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Abstract Solubility is a key criterion used in the hazard
assessment of metal oxide–engineered nanomaterials
(ENMs). The present study investigated solubility of
CuO, NiO, and TiO2 ENMs compared with their bulk
analogues in two aqueous media: water and Dulbecco’s
modified Eagle’s medium (DMEM). Particle size distri-
butions were characterized using dynamic light scatter-
ing (DLS) and tunable resistive pulse sensing (TRPS).
After centrifugal separation, the dissolved metal fraction
was quantified using inductively coupled plasma optical
emission spectroscopy (ICP-OES). Overall, solubility of
the metal oxides decreased in the order CuO ≥ NiO >
TiO2 in both media, with each ENM displaying higher
solubility than its bulk analogue. However, the metal
oxide ENMs responded differently to the two aqueous
media, when comparing their solubility using a low
initial concentration (10 mg/L) versus a high initial
concentration (100 mg/L). In DMEM, both nano-CuO
and nano-NiO displayed increased solubility at the
higher initial concentration by 3.8-fold and 1.4-fold,

respectively. In water, this trend was reversed, with both
nano-CuO and nano-NiO displaying increased solubili-
ty at the lower initial concentration by 3.3-fold and 1.2-
fold, respectively. Interestingly, solubility trends
displayed by nano-TiO2 were the opposite of those
displayed by nano-CuO and nano-NiO. In DMEM,
nano-TiO2 displayed decreased solubility at the higher
initial concentration (0.3-fold), whereas in water, nano-
TiO2 displayed increased solubility at the higher initial
concentration (5.5-fold). These results show the impor-
tance of evaluating the solubility of ENMs in biologi-
cally relevant fluids at concentrations that correspond to
toxicity assays, for the purposes of read-across and
grouping ENMs.
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Introduction

Metal oxide–engineered nanomaterials (ENMs) are
widely used in consumer products (e.g., fillers, pig-
ments, UV absorption filters, and semi-conductors). It
is known that the distinct physical-chemical properties
of ENMs (size, shape, surface area, surface charge, and
solubility) influence their toxicological effects (OECD
2012). Among these, solubility is a key parameter af-
fecting biopersistence and biokinetics of ENMs which,
in turn, influence their toxicity (Arts et al. 2015a;
Oberdörster and Kuhlbusch 2018; Sohal et al. 2018;
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ISO 2017; OECD 2018). International efforts are under-
way to group ENMs for hazard assessment, and solu-
bility has been identified as an important screening
criterion (Arts et al. 2015a; Landsiedel et al. 2017;
OECD 2015). The DF4nanoGrouping initiative (Arts
et al. 2015a, b) uses a water solubility threshold of
100 mg/L to classify ENMs as soluble (group 1) or
biopersistent (groups 2, 3, and 4). A similar grouping
approach was used by OECD (OECD 2015), based on
percentage solubility (% of total metal concentration) as
the screening criterion, and consisting of four catego-
ries: high (> 70%), moderate (10–70%), low (1–10%),
and negligible (< 1%) solubility.

Studies have shown that inhalation of metal oxide
ENMs can lead to lung inflammation, the severity of
which is property-specific (Nel et al. 2006; Duffin et al.
2007; Monteiller et al. 2007; Rahman et al. (2017) in the
case of TiO2 ENMs. Knowledge of their dissolution
behavior is critical to establish the true biological effect
of metal oxide ENMs because adverse effects have been
attributed not only to the nanoparticles (NPs) them-
selves but also to the metal released to the surrounding
aqueous media (Alkilany et al. 2016; Arts et al. 2015a;
Cho et al. 2011; Cho et al. 2012; Koltermann-Jülly et al.
2018; Krug 2014; Rahman et al. 2017; Semisch et al.
2014; Zhang et al. 2012). Solubility also affects ENM
stability in biological media (e.g., cell culture media),
influencing the formation of agglomerates/aggregates
that have varying sedimentation rates, which in turn
influences their interaction with the cells and biological
response (Alkilany et al. 2016; Cohen et al. 2013;
Guggenheim et al. 2018; Oberdörster and Kuhlbusch
2018; OECD 2012).

A key challenge in the context of nanotoxicology is
the difficulty in designing experiments capable of deter-
mining the degree to which the observed toxicity is
caused by the metal oxide NPs, aggregates/
agglomerates of the NPs, or by the release of metal ions
(Misra et al. 2012a; Alkilany et al. 2016). Recent studies
that have tackled the debate as to whether toxic effects
are due to NPs themselves or the released ions (Wang
et al. 2016; Jeong et al. 2018; Strauch et al. 2020) all
emphasize the importance of understanding the solubil-
ity of metal oxide NPs in the relevant test media, on a
case-by-case basis. This aspect is poorly understood due
to the complex dissolution behavior of ENMs and their
interactions with components of the test medium, and
the practical difficulty of evaluating changes in dissolu-
tion over the timescale of the exposure (Misra et al.

2012a). Rapid agglomeration or aggregation means that
ENMs do not retain their primary particle size when
dispersed in test media, and sonication protocols must
be optimized on a case-by-case basis in order to ensure
that ENMs are dispersed properly (Chowdhury et al.
2010; Cohen et al. 2013; Deloid et al. 2017; OECD
2012; OECD 2017; Taurozzi et al. 2013). Hull et al.
(2012) expressed concern that, at the time of writing,
only 8% of previous studies had conducted physical-
chemical characterization in the experimental media
used to measure a toxicological response, and none
had reported the fraction of dissolved ions present.
Similar concerns were later reiterated by Alkilany
et al. (2016) who found that colloidal stability of NPs
in test media was usually ignored, despite the critical
importance of this parameter in nanotoxicology, and by
Hansen et al. (2017) who reported that only a fraction of
previous OECD studies had characterized the target NPs
in actual test media.

Inadequate physical-chemical characterization of
ENMs in nanotoxicology has a high cost, as described
by Krug (2014) who warned that such deficiencies had
reduced the significance of some studies to “total mean-
inglessness,” and may lead to lack of confidence in
ensuring safety of ENMs. Dissolution behavior can be
heavily influenced by experimental factors such as son-
ication force and duration, medium composition, pH,
and temperature (Cohen et al. 2013; OECD 2012;
Taurozzi et al. 2013). Solubility protocols which were
not developed for ENMs (e.g., OECD 1995; OECD
2002) do not address nano-specific issues such as parti-
cle aggregation due to interaction with the surrounding
medium (at the beginning of extractions) and separation
of the dissolved fraction from solid NPs (at the end of
extractions). Separation of the dissolved fraction pre-
sents a particular challenge for ENMs that are dissolved
in complex biological media (e.g., cell culture media)
due to the presence of various ligands (e.g., amino acids,
proteins) that may bind the released metal and be
retained on filters during separation (Avramescu et al.
2019; Bove et al. 2017; Koltermann-Jülly et al. 2018).

While it is understood that investigation of ENM
toxicity must carefully consider solubility (Alkilany
et al. 2016; Krug 2014; Misra et al. 2012a;
Oberdörster and Kuhlbusch 2018), large data gaps re-
main due to the exponential increase in number and
variety of ENMs. The term “read-across” refers to filling
“potential data gaps in hazard characterization, based on
availability of adequate data from similar substances”
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(ECHA 2016). That is, in the absence of information
about a given ENM, its potential hazards may be char-
acterized by using data from its bulk (macro-scale)
analogue, or from another nanoform of the same sub-
stance (Arts et al. 2015a; ECHA 2016). Oberdörster and
Kuhlbusch (2018) questioned the value of using water
for evaluating solubility/dissolution behavior of ENMs
for regulatory purposes, and instead recommended ex-
periments that compare dissolution of the same metal
compound under different physiologically relevant fluid
compositions, as such comparative data are currently
lacking. Another key parameter is the selection of ex-
perimental concentrations that are relevant to actual
exposure levels (Hansen et al. 2017; Oberdörster and
Kuhlbusch 2018). In order to support read-across, the
dissolution behavior of the target ENM should be com-
parable with that of its bulk analogue (ECHA 2013), but
this is not always the case, as shown by Semisch et al.
(2014) for bulk and nano-CuO, which displayed large
differences in solubility in cell culture media but not in
distilled water or buffer. In general, experiments that
have examined differences in dissolution between NPs
and their bulk analogues have shown varying results,
which depend on the NP and the surrounding medium
(Misra et al. 2012a). Therefore, examining bulk-nano
solubility relationships in relevant test media (versus
water), and at relevant concentrations, is an urgent need
for regulatory purposes (read across) and to inform the
design of future nanotoxicology experiments.

The ultimate purpose of the present study was to
address these risk assessment data gaps by comparing
dissolution behavior of three metal oxide ENMs
(CuO, NiO, and TiO2) in water versus cell culture
medium. Commercially available ENMs were select-
ed because these are widely used in consumer products
in Canada, and information is needed for their risk
assessment. A key aspect of the experimental design
focused on varying the initial ENM concentration to
determine the extent to which this parameter affects
solubility results. Initial concentrations of 10 and
100 mg/L were chosen because 10 mg/L is used com-
monly in toxicological assays (Decan et al. 2016), and
OECD recommends 100 mg/L or higher for solubility
testing (OECD TG 105 1995). Raw (uncoated) metal
oxides were selected to permit evaluation of the influ-
ence of particle size on solubility, and to inform read-
across efforts by comparing dissolution behavior of
ENMswith that of their bulk analogues under the same
sets of experimental conditions.

Material and methods

Materials and reagents

Table 1 summarizes the characteristics of metal oxide
ENMs (CuO, NiO, and TiO2) and their bulk analogues,
obtained in dry powder form from Sigma-Aldrich (Oak-
ville, ON, Canada), National Institute of Standards and
Technology (Gaithersburg, Maryland, USA) and US
Research Nanomaterials, Inc. (Houston, TX, USA).
These ENMs were selected because they are currently
in commerce in Canada. The identity of all metal oxide
ENMs used in the present study (crystallographic struc-
ture and purity) were confirmed using powder X-ray
diffraction as detailed elsewhere (Avramescu et al.
2019). Uncoated (raw) ENMs were required for the
purpose of the present study, as evaluation of the influ-
ence of various surface coatings was beyond scope. A
Mettler Toledo XP205 digital analytical balance
equipped with a U-shaped static electrode was used to
weigh samples. Appropriate personal protective equip-
ment (face mask and gloves) was used during weighing
and handling.

Cell culture medium (referred to as “DMEM” in this
paper) used throughout the experiments was prepared as
described in Decan et al. (2016) using Dulbecco’s mod-
ified Eagle’s medium Nutrient Mixture F-12HAM sup-
plemented with 2% fetal bovine serum (FBS), 45 IU/mL
penicillin, and 45 IU/mL streptomycin (Life Technolo-
gies Inc., Burlington, ON, Canada). The DMEM solu-
tion is rich in organic ligands and contains 21 amino
acids, 10 vitamins, 12 inorganic salts, glucose, and other
essential components to support cell culture. The com-
plete composition of the DMEM/F-12 no phenol red
(Life technologies, cat # 21041) can be found on the
supplier’s website (https://www.thermofisher.
com/ca/en/home/ technica l - resources /media-
formulation.57.html) and is included in Supplementary
Material (Table S5). This medium is required for cul-
turing lung epithelial cell lines (FE1 cells derived from
MutaTMMouse) used for in vitro testing of chemical-
induced mutagenicity (Decan et al. 2016). Deionized
water (MilliQ 18.2 MΩ cm) was used to prepare all
metal oxide dispersions, all reagents, and calibration
standards. Soluble Cu and Ni salts were purchased from
Sigma-Aldrich and used to prepare solutions to evaluate
recovery during dissolution experiments and separation.
High-purity hydrochloric and nitric acids were obtained
from SEASTAR Chemicals Inc. (Sidney, BC, Canada).
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Certified reference materials TM-24.4 and TMDA 64.3
(low- and high-level trace elements in water, respective-
ly) were purchased from Environment Canada (Ottawa,
ON) for analytical quality assessment.

ENM dispersion protocol

Each metal oxide ENM dispersion was prepared
using protocols optimized previously (Avramescu
et al. 2019), following recommendations of
Taurozzi et al. (2013) and Cohen et al. (2013).
Previously, we showed that the sonication parame-
ters must be optimized separately for each ENM,
even for different lots of the same metal oxide
ENM (Avramescu et al. 2019). As recommended
by OECD (OECD 2017) to ensure proper interac-
tion of the ENM surface with water during sonica-
tion, the required amount of dry ENM powder was
pre-wetted in deionized water (1 mL) to form a wet
paste and after 20 h was dispersed in deionized
water to yield the required concentration. Stock
dispersions of metal oxide ENMs (1000 mg/L metal
oxide) were prepared in deionized water (MilliQ
18.2 MΩ) and sonicated according to the material-
specific delivered sonication energy (DSE) using a
Branson Ultrasonics Sonifier™ SFX550 and a ½ in
horn probe with extension and removable flat tip
(as described by Avramescu et al. (2019)). For
dissolution experiments, freshly prepared stock
ENM dispersions (1000 mg/L and 100 mg/L) were
diluted 10 times (OECD 2017) either in deionized
water or cell culture media.

Dynamic light scattering and electrophoretic light
scattering

Particle size and zeta potential of each ENM dispersion
(after sonication at material-specific DSE) were mea-
sured using a Zetasizer Nano ZSP particle characteriza-
tion system (Malvern Panalytical, Westborough, MA,
USA). The instrument is equippedwith a 10mWhelium
neon laser (λ = 633 nm) and non-invasive backscatter
(NIBS) technology detection (173° scattering angle).
The Zetasizer Nano ZSP uses dynamic light scattering
to determine particle size, and laser Doppler electropho-
resis in combination with M3-PALS to measure particle
electrophoretic mobility from which zeta potential (ZP)
is quantified. Measurement duration was set according
to the manufacturer’s recommendations. To measure
zeta potential, the electrophoretic cell (DST1070) was
washed with alcohol and rinsed thoroughly with deion-
ized water as recommended by the manufacturer. Dy-
namic light scattering (DLS) is a fast non-invasive tech-
nique to directly measure the intensity-weighted size
distribution (Malvern Instruments Ltd. 2019a, b) by
monitoring the rate fluctuations in intensity of light
scattered by particle suspended in liquid. The instrument
software automatically determines the mean hydrody-
namic diameter (Dh, z-avg) and polydispersity index
(PDI) by cumulants analysis (assumes monomodal size
distribution and fits a single exponentially decaying
function to the correlation data) and also analyzes the
frequency distribution of particles (multiple exponential
fit) (Malvern Instruments Ltd. 2019a, b). PDI is a mea-
sure of the broadness of size distribution within a given
dispersion, and it is a dimensionless number with values

Table 1 Characteristics of nano and bulk metal oxides as detailed in manufacturer/vendor’s certificate of analysis or website

Material Details CAS # Average particle
size (nm)

Specific surface area
(SSA, m2/g)

Purity

Nano-CuOa Nanopowder 1317-38-0 28 33 99.999%

Nano-NiOb Nanopowder 1313-99-1 15–35 50–100 99.5+%

Nano-TiO2
c Nanopowder (76% anatase, 24% rutile) 13463-67-7 19 (Anatase)

37 (Rutile)
55.55 99.4%

Bulk CuOb Bulk powder 1317-38-0 5000 4–6 99.5%

Bulk NiOb Bulk powder 1313-99-1 5000 5–20 > 99%

Bulk TiO2
b Bulk powder (76% anatase, 24% rutile)d 13,463–67-7 1500 ~ 5–8 99.9+%

a Sigma-Aldrich (Oakville, ON, Canada)
b US Research Nanomaterials, Inc. (Houston, TX, USA)
cNational Institute of Standards and Technology (Gaithersburg, MD, USA)
dAnatase and rutile was mixed using the same proportion as in NIST SRM1898
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from 0 (perfectly uniform sample) to 1 (highly polydis-
perse sample). Values greater than 0.7 may indicate that
sample is too polydispersed for DLS measurement
(Malvern Instruments Ltd. 2019a). The software reports
summary statistics of mean Dh, PDI, peak diameters
from distribution analysis, and zeta potential (surface
charge). For each ENM sonication optimization, three
independent dispersions were analyzed in triplicate with
three measurements per triplicate subsample. For stock
dispersion characterization and comparison with TRPS
(described below), each stock dispersionwas sampled in
triplicate. For each of the triplicate samples, three DLS/
electrophoretic light scattering (ELS) measurements
were performed and averaged.

Tunable resistive pulse sensing

The tunable resistive pulse sensing (TRPS) size distri-
bution was obtained with a qNano Gold instrument
(Izon Science Ltd., Christchurch, New Zealand) using
precisely size-controlled (tunable) nanopore membranes
(NP) in the range of interest (NP300). TRPS system is
based on the conventional Coulter counter and measures
the reduction in current that results as each particle (or
agglomerate) passes through a membrane containing a
single tunable (nano)pore (Anderson et al. 2013; Pal
et al. 2014). The technique provides information about
the particle size (based on extent of current reduction)
on a particle-by-particle basis and also particle concen-
tration (frequency of the pulses; #/mL) (Anderson et al.
2013; IZON Scientific 2019; Pal et al. 2014) which
allows calculation of the fraction represented by each
peak (Supplemental Information, Table S1). It should be
noted that the TRPS technique requires the particles to
be suspended in a conductive electrolyte (i.e., PBS or
other physiological media), and that different sizes of
nanopores require the electrolyte solution to fall within
specific conductivity ranges. That is, for samples con-
taining larger particle sizes that require larger
nanopores, a more diluted electrolyte is required which
may introduce an artifact by promoting unwanted
changes in particle size (e.g., by agglomeration or dis-
solution). For TRPS measurement, the optimized ENM
stock dispersions in water were diluted to 20 mg/L in
DMEM (or PBS in case of TiO2) and analyzed in
triplicate following a protocol adapted from Pal et al.
(2014) combined with the manufacturer’s instructions.
For comparison, the same dispersion concentration
(20 mg/L) was used for DLS measurements. A

maximum of 500 counts was established as the upper
limit, because longer runs (1000 counts) resulted in
frequent blockages of the nanopores, making measure-
ments very difficult or impossible to complete. The
samples were measured at two pressures (high = P1,
low = P2) where possible. For certain sample replicates
where frequent blockages of the nanopore occurred at
the lower pressure (P2), only the results from the highest
pressure (P1) were reported. Instrument calibration was
performed using IZON calibration particles of different
diameters (CPC 100 nm, 200 nm). Sample replicates
were also measured by DLS for comparison.

Dissolution experiments

Dissolution experiments were conducted in water and
cell culture medium (DMEM) following a batch proto-
col adapted from OCED TG 105 (OECD 1995). Stock
dispersions of each metal oxide ENM prepared by son-
ication (as described earlier) were diluted to required
initial concentration, 10 or 100 mg/L, in each medium.
Samples (50 mL) were incubated in 50-mL polypropyl-
ene centrifuge tubes at 37 °C for 24 h (and 48 h in some
cases; Table S2) in an orbital shaker (MaxQ4000, Ther-
mo Scientific, Canada) with 1-h shaking per day (OECD
1995) at 100 rpm (Semisch et al. 2014). At each time
interval, triplicate samples were withdrawn and aliquots
were taken for particle characterization (before separa-
tion) while the remaining dispersions were used to mea-
sure the solubilized metal fraction after separation from
undissolved particles. The separation was performed by
sequential centrifugation at 20,000×g (2 × 30 min for
Cu, 3 × 30 min for Ti and Ni) using an Allegra 64R
centrifuge (Beckman Coulter, Canada) as previously
optimized (Avramescu et al. 2019). Between successive
centrifugation steps, the samples were carefully trans-
ferred by pipette (30 mL first step, 15/20 mL second
step) from the top part of supernatant to avoid particle
re-suspension. The absence of particles from the
resulting supernatant was confirmed by DLS
(Avramescu et al. 2019; Semisch et al. 2014; Sohal
et al. 2018). All final extracts were acidified with
HNO3 (to a concentration of 2.5%), and dissolved metal
concentration was determined using inductively
coupled plasma-optical emission spectrometry (ICP-
OES). Procedural blanks and spiked matrix blanks
(0.5 ppb—1 ppm Cu, Ni, or Ti) were incubated along
with the samples. The pH of the extracts was monitored
at each incubation time using a Seven Compact S220
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pH meter (Mettler Toledo) calibrated daily (pH 4, 7, 10
buffer solutions), and the results presented in Table S2
(Supplementary Material). The cell culture medium
(DMEM) is buffered at pH range 7.4–7.8 which is
maintained after the addition of 2% FBS. Solubility
was calculated both as mg/L metal dissolved and per-
cent of total metal dissolved.

The dissolved metal concentrations were determined
using a 5100 Synchronous Vertical Dual View (SVDV)
ICP-OES (Agilent Technologies, Canada) at wave-
lengths recommended by the manufacturer (Cu
327.395 nm, Ti 334.941, Ni 231.604 nm). The instru-
ment was operated at a 1.2 kW power, and 12 L/min
plasma, 1 L/min auxiliary, and 0.7 L/min nebulizer flow
rates, in SVDV viewing mode. Daily optimization was
conducted using ICP-OES wavelength calibration solu-
tion containing 5 mg/L Al, As, Ba, Cd, Co, Cr, Cu, Mn,
Mo, Ni, Pb, Se, Sr, and Zn and 50mg/LK in 5%HNO3.
Three replicate readings were taken for all monitored
wavelengths and elements. External calibration was
conducted using matrix-matched standards prepared
from 1000 μg/mL Cu, Ni, and Ti high-purity standard
solutions (Delta Scientific Ltd., Mississauga, ON, Can-
ada). Detection limits (calculated as three times the
standard deviation of the procedural blanks) were
0.00023 mg/L for Cu, 0.00094 mg/L for Ni and
0.00018 mg/L for Ti (in water) and 0.00220 mg/L for
Cu, 0.00102 mg/L for Ni, and 0.00017 mg/L for Ti (in
DMEM). The recovery range for TM 24.4 and TMDA
64.3 trace element reference materials was 80–105% for
all three elements. Samples were matrix blank corrected.
Spiked media recoveries were in the range of 93.4–
104.2% for water and 88.6–109.7%, for DMEM.

Results and discussion

Characterization of stock nanoparticle dispersion
with DLS and TRPS techniques

Two instrumental approaches were used to characterize
stock dispersions in the present study: DLS which pro-
vides an intensity-weighted particle size distribution
(Malvern Instruments Ltd. 2019b) and TRPS which
counts each particle individually to provide the particle
size distribution (Anderson et al. 2013; IZON
Scientific 2019; Pal et al. 2014). As summarized in
Table 2, both techniques provided complementary re-
sults, with all three metal oxide ENM dispersions

displaying mean diameters in the 157–207-nm range.
These results represented the smallest attainable particle
size, which was the goal of optimizing the sonication
protocol separately for each metal oxide ENM. It is
typical for metal oxide ENMs to rapidly form agglom-
erates when suspended in aqueous medium which are
several times larger than the primary particle size of the
dry nanopowder (Cohen et al. 2013; Jiang et al. 2009;
OECD 2012; Taurozzi et al. 2011). The use of two
different measurement technologies in the present study
complied with OECD guidance (OECD 2012) to use at
least two complementary techniques for characterization
of particle size distribution of ENMs, a recommendation
that is too often ignored according to Hansen (2017).

Figure 1 illustrates that all three metal oxide ENMs
were relatively monodispersed in the submicron range,
using both instrumental approaches. When character-
ized using DLS (Fig. 1a, c, and e), all three ENM
dispersions showed the presence of a single peak in
the submicron range, consistent with the monomodal
distributions characterized using TRPS (Fig. 1b, d, and
f). The TRPS displayed a wider spread for the NiO
distribution (Fig. 1d) compared with that of CuO and
TiO2 (Fig. 1b, f, respectively). This observation was
consistent with the higher polydispersity index (PDI)
value for the NiO dispersion reported using DLS
(PDI = 0.3; Table 2) compared with that of CuO and
TiO2 (PDI < 0.15; Table 2). The greater polydispersity
of the NiO dispersion reflected greater heterogeneity in
the agglomeration of NiO NPs compared with CuO and
TiO2. The same dispersions were tested again after 24 h
and yielded similar particle size distributions (not
shown), indicating that the dispersions remained stable.
These results confirmed the effectiveness of optimizing
the sonication protocol separately for each ENM to
“achieve a suspension with the smallest possible ag-
glomerates that are minimally polydispersed and maxi-
mally stable over time” (Cohen et al. 2013; Deloid et al.
2017).

There were some differences in the type of informa-
tion provided by DLS and TRPS (Table 2), and both
techniques provided additional information not included
in Table 2 (summarized in Supplementary Material
Table S1). An advantage of TRPS was its capacity to
provide information about the particle number concen-
tration (particles/mL) in the three dispersions (Table 2).
The number-based size distribution provided by TRPS
may be better suited to characterize dispersions that are
polymodal (Anderson et al. 2013; Pal et al. 2014).
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However, TRPS had some limitations: it was difficult to
characterize particles below 40 nm and problems with
frequent blockage of the nanopore membrane made this
technique very labor-intensive. Another limiting factor
of TRPS was the requirement for very dilute suspen-
sions in a conductive electrolyte (PBS is the default
electrolyte for TRPS). Consequently, ENM stock dis-
persions made with water had to be further diluted in
electrolyte for TRPS characterization. Considering these
limitations, and since the results from Table 2 show
consistency between DLS and TRPS, only the DLS
technique was selected for testing particle size distribu-
tion after dilution of the stock dispersion in the media at
varying times during the solubility experiments
(summarized in Supplementary Material Tables S3 A
and B).

Comparison of dissolution behavior in cell culture
medium versus water

Effect of particle size on dissolution of metal oxides

The influence of particle size was evaluated by compar-
ing dissolution behavior of ENMs with that of their bulk
(macro-scale) analogues. Table 3 shows the influence of
particle size on percent solubility of nano and bulk CuO,
NiO, and TiO2 after 24-h incubation in water and cell
culturemedium at an initial metal oxide concentration of
100 mg/L. Results showed that all three metal oxide
ENMs were more soluble than their bulk analogues in
both investigated media (Table 3). In water, the greatest
difference between nano and bulk metal oxide solubility
was observed for nano-TiO2 (42× higher than bulk),
followed by nano-NiO (25× higher) and nano-CuO
(6× higher). In cell culture medium, the difference in

solubility between nano and bulk was even greater for
nano-TiO2 (90× higher than bulk) and for nano-CuO
(38× higher), while the trend for nano-NiO was similar
to that in water, about 22× higher than its bulk analogue.
Table S2 (Supplementary Material) shows that after
48 h, similar results were observed in cell culture medi-
um for nano-CuO (34× higher than bulk) and nano-NiO
(27× higher) and in water for nano-NiO (23× higher).

Overall, the three bulk metal oxides showed very low
solubility after 24 h in both water (< 0.2%) and cell
culture medium (< 1.2%), which decreased in the order
CuO > NiO > TiO2 (Table 3). While the difference in
aqueous medium had a minor effect on the solubility of
bulk NiO and bulk TiO2 (Table 3), bulk CuO was about
6× more soluble in cell culture medium (1.17%) than in
water (0.17%). In the case of nano-CuO, the effect of
aqueous medium was greatly magnified: 44.5% in
DMEM compared with 0.99% in water. The enhance-
ment of Cu oxide dissolution in cell culture medium
(compared with water) is likely due to the formation of
Cu-ion complexes caused by the presence of amino
acids and proteins (Hedberg et al. 2016; Semisch et al.
2014). The dissolution time of 48 h was used to match
the timescale of the toxicity tests with FE1 cells. Over-
all, in this study, the solubility maximum of the metal
oxide in water was not reached because the study was
terminated after 48 h. Future work may include longer
studies required for equilibrium to be reached. Results
of t tests (Table S4) confirmed that for all three metal
oxides, solubility was significantly higher than that of
their bulk analogues in both water (p < 0.001) and
DMEM (p = 0.002 CuO, p < 0.001 NiO, p < 0.016
TiO2).

Several previous studies have reported higher solu-
bility of metal oxide ENMs compared with their bulk

Table 2 Characterization of CuO, NiO, and TiO2 ENM disper-
sions in biological media (20 mg/L) using dynamic light scattering
(DLS) and tunable resistive pulse sensing (TRPS). Results are
presented as the mean and standard deviation (SD) of three

replicates (except for nano-NiO dispersion: two replicates). Table
S1 (Support Information) contains additional information provid-
ed by both methods

ENM DLS TRPS Dispersant

mean Dz-ave (SD), nm PDI (SD) mean D (SD), nm mode D (SD), nm concentration (SD), #/mL

Nano-CuO 192 (4.8) 0.12 (0.05) 185 (0.6) 165 (9.7) 1.88 (0.10) E+10 DMEM

Nano-NiO 157 (7.2) 0.32 (0.001) 207 (21.2) 186 (9.9) 3.73 (0.37) E+10 DMEM

Nano-TiO2 169 (0.4) 0.14 (0.02) 159 (18.8) 131 (8.7) 1.64 (0.86) E+12 PBS

DLS Dz-ave hydrodynamic diameter; PDI polydispersity index (measure of the broadness of size distribution); TRPS no filter applied
(overall); for additional details see Table S1 (Supplementary Material)
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analogues (Latvala et al. 2016; Midander et al. 2009;
Semisch et al. 2014; Studer et al. 2010). Semisch et al.
(2014) compared dissolution of nano- and micro-scale

CuO particles for 24 h at 37 °C in water and cell culture
medium (DMEM/FCS) after separation by repeated
centrifugation at 16,000×g of collected supernatants.

(b) nano-CuO (TRPS)

(f) nano-TiO2 (TRPS)

(d) nano-NiO (TRPS)

0

5

10

15

20

0.1 1 10 100 1000 10000

)tnecreP(
ytisnetnI

Par�cle Diameter (nm)

TiO2_A
TiO2_B
TiO2_C

(e) nano-TiO2 (DLS)

0

5

10

15

20

0.1 1 10 100 1000 10000

)tnecreP(
ytisnetnI

Par�cle Diameter (nm)

NiO_B
NiO_C

(c) nano-NiO (DLS)

0

5

10

15

20

0.1 1 10 100 1000 10000

)tnecreP(
ytisnetnI

Par�cle Diameter (nm)

CuO_A
CuO_B
CuO_C

(a) nano-CuO (DLS)

Fig. 1 CuO, NiO, and TiO2 ENM particle size distribution measured using dynamic light scattering (DLS—a, c, e) and tunable resistive
pulse sensing (TRPS—b, d, f)
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The authors found that, regardless of the media, more
Cu was released from nano-CuO than from bulk CuO,
and dissolution was highly accelerated for both forms in
DMEM/FCS (44% nano; 4% bulk) than in water (2%
nano; < 1% bulk). Latvala et al. (2016) also observed
greater solubility of nano-NiO compared with bulk NiO
in various media (i.e., cell media, PBS, ALF) at 10 μg/
mL initial concentration. Even though the solubility was
marginal (1–3%) in cell culture medium (DMEM+ 10%
FBS) for both NiO forms, nano-NiO was more soluble
than bulk NiO (~ 16 μg/mL and < 1 μg/mL, respective-
ly). Those findings are consistent with findings for the
ENMs investigated in the present study.

It is known that the solubility of CuO is dependent on
pH (Wang et al. 2013; Leitner et al. 2019) and on
complexing species such as Cl−, CO3

2−, or PO4
3− that

may be present in the medium (Wang et al. 2013;
Leitner et al. 2019; Adeleye et al. 2014). Odzak et al.
(2014) observed total dissolution of nano-CuO in simu-
lated natural water (containing Ca2+, Mg2+, Na+, K+,
NH4

+, NO3 -, SO4
2−, HCO3

−, PO4
3−, andMOPS buffer,

pH = 6.1) while Misra et al. (2012b) observed only 1–
3.5% dissolution of CuO in a simple medium (1 mM
NaNO3 solution, pH 6.7), but at a higher concentration.
Anions present in the media may increase CuO NP
dissolution by shifting the ion-particle equilibrium
(Leitner et al. 2019; Misra et al. 2012b; Wang et al.
2013). In particular, chloride ions, which are abundant
in cell culture medium, may increase CuO dissolution.
Adeleye et al. (2014) showed that CuO dissolution
increased to 2.42% due to the increase in ionic strength
caused by increasing NaCl concentration from 1 to
100 mM in the presence of extracellular polymeric
substances (EPS). In contrast, Gunawan et al. (2011)

found that the presence of NaCl had no effect on CuO
solubility (regardless of particle size), and observed
instead that the presence of tryptone and yeast extract
in an amino-rich medium led to almost complete disso-
lution of CuONPs (80–95% dissolved) but significantly
lower dissolution of micron-sized CuO (1–2%
dissolved).

Consequently, as part of physical-chemical charac-
terization of ENMs, the evaluation of solubility is im-
portant not only in water but also in biologically relevant
fluids, for understanding ENM behavior and interac-
tions in different compartments of the body. Regardless
of particle size, the water solubility of all investigated
metal oxides was low to negligible (< 1%). In contrast,
solubility of all the ENMs was enhanced in DMEM
compared with their solubility in water and also com-
pared with the solubility of their bulk analogues in
DMEM. For example, the solubility of nano-CuO in
DMEM was 45× higher than its solubility in water and
6× higher than the solubility of bulk CuO in DMEM
(1.17%). This result shows that in the context of read
across, bulk CuO would not be a good model for nano-
CuO due to their pronounced differences in solubility in
cell culture medium.

Effect of initial metal oxide ENM concentration
on dissolution

The effect of varying the initial ENM concentration
was evaluated for the three metal oxide ENMs in both
water and cell culture media (Fig. 2). Solubility at the
“low initial concentration” was evaluated using
10 mg/L, and the “high initial concentration” was

Table 3 Influence of particle size (nano versus bulk) on %
solubility of CuO, NiO, and TiO2 after 24-h incubation in water
and DMEM. Initial metal oxide concentration was 100 mg/L.

Results presented as mean (standard deviation) of triplicates.
Table S2 shows additional characterization information, and
Table S4 shows significance using t tests

Material Media % Dissolved Ratio pH

Nano Bulk Nano/bulk Nano Bulk

CuO Water 0.99 (0.04) % 0.17 (0.02) % 6 6.54 (0.05) 6.13 (0.16)

DMEM 44.5 (1.33) % 1.17 (0.09) % 38 7.83 (0.03) 7.68 (0.07)

NiO Water 1.09 (0.01)% 0.043 (0.001) % 25 7.32 (0.14) 7.37 (0.08)

DMEM 1.16 (0.08) % 0.052 (0.003) % 22 7.76 (0.03) 7.73 (0.02)

TiO2 Water 0.008 (0.001) % 0.0002 (0.00001) % 42 6.69 (0.25 6.26 (0.07)

DMEM 0.045 (0.012) % 0.0005 (0.0003) % 90 7.77 (0.02) 7.73 (0.05)
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evaluated using 100 mg/L for CuO, NiO, and TiO2

ENMs in both media (Fig. 2).
CuO and NiO ENMs showed similar trends (Fig.

2a, b) in water (where both ENMs showed greater
solubility at the low concentration) and in DMEM
(where both showed lower solubility at the low concen-
tration). Figure 2a shows greater solubility of nano-CuO
in water at low compared with high initial concentration
(3.31% at 10 mg/L compared with 0.99% at 100 mg/L).
In contrast, in DMEM, this trend was reversed with
much greater solubility of nano-CuO at the high initial
concentration (44.5% at 100 mg/L compared with
11.8% at 10 mg/L, Fig. 2a). Nano-NiO responded sim-
ilarly to the change inmedia (i.e., reversal in the effect of
initial concentration), but the magnitude of dissolution
was lower for nano-NiO in both media (note y-axis in
Fig. 2b). This was also supported by t test results
(Table S4) that showed significantly higher solubility
for nano-CuO and nano-NiO at low initial concentration
(p < 0.001) in water but significantly higher solubility at
high initial concentration in water. Overall, significantly
increased dissolution was observed in DMEM com-
pared with water for nano-CuO at both concentrations
(p < 0.001), while for nano-NiO, the effect of aqueous
mediumwas significant only at low initial concentration
(p < 0.001). Interestingly, the TiO2 ENM showed the
opposite dissolution trend compared with that of CuO
and NiO ENMs. Figure 2c shows that, in water, solu-
bility of nano-TiO2 was measurable only at the high
initial concentration, whereas its solubility at low initial
concentration was below the limit of detection. In
DMEM, in contrast, nano-TiO2 solubility was signifi-
cantly higher (p = 0.009, Table S4) at the lower initial
concentration (0.17% for 10 mg/L versus 0.045% for
100 mg/L; Fig. 2c).

Table 4 summarizes the dissolution data as percent
solubility and concentration (mg/L) for all three inves-
tigated metal oxide ENMs. In water, the solubility of all
three ENMs was relatively low (≤ 3.31%; Table 4), but
the initial concentration did have varying effects on
solubility. Water solubility at low initial concentration
was 2.5 times higher for nano-CuO than nano-NiO,
whereas at high concentration, their solubilities were
similar in magnitude (Table 4). In DMEM, however,
nano-CuO displayed elevated solubility compared with
nano-NiO regardless of the initial concentration. Over-
all, in bothmedia, the dissolution decreased fromCuO ≥
NiO > TiO2 (Table 4). In the context of grouping ENMs
according to solubility, nano-TiO2 dissolution at either

initial concentration may be considered negligible (de-
fined as < 1% by OECD guideline 44 (2015) in both
media, even though its solubility was slightly enhanced
in DMEM compared with water (Fig. 2c).

The flip in zeta potential (surface charge) from pos-
itive in water to negative in DMEM shown in Table S3

Fig. 2 Influence of aqueous medium on % solubility of CuO,
NiO, and TiO2 ENMs at different initial concentrations (10 mg/L
versus 100 mg/L). < LOD below limit of detection. Dash lines
(blue water; red DMEM) are used only to show solubility trend in
a given medium not linear relationship
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demonstrates the dramatic difference in physical-
chemical properties of NPs dispersed in cell culture
medium (to which cells are exposed in a toxicity assay),
compared with water. This flip in surface charge may be
attributed to the formation of a negatively charged pro-
tein corona (Alkilany et al. 2016), meaning that cells
bathed in a DMEM dispersion would be exposed to
anionic NPs (due to protein adsorption) rather than to
their original cationic form. These observed changes in
the effective surface charge of NPs upon exposure to
biological media support the recommendation by
Oberdörster and Kuhlbusch (2018) to use physiologi-
cally relevant media to assess solubility for categoriza-
tion purposes.

The complexity of the influence of various medium
components on metal oxide NP solubility has been
noted by other authors who concluded that ionic
strength, type of electrolyte, and the presence of organic
ligands all affect solubility (Midander et al. 2009;
Oberdörster and Kuhlbusch 2018; Peng et al. 2017).
Efforts to predict NP dissolution processes in complex
media using equilibrium models such as MINTEQ
(summarized in Supplementary Material) have been
hampered by lack of information for most of the ligands
present in cell culture media (amino acids, vitamins,
etc.). Additionally, in the presence of cells, organic
materials will be exuded into the media, and those
biomacromolecules may increase or decrease NP disso-
lution depending on the NP surface characteristics and
interactions with other media components that affect NP
surface activity (Adeleye et al. 2014; Yamada et al.
1993). This issue is further discussed in Supplemental
Material. Even the addition of FBS to the cell culture

medium, as in the present study, affects dissolution of
metal oxide NPs: for example, dissolution of nano-NiO
was virtually undetectable in Minimal Essential Medi-
um (MEM) without FBS, but increased to 21.8% in the
presence of FBS (Minigalieva et al. 2017). Karlsson
et al.(2014) measured the metal released from various
metal oxide NPs incubated for 24 h in cell culture
medium (DMEM+10% FBS), and observed the same
overall solubility trend, increasing from nano-TiO2

(0.1%) to nano-NiO (5.1%) to nano-CuO (37. 2%).
Käkinen et al. (2016) studied the dissolution of two
types of nano-CuO in water and cell culture medium
(MEM supplemented with 15% FBS) and also observed
increased dissolution in the cell culture medium (i.e.,
40.1% MEM) compared with water (0.9%) after 24 h
incubation. Karlsson et al. (2013) incubated nano-CuO
(100 mg/L) in cell culture media (DMEM+10% FCS)
and observed 29% Cu released after 4 h. Hansjosten
et al. (2018) studied solubility of TiO2 ENMs in water
(pH 7) and found that the percent dissolved varied from
0% (TiO2-plain) to 0.233% (TiO2 NM-104). Wohlleben
et al. (2013) investigated dissolution of TiO2 NM105
(10 mg/mL) in water and simulated biological media at
25 °C and found that released Ti increased from below
detection limit in water to 0.15 wt% in biological media
(PSF). Considering various TiO2 ENMs, very minor
solubility (~ 1 wt%) was also observed in different
simulated biological media by Jensen et al. (2013) and
the authors concluded that TiO2 is almost insoluble in
the media investigated. These results are consistent with
the results of the present study.

Zhang et al. (2012) investigated the potential toxicity
of various metal oxide ENMs (including CuO, NiO,

Table 4 Influence of initial concentration (10 mg/L versus
100 mg/L) on solubility of CuO, NiO, and TiO2 ENMs in water
and DMEM after 24-h incubation. The results are presented as the
mean (standard deviation) of three replicates and expressed as

percent solubility and as concentration (mg/L). Table S2 contains
additional results for additional incubation times, and Table S4
shows significance using t tests

ENM ENM’s initial concentration Water DMEM

Dissolved (mg/L) Dissolved (%) Dissolved (mg/L) Dissolved (%)

Nano-CuO 10 mg/L 0.31 (0.01) 3.31 (0.09)% 0.94 (0.01) 11.8 (0.15)%

100 mg/L 0.79 (0.03) 0.99 (0.04)% 35.6 (1.12) 44.5 (1.33)%

Nano-NiO 10 mg/L 0.10 (0.001) 1.30 (0.02)% 0.07 (0.001) 0.81 (0.01)%

100 mg/L 0.86 (0.004) 1.09 (0.01)% 0.91 (0.06) 1.16 (0.08)%

Nano-TiO2 10 mg/L < LOD < LOD 0.013 (0.0034) 0.170 (0.044)%

100 mg/L 0.0052 (0.0008) 0.0083 (0.0013)% 0.027 (0.0072) 0.045 (0.012)%

< LOD below limit of detection
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TiO2) based on correlation between the percent metal
dissolved (water and cell culture media) and their con-
duction band gap energy (Ec, eV) values. Based on
solubility in water and cell culture media, Zhang et al.
(2012) classified the ENMs as “dissolvable” (> 13.05%
dissolved, i.e., CuO and ZnO ENMs) and “less dissolv-
able” (< 13.05% dissolved; e.g., Mn2O3, NiO and
TiO2). While the high toxicity of the dissolvable ENMs
(CuO, ZnO ENMs) was attributed to their solubility, the
authors found that the toxicity of less dissolvable ENMs
depended on redox potential. That is, less dissolvable
ENMs exhibited little or no toxicity when their Ec was
outside the biological redox potential range (− 4.2 to −
4.8 eV) but exhibited high toxicity if their Ec overlapped
the biological redox potential (Zhang et al. 2012).

Conclusion

The effect of the aqueous medium on solubility is
important in the context of reading across from bulk
to nano-scale metal oxides. It is widely known that
metal oxide solubility in water is very low (practical-
ly insoluble), and the present study (Table 3) con-
firms that water solubility of all three metal oxides
would be classified as “low” (≤ 1%) whether bulk or
nano-scale was being considered. In DMEM, howev-
er, bulk versus nano-scale solubility varied depend-
ing on the metal oxide being investigated. While NiO
and TiO2 displayed low solubility in DMEM (<
1.2%) for both bulk and nano-scale forms, nano-
CuO had much higher solubility in DMEM than its
bulk analogue (44.5% compared with 1.17% respec-
tively; Table 3). In other words, bulk CuO would not
be a good model for nano-CuO due to the difference
in dissolution behavior in cell culture medium. These
observations show that, when evaluating ENM solu-
bility for the purpose of read-across, it is important to
test ENM solubility not only in water but also in
biologically relevant media.

Consideration of aqueous medium is equally
important for grouping ENMs according to solu-
bility. In the present study, both nano-NiO and
nano-TiO2 showed low or negligible solubility in
both water and DMEM, but this was not the case
for nano-CuO ENM, which was highly soluble in
DMEM (11.8–44.5%), but much less soluble in
water (0.99–3.31%). This result shows that group-
ing based on ENM dissolution in water may not

reflect dissolution behavior in the biological medi-
um selected to conduct toxicity assays.

The results also show the importance of evalu-
ating the solubility of ENMs at concentrations that
correspond to toxicity assays, for the purposes of
read-across and grouping ENMs. When comparing
solubility using a low initial concentration (10 mg/
L) versus a high initial concentration (100 mg/L),
dissolution behavior varied among the three metal
oxide ENMs. In cell culture medium, both nano-
CuO and nano-NiO displayed increased solubility
at the higher initial concentration by 3.8-fold and
1.4-fold, respectively. In water however, this trend
was reversed, with both nano-CuO and nano-NiO
displaying increased solubility at the lower initial
concentration by 3.3-fold and 1.2-fold, respective-
ly. Nano-TiO2 behavior was notably different,
however, in that nano-TiO2 concentration trends
were the opposite of those displayed by nano-
CuO and nano-NiO. Specifically, in cell culture
medium, nano-TiO2 displayed decreased solubility
at the higher initial concentration (0.3-fold),
whereas in water, nano-TiO2 displayed increased
solubility at the higher initial concentration (5.5-
fold).

In summary, the new knowledge that these ex-
periments have generated includes the influence of
initial concentration on NP solubility; the reversal
of these solubility/concentration trends from one
metal oxide NP to another, and the over-riding
influence of the aqueous medium on all these
trends. These experimental results will inform fu-
ture efforts to model the behavior of metal oxide
ENMs in complex biological media, and will also
inform the design of future toxicity assays, as the
parameters precisely match the exposure conditions
used for cellular toxicity assays which require
DMEM, a widely used cell culture medium, at a
typical exposure concentration of 10 mg/L. The
higher concentration of 100 mg/L was included
for comparison as this is the concentration used in
OECD solubility protocols that inform categoriza-
tion and read-across exercises. This study demon-
strated that ENM dissolution characteristics depend
on the type of metal oxide, the aqueous medium
being studied, and the initial concentration. The
results emphasize the importance of evaluating the
solubility of ENMs not only in water but also in
biologically relevant fluids, when classifying ENMs
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according to solubility for the purpose of hazard
assessment.
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