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ABSTRACT: Copper nanoparticles demonstrate antibacterial activityynthesis Purification & Characterization

but their toxicity to eukaryotic systems is less understood. Here, we | 8¢ A

carried out a comparative study to determine the biocompatibility )ﬁr\% » ch.o;ié » 3W:
cytotoxicity of sub-10 nm copper nanoparticles to a variety of biologicaF initial Position Final Position!”
systems, including prokaryotic céiclerichia golyeast, mammalian Toxicity: Lowest Effective Concentration
cell lines (HEK293T, PC12), and zebhaembryos. We determined the —— Eukaryotes -—
bearing threshold for the cell-death-inducing concentration of co i
nanoparticles by probing cell growth, viability, as well as embryol \ e
features. To exclude the partial toxicigtefrom the remnant reactantSxoosr epitheiial) P12 NSt (newron)  E. coli (bacteria) ;f
we developed a puration approach using agarose gel eIectrophoresis.@ % Zebrafish &
Puri ed 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 sigrantly reduces the pigmentation of retina pigmented epithelium afhzebraryos at 85 ppm. The
cytotoxicity of CUONP in eukaryatic cells could arise from the oxidative stress induced by CUONP. This result suggests that sm:
copper nanoparticles exert cytotoxicity in both prokaryotic and eukaryotic systems, and therefore, caution should be used to av
direct contact of copper nanoparticles to human tissues considering the potential use of copper nanoparticles in the clinical setti

KEYWORDS:copper nanoparticles, green synthesis, cytotoxicity, prokaryotic, eukargotirynsbra

Prokaryote

INTRODUCTION smaller copper nanoparticles could be meeiee in their
b(jjlological applications. Unfortunately, currently developed
synthetic routes for copper nanoparticles mostly generate
rticles larger than 10 nfroduction of sub-10 nm copper
particles has been challenging until recently. For example, the
f)gléé_group reported an assay of synthesizing small copper

area-to-volume ratio changes the physical, optical, aﬂgtr;gfnaertéglris e(rsélltjl?;gs rcl)rrn :gsglﬁ?‘g]seetseer)sxvt;t-q%urgrrtlhceo US:r of
biological properties of the particle. Of particular interest%ano articles?show reatpotential in biomedical and grﬁ) ineer-
are the inert metallic nanoparticles (silver, gold, and coppe@l.q particularl in b?oimapﬁ'?’gbiosensiné“ roduction ofg
Because surface plasmon resonance in silver and gold resul nnd%ctive naynoiﬁR elec?rode desigh éa?cal si¥’ and
enhanced light absorption and scattering in the visible Iigﬁ tovoltaic® The c,onvenient S nthetié a )r/oa(;h and the
spectrpm,_both_silve_r anq gold nanopa_rticles have_b_een V\./idE ulting sta.ble particle prodjlcts inspirr)g us to further
ﬁ;ﬁgplgrﬁté'gg%:;% ILneaégr:n\?Vi(? ;3 ;ﬁgiséggfolrnthae?? 'glotg’toililég%aracterize the physicochemical and biological properties of

toward bacterial and mammalian Eeffs However, the b-10 nm copper nanoparticles. Indeed, the antibacterial

H 2]
suboptimal stability limits the application of silver nano ects of embedded small copper nanoparticles (2'Sawn),

particles in biological systems well as the cytotoxicity of larger (280 nm) copper

Being more stable than siver, copper has thus ganfiIAPRI% 0 TARIEER SOl BERE SRR TEROESS.
considerable attention for its antimicrobial properties. Multiple ’ P yt ty

studies have shown that copper nanopatrticles exert cytotoxicity

like silver nanoparticle’s'® Indeed, solid copper and copper Received: June 17, 2020
Ims have been used to create sterile surfaces on countertgiggepted: October 16, 2020

catheters, and cottoft® Copper nanoparticles of ZD0 nm  Published: October 30, 2020

exhibit toxicity toward multidrug-resistant bacteria and

bio Ims’® ! Because the reactivity of metals can increase as

the size of the nanoparticle decréased, is expected that

Metallic nanoparticles have attracted investigators from
number of researchelds, including physics, chemistry,
material sciences, and biological sciences, owing to th
advantages in Catalf/sba'nsensingﬁ;,7 and pharmaceutits?’

As the size of the nanoparticle decreases, its increased sur

EEAPPLI

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsami.0c11052

W ACS Publications 50203 ACS Appl. Mater. Interfac2820, 12, 5020350211


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Savanna+S.+Skeeters"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+C.+Rosu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Divyanshi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kai+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.0c11052&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11052?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11052?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11052?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11052?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11052?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/12/45?ref=pdf
https://pubs.acs.org/toc/aamick/12/45?ref=pdf
https://pubs.acs.org/toc/aamick/12/45?ref=pdf
https://pubs.acs.org/toc/aamick/12/45?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c11052?ref=pdf
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces WWw.acsami.org

A B HO HQ
O, 5 0.

Ho—/ o . 0. o
CuONP solution — ascorbic acid — CuCl, \/\ng + cur —» H J\;_T + cu

HO OH o o

20 L-ascorbic acid dehydroascorbic acid

3 8 8
)
(>
1
f
1719
5
S
>
=

N
0

Absorbance
o
% Transmittance
© © ©
S ()
1348

©
N
1686

0.5
90
i CuONP solution — ascorbic acid

88
\a)
G
S

A

W

N Q N Q N N N Q N QO NI\

A R A A R A
wavelength (nm)

O o0 O O QO o O L & H O H
‘5‘9 fb'{'b qsb% q,,\'v rl,‘;\ rf}\ @fo (\0 \b?: \,\q M &
wavenumber (cm™)

o -
ey ,"

Figure 1.Characterization of synthesized copper oxide nanoparticles. (A) UV/vis absorbance of reactantaig60fbioidcid and 10 mM

CuCl) 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 mMtascorbic 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 copp
lattices (scale bar, 10 nm).

nm copper nanopatrticles in prokaryotic and eukaryotic systems RESULTS AND DISCUSSION

remain limited. _ _ _ Synthesis and Characterization of Copper/Copper

~ Incontrast to the antibacteriaéet of copper nanoparticles  oyide Nanoparticles. Copper nanoparticles were synthe-
in |soIat|9n, the examination of the ar_ltlbactem:t avithin sized by following the previous studiesBrie y, CuCh was
eukaryotic hosts requires a comparative, parallel study on {a@uced by-ascorbic acid, which also acts as the surfactant,
toxicity in both bacterial and eukaryotic systems, whicfpllowed by incubation in the convection oven a€86r 22
remains unavailable in the literature. h. UV vis spectroscopy of the resulting soluficgu(e A)

Thus, in this work, we set out to determine theshows the appearance of an absorption peak at around 350 nm,
biocompatibility and selectivity of the antimicrobedts of as well as the disappearance of the&W0nm absorption
sub-10 nm copper nanoparticles between multiple eukaryotiom the CuGlsolutions, indicating the formation of copper/
and prokaryotic systems. Here, wa@diocompatibility as copper oxide nanoparticles (referred to as CUONPs). It was
the concentration of copper nanoparticles that the eukaryof@stulated that the reduction of Qi CLP by L-ascorbic acid
system (host) can withstand (safe bearing level). We de generates a semi-dehydroascorbic acid interrffedite.

selectivity as the dirential toxicity ect of copper nano- further outlined a possible mechanism f(3r this reaction:
particles on bacteria and eukaryotic celictige bacterial deprotonated-ascorbic acid coordinates witd"@nd allows

killing). An excellent antibacterial reagent would ideally ha{@ & two-electron transfer process to produce dehydroascorbic
cid and CU(Figure B). Consumption of ascorbic acid was

high biocompatibility and high selectivity. In this work, wé . 1
used HEK293T and PC12 cultured cells as representati\(;%n rmed by the_ dlsappeare_mce of MO.Cm peaks
when we overlaid the Fourier transform infrared (FT-IR)

eukaryotic model systems &sdherichia cadi representative . . L
! . . . spectra of the particle solution and pure ascorbid-ayide(
bacteria. We also determined the toxicity of CUONP in yeast,; P P

eukaryotic system with the cell wall. We further determined the-|-'he formation of the CUONP was further cored by

e ects of sub-10 nm CUONP on developing z#bembryos,  electron microscopyFigure C). Larger aggregates in the
particularly on the pigmentation of retina pigmentedsolution were removed by centrifugation, and the remaining
epithelium, a crucial tissue for eye development. The goal fifpernatant was dried on the TEM grid before imaging.
this work is to provide a comparative study on the biologic&epresentative copper/copper oxide particles are indicated by
e ects of sub-10 nm copper particles on multiple systems fraashed circles iRigure €. The inset shows the crystalline
bacteria, yeast, mammalian cells, and livestebrabryos. lattice of the nanoparticles. Thus, wercoad the successful
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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) unpued CuONP solution. (B) Cells grown in the presence of uegp@uUONP 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 cpfonias antbify

formation. (C) The eect of unpuried CUONP on yeast growth was measured by OD at 600+8).((D) HEK293T cells were treated with

the unpuried CuONP solution, and cell viability was determined by propidium iodide or Bbrgsdence, staining dead cells) and calcein-AM

(green uorescence, staining live ceNs¥ (3 except for the 6 and 12 ppm conditions wier®). (E) Representative staining images for (D).

(F) PC12 cells were treated with the ungariCuONP solution, and cell viability was determined by PI and calcein-AM staining. (G)
Representative staining images for (F).

production of sub-10 nm CuONP. The estimated stockB). Cells in the 1521 ppm CuONP solution never grew
concentration of CUONP is 300 ppm (w/w). colonies. These results indicated that the copper oxide

Copper Nanoparticles Reduce the Growth Rate of nanoparticles exert a bactericidacte at concentrations
Bacteria and Yeast and Cause Dose-Dependent greater than 12 ppm.
Toxicity. Copper nanoparticleseawell established as Next, we sought to understand whether this cytotoxicity was
antimicrobial agerts,but the biotoxicity of sub-10 nm limited to bacteria or alsoezted the viability and growth of
copper/copper oxide nanopatrticles is yet to be characterizedikaryotes. First, we repeated the cell growth assay with
To determine the biotoxicity of these small CuONP, weSaccharomyces cereyissst cells by titrating with elient
measured the growth curve of bacteria by titrating witlloses of CUONP. Similar to theet on bacterial growth, we
di erent doses of particles. W&t produced a starter culture observed a strong inhibition of cell growth when more than 6
by growing an ampicillin-resistantolstrain to the log phase ppm CuONP was incubateeiqure £). We then proceeded
in Lennox broth containing ampicillin. From this starterto determine the cytotoxicity of CUONP in mammalian cells
solutions containing freshly synthesized CUONP (at 3, 6, 1By selecting two cell lines as the model systems: human
and 15 ppm, w/w) were inoculated and grown overnight in @mbryonic kidney cells (HEK293T cell line) and rat neuronal
plate reader at 3T with constant shaking and continuous cells (PC12 NS1). These two cell lines were selected because
measurement of optical density at 600 Figu(e 2). Cells (1) they are commonly used in biomedical research, and (2)
in the 3 ppm CuONP solution showed typical growth curvegheir biological makeup represents distinct eukaryotic cell types
whereas those in the 6 ppm CuONP solution grew at a slow@pithelial and neuronal). Cell viability was determined by dual
rate and did not reach the same endpoint stationary opticstaining with calcein-AM (for live cells) and propidium iodide
density. Cells in the 12 ppm CuONP solution grew(for dead cells). In HEK293T cells, CUONP cytotoxicity began
signi cantly slower and reached lower endpoint optical densigt as low as 6 ppm with nearly complete cell death by 21 ppm
than that in the 6 ppm CuONP solution. Cells in the 15 ppm(Figure D,E). In PC12 cells, toxicity began at 6 ppm with
solution did not grow at all. nearly complete cell death at 12 pprRigre E,G).

To determine whether the CUONP solution inhibited cellTherefore, this CuUONP solution was not solely toxic to
growth or caused cell death, we recovered the endpoint cdiscteria but also to rat and human cell lines.
on marked LB plates supplemented with ampicillin. Ten It is well documented that Cu(ll) could induce oxidative
microliters of cells were dropped on the plate, incubatestress in bacteria and exert the toxicigctd® Thus, we
overnight, and checked for colonies the following day. Cellspnmoceeded to determine whether the cytotoxicity in mamma-
the 3 9 ppm CuONP solution consistently grew colonieslian cells involves oxidative stress as well. To do this, we
Cells in the 12 ppm solution grew colonies, but the size of theompared HEK293T cell death in a culture treated with
spread was far smaller than that of tiepg®pm groupFigure CUONP or CuONP and 50 mMmercaptoethanol (BME), a
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reducing agent. We expected that BME could partially resc(f@gure B). The partial contribution from the&scorbic acid
cell viability under an appropriate level of oxidative stresshould, therefore, be separated from that of CUONP alone.
Consistent with the previous result, CUWONP (6 ppm) caused Develop a Puri cation Strategy for Copper Nano-
signi cant cell death as measured by propidium iodide stainingarticles with Agarose Gel Electrophoresis. Next, we

In the presence of 50 mM BME, however, we observed thaiy,eq 1o quantify the cellular toxicity of matisub-10 nm

more than half of the cell population was viable revealed l?r\énoparticles However, we found that traditionatation

calcein-AM stainingFigure SR As the concentration of . .
CUONP increased, the rescuingce of BME was less assays, such as chromatography and ultracentrifugation, could

signi cant. This result suggests that the cytotoxicity of CuUONIPOt be used to purify the sub-10 nm copper particles due to the
in mammalian cells also involves its capacity to inducgnall particle size. Additionally, extractions using harsh
oxidative stress. solvents could leave behind toxic components, convoluting
Unreacted Reactants for the Synthesis of Copper  the direct killing eciency of the copper oxide nanopatrticles.

Nanoparticles Cause Partial Toxicity in Bacteria and  To address these challenges, inspired by the previous work of
Mammalian Cells.Although we could successfully reproduceyold nanoparticle pucation:>** we developed a pucation

the previous synthetic route to generate sub-10 nm COPPEfategy based on agarose gel electrophoresis. While the copper
hanoparticles, we note that no mation step was developed ﬁ]anoparticles themselves are not charged, we speculated that

in the previous work. Although the majority of physical an . !
chemical properties of nanoparticles may noebted by the e surfactant could provide enough negative charge to allow
for particle movement in an electet (Figure A).

remnant reactants, we could not ignore their contribution t
cell toxicity. Werst determined the remaining concentration
of CuC}L by UVMNis spectroscopy. CyChas a broad

absorption peak at 800 nm. This peak virtually disappear - — +
in the nal diluted CUONP solution. However, in concentrateg -| cuone N
CuONP solution, light scattering sigaintly broadens the Initial Position agarose gel

(IP)

CuONP absorption peak at 800 nm, which mayciatty
in ate the estimation of particle concentration. With this ir _m+ u
mind, if none of the CufQlvas consumed in the reaction, the |- T
maximum possible concentration of gu€la 21 ppm | agarosegel Final Position| *
solution would be 0.7 mMFrigure S)L Based on the UWis 0 290 39%3‘\‘,2?%53?(”590 790
absorption spectrum of the CuONP, we estimated that th 2
remnant CuGlconcentration should be less than 0.1 mM,
which should not cause sigant cytotoxicity based on the
dose-dependent study on Gu&lbne Figure 3). We also
expected that unreactedscorbic acid could partially cause
cytotoxicity. When prepared in isolation, 5waiglcorbic acid
was sucient to cause sigoant cell deathH{gure 2), which
was assayed by calcein-AM/PI staining in HEK293T cel
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Figure 4. Characterization of pued CuONP. (A) Schematic
Figure 3.Unpuri ed CuONP solution has additional toxicity from depicting purication of CUONP from solution in an agarose gel. (B)
unreacted reactants. (A) HEK293T cells were treated with th@hotograph of the CuONP solution that has traveled from the initial
solution of each reactant at low concentrations relative to the startipgsition to the nal position, where CuONPs were ready to be
concentration and cell viability was determined by Pl (red, dead celis)llected. (C) UV/vis spectrum of ped CuONP. (D) TEM
and calcein-AM (green, live cells) staining. (B) Representative imagemges of pured CuONP. (E) Quantcation of the size of the
of Pl and calcein-AM overlay. CuONP from TEM imaging.
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To test this idea, we prepared 2% agarose gel in 40 mM Tris- A CUONP Buffer
acetate bwer (TA buer) and set two wells at the initial 4 Treated Bacteria Treated Bacteria
position (IP) and nal position (FP), which were located
approximately 2 cm apaftiqure 8). The crude CuONP
solution containing unreacted Gu&d L-ascorbic acid was 3
loaded into the well in IP. The nanoparticles, which were e
tinted brown from Clicould be readily visualized through the
opaque agarose gel. When an elealit was applied, as
expected, nanoparticles collectivel moved toward the positive
electrode, indicating that surfactants provided negative charges \*’\@Q‘“%QQ@%QQ@@Q@Q@%
to the particle surface. When traveling to tia¢ position 27 o
(FP), the dark band containing particles was collected by a CUONP Treated Buffer treated
long pipet tip. The collection should consist of CuONP HEK293T cells HEK283T cells
primarily becauseascorbic acid and CyGhould not travel el Realeal | . - - . -
in the same band. The solution was then dried in a rotary iy
evaporator, massed, and resuspended in diethyl pyrocarbonate _70%
(DEPC)-treated water at a concentration of 2000 ppm (w/w). 860%
UV/vis spectroscopy camed the presence of the nano- \igj
particles in the purd solution, as evidenced from the peak at 300/3
around 380 nmKigure €). 20%

TEM images of pued CuONP showed that most particles 18"; ||
are sphericalF{gure D), with an average diameter of N S E S @ @S
approximately 5 nmFigure £). To determine whether 2P0 B P KO AT ST ST AR P
particle aggregation could occur, we measured the hydro-
dynamic radius of these particles using dynamic light
scattering. Pued CuONP at 2000 ppm showed a hydro-
dynamic radius of 648.2 nm, sigatly 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 142.5Tailg S)L
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
potential of pured CuONP at 2.5 ppm was29.7 mV, I P N
indicating that a stable structure with negative surface charges, o2 Ve ipeto’ N gl gl gl gt
consistent with the migration direction in the gel electro-
phoresis experimentable SP Figure 5.Determination of the cytotoxicity of pad CuONP to

Determine the Cytotoxicity of Puri ed Nanoparticles. mammalian cells. (A) Endpoint growth for bacteria treated with
The puri ed nanoparticles were then tested for their toxicity iurt €d CUONP or an equal volume oféuN = 3). (B) HEK293T

. . - - cells were treated with either pei CUONP or buer, and cell
bacteria and human kidney cells. Ampicillin-resistarli igajbi"ty was determined by propidium iodide (dead cells) and
c

. V

cult_ures were treated_wnh 8.5,42.5, 85, 122.5, and 170 ppmQf.ein-AM (live cells) staininy € 3). (C) HEK293T cells were
puri ed CUONP solutions. As a control, cells were also treatgated with either pusd CUONP or buer, and cell proliferation
with TA bu er at an equivalent volume of the correspondingvas determined via a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
CUuONP solutions (1, 5, 10, 15, and 20% v/v). Cellsthoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) adéay (
experienced toxicity at the 170 ppm CuONP treatment bud).
in none of the bler-treated conditions, indicating that the
toxicity seen was the direct result of the isolated nanoparticleg py er alone had no sigoant eects on the metabolic
(Figure ). N o _ activity of HEK293T cell§igure €).

Isolated CUONP toxicity was then investigated in human cyONP Reduces Pigmentation of Retina Pigmented
cells. HEK293T cells were also treated with 8.5, 42.5, 8bpjthelium in Zebra sh Embryos.To determine whether
122.5, and 170 ppm pwed CUONP solutions or TA ber.  syp-10 nm CuONP exerts toxicity in living organisms, we set
Calcein-AM and prolpldlum iodide staining showed thapyt to probe the ect of CUONP on early embryonic
HEK293T cells experienced about 20% death at 122.5 ppagvelopment in zebsh Figure ). At 24 h post fertilization
and the death percentage increased to 40% at 170 pjah puri (hpf), we manually removed the chorion from the embryos
CuONP (Figure B). To better understand theeet of  and treated embryos with 85 ppm CuONP. At 48 hpf, the
CuONPs on the metabolism of mammalian cells, we used thevelopment of retina pigmented epithelium (RPE) became
MTS assay (MTS tetrazolium-based protocol) to measure th&ident in the majority (83.6%) of the untreated control
population of metabolically active cells based on the activity @hbryos, judged by pigmentation in the RREI(e 8). In
NAD(P)H-dependent dehydrogenase. Consistent with theontrast, the development of RPE was clearly delayed in
live/dead cell staining results, HEK293T cells showe@uONP-treated embryos, with 61.4% of embryos showing
decreased metabolic activity as the concentration of CUONIRyni cantly reduced pigmentation accumulated in the RPE
increased from 8.5 to 170 ppm in a dose-dependent manngFigure €). This result suggests that CUONP may selectively
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Figure 6.Characterization of the cytotoxicity of mtiCuUONP to zebrah embryos. (A) Schematic depicting the determination of CUONP on

the embryonic developmental process of zébidours post fertilization, hpf. (B) Representative image of wild-type AB strain embryos incubated

in bu er 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 ppmedf @QUONP at 48 hpf. The majority (61%) of embryos showcsigity

reduced pigmentation across the body, in particular around the retina pigmented epithelium (arrow). The number of embryos examined, 57.

a ect specic cell types during early vertebrate developmentyere 170 ppm in bacteria and 122.5 ppm in human cells
likely related to the oxidative stress that CUONP induced i(Figure %, respectively. To further determine the cytotoxicity
developing embryos. of the sub-10 nm copper particle for living organisms, we
With growing production and applications of nanometerprobed the eect of puried CUONP on the developmental
sized materials, considerations should be taken so that th@cess of zebish embryos. At 85 ppm, we found that
nanoparticle material is safe for use and, of arguably eqGalONP signicantly reduced the pigmentation of the
importance, can safely be disposed of. While many narfgmbryos, particularly at the retina pigmented epithelium.
particles are tested for human contacts, such as in wouftilgoing eorts aim to further determine theeet of surface
healing agent$,*® food>” *° sunscreer$, disinfectants: bioconjugation on the cytotoxicity of sub-10 nm copper
and biosensors for drug delivémnany are produced with hanoparticles.
little or no information about their biocompatibifity.
Furthermore, it is also not always required to disclose CONCLUSIONS

nanoparticles as ingrediéfits. _ _In this work, we carried out a comparative study to determine
Here, we focused on copper/copper oxide nanoparticleghe piological ects of sub-10 nm copper nanoparticles on
which are used dsatalysts, magnetic storage media, solagjological systems such as bacteria, yeast, mammalian cell lines,
energy transformers, solar cells, lithium batteries, sergind live zebrah embryos. Using cell viability and
conductors, eld emission devices, gas sensors, biosensorseifbryological assays, we determined that the safe concen-
drug delivery, electronic chips, and heat transfeuitshd’ tration threshold for pued nanoparticle is approximately 85
Increasing research is being done to understand and manggen. Above this threshold, sub-10 nm copper particles inhibit
the risks to the food chains, aquatic ecosystems, afige growth of bacteria and yeast, induce mammalian cell death,
microorganisn{§:****> However, a comparative study on the and cause developmental defects in the pigmentation of retina
cytotoxicity of copper nanoparticles in prokaryotic anghigmented epithelium in zelsla embryos. The result of
eukaryotic cells is not available. cytotoxicity of CuONP to the tested prokaryotic and
We used a protocol based on an environmentally friendgukaryotic systems suggests that caution should be used to
synthetic route for copper (oxide) nanoparticles to producavoid direct contact of copper nanoparticles to human tissues
sub-10 nm copper nanoparti¢éEhis synthetic route utilizes considering the potential use of copper nanoparticles in the
t-ascorbic acid (vitamin C) and copper chloride with noclinical setting.
extreme pressures or temperatures. This promising synthesis is
one of the growing collection of green synthesis techfiiques. EXPERIMENTAL SECTION
We further Chara(?te_r'z_ed t_he b'o?omp"’,‘t'b',“ty of these Synthesis of Copper Oxide Nanoparticles. Copper oxide
nanoparticles to gain insight into their applications as well ggnoparticles (CUONPs) were synthesized using the Wts group
to assess their potential risks. The size of our synthesiz@dthod?with some modcations. First, 5 mL of 600 mMscorbic
nanoparticles was slightly larger than 2 nm but still sub-10 nagjid was heated to 80 and then 5 mL of 10 mM CuQVas added
which may result from dirent heating methods. dropwise to the magnetically stirr@corbic solution. The mixture
Our results indicate that the residual reactants, particularlywas then transferred to a capped bottle and put in an MTI gravity
ascorbic acid, in the solution can contribute to some of thgPnvection oven (Cat. DMG-9015) at 80C for 22 h.

o X . o The resulting CUONP solution was centrifuged twice ag4®00
toxicity (Figure 3. To determine the contribution of death 10 min in a Sorvall ST 16R Centrifuge. The supernatant was collected

directly from the nanoparticles, we atithe sub-10 nm  ith a BD 10 mL syringe (Cat. 300912) and ltered through a
nanoparticles using gel electrophoresis. We found that tRfllex syringe-driveriter unit of 0.22 m from Merck Millipore
minimal inhibitory concentrations for ped nanoparticles in  (Cat. # SLMP025SS). CuONPs were stored in a capped bottle at
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room temperature in the dark. The w/w concentration of ueguri Determining Bacterial Colony-Forming Units (CFUs)After
stock copper nanoparticle was estimated by assuming a completaubation for 18 h and growth measurement at OD of 600 nm, cells
reaction, which resulted in a concentration of 3 mg (Cu)/10 mLfrom each condition were diluted $ihCthe LB broth. Then, 10

(solution) or 300 ppm (w/w). of diluted cells were pipetted on a marked agar plate and incubated 20
UV Spectroscopy.Solutions of 600 mMascorbic acid, 10 mM  h at 37°C in a VWR incubator.
CuCl,, and 600 mM-ascorbic acid + 10 mM Cy@lere left in an CuONP Treatment of HEK293T Cellsin a 24-well plate,

MTI convection oven for a period of 22 h. The resukasgorbic HEK293T were treated with Dulbéscmodied Eagle medium
acid, CuGl and CuONP solutions were calibrated using a(DMEM, Cat.# 11995040, Thermo Fisher) + 10% fetal bovine
NanoDrop) Spectrophotometer (ND2000C, Thermo Saipnti  serum (FBS, Catt: 12303C-500 mL, Sigma-Aldrich), containing
The L-ascorbic acid solution and Gu&lution were measured at CUONP at 8.5, 42.5, 85, 122.5, and 170 ppm or, as a control, an equal
600, 300, and 150 mM and 10, 5, and 2.5 mM, respectively. volume of TA buer. To determine toxicity, copper nanoparticles or
Infrared Spectroscopy. Synthesized nanoparticles were charac-TA-containing media were removed and replaced with DMEM + 10%
terized by IR. Both the CUONP solution and the unreacted 600 mNtBS containing calcein-AM (GatC3100MP, Thermo Fisher) and
L-ascorbic acid spectrum were obtained using a PerkinElmBfopidium iodide (Pl, Cat: P1304MP, Thermo Fisher) and

Spectrum Two FT-IR. incubated as recommended in manufastuiestructions. The
Transmission Electron Microscopy.Electron microscopy data Calcein-AM and Pl stain-treated cells were imaged using an epi-
collection was done with the help of dtam the University of  illumination microscope (DMi8, Leica) equipped with LAS X

llinois at Urbana Champaign on a JOEL2200FS TEM microscopi@ftware. Analysis and quamtiion were performed using FIJI
using graphene oxide on Quantifoil R2/4 200 grid mesh Cu grio%omgeA The CelTiter 96 A one Solution Cell
(Cat. # 4510C-BA, Structure Probe Inc.). Sample preparation, Ssay. the Letllier Queous One Solution Ce

followed a previous protocol using ultrasonic nebuliZation. oliferation Assay (10€, Cat.# G3580, Promega) was added to
each well of a 24-well plate. The plate was then placed in an incubator

Isolating CUONPs Using Gel ElectrophoresisAn agarose gel .
o . .at 37°C, 5% CQ, for 1 h according to the manufactarprotocol.
was made by mixing 2 g of agarose with 100 mL of 40 mM Trige OD of the wells at 495 nm was measured using the Biotek

lution n ntainin hylenediamin r i . N .
acetate solutio ot containing ethylenediaminetetraacetic ac Jnergy Ha Hybrid Multi-Mode Microplate Reader.

(EDTA) (TA bu er). Two gel combs were placed about 2 cm

apart in the gel until soliéid. After covering gel with TA len, 75 CuONP Treatment of Zebrash Embryos. The cleavage-stage

L of CUONP solution was added to each of the wells in the stc2rash Banio rerjpembryos were collected from the breeding
etup between wild-type AB line zefbraparents 0.8 h post

closest to the anode. The gel was then run at 140 mV until thg - " :
tilization (hpf). At 24 hpf, embryos were dechorionated and were
CuONPs reached the set of wells closest to the cathode. Then, 1 wn in ¥ E3 media with methylene blue (untreated control) or

L of solution was collected from each well. To ensure that as m re treated with 85 ppm CUONP (diluted in the same E3 medium)
CuONPs were recovered as possible, the agarose gel was run foift 430 h post-treatment, the embryos weted with 4% '

additional 30 s and 10@ was collected from every well in the set : ;

closest to the cathode. This process was repeater l_mtil all CuO oﬁrgj\;)er(rjn agset?é)?gug ﬁ:;ﬁghs\fﬁhbgng.alineEéprﬁgéiJ% \:/Lvat;’

were collected and pooled. The CuONPs solution was theg ioq from the 60 stock that is made by dissolving 17.52 g of
transferred to a 1.5 mL vial, and the liquid was removed by a rotallacl, 0.76 g of KCI, 2.92 g of CAGJO, and 4.88 g of MgSO
evaporator. The dry CUONPs were then weighed and dissolved )y 5'in water. To every 1 L ok E3, 1 mL of 0.01% methylene blue
DEPC-treated water. Considering the salt in the Térbuill also 45 added to prevent fungal growth. Embryos were imaged using an
contribute to the dry weight, we used the initial reactan} @UCl  olympus XC30 camera and the cellSens application. All experimental

estimate the nal concentration of CUONP particles assuming 8rocedures on zebsh embryos were approved by the lllinois
complete reaction. A 10 mL of crude CUONP was estimated tgstjtutional Animal Care and Use Committee (IACUC).

produce 1.6 mL of 2.0 mg/mL (2000 ppm, w/w) of mdiparticles.

This stock was then diluted to produce tia concentration used in

cell- and zebrah-based assays. ASSOCIATED CONTENT
Dynamic Light Scattering and -Potential Measurements. *  Supporting Information

Puried CuONP was diluted to @rent concentrations in the  he gSypporting Information is available free of charge at
nanopure water from the stock solution. Dynamic light scattering an tps://pubs.acs.org/doi/10.1021/acsami.0c11052

-potential measurements were performed with a Malvern Zetasizer
NanoZs using pued nanoparticles. Data analysis was performed Calibration of the concentration of the remnant CuCl
using Malvern Zetasizer software. reactant, CUONP induced oxidative stress in HEK293T

Bacterial and Yeast Growth.E. coli(Stellar Cells, CAT) was cells, hydrodynamic radius of pedi CUONP, and-
grown and transformed with a pCS2 plasmid containing EGFP and potehtial and conductivity of p&il CUONP E’,DH
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 AUTHOR INEFORMATION
bacterial stock. From this starter culture, cells were added to culture

tubes with freshly autoclaved LB + ampicillin tmboptical density ~ Corresponding Author

at 600 nm of 0.1. Dose-dependent pdrCUONPs in the TA ber Kai Zhang Department of Biochemistry, School of Molecular

were used for cell treatment, whereas an equal volume ofeTA bu and Cellular Biology, University of lllinois at Urbana-
alone was used as a control. Bacteria were incubated for 18 h. The Champaign, Urbana, Illinois 61801, United States

optical density at 600 nm was measured either continuously via a Tleaialeaiz @illinai
BioTek Synergy H4 Hybrid Multi-Mode Microplate Reader or Emailkaizkaiz@illinois.edu
Nanodrop before and after incubation for endpoint experiments. aihors

The S. cerevisigBJ3505 strain) celfswere grown at 30C : .
overnight in YPD media with ampicillin. From this starter culture, Savanna S. Skeeter®epartment of Biochemistry, School of

cells were diluted into fresh YPD media containing copper Molecular and Cellular Biology, University of lllinois at
nanoparticles in 96-well plates. Cells were grown % 80 a Urbana-Champaign, Urbana, Illinois 61801, United States
plate reader with constant shaking for 18 h before OD at 600 nm wasAna C. Rosu Department of Biochemistry, School of Molecular
measured. YPD media contains 10 g/L yeast extract, 20 g/L peptone, and Cellular Biology, University of lllinois at Urbana-

and 20 g/L dextrose. Champaign, Urbana, lllinois 61801, United States
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