommended in order to ensure a safe, uniform and reliable
carrier system [37]. A comparison of the HDC-spICP-MS data between the dispersed NPs and the
loaded liposomes shows a tailing, which indicates the occurrence of multiple particles (up to several
NPs based on their mass, Figure 4I–L). The Figure 4I–L display the sum of all Au-NP fractions, which
are mentioned before.
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EL-11-C and EL-01-PN. The upper panel (A–D) shows the NTA derived particle size distribution and
the middle panel (E–H) displays the spike fractograms of the HDC-spICP-MS, which are normalized to
the maximum of detected particle mass. The lower panel (I–L) shows the number of particle events per
mass detected normalized to the results of the measurement of pure Au-NPs. Dashed lines represent
the theoretical mass of one or multiple 30 nm Au-NPs.

The different liposome compositions influence the hydrodynamic size distribution of the
liposomes (Figure 4B–D) and their loading with Au-NP (Figure 4F–H) measured with HDC-spICP-MS.
Zeta potential measurements of the samples indicate different surface potentials of EL-01-C and
EL-11-C (both cationic), and the anionic liposome EL-01-PN (see supplement Table S2). The portion of
Au-NPs per liposome seems to be in correlation with the zeta potential (see Figure 4F–H). The more
negative the zeta potential of empty liposomes is, the higher is the number of detected Au-NPs during
the HDC-spICP-MS measurement (see Figure 4F–H).

Strong anionic liposomes such as El-01-PN initially repel the negatively charged Au-NP.
This hypothesis is supported by a larger fraction of unloaded Au-NP (see Figure 4H). However,
absorbed Au-NPs seem to be electrostatically stabilized within the EL-01-PN liposome that may
prevent diffusion out of the anionic carrier complex. Liposomes which display a strong cationic
behavior such as El-01-C are prone to electrostatic attraction of the Au-NP which may lead to an
enhanced adsorption. The shift of zeta potential in the case of the slightly cationic liposome El-11-C
after Au-NP loading suggests a combination of both effects.

The hydrodynamic size measured with DLS of empty and loaded liposome carriers indicates
an increase (EL-01-C), decrease (EL-11-C) or no size change (EL-01-PN, see supplement Table S2).
These responses are in agreement with the different findings of the Au-NP distribution and uptake
with different liposome compositions. Therefore, the liposome composition may influence the
uptake mechanism of the Au-NPs as well as the stabilization of the loaded liposome carrier complex.
Nevertheless, further research has to be conducted to elucidate the mode of action.

The HDC-spICP-MS methodology allows a multidimensional evaluation of Au-NPs in loaded
liposomes while still fulfilling all QC. This hyphenation approach provides a rapid analysis of these
model compounds.
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4. Conclusions

In this study a tiered approach for the validation of a hyphenated HDC-spICP-MS setup was
investigated. Firstly, an integrated online-calibration routine was established, to reduce the required
measurement time as well as to enhance the robustness of the coupled method (see Figure 1). The QC
for the conventional spICP-MS of the TS were verified and compared with and without the coupled
HDC. Criteria were namely the linearity of the ionic calibration, the transport efficiency of an NP
reference standard, a minimum number of particulate events per measurement and the avoidance of
particulate leftovers (memories), as well as a standardized sample list, which integrates blank and
calibration samples in defined frequencies. Furthermore, additional QC were defined for hyphenated
spICP-MS methods. This includes a cross calibration of the determined hydrodynamic and core
sizes with additional comparable techniques. The linearity of the resulting plots may be used as
QC. To compensate the influences of the coupled technique on the detected NP number, a modified
size-dependent transport efficiency was used. With these modifications it is possible to characterize
the capabilities of hyphenated method.

The validated HDC-spICP-MS was applied for a complex sample system. For this purpose,
the hydrodynamic sizes and metallic/inorganic content of lipid-based nano-carrier systems were
investigated. It could be shown that the HDC-spICP-MS setup was able to differentiate between
similar sized lipids. Additionally, the inorganic content could be evaluated. The particle uptake
distribution of the loaded liposomes can be obtained in parallel with the actual hydrodynamic size
of these nano-carrier systems. This distinction between loaded and free NPs is not possible with the
conventional spICP-MS.
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Equations (S1)–(S4): Calculation of the instrumental transport efficiency; Equations (S5) and (S6): Estimation of
the particle size; Equations (S7)–(S9): Estimation of the particle number concentration; Equation (S10): Estimation
of the background; Table S1: Comparison of spICP-MS and HDC-spICP-MS measurements of blank solutions
and 60 nm Au-NPs (Au NIST 8013, 50 ppt) over 1 month (n = 5, at 5 days); Table S2: DLS measurements
of the hydrodynamic diameter (dH) and zeta potential for the used 30 nm Au-NP, lipids only and the lipids
loaded with 30 nm Au-NP (n = 3); Figure S1: Expected (TEM) versus quantified average NP size measured with
ICP-MS; Figure S2: (A) DLS-derived hydrodynamic size of different Au NPs (20–100 nm) in the eluent of the
HDC (n = 6). (B) Calibration curve for HDC retention time with DLS measured hydrodynamic diameters; Figure
S3: Expected (DLS) versus quantified average NP size calculated by using the HDC retention time; Figure S4:
Schematically description for the estimation of resolution (R) between 2 different size populations (30 and 60 nm
Au-NP) in accordance to LC-MS techniques; Figure S5: NTA derived particle number distribution for unloaded
liposome EL-01-C.

Author Contributions: Work was conceived by Y.U.H., D.R., J.T., N.J. and P.L.; ICP-MS measurements were
carried out by R.M., B.K. and P.R.; NTA and DLS measurements were performed by B.K. and R.M.; P.R., R.M. and
B.K. designed and built the HDC-ICP-MS hyphenation; data analysis was performed by D.R. with assistance
from F.L.K., B.K., Y.U.H. and N.J.; work was supervised by J.T., P.L., A.L. and U.P.; the manuscript was drafted by
Y.U.H., B.K., F.L.K. and D.R. with input and editing from all authors. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by BfR-SFP 1322-642 for F.L.K., BfR-SFP 1322-723 for Y.U.H. and BfR-SFP
1322-724 for D.R.

Acknowledgments: We acknowledge Lars Leibrock and Charlotte Kromer for fruitful discussion.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Katz, L.M.; Dewan, K.; Bronaugh, R.L. Nanotechnology in cosmetics. Food Chem. Toxicol. 2015, 85, 127–137.
[CrossRef] [PubMed]

2. Vance, M.E.; Kuiken, T.; Vejerano, E.P.; McGinnis, S.P.; Hochella, M.F.; Rejeski, D.; Hull, M.S. Nanotechnology
in the real world: Redeveloping the nanomaterial consumer products inventory. Beilstein J. Nanotech. 2015, 6,
1769–1780. [CrossRef] [PubMed]

http://www.mdpi.com/1996-1944/13/6/1447/s1
http://dx.doi.org/10.1016/j.fct.2015.06.020
http://www.ncbi.nlm.nih.gov/pubmed/26159063
http://dx.doi.org/10.3762/bjnano.6.181
http://www.ncbi.nlm.nih.gov/pubmed/26425429


Materials 2020, 13, 1447 13 of 14

3. Tolaymat, T.; El Badawy, A.; Sequeira, R.; Genaidy, A. An integrated science-based methodology to assess
potential risks and implications of engineered nanomaterials. J. Hazard. Mater. 2015, 298, 270–281. [CrossRef]
[PubMed]

4. Szakal, C.; Tsytsikova, L.; Carlander, D.; Duncan, T.V. Measurement Methods for the Oral Uptake of
Engineered Nanomaterials from Human Dietary Sources: Summary and Outlook. Compr. Rev. Food Sci. Food
2014, 13, 669–678. [CrossRef]

5. Abramenko, N.B.; Demidova, T.B.; Abkhalimov, E.V.; Ershov, B.G.; Krysanov, E.Y.; Kustov, L.M. Ecotoxicity
of different-shaped silver nanoparticles: Case of zebrafish embryos. J. Hazard. Mater. 2018, 347, 89–94.
[CrossRef]

6. Asgharian, B.; Owen, T.P.; Kuempel, E.D.; Jarabek, A.M. Dosimetry of inhaled elongate mineral particles in
the respiratory tract: The impact of shape factor. Toxicol. Appl. Pharm. 2018, 361, 27–35. [CrossRef]

7. Krause, B.; Meyer, T.; Sieg, H.; Kastner, C.; Reichardt, P.; Tentschert, J.; Jungnickel, H.; Estrela-Lopis, I.;
Burel, A.; Chevance, S.; et al. Characterization of aluminum, aluminum oxide and titanium dioxide
nanomaterials using a combination of methods for particle surface and size analysis. RSC Adv. 2018, 8,
14377–14388. [CrossRef]

8. Sun, H.Y.; Jiao, R.Y.; Xu, H.; An, G.Y.; Wang, D.S. The influence of particle size and concentration combined
with pH on coagulation mechanisms. J. Environ. Sci.-China 2019, 82, 39–46. [CrossRef]

9. Torrent, L.; Iglesias, M.; Margui, E.; Hidalgo, M.; Verdaguer, D.; Llorens, L.; Kodre, A.; Kavcic, A.;
Vogel-Mikus, K. Uptake, translocation and ligand of silver in Lactuca sativa exposed to silver nanoparticles
of different size, coatings and concentration. J. Hazard. Mater. 2019, 384, 121201. [CrossRef]

10. Chiang, C.W.; Ng, D.Q.; Lin, Y.P.; Chen, P.J. Dissolved Organic Matter or Salts Change the Bioavailability
Processes and Toxicity of the Nanoscale Tetravalent Lead Corrosion Product PbO2 to Medaka Fish. Environ.
Sci. Technol. 2016, 50, 11292–11301. [CrossRef]

11. Freyre-Fonseca, V.; Medina-Reyes, E.I.; Tellez-Medina, D.I.; Paniagua-Contreras, G.L.; Monroy-Perez, E.;
Vaca-Paniagua, F.; Delgado-Buenrostro, N.L.; Flores-Flores, J.O.; Lopez-Villegas, E.O.; Gutierrez-Lopez, G.F.;
et al. Influence of shape and dispersion media of titanium dioxide nanostructures on microvessel network
and ossification. Colloid Surf. B 2018, 162, 193–201. [CrossRef] [PubMed]

12. Persaud, I.; Shannahan, J.H.; Raghavendra, A.J.; Alsaleh, N.B.; Podila, R.; Brown, J.M. Biocorona formation
contributes to silver nanoparticle induced endoplasmic reticulum stress. Ecotox. Environ. Saf. 2019, 170,
77–86. [CrossRef] [PubMed]

13. Michel, R.; Gradzielski, M. Experimental Aspects of Colloidal Interactions in Mixed Systems of Liposome
and Inorganic Nanoparticle and Their Applications. Int. J. Mol. Sci. 2012, 13, 11610–11642. [CrossRef]

14. Alcantara, K.P.; Zulfakar, M.H.; Castillo, A.L. Development, characterization and pharmacokinetics of
mupirocin-loaded nanostructured lipid carriers (NLCs) for intravascular administration. Int. J. Pharm. 2019,
571, 118705. [CrossRef] [PubMed]

15. Novakowski, S.; Jiang, K.; Prakash, G.; Kastrup, C. Delivery of mRNA to platelets using lipid nanoparticles.
Sci. Rep. 2019, 9, 552. [CrossRef]

16. Chatterjee, S.; Li, X.S.; Liang, F.; Yang, Y.W. Design of Multifunctional Fluorescent Hybrid Materials Based on
SiO2 Materials and Core-Shell Fe3O4@SiO2 Nanoparticles for Metal Ion Sensing. Small 2019, 15, e1904569.
[CrossRef]

17. Caster, J.M.; Yu, S.K.; Patel, A.N.; Newman, N.J.; Lee, Z.J.; Warner, S.B.; Wagner, K.T.; Roche, K.C.; Tian, X.;
Min, Y.; et al. Effect of particle size on the biodistribution, toxicity, and efficacy of drug-loaded polymeric
nanoparticles in chemoradiotherapy. Nanomedicine 2017, 13, 1673–1683. [CrossRef]

18. Zhao, Y.T.; Wang, Y.; Ran, F.; Cui, Y.; Liu, C.; Zhao, Q.F.; Gao, Y.K.; Wang, D.; Wang, S.L. A comparison
between sphere and rod nanoparticles regarding their in vivo biological behavior and pharmacokinetics.
Sci. Rep. 2017, 7, 4131. [CrossRef]

19. Krause, B.C.; Kriegel, F.L.; Rosenkranz, D.; Dreiack, N.; Tentschert, J.; Jungnickel, H.; Jalili, P.; Fessard, V.;
Laux, P.; Luch, A. Aluminum and aluminum oxide nanomaterials uptake after oral exposure—A comparative
study. Sci. Rep. 2020, 10, 2698. [CrossRef]

20. Contado, C. Nanomaterials in consumer products: A challenging analytical problem. Front. Chem. 2015,
3, 48. [CrossRef]

21. Soriano, M.L.; Zougagh, M.; Valcarcel, M.; Rios, A. Analytical Nanoscience and Nanotechnology: Where we
are and where we are heading. Talanta 2018, 177, 104–121. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jhazmat.2015.04.019
http://www.ncbi.nlm.nih.gov/pubmed/26079368
http://dx.doi.org/10.1111/1541-4337.12080
http://dx.doi.org/10.1016/j.jhazmat.2017.12.060
http://dx.doi.org/10.1016/j.taap.2018.05.001
http://dx.doi.org/10.1039/C8RA00205C
http://dx.doi.org/10.1016/j.jes.2019.02.021
http://dx.doi.org/10.1016/j.jhazmat.2019.121201
http://dx.doi.org/10.1021/acs.est.6b02072
http://dx.doi.org/10.1016/j.colsurfb.2017.11.049
http://www.ncbi.nlm.nih.gov/pubmed/29190471
http://dx.doi.org/10.1016/j.ecoenv.2018.11.107
http://www.ncbi.nlm.nih.gov/pubmed/30529623
http://dx.doi.org/10.3390/ijms130911610
http://dx.doi.org/10.1016/j.ijpharm.2019.118705
http://www.ncbi.nlm.nih.gov/pubmed/31536765
http://dx.doi.org/10.1038/s41598-018-36910-2
http://dx.doi.org/10.1002/smll.201904569
http://dx.doi.org/10.1016/j.nano.2017.03.002
http://dx.doi.org/10.1038/s41598-017-03834-2
http://dx.doi.org/10.1038/s41598-020-59710-z
http://dx.doi.org/10.3389/fchem.2015.00048
http://dx.doi.org/10.1016/j.talanta.2017.09.012
http://www.ncbi.nlm.nih.gov/pubmed/29108565


Materials 2020, 13, 1447 14 of 14

22. Small, H.; Saunders, F.L.; Solc, J. Hydrodynamic Chromatography—New Approach to Particle-Size Analysis.
Adv. Colloid Interfac 1976, 6, 237–266. [CrossRef]

23. Striegel, A.M.; Brewer, A.K. Hydrodynamic Chromatography. Annu. Rev. Anal. Chem. 2012, 5, 15–34.
[CrossRef] [PubMed]

24. Tiede, K.; Boxall, A.B.A.; Wang, X.M.; Gore, D.; Tiede, D.; Baxter, M.; David, H.; Tear, S.P.; Lewis, J. Application
of hydrodynamic chromatography-ICP-MS to investigate the fate of silver nanoparticles in activated sludge.
J. Anal. At. Spectrom. 2010, 25, 1149–1154. [CrossRef]

25. Tiede, K.; Boxall, A.B.A.; Tiede, D.; Tear, S.P.; David, H.; Lewis, J. A robust size-characterisation methodology
for studying nanoparticle behaviour in ‘real’ environmental samples, using hydrodynamic chromatography
coupled to ICP-MS. J. Anal. At. Spectrom. 2009, 24, 964–972. [CrossRef]

26. Gray, E.P.; Bruton, T.A.; Higgins, C.P.; Halden, R.U.; Westerhoff, P.; Ranville, J.F. Analysis of gold nanoparticle
mixtures: A comparison of hydrodynamic chromatography (HDC) and asymmetrical flow field-flow
fractionation (AF4) coupled to ICP-MS. J. Anal. At. Spectrom. 2012, 27, 1532–1539. [CrossRef]

27. Pergantis, S.A.; Jones-Lepp, T.L.; Heithmar, E.M. Hydrodynamic Chromatography Online with Single
Particle-Inductively Coupled Plasma Mass Spectrometry for Ultratrace Detection of Metal-Containing
Nanoparticles. Anal. Chem. 2012, 84, 6454–6462. [CrossRef]

28. Mitrano, D.M.; Barber, A.; Bednar, A.; Westerhoff, P.; Higgins, C.P.; Ranville, J.F. Silver nanoparticle
characterization using single particle ICP-MS (SP-ICP-MS) and asymmetrical flow field flow fractionation
ICP-MS (AF4-ICP-MS). J. Anal. At. Spectrom. 2012, 27, 1131–1142. [CrossRef]

29. Degueldre, C.; Favarger, P.Y.; Wold, S. Gold colloid analysis by inductively coupled plasma-mass spectrometry
in a single particle mode. Anal. Chim. Acta 2006, 555, 263–268. [CrossRef]

30. Rosenkranz, D.; Kriegel, F.L.; Mavrakis, E.; Pergantis, S.A.; Reichardt, P.; Tentschert, J.; Jakubowski, N.;
Laux, P.; Panne, U.; Luch, A. Improved validation for single particle ICP-MS analysis using a pneumatic
nebulizer/microdroplet generator sample introduction system for multi-mode nanoparticle determination.
Anal. Chim. Acta 2020, 1099, 16–25. [CrossRef]

31. ISO/TS 19590:2017 Nanotechnologies—Size Distribution and Concentration of Inorganic Nanoparticles in Aqueous
Media via Single Particle Inductively Coupled Plasma Mass Spectrometry; International Organization for
Standardization: Geneva, Switzerland, 2017.

32. DIN CEN ISO/TS 19590:2019-11 Nanotechnologien—Größenverteilung und Konzentration anorganischer
Nanopartikel in wässrigen Medien durch Massenspektrometrie an Einzelpartikeln mit induktiv gekoppeltem Plasma
(ISO/TS 19590:2017); German Institute for Standardization: Berlin, Germany, 2019.

33. Lee, S.; Bi, X.Y.; Reed, R.B.; Ranville, J.F.; Herckes, P.; Westerhoff, P. Nanoparticle Size Detection Limits by
Single Particle ICP-MS for 40 Elements. Environ. Sci. Technol. 2014, 48, 10291–10300. [CrossRef] [PubMed]

34. Pace, H.E.; Rogers, N.J.; Jarolimek, C.; Coleman, V.A.; Higgins, C.P.; Ranville, J.F. Determining Transport
Efficiency for the Purpose of Counting and Sizing Nanoparticles via Single Particle Inductively Coupled
Plasma Mass Spectrometry. Anal. Chem. 2011, 83, 9361–9369. [CrossRef] [PubMed]

35. Babick, F.; Mielke, J.; Wohlleben, W.; Weigel, S.; Hodoroaba, V.D. How reliably can a material be classified as
a nanomaterial? Available particle-sizing techniques at work. J. Nanopart. Res. 2016, 18, 158. [CrossRef]
[PubMed]

36. Helsper, J.P.F.G.; Peters, R.J.B.; Brouwer, L.; Weigel, S. Characterisation and quantification of liposome-type
nanoparticles in a beverage matrix using hydrodynamic chromatography and MALDI-TOF mass spectrometry.
Anal. Bioanal. Chem. 2013, 405, 1181–1189. [CrossRef] [PubMed]

37. Nam, J.; Kim, Y.-T.; Kang, A.; Kim, K.-H.; Lee, K.; Yun, W.S.; Kim, Y.H. Lipid Reconstitution-Enabled
Formation of Gold Nanoparticle Clusters for Mimetic Cellular Membrane. J. Nanomater. 2016, 2016, 7.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/0001-8686(76)85004-X
http://dx.doi.org/10.1146/annurev-anchem-062011-143107
http://www.ncbi.nlm.nih.gov/pubmed/22708902
http://dx.doi.org/10.1039/b926029c
http://dx.doi.org/10.1039/b822409a
http://dx.doi.org/10.1039/c2ja30069a
http://dx.doi.org/10.1021/ac300302j
http://dx.doi.org/10.1039/c2ja30021d
http://dx.doi.org/10.1016/j.aca.2005.09.021
http://dx.doi.org/10.1016/j.aca.2019.11.043
http://dx.doi.org/10.1021/es502422v
http://www.ncbi.nlm.nih.gov/pubmed/25122540
http://dx.doi.org/10.1021/ac201952t
http://www.ncbi.nlm.nih.gov/pubmed/22074486
http://dx.doi.org/10.1007/s11051-016-3461-7
http://www.ncbi.nlm.nih.gov/pubmed/27375365
http://dx.doi.org/10.1007/s00216-012-6530-5
http://www.ncbi.nlm.nih.gov/pubmed/23180077
http://dx.doi.org/10.1155/2016/2860859
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals and Materials 
	Instrumentation 
	Performance and Quality Criteria for spICP-MS 
	Data Analysis Procedure 

	Results and Discussion 
	HDC-spICP-MS Setup and Calibration Approach 
	Determination of Quality Criteria Based on the Technical Specification (TS) 
	Determination of Quality Criteria (QC) for Nanoparticle Solutions Based on the Technical Specification (TS) 
	Additional Validation for Multidimensional Coupled Techniques 
	Modified Transport Efficiency 
	Cross Validation of NP Size Determination 
	Separation Capabilities of HDC-spICP-MS 

	Proof-of-Concept Application—Au-NPs Embedded in Liposomes 

	Conclusions 
	References

