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Abstract

Both nanometer-sized CuO and MgO particles exhibit bactericidal activities against Staphylococcus aureus
and Escherichia coli, two bacteria causing healthcare-associated infections. The solid solution Cu;xMgO is
potentially interesting for biomedical applications as one of the compositions could have a much higher bactericidal activity than
the parent CuO and MgO oxides considered separately. But, to date, no Vegard's law
proves the real existence of such a solid solution. This study was aimed at shedding light on the solubility of
Mg?* ions in CuO nanoparticles and its impact on the free oxygen radicals they produce, the quantity of which
determines their bactericidal performance. The solid solution Cu;.xMgyO does exist and particles were synthesized as nanorods
of 50-60 nm length by thermally decomposing at 400 °C the single source  precursors
Cu;xMg«(OH),. Vegard’'s laws exist only in the compositional range 0 < x < 0.1, due to the low capacity of the
distorted NaCl-type structure to accommodate regular coordination [MgOg] octahedra. Only neutron diffraction allowed the
detection of the small amount of MgO nanoparticles present as impurity in a 10 g sample
beyond the solubility limit of x = 0.1. In this series, CuO nanorods remain the most active against E. coli and
S. aureus with reduction in viability of 99.998% and 98.7% after 180 min in water, respectively. Our synthesis
route has significantly increased the activity of pure CuO nanoparticles beyond the values reported so far,
especially against E. coli. The bactericidal performances of CuO and the magnesium-substituted counterparts
(i.,e. CuixMgO) are not linked to cupric ions they release in water since their mass concentrations after
180 min are much lower than minimal concentrations inhibiting the growth of E. coli and S. aureus. These
CuO nanorods kill bacteria in water because they produce a large quantity of free oxygen radicals in the presence of H,O, only,
the majority of which are highly toxic HO" radicals. Mg?* ions have a detrimental effect on
this production, thus explaining the lowest bactericidal performance of Cu;xMgxO nanorods. Definitive knowledge of the toxicity
of Cu;xMgxO nanoparticles towards bacteria in water is now available.
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positive bacteria Staphylococcus aureus (S. aureus, ~13.8%) and
Enterococcus faecalis (E. faecalis, ~6.5%) together with two
Gram-negative bacteria Escherichia coli (E. coli, ~23.6%) and
Pseudomonas aeruginosa (P. aeruginosa, ~6.3%).

Several studies were devoted to the evaluation of the bacter-
iostatic activity of raw CuO particles towards these pathogens.
Typically, evaluations by the diffusion method are carried out
in a mixture of nutrient and physiological buffer media. For
instance, Thakur et al® did not measure any bacteriostatic
activity against both E. coli and S. aureus within the first 24 h
in contact with a suspension of CuO nanoparticles at a high
concentration of 10 mg mL™" in a saline Mueller-Hinton
Broth (MHB) medium. In contrast, Azam et al.® estimated by
following the standards of the CLSI (Clinical and Laboratory
Standards Institute) that minimal concentrations of 30 and
32 pg mL™" in 20 nm-sized CuO particles completely inhibit
the growth of E. coli and S. aureus after 24 h in pure MHB
medium, respectively. Applerot et al.* have shown that nano-
meter-sized particles of CuO can strongly adhere to the bac-
terial cell membrane. These CuO nanoparticles at a concen-
tration of 0.1 mg mL™" in saline solution mainly produce
exogenous superoxide radicals 0,"7/HO," causing the death of
99.9% of E. coli (3 Logye) and 97% of S. aureus (1.5 Log,,) after
3 h of treatment. If discrepancies in the above results can
partly be attributed to the size and the degree of agglomera-
tion of nanoparticles, the impact of the medium components
cannot be ruled out. Indeed, dissolution of CuO is reported by
Hans et al.” in phosphate-buffered saline (PBS), containing
chloride and phosphate anions. Gunawan et al® showed that
free amino acids in Luria Bertani Broth (LBB) culture medium
also promote the dissolution of CuO nanoparticles. However,
no lysis of E. coli cells is observed by these authors because
peptides present in the LEB medium form no toxic complexes
with cupric ions thus released from CuO, which considerably
reduces the amount and cytotoxic effect of free Cu® on bac-
teria. These findings well support those of Menkissoglu et al.”
who demonstrated that the Gram-negative P. syringae in a
culture medium rich in casitones is resistant to treatments
with copper sulphate even at relatively high concentrations
because more than 99% of Cu®* species form no toxic com-
plexes with those peptones. To date, there is still no definitive
knowledge about the toxicity of CuO nanoparticles towards
bacteria because the systems studied are too complex in com-
position to draw a firm conclusion on the role played by
released cupric ions.

Concerning the use of CuO nanoparticles as a disinfectant,
the performances reported by Applerot et al.* do not meet the
European performance standards of hospital/healthcare disin-
fection (EN 1040) which require to kill more than 99.999% of
bacteria (5 Logio reduction) at low concentrations. In this
context, partial substitutions of cupric ions in CuO by Mg*" or
Zn™" have also been tested up to 15 mol% by Din et al.* and Lv
et al.’ Growth inhibition of these bacteria is noted only after
24 h in a 0.05 mg mL™" suspension of CuposMgo 00 or
Cliy 972N, ;0 nanoparticles in nutrient media.® A significant
release of cupric ions from these particles is reported by these

authors in a Tris buffer solution, which is not the medium
they used to determine bacteriostatic activity. No conclusion
on the role played by the released cupric ions in the activity
can therefore be drawn, in contrast to what these authors say.”
Furthermore, in Din et al.® and Lv et al.’ studies, no clear evi-
dence of successful Mg and Zn substitutions is given since
impurity is present for some samples (additional Bragg peaks
in the range 35° < 20 < 45"3} and no linear evolution of the
unit cell parameters with the substitute content (Vegard's
') is shown. While only the bactericidal activity of
CupgsZng ;0" has been evaluated, it remains completely
unknown for any Mg-substituted CuO.

In this paper, nanoparticles of Mg-substituted CuO deriva-
tives were prepared with the aim to determine the effect of
their Mg content on the toxicity towards bacteria. At first, to
determine how particles of CuO (and its Mg-substituted
counterparts) can interact with bacteria, sterile water is the
medium of choice for simplifying the system to be studied.
The minimal inhibitory concentrations (MIC) of free cupric
ions for E. coli and S. aureus are 25 mg L™" and 12.5 mg L™,
respectively.'* It is well known that free cupric ions can cata-
lyse the generation of ROS from aqueous H,0, through a
Fenton-like redox cycling between Cu™ and Cu*/Cu™ ions.™>™
To have a bactericidal effect against E. coli and S. aureus, the
concentration of free cupric ions must be equal to or greater
than the MIC. In pure water, the concentration of cupric ions
released by the dissolution of CuO is 1.84 mg L™ at 25 °C"
which is below the MIC. Theoretically, the reductions in cell
viability that we will measure in water suspension of CuO
nanoparticles will only result from the intrinsic toxicity of
nanoparticles. Secondly, to probe the solubility of Mg in CuO
nanoparticles, we combined microstructural analyses of five
different compositions from X-ray diffraction data using the
integral breadth method with Le Bail fits of neutron diffraction
patterns collected on 10 g samples of three selected compo-
sitions. These thorough analyses definitively show that such
mixed oxides Cu,_,Mg,0O do exist as a single phase in a
defined range of compositions. Our recent study reveals that
10-20 nm-sized MgO particles completely dissolve in water
over a 3 h period."® As the Mg substitution in CuO should
thereby favour a partial dissolution of the nanoparticles in
water, atomic emission spectroscopy (AES), X-ray powder
diffraction (XRPD) and infrared (IR) spectroscopy are used to
quantify the amount of free cupric and magnesium ions in the
supernatant and to detect any trace of hydroxides formed.
Against all expectations, the mass concentration of free cupric
ions in the water suspension of CuyoMg 10, although slightly
higher than that for CuO, also remains below the MIC. The
toxicity of pure and Mg-substituted CuO nanorods towards
E. coli or S. aureus is therefore not linked to the very few free
cupric ions present in water. Free oxygen radicals were in par-
allel tracked in the particle suspension of CuO and
CugoMgg ;0 by electron paramagnetic resonance (EPR) spin
trapping experiments. These results provide the key to the tox-
icity of CuO in water and the impact of magnesium substi-
tution on it.
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2-Materials and methods

2-1) Starting materials

The single source precursor Cu,_,Mg,(OH), was prepared at
room temperature through a co-precipitation synthesis route
extensively described in ref. 17. Hydrogen peroxide (for analysis,
30%), 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 4-hydroxy-
2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPOL) were purchased
from Sigma-Aldrich. DMPO was distilled prior to use.

2-2) Synthesis

One gram of nanometer-sized particles of mixed Cu;_,Mg.O
oxides were obtained by thermally decomposing ~1.2 g of
Cu,_ Mg (OH), for 12 h at 400 °C in air (heating rate of 3 °C
min~'). The decomposition temperature was determined by
thermogravimetry (TG) and mass spectrometry (MS) of the
evolved gas in ref. 17. Once synthesized, raw nanoparticles
were stored in an argon-filled glove box with less than 1 ppm
in water to avoid the formation of any hydroxide by-products
prior to any analysis. For three Cu,_,Mg,0O compositions (x =
0, 0.1 and 0.2), the above process was performed ten times in
order to get the 10 g of sample required for the neutron
diffraction study.

2-3) X-Ray powder diffraction (XRPD) and neutron powder
diffraction (NPD)

The phase purity of the as-prepared nanometer-sized particles
was checked by recording X-ray powder diffraction (XRPD) pat-
terns at room temperature on a PANalytical 6/0 Bragg-
Brentano Empyrean diffractometer (CuKay,, radiations)
equipped with a PIXcel'” detector. The raw powders were
dusted through a 63 pm sieve on a glass holder under an
ambient air atmosphere (RH 60%). XRPD patterns were col-
lected at room temperature in the [5°-135°] scattering angle
range, with a 0.0131° step size, for a total acquisition time of
330 min. The data collection was performed on raw nano-
particles right out of the glove box to avoid the formation of
the hydroxide by-product when exposed to an ambient air
atmosphere (60% RH). The apparent size S and the average
lattice strain (ep) of nanometer-sized particles were determined
from diffraction data by the integral breadth method.'*' The
patterns of the reference material Na,CasALF,, (NAC*?) and
the studied samples were refined by the Le Bail method® with
the Fullprof ]::rog'rarn24 using a modified Thompson-Cox-
Hastings pseudo-Voigt profile function® (referred to as TCH-Z
function) in which the size-broadening and microstrain-broad-
ening effects both contribute to the Lorentzian and Gaussian
components of the line widths. The “needle vector size” model
of the Fullprof program was selected with the [0k0] direction
parallel to the revolution axis of the needle. In a simplified
approach, the size-broadening effect was assumed to contrib-
ute only to the Lorentzian component (two adjustable para-
meter) of the line widths, while the Gaussian component (one
adjustable parameter) would only arise from microstrain. The
apparent size Sy and the average lattice strain (gp), were then
calculated from those two components, respectively.z"'

10 g of Cu,_,Mg,0 nanoparticles (x = 0, 0.1 and 0.2) were
loaded in a cylindrical vanadium can (@ = 10 mm) for record-
ing neutron powder diffraction (NPD) pattern data at room
temperature. NPD patterns were recorded on a two axis G4.4
diffractometer at the Orphée reactor of the Laboratoire Léon
Brillouin (LLB, CEA Saclay, France) with a single incident wave-
length of 1.95226 A selected by a (224) Ge curved monochro-
mator. The intensities were measured using a bank of 70 *He
detectors in the 20 scattering angle range [4°-100°] with a
0.05° step. The line-shape was modelled by a Thompson-Cox-
Hastings pseudo-Voigt function (refined parameters U, W,
Y).?> The background intensity was estimated from linear
interpolation between up to 11 points manually selected in
regions free of Bragg reflections of CuO-type phase (space
group C 2/c (no.15)).

2-4) Morphology and size of nanoparticles

Imaging the nanometer-sized particles by TEM was performed
on a JEOL JEM 2100 HR electron microscope operating at an
accelerating voltage of 200 kv and equipped with a side entry
+35° double-tilt specimen holder. The sample for TEM investi-
gation was prepared by ultrasonically dispersing the particles
in absolute ethanol, depositing a drop of the resulting suspen-
sion onto a holey carbon-coated copper grid and finally drying
the grid in air. N, adsorption measurements were performed
at —196 °C on a Micromeritics TriStar 1I 3020 Instrument
(Micromeretics, Norcross, GA). Prior to any surface area
measurement, water vapor and gases adsorbed onto the grain
surface were desorbed under primary vacuum by using a
Micromeritics VacPrep 061 degasser. Approximately 400 mg of
powder was employed in each measurement. All samples
exhibit a type II adsorption isotherm typical of nonporous
solids. The specific surface area was calculated using the
Brunauer-Emmett-Teller (BET) model.>”

2-5) Bactericidal activity experiments

The evaluation of the bactericidal activity of the oxide particles
was carried out at 20 °C against two strains obtained from the
Institute Pasteur Collection (Paris, France): Staphylococcus
aureus CIP 4.83 and Escherichia coli CIP 53.126. The as-pre-
pared oxide particles were dispersed at 20 °C in sterile distilled
water to obtain a suspension with an initial concentration of
1 mg mL™". For each strain, 10 mL of each nanoparticle sus-
pension were inoculated with 100 pL of bacterial suspension,
thus leading to a final concentration of bacteria of =2 x 10°
colony forming units per mL. A bacterial suspension without
nanoparticles was used as a positive control. The suspensions
were then maintained at 20 °C under constant stirring on a
rotary platform working at 250 shakes per min. At specified
times (15, 30, 60 and 180 min), 1 mL of each suspension and of
the corresponding serial ten-fold dilutions were incorporated
into trypticase soy agar medium poured in flat-bottomed Petri
dishes and plates were incubated at 36 °C for 48 h. The viable
cell number was determined by counting the number N of bac-
terial colonies grown (CFU), multiplied by the dilution factor
and expressed as CFU mL™" of the suspension under test. The



results are expressed in CFU counts N, at a contact time ¢ (N, at
t = 0), in percent reduction in cell viability [(N, — N;) x 100)/N,
as well as in RLog,, reduction (R = Logyo(No/N;)). The experi-
ments were repeated two times for each tested strain.

2-6) Stability of nanoparticles in water

30 mg of each studied powder are immersed at room tempera-
ture in deionized water at a final concentration of 10 mg mL™"
without agitation. A powder fraction was taken after 960 min
of immersion, then blended with acetone and diethyl ether
(C3Hs);0 to stop any hydration reaction and finally dried in air
at room temperature. XRPD patterns and infrared (IR) spectra
were then collected on these exposed powders. The XRPD pat-
terns were collected with the same diffractometer in the [30°-
55°] scattering angle range, with a 0.0394° step size, for a total
acquisition time of 12 min. IR transmission spectra were col-
lected with an Alpha Bruker Fourier transform infrared (FT-IR)
spectrometer equipped with the “Platinum” QuickSnap™ ATR
sampling module. Each spectrum was obtained after 25 scans
in the 4000-400 ecm™ range with a spectral resolution of
4 em™'. A reference IR spectrum was collected under the same
conditions without any sample and subtracted from spectra
collected on specimens in order to remove the contribution of
atmospheric water vapor and carbon dioxide gas. Atomic emis-
sion spectroscopy (AES) has been used for measuring the
amount (down to 0.05 ppm) of magnesium and copper
elements possibly released from the studied powder in de-
ionized water. Nanoparticles are immersed in deionized water
at a final concentration of 1 mg mL™ without agitation for
180 min. Concentrations in magnesium and copper ions in
the supernatant were determined by using a 4100 Micro
Plasma-Atomic Emission (MP-AES) spectrometer from Agilent
Technologies. The apparatus is equipped with a OneNeb nebu-
lizer and a double-pass cyclonic spray chamber. The analytical
cycle consisted of 15 s of sample uptake (pump speed 40 rpm),
and then 15 s of stabilization before performing three repli-
cates. Calibration solutions were prepared by dilution of the
ICP multi-element standard VIII solution (100 mg L™, Merck)
in the range of 0.05-10 mg L™". 5 mL of supernatant solution
were manually introduced using a capillary. Integration time
was set to 3 s both for magnesium and copper ions.
Calibrations functions for the MP-AES measurements were
linear up to 10 mg mL™" for copper ions (r* > 0.999,
324.754 nm) and 5 mg mL™" for magnesium ions (r* > 0.995,
285.213 nm).

2-7) EPR spin trapping experiments

The stock suspensions of CuQ and Cug Mg ,O nanoparticles
(2 mg mL™") were prepared in deionised water. The spin trap-
ping agent DMPO and hydrogen peroxide were dissolved in
deionised water. The EPR spectra of nanoparticles in X-band
(modulation frequency of 100 kHz) were measured using an
EMXplus spectrometer (Bruker) with a high sensitivity probe-
head (Bruker) in the Wilmad® quartz (CFQ) EPR tubes (0.D. =
2 mm, L =100 mm) at 20 °C (data not shown); the experiments
with the aqueous suspensions were performed using a small

quartz flat cell (WG 808-Q, Wilmad-LabGlass). The suspen-
sions containing nanoparticles at a concentration of 2 mg
mL™" were mixed with DMPO and H,0, stock solutions 2 min
before recording the first EPR spectrum at 20 °C. In that way,
the final concentration in nanoparticles within the analyzed
suspension is 1 mg mL™" as used in the bactericidal tests. The
EPR spectra of DMPO-adducts were recorded every 5 min to
follow their evolution during the first 20 min (4 consecutive
recordings). Each spectrum was obtained by the accumulation
of 10 scans of 30 seconds each. The experiments were repeated
at least in triplicate. The g-values of DMPO spin-adducts were
determined with an uncertainty of +0.0001 using a nuclear
magnetic resonance teslameter and integrated frequency
counter. The concentration of DMPO spin-adducts was evalu-
ated from the double-integrated EPR spectra based on the cali-
bration curve obtained from the EPR spectra of TEMPOL solu-
tions measured under strictly identical experimental con-
ditions. The experimental EPR spectra were analyzed using
WInEPR software (Bruker) and the simulated spectra were cal-
culated using the EasySpin toolbox.”® EPR spectrometer set-
tings in the spin trapping experiments: microwave frequency,
~9.43 GHz; microwave power, 21.4 mW; center field,
~335.8 mT; sweep width, 8 mT; gain, 2.00 x 10%; modulation
amplitude, 0.05 mT or 0.1 mT; sweep time, 30 s; time constant,
5.12 ms; number of scans, 10.

3-Results and discussion

3-1) Phase identification of nanoparticles

Mixed Cu,_Mg,O oxides were prepared through the thermal
decomposition of the single source precursors Cu,_ Mg, (OH),
at a moderate temperature of 400 °C. Prior to decomposition,
we checked by EDX analysis that the precursor particles had
the expected Mg/Cu atomic ratio.'” X-ray powder diffraction
(XRPD) patterns were recorded after decomposition to deter-
mine the phase purity of as-obtained powders. In Fig. 1a, the
XRPD patterns of raw powders seemingly show a single CuO-
type phase (tenorite) in the whole compositional range investi-
gated 0 < x < 0.2.

Refinements of the crystal structures of the different
Cu,_,Mg,O oxides were attempted from those XRPD patterns
by the Rietveld method™ of the Fullprof program®' using the
monoclinic crystal structure of tenorite CuO, as a starting
structural model.*® The profile shape of all Bragg reflections
located at scattering angles higher than 60° in 20 remain unsa-
tisfactorily modelled by least-squares fitting of this structural
model. This problem arises from the strong overlapping of
Bragg peaks which are highly broadened by the shape and the
nanometer size of the coherently diffracting domains in
Cu,_,Mg,O particles, only (Fig. 1a). All the Bragg peaks have a
symmetric Voigt-type profile which makes possible a micro-
structural analysis from XRPD data using the Integral Breadth
method,'®*' as described in the Experimental section 2.3.
Such analysis will also allow us to evaluate the effect of mag-
nesium substitution on the monoclinic cell parameters. In the
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Fig. 1 (a) XRPD patterns recorded under an ambient air atmosphere

(60% RH) and room temperature (RT) for nanometer-sized Cu,_,Mqg,O
particles for different magnesium contents x. The (hkl) values of the first
crystal planes are given. (b) Comparison of the observed diffraction
pattern of nanometer-sized CuggMgg O (x = 0.1) particles (red dots)
with the pattern calculated by the integral breadth method (black line).
The blue curve corresponds to the difference between observed and
calculated patterns. Vertical markers give Bragg peak positions for the
CuO-type phase (space group C2/c (no. 15)).

present analysis, the peak broadening is assumed to originate
from both the nanometer size (the “size broadening” effect)
and the lattice distortion (“microstrain broadening” effect) of
coherently diffracting domains. For each Cu,;_,Mg,0O sample,
the a, b, ¢ and § parameters of the monoclinic unit cell
together with the apparent size Sy and the average lattice
strain (gp) of those nanodomains were determined from the
refinement of the XRPD patterns by the Le Bail method™ of
the Fullprof program.** As shown in Fig. 1b for CuyoMg, 10,
the observed diffraction patterns of all samples can be satisfac-
torily fitted using the integral breadth method. The values of
the a, b, ¢ and f parameters of each Cu,_Mg.O sample are
reported in Table S1 of the ESI (section $17). The variations of
the monoclinic cell parameters, S and () are shown in
Fig. 2a and c as a function of the magnesium content x in the
Cu,_,Mg,0 nanoparticles.

As the magnesium content x increases in the compositional
range 0 < x < 0.1, the unit cell deforms significantly in the
basal (a,c) plane by expanding along the a axis and contracting
very slightly along the ¢ axis while opening the § angle
between these two axes (Fig. 2a). In addition, a contraction of
the unit cell along the b axis is also noted with increasing x up
to x = 0.1 (Fig. 2a). These linear evolutions of the four cell para-
meters in the range 0 < x < 0.1, therefore, follow the usual
Vegard’s laws.'® It attests the formation of a substitutional
Cuy_, Mg, O solid solution in this limited composition range.
For each cell parameter, a departure from linearity with a kind
of levelling off is observed above x = 0.1 (Fig. 2a). The solubility
limit of Mg”*" ions in the cationic sub-lattice of CuO should be
between x = 0.1 and 0.15 although no trace of MgO is detect-
able as secondary phase in the XRPD patterns of the x = 0.15
and 0.2 samples (Fig. 1a).

Despite several attempts, no fit of the XRPD pattern with a
major CuO-type and a minor MgO phases provide convincing
evidence for the biphasic nature of the x = 0.2 sample. In order
to prove that Mg-solubility in CuO does not exceed x = 0.1,
neutron diffraction patterns (NPD) were recorded for 10 g
samples of three selected Cu,_,Mg,O compositions (x = 0, 0.1
and 0.2) of the series. With this large amount of powder, we
hoped to be able to detect trace amounts of MgO in the x = 0.2
sample and conversely prove its absence in the x = 0.1 one. For
each sample, a refinement of the NPD pattern was carried out
by the Le Bail method® of the Fullprof program.** For the x =
0 and 0.1 samples, the NPD patterns were satisfactorily mo-
delled with a single CuO-type phase, as shown in Fig. S1 of the
ESI (section 52t). On the other hand, such a fit is not satisfac-
tory for the x = 0.2 sample, in particular on the high scattering
angle side of the (—113) Bragg peak located at 26 of around
80.9°, for which the intensity calculated above 81.5° for a
single CuO-type phase remains lower than that measured. In
Fig. 3b, this situation is not, however, encountered for the x =
0 and 0.1 samples, thus attesting unequivocally to their mono-
phasic character. As the position in 26 of this shoulder corres-
ponds to the (220) Bragg peak of MgO, a fit of the NPD pattern
was then carried out with a major CuO-type phase and MgO as
secondary phase. As shown in Fig. 3a and b, a good match
between observed and calculated NPD patterns is now
obtained for the x = 0.2 sample. For the x = 0, 0.1 and 0.2
samples, the values of the monoclinic cell parameters
obtained from NPD data are close to those deduced from the
XRPD data, despite their much lower accuracy (Table S2 in
section S2 of the ESIT). The NPD study confirms the evolution
of the cell parameters as a function of the magnesium content
x, as pointed out in Fig. 2a: the limit of the solid solution
Cu,_,Mg,0 is x = 0.1 and not x = 0.07 as suggested by Lv et al.”

Our thorough analysis clearly shows that a simple visual
inspection of the XRPD patterns in Fig. 1a, as done by Lv
et al.” in their study, cannot determine up to what threshold
value the substitution of copper by magnesium is really
effective within the nanoparticles. Indeed, the peaks character-
istic of the presence of MgO nanoparticles as an impurity
cannot be detectable in the background of the XRPD patterns
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(collected on a few hundred milligrams, at best) due to their
very low intensity and large width of its Bragg peaks. The
limited 20 range and resolution of NPD patterns of the x = 0.2
sample does not allow the amount of MgO present to be accu-
rately quantified by refinement using the Rietveld method.*
In our previous study (thanks in particular to thermal ana-
lyses),’” we found that the solubility limit of Mg** ions in Cu
(OH), is 10 mol% (i.e. Cugy Mg, 1(OH)s,). Since the same solubi-
lity limit is found for Mg?** ions in CuO and Cu(OH), (i.e.
10 mol%), we conclude that the Cu/Mg atomic ratio in the
oxide nanoparticles is identical to what it was in the hydroxide
nanoparticles used as precursors. We believe that the solubility
of divalent M cations in CuO (ie. Cu,_,M,0) is dependent on
the difference in ionic radii |Ar| = |r(Cu*") — r(M**)]. The
solubility of Co*" ions in CuO is low (x{Co®") < 0.05*!) because
the difference in ionic radii is large (|Ari| = 0.08 A**). When
compared with Co™, the solubility of Mg*" ions still reaches
x(Mg**) = 0.10 because this time |Ar;| = 0.01 A** is very small.
Continuing with this reasoning, the solubility limit of Zn*"
ions in CuO should be less than or equal to that of Mg”~ ions
(Le. 10 mol%) because these two substitutes have the same
difference in ionic radii |Arj| with Cu®*. Moreover, traces of
ZnO as secondary phase are detectable in the XRPD pattern
collected on CugeZng,O nanoparticles by Lv et al’ To our
opinion, the high bactericidal performance of CugggZng 1,0 "'
may result from the synergistic bactericidal actions of
nanoparticles of more lightly Zn-substituted CuO and
pure ZnO, without these authors having apparently detected
by diffraction the minute quantities of the latter. To
clarify this point, the phase purity in a 10 g sample of
“Cug ggZng, 120" should be determined using neutron diffrac-
tion, as we did.

Although no satisfactory Rietveld refinement of the crystal
structure could be carried out for the different Cu,_,Mg,0
oxides, an explanation for the evolutions of cell parameters
can nevertheless be proposed. The monoclinic structure of
tenorite CuO (space group C2/c (no. 15)) can be viewed as a
highly distorted NaCl-type structure™ built from edge-sharing
[CuOe]""~ octahedra (Fig. 2b). The Mg** ion (ionic radius =
0.72 A (CN = 6)*?) is slightly smaller in size than the cupric
cation when six-fold coordinated to oxygen (ionic radius =
0.73 A (CN = 6)*). The coordination [CuO,]'"~ octahedra are
distorted with two long apical Cu-O distances (2.784(4) A) and
four short equatorial Cu-O distances (2 x 1.951(3) A and 2 x
1.961(1) A). Note that, these Cu-O bond lengths are much
longer or slightly shorter than the sum of ionic radii rey + 1o =
2.09 A (with ro = 1.36 A when considering this oxygen atom in
an [OCus]** environment®). This high [4 + 2] distortion ori-
ginates from the Jahn-Teller effect of cupric ions (3d”) which
induces a huge elongation of the octahedral coordination
along its 4-fold axis. Mg”" ions cannot generate such an effect
because of its electronic configuration. The [MgO4]'"~ octa-
hedron should thereby be quite regular with Mg-O bond
lengths corresponding roughly to the sum of ionic radii ry, +
o = 2.08 A as in MgO. Because all edges of each [CuOg]'"~
octahedron are shared with the next neighbouring polyhedra

in the crystal structure of CuO, the replacement of a few
elongated [CuO4]'"~ octahedra by more regular [MgO4]'~ ones
necessarily changes all metal-oxygen bond lengths, as shown
by the arrows in Fig. 2b. Indeed, the displacements of oxygen
atoms caused by the shortening of the mean apical (Mg/Cu)-O
distances of the octahedra (red arrows in Fig. 2b) decrease and
increase the mean equatorial (Cu/Mg)-O distances (orange
arrows in Fig. 2b). Probably, all oxygen-metal-oxygen bond
angles are also affected by these displacements of oxygen
atoms (not highlighted in Fig. 2b). This predictive deformation
of the dense network of edge-sharing [(Cu/Mg)0O,]'"~ octahedra
(Fig. 2b) provides a realistic explanation for the antagonistic
effects of the magnesium substitution on the cell dimensions
displayed in Fig. 2a.

In Fig. 2c, a reduction in the apparent size Sy of the cohe-
rently diffracting domains by almost 75% is noted along the b
axis as soon as the sample contains 5 mol% of magnesium
while remaining unchanged in the basal (a,c) plane. The
average lattice strain (gg) is high and slightly increases from
0.3 to 0.6% upon substitution (Fig. 2c). In the structure of Cu
(OH),,"” the dehydroxylation of the staircase-shaped [Cu
(OH),].. layers stacked along the b axis allows their conden-
sation (oxolation) in order to build the three dimensional
network of edge-sharing octahedra found in the structure of
CuO. High lattice distortions then appear during this oxolation
at the reaction interface between just condensed and still
hydroxylated layers due to the local reduction of the packing
metal-metal distance. We have observed a similar behaviour
during the thermal decomposition of Mg,_,Cu,(OH), into
Mg;_,Cu,0.*

Since the limit of the solid solution Cu,_,Mg,0 is x = 0.1,
the next sections focus on the three single-phase samples
Cu0, CugosMg,0s0 and CugoMg,0 only. Before evaluating
the bactericidal activity of these three compositions, the mor-
phology and the size of their nanoparticles were determined
by transmission electron microscopy (TEM). The following
section is devoted to this investigation.

3-2) Morphology and size of nanoparticles

The TEM images of the particles of CuO, CugosMgq 00 and
CuggMgo,0 are shown in Fig. 4. Nitrogen sorption measure-
ments were also carried out to determine the specific surface
areas (SSA) of the studied powders. The particles of CuO (x =0
in Fig. 4a) consist of bulging rods of 60 nm length and 30 nm
diameter on average. Due to the strong agglomeration of these
nanoparticles with each other, the CuO powder exhibits a low
SSA of 8 m? ¢~! (Fig. 4a). Conversely, the Cu,¢Mg, ,0 powder
(x = 0.1 in Fig. 4c) is composed of thin rods of 50 nm in length
and 10 nm in diameter. These nanorods are weakly agglome-
rated to each other within the CugoMg,,0 powder, thus
leading to an SSA of ~54 m” g™" (Fig. 4c). A difference in SSA
was previously observed between the single source
CupoMgo1(OH), (81 m® g7') and Cu(OH), (17 m? g™') precur-
sors from which the oxides were derived.'”” The nanorods of
CugosMgo0s0 have a length/diameter ratio intermediate
between those of CuO and Cug Mg, 0 (Fig. 4b). However, the



Fig. 4 (a—c) TEM micrographs of nanometer-sized Cu,_,Mg,O particles
for different magnesium contents x. Specific surface area determined
from N, adsorption measurements are given. (d) SAED pattern of slightly
agglomerated Cug gMgg ;O particles (x = 0.1).

powder of CuggsMgposO has a similar SSA to that of
CuyoMg,,0 because the agglomeration degree of
Cuy.95Mgg.050 nanorods is lower than that of CuO ones.

Note that, the dimensions of Cu,_,MgO nanorods
measured from TEM micrographs are larger than the apparent
size Sy of the coherently diffracting domains calculated from
XRPD patterns along the different crystallographic directions
(Fig. 2c). Several coherently diffracting domains with different
orientations necessarily coexist within each nanorod appearing
on TEM images (Fig. 4). For each oxide, the selected area elec-
tron diffraction (SAED) pattern collected on several nanorods
shows eight distinct rings, as shown in Fig. 4d for the x = 0.1
sample. The presence of rings rather than individual diffrac-

tion spots results from the superimposition of the SAED pat-
terns of the numerous nanorods analyzed at the same time.
These six rings are indexed to the crystal planes of a CuO-type
structure (Fig. 4d) with inter-reticular dy, distances in very
good agreement with those of the first six most intense Bragg
diffraction peaks in the XRPD patterns displayed in Fig. 1a. It
thus confirms the high crystallinity of the nanorods of
Cu,_,Mg,O we synthesized.

3-3) Bactericidal activity

The bactericidal activity of Cu;-.Mg.O nanorods against E. coli
CIP 53126 and S. aureus CIP 4.83 was evaluated as a function
of time (15, 30, 60 and 180 min) in sterile distilled water with a
concentration in particles of 1 mg mL™". This concentration is
identical to the one used by Malka et al.'' for evaluating the
bactericidal activity of CugggZng 1,0, thus allowing compari-
sons. For both E. coli and S. aureus, the number N, of CFU at
different times in contact with CuO, Cu;gsMg 05O and
Cug.oMg,.,O nanorods are displayed in Table 1. In this table,
the results show that the reductions in the viability of E. coli
with the nanorods of CuO are between 2 and 3 Log;, for
contact times of less than 60 min before increasing up to
4.7 Log,, after 180 min. The nanorods of CuO are active
against S. aureus only after 180 min with a reduction in the via-
bility of about 2 Log,o. The partial substitution of cupric ions
by Mg** in the structure of CuO has a detrimental effect on its
bactericidal kinetics against E. coli since the reductions
remain less than 0.5 Log,, after 60 min without going beyond
2.5 Log;, after 180 min for the richest magnesium x = 0.1
sample. This result is surprising because the SSA of CuO nano-
rods is smaller than that of their Mg-substituted counterparts
(Fig. 4). While nanorods of CuO were not active against
S. aureus for contact times less than 60 min, more than 60%
(=0.5-0.6 Log;,) of these bacteria are killed by nanorods of
Cug.95Mgo.050 and Cugy Mg, ;0 in this time period. The be-
neficial effect of magnesium is nevertheless limited in time as
the reductions in cell viability after 180 min for CuyMg,,0
do not exceed that for CuO. In order to elucidate this point,

Table 1 Bactericidal activity of Cu;_,Mg,O nanorods (1 mg mL™) against E. coli CIP 53126 and S. aureus CIP 4.83 as a function of the magnesium

content x (average value + standard deviation over 2 independent assays)

E. coli S. aureus

Magnesium contentx  Contact time (min) Logo Ny Log;(No/N,) Reduction (%) Log;o Ny Log;(No/N,) Reduction (%)
0 15 6.52 + 0.01 2.30 + 0.08 99.49 + 0.09 6.18 £ 0.08 0 0

30 2.43 £ 0.02 99.63 + 0.02 0 0

60 2.91 +0.01 99.88 + 0.01 0 0

180 4.70 £ 0.01 99.998 + 0.001 2.01 +0.35 98.7 +0.9
0.05 15 6.67 £ 0.03 0.11 £ 0.06 22.3+10.3 6.59 £ 0.07 0 0

30 0.21 £ 0.01 37.8+1.8 0.36 + 0.22 50.3 +£23.0

60 0.43 £ 0.09 619+79 0.63 £ 0.12 76.0 £6.3

180 1.37 £ 0.22 95.1+2.3 1.38+0.24 95.1+2.4
0.10 15 6.67 £ 0.03 0.10 £ 0.05 20.8+9.2 6.59 £ 0.07 0 0

30 0.18 £ 0.04 33.9+6.1 0.33 £0.15 50.0 +16.7

60 0.36 £ 0.07 55.4+6.6 0.46 £ 0.15 63.5 +12.0

180 2.21+0.42 99.1 +0.7 1.23 £ 0.06 94.1 +0.8



the bactericidal mechanism was determined. The results are
addressed in the next section.

3-4) Bactericidal mechanism

3-4-1) Stability of nanorods in water In our previous
study,'® we showed that the bactericidal activity of 10-20 nm-
sized particles of Mg;_,Cu,O in the water suspension depends
on the speed at which they dissolve and the nanoparticles of
Mg,_,Cu,(OH), precipitate. These results incited us to also
probe the dissolution of CuO and Cug.oMgo.1O nanorods after
180 min of immersion in water, according to the protocol
described in the Experimental section 2.6. The concentrations
of the cupric and Mg”* ions released from the CuO and
Cug gMg; ;0 nanorods in water after 180 min were quantified
by AES analyses. The pH of the supernatant was measured at
the same specified time used for evaluating bactericidal per-
formances. The concentrations of divalent cations (Mg** and
Cu®") at 180 min and the pH values at the different immersion
times are gathered together in Table 2.

The solubility of CuO in water measured by McDowell
et al.”® is 2.9 x 107 mol L™ or 1.84 mg L™ at 25 °C. In
Table 2, the concentration in cupric ions, released from CuO
nanorods after 180 min, is five times lower than this solubility

Table 2 Time dependent evolutions of the pH for a suspension of CuO
and Cug gMgg,O nanorods in water (1 mg mL™Y). Concentrations in mag-
nesium and copper ions released by the nanorods after 180 min of
immersion in water (n.d. = not determined)

CuO Cu, Mg, ,O
Immersion cu®* Mg*" cu**
. . -1 -1 -1
time (min) pH (mgL™) pH (mgL™) (mgL™")
5.7 n.d. 6.2 n.d. n.d.
15 6.07 n.d. 10.1 n.d. n.d.
30 6.08 n.d. 10.2 n.d. n.d.
60 6.24 n.d. 10.11 n.d. n.d.
180 5.86 0.36 10.13 5.87 0.57
RT CuKa,,, nano-CuQ
(002)/(-111) nano-Cu, Mg, ,O
_ (111)/(200)
=
s
2
g 960min (-112)
o
= Omin
J \_/ \960min ~
A \omn
1 1 1 1
30 35 40 45 50 55
(a) 20 (%)

limit. In a conventional dissolution-precipitation mechanism,
the surface dissolution of particles releases both hydroxide
and Cu*' ions into the supernatant, thus increasing its pH. In
Table 2, the pH increase remains very low in magnitude within
the first 180 min after the immersion of CuO nanorods in
water. This result is consistent with the low concentration of
Cu®* detected in the supernatant by AES. No Cu(OH), particles
can precipitate as long as the supersaturation in cupric and
hydroxide ions of the supernatant has not been reached (ie.
for concentration higher than 1.84 mg L™ in Cu™). In parallel,
CuO and Cuy Mg ,0 nanorods were immersed in water over a
long period of 960 min in order to enhance the dissolution
and more easily detect any hydroxide by-product thus formed
by ex situ XRPD and IR spectroscopy analyses. The XRPD
pattern and IR spectra of the immersed and raw powders are
compared in Fig. 5.

After 960 min, no formation of Cu(OH), is detected by
XRPD, as shown in Fig. 5a. In addition, no stretching vibration
bands v of hydroxyl groups, characteristics of Cu(OH),,"”
appear in the wavenumber region between 3900 and
2500 em™" of the IR spectrum collected after 960 min (Fig. 5b).
Only a very broad vibration band is observed in this wavenum-
ber region which is attributed to the elongation vibration v of
the O-H bonds within water molecules adsorbed at the surface
of the nanorods. Both XRPD and IR analyses clearly demon-
strate that a supersaturation in cupric and hydroxide ions of
the supernatant has not yet been reached during the 960 min
following the immersion of CuO nanorods in water. The dis-
solution kinetics of these particles is therefore extremely slow
despite their small size.

In Table 2, an increase of four pH units takes place in the
first 180 min after the immersion of the Cu, Mg, ;O nanorods
in water. The hydroxide ions released in large amounts from
the surface dissolution of nanorods are responsible for such
an increase. 10 mol% of magnesium in CuO (i.e. Cugy Mg ,0)
clearly accelerates the dissolution kinetics of nanorods.
CugoMgo ;0 nanorods are smaller in size and much less
agglomerated to each other than CuO nanorods (Fig. 4) which

e ——""G60min |
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Fig. 5 XRPD patterns (a) and IR transmission spectra (b) collected ex situ and at room temperature (RT) on the nanometer-sized particles of CuO

and Cup sMgo10O before and after 960 min of immersicn in liquid water.



makes their dissolution faster due to the larger exposed
surface to water molecules. In water, the different crystallized
domains existing within each nanorod (see Discussion in sec-
tions 3.1 and 3.2) can separate from each other and thus also
accelerate the dissolution of nanorods. After 180 min following
the immersion of CuyoMgg ;0 nanorods in water, the mass
concentration in Mg>* jons released in the supernatant
(5.87 mg L™" in Table 2) is below the solubility limit of Mg
(OH), in water (6.53 mg L™ in ref. 33). Despite the basic pH
(Table 2), no Mg(OH), particles will precipitate until supersa-
turation in Mg>" ions of the supernatant is reached. Even after
960 min, the diffraction peak at 20 ~ 38° and the stretching
vibration band vgyy at 3700 em™ characteristic of Mg(OH), **
are still not visible in the XRPD pattern (Fig. 5a) and the IR
spectrum (Fig. 5b), respectively. Wetteland et al.*® showed that
the viability of E. coli is in no way affected by any increase in
the concentration of solvated Mg”* ions up to 5 x 107> mol L™"
(i.e. 1215 mg L™"). Given the very low concentration measured
in the supernatant after 180 minutes (Table 2), the released
Mg** ions have therefore no bactericidal effect on E. coli and
very likely on S. aureus as well.

In the supernatant, the mass concentration of Cu®** ions
released from Cuy Mgy 4,0 is surprisingly 10 times lower than
that of Mg”* ions (Table 2). By considering that the initial Cu/
Mg molar ratio of 9/1 is preserved in the course of the surface
dissolution of CugeMg, ;0 nanorods, the total amount of
cupric ions released after 180 min should have been
137.43 mg L™" given the magnesium concentration measured
by AES (Table 2). As only 0.57 mg L™ of these Cu® ions
remains in the solution (Table 2), 99.6 wt% of the cupric ions
released from Cu, oMg, ;O nanorods must have precipitated as
CuO or Cu(OH), due to the basic pH of the supernatant. This
conclusion is consistent with the low solubility in water of
CuO™ (ie. 1.84 mg L") or Cu(OH),*® (ie. 11.2 pg L™'). Even
after 960 min, no trace of Cu(OH), was detected by XRPD
(Fig. 5a) and by IR spectroscopy (Fig. 5b). Therefore, freshly
precipitated CuO nanoparticles necessarily coexist with undis-
solved CugoMg,,0 nanorods in the suspension. As both
oxides have the same crystal structure, the presence of CuO is
impossible to detect in the XRPD pattern collected after
960 min (Fig. 5a) due to the overlap of its broad diffraction
peaks with those of Cu,oMg,,0. We conclude that after
180 min of immersion of Cu, ¢Mg, ;0 nanorods at 1 mg mL™,
the initial Cu loading of 755 mg L™ is distributed as follows:
0.57 mg L™" in the supernatant, 137.43 mg L™" in freshly preci-
pitated CuO nanoparticles and the rest (617 mg L™) in undis-
solved Cu,9Mg,,0 nanorods. The significant increase of
lethal activity measured for the Cu, Mg, .0 sample between
60 and 180 min (e.g. from ~0.4 Log,, to ~2.2 Log,, for E. coli
in Table 1) certainly results from the precipitation of these
highly active CuO nanoparticles. As magnesium seems to
accelerate the dissolution of Cu,_,Mg,0 nanorods, the higher
the magnesium content x, the faster they will dissolve and the
more CuO particles will be precipitated. After 180 min, the
difference in bactericidal activity between CugosMgo.0s0 and
Cug gMg,0 is higher for E. coli (1.4 to 2.2 Log,, in Table 1)

than for S. aureus (1.2 to 1.4 Log,, in Table 1). This reflects the
impact of the amount of CuO nanoparticles precipitated on
the bactericidal activity of Cu,_,Mg,0 nanorods because CuO
is much more active against E. coli (4.7 Log,, in Table 1) than
against S. aureus (2 Log,, in Table 1).

3-4-2) Production of free oxyaen radicals ~ Hydrogen per-
oxide is a by-product of the normal metabolism of oxygen in
aerobic living organisms.*” H,0, is present at millimolar con-
centrations in the culture supernatant of E. coli and S. aureus™®
despite their catalase activity. It is well known that solvated
cupric ions can catalyse the generation of ROS from aqueous
H,0; through a Fenton-like redox cycling between Cu® and
cu*/cu® ions'' (eqn (1)(5)).

Cu*t + H,0, — Cu”™ +0,"~ +2H" (1)
Cu® + H,0, — Cu** + OH™ + HO' (2)
cut + H,0, — Cu* +20H" (3)
Cu*™ + Ha0; — Cu”* + 0,7 +2HT (4)
Cu’* +0,"” — Cut + 0, (5)

Cupric ions on the surface of nanoparticles can also cata-
lyse the generation of free 0,”7/HO," and HO' radicals (hetero-
geneous catalysis) as solvated Cu®" ions do in solution (homo-
geneous catalysis). The minimal inhibitory concentrations
(MIC) in free cupric ions for the growth of E. coli and S. aureus
are 25 mg L™ and 12.5 mg L™, respectively.'* To produce
lethal amounts of radicals, the concentration of free cupric
ions must be equal to or greater than the MIC (minimal bac-
tericidal concentration MBC > MIC). Given the very low con-
centrations measured in the supernatant after 180 min
(Table 2), the solvated Cu*' released from CuO and
Cup Mg, ;0 cannot have a bactericidal effect on E. coli and
S. aureus.

The bactericidal activity in water of CuO and the mag-
nesium counterparts can therefore only come from the ra-
dicals produced by nanorods themselves. Applerot et al.* have
shown that superoxide O,"7/HO," radicals are produced by a
suspension of CuO nanoparticles. We suspect that the Mg sub-
stitution in CuO reduces the amount of these free radicals
generated, thus causing a large decrease of its bactericidal
kinetics against E. coli in particular. Then, electron paramag-
netic resonance (EPR) spin trapping experiments were per-
formed to estimate and compare the amount of the free
oxygen radicals produced by CuO and CugyoMg, ;0 nanorods
in the presence of H,0,. In Fig. 6a, aqueous suspensions of
CuO and CugoMg, ;0 nanorods containing H,0, and DMPO
exhibit very similar EPR spectra. Each experimental EPR spec-
trum can be satisfactorily fitted with only two superimposed
signals characterized by the spin-Hamiltonian parameters
typical of two DMPO-adducts of oxygen-centered radicals,
namely "DMPO-0,7/0,H (12-line signal; ay = 1.427 + 0.017 mT,
@y = 1.141 £ 0.011 mT, al; = 0.140 = 0.010 mT, g = 2.0058) and
‘DMPO-OH (4-line signal; ay = 1.507 + 0.004 mT, a{’, =1.477 +
0.007 mT, g = 2.0057)***" (Fig. 6a). Whatever the water suspen-
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(a) Normalized experimental (black line) and simulated (red line) EPR spectra measured 7 min after the addition of hydrogen peroxide

(cg(H,0;) = 0.03 M) to the aerated water suspensions of CuO (x = 0) and Cug gMgg O (x = 0.1) nanorods (loading 1 mg mL™Y) in the presence of the
DMPO spin trapping agent (co(DMPQ) = 0.04 M). The relative concentration of ‘DMPO-OH and *‘DMPO-0,~/O;H spin adducts evaluated from the
simulated spectra are as follows: CuQ (86.7% and 13.3%) and CuggMgg ;0 (59.2% and 40.8%). (b) Time evolutions of the total concentration of
DMPO-adducts monitored at 20 °C with or without the addition of H,O, to the aerated water suspensions of the studied nanorods in the presence

of DMPO.

sion of nanorods, the relative concentration of the "DMPO-OH
spin adducts deduced from these fits is higher than that of the
‘DMPO-0,7/O,H ones (ratios ~9:1 and ~6:4 for CuO and
CupoMg, 10, respectively). Finkelstein et al.*' evaluated that
approximately 3% of the "DMPO-O,H adducts formed during a
spin-trapping experiment can directly decompose into the
"DMPO-OH adducts. Given the ~9:1 ratio of adducts for CuQ,
the partial dismutation of the “DMPO-O,H adducts could only
slightly increase the relative proportion of the ‘DMPO-OH
adducts detected in the water suspension. Thereby, the
‘DMPO-OH adducts result mainly from the trapping of free
hydroxyl radicals intrinsically generated by CuO nanorods in
the water suspension. On the other hand, the partial dismuta-
tion of the ‘DMPO-O,H adducts could have a greater contri-
bution to the relative proportion of the "DMPO-OH adducts for
CuggMg, ;0 nanorods than for CuO because the ratio of
adducts is this time only =6 : 4 for the former.

The same EPR spin trapping experiments were also per-
formed without adding H,O, to the medium to determine its
role in radical production. The fitting of these EPR spectra is
presented in section S3 of the ESLt The time evolutions of the

total concentration of DMPO spin adducts produced by nano-
particles in the presence and absence of H,0, are compared in
Fig. 6b. In the absence of H,0,, the total concentration of
DMPO-adducts monitored in both aerated water suspensions
of Cu0 and Cu, Mg, ,0 nanorods is less than 0.5 pmol L™*
within the first 22 min after adding DMPO. The similar
amount of radicals produced by CuO and Cu, Mg, ;O cannot
explain why their activities are so different. The addition of
H,0, to water suspensions of both CuO and Cu, Mg, ,O nano-
rods greatly increases the total concentration of DMPO-
adducts formed within the first 7 min. However, Cu,oMgq,0
produces 1.4 times less free oxygen radicals than CuO during
this period which is consistent with the low activity of the
former. Hydrogen peroxide therefore plays a key role in the
bactericidal mechanism of those oxides. In the next 15 min,
the total concentration of DMPO-adducts produced by
CugoMgo 0 nanorods gradually decreases while it remains
around 4 pmol L™ on average for CuO nanorods (Fig. 6b). In
Table 2, the pH of the supernatant sharply increases from =6
to ~10 in the first 15 min after the immersion of CuyoMgg,0
nanorods in water whereas pH remains around 6 for CuO
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nanorods. It is well known that alkaline media®*™® can

promote the decomposition of hydrogen peroxide into free
oxygen radicals, .e. O,""/HO,  and HO". However, for the O,™/
HO," trapping by DMPO, both the rate constant and the stabi-
lity of spin-adducts decrease significantly with increasing
pH.***" The small total concentration of DMPO-adducts in the
suspension of CuygMg, 0 nanorods as well as its slow decay
over time are attributed to the decomposition of these adducts
at the alkaline pH imposed by the partial dissolution of these
nanorods in water (Table 2).

Hydroxyl radical is the most active among all ROS because
it can initiate a free radical chain reaction leading to extensive
lipid and organic peroxide formation in aerobic living orga-
nisms (oxidative stress).” The above EPR spin trapping study
reveals that, the toxicity of the CuO nanoparticles is mainly
due to hydroxyl radicals HO" produced in the presence of
H,0,, in contrast to what Applerot et al.* claimed. This discre-
pancy may result from the saline solution used (instead of
sterile water in our study) as a medium for antibacterial assays
in this latter study.” Indeed, chloride anions of the saline solu-
tion can affect the toxicity of particles because they can
increase the concentration of Cu*' ions released from par-
ticles. In such a situation, free oxygen radicals can be pro-
duced by both particles and solvated cupric ions, leading to a
different HO/O,™™ ratio than ours. As an example, Li et al
showed that the medium components affect the toxicity of
ZnO particles.*” The lower bactericidal performance of mag-
nesium-substituted CuO particles results from the reduction
in both the total amount of oxygen radicals produced and the
HO'/0," ratio. Why? At the surface of nanorods, the high pro-
portion of incomplete coordination spheres at the divalent cat-
ionic sites naturally promote the adsorption of hydrogen per-
oxide molecules, the initial step allowing the formation of free
oxygen radicals. However, between two cations, cu®' ions are
the most active because they have a greater ability to be sub-co-
ordinated to ligands (ie. four- or five-fold coordinated) than
Mg”" ones and they can catalyse the generation of free oxygen
radicals from aqueous H,0, through a Fenton-like redox
eycling between Cu®* and Cu'/Cu®" ions. Thereby, we believe
that the decrease in free oxygen radicals amount produced
when partially substituted Cu®* by Mg*" in CuO nanorods
arises from the decrease in the number of sub-coordinated
Cu*' ions available for H,0, adsorption at the surface. In
Table 1, the reduction in the viability after 180 min of contact
with CuO nanorods is only around 2 Log,, for S. aureus while
it was as high as 4.7 Log,, for E. coli. It has been shown that
carotenoid pigments such as staphyloxanthin, giving the
golden color to the 5. aureus bacterial envelope, have anti-
oxidant properties® leading to H,0, resistance.”® Conversely,
E. coli are deprived of this antioxidant pigment. These pig-
ments can help S. aureus to detoxify hydroxyl radicals pro-
duced by CuO nanorods adsorbed onto their envelopes, thus
making them less sensitive to treatment than E. coli. However,
the absence of any activity against S. aureus for contact times
shorter than 60 min would rather result from a very weak
adsorption of CuO nanorods on their envelopes; the small

number of hydroxyl radicals generated by these few adsorbed
particles are then easily detoxified by the bacteria.

4-Conclusion and perspective

In this study, the simple thermal decomposition of the single
source precursor Cu,_ Mg (OH),, prepared in advance by co-
precipitation, leads to well crystallized Cu,_,Mg,0 nanorods of
50-60 nm length. By studying different Cu,_,Mg,0 compo-
sitions, we demonstrate that rigorous microstructural analyses
of the powder XRD data allowed us to achieve sufficient pre-
cision on lattice parameters to determine content x in mag-
nesium above which the Vegard’s law or the solubility is not
verified anymore in these nanoscale oxides. The extent of this
new Cu;-.Mg.O solid solution is limited to x = 0.1 due to the
incapacity of the distorted NaCl-type structure of CuO to
accommodate more than 10% of regular coordination [MgO,]
octahedra. To confirm what our microstructural analyses have
revealed, neutron diffraction was used to detect the small
amount of MgO nanoparticles present as an impurity ina 10 g
sample beyond this solubility limit. In this series, CuO nano-
rods remain the most active against E. coli and S. aureus with
reductions in the viability of 99.998% and 98.7% after only
180 min in water, respectively. The dissolution kinetics of the
CuO particles is extremely slow in water despite their nano-
scale size. The partial substitution of cupric ions in CuO by
Mg™", even if it does not exceed 10 mol%, increases by a factor
of 40 the dissolution of the nanorods after 180 min in water
(0.045 wt% and 1.8 wt% for CuO and Cu,.Mg,,0, respect-
ively). Although Mg substitution increases the solubility of
CuO nanoparticles in water, the pH increase induced by the
dissolution causes the re-precipitation of =99.6 wt% of the
released cupric ions in the form of pure CuO particles. For
pure and magnesium substituted CuO, the released cupric
ions have no bactericidal effect because the concentration
after 180 min is much lower than the MIC. These CuO nano-
rods kill bacteria in water because they produce a large quan-
tity of free oxygen radicals in the presence of H,O, only, the
majority of which are highly toxic hydroxyl radicals HO". Mg**
has a detrimental effect on this production, thus explaining
the lowest bactericidal performances of Cu,_,Mg,0 nanorods.
Despite an almost similar content of the substituted
cations (ie. Mg®" and Zn®'), the bactericidal activities of
Cuy Mg, ;0 and Cug gsZn, 1,0 ' (unless this sample is bipha-
sic) significantly differ, thus pointing out a synergistic effect of
Cu™ with Zn® that does not exist with Mg”". These cationic
substitutions in the semiconducting CuO oxide, even if they
are both isovalent, can differentially modify the reactivity of
the nanoparticle surface towards the adsorption of H,0, mole-
cules and their dissociation into hydroxyl radicals. The high
bactericidal activity of Cu,_,Zn,O particles could be related to
the large number of active sites available for H,O, adsorption/
dissociation because of the ability of both cations to be sub-
coordinated to oxide anions. This point deserves to be studied
in detail in the future by modelling the adsorption and dis-
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sociation of H,0, molecules on the surface of Cu,_,Zn,0 and
Cu,_,Mg,O by density functional theory (DFT) calculations.

Cupric oxide is a compound of interest especially in the
context of the past and current global health crises. Cupron
Scientific Company™ demonstrates that the impregnation of
respiratory protective face masks with 2.2 wt% of micron-sized
particles of CuO is able to reduce the transmission of human
influenza A virus (H1N1) and avian influenza virus (H9N2)
without altering their filtration capacities. Recently, Hosseini
et al> revealed that the infectivity from SARS-CoV-2 can be
reduced by 99.9% on average after the first hour of contact
with a CuO film. These authors conclude that the leachate
from the CuO film did not significantly inactivate the virus,
even over 24 h of exposure (the virus was never in contact with
the solid in this experiment). Thereby, Hosseini et al.”® demon-
strated that inactivation of viruses requires physical contact
with CuO particles. We therefore believe that the highly toxic
hydroxyl radicals HO" produced by CuO nanoparticles play a
key role in the inactivation of SARS-CoV-2. A precise knowledge
of the toxicity of CuO nanoparticles towards bacteria and, at
the same time, towards viruses is now available.
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