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Abstract

Copper-based nanoparticles are an important class of materials with applications as catalysts,
conductive inks, and antimicrobial agents. Environmental and safety issues are particularly
important for copper-based nanomaterials because of their potential large-scale use and their high
redox activity and toxicity reported from in vitro studies. Elemental nanocopper oxidizes readily
upon atmospheric exposure during storage and use, so copper oxides are highly relevant phases to
consider in studies of environmental and health impacts. Here we show that copper oxide
nanoparticles undergo profound chemical transformations under conditions relevant to living
systems and the natural environment. Copper oxide nanoparticle (CuO-NP) dissolution occurs at
lysosomal pH (4-5), but not at neutral pH in pure water. Despite the near-neutral pH of cell culture
medium, CuO-NPs undergo significant dissolution in media over time scales relevant to toxicity
testing due to ligand-assisted ion release, in which amino acid complexation is an important
contributor. Electron paramagnetic resonance (EPR) spectroscopy shows that dissolved copper in
association with CuO-NPs are the primary redox-active species. CuO-NPs also undergo
sulfidation by a dissolution-reprecipitation mechanism, and the new sulfide surfaces act as
catalysts for sulfide oxidation. Copper sulfide NPs are found to be much less cytotoxic than CuO
NPs, which is consistent with the very low solubility of CuS. Despite this low solubility of CuS,
EPR studies show that sulfidated CuO continues to generate some ROS activity due to the release
of free copper by H2O2 oxidation during the Fenton-chemistry-based EPR assay. While sulfidation
can serve as a natural detoxification process for nanosilver and other chalcophile metals, our
results suggest that sulfidation may not fully and permanently detoxify copper in biological or
environmental compartments that contain reactive oxygen species.
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Copper-based nanomaterials are used in a range of established and emerging technologies
that include catalysts, printable electronics, magnetic storage, solar energy conversion, wood
protection and antimicrobial products.1-7 These uses will inevitably lead to human and
environmental exposures that must be characterized and managed to ensure the safe
development of copper-based nanotechnologies. In addition to engineered nanoparticles,
copper also occurs as an “incidental” particle generated by chemo-mechanical polishing
operations on copper-containing substrates in the semiconductor industry.8 Copper-
containing materials are widely used as antimicrobials and in agriculture as fungicides,
algaecide, and herbicides. Relevant copper forms include carbonates, hydroxides, various
oxide phases, and the zero-valent metal, and dissolution to bioavailable ions is a commonly
assumed mode of activity. In other application fields, the most technologically important
copper-based materials are zero-valent metal nanoparticles (Cu-NPs) and oxide
nanoparticles, CuxO-NP, with x=1 or 2. The potential for widespread exposure makes
copper-based nanomaterials a high priority for risk characterization.

A second factor making nano-copper a high priority for study is its significant toxicity
relative to other common nanomaterials.9-16 Karlsson et al.15 found that CuO nanoparticles
were the most potent regarding DNA damage and cytotoxicity in a set of metal oxides and
carbons studied in parallel. Fahmy et al.17 showed greater cytotoxicity of CuO nanoparticles
in airway epithelial (HEp-2) cells relative to SiO2 and Fe2O3 and demonstrated that
oxidative stress was the cause of the cytotoxic effect. Studer et al.14 attributed the
cytotoxicity of CuO to its relatively high solubility in biological media and the impacts of
dissolved copper ions, as also reported by Zhang et al.9 There is a general consensus that
toxicity in Cu/CuxO materials is due to oxidative pathways, but there is ongoing debate
about the relative importance of ions and particle surfaces in primary ROS generation.18

It has become clear that nanomaterials can undergo chemical transformation in the
environment or human body that profoundly influences their toxicity and risk.19-24 This is
especially important for metal-based nanomaterials, where the base metals themselves are
indefinitely persistent, but can occur in different compounds or phases that greatly affect
metal bioavailability. Nanosilver for example, is synthesized and sold in metallic form, but
over its lifetime can undergo oxidative dissolution, colloidal aggregation, sulfidation, and
reaction with selenide with corresponding large changes in silver bioavailability and
toxicity.19, 22, 23, 25-29 ZnO nanoparticles have been reported to partially dissolve in
environmental and biological media and exert toxicity through the liberated zinc ions,9, 30, 31

or to undergo sulfidation to the more stable ZnS.32

Several studies have examined transformations in copper-based systems.10, 33 In comparison
to silver, metallic copper NPs oxidize more readily, first forming a Cu(I) oxide shell around
a zero-valent core, and eventually to Cu(II) oxide as a final product.10 Oxidation typically
begins during fabrication and storage, so at the point of exposure or environmental release,
an oxide or surface oxide is the most likely phase to come into contact with biological and
environmental fluid phases.10, 34, 35 For this reason, and because the oxidation process has
already been systematically studied,10 we chose to focus our study on the interactions of
pre-existing copper oxide phases with biological and environmental systems.

There is significant evidence that dissolution is an important transformation in oxidized
copper NPs.9, 10, 13, 14, 33 Though generally regarded as “insoluble” substances, copper and
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copper oxides NPs appear to liberate sufficient amounts of soluble copper in relevant media
to affect biological systems. Zhang et al.9 measured the extent of dissolution of CuO in
biological media and attributed cytotoxicity of CuO to the soluble fraction rather than
particle surface reactions. Studer et al.14 proposed a Trojan horse-type mechanism in which
CuO nanoparticles penetrated the cell membrane followed by intracellular dissolution into
redox active copper ions. Midander et al.33 observed size-dependent ion release and toxicity
when comparing nano- and micrometer-sized copper oxide particles. Free copper ions
Cux+(x=1,2) are highly redox active species capable of producing hydroxyl radical by the
Fenton-like reaction:36, 37

(1)

(2)

so even small amounts of soluble copper can be biologically significant. Based on recent
work on the dissolution in other NP systems, we hypothesize that pH, ionic strength,
dissolved organic matter, and biomolecular ligands may play an important role in the
toxicity of copper-based nanoparticles by influencing the total dissolved copper
concentration.38 This concentration, together with the relative redox activity of the ion and
surface, should determine the origin of ROS generation and subsequent toxicity pathways in
Cu-based nanomaterials, which are factors we hope to clarify in this study.

A final relevant transformation is reaction involving the earth-abundant element sulfur,
which has been shown to be important for silver, zinc, and Cd nanomaterials39 in both
environmental32, 40-43 and biological settings.22 Copper ions are soft (Cu+) or borderline
(Cu2+) Lewis acids with high affinity for sulfide ligand, and form a highly insoluble sulfide
phase, which suggests that copper oxides may undergo sulfidation to produce a material
with low copper bioavailability. The synthesis literature shows that hollow CuS
nanostructures can be synthesized using Cu2O as sacrificial template,44, 45 but information
on the natural bio-environmental sulfidation pathways are limited. Sulfidation has been
suggested as a natural detoxification process for metallic nanoparticles.40, 46, 47

The present study investigates the transformations of copper oxide nanoparticles in
biological and environmental media, and their implications for copper bioavailability, redox
activity, and toxicity. The results are directly relevant to CuO-based technologies, and may
provide qualitative insight into technologies based on metallic Cu or Cu(I) oxide materials
that are capable of environmental oxidation to CuO or CuO outer corrosion films. We show
that copper oxide undergoes acid-promoted dissolution, but also ligand-assisted dissolution
in the presence of amino acids at neutral pH. Copper oxide also undergoes sulfidation to
produce highly insoluble CuS nanoparticles. Surprisingly, sulfidation does not permanently
suppress copper bioavailability and redox activity, because hydrogen peroxide at
physiologically relevant concentrations oxidizes CuS and liberates free copper ions that
partially restore redox activity in the form of OH. detected here by EPR methods.36

Results and Discussion

Comparative solubilities of oxide and sulfide phases

Ion-particle partitioning is a major determinant of the fate, transport, and toxicity of
nanoparticles, and understanding dissolution behavior has become an important theme in
environmental nanotechnology and nanotoxicology research.9, 19, 21, 30, 46, 48-50 Figure 1
shows the equilibrium solubilities of oxide and sulfide phases for several metals found in the
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most common commercial nanomaterial types. Although based on bulk thermodynamic
properties, this plot shows several trends that provide insight into reported nanomaterial
behavior. First, the most soluble oxides are those of Ag, Ni, and Zn, and all three have been
reported to be toxic through dissolution mechanisms.31, 51, 52 ZnO toxicity has been related
to dissolution in several recent studies 9, 30, 31 and NiO toxicity in vitro has been reported to
correlate with the concentration of dissolved Ni2+ ion.51 Silver oxidizes slowly and is
typically synthesized and sold as the zero-valent metal, but does dissolve upon use and
disposal46, 49 through a mechanism that may pass through a Ag2O surface intermediate.53

Because the oxide has a relatively high solubility, the rate limiting step is typically the initial
oxidation step.54, 55 Lower solubility oxides are titania, whose biological responses have not
typically been related to dissolution, and copper, the subject of the present study.

Sulfide phases are typically much less soluble, and have been reported to form when
nanosilver is exposed to the natural environment23, 24, 40-43, 47 or biological fluid phases,22

and to reduce the toxicity relative to the original zero-valent form.23, 40, 47, 56 Sulfidation has
been proposed as a natural detoxification mechanism for nanosilver40, 41, 47 and potentially
other chalcophile metals.57, 58 This is based on the fact that the equilibrium free metal in
each of these sulfide systems is in the nanomolar range or below (Figure 1), which is well
below typical threshold concentrations for biological effects. Copper(I) sulfide, CuS, is
unique in its extremely low solubility (Figure 1), which led us to hypothesize that sulfidation
would effectively detoxify nano-Cu or nano-CuO. We found here, however, that copper
sulfides do form, but the redox activity of the product is not fully suppressed (vida infra).

Copper ion release in biological and environmental relevant media

Copper (II) oxide is described as insoluble in basic chemistry references, but at the ppm
levels of interest in nanotoxicology and the environment it is sufficiently soluble for the
released ions to be key determinants of toxicity.9, 13, 14 Based on Equation 3, we expect CuO
ion release to be pH dependent, and this is confirmed in Figure 2A. Solubility at lysosomal
pH (4-5) is significant, and can be close to complete at low particle loadings (Figure 2B),
but at extracellular pH (7.4 in PBS buffer) is very low. The very low ion release at pH 7.4
was initially surprising since copper ions have been reported to be the primary source of
toxicity in several in vitro studies.9, 13, 14 Calculations with Visual MINTEQ 3.0 at this pH
confirm low values of dissolved copper ion (154 ppb) at equilibrium. These low values were
further confirmed in time-resolved measurements (Supporting Information, Figure S2A),
which gave copper concentrations about 20 ppb, which approached the detection limit of our
inductively coupled plasma atomic emission spectroscopy (ICP-AES) technique.

(3)

To understand how Cu-ions exist in biological studies, we studied dissolution directly in two
types of cell culture media (Figure 2C). We measure significant release in both media
despite the high pH (7.4), suggesting dissolution is assisted by ligands, either
thermodynamically by reducing the concentration of the free ion in equilibrium with the
solid, and/or through kinetic effects at the particle surface. We tested a variety of single
components found in cell culture media in an attempt to identify the primary types of ligands
involved. Glucose and the buffering agent, HEPES, did not promote copper ion release, but
FBS (fetal bovine serum) and glutamine did (Figure S2B). Glutamine and other amino acids
have been reported to form a high-affinity complex with copper, and the overall stability
constant is very high (logβ2 of 11.6).63 The removal of free ion shifts the ion-particle
equilibrium and favors dissolution. The complex formation (stability) equilibrium constant,
K = [L-Cu2+]/[Cu2+][L], can be rearranged to give a dissolution enhancement factor:
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(4)

which is 108 - 109 when the concentration of ligands (e.g. glutamine) in cell culture media is
in the mM range. We further investigated the effects of a larger series of amino acids (Figure
2D), which all promoted dissolution, but to differing degrees. We thought this may be due to
involvement of the side chain in complex formation, but previous studies have reported that
only the amino and carboxylate terminal groups were involved.64 Indeed the Cu2+

complexes with glutamine and histidine do not have higher stability constants than other
amino acids, which also suggests their higher activity is not thermodynamic in origin. In the
search for an alternative explanation, ligands have been reported to promote the dissolution
of iron oxide through formation of surface complexes that kinetically enhance the
detachment.65 The surface binding constant for CuO-histidine is reported to be higher than
that for other amino acids,66 and the ion concentrations in Figure 2A are well below
estimated equilibrium values (see horizontal bars). Both of these facts suggest the different
activities among the amino acids are kinetics differences associated with ligand-specific
surface binding ability.

ROS production in Cu-NP systems

Several studies of nano-Cu or nano-CuO toxicity report ROS generation and oxidative stress
as a mechanism.12, 16, 17 In copper-containing systems, ROS may be produced by
heterogeneous reactions at the particle surfaces, or by dissolved copper, which can exhibit
Fenton-like chemistry through the Cu(II)/Cu(I) redox couple.12, 67, 68 Resolving the relative
particle-ion contributions is key to understanding the mechanism of nano-Cu toxicity and
interpreting nanotoxicology data. Studies showing correlation between dissolved Cu and
toxicity suggest the primary redox species are in solution,13 not on the surface, but direct
evidence is needed. Here, we use EPR spin-trap techniques to quantify ROS production
from particles, ions, and sulfidated products. We focus on the hydroxyl radical by using the
spin trap DMPO, which is known to react with •OH to form an OH-DMPO adduct that
exhibits a characteristic EPR peak quartet (see Fig. 3). Incubation of CuO NPs or copper
ions with DMPO and peroxide in PBS buffer gives this characteristic EPR spectra, but with
varying peak intensities as shown in Fig. 3. Each of the copper-containing solutions triggers
Fenton chemistry and produces the OH-DMPO adduct. Comparing the data on particles and
their clear filtrates (Figure 3A) indicates that most of the activity in the CuO NP cases is
associated with the soluble fraction. Figure 2 predicts that this soluble fraction should be
quite low under these conditions (< 100 ppb), and indeed the “ion-only” experiments in Fig.
3B show similar peak heights for 6-100 ppb free copper. Even at this limited degree of
dissolution (neutral pH with no added ligands), the main source of ROS is the trace
concentration of free copper ion.

We were interested in whether the ligands that promote Cu dissolution also affect redox
activity in solution. Previous studies have shown that complex formation can reduce the
catalytic ability of Cu ions in peroxide reduction to •OH.69 Figure 4 shows a strong
attenuation of the •OH signal when simple PBS buffer (Figure 3) is replaced by cell culture
medium (Figure 4A). Some redox activity remains in media (the OH-DMPO quartet is
clearly visible), and is primarily associated with the soluble fraction, since the particles and
their clear filtrates give similar peak heights (Figure 4A). The redox behavior is quite low in
the presence of 1 mM glutamine (Figure 4B), which is a high affinity ligand (logβ2 of 11.6)
and strong promoter of dissolution.

The catalytic ROS production by Cu is significantly reduced in the media containing
glutamine, but the complexed Cu can still catalyze the reaction though in a much slower
manner (Figure S3) Overall, the data in Figures 2-4 suggest that complex biological media
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will promote copper dissolution but then partially suppress the redox activity of the resulting
soluble species. It is doubtful that simple assays for dissolution and redox activity in water
or simple buffers will have predictive value for the toxicity of copper-containing NPs.

Copper oxide sulfidation

Recent research has shown that nanoparticles based on silver, zinc and cadmium undergo
reactions with reduced sulfur species (and in some cases selenium species)22 in the
environment and the human body to produce low-solubility metal sulfide (or selenide)
phases. These transformations are expected to have profound effects on transport,
bioavailability, toxicity and risk.22-24, 32, 40, 46, 47, 57, 70 Here we studied the reaction of
CuO-NPs with soluble sulfide (main species is HS-) as a function of time and CuO:sulfide
stoichiometric ratios. Figure 5 shows conversion of CuO NPs to sulfide phases within one
day with the extent of conversion depending on the starting CuO:bisulfide molar ratio. At
high sulfide (CuO:bisulfide = 1:5) the conversion is essentially complete as the XRD spectra
lose all characteristic peaks for crystalline CuO and match quite well with Cu(I)S (covellite)
reference spectra (Figure 5A). Though the formation of any Cu2S phase was not observed,
absence of a crystalline Cu2S phase under these conditions may indicate a slow phase
transition that prevents the crystalline phase from being observed over our time scales.71

The morphologies of the sulfidated samples show a number of particles substantially smaller
than the original CuO particles, and at least some of them in a crystalline state, indicated by
HRTEM fringes (Figure 5B, Figure S4). The theoretical amount of bisulfide needed to
stoichiometrically convert CuO to CuS is only at the ratio 1:1, but the data in Figure 5 only
achieve complete sulfidation at the ratio 5:1, so sulfidation is either limited by kinetics, or
there are competing reactions for bisulfide (vida infra).

We carried out additional experiments to understand the sulfidation mechanism and reaction
stoichiometry. The presence of small particles surrounding a central core suggests a
dissolution-precipitation mechanism rather than a direct solid-state exchange reaction.
Recent research has reported dissolution-precipitation mechanism for the sulfidation of ZnO
NPs32 with similar morphologies in the sulfidation products.

To better understand sulfidation pathways, we interrupted the sulfidation process and
examined the soluble products or clusters (after half hour incubation) that passed through a
200 nm syringe filter.72 Figure 6B shows UV-vis spectra of this filtrate after aging for up to
3 hours, which shows an absorption feature that starts to appear around 600 nm that likely
belongs to CuS.73 The aged filtrate was washed three times with water and then
concentrated for DLS analysis (Figure 6C), which shows 10 nm mean particle size. These
are much smaller than the starting CuO NPs (50 nm) suggesting they are secondary
particles/clusters formed by dissolution-precipitation. XRD analysis identifies them as CuS
(Figure 6D). We also investigated the filtrate of the solution after 3 hour incubation and did
not observe the characteristic CuS peak, which suggests these ultrafine CuS clusters have
grown or else attached to larger particles.40 As a control we incubated CuO NPs in NaOH at
the same pH (9.3) as the sulfide solutions (but without sulfide) and performed the
ultrafiltration, but did not see particles/clusters in the filtrate. The filtrate from this control
was treated with sulfide and the product investigated with UV-vis, but no characteristic CuS
peak was observed. In another separate experiment, the filtrate was digested with nitric acid
and prepared for ICP-AES analysis to determine the copper concentration. No detectable
copper was found in the filtrate by ICP-AES. Together these data indicate that CuO NPs
undergo rapid sulfidation and the mechanism involves dissolution-precipitation. However,
the detection of secondary CuS nanoparticles does not exclude the possibility of some direct
solid-phase conversion. It is interesting that this can even occur at high pH (9.3) where CuO
dissolution is extremely limited. Bisulfide is a high-affinity ligand for ionic copper, and the
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data indicate that it promotes copper dissolution from CuO NPs at the same time it forms the
insoluble CuS phases as secondary particles in the immediate vicinity of the mobilization
sites. The dual role of bisulfide as dissolution promoter and precipitating agent explain the
essential behavior in Figure 6.

Properties of CuS - catalysis of sulfide oxidation

The data in Figure 5 show that a great excess of bisulfide is needed to fully convert CuO
NPs to CuS. While this could indicate kinetic limitations for this reaction, we instead have
evidence that it is due to bisulfide consumption by oxygen that is catalyzed by the same CuS
that is produced as the sulfidation product. In time-resolved studies we observed a rapid
depletion of bisulfide upon addition of copper oxide nanoparticles (Figure S5 A), even if the
bisulfide concentration was 5 times greater than the Cu on a molar basis. This cannot be
explained by CuS precipitation stoichiometry, and instead must indicate either
superstoichiometric sulfide phases or catalytic loss of bisulfide by oxidation. The XRD
results show CuS as a main product, so bisulfide oxidation seemed more likely. To test this
hypothesis, we added copper chloride (the concentration is 0.1, 1 or 2 mM, respectively) to
existing excess bisulfide solutions and saw rapid drops in dissolved oxygen concentration
(Figure 7A). The O2 depletion rate increased with increasing Cu2+ addition. Copper ion has
been shown to catalyze the oxidation of bisulfide in the presence of oxygen,74 and the
reduction of Cu (II) to Cu(I) has been observed on the surface of CuO when incubated in
bisulfide solutions.75 However, in our experiments it was still not clear whether dissolved
copper ions or CuO nanoparticles were the active catalyst. To investigate this, the catalytic
ability of CuO nanoparticles was compared with that of equimolar Cu ion in excess bisulfide
solution and the depletion of bisulfide was also monitored at the same time. Figure S5 (B)
shows the depletion of bisulfide is much faster in the presence of free Cu ion than the
presence of CuO nanoparticles. Therefore, catalytic ability of CuO nanoparticles in bisulfide
oxidation is not significant. Further, the oxygen concentrations were unchanged if copper
ion was added in equimolar amounts to HS- to make stoichiometric CuS, which indicated
copper ions readily reacted with bisulfide before catalyzing the oxidation of bisulfide.
Overall it is clear that CuS is the catalytic phase for bisulfide oxidation.76 Comparison
experiments indicated both the soluble CuS clusters and CuS particles contribute to the
catalytic oxidation of bisulfide in the presence of oxygen. (Figure S5 C)

Implications for Cu-NP Toxicity

The environmental transformation of a nanomaterial immediately raises questions about the
behavior and toxicity of the transformed product(s), which may represent a greater or less
risk than the original material. Metal sulfidation is often regarded as a passivation or
detoxification process57, 58 due to the very low equilibrium solubilities and thus metal
bioavailabilities of the sulfide phases (Figure 1).

We were also surprised, however to observe that CuS NPs and sulfidated CuO-NPs
continued to show redox activity in our EPR Fenton assay (Figure S5C, Figure 7C). These
CuS NPs were made by Cu2+/S2− precipitation processes and the excess ions were removed
by water washing prior to the ROS assay. Here again soluble species were the source of the
redox activity, as evidenced by comparing the particle-induced ROS to that of filtrate, which
were similar (Figure 7C). Although CuS is highly insoluble, the ROS assay uses H2O2 as a
reactant, and we hypothesized that the soluble, redox-active species were copper ions
produced by peroxide oxidation of CuS. Sulfide can be oxidized, and the conversion to
oxidized sulfur species may destabilize copper in the CuS lattice and lead to ion release and
solution-based Fenton activity.
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To pursue this hypothesis, we studied copper mobilization from CuS NPs and a series of
partially sulfidated CuO NPs (Figure 7D). Partial sulfidation has almost no effect on the rate
of copper release from the CuO NPs undergoing transformation (bisulfide:CuO ratios from
1:5 up to 1:1). It is clear that partial sulfidation does not passivate CuO surfaces, which is
consistent with the dissolution-precipitation mechanism that produces distinct secondary
particles rather than protective coatings. Only at bisulfide:CuO ratios above 2:1 do we begin
to see reductions in soluble copper release. The model CuS nanoparticles formed from Cu2+

and S2− showed very low copper ion release, as expected, but addition of H2O2 at the 60 hr
time point caused significant release (Figure 7D, green circles). In fact, EPR results suggest
much more copper ions released from CuS than CuO when both were exposed to H2O2 at
the same pH. These data provide support for CuS oxidation by H2O2 as the source of the
redox activity seen in the EPR spectra of Figure 7C. The combined results suggest that
sulfidation of Cu NPs or CuO NPs can reduce copper metal bioavailability, but only if the
sulfidation is extensive and progresses to near stoichiometric completion, and oxidation with
re-release of soluble copper may prevent CuS from being a fully nontoxic end state for
copper-containing nanomaterials in the environment. Others have reported that nanoscale Cu
and Zn sulfides are not fully stable and can transform into other species under aerobic
conditions.77, 78

Finally, we were interested in the biological implications of copper material transformations,
and the effects of sulfidation on toxicity in particular. Previous studies showed that copper
nanoparticles are internalized by target cells and release soluble ions more rapidly than
micron-sized particles at the acidic pH in lysosomes as predicted by the “Trojan-horse
mechanism” for metallic nanoparticle toxicity.33, 79 Here, uptake and toxicity of CuO and
CuS NPs were assessed using a murine macrophage cell line in cell culture in comparison
with carbon black nanoparticles as a nontoxic particle control. Following exposure to test
and control particles for 3 hours, well-dispersed particles were visualized in the cytoplasm
of target cells (Fig. 8A). Cell viability was assessed after 24 hours using a combination of
brightfield (Figure 8B) and fluorescence (Figure 8C) microscopy. Only CuO NPs induced
cell death and detachment after 24 hours. Intracellular mobilization of Cu ions induces redox
cycling resulting in generation of ROS, induction of oxidative stress, and cell death.80

Delivery of CuO or CuS NPs, triggered generation of higher levels of H2O2 in murine
macrophages after 20 min compared to untreated cells or cells exposed to carbon black NPs.
(Figure 9A). Over the same range of doses, CuO NPs induced significantly higher toxicity
than CuS NPs after 24 hours (Figure S7) and 48 hours (Figure 9B), consistent with the lower
Cu bioavailability in CuS.

Conclusions

Copper-containing nanomaterials are a particularly complex case for EHS studies, since they
undergo oxidation, dissolution, sulfidation, and further oxidation of the sulfide phases over
the time scales relevant for human health and environmental impacts. Figure 10 summarizes
the main transformation and redox pathways observed for CuO NPs in this study. CuO NPs
or oxide films on metallic Cu-NPs dissolve at low pH, or at neutral pH in the presence of
ligands in biological environments, including those containing amine functional groups. The
redox activity in copper NP systems appears to be associated with the soluble fraction and is
mitigated but not eliminated by ligand binding in solution. CuO NPs undergo sulfidation
through a dissolution/precipitation mechanism to produce complex secondary aggregates of
CuS NPs. These CuS NPs are active catalysts for bisulfide oxidation. Sulfidation reduces Cu
solubility, redox activity, and cytotoxicity but may not necessarily fully and permanently
detoxify copper, since CuS can be oxidized in environments containing H2O2 to produce
free copper that continues to cycle in solution producing hydroxyl radicals through Fenton-
like chemistry. The results are directly relevant for CuO NPs, and may also be qualitatively

Wang et al. Page 8

ACS Nano. Author manuscript; available in PMC 2014 October 22.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



relevant for elemental nano-copper whose surfaces consist of oxide phases following
environmental exposure.

Materials and Methods

CuO NPs agent were purchased from Aldrich and used as received. The CuO nanoparticles
were synthesized using the molten salt synthesis method according to manufacturer and
some organic matter was observed on the surface according to FT-IR (Figure S1B).
Phosphate buffered saline (PBS buffer, 10×) was obtained from Fisher Scientific (MA,
USA) and diluted with DI (deionized) water before use. The particles were characterized for
size (mean 50 nm determined by TEM), surface charge in PBS buffer (zeta potential -25
mV), size distribution in PBS buffer and crystalline phase (tenorite). (Supporting
Information, Figure S1) The increased size of particles in PBS buffer indicated the
aggregation of CuO nanoparticles.

CuO dissolution experiments

CuO-NPs (200 ppm) were incubated in biological or environment relevant media that
included acetate buffers (50 mM, pH 4, 5 and 6), PBS buffer (1×concentration, pH 7.4) and
borate buffers (50mM, pH 8 and 9) for pH control. Acetate buffer (pH 4.9) was used as
lysosome-mimic, and DMEM and RPMI cell culture media were studied supplemented with
10% FBS. The use of simulant fluids in environmental and biological studies has many
limitations, but does provide well defined environments for studying the chemical
transformations of materials.81 Nanoparticles were dispersed by 15 min sonication in 5 ml of
the solutions. After incubating for a pre-defined time period, the samples were centrifuged
by centrifugal ultrafiltration (Amicon Ultra-4 3k) for 30 min at 4000 rpm to remove the
solids, and the supernatant was separated for determination of Cu concentration by ICP-
AES. All ion release experiments were conducted at room temperature (20 °C) unless noted.
The ability of centrifugal ultrafiltration to remove the nanoparticles has been proved by
previous reference.49 Our control experiments show ultrafiltration can effectively remove
CuO nanoparticles and the Cu ions retention by the ultrafiltration filters can be neglected.
(Figure S6) Therefore, solubility is defined as free metal ions and its complex, which is
almost the same as all forms of metal that pass through the unltrafiltration filters in our case.

Electron paramagnetic resonance ROS assay

The ability of CuO-NPs and/or associated soluble species to generate hydroxyl radical in the
presence of H2O2 were quantified using × (9.8 GHz)-band EPR measurements at room
temperature using an EMX-plus CW spectrometer (Bruker Biospin) and the spin-trap
DMPO (Dojindo Molecular Technologies, Inc). In a typical experiment, 2 or 20 ppm CuO-
NPs were incubated with 100 mM DMPO, 1 mM H2O2 in PBS buffer (pH 7.4) for 20 min,
and the reaction was initiated by addition of H2O2. Then the aqueous solution was drawn
into 50 uL capillary (Cat No. 53432-783, VWR), and the capillary was inserted into a quartz
EPR capillary tube (4 mm OD ×250 mm L× 0.5 mm wall, Wilmad LabGlass, Buena, NJ).
The data acquisition parameters were set as follows: Center Field, 3508.75 G; sweep width,
100 G; sweep time, 30 s; modulation amplitude, 1G; number of scans, 10; microwave
power, 2 mW; conversion time, 30 ms; time constant, 81.92 ms. Though EPR cannot
quantitatively measure the radical produced due to decomposition of DMPO-OH adduct, it
can give a relative ROS intensity by comparing the peak height if the incubation time and
instrument parameters are constant.

Sulfide and dissolved oxygen (DO) depletion measurements

The sulfidation of CuO NPs were studied by tracking sulfide depletion using the method of
Liu et al.41 Soluble sulfide concentration was measured with a sulfide-ion-selective
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electrode following removal of solids by centrifugal ultrafiltration (Amicon Ultra-4 3k). In a
typical experiment, 1 mg CuO-NP powder was added to 4.5 mL DI water, followed with
sonication for 15 min to disperse the aggregates, and then 0.5 mL of 125 mM Na2S solution
was added to initiate the reaction at a starting sulfide concentration of 12.5 mM. The pH of
12.5 mM Na2S solution is around 9.3, where the main soluble sulfide species is bisulfide
(HS-). After rotating the mixture for a pre-determined time, the bisulfide solution was
separated by centrifugal ultrafiltration and the sulfide antioxidant buffer (ASOB, Orion
941609 Thermo Scientific) was added to prevent bisulfide oxidation and volatilization
before analysis. Bisulfide concentration in the filtrate was measured with sulfide-ISE (Orion
9616BNWP Silver/Sulfide combination electrode, Thermo Scientific) at room temperature.
DO levels were monitored in situ during incubation of either copper ions or CuO NPs in
bisulfide solutions in a closed amber glass bottle under magnetic stirring using a DO probe
(Orion 083010MD, Thermo Scientific) at 3 s sampling frequency.

Cell toxicity studies

An immortalized murine macrophage cell line, J774.A1 (ATCC number TIB-67) was used
as a target cell for assessment of uptake, H2O2 generation, and toxicity of CuO and CuS
NPs. Carbon black (M120, Cabot) with a primary particle diameter ∼ 75 nm was used as a
nontoxic reference particle. Test particles were dispersed in RPMI 1640 medium containing
1% FBS at a concentration of 250 ppm and sonicated at 100W in a Branson 2510 sonicating
water bath for 60 min prior to dilution at final concentrations of 5-20 ppm in cell culture
medium. Murine macrophages were cultured in RPMI 1640 medium (Invitrogen 11875)
containing 10% FBS, 2 mM glutamine, 1 mM sodium pyruvate, and 500 ul penicillin-
streptomycin in ultralow attachment culture dishes (Corning 3262) at 37°C in air with 5%
CO2. For microscopy, cells were plated on glass coverslips in 12 well plates (Coster, 22 mm
in diameter) at 70% confluence and allowed to attach for 3 hours, then exposed to test
particles for 3-24 hours. To visualize uptake of test particles, cells were rinsed and stained
with 4′6-diamidino-2-phenylindole (DAPI) and visualized under brightfield and
fluorescence illumination using a spinning disk Olympus confocal inverted microscope
(Model 1×81). To assess viability, cells were visualized using brightfield imaging to assess
morphology and cell detachment, and confirmed by staining with 1:1000 Syto 10/ethidium
homodimer (Invitrogen) for 5 min. Viable (green fluorescence) and dead cells (red
fluorescence) were imaged using a spinning disk Olympus confocal inverted microscope
equipment with fluorescence filters. Cell viability using DNA content as a surrogate for cell
number was quantitated using a fluorescence assay (Pico Green, Invitrogen) that
quantitatively binds to DNA according to the manufacturer's instructions. For quantitation of
H2O2 generation, murine macrophages were seeded in RPMI growth medium at 75,000 cells
per well in a black clear bottom 96-well plate (Costar 3603). Cells were allowed to
equilibrate overnight at 37 °C, after which growth medium was aspirated and subsequently
replaced with 200 ul of medium per well containing 50 uM Amplex Red reagent (Invitrogen
A1222), 2ul of 10 U/ml horse radish peroxidase (Invitrogen 012001), and 2.5, 5, and 10 ppm
of test particles.82 Continuous fluorescence measurements were obtained using a
spectrophotometer with an excitation of 566 nm and an emission of 587 nm. Data were
acquired every 5 minutes and reported after 20 min of exposure to test particles. Statistical
significance was determined using an unpaired t-test to compare differences between the
means (± SD) of untreated and treated cultures in triplicate. A p value of <0.05 was
considered to be statistically significant.

Product characterization

UV-vis spectra of sulfidated CuO NP samples were recorded on a V-630 spectrophotometer
(Jasco, MD) over the range 400 to 800 nm. The sizes of secondary CuS particles (formed by
dissolution and precipitation) were monitored using dynamic light scattering (DLS) with a
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Zetasizer Nano ZS system (Malvern Instruments). The morphologies of the sulfidated CuO
NPs were observed in high-resolution transmission electron microscopy (HRTEM) on a
JEOL JEM-2010. The samples were prepared by placing one drop of purified sample
solution on carbon-coated copper grids, followed by drying at room temperature overnight.
The compositions and phases of sulfidated CuO samples were identified by X-ray
diffraction spectrometry (XRD) on a Bruker AXS D8 Advance instrument with Cu Kα
radiation (λ=1.5418Å). The XRD samples were prepared by adding purified and
concentrated sulfidated CuO nanoparticles suspension onto a glass slide, followed by
overnight drying.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Equilibrium solubility of the oxide and sulfide forms of common metal-based nanoparticles.
The equilibrium dissolved metal ion concentration was estimated using Visual MINTEQ 3.0
using bulk thermodynamic parameters.(See Supporting Information for details) The phases
considered were TiO2, ZnO, NiO, CuO and Ag2O and the sulfides ZnS, NiS, CuS and Ag2S.
The incubation conditions for the metal oxide calculations were aqueous solution (pH 7) and
1 mM NaNO3 as electrolyte, and for metal sulfide ligand-free aqueous solution (pH 7)
containing an environmentally relevant total sulfide concentration (1 mM). Please note the
calculations ignore any oxidative dissolution. Toxicity studies on free ions typically show
adverse biological effects at micromolar doses (> 0.1 uM),59-62 which defines the shaded
region above. Data points that fall in the shaded region all correspond to cases where
nanoparticle toxicity has been attributed to dissolution mechanisms (oxides of Zn, Ni, Cu,
Ag), which is possible due to the finite solubility of the oxide phase. TiO2 solubility in
contrast is too low to yield ions above the micromolar range, where ion-induced toxicity is
often seen in other systems.
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Figure 2.
Dissolution behavior of CuO in various fluid media. (A) Soluble copper produced by 24 hr
incubation of CuO NPs (initial concentration 200 ppm) as a function of pH (50 mM acetate
buffers at pH 4, 5 and 6, PBS buffer at pH 7.4 and 50 mM borate buffers at pH 8 and 9). The
black bars indicated the equilibrium concentration in the corresponding pH conditions
calculated by Visual MINTEQ 3.0, the stars indicated that both the calculated equilibrium
concentration and real dissolved Cu concentration is close to the ICP-AES detection limit.
(See Supporting Information for details) (B) Effect of initial CuO NP loading on dissolution
kinetics (acetate buffer at pH 4.9) for 3 days expressed as percent of total copper. Over 80%
of CuO was dissolved after 30 hours for 1 ppm initial loading of CuO NPs and then
dissolved Cu concentration slowly increased. (C) Soluble copper produced by 3-day
incubation of CuO NPs (initial concentration 200ppm) in DMEM and RPMI cell culture
media supplemented with 10% FBS at pH 7.4. Note the much elevated Cu ion release
relative to PBS buffer at pH 7.4 (panel A). (D) Ligand effects on CuO (initial concentration
200 ppm) dissolution using a series of amino acids and the tripeptide glutathione at 2 mM in
PBS buffer. Please be noted that the dissolved copper measured is those that pass through
the ultrafilters. Therefore, about cysteine, the dissolved copper concentration may be
underestimated due to the formation of insoluble precipitate through copper-thiol bond.
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Figure 3.
Hydroxyl radical EPR signal (DMPO spin trap) induced by (A) 2 or 20 ppm CuO NPs
suspension or its filtrate containing only the soluble forms, (B) free copper ions (CuCl2) at
various concentrations (ppb ng-Cu/g-solution). These experiments used 1 mM hydrogen
peroxide and 100 mM DMPO in PBS buffer for 20 min. To isolate the effect of the ion
associated with the particles, CuO NPs were incubated for 20 min in PBS buffer then
subjected to ultrafiltration, and the filtrate added to 100 mM DMPO and 1 mM hydrogen
peroxide in PBS for 20 min before the spectra were obtained (“filtrate” cases in A).
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Figure 4.
Ligand effects in the ROS activity of CuO-NPs and soluble salts. (A) Comparison of ROS
activity of 20 ppm CuO NPs or its filtrate in cell culture media with 0.64 ppm copper ions in
PBS buffer. Note that the ion released from 20 ppm CuO-NPs in medium is much greater
than the 0.64 ppm free ion concentration (Fig. 2C), but is still less redox active due to ligand
binding in medium. (B) ROS activity of 0.032 ppm Cu2+ with or without the presence of 1
mM glutamine in PBS buffer. Please be noted that the induced EPR peaks with glutamine
were reduced but not eliminated and can increase with longer incubation time according to
Figure S3.
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Figure 5.
Phases and morphologies of the solid products from reaction of CuO NPs with soluble HS-.
(A) XRD patterns of sulfidated CuO nanoparticles generated from initial Cu/S ratios that
vary from 0.2 to 5. CuO (tenorite) and CuS (covellite) reference is presented for comparison.
Please note the CuO/CuS peak intensity ratio can't be used to calculate the percentage of
CuS produced, but it can show a general trend that CuS produced increase with decreasing
CuO to bisulfide ratio. (B) HRTEM image of sulfidated CuO nanoparticles (generated from
2.5 mM of CuO NPs incubated in 5mM Na2S solution for one day), corresponding to a
CuO/bisulfide molar ratio of 1:2. The images show the formation of small secondary
particles with size 5 to 10 nm, and showing lattice fringes indicating the presence of at least
some crystalline products.
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Figure 6.
(A) Optical images of concentrated secondary CuS particles through 200 nm filter (left) and
the filtrate after CuO NPs suspension in NaOH solution through 200 nm filter (right). (B)
UV-vis spectra shows formation of CuS nanoparticles. Curves 1,2,3 correspond to aging for
0, 1, 3 hours, respectively (C) The size distribution of secondary CuS determined by DLS.
The original mean size of CuO nanoparticles is 50 nm. (D)XRD pattern confirms the
formation of CuS. In these experiments, Na2S and CuO NPs were incubated at a molar ratio
of 2:1.
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Figure 7.
Properties of sulfidated CuO NPs and implications for toxicity. (A,B) CuS clusters and
nanoparticles serve as catalysts for bisulfide oxidation. Reaction tracked through depletion
of dissolved oxygen upon addition of copper ions to excess Na2S solution. Pink, blue and
black curves correspond to addition of 0.1, 1 or 2 mM copper ion. (C) Hydroxyl radical EPR
signal induced by a 0.1 mM CuS suspension and its particle-free filtrate after hydrogen
peroxide treatment. Despite low solubility, CuS shows redox activity associated with soluble
species. (D) Dissolution behavior of CuS and a series of partially sulfidated CuO NPs at pH
4 acetate buffer. The sulfidation was carried out using 2.5mM CuO at the initial S/Cu ratios
from 0.2 to 5. (a, b, c, d, e represents the dissolution of CuO, sulfidated CuO with S/Cu at
0.1, 0.2,0.5,1, which has little effect on CuO dissolution; f, g represents the dissolution
behavior of sulfidated CuO with S/Cu at 2,5 respectively, which can slow the dissolution
rate.) The pure CuS solid was prepared through precipitation of Cu2+ and bisulfide in
stoichiometric mixture followed by washing and resuspension. To understand the redox
behavior in (C) the oxidative-dissolution of CuS was investigated by adding H2O2 solution
in equimolar proportion to CuS.
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Figure 8.
Target cell uptake and toxicity of carbon black, CuS, and CuO NPs. (A) Confocal images of
murine macrophages after exposure to 5 ppm of test particles for 3 hours; nuclei were
visualized (blue fluorescence) using 4′6-diamidino-2-phenylindole (DAPI). (B) Brightfield
microscopic images of murine macrophages 24 hours after exposure to 5 ppm of test
nanoparticles. (C) Viability of target cells 24 hours after exposure to 5 ppm of test
nanoparticles. Viable cells show green cytoplasmic fluorescence (Syto 10/ethidium
homodimer assay).
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Figure 9.
(A) Generation of H2O2 by murine macrophages exposed to carbon black, CuO and CuS
NPs. Detection of H2O2 production in macrophages exposed to 2.5 ppm, 5 ppm, or 10 ppm
of CuO, CuS or M120 (carbon black) as determined using the Amplex Red assay 20 minutes
after exposure. Cells exposed to higher concentrations of CuO demonstrate significantly
increased generation of H2O2 compared to untreated controls or CuS-exposed cells. *p
<0.05 compared to control; #p <0.05 compared to 5 ppm CuO; ##p <0.05 compared to 10
ppm CuO. (B) Viability of murine macrophages after exposure to CuS NPs or CuO NPs for
48 hours. DNA content relative to untreated control cells was determined using Pico Green
fluorescence as a surrogate for cell number. Differences in viability of cells exposed to each
dose of CuS or CuO NPs relative to untreated controls was statistically significant after 48
hours. *p <0.05 compared to control.

Wang et al. Page 24

ACS Nano. Author manuscript; available in PMC 2014 October 22.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 10.
Summary of chemical transformations and redox behaviors of Cu-based nanoparticles in
biological and environmental media.
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