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ABSTRACT: Copper nanoparticles demonstrate antibacterial activity,
but their toxicity to eukaryotic systems is less understood. Here, we
carried out a comparative study to determine the biocompatibility and
cytotoxicity of sub-10 nm copper nanoparticles to a variety of biological
systems, including prokaryotic cells (Escherichia coli), yeast, mammalian
cell lines (HEK293T, PC12), and zebrafish embryos. We determined the
bearing threshold for the cell-death-inducing concentration of copper
nanoparticles by probing cell growth, viability, as well as embryological
features. To exclude the partial toxicity effect from the remnant reactants,
we developed a purification approach using agarose gel electrophoresis.
Purified CuONP solution inhibits bacterial growth and causes eukaryotic
cell death at 170 and 122.5 ppm (w/w) during the 18 h of treatment,
respectively. CuONP significantly reduces the pigmentation of retina pigmented epithelium of zebrafish embryos at 85 ppm. The
cytotoxicity of CuONP in eukaryotic cells could arise from the oxidative stress induced by CuONP. This result suggests that small
copper nanoparticles exert cytotoxicity in both prokaryotic and eukaryotic systems, and therefore, caution should be used to avoid
direct contact of copper nanoparticles to human tissues considering the potential use of copper nanoparticles in the clinical setting.
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■ INTRODUCTION

Metallic nanoparticles have attracted investigators from a
number of research fields, including physics, chemistry,
material sciences, and biological sciences, owing to their
advantages in catalysis,1 biosensing,2−7 and pharmaceutics.8−10

As the size of the nanoparticle decreases, its increased surface-
area-to-volume ratio changes the physical, optical, and
biological properties of the particle. Of particular interests
are the inert metallic nanoparticles (silver, gold, and copper).
Because surface plasmon resonance in silver and gold results in
enhanced light absorption and scattering in the visible light
spectrum, both silver and gold nanoparticles have been widely
used in biological imaging and sensing. In addition, silver
nanoparticles have been widely studied for their cytotoxicity
toward bacterial and mammalian cells.11,12 However, the
suboptimal stability limits the application of silver nano-
particles in biological systems.
Being more stable than silver, copper has thus gained

considerable attention for its antimicrobial properties. Multiple
studies have shown that copper nanoparticles exert cytotoxicity
like silver nanoparticles.13−16 Indeed, solid copper and copper
films have been used to create sterile surfaces on countertops,
catheters, and cotton.17,18 Copper nanoparticles of 20−500 nm
exhibit toxicity toward multidrug-resistant bacteria and
biofilms.19−21 Because the reactivity of metals can increase as
the size of the nanoparticle decreases,11,12 it is expected that

smaller copper nanoparticles could be more effective in their
biological applications. Unfortunately, currently developed
synthetic routes for copper nanoparticles mostly generate
particles larger than 10 nm.1 Production of sub-10 nm copper
particles has been challenging until recently. For example, the
Wu group reported an assay of synthesizing small copper
nanoparticles (sub-2 nm in diameter) without the use of
extreme temperatures or pressures.22 These sub-10 nm copper
nanoparticles show great potential in biomedical and engineer-
ing, particularly in bioimaging,23 biosensing,24 production of
conductive nanoink,25 electrode design,26 catalysis,27 and
photovoltaics.28 The convenient synthetic approach and the
resulting stable particle products inspire us to further
characterize the physicochemical and biological properties of
sub-10 nm copper nanoparticles. Indeed, the antibacterial
effects of embedded small copper nanoparticles (2.5 nm),29 as
well as the cytotoxicity of larger (25−100 nm) copper
nanoparticles to mammalian cell lines,30 have been reported.
However, comparative studies on the cytotoxicity of the sub-10
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nm copper nanoparticles in prokaryotic and eukaryotic systems
remain limited.
In contrast to the antibacterial effect of copper nanoparticles

in isolation, the examination of the antibacterial effect within
eukaryotic hosts requires a comparative, parallel study on the
toxicity in both bacterial and eukaryotic systems, which
remains unavailable in the literature.
Thus, in this work, we set out to determine the

biocompatibility and selectivity of the antimicrobial effects of
sub-10 nm copper nanoparticles between multiple eukaryotic
and prokaryotic systems. Here, we define biocompatibility as
the concentration of copper nanoparticles that the eukaryotic
system (host) can withstand (safe bearing level). We define
selectivity as the differential toxicity effect of copper nano-
particles on bacteria and eukaryotic cells (effective bacterial
killing). An excellent antibacterial reagent would ideally have
high biocompatibility and high selectivity. In this work, we
used HEK293T and PC12 cultured cells as representative
eukaryotic model systems and Escherichia coli as representative
bacteria. We also determined the toxicity of CuONP in yeast, a
eukaryotic system with the cell wall. We further determined the
effects of sub-10 nm CuONP on developing zebrafish embryos,
particularly on the pigmentation of retina pigmented
epithelium, a crucial tissue for eye development. The goal of
this work is to provide a comparative study on the biological
effects of sub-10 nm copper particles on multiple systems from
bacteria, yeast, mammalian cells, and live zebrafish embryos.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Copper/Copper
Oxide Nanoparticles. Copper nanoparticles were synthe-
sized by following the previous studies.22,29 Briefly, CuCl2 was
reduced by L-ascorbic acid, which also acts as the surfactant,
followed by incubation in the convection oven at 80 °C for 22
h. UV−vis spectroscopy of the resulting solution (Figure 1A)
shows the appearance of an absorption peak at around 350 nm,
as well as the disappearance of the 640−840 nm absorption
from the CuCl2 solutions, indicating the formation of copper/
copper oxide nanoparticles (referred to as CuONPs). It was
postulated that the reduction of Cu2+ to Cu0 by L-ascorbic acid
generates a semi-dehydroascorbic acid intermediate.22 We
further outlined a possible mechanism for this reaction:
deprotonated L-ascorbic acid coordinates with Cu2+ and allows
for a two-electron transfer process to produce dehydroascorbic
acid and Cu0 (Figure 1B). Consumption of ascorbic acid was
confirmed by the disappearance of 950−1960 cm−1 peaks
when we overlaid the Fourier transform infrared (FT-IR)
spectra of the particle solution and pure ascorbic acid (Figure
1B).
The formation of the CuONP was further confirmed by

electron microscopy (Figure 1C). Larger aggregates in the
solution were removed by centrifugation, and the remaining
supernatant was dried on the TEM grid before imaging.
Representative copper/copper oxide particles are indicated by
dashed circles in Figure 1C. The inset shows the crystalline
lattice of the nanoparticles. Thus, we confirmed the successful

Figure 1. Characterization of synthesized copper oxide nanoparticles. (A) UV/vis absorbance of reactants (600 mM L-ascorbic acid and 10 mM
CuCl2) compared to that of the product after heat. A 1:64 diluted CuONP solution (approximately 5 ppm) was used. (B) FT-IR spectrum of
untreated 600 mM L-ascorbic acid compared to that of the CuONP solution (300 ppm) with an inlaid reaction scheme. (C) Transmission electron
microscopy (TEM) imaging of the CuONP solution showing nanoparticles of varied shapes and sizes less than 10 nm with crystalline copper
lattices (scale bar, 10 nm).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c11052
ACS Appl. Mater. Interfaces 2020, 12, 50203−50211

50204

https://pubs.acs.org/doi/10.1021/acsami.0c11052?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11052?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11052?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11052?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c11052?ref=pdf


production of sub-10 nm CuONP. The estimated stock
concentration of CuONP is 300 ppm (w/w).
Copper Nanoparticles Reduce the Growth Rate of

Bacteria and Yeast and Cause Dose-Dependent
Toxicity. Copper nanoparticles are well established as
antimicrobial agents,21 but the biotoxicity of sub-10 nm
copper/copper oxide nanoparticles is yet to be characterized.
To determine the biotoxicity of these small CuONP, we
measured the growth curve of bacteria by titrating with
different doses of particles. We first produced a starter culture
by growing an ampicillin-resistant E. coli strain to the log phase
in Lennox broth containing ampicillin. From this starter,
solutions containing freshly synthesized CuONP (at 3, 6, 12,
and 15 ppm, w/w) were inoculated and grown overnight in a
plate reader at 37 °C with constant shaking and continuous
measurement of optical density at 600 nm (Figure 2A). Cells
in the 3 ppm CuONP solution showed typical growth curves,
whereas those in the 6 ppm CuONP solution grew at a slower
rate and did not reach the same endpoint stationary optical
density. Cells in the 12 ppm CuONP solution grew
significantly slower and reached lower endpoint optical density
than that in the 6 ppm CuONP solution. Cells in the 15 ppm
solution did not grow at all.
To determine whether the CuONP solution inhibited cell

growth or caused cell death, we recovered the endpoint cells
on marked LB plates supplemented with ampicillin. Ten
microliters of cells were dropped on the plate, incubated
overnight, and checked for colonies the following day. Cells in
the 3−9 ppm CuONP solution consistently grew colonies.
Cells in the 12 ppm solution grew colonies, but the size of the
spread was far smaller than that of the 3−9 ppm group (Figure

2B). Cells in the 15−21 ppm CuONP solution never grew
colonies. These results indicated that the copper oxide
nanoparticles exert a bactericidal effect at concentrations
greater than 12 ppm.
Next, we sought to understand whether this cytotoxicity was

limited to bacteria or also affected the viability and growth of
eukaryotes. First, we repeated the cell growth assay with
Saccharomyces cerevisiae yeast cells by titrating with different
doses of CuONP. Similar to the effect on bacterial growth, we
observed a strong inhibition of cell growth when more than 6
ppm CuONP was incubated (Figure 2C). We then proceeded
to determine the cytotoxicity of CuONP in mammalian cells
by selecting two cell lines as the model systems: human
embryonic kidney cells (HEK293T cell line) and rat neuronal
cells (PC12 NS1). These two cell lines were selected because
(1) they are commonly used in biomedical research, and (2)
their biological makeup represents distinct eukaryotic cell types
(epithelial and neuronal). Cell viability was determined by dual
staining with calcein-AM (for live cells) and propidium iodide
(for dead cells). In HEK293T cells, CuONP cytotoxicity began
at as low as 6 ppm with nearly complete cell death by 21 ppm
(Figure 2D,E). In PC12 cells, toxicity began at 6 ppm with
nearly complete cell death at 12 ppm (Figure 2F,G).
Therefore, this CuONP solution was not solely toxic to
bacteria but also to rat and human cell lines.
It is well documented that Cu(II) could induce oxidative

stress in bacteria and exert the toxicity effect.31 Thus, we
proceeded to determine whether the cytotoxicity in mamma-
lian cells involves oxidative stress as well. To do this, we
compared HEK293T cell death in a culture treated with
CuONP or CuONP and 50 mM β-mercaptoethanol (BME), a

Figure 2. CuONP solution shows toxicity in bacteria, human kidney cells, and rat neuronal cell lines. (A) Growth curves for bacteria treated with
the 3, 6, 12, or 15 ppm (w/w) unpurified CuONP solution. (B) Cells grown in the presence of unpurified CuONP in (A) were then plated on agar
to determine the cell viability after long-term (33 h) exposure. Results are shown as (+) for the appearance of colonies and (−) for no colony
formation. (C) The effect of unpurified CuONP on yeast growth was measured by OD at 600 nm (N = 3). (D) HEK293T cells were treated with
the unpurified CuONP solution, and cell viability was determined by propidium iodide or PI (red fluorescence, staining dead cells) and calcein-AM
(green fluorescence, staining live cells) (N = 3 except for the 6 and 12 ppm conditions where N = 5). (E) Representative staining images for (D).
(F) PC12 cells were treated with the unpurified CuONP solution, and cell viability was determined by PI and calcein-AM staining. (G)
Representative staining images for (F).
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reducing agent. We expected that BME could partially rescue
cell viability under an appropriate level of oxidative stress.
Consistent with the previous result, CuONP (6 ppm) caused
significant cell death as measured by propidium iodide staining.
In the presence of 50 mM BME, however, we observed that
more than half of the cell population was viable revealed by
calcein-AM staining (Figure S2). As the concentration of
CuONP increased, the rescuing effect of BME was less
significant. This result suggests that the cytotoxicity of CuONP
in mammalian cells also involves its capacity to induce
oxidative stress.
Unreacted Reactants for the Synthesis of Copper

Nanoparticles Cause Partial Toxicity in Bacteria and
Mammalian Cells. Although we could successfully reproduce
the previous synthetic route to generate sub-10 nm copper
nanoparticles, we note that no purification step was developed
in the previous work. Although the majority of physical and
chemical properties of nanoparticles may not be affected by the
remnant reactants, we could not ignore their contribution to
cell toxicity. We first determined the remaining concentration
of CuCl2 by UV/vis spectroscopy. CuCl2 has a broad
absorption peak at 800 nm. This peak virtually disappeared
in the final diluted CuONP solution. However, in concentrated
CuONP solution, light scattering significantly broadens the
CuONP absorption peak at 800 nm, which may artificially
inflate the estimation of particle concentration. With this in
mind, if none of the CuCl2 was consumed in the reaction, the
maximum possible concentration of CuCl2 in a 21 ppm
solution would be 0.7 mM (Figure S1). Based on the UV−vis
absorption spectrum of the CuONP, we estimated that the
remnant CuCl2 concentration should be less than 0.1 mM,
which should not cause significant cytotoxicity based on the
dose-dependent study on CuCl2 alone (Figure 3A). We also
expected that unreacted L-ascorbic acid could partially cause
cytotoxicity. When prepared in isolation, 5 mM L-ascorbic acid
was sufficient to cause significant cell death (Figure 3A), which
was assayed by calcein-AM/PI staining in HEK293T cells

(Figure 3B). The partial contribution from the L-ascorbic acid
should, therefore, be separated from that of CuONP alone.

Develop a Purification Strategy for Copper Nano-
particles with Agarose Gel Electrophoresis. Next, we
aimed to quantify the cellular toxicity of purified sub-10 nm
nanoparticles. However, we found that traditional purification
assays, such as chromatography and ultracentrifugation, could
not be used to purify the sub-10 nm copper particles due to the
small particle size. Additionally, extractions using harsh
solvents could leave behind toxic components, convoluting
the direct killing efficiency of the copper oxide nanoparticles.
To address these challenges, inspired by the previous work of
gold nanoparticle purification,32,33 we developed a purification
strategy based on agarose gel electrophoresis. While the copper
nanoparticles themselves are not charged, we speculated that
the surfactant could provide enough negative charge to allow
for particle movement in an electric field (Figure 4A).

Figure 3. Unpurified CuONP solution has additional toxicity from
unreacted reactants. (A) HEK293T cells were treated with the
solution of each reactant at low concentrations relative to the starting
concentration and cell viability was determined by PI (red, dead cells)
and calcein-AM (green, live cells) staining. (B) Representative images
of PI and calcein-AM overlay.

Figure 4. Characterization of purified CuONP. (A) Schematic
depicting purification of CuONP from solution in an agarose gel. (B)
Photograph of the CuONP solution that has traveled from the initial
position to the final position, where CuONPs were ready to be
collected. (C) UV/vis spectrum of purified CuONP. (D) TEM
images of purified CuONP. (E) Quantification of the size of the
CuONP from TEM imaging.
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To test this idea, we prepared 2% agarose gel in 40 mM Tris-
acetate buffer (TA buffer) and set two wells at the initial
position (IP) and final position (FP), which were located
approximately 2 cm apart (Figure 4B). The crude CuONP
solution containing unreacted CuCl2 and L-ascorbic acid was
loaded into the well in IP. The nanoparticles, which were
tinted brown from Cu0, could be readily visualized through the
opaque agarose gel. When an electric field was applied, as
expected, nanoparticles collectivel moved toward the positive
electrode, indicating that surfactants provided negative charges
to the particle surface. When traveling to the final position
(FP), the dark band containing particles was collected by a
long pipet tip. The collection should consist of CuONP
primarily because L-ascorbic acid and CuCl2 should not travel
in the same band. The solution was then dried in a rotary
evaporator, massed, and resuspended in diethyl pyrocarbonate
(DEPC)-treated water at a concentration of 2000 ppm (w/w).
UV/vis spectroscopy confirmed the presence of the nano-
particles in the purified solution, as evidenced from the peak at
around 380 nm (Figure 4C).
TEM images of purified CuONP showed that most particles

are spherical (Figure 4D), with an average diameter of
approximately 5 nm (Figure 4E). To determine whether
particle aggregation could occur, we measured the hydro-
dynamic radius of these particles using dynamic light
scattering. Purified CuONP at 2000 ppm showed a hydro-
dynamic radius of 648.2 nm, significantly larger than the size of
single particles. Intriguingly, the diluted sample showed a
reduction in the average hydrodynamic radius. At 2.5 ppm, the
hydrodynamic radius was reduced to 142.5 nm (Table S1).
This result indicates that although particle agglomeration
occurs, they do not form a large, hard agglomerate but could
dissociate into stable, smaller clusters. Indeed, the average ζ-
potential of purified CuONP at 2.5 ppm was −29.7 mV,
indicating that a stable structure with negative surface charges,
consistent with the migration direction in the gel electro-
phoresis experiment (Table S2).
Determine the Cytotoxicity of Purified Nanoparticles.

The purified nanoparticles were then tested for their toxicity in
bacteria and human kidney cells. Ampicillin-resistant E. coli
cultures were treated with 8.5, 42.5, 85, 122.5, and 170 ppm of
purified CuONP solutions. As a control, cells were also treated
with TA buffer at an equivalent volume of the corresponding
CuONP solutions (1, 5, 10, 15, and 20% v/v). Cells
experienced toxicity at the 170 ppm CuONP treatment but
in none of the buffer-treated conditions, indicating that the
toxicity seen was the direct result of the isolated nanoparticles
(Figure 5A).
Isolated CuONP toxicity was then investigated in human

cells. HEK293T cells were also treated with 8.5, 42.5, 85,
122.5, and 170 ppm purified CuONP solutions or TA buffer.
Calcein-AM and propidium iodide staining showed that
HEK293T cells experienced about 20% death at 122.5 ppm,
and the death percentage increased to 40% at 170 ppm purified
CuONP (Figure 5B). To better understand the effect of
CuONPs on the metabolism of mammalian cells, we used the
MTS assay (MTS tetrazolium-based protocol) to measure the
population of metabolically active cells based on the activity of
NAD(P)H-dependent dehydrogenase. Consistent with the
live/dead cell staining results, HEK293T cells showed
decreased metabolic activity as the concentration of CuONP
increased from 8.5 to 170 ppm in a dose-dependent manner.

TA buffer alone had no significant effects on the metabolic
activity of HEK293T cells (Figure 5C).

CuONP Reduces Pigmentation of Retina Pigmented
Epithelium in Zebrafish Embryos. To determine whether
sub-10 nm CuONP exerts toxicity in living organisms, we set
out to probe the effect of CuONP on early embryonic
development in zebrafish (Figure 6A). At 24 h post fertilization
(hpf), we manually removed the chorion from the embryos
and treated embryos with 85 ppm CuONP. At 48 hpf, the
development of retina pigmented epithelium (RPE) became
evident in the majority (83.6%) of the untreated control
embryos, judged by pigmentation in the RPE (Figure 6B). In
contrast, the development of RPE was clearly delayed in
CuONP-treated embryos, with 61.4% of embryos showing
significantly reduced pigmentation accumulated in the RPE
(Figure 6C). This result suggests that CuONP may selectively

Figure 5. Determination of the cytotoxicity of purified CuONP to
mammalian cells. (A) Endpoint growth for bacteria treated with
purified CuONP or an equal volume of buffer (N = 3). (B) HEK293T
cells were treated with either purified CuONP or buffer, and cell
viability was determined by propidium iodide (dead cells) and
calcein-AM (live cells) staining (N = 3). (C) HEK293T cells were
treated with either purified CuONP or buffer, and cell proliferation
was determined via a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (N =
3).
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affect specific cell types during early vertebrate development,
likely related to the oxidative stress that CuONP induced in
developing embryos.
With growing production and applications of nanometer-

sized materials, considerations should be taken so that the
nanoparticle material is safe for use and, of arguably equal
importance, can safely be disposed of. While many nano-
particles are tested for human contacts, such as in wound
healing agents,34−36 food,37−39 sunscreens,40 disinfectants,41

and biosensors for drug delivery,37 many are produced with
little or no information about their biocompatibility.42

Furthermore, it is also not always required to disclose
nanoparticles as ingredients.43

Here, we focused on copper/copper oxide nanoparticles,
which are used as “catalysts, magnetic storage media, solar
energy transformers, solar cells, lithium batteries, semi-
conductors, field emission devices, gas sensors, biosensors in
drug delivery, electronic chips, and heat transfer nanofluids”.37

Increasing research is being done to understand and manage
the risks to the food chains, aquatic ecosystems, and
microorganisms.40,44,45 However, a comparative study on the
cytotoxicity of copper nanoparticles in prokaryotic and
eukaryotic cells is not available.
We used a protocol based on an environmentally friendly

synthetic route for copper (oxide) nanoparticles to produce
sub-10 nm copper nanoparticles.22 This synthetic route utilizes
L-ascorbic acid (vitamin C) and copper chloride with no
extreme pressures or temperatures. This promising synthesis is
one of the growing collection of green synthesis techniques.46

We further characterized the biocompatibility of these
nanoparticles to gain insight into their applications as well as
to assess their potential risks. The size of our synthesized
nanoparticles was slightly larger than 2 nm but still sub-10 nm,
which may result from different heating methods.
Our results indicate that the residual reactants, particularly L-

ascorbic acid, in the solution can contribute to some of the
toxicity (Figure 3). To determine the contribution of death
directly from the nanoparticles, we purified the sub-10 nm
nanoparticles using gel electrophoresis. We found that the
minimal inhibitory concentrations for purified nanoparticles in

were 170 ppm in bacteria and 122.5 ppm in human cells
(Figure 5), respectively. To further determine the cytotoxicity
of the sub-10 nm copper particle for living organisms, we
probed the effect of purified CuONP on the developmental
process of zebrafish embryos. At 85 ppm, we found that
CuONP significantly reduced the pigmentation of the
embryos, particularly at the retina pigmented epithelium.
Ongoing efforts aim to further determine the effect of surface
bioconjugation on the cytotoxicity of sub-10 nm copper
nanoparticles.

■ CONCLUSIONS

In this work, we carried out a comparative study to determine
the biological effects of sub-10 nm copper nanoparticles on
biological systems such as bacteria, yeast, mammalian cell lines,
and live zebrafish embryos. Using cell viability and
embryological assays, we determined that the safe concen-
tration threshold for purified nanoparticle is approximately 85
ppm. Above this threshold, sub-10 nm copper particles inhibit
the growth of bacteria and yeast, induce mammalian cell death,
and cause developmental defects in the pigmentation of retina
pigmented epithelium in zebrafish embryos. The result of
cytotoxicity of CuONP to the tested prokaryotic and
eukaryotic systems suggests that caution should be used to
avoid direct contact of copper nanoparticles to human tissues
considering the potential use of copper nanoparticles in the
clinical setting.

■ EXPERIMENTAL SECTION
Synthesis of Copper Oxide Nanoparticles. Copper oxide

nanoparticles (CuONPs) were synthesized using the Wu group’s
method22 with some modifications. First, 5 mL of 600 mM L-ascorbic
acid was heated to 80 °C and then 5 mL of 10 mM CuCl2 was added
dropwise to the magnetically stirred L-ascorbic solution. The mixture
was then transferred to a capped bottle and put in an MTI gravity
convection oven (Cat. #: DMG-9015) at 80 °C for 22 h.

The resulting CuONP solution was centrifuged twice at 4900 g for
10 min in a Sorvall ST 16R Centrifuge. The supernatant was collected
with a BD 10 mL syringe (Cat. #: 300912) and filtered through a
Millex syringe-driven filter unit of 0.22 μm from Merck Millipore
(Cat. #: SLMP025SS). CuONPs were stored in a capped bottle at

Figure 6. Characterization of the cytotoxicity of purified CuONP to zebrafish embryos. (A) Schematic depicting the determination of CuONP on
the embryonic developmental process of zebrafish. Hours post fertilization, hpf. (B) Representative image of wild-type AB strain embryos incubated
in buffer at 48 hpf. The majority (84%) of embryos show normal dark pigmentation across the body. The number of embryos examined, 49. (C)
Representative image of identical AB strain treated with 85 ppm of purified CuONP at 48 hpf. The majority (61%) of embryos show significantly
reduced pigmentation across the body, in particular around the retina pigmented epithelium (arrow). The number of embryos examined, 57.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c11052
ACS Appl. Mater. Interfaces 2020, 12, 50203−50211

50208

https://pubs.acs.org/doi/10.1021/acsami.0c11052?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11052?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11052?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11052?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c11052?ref=pdf


room temperature in the dark. The w/w concentration of unpurified
stock copper nanoparticle was estimated by assuming a complete
reaction, which resulted in a concentration of 3 mg (Cu)/10 mL
(solution) or 300 ppm (w/w).
UV Spectroscopy. Solutions of 600 mM L-ascorbic acid, 10 mM

CuCl2, and 600 mM L-ascorbic acid + 10 mM CuCl2 were left in an
MTI convection oven for a period of 22 h. The resulting L-ascorbic
acid, CuCl2, and CuONP solutions were calibrated using a
NanoDrop) Spectrophotometer (ND2000C, Thermo Scientific).
The L-ascorbic acid solution and CuCl2 solution were measured at
600, 300, and 150 mM and 10, 5, and 2.5 mM, respectively.
Infrared Spectroscopy. Synthesized nanoparticles were charac-

terized by IR. Both the CuONP solution and the unreacted 600 mM
L-ascorbic acid spectrum were obtained using a PerkinElmer
Spectrum Two FT-IR.
Transmission Electron Microscopy. Electron microscopy data

collection was done with the help of staff from the University of
Illinois at Urbana Champaign on a JOEL2200FS TEM microscope
using graphene oxide on Quantifoil R2/4 200 grid mesh Cu grids
(Cat. #: 4510C-BA, Structure Probe Inc.). Sample preparation
followed a previous protocol using ultrasonic nebulization.47

Isolating CuONPs Using Gel Electrophoresis. An agarose gel
was made by mixing 2 g of agarose with 100 mL of 40 mM Tris-
acetate solution not containing ethylenediaminetetraacetic acid
(EDTA) (TA buffer). Two gel combs were placed about 2 cm
apart in the gel until solidified. After covering gel with TA buffer, 75
μL of CuONP solution was added to each of the wells in the set
closest to the anode. The gel was then run at 140 mV until the
CuONPs reached the set of wells closest to the cathode. Then, 100
μL of solution was collected from each well. To ensure that as many
CuONPs were recovered as possible, the agarose gel was run for an
additional 30 s and 100 μL was collected from every well in the set
closest to the cathode. This process was repeated until all CuONPs
were collected and pooled. The CuONPs solution was then
transferred to a 1.5 mL vial, and the liquid was removed by a rotary
evaporator. The dry CuONPs were then weighed and dissolved in
DEPC-treated water. Considering the salt in the TA buffer will also
contribute to the dry weight, we used the initial reactant CuCl2 to
estimate the final concentration of CuONP particles assuming a
complete reaction. A 10 mL of crude CuONP was estimated to
produce 1.6 mL of 2.0 mg/mL (2000 ppm, w/w) of purified particles.
This stock was then diluted to produce the final concentration used in
cell- and zebrafish-based assays.
Dynamic Light Scattering and ζ-Potential Measurements.

Purified CuONP was diluted to different concentrations in the
nanopure water from the stock solution. Dynamic light scattering and
ζ-potential measurements were performed with a Malvern Zetasizer
NanoZs using purified nanoparticles. Data analysis was performed
using Malvern Zetasizer software.
Bacterial and Yeast Growth. E. coli (Stellar Cells, CAT) was

grown and transformed with a pCS2 plasmid containing EGFP and
ampicillin resistance. These cells were grown in Lennox broth
containing ampicillin to log phase to make a starter culture. Each
biological replicate came from a new starter culture from the same
bacterial stock. From this starter culture, cells were added to culture
tubes with freshly autoclaved LB + ampicillin to a final optical density
at 600 nm of 0.1. Dose-dependent purified CuONPs in the TA buffer
were used for cell treatment, whereas an equal volume of TA buffer
alone was used as a control. Bacteria were incubated for 18 h. The
optical density at 600 nm was measured either continuously via a
BioTek Synergy H4 Hybrid Multi-Mode Microplate Reader or
Nanodrop before and after incubation for endpoint experiments.
The S. cerevisiae (BJ3505 strain) cells48 were grown at 30 °C

overnight in YPD media with ampicillin. From this starter culture,
cells were diluted into fresh YPD media containing copper
nanoparticles in 96-well plates. Cells were grown at 30 °C in a
plate reader with constant shaking for 18 h before OD at 600 nm was
measured. YPD media contains 10 g/L yeast extract, 20 g/L peptone,
and 20 g/L dextrose.

Determining Bacterial Colony-Forming Units (CFUs). After
incubation for 18 h and growth measurement at OD of 600 nm, cells
from each condition were diluted 1:106 in the LB broth. Then, 10 μL
of diluted cells were pipetted on a marked agar plate and incubated 20
h at 37 °C in a VWR incubator.

CuONP Treatment of HEK293T Cells. In a 24-well plate,
HEK293T were treated with Dulbecco’s modified Eagle’s medium
(DMEM, Cat. #: 11995040, Thermo Fisher) + 10% fetal bovine
serum (FBS, Cat. #: 12303C-500 mL, Sigma-Aldrich), containing
CuONP at 8.5, 42.5, 85, 122.5, and 170 ppm or, as a control, an equal
volume of TA buffer. To determine toxicity, copper nanoparticles or
TA-containing media were removed and replaced with DMEM + 10%
FBS containing calcein-AM (Cat. #: C3100MP, Thermo Fisher) and
propidium iodide (PI, Cat. #: P1304MP, Thermo Fisher) and
incubated as recommended in manufacturer’s instructions. The
calcein-AM and PI stain-treated cells were imaged using an epi-
illumination microscope (DMi8, Leica) equipped with LAS X
software. Analysis and quantification were performed using FIJI
software.

MTS Assay. The CellTiter 96 AQueous One Solution Cell
Proliferation Assay (100 μL, Cat. #: G3580, Promega) was added to
each well of a 24-well plate. The plate was then placed in an incubator
at 37 °C, 5% CO2, for 1 h according to the manufacturer’s protocol.
The OD of the wells at 495 nm was measured using the Biotek
Synergy H4 Hybrid Multi-Mode Microplate Reader.

CuONP Treatment of Zebrafish Embryos. The cleavage-stage
zebrafish (Danio rerio) embryos were collected from the breeding
setup between wild-type AB line zebrafish parents 0.5−1 h post
fertilization (hpf). At 24 hpf, embryos were dechorionated and were
grown in 1× E3 media with methylene blue (untreated control) or
were treated with 85 ppm CuONP (diluted in the same E3 medium).
At 24−30 h post-treatment, the embryos were fixed with 4%
paraformaldehyde in 1× phosphate buffer saline (PBS) for 1 h,
followed by thorough rinsing with 1× PBS. 1× E3 medium was
diluted from the 60× stock that is made by dissolving 17.52 g of
NaCl, 0.76 g of KCl, 2.92 g of CaCl2·H2O, and 4.88 g of MgSO4·
7H2O in water. To every 1 L of 1× E3, 1 mL of 0.01% methylene blue
was added to prevent fungal growth. Embryos were imaged using an
Olympus XC30 camera and the cellSens application. All experimental
procedures on zebrafish embryos were approved by the Illinois
Institutional Animal Care and Use Committee (IACUC).
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