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opper oxide, alongside other inor-
ganic materials such as silver (metal-
lic and oxide) and zinc oxide are
among the most widely applied anti-
microbial agents. With proven efficacy
toward various microorganisms including
yeast,' algae,? bacteria,® and even viruses,*
the exploitation of copper oxide ranges
widely from wood preservation,® antifoul-
ing paints, to antibacterial textiles® In its
nano form (<100 nm), copper oxide displays
enhanced antimicrobial activity toward a
broad spectrum of microorganisms, includ-
ing pathogens such as Escherichia coli and
Staphylococcus aureus.” ' While this is a
highly desirable characteristic, the little-
known environmental impact of copper
oxide nanoparticles (CuO NPs) is a cause of
concern. Hence, establishing a mechanistic
understanding of the antimicrobial action of
CuO NPs is one of the key challenges toward
assessment of their environmental impact.
Recent studies have identified the leach-
ing characteristics of nanoparticles as one of
the key properties leading to their anti-
microbial efficacy (or a wider context of
nanotoxicity)."' ~'® Leached nanoparticles
in the form of soluble ions interact directly
with the cellular membrane or are taken
up intracellularly, thereby causing cyto-
toxicity. Alternatively, the Trojan horse
effect, whereby nanoparticles are interna-
lized and dissolved intracellularly, has
been suggested.''®'” An inherent com-
plexity arises from the often overlooked
materials specificity and their unique
route of toxicity with respect to size-
dependent physicochemical properties. It
is within this context that the source of
cytoxicity of CuO NPs is being studied.
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ABSTRACT The work investigates the source of toxicity of copper oxide nanoparticles (Cu0 NPs)
with respect to its leaching characteristic and speciation. Complexation-mediated leaching of Cu0
NPs by amino acids was identified as the source of toxicity toward Escherichia coli, the model
microorganism used in the current study. The leached copper—peptide complex induces a multiple-
fold increase in intracellular reactive oxygen species generation and reduces the fractions of viable
cells, resulting in the overall inhibition of biomass growth. The cytotoxicity of the complex leachate
is however different from that of equivalent soluble copper salts (nitrates and sulfates). A pH-
dependent copper speciation during the addition of copper salts gives rise to uncoordinated copper
ions, which in turn result in greater toxicity and cell lysis, the latter of which was not observed for
Cu0 NPs even at comparable pH. Since leaching did not occur with micrometer-sized Cu0, no
cytotoxicty effect was observed, thus highlighting the prominence of materials toxicity at the
nanoscale.

KEYWORDS: nanoparticle - nanotoxicology - bacteria proliferation - leaching -
metal salts - reactive oxygen species

The intracellular generation of reactive
oxygen species (ROS), a general oxidative
stress signaling mechanism in living cells,'®'®
including that of E. coli*® is often taken as
a measurement of cytotoxicity. That is to
say, cytotoxicity results when the natural
antioxidant defense is overwhelmed by gen-
eration of excess cellular ROS induced in the
presence of foreign materials, be it soluble
ions or particles. To date however, the rele-
vance of such a toxicity paradigm on envir-
onmental microorganisms is only vaguely
understood.

Addressing the challenge, the current
study aims to investigate the mode of toxi-
city of copper oxide in the form of (bulk)
micrometer particles as well as nanoparti-
cles. Parallel comparisons will also be car-
ried out with soluble copper ions to
distinguish between the role of free ions
and that of the copper oxide, in conjunction
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with its leached soluble copper. In particular, the
experiments are performed under organic-rich culture
medium, representing the potential environment, such
as organic-rich wastewater, where microorganisms are
most likely to thrive. To the best of our knowledge, the
present study is the first holistic investigation on the
toxicity origin of CuO NPs in relation to the physiolo-
gical effects of a model microorganism.

RESULTS AND DISCUSSION

Antimicrobial Action of Copper Oxide Nanoparticles and
Induced Leaching. An environmentally relevant E. coli is
chosen as the model microorganism for the assess-
ment of antimicrobial characteristics of CuO NPs.
Figure 1a shows the extent of bacterial growth in the
presence of homogeneous and highly crystalline CuO
NPs (70m? g™, dssp = 14 nm, Figure 1c and e) prepared
by flame spray pyrolysis,?'?2 at various dosages of 150,
350, 480, 550, 650, and 900 mg L™, After 6 h exposure
to the lowest loading of 150 mg L ~' CuO NPs, the
biomass growth of E. coli was inhibited by only 10%
with respect to the control experiment without CuO.
Under normal circumstances, such dosage is readily
lethal to other microorganisms such as the bacteria
Vibrio fischeri and microcrustaceans Daphnia magna
and Thamnocephalus platyurus.®® The relatively high
toxicity threshold of E. coli may be attributed to
activation of the coordinated heavy-metal efflux de-
fense system, where extracellular pumping of cyto-
plasmic copper is achieved via sequential activation of
the multilevel CPx-type ATPases and RND (resistance,
nodulation, and cell division) proteins, in response to
increasing concentration of copper in the growth
medium.*?** A 50% biomass growth inhibition (6 h
ECso) as high as 350 mg L' CuO NPs is observed in the
current work for E. coli. At the extreme dosage of 900
mg L' CuO NPs, more than 90% growth inhibition
results. As we show later, the dosage response of E. coliis
a size-dependent function of CuO, ie., micrometer-
or nano-sized particles, and that bioavailability of cop-
per is significantly affected by the presence of organics.

In relation to the growth kinetics of E. coli, parallel
copper dissolution was carried out throughout the
course of NP exposure. As depicted in Figure 1b,
leaching of CuO NPs proceeded rapidly within the first
hour, with >80% of soluble copper relative to total
copper detected in the culture medium containing
150—480 mg L™' CuO NP exposure (corresponding to
102—315 ppm soluble Cu, respectively). A lower extent
of dissolution of 60—75% was observed at the higher
550—900 mg L™~ " loadings (corresponding to 336—445
ppm soluble Cu, respectively) in the first hour, the
kinetics of which was likely to be governed by the
Gibbs free energy of dissolution. Equilibrium was
reached at 3 h for all tested loadings, with the extent
of copper leaching >90% of total copper, regardless of
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the initial amount of added CuO NPs. Comparison of
leaching kinetics in the absence (dashed line) and
presence (solid line) of E. coli did not find any differ-
ences, at least within the concentrations tested, there-
by ruling out any additional effects of microbial-
induced leaching,?® as has been reported for the
dissolution of copper.?”

To elucidate the high degree of CuO NP leaching,
individual component leaching was carried out on the
basis of the mixture of culture medium: deionized
water, NaCl, tryptone, and yeast extract. As shown in
Table 1, the extent of leaching is clearly affected by the
presence of the organic tryptone and yeast extract,
while the presence of deionized water alone or in the
presence of NaCl has little effect on the dissolution of
CuO NPs. In fact, the extent of leaching in the latter two
components is indifferent to that of micrometer-sized
CuO particles (0.7 m? g™, dssa = 4.8 um, Figure 1d and
e). In other words, the chloride-mediated leaching can
be ruled out as the dissolution agent regardless of the
particle size. On the contrary, a significant difference
between the leaching of CuO NPs and that of micro-
meter-sized particles can be readily observed in the
amino acid-rich components, i.e., tryptone and yeast
extract. Extensive copper leaching of 95% and 80%
(relative to total copper dissolved in the culture
medium) was measured for CuO NPs in the respective
medium, while a corresponding leaching of only 2%
and 1% was measured for micrometer-sized CuO. The
fact that the sum of leached copper from tryptone and
yeast extract alone surpasses that of the growth media
indicates a competitive and nonselective leaching
from each of the components. Indeed, borderline
Lewis acid Cu(ll) is known to form complexes with
amino acids such as histidine, cysteine, and lysine due
to its high affinity for the side chains.?® On the basis of
the unchanged amount of leached copper from micro-
meter-sized CuO after 24 h exposure in both aqueous
tryptone and yeast extract, it is argued that the leach-
ing kinetics extend beyond just surface area limitations
or the shrinking core model. Instead, it is likely that
the leaching is driven in part by the Kelvin effect, where
the much larger surface curvature of CuO NPs induces
higher affinity for the dissolution of copper, assisted
by the complexation with free amino acids and
peptide chains.

Importantly, as shown by the red solid line in Figure 2,
the biomass growth suppression of E. coli exhibits a
strong function with increasing amount of leached cop-
per from CuO particles. However, the extent of suppres-
sion by the analogous addition of copper salts as nitrate
or sulfate is different and separate (blue dashed line) from
that of CuO particles (the mechanism of which will be
discussed later). Despite establishing a clear relationship
between leached copper concentration and E. coli bio-
mass growth inhibition up to this juncture, the extent of
the Trojan horse effect on the antimicrobial activity of
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Figure 1. (a) Growth kinetics of E. coli in the presence of different CuO NP loadings and that of a control experiment without
copper. (b) Corresponding leaching kinetics in the absence (dashed lines) and presence (solid lines) of E. coli in Luria—Bertani
(LB) medium. The toxic effect of NPs was obtained by normalizing the extent of growth (in colony forming units, cfu) to the
bacteria-only control. Each data point in (a) and (b) is the average of the triplicate batches, with error bars representing the
maximum and minimum. The growth kinetic profiles were reproduced on different days with unique bacterial inoculum and
particle preparations. Also shown are the transmission electron micrographs of aggregates of (c) CuO NPs and (d) micrometer-
sized CuO, as well as (e) their corresponding X-ray diffraction spectra. The diffraction peaks are indexed to monoclinic CuO (PDF:
080-1268). Note the diffraction peaks of CuO NPs show significant peak broadening due to small grain size.

TABLE 1. Leaching Kinetics of Nano- and Micrometer-Sized CuO Particles in Cell-Free Individual Components of the

Culture Medium (Luria—Bertani, LB)

H,0° NaCl

3h 24h 48h 3h 24h 48 h 3h

Cu0 NPs’ 5.7 47 6.4 25 41 3.9 2189
micron Cu0? 14 0.9 14 13 1.0 6.4 1.0

yeast extract’ tryptone® culture media”
24h 48 h 3h 24h 48 h 3h 24h 48h
Soluble Cu (ppm)
298.8 2815 318.9 344.7 338.7 363.8 364.1 366.2

4.2 4.6 1.0 83 83 15 2.0 2.0

7 Cu0 particles (480 mg L") were incubated in the respective culture medium (LB) component in the absence of cells at 37 °C, 280 rpm. ° Deionized water. 5 g L~" NaCl in
aqueous. a5 g L™ yeast extract in aqueous. ©10 g L™ tryptone in aqueous. "Culture media consists of 5 gL~ "NaCl, 5 g L~ yeast extract, 10 g L™ tryptone dissolved in

deionized water. Aqueous refers to solubilization in deionized water.

CuO NPs is still not fully clear. Hence, an independent set
of experiments was carried out where 480 mg L' CuO
NPs was preleached in the sterilized culture medium,
followed by separation of the remaining CuO solids. Note:
The resultant amount of leached copper (365 ppm
soluble Cu) corresponds exactly to that shown earlier in
Figure 1b. As evident in Figure 2 (pink diamond), the
biomass growth of E. coli under the leached copper-laden
medium is comparable to that in the presence of CuO
NPs at identical concentration. The observation implies
the absence of a Trojan horse toxicity effect possibly due
to the significant and rapid leaching nature of CuO NPs,
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while reaffirming the source of toxicity as originating
exclusively from copper in its dissolved state.

Figure 2 (dashed line) shows the studies with
soluble copper conducted through the addition of
copper nitrate as well as sulfate salts. As mentioned
earlier, the extent of inhibition of biomass growth
induced by copper salts (6 h ECgy = 265 ppm Cu) is
much higher than that of the CuO particles (6 h ECyo =
650 ppm Cu) particularly at high copper concentra-
tions. That no observable difference in the antimicro-
bial activity between copper nitrate and that of
sulfate suggests that the higher toxicity cannot be

ACKR AN

WWww.acsnhano.org

VOL.5 = NO.9 = 7214-7225 =

J1O1LdV

7216



accounted for by the difference in anionic species. In
fact, external addition of an equivalent amount of
nitrates (as sodium nitrate) to the culture medium
containing preleached CuO NPs did not result in
additional antimicrobial activity compared to that
of CuO NPs alone (Figure 2, open diamond). At this
stage, it would be reasonable to deduce that the
difference in the speciation of soluble copper may
have resulted in such effect. Detailed comparison of
intracellular studies under these experimental con-
ditions, as will be presented in the following sections,
will provide insights into the source of cytotoxicity of
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Figure 2. Dosage—response of E. coli growth taken at 6 h,
relative to the bacteria-only control, as a function of
soluble copper from CuO NPs (red solid line), leachate,
micrometer-sized CuO, and copper nitrate and sulfate
(blue dashed line). Also shown is the bacterial growth in
the presence of CuO NPs leachate and addition of sodium
nitrate (open diamond). The data for CuO NPs leachate
(with and without addition of sodium nitrate), micrometer-
sized CuO, and copper salts were reproduced on different
days with a unique bacterial inoculum and particle or soluble
copper preparations. All growth experiments were per-
formed in triplicate.

copper particles and the associated leachate, as well as
copper salts.

Intracellular ROS Generation and Induced Cytotoxicity of Cu0
NPs, Copper Leachate, and Salt. Ex situ tracking of intracel-
lular ROS generation (with the H,DFFDA assay) and cell
viability (with propidium iodide, PI, staining) was car-
ried out throughout the course of E. coli growth in the
presence of various forms of copper, that is, CuO NPs,
filtered leachate, micrometer-sized CuQO, and copper
nitrate. Unless otherwise stated, 480 mg L™' of CuO
particles, or equivalent to 365 ppm soluble copper, is
taken as the reference loading from here onward. As
shown in Figures 3a and 4, the presence of CuO NPs
and that of leachate induce a ~5-fold increase in ROS
level compared to the base level of bacteria-only
control. Under normal circumstances, exposure of liv-
ing cells to environmental stresses such as metal
toxicity triggers the cellular defense machinery to cope
with the elevated levels of cellular ROS generation.?*>°
In particular for E. coli, this involves the utilization of
peroxide and/or superoxide stimulons, activation of
which leads to the expression of enzymatic antioxi-
dants as ROS scavengers.31 However, when the de-
fense mechanism is overwhelmed, such as the current
case, ROS, or more specifically peroxides and hydroxyl
radicals, are generated from the redox cycling of
intracellular copper catalyzed by periplasmic CuZn-
superoxide dismutase (SOD1) in E. coli3*3* Other
sources of copper-catalyzed ROS generation include the
autoxidation of the cellular antioxidant glutathione>>3¢

The levels of nonviable cells in samples exposed to
CuO NPs and those of the leachate are almost identical
(Figures 3b and 4), corroborating our earlier conclusion
from the growth kinetics that the toxicity of CuO NPs
originates solely from the leachate. The higher propor-
tion of Pl-positive cells in these samples relative to the
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Figure 3. Dynamics of (a) intracellular ROS generation probed by the H,DFFDA assay and (b) cell viability probed by PI
staining, throughout the course of growth of E. coli in the presence of CuO NPs, micrometer-sized CuO, leachate from CuO
NPs, and copper nitrate. The concentration of CuO particles (CuO NPs, micrometer CuO) was 480 mg L. The soluble copper
concentration in leachate and copper nitrate was 365 ppm, corresponding to the steady-state soluble copper concentration
from 480 mg L~" CuO NPs. Also shown is the bacteria-only control (dashed line). The data points are the average of three
repeated experiments, each with different days of bacterial inoculum and particle or soluble copper preparations. Error bars
represent the maximum and minimum. Unpaired two-tailed Student's t-test with unequal variance was used for statistical
analysis. The test confirms elevated cellular ROS levels and increased fraction of dead cells with CuO NP-, leachate-, and
copper nitrate-treated cells relative to the control with p < 0.05, 0.025, 0.01, and 0.005 (see Figure S1 in the Supporting

Information).
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Figure 4. Detection of intracellular ROS generation (measured with H,DFFDA staining, green) and cell death (Pl staining, red) of E. coli
over its course of growth (a) in the absence of copper, (b) with exposure to 480 mg L™ of CuO NPs, and (c) with exposure to
equivalent copper leachate (365 ppm soluble Cu) from CuO NPs. All stained samples were imaged at comparable cell concentrations.

Micron CuO
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Figure 5. Detection of intracellular ROS generation (H,DFFDA staining, green) and cell death (Pl staining, red) of E. coli over its course
of growth in the presence of 480 mg L™' micrometer-sized CuO. All stained samples were imaged at comparable cell concentration.

control implies the cytoplasmic membrane as one of In fact, as part of the multilevel copper defense me-
the target destruction sites of the copper-induced ROS. chanism of E. coli, trans-membrane efflux of copper is
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Figure 6. (a) Detection of intracellular ROS generation (H,DFFDA staining, green) and cell death (Pl staining, red) of E. coli over
its course of growth in the presence of 365 ppm soluble Cu as copper nitrate. The amount of copper corresponds to that of the
steady-state soluble copper concentration leached from 480 mg L~ CuO NPs. All stained samples were imaged at
comparable cell concentrations. Also shown are the light microscopy images of the bacteria population at (b) 1 h, (c) 3.5 h, and
(d) 6 h. Note the higher extent of cell lysis and aggregation of dead cells with increasing exposure time.
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Figure 7. (a) Unadjusted pH of culture media as a function of soluble Cu loadings from leachate, copper nitrate, and sulfate.
(b) Effect of acidification from pH 7.2 to 5.3 (by addition of nitric acid) on the growth kinetics of E. coli in pure culture media and
that in the presence of 365 ppm copper leachate. Also shown is the growth kinetics of E. coli in the presence of copper nitrate
(equivalent to 365 ppm soluble Cu), which gives pH 5.3. All growth experiments were performed in triplicate and reproduced
on different days with unique bacterial inoculum and soluble copper preparations. Light microscopy shows (c) cell lysis and
aggregation in the presence of copper nitrate at pH 5.3 and (d) the absence of cell lysis in copper leachate at the same pH.

facilitated via the action of ATPase CopA, which pumps proton-driven CusCBFA system further exports the
cytoplasmic copper into the periplasm,®”>® while the  periplasmic copper across the outer membrane.®® At
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Figure 8. Visible wavelength absorption spectra as a func-
tion of soluble copper concentrations for (a) leachate from
CuO NPs and (b) copper nitrate and sulfate (the latter only at
365 and 650 ppm). Note the gradual red shift of the
absorption maxima (and skewing of the shoulder at higher
wavelength) with increasing copper nitrate loadings, indi-
cative of increasing concentration of uncoordinated copper
species. Also shown is the (c) overlapping absorption
spectra of aqueous copper nitrate and sulfate at 365 and
1000 ppm soluble copper, dominated by the presence of
free Cu?* (and Cu(OH)") ions.

elevated copper exposure, substantial hydroxyl radical
formation and localization of H,0,-oxidizable copper
in the periplasm has been suggested in E. coli.*° Herein,
we do not rule out the possibility of cellular uptake of
soluble copper, which amounts to ~10~* umol at the
highest E. coli population, assuming the maximum
homeostasis condition of 100 uM in each cell.?* This
upper limit of copper uptake is 3 orders of magnitude
below the detection limit of soluble copper in the

current work and hence is not contradictory to the
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indifferent copper leaching profiles in the absence or
presence of E. coli (Figure 1b). Apart from the observed
lethal effects, the copper-induced ROS generation may
also inflict sublethal cellular damage, leaving a signifi-
cant population of the viable cells uncultivable or
sluggishly proliferating. This is further verified by our
growth kinetics prediction based on the fraction of
viable cells, ie, [A,] = [A, 1] x €, where [A, ] is the
concentration of Pl-negative cells at the previous time
interval, and it clearly overestimates the actual course of
E. coli growth in the presence of soluble copper (see
Figure S2 in the Supporting Information). ROS, or more
specifically H,O,-treated E. coli, is known to adopt the
nonproliferating bacteriostatic state due to the stimula-
tion of DNA strand cleavage.*'"** Base excision repair as
mediated by DNA polymerase | would normally follow
at the expense of inhibition of DNA replication by
polymerase II1.** Such sequential events may explain
the impaired proliferation of E. coli at elevated ROS level.

Exposure to micrometer-sized CuO, due to its low
amount of copper leaching, did not result in additional
ROS generation relative to the control (Figures 3 and 5).
This consolidates the nontoxicity of micrometer-sized
CuO toward E. coli. Similarly, the fraction of viable cells
was similar to that of the control experiment over the
entire course of growth.

Rapid cellular ROS generation in E. coli can be
observed within the first hour of exposure to copper
nitrate, which is almost twice that observed for CuO
NPs and its corresponding leachate (Figures 3a and 6).
In the subsequent hours, the apparent cellular ROS
level was comparable to that of the CuO NPs and its
leachate. However, closer inspection of Figure 6 finds
cytolysis of cells and release of cellular materials be-
yond the first hour, resulting in aggregation of the
ruptured cells (highlighted in circled regions). The
extent of aggregation, most likely induced by the
hybridization of plasmid DNA from ruptured cellular
materials,***> becomes more significant at increased
exposure time due to the higher population of more
lysed cells. Because of the effect of aggregation, under-
estimation of the ROS-positive cell population may be
inevitable during the flow cytometry measurement,
since only single cells and possibly small cell aggre-
gates are detected in the analysis, leaving the larger
aggregates unaccounted. The same applies to the cell
viability assessment (Figure 3b), which nonetheless
may still be valid qualitative evidence to show the
higher fraction of nonviable cells associated with
copper nitrate compared to that of CuO NPs at all time
exposures. E. coli when subjected to severe stress
conditions, including an ultimate oxidative stress, trig-
gers the “suicide” toxin—antitoxin mazEF chromoso-
mal genetic module, thereby initiating programmed
cell death.*®*” Such ROS-linked cytolysis had also been
observed in the cinnamaldehyde-treated cyanobacter-
ia Microcystis aeruginosa as well as AgCl-treated
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E. coli*®* In the current work, essentially all copper
nitrate (and copper sulfate)-exposed cells became
nonviable at 4.5 h. The much higher cytotoxicity effect
of copper salt corroborates the higher extent of sup-
pressed biomass growth. As we further show in the
next section, the difference in the copper speciation of
leached copper and that of the salt was critical to the
fundamental cytotoxicity effect of copper.

Effects of pH and Copper Speciation on the Cytotoxicity of
Soluble Copper. As a result of the acidic nature of copper
salts (as nitrate and sulfate), their addition inevitably
decreases the pH of the culture medium from pH ~7.2
(without copper) to pH 5.3 (at 365 ppm soluble Cu)
(Figure 7a). The resultant pH is detrimental to the
proliferation of E. coli, as would be expected for acidic
medium of pH <6.5. Leaching of CuO NPs on the other
hand does not alter the pH of the solution even up to
the highest loading of 900 mg L' CuO NPs (Figure 7a).
This is true despite incubation of the particles in the
medium for more than 24 h, implying that the unob-
served decrease in pH of the medium and further
cytotoxicity effect are unrelated to the kinetics of
copper leaching and speciation. The role of copper
speciation, depending on the source of soluble copper,
will be discussed in detail below.

To first verify the extent of growth suppression by
pH change, the growth of E. coli was carried out in
acidified culture medium (pH 5.3 by addition of nitric
acid) and in the absence of copper. As shown in
Figure 7b, the biomass growth was suppressed by
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55% after 6 h just by the change of pH. Further
acidification of the leachate from CuO NPs almost
inhibits completely the growth of E. coli, matching
that of equivalent copper nitrate. Nevertheless, the
effect of acidified copper leachate (also by addition of
nitric acid) was clearly different from that of copper
nitrate. As shown from the microscopy examination in
Figure 7c and d, while the latter resulted in cytolysis
and aggregation of ruptured E. coli (as discussed in
the previous section), the acidification of the leachate
did not result in the same effect. In other words, the
findings show a stronger cytotoxicity of the dissolved
copper from the copper salt, in comparison to the
nanoparticle-derived leached copper, even at com-
parable acidic pH.

The absorption spectra of CuO NP leachate at
various tested concentrations show intense blue ab-
sorption at Amax= 608 nm (Figure 8a), resembling type |
blue copper—protein complexes.”® The absorbance is
associated with S;p, — Cu 3d,._,. charge transfer,
which occurs when a strong Cu—S bond (for example
plastocyanin, a copper-bearing electron transfer protein)
in the trigonal-pyramidal coordination alters the orienta-
tion and therefore intersects the lobes of the Cu d,._,.
orbital.>" Recalling the complexation-mediated high ex-
tent of CuO NP leaching, this is most likely to arise from
copper coordination with amino acid side chains includ-
ing the donor ligands from Asp and Glu (—COO™), Lys
(=NH3"), Arg (=NH,"), His (—NH"), and cysteine
(=57)>* Despite the formation of copper—peptide
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complexes, it is capable of triggering cellular oxidative
stress and causing cytotoxicity, although with much less
lethal response compared to copper salts.

As compared to copper leachate, the absorbance
of copper salts (nitrate and sulfate) in culture med-
ium is at lower energy and gradually shifts from
Amax= 645 to 662 nm with increasing copper salt
loadings (Figure 8b). The red shift indicates the
presence of uncoordinated copper ions, which in
turn is highly pH dependent. Free Cu®* and hydroxo
Cu(OH)™ ions exist in equilibrium in aqueous solu-
tions (copper(ll) hydroxide, pKy; = 13, pKp, = 6.3),
with the former being the predominant species at
low pH.>? Because the solution pH of the culture
medium decreases (pH 5.6—4.7) with increasing
copper salt content (corresponding to 265—650
ppm soluble Cu, respectively), the absorbance of
copper hence red shifts accordingly. The coexistence
of uncoordinated copper ions and copper—peptide
complexes in an organic-rich environment is ther-
modynamically feasible, as recently demonstrated
by the detection of free Cu*" in amino acid- and
carbohydrate-containing culture medium following
the addition of copper sulfate.®* Interestingly, the
absorbance of acidified CuO NPs leachate (from pH
7.2 to 5.3) did not exhibit a red shift despite the
lowering of the pH (Figure S3 in the Supporting
Information). This implies the irreversibility of the
copper—peptide complexes and in turn explains the
absence of cell lysis, which is most likely to be a result
of exposure to the free Cu>* and hydroxo Cu(OH)™
ions. Free copper ions are capable of inducing cata-
lytic redox cycles in biological systems leading to the
generation of ROS such as hydroxyl and superoxide
radicals (Scheme 1).2%3%3%|n the case of CuO NPs, the
exclusive leaching by amino acids and their peptide
side chains as well as its irreversibility minimizes the

EXPERIMENTAL SECTION

Copper Oxide Synthesis and Characterization. Copper oxide nano-
particles were synthesized in a one-step flame spray pyrolysis
(FSP).2'>>25 Liquid precursor containing 0.5 M Copper 2-ethyl-
hexanoate (Aldrich, >99.9%) in xylene (Riedel de Haen, 96%)
was delivered to the FSP nozzle at 5 mL min~' by means of a
syringe pump (Inotech). At the nozzle tip, the liquid precursor
was dispersed by 5 L min~' of dispersant O, (1.5 bar). The
dispersed precursor droplets were ignited by a supporting
oxygen—methane flame (1.5 L min~' CH,/3.2 L min~' 0,) to
form the primary aerosol flame. Additional 5 L min~" sheath O,
was issued from the outermost ring to support the combustion.
The formed CuO aerosol nanoparticles were continuously
collected on a fibreglass filter (Whatmann GF/D) with the aid
of a vacuum pump (Alcatel SD Series). Commercial micrometer-
sized CuO (micrometer CuO, Ajax) was used as is. Specific
surface areas (SSA) of the CuO samples were analyzed by N,
adsorption at 77 K using the BET method (Tristar, Micromeritics).
Prior to measurement, the samples were pretreated at 150 °C
under vacuum (VacPrep, Micromeritics) for at least an hour to
remove surface-adsorbed moisture and other volatile organic
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formation of uncoordinated copper ions (Scheme 1).
The passivation of amino acids around the leached
copper ions renders their lower cytotoxic effects.

CONCLUSIONS

The study sheds light on the origin of environmental
nanotoxicity of copper oxide, CuO. The toxicity or
antimicrobial effect is traced to the leaching of CuO
NPs in amino acid-rich medium through formation of
copper—peptide complexes, rather than by the solid
particles themselves. The leachate from CuO NPs in-
duces the same level of oxidative stress and cytotoxi-
city on E. coli as that in the presence of CuO NPs. The
effect of leachate from CuO NPs is however different
from that by addition of copper salts as nitrate or
sulfate, despite having identical soluble copper con-
centrations. Because the leachate from CuO NPs was
exclusively copper—peptide complexes, it is less cyto-
toxic compared to uncoordinated copper ions formed
by addition of copper salts. Similar leaching did not
take place on micrometer-sized CuO and is hence
benign. The absence of leaching with micrometer-
sized CuO implies the importance of size-related Kelvin
effect on the leaching of nanoparticles. In relation to
the potential environmental implications of the CuO
NPs, high observable dissolution in amino acid-rich
medium implies high toxicity in organic-loaded water-
ways, while minor leaching should be expected in
freshwater or salty aquatic environments. Importantly,
we demonstrate through the current work that the
effect of nanoparticle leaching cannot be simply re-
presented by the addition of metal salts. Particularly in
the case of metal salt addition, the distinct cellular
response is also driven by the associated pH change of
the medium. The work is expected to instigate a more
holistic understanding of the source of toxicity from
other nanomaterials beyond CuO.

impurities. X-ray diffraction spectra of the samples were col-
lected on a Philips X'Pert MPD using Cu Ko as the radiation
source (40 kV, 40 mA) and scanning from 20° to 80° with a step
size of 0.026°. Imaging of the CuO samples was carried out by
transmission electron microscopy on a Philips CM 200 operating
at 200 kV.

Antimicrobial Evaluation on E. coli Proliferation. E. coli HB101 was
cultured in a shaking incubator (Bioline) in Luria—Bertani (LB)
culture medium (5 gL' yeast extract, 10 g L™ tryptone, 5g L™
NaCl) at 37 °C, 280 rpm under dark conditions. Bacterial
inoculum was prepared by overnight culturing at 30 °C and
280 rpm from a single agar plate colony. A measured volume of
2—3 mL overnight culture (typical ODggoo of 5—6) was trans-
ferred into 100 mL of fresh LB for a further 0.5 h conditioning at
37 °C, 280 rpm. For each growth experiment, preweighed dry-
state CuO particulates were aseptically added into 50 mL of LB,
unsonicated, similarly in the case of copper salts (nitrate and
sulfate) exposures. The antimicrobial experiment was initiated
by addition of 5 mL of bacterial inoculum into the particle
suspension or dissolved copper salts (ODgqo (bacteria) initial of
0.015), and the course of cell proliferation was evaluated for 6 h
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at 37 °C, 280 rpm. In the case of CuO NP leachate exposure, 5 mL
of inoculum was transferred into 50 mL of LB, containing 1.1x
concentrated preleached CuO NPs. The leachate was prepared
by aseptically incubating preweighed dry-state CuO NPs in cell-
free LB at 37 °C, 280 rpm, for 6 h, unsonicated. The resultant
copper leachate was filtered (0.22 um cellulose membrane,
Millipore) to remove undissolved solids (mean aggregate
size = 300 = 6 nm by dynamic light scattering, ZetaPals,
Brookhaven). Removal of undissolved CuO particles was also
confirmed by light scattering measurement of the filtered
leachate, which revealed comparable scattered light intensity
relative to LB medium only. The heterogeneous presence of
suspended CuO particles in the growth medium is referred to in
mg L™, while detected soluble copper is expressed in ppm to
reflect its homogeneous nature. The growth experiments were
performed in the dark (flasks wrapped in foil) and in triplicate
with regular sampling for optical density measurement at
600 nm (ODggp) using a UV-vis spectrophotometer (Hitachi
U-1100). There were two types of controls for each parameter:
a copper-free growth control and the cell-free copper control
(particulates or dissolved copper), of which the latter served as a
reference to obtain the ODggo corresponding to the bacterial
cell density. Inductively coupled plasma—optical emission spec-
troscopy (ICP-OES) (PerkinElmer Optima 3000DV) was em-
ployed to quantify the amount of leached copper from the
CuO particulates as well as to validate the amount of dissolved
copper associated with the preleached CuO NPs (particle-free)
and copper salts. The absorption spectra of soluble copper
(CuO NPs leachate, copper salts) were obtained with a UV-vis
spectrophotometer (Varian Cary 300).

Cell Viability and Intracellular ROS Assays. The cell viability assay
was based on the detection of damaged cytoplasmic mem-
branes based on the uptake of the fluorescent dye propidium
iodide (Sigma-Aldrich). The nucleic acid-sensitive dye pene-
trates cells with compromised membranes while being expelled
by healthy cells. The cellular oxidative stress assay employed the
oxidative-reporter dye 5-(and-6)-carboxy-2’,7'-dihydrodifluoro-
fluorescein diacetate (H,DFFDA) (Invitrogen, Molecular Probes
Inc.), a fluorinated derivative of the more commonly used
dichlorodihydrofluorescein diacetate (H,DCFDA), with im-
proved photostability.>” The cell-permeable H,DFFDA is deace-
tylated by intracellular esterases to active H,DFF, which is
readily oxidized by ROS, forming the highly fluorescent DFF.
Samples of copper-exposed cultured cells were suspended in
saline (8 g L™' NaCl, 0.2 g L' KCl) at 25 x 10® cfu mL™"
following removal of the copper-containing medium to avoid
potential production of the fluorescent derivative DFFDA due to
the presence of the redox active copper, as in the case of
FeS0,.°® The cell viability and cellular ROS assays were per-
formed independently with 30 «uM Pland 10 M H,DFFDA for 15
min and 2 h, respectively, at ambient temperature in the dark
(induced by light, conversion of H,DCFDA to fluorescent DCF
had been observed in the absence of cells).>®

Flow Cytometry. Fluorescent cell population was counted
using a Cell Lab Quanta SC flow cytometer (Beckman and
Coulter) at 488 nm excitation, 18 mW laser with the trigger set
on the cellular electronic volume reaching 20 000 counts. Pl and
DFF fluorescence was detected using FL-2 and FI-1 channel,
respectively. Gain and PMT (photomultiplier tube) voltage
settings were finely tuned to achieve optimal separation in
the relative fluorescence intensity compared to the unstained
bacterial samples. Cell Lab Quanta SC MPL software was used
for data collection and gate settings. In the case where there
was a high extent of cell lysis, complete cell death was further
confirmed by microscopic examination (see below). Proportional
to the levels of intracellular ROS, DFF fluorescence was also
measured using an f,.x microplate reader (Molecular Devices)
at 485 and 538 nm excitation and emission filter settings,
respectively. The ROS levels were expressed as absolute fluor-
escent units of the oxidized dye, DFF per 10° cells. Cell samples
were thoroughly washed with saline (8 g L' NaCl, 0.2 g L' KCl)
prior to analysis.

Microscopy Imaging. Following the staining process, cell
samples were centrifuged for dye removal. Stained cells were
visualized with a BX51WI fluorescence microscope (Olympus)
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equipped with 460—490 nm excitation filter setting and DP71
digital camera and DP-BSW software for image acquisition.
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