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Abstract

Copper substitution together with nano-structuring are applied with the aim to increase the bactericidal performances of the
rocksalt-type MgO  oxide. The  partial  substitution of  magnesium ions  with Cu?*  has been
successfully achieved in both micrometer- and nanometer-sized particles of MgO up to 20 mol% in increments of
5 mol%. Microstructural analyses using the Integral Breadth method revealed that the thermal decomposition of
the single source precursor Mgi«Cux(OH)22y(COs),.zH,O at 400°C creates numerous defects in 10-20 nm-sized
particles of Mgi«CusO thus obtained. These defects make the surface of nanoparticles highly reactive towards the
sorption of water molecules, to the extent that the cubic cell a parameter in as-prepared Mg;xCusO expands by
+0.24% as soon as the nanoparticles are exposed to ambient air (60% RH). The hydration of Mg:;xCusO particles
in liquid water is based on a conventional dissolution-precipitation mechanism. Particles of a few microns in size
dissolve all the more slowly the higher the copper content and only Mg(OH), starts precipitating after 3 h. In
contrast, the dissolution of all 10-20 nm-sized Mg.«CusO particles is complete over a 3 h period and water
suspension only contains 4-12 nm-sized Mgi1«Cux(OH), particles after 3 h. Thereby, the bactericidal activity
reported for water suspension of Mg:;«CuO nanoparticles depends on the speed at which these nanoparticles
dissolve and Mg:4Cux(OH), nanoparticles precipitate in the first 3 h. Only 10 mol% of cupric ions in MgO
nanoparticles are sufficient to kill both E. coli and S. aureus with a bactericidal kinetics faster and reductions in
viability at 3 h (6.5 Logi, and 2.7 Logi, respectively) higher than the conventional antibacterial agent CuO (4.7
Logie and 2 Logi;, under the same conditions). EPR spin trapping study reveals that “hydroxylated” MgoCug10
as well as MgosCup1(OH), nanoparticles produce more spin-adducts with highly toxic hydroxyl radicals than
their copper-free counterparts. The rapid mass adsorption of Mgo9Cuo.1(OH). nanoparticles onto the cell envelopes following their
precipitation together with their ability to produce Reactive Oxygen Species are
responsible for the exceptionally high bactericidal activity measured in the course of the hydroxylation of
Mgo.sCuo1O nanoparticles.

- 1 transmission. In 2019, a report of the agency “France Public Health”
A IntrOdUCtlon [1] pointed out that four pathogens are responsible for half of the
Bacterial pathogens causing Healthcare-Associated Infections (HAIs) number of HAIs in France: the two Gram-positive bacteria Staphylo-
pose ongoing and increasing challenges to hospitals, both in the clinical coccus aureus (S. aureus, ~ 13.8%) and Enterococcus faecalis (E. faecalis, ~
treatment of patients and in the prevention of their person-to-person 6.5%) together with the two Gram-negative bacteria Escherichia coli



(E. coli, =23.6%) and Pseudomonas aeruginosa (P. aeruginosa, ~ 6.3%).
By designing highly bactericidal compounds having no or very low
ecotoxicity, the impact of engineered materials on the environment and
the risk of resistance acquisition to antimicrobial agents will be reduced.
Nanometer-sized particles of certain oxides such as periclase MgO [2,3]
and tenorite CuO [4-6] exhibit bactericidal activity towards these
pathogenic bacteria. Due to their long-term geological availabilities,
these oxides could substitute with advantage for metallic silver,
frequently used as a bactericidal agent. But CuO has ecotoxic effects
while MgO has none [7]. Contrary to CuO, a rapid hydration of
nanometer-sized MgO particles occurs in aqueous solution [8] leading
to a complete conversion into brucite Mg(OH)- particles over time. The
drawback of this hydration is that the reduction in viability of E. coli
does not exceed 90% (1 Logj) in the best case after 4 h in contact with
nanometer-sized Mg(OH), particles [9].

Periclase MgO adopts a rock salt-NaCl-type structure (space group F
m-3m (No.225)) [10], described as a compact ABCABC stacking of
oxygen layers along the [111] direction with magnesium occupying all
the regular octahedral interstices. The inter-penetrated Face-Centered-
Cubic (FCC) arrays of magnesium and oxygen atoms built up a three
dimensional and dense network of edge-sharing [MgOg] 10- octahedra,
as shown in Fig. 1a. At reverse, the monoclinic structure of tenorite CuO
(space group C2/c (No.15)) can be viewed as a highly distorted NaCl-
type structure [11] (Fig. 1b). The distortion originates from the Jahn-
Teller effect of cupric ions which induces a huge elongation of the
octahedral coordination along its 4-fold axis (four short cu?t-0 equa-
torial bonds and two long cu?t-0 apical bonds). If such a [4 + 2]
distortion is commonly observed in divalent copper compounds, the
elongation in tenorite CuO is in magnitude considerable (about 42%).
Thereby, cupric ions must be considered in CuO to be 4-fold coordinated
to oxide ions (ie. [Cu04]6’) in a square planar geometry (Fig. 1c).
Squares at z = 0 share opposite oxygen edges to form infinite [CuO3]* ",
ribbons running along the [10-1] direction and isolated one from the
other in the (a,b) plane. Theses ribbons at z = 0 are connected by oxygen
vertices to similar ribbons at z = 1/2 running along the [101] direction.
A regular three-dimensional mesh is thus built up (Fig. 1c). In the
literature [12], a solid Mg;.xCucO solution solely exists within the
magnesium rich end of the MgO-CuO binary phase diagram. The extent
of the solid solution is temperature dependent with a maximum copper
content x = 0.20 at 1050 °C. The above structural similarities and dif-
ferences between MgO and CuO explain why the isovalent substitution
of Mg?* ions by cupric ions is only partial in MgO. Ohira et al. [13]
showed that micrometer-sized particles of the mixed Mgg ¢5Zng 350
oxide exhibit higher bactericidal activities towards the Gram-positive
S. aureus and the Gram-negative E. coli than the parent MgO and ZnO
oxides considered separately. Because CuO exhibits both bactericidal
activity and stability towards hydration, the partial substitution of

magnesium ions by cupric ones could greatly enhance the bactericidal
activity of MgO particles while minimizing its sensitivity to hydration.

Recently, we showed that nanometer-sized platelets of several
copper-substituted magnesium hydroxides Mg1.xCux(OH)2.24(CO3)y.
zH50 can be simply obtained from metal nitrates by co-precipitation
route at room temperature in mixed alkaline medium (NaOH/NazCOs3)
[14]. Temperature-controlled X-ray diffraction study revealed that
those nanometer-sized “MgixCux(OH)2" platelets decompose below
400 °C into single mixed periclase-type Mg;.4Cu,O nanoparticles [14]. It
thus gives the opportunity to probe the effects of the nano-structuring
and the copper content on the bactericidal activity and sensitivity to
hydration of Mg;.xCuxO particles. In the present paper, such a study is
performed on micrometer- and nanometer-sized particles of Mgj.xCuO
(0 < x <€ 0.2), hereafter referred to “micro-Mg;.xCu,O” and “nano-Mg;-
xCu,O” series, respectively. For micrometer- and nanometer-sized par-
ticles of MgO and Mg gCug 20, their hydration in water is monitored as
a function of immersion time by ex-situ X-ray powder diffraction and
infrared spectroscopy analyses. For each composition of both series, the
evaluation of bactericidal activity is carried out against two bacteria
frequently involved in Healthcare-Associated Infections: the Gram-
positive S. aureus and the Gram-negative E. coli. A bactericidal mecha-
nism is finally proposed.

B-Materials and methods

B1. Starting materials

Mg(NO3)2.6H20 (Alfa Aesar, 98%), HNO3 (VWR Chemicals, 68%),
NaOH (Sigma-Aldrich, 98% pellets) and NayCOs (Acros Organics,
99.8%) were used as received. Commercial CuO (Alfa Aesar, 97%)
contains a small amount of cuprous oxide Cu»O. Prior to use, powder of
CuO, spread over the bottom of an alumina boat, was therefore annealed
at 600 °C for 12 h in a pure dioxygen gas flow (1 atm) to fully oxidize
cuprous ions. Dimethylsulfoxide (DMSO; anhydrous, >99.9%),
hydrogen peroxide (for analysis, 30%) and 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) were purchased from Sigma-Aldrich. DMPO was distilled
prior to use.

B2. Synthesis of micrometer-sized particles

One gram of micrometer-sized particles of mixed Mg, xCuxO oxides
was successfully prepared as a single phase through a modified solid-
state reaction route using magnesium and copper nitrates as pre-
cursors. The thermal decomposition of magnesium and copper nitrates is
used to produce MgO and CuO oxide particles of few hundred nano-
meters in diameter with a higher reactivity than commercial
micrometer-sized oxide particles (@ ~1-2 pm). The hydration degree of

Fig. 1. Perspective view of the crystal structures of MgO (a) and CuO (b and c¢). Structural description of CuO in terms of octahedral (b) and square planar (c)

coordination of cupric ions.



commercial copper nitrate is not always constant, while it is for Mg
(NO3)2.6H20. To perfectly control the copper content of the targeted
composition, the homogeneous mixture of magnesium and copper ni-
trates was directly prepared in a Teflon beaker by dissolving CuO and
Mg(NO3)2.6H20, weighted in stoichiometric proportion, in 20 mL of
concentrated nitric acid (68%). After homogenization for 30 min under
stirring, the blue solution was heated up to 140 °C on a hot plate to
slowly evaporate the excess of acid and to obtain a blue solid corre-
sponding to intimate mixture of copper and magnesium nitrates. This
mixture of nitrates was manually ground in an agate mortar and then
transferred into a platinum crucible for subsequent heatings in air. A
first annealing for 10 h at 500 °C is carried out to decompose nitrates
into oxides (heating rate of 1 °C.min"}). After thoroughly grinding the
resulting powder, a single annealing for 10 h at 1050 °C (heating and
cooling rates of 5 °C.min~") was sufficient to achieve a complete solid
state reaction between the elementary oxides.

B3. Synthesis of nanometer-sized particles

One gram of nanometer-sized particles of mixed Mg;.xCuxO oxides
were obtained by decomposing for 12 h at 400 °C in air (heating rate of
3 °C.min™") the single source precursor Mg1.xCux(OH)2.2y(CO3)y.zH>0.
These precursors were beforehand prepared at room temperature along
a co-precipitation synthetic route extensively described in reference
[14]. The optimized decomposition temperature (ie. 400 °C) was
determined by ThermoGravimetric (TG) and Mass Spectrometric (MS)
evolved gas analyses [14]. Once synthesized, raw nanoparticles were
stored in an argon-filled glove box with less than 1 ppm in water to avoid
the formation of the by-product hydroxide.

B4. Characterizations and hydration of particles

The different samples were then analyzed by X-ray powder diffrac-
tion (XRPD), electron microscopy (SEM, TEM) and nitrogen sorption
measurements in order to determine the phase purity, the morphology,
the size and the specific surface area of particles. The hydration of both
micrometer- and nanometer-sized particles in liquid water and humid
air was monitored as a function of time by ex-situ XRPD, infrared (IR)
spectroscopy and microwave plasma - atomic emission spectroscopy
(MP-AES) analyses. Further experimental details about these different
analyses are given in Appendix A.

BS5. Electron paramagnetic resonance (EPR)

The stock suspensions of MgO, Mg(OH)2, MgooCuo 10 and
Mgy 9Cug 1(OH)2 nanoparticles (1 mg.mL’l) were prepared in distilled
water or DMSO. The spin trapping agent DMPO was dissolved in
distilled water or DMSO. The EPR experiments in X-band were per-
formed by means of EMXplus spectrometer (Bruker) with a High Sensi-
tivity Probe-head (Bruker) in the small quartz flat cell (WG 808-Q,
Wilmad-LabGlass). The suspensions containing nanoparticles at con-
centration of 1 mg.mL~! were mixed with DMPO and H,0, stock solu-
tions immediately before EPR measurements at 20 °C. In some
experiments the prepared suspensions were irradiated directly in the
EPR resonator using a UV LED source (Apax = 365 nm, Bluepoint LED,
Honle UV Technology) and the EPR spectra were recorded in-situ during
exposure. 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 experimental EPR spectra were
analyzed by Bruker software WinEPR and the simulated spectra were
calculated using the EasySpin toolbox [15]. EPR experiment settings:
microwave frequency, ~9.429 GHz; microwave power, 21.4 mW; center
field, ~335.8 mT; sweep width, 8 mT; gain, 1.00 x 10°-2.52 x 105;
modulation amplitude, 0.1 mT; sweep time, 20 s; time constant, 5.12 ms;
number of scans, 3-30.

B6. Evaluation of bactericidal activity

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 53126. The strains were stored at —80 °C in Eugon
broth (AES, Rennes, France) with 20% (v/v) glycerol (Fluka, Butch,
Switzerland). Before each experiment, preserved bacteria were grown at
36 °C under aerobic conditions on trypticase soy agar medium during
24 h (Biomérieux, Craponne, France). The second and third subcultures
were used to extemporaneously prepare suspensions with a concentra-
tion in bacteria of about 2 x 10° Colony Forming Units per mL (CFU.
mL ™! calculated from the Optical Density measured at 640 nm). The as-
prepared 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 particle suspension are inoculated with 100
pL of bacterial suspension, thus leading to a final concentration in
bacteria of ~ 2 x 10° CFU.mL ™. A bacterial suspension without parti-
cles was used as a positive control. The suspensions were then main-
tained at 20 °C under constant stirring on a rotary platform working at
250 shakes per min. Permanent agitation of the suspensions prevents the
bacteria from adhering to the bottom of the flask and ensures a good
aeration of the medium (transfer of dioxygen from air to water). In
addition, no sedimentation of (micro- and nano-) particles occurs in our
experiments with such agitation. A good distribution of bacteria and
particles in the reaction volume is thus achieved. 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 me-
dium 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 bacterial colonies grown (CFU), multiplied by the dilution
factor and expressed as GFU.mL™! of the suspension under test. Euro-
pean Standards for chemical disinfectants and antiseptics (EN 14885)
require the expression of the reduction in cell viability in the form of R
Logo. Thereby, results are expressed in CFU counts N; at a contact time t
(Np at t = 0), in percent reduction in cell viability [(N-NJ x 100]/Ny as
well as in R Logjg reduction (R = Log19(No/Ny)). The experiments were
repeated two times for each strain tested. For each contact time tested,
control numerations of CFU.mL~’ were also performed in sterile
distilled water and without particles. The cell viability was preserved for
both bacteria in these conditions with CFU counts N, at t = 15, 30, 60
and 180 min remaining constant regarding the counts Ny at t = 0 min.

C-Results and discussion

C1. Phase identification of micro- and nanoparticles

Mixed Mg; xCuxO oxides were prepared through two synthetic routes
in order to obtain two series of polycrystalline samples with different
particles sizes. Whatever the routes, the XRPD patterns of raw powders
show single rock-salt MgO-type phase (periclase) in the whole compo-
sitional range investigated 0 < x < 0.2 (Fig. 2a and b). A shift of all
diffraction peaks towards low 26 scattering angles (A28 ~ —0.15° over
the composition range 0 < x < 0.2) is noted as the copper content x
increases (dashed line in Fig. 2a and b), sign of a homothetic expansion
of the cubic unit cell with x. The crystal structures of the different Mg;.
xCuxO oxides have been refined from their XRPD patterns by the Riet-
veld method [16] of the Fullprof program [17] using the cubic struc-
ture of periclase MgO as a starting structural model [10]. In the crystal
structure of MgO, magnesium and oxygen ions lie on 4a (0,0,0) and 4b
(%, Y5, '2) special positions of the space group F m-3m (No.225),
respectively. In the crystal structures of Mg; »Cu,O, the site occupation
factors for Mg and Cu atoms were respectively kept fixed to (1 — x) and
x, according to the nominal Cu content x of the analyzed sample. The
isotropic thermal factors By, of all atoms were constrained to the same
refined value. All XRPD patterns were satisfactorily modelled by least-
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Fig. 2. XRPD patterns collected at ambient air atmosphere (60% RH) and room temperature (RT) on micrometer-sized (a) and nanometer-sized (b) Mg;.xCuxO
particles for different copper contents x. Insets: effect of the copper content x on the position in 26 and the profile shape of the (220) diffraction peak.

squares fitting the structural model consisting in three adjustable pa-
rameters: the scale factor, the isotropic thermal factors Bjs, and the cubic
cell parameter a. The values of those parameters together with con-
ventional reliability factors are reported in Tables S1 and S2 for micro-
Mg1.xCuxO and nano-Mg;.xCuyO samples, respectively (Section 2 in
Appendix A). Fig. S1 (Section 2 in Appendix A) shows the final observed,
calculated, and difference diffraction patterns of micro-Mgp gCug 20 and
nano-Mg gCug 20, both representative samples of each series. For both
series, the evolutions of the cubic cell parameter a as a function of the
copper content x are displayed in Fig. 3. From the crystal structure of
MgO shown in Fig. 1a, the (Mg,Cu)-O bond length is half of the cubic cell
parameter a. Along the micro-Mg; xCuyO series, the linear expansion of
the a parameter results from the elongation of (Mg,Cu)-O bonds with
increasing the copper content x (usual Vegard's law [18]). This elon-
gation reflects that cupric cation (ionic radius = 0.73 & (CN = 6) [19])
is slightly larger in size than the Mg?* ion (ionic radius = 0.72 A (CN =
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Fig. 3. Variations of the average apparent size <Syg>> and the average lattice
strain <egp> of the coherently diffracting domains with the copper content x in
nanometer-sized Mg, «CuyO particles. Constant 0.24% expansion of the cubic
cell parameter a with the nano-structuring of Mg;.,Cu,O particles for copper
content x investigated.

6) [19]). The existence of this Vegard's law attests the formation of a
substitutional solid solution in the whole composition range investi-
gated 0 < x < 0.2. Paranthaman et al. [12] have determined the solu-
bility limit of cupric ions in MgO quenched in air from different
annealing temperatures ranging from 850 °C to 1050 °C. A maximum in
solubility of x = 0.2 is attained at 1050 °C whereas it is more than twice
lower at 850 °C with x = 0.09. When samples with a copper content of x
= 0.12, 0.15 and 0.17 are quenched from 850 °C, the secondary CuO
phase is present in addition to a MgO-type phase. The present study
shows that a rate of 5 °C.min ! is fast enough to prevent the exsolution
of cupric ions from the rock-salt MgO-type structure when cooling the
powders in air from 1050 °C to room temperature.

For the nano-Mg; xCuyO series, the dependence of the cubic cell a
parameter on the copper content x also obeys a Vegard's law, as shown
in Fig. 3. However, the nano-structuring of Mg, xCu,O particles induces
the same relative lattice expansion (= +0.24%) regardless of their
copper content x (the Vegard’s laws a = f(x) for micrometer-sized and
nanometer-sized series having the same slope). Razouk and Mikhail
[20] have prepared MgO by the decomposition of Mg(OH), at different
temperatures 350, 500, 800 and 950 °C. They studied the hydration of
these oxide particles at 35 °C in relative water vapor pressure P/P,
varying from zero to saturation [20]. Their results indicate that when
MgO particles prepared at 350 °C are exposed for the first time to water
vapor, the sorption instantly starts as soon as the relative pressure P/Pg
increases from zero. Because the thermal decomposition of single mixed
hydroxide precursors Mgj.xCux(OH)z.2y(CO3)y.zH20 was performed at
400 °C in the present study, one can wonder whether the ~ +0.24%
lattice expansion when reducing the size of Mg;_xCuyO particles (Fig. 3)
would not originate from a quick surface hydration of nanoparticles at
ambient partial water pressure (P(H20) ~ 0.03 atm).

Since bactericidal activity is a surface driven property, any surface
hydration of particles necessarily affects their performances, either by
degrading or boosting them. The performances as well as the bacteri-
cidal mechanism of Mg; xCusO particles could therefore be different
depending on their size and the exposure time to ambient atmosphere.
This point is of vital importance for any practical use of bactericidal
agent and must be thoroughly investigated. In addition, the bactericidal
activity in the present study is evaluated in liquid water at 20 °C. As
surface hydration is kinetically faster in liquid water than in ambient air,
the stability of the particles must also be monitored when they are
immersed in water. Before monitoring the hydration of the particles,
their morphology and size were determined by electron microscopy
(SEM or TEM). For micrometer- and nanometer-sized particles of MgO
and Mg gCug 20, their stabilities towards water vapor and in liquid
water were monitored as a function of exposure/immersion time by ex-
situ X-ray powder diffraction and infrared spectroscopy analyses. The



two next Sections 3.2 and 3.3 are respectively devoted to these
investigations.

C2. Morphology and size of nanoparticles versus microparticles

The SEM micrographs of micrometer-sized particles are displayed in
Fig. S2 for the different copper contents x (Section 3 in Appendix A).
Irrespective of the copper content, the particles do not have a regular
shape or uniform size. Although all powders were annealed at 1050 °C,
the particle size is around 1-3 pm for the parent oxide MgO (Fig. S2a),
whereas it is ranging from 3 to 10 pm for all copper-containing speci-
mens (Fig. S2b-e). According to literature [21], only subsequent
heating of the MgO powder to temperatures between 1300 and 1400 °C
would have been able to form particles similar in size to those found in
all copper-containing powders. Thereby, the kinetics of grain growth in
mixed Mg;.xCuxO oxides is faster than in pure MgO. Despite the slight
differences in particle size between micro-MgO and micro-Mg; xCu,O
(Fig. S2a-e), all the values of the a parameter lie on the same Vegard’s
law (Fig. 3).

The TEM images of the nanometer-sized particles are shown in Fig. 4
for the different copper contents x. These particles have smoothed edges
and have no particular shape whether they contain cupric ions
(Fig. 4b—e) or not (Fig. 4a). These particles have sizes ranging from ~10
to 20 nm and form shapeless aggregates. This tendency to particle
agglomeration is reminiscent of what was observed when imaging with
the transmission electron microscope the nanometer-sized particles of
the single source precursors Mg; xCux(OH)2.2y(CO3)y.zH20 [14] from
which the corresponding nano-Mg; ,Cu,O oxides are derived. For each
mixed oxide in the composition range 0 < x < 0.2, the selected area
electron diffraction (SAED) pattern collected on each aggregate shows
four distinct rings, as shown in Fig. 4f for the x = 0.2 sample. The
presence of rings rather than individual diffraction spots results from the
superimposition of the SAED patterns of the numerous nanometer-sized
particles forming each aggregate. These four rings are singly indexed to
the crystal planes (111), (200), (220) and (311) of a rock-salt MgO-type
structure with interreticular dpy distances in very good agreement with

10 1/nm

those of the first four Bragg diffraction peaks in the XRPD patterns
displayed in Fig. 2b. It thus confirms the high crystallinity of the
nanometer-sized Mg, ,Cu,O particles obtained from the thermal
decomposition of the single source precursor Mg; xCux(OH)2.2y(CO3)y.
zH50 at 400 °C. For each nano-Mg;.xCuxO oxide, the copper to mag-
nesium atomic ratio, determined by EDX analysis carried out on several
single nanoparticles, is in very good agreement with the nominal ratio
(Fig. 4g).

In Fig. 2b, all the Bragg peaks have a symmetric Voigt-type profile
which makes possible a microstructural analysis from XRPD data using
the Integral Breadth method [22-25], as described in details in Ap-
pendix A (Section 1.1). In the present analysis, the peak broadening is
assumed to originate from both the nanometer size (“size broadening”
effect) and the lattice distortion (“microstrain broadening” effect) of
coherently diffracting domains. For each nano-Mg; ,Cu,O oxide, the
average apparent size <Sp> and the average lattice strain <eg> of these
domains were calculated from the integral breadth f of all peaks of their
XRPD patterns displayed in Fig. 2b. The variations of <Sp> and <gp> as
a function of the copper content x in nanometer-sized Mg; xCuxO par-
ticles is shown in Fig. 3. In Fig. 3, the average apparent size <Sg>
dropped by half for samples ranging from x = 0 to x = 0.2 in a linear
fashion. In contrast, microstrains are invariant to the copper content x of
the mixed oxides with a lattice strain e remaining around 0.4% in
average (Fig. 3).

Gordon et al. [26] smashed one Mg(OH); crystal of 10-50 pm thick
and 1-2 mm large into small pieces (1-5 pm) in order to examine their
thermal decomposition under a transmission electron microscope by
taking electron micrographs and diffraction patterns at various stages of
the process. These authors showed that the dehydroxylation progresses
two-dimensionally along the basal (a,b) plane of the brucite Mg(OH)»
structure and that shortly after it starts, numerous cracks appear within
the entire crystal. In brucite structure, the dehydroxylation of the layers
of edge-sharing octahedra stacked along the c-axis induces their
condensation (oxolation) in order to build up the three dimensional
network of edge-sharing octahedra found in the rock-salt-type structure
of MgO (Fig. 1a). The (111) and (10-1) lattice planes in MgO are
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directly related to the (0001) and (11—-20) lattice planes in Mg(OH),,
respectively [26-28]. During dehydroxylation, lattice strains naturally
appear at the reaction interface between just condensed and still hy-
droxylated layers due to the local reduction of the packing Mg—Mg
distance. Dehydroxylation starts at the edges of brucite particle and
progresses to the particle core. When it exceeds the tensile strength of
brucite particle, the accumulation of lattice strains causes nanoscale
cracks which start propagating in the entire particle [26]. After a short
period of reaction, the as-produced MgO particles break away from the
brucite matrix and stop growing in size. It explains why the MgO par-
ticles are smaller in size than Mg(OH)- ones. In addition, no perfect or
complete condensation of layers within the MgO particles inevitably
generates nanoscale defects in - or voids between - coherently diffracting
domains. The crack and void concentrations depend on the heating rate
and temperature as well as the water vapor pressure used for the thermal
decomposition of brucite Mg(OH), [29].

In a similar way, cracks and voids must appear in the studied
nanoparticles when the single source precursor Mg; xCu(OH),.
2y(C0O3)y.zH20 thermally decomposes to form the corresponding Mg;.
xCuxO oxide. They are at the origin of the high lattice distortions of 0.4%
existing in the Mg; »Cu,O nanoparticles produced in this way. Because
of a constant defect density along the nano-Mg;.xCuO series, the
continuous increase in the full width at half maximum (or the integral
breadth p) of the Bragg peak (see for instance the (220) peak in Fig. 2b)
only originates from the reduction in size of the coherently diffracting
domains with increasing x. As expected from the dehydroxylation
mechanism detailed above, TEM images show that the Mg; xCuO par-
ticles (= 10-20 nm in diameter, Fig. 4) are two times smaller in size than
that of Mg1.xCux(OH)2.2y(CO3)y.zH20 ones (=~ 10-50 nm in diameter
[14]). Note that, the dimensions of Mg;_xCuxO particles measured from
TEM micrographs are larger than the average apparent size <Sp> of the
coherently diffracting domains calculated from XRPD patterns (Fig. 3).
Several coherently diffracting domains necessarily coexist within each
nanometer-sized particle observed by TEM (Fig. 4a—e). Nitrogen sorp-
tion measurements were also carried out to determine the specific sur-
face areas (SAA) of the nanometer-sized particles (Section 1.3 in
Appendix A). All nano-Mg; xCuyO powders have high SAA ranging from
180 to 260 m2g ! without any particular dependence on the copper
content x (Fig. 4a—e).

C3. Hydration of particles in liquid water and humid air: effects
of size and copper content

The hydration of particles in liquid water (liquid/solid interaction)
and under static humid air atmosphere (gas/solid interaction) is moni-
tored at 20 °C as a function of the immersion/exposure time by ex-situ X-
ray powder diffraction (XRPD) and infrared (IR) spectroscopy analyses.
The experimental conditions are specified in Appendix A (Section 1.4).
The experiments in humid air and in liquid water were performed on the
micrometer- and nanometer-sized particles of two compositions, MgO
and Mg gCuyg 20, to determine the effects of the nano-structuring and
the copper content of particles on their hydration. The results are
addressed below.

C3-a. Hydration in liquid water

The time evolution of XRPD patterns and IR spectra collected on the
micrometer- and nanometer-sized particles of MgO and Mg gCug 20
after their immersion in liquid water are displayed in Fig. 5a and b,
respectively. For the micro-MgO sample, three large diffraction peaks
ascribed to the hydroxide Mg(OH); emerge from the background of
XRPD patterns after 180 min of immersion in liquid water (Fig. 5a).
Concomitantly, one stretching vibration band v of hydroxyl group [30]
at around 3700 cm ™! appears in the IR spectra at the same immersion
time (voy in Fig. 5b). This frequency of the OH stretching vibration is in
very good agreement with the value of 3697 cm™! determined by
Martens and Freud on Mg(OH); powder [31]. The formation of Mg

(OH)2 as the hydration product of MgO is thus confirmed. Although
diffraction peaks and von vibration band of Mg(OH); grow in intensity
with the immersion time, the hydroxylation of micro-MgO particles
remains only partial since a large amount of oxide is still detectable by
XRPD (Fig. 5a) after 960 min of immersion. The hydroxylation rate o at
any immersion time t can be calculated from the decrease in intensity of
the (200) Bragg peak of the MgO phase at 20 ~ 43° (Fig. 5a). This rate is
defined by a = 100 x (1-I(200):/1(200)) where I(200); and I(200),
represent the peak intensity at time t and 0 min of immersion. As shown
in Fig. 5c, the hydroxylation rate a of micro-MgO particles does not
exceed ~ 39% at 960 min.

In the same conditions, no formation of a single Mg(OH).-type hy-
droxide is detected on both XRPD patterns and IR spectra collected on
the immersed micro-Mgp gCug 20 particles (Fig. 5a and b). Even, if in
SEM images (Fig. S2a and e in Appendix A), the micro-Mgg gCug 20
particles are few microns larger in size than the micro-MgO ones, this
difference cannot, on its own, explain that no hydroxylation of the
micro-Mgp gsCug 20 particles occurs after 960 min. This result rather
points out that cupric ions significantly slows down the hydroxylation
kinetics of the micro-Mgg gCuo 2O particles.

As expected, the reduction in particle size below ~ 20 nm greatly
accelerates their hydroxylation kinetics. This acceleration is really sig-
nificant for nano-Mgp gCug 20 which now behaves in the same way as
nano-MgO despite the presence of copper. For both samples, the hy-
droxylation starts in the first 15 min of immersion in liquid water, as
shown in the XRPD patterns and IR spectra (Fig. 5a and b). A single Mg
(OH),-type hydroxide is only observed in the XRPD patterns after 180
min of immersion of both nano-MgO and nano-Mg sCuy 20 particles
(Fig. 5a). The hydroxylation is considered complete after 960 min only
for nano-MgO particles because the Mg(OH), particles precipitated are
in equilibrium with a solution saturated in Mg?" at around 6-6.5 mg.L ™!
for immersion exceeding 180 min (see discussion hereafter). Such
steady-state is not reached for hydroxylated Mgy gCugp 20 nanoparticles
even after 1440 min of immersion (see discussion hereafter). The hy-
droxylation rate a can be calculated at any immersion time t from the
intensity of the (011) Bragg peak of the Mg(OH), hydroxide located at
20 ~ 38° in the XRPD patterns. This rate a is defined by a = 100 x I
(011)/1(011)960min Where I(011); and I(011)9somin represent the peak
intensity at time t and 960 min, respectively. As shown in Fig. 5¢, the
hydroxylation rate o of nano-MgO particles reaches ~ 91% at 180 min
and is greater than 99% after 480 min of immersion of nano-MgO par-
ticles. Average apparent sizes <Sp> of coherently diffracting domains
for those hydroxides were determined from the integral breadth p of all
peaks of the XRPD patterns (Fig. 5a). The Mg(OH)-type hydroxides
resulting from the hydroxylation of nano-MgO and nano-Mgg gCuyg 20
oxides at 180 min have coherently diffracting domains of 12 nm and 4
nm in size, respectively. It is worth noting that the formula of the hy-
droxide resulting from the hydration of nano-Mgg gCug 20 particles
cannot be “Mgp.gCup2(OH)>” because the extent of the solid solution
“Mg1.xCux(OH)2" is limited to x = 0.15 [14]. As shown in this reference
[14], only one small diffraction peak of Cu(OH); is present at 20 ~ 24°
in addition to peaks of a major Mg(OH),-type hydroxide when this
solubility limit is exceeded. No trace of Cu(OH), is however detected by
XRPD (260 region not shown in Fig. 5a) in the powder recovered by
filtration of the water suspension of “hydroxylated nano-Mgg gCug 20
particles” even at this high concentration in particles of 10 mg.mL™". It
suggests that the cupric ions in excess must be present in the supernatant
(0.059 mol of Cu®* per mole of Mgy gCuy 2O converted into 0.94 mol of
Mgo.s5Cuo.15(OH)3). To verify this assumption, the amounts of magne-
sium and copper elements released from nano-MgjgCug 2O particles
were measured by atomic emission spectroscopy (AES) after 180 min
and 1440 min of immersion in deionized water. Such AES analyses were
extended to micrometer-sized particles of MgO and Mgy gCug 20 as well
as to nanometer-sized particles of MgO, for comparison purposes. For all
samples, a suspension at 1 1'1'1g41'r1L’l in particles was used to perform
these AES measurements. This concentration is ten times lower than that
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chosen for monitoring the hydration of particles by XRPD and IR spec-
troscopy (10 mg.mL™1). With a suspension at 1 mg.mL ™! in particles, the
concentration in released cations will still remain in the calibration
range used for AES measurements and will thereby avoid multiple di-
lutions. In addition, such a suspension at 1 mg.mL~! in particles is also
used for the evaluation of bactericidal activity (Section 2.6). In parallel,
the pH of the supernatant was measured at the same specified time used
for monitoring the hydration of particles by XRPD and IR spectroscopy
and for evaluating bactericidal performances. The concentrations in
divalent cations (Mg2Jr and Cu®") and the pH values at the different
immersion times are gathered together in Table 1.

In literature [32,33], the hydration of MgO in liquid water is based
on a dissolution-precipitation mechanism with three distinct steps
detailed below:

(1) the dissociative adsorption of water molecules with the proton-
ation of low-coordinated oxide ions and the hydroxylation of low-
coordinated Mg?" ions at surface of MgO particles:

MgO,, +H,0, —MgOH" OH™ (uface)

(2) the surface dissolution with the release of both hydroxide and
Mg"’Jr ions into the solution:

MgOH".OH" (uuseee) = Mg™" ) + OH (1g)

(3) the precipitation of magnesium hydroxide when the solution is
supersaturated in both hydroxide and Mg?" ions: Mg2+(aq) +
OH" aq) = Mg(OH)z(s)

In Table 1, the release of hydroxide ions originating from the surface
dissolution of MgO particles is responsible for the increase in pH
observed in the first 180 min of immersion in liquid water regardless the
particle size. The change in pH is larger in magnitude for nanoparticles
than for microparticles of MgO because the reduction in size of particles
fastens the dissolution kinetics. The solubility of Mg(OH), in pure water
calculated from its solubility product constant (Kgp = 5.61 x 1072 in
[341) cannot theoretically exceed ~ 1.12 x 10~* moL.L™! or ~ 6.53 mg.
L1

In the supernatant in contact with MgO microparticles for 180 min,
the concentration in magnesium overtakes this solubility limit of Mg
(OH); (Table 1) which reflects a supersaturation of the solution in Mg2+.
Concomitantly, Mg(OH), starts precipitating after the immersion of
MgO microparticles for 180 min, as shown in the XRPD pattern dis-
played in Fig. 5a. Both results are consistent with the above mentioned
dissolution-precipitation mechanism. The concentration in magnesium
ions increases in the supernatant between 180 and 1440 min (Table 1).
Because the supersaturation of the solution in Mg?" is higher at 1440
min than at 180 min, the slow dissolution of MgO microparticles in
water therefore continued in this time period. An immersion time longer

Table 1

than 1440 min is needed to dissolve all MgO microparticles and to reach
the equilibrium between the Mg(OH), particles precipitated and a so-
lution saturated in Mger ataround 6-6.5 mg.L’l, as dictated by Kp. One
might have expected this dissolution to be complete after 1440 min for a
suspension with a mass concentration of particles as low as 1 mg.mL ™.
From the above result, it is therefore not surprising that when the mass
concentration of particles in the suspension is ten times higher (i.e. 10
mg.mLfl), a large fraction of MgO microparticles is still not dissolved
and thereby detected by XRPD after 960 min (Fig. 5a). In the superna-
tant in contact with MgO nanoparticles for 180 min, the concentration in
magnesium ions is very close to the solubility limit of Mg(OH), in water
and remains unchanged after 1440 min (Table 1). An equilibrium be-
tween Mg(OH), nanoparticles and the solution is this time attained from
the first 180 min. This steady-state has only been reached because of the
complete dissolution of MgO nanoparticules in liquid water after 180
min, as evidenced by XRPD for the large mass concentration of 10 mg.
mL~! in nanoparticles (only the presence of Mg(OH); is detected in
Fig. 5a).

An increase of two pH units takes place in the first 180 min after the
immersion of the micro-Mgp gCug 2O particles in liquid water which is
much smaller than the rise in pH from ~ 5.7 to =~ 10.5 noted for the
micro-MgO sample (Table 1). At 180 min, both the pH value closed to
neutrality and the weak concentration in divalent cations released in the
supernatant attest that the dissolution of micro-Mgg gCug 20 particles is
very limited in magnitude. Even if these microparticles continue to
dissolve between 180 and 1440 min, the precipitation of hydroxide
cannot occur according to the dissolution-precipitation mechanism
since the supersaturation of the solution is far from being reached in this
time period (Table 1). This conclusion is supported by the complete
absence of a mixed Mg;.xCux(OH); hydroxide in the XRPD pattern
collected on the micro-Mgg gCug 20 particles immersed for 960 min in
liquid water (Fig. 5a). For nano-Mgg gCug 20 particles, the solution re-
mains supersaturated in Mg2" even after 1440 min (Table 1) although
only the presence of a Mg; ,Cu,(OH),-type hydroxide is detected by
XRPD from the first 180 min (Fig. 5a). Such supersaturation in Mger is
no longer observed for nano-MgO particles beyond 180 min. It suggests
that the amount of Mgy gsCuyg,15(0OH)2 precipitated is not as large as that
of Mg(OH); in the first 180 min. When Mg sCuo 2O nanoparticles start
dissolving in liquid water, it is expected that the amount of released
copper ions is proportional to that of released magnesium ions in
compliance with the Cu/Mg ratio of the composition. According to this
assumption, the copper concentration in the supernatant calculated
from the magnesium concentration should be equal to ~ 4.9 mg.L ! and
~ 5.0 mg.L™! after 180 min and 1440 min of immersion, respectively.
Surprisingly, the copper concentration in the supernatant is only around
0.3 mg.L ™! after 180 min or 1440 min. These low copper concentrations
in the supernatant are certainly related to the solubility product constant
of Cu(OH), in pure water (Kg, = 2.2 x 1072 in [35]) which is much
lower than that of Mg(OH),. As the amount of copper ions in the su-
pernatant is 16 times lower than expected, it implies that either the

Time dependencies of the pH and concentrations of magnesium and copper ions in the supernatant after the immersion in water of micrometer- and nanometer-sized

particles of both MgO and Mgp.gCug 20 oxides (1 mg.mL_])A

Immersion time (min) MgO Mg sCug 20
Micro Nano Micro Nano
pH Mg pH Mg pH Mg Cu pH Mg Cu
(mg1™) (mg 1™ (mg L") (mg1™) (mgL™) (mgL™)

0 5.7 - 5.7 - 5.7 - - 5.7 - -
15 8.45 - 9.15 - 6.8 - - 9.1 - -
30 8.7 - 9.29 - 6.9 - - 9.36 - -
60 9 - 9.33 - 6.96 - - 9.48 - -
180 10.53 7.4 10.17 6.1 7.62 1.2 <0.1 9.89 7.5 0.3
480 9.68 - 9.27 - 6.83 - - 9.22 - -
1440 9.61 8.3 9.2 6.3 6.96 5.7 <0.1 9.04 7.7 0.3




mixed Mgi.xCux(OH), hydroxide formed is richer in copper than the
starting oxide Mgg gCup 20 (ie. x > 0.2) or that a precipitation of the
solvated copper ions occurs with the immersion time and at the basic pH
of the supernatant (Table 1). As stated above, the extent of the solid
solution “Mg;.xCux(OH)," is limited to x = 0.15 [14]. Consequently,
only the second hypothesis remains valid. Considering that ~ 4.9 mg.L ™
of cupric ions must have been released by the dissolution of Mgg gCug 20
nanoparticles after 180 min and that only 0.3 rng.L71 remain in the
supernatant, we conclude that ~ 93.9 mol% of the released cupric ions
are precipitated mainly as Mgg gsCug.15(OH)2 and as Cu(OH), presum-
ably for the rest. Whatever the starting mass concentration used 1 or 10
mg.mL ™}, the complete absence of Cu(OH); from the powder recovered
by filtration of the water suspension of “hydroxylated nano-Mgg gCup 20
particles” raises a question (XRPD patterns in Fig. 5a). Cudennec et al.
[36] found that in pure water, the copper hydroxide remains stable and
blue in color for several weeks before first darkening and then decom-
posing into CuO. These authors also noticed that a progressive dissolu-
tion of Cu(OH), particles occurs with time in hydroxide ions rich-
medium, leading to the formation of the soluble square planar [Cu
(OH)4] 2= complex [37]. These [Cu(OH)4] 2~ anions give rise to copper
oxide CuO particles in a few hours through a condensation/dehydration
process. Of course, such precipitation of CuO cannot be ruled out in the
basic medium generated by the dissolution of nano-Mgg gCug 2O parti-
cles. As for copper hydroxide, the two highest intense (—111) and (200)
Bragg peaks characteristic of CuO, which are respectively located at 20
= 35.5° and 38.7°, are totally absent from the XRPD patterns of “hy-
droxylated nano-Mgg gCug 20 particles” (Fig. 5a). Whether Cu(OH); or
CuO, the corresponding particles probably have coherently diffracting
domains so small in size that the associated Bragg peaks are too broad to
clearly emerge from the background of XRPD patterns displayed in
Fig. 5a.

C3-b. Hydration in static humid air atmosphere

Since the hydration kinetics of particles in moist air (80% RH) should
be lower than in liquid water, the stability was monitored at 20 °C over a
period as long as 35 days. The time evolution of XRPD patterns and IR
spectra collected on the micrometer- and nanometer-sized particles of
MgO and Mg gCug 20 after their exposure to humid air are displayed in
Fig. 6a and b, respectively.

For micro-MgO and micro-Mgy gCuo 2O particles, no formation of a
single Mg(OH),-type hydroxide is detected by XRPD even after 35 days
of exposure to humid air (Fig. 6a). It is consistent with the absence of a
stretching vibration band v of hydroxyl group at around 3700 em~linIR
spectra collected over the same period (Fig. 6b). On the other hand, a
very broad vibration band in the wavenumber region between 3800 and
2800 cm™! and an intense band at ~ 1425 ecm ! simultaneously appear
in the IR spectra from the first day of exposure of both micro-MgO and
micro-Mgp gCup 2O particles to humid air (Fig. 6b). As the days of
exposure increase, these vibration bands still grow in intensity. The
broad band is attributed to the elongation vibration of the O—H bonds
within water molecules adsorbed at the surface of the oxide particles
(vg20 in Fig. 6b). No vibration band for adsorbed CO, molecules is
observed at 2350 cm ™" in IR spectra. Thereby, the intense band at ~
1425 cm™! corresponds to the asymmetric stretching vibrations v of
C—O bonds in carbonate groups CO%’ [30] (vcos in Fig. 6b). These
carbonate groups come from the reactive adsorption of CO2 molecules
present in the humid air of the closed glass chamber onto the oxide
surface. The asymmetric stretching vibration v of C—O bonds in the free
CO%“ ion (Dsn symmetry) gives rise to one active IR band at 1415 em™!
[38]. These carbonate groups can be mono- or bi-coordinated to ter-
minal divalent cations at the surface of MgO and Mgg gCug 20 particles
[38]. Whatever the coordination of those adsorbed carbonate groups,
their three C—O bonds are no more equivalent as in the free CO% ™ ion.
Thus, the IR band of the free CO3™ ion at 1415 em™! splits into two
bands. The difference Av in position of these two bands can be as high as
100 cm™! for a mono-coordination and 300 cm ™! for a bi-coordination

of CO3™ ions [38]. In Fig. 6b, no splitting is observed except that, the
intense band at ~ 1425 cm ™! is asymmetric at high wavenumbers side.
This asymmetry results from a strong overlapping of the two v vibration
bands with a difference Av not exceeding 80 cm™'. One can thereby
conclude that the carbonate groups are mono-coordinated to terminal
divalent cations (Mg and Mg/Cu) at the surface of MgO and Mg gCu.20
particles. Despite the simultaneous hydration and carbonation of parti-
cle surface for both micro-oxides, no carbonate and hydrated phase are
detected by XRPD, even at trace level, under the data collection condi-
tions used (Section 1.1 in Appendix A). Torres-Rodriguez et al. [39]
showed that MgO particles exposed to wet CO gas at 40 °C absorb by
weight four times more H,O and CO2 molecules in 70% RH atmosphere
(total of ~ 16 wt%) than in 40% RH one (total of ~ 4 wt%). Highfield
et al. [40] demonstrated that more than 60 wt% of MgCOs are formed
when microparticles of MgO (< 44 pm) are annealed above 300 °C under
carbon dioxide partial pressure P(CO2) and steam greater than 20 bars
and 5%vol, respectively. Both studies explain why under the tempera-
ture (20 °C) and RH (80%) conditions we used, only a surface carbon-
ation of oxide particles occurs without detecting any MgCOs3 formed by
XRPD.

Due to the large reactive surface available in the nanometer-sized
particles, the sorption of H20 molecules on their surface, as well as
their carbonation, are kinetically faster than in the case of the micro-
meter ones (Fig. 6b). Indeed, the IR spectra show that the associated
vizo and vcos bands for the nano-MgO and nano-Mgp gCup 20 particles
exposed for 1 day have almost the same intensity as those observed for
their micro-counterparts exposed for 35 days. Once the nanoparticle
surface is carbonated in the early 10 days of exposure to humid air
(Fig. 6b), the vcos band no longer grows in intensity for both nano-
oxides studied (Fig. 6b). Despite this surface carbonation of particles,
no metal carbonate is detected by XRPD for both nano-oxides (Fig. 6a)
under the data collection conditions used (Section 1.1 in Appendix A). In
addition to the broad vy20 band, a narrow band appears at around 3700
cm™! in the IR spectra of the nano-MgO and nano-Mg, gCu 5O particles
from the first day of their exposure to humid air (Fig. 6b). From the
hydration experiments carried out in liquid water (Fig. 5b), this band is
ascribed to the stretching vibration vop of hydroxyl group in a Mg(OH)2-
type hydroxide. The adsorption of HoO molecules together with a weak
surface hydroxylation of the MgO nanoparticles is fully supported by
Newberg et al. study [41]. These authors investigated the reaction of
water vapor with a MgO thin film using ambient pressure X-ray photo-
electron spectroscopy. This study clearly shows that one monolayer of
molecularly adsorbed water (= 31 A in thickness) interacts with a fully
hydroxylated interface (~ 48 A in thickness) on MgO thin film exposed
to RH as low as 20% at room temperature. Adsorption of water and
hydroxylation of MgO are obviously more important when relative hu-
midity reaches 80%, thus allowing their easy detection by IR spectros-
copy as in the present study (Fig. 6b). Although the IR spectra of the
nano-Mgp gCup 20 particles are similar to that of nano-MgO ones, the
XRPD patterns displayed in Fig. 6a reveal that the oxides behave
differently when exposed to humid air. From the first day of exposure, a
partial formation of Mg(OH); is already noted for nano-MgO oxide
whereas only a broadening and decrease in intensity of all Bragg peaks
of Mg sCup 20 oxide occur. Note that, the Bragg peaks are much wider
for Mg(OH)2 formed onto nano-MgO particles in humid air (Fig. 6a) than
that produced on the same particles in liquid water (Fig. 5a). In the
conventional view of the water vapor-MgO particle interaction [42],
water molecules first diffuse from the outer particle surface and then
react to form a hydroxide shell around an oxide core. With exposure
time, the hydroxide shell grows in thickness as the chemical reaction
interface progresses to the particle core. This description is similar to
that proposed for the reduction of metal oxide particles by gaseous
dihydrogen [43,44]. In the early stages, the rate of Mg(OH), formation
is slow and strongly dependent on the reaction surface (i.e. the specific
surface area). In Fig. 6b, no formation of by-product Mg(OH), on the
micrometer-sized MgO particles occurs within the first 35 days of
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exposure to humid air due the small reactive surface available (thus
meaning that the induction period is longer than 35 days). In the course
of the hydroxylation process from the water vapor, the 3D long range
order initially existing in well-crystallized oxide particles can be
partially or even totally lost, especially, when the hydroxylation reac-
tion involves moving from a 3D cubic NaCl-type structure for MgO to a
hexagonal layered structure for Mg(OH)». At high hydroxylation rate,
the XRPD pattern of the resulting hydroxide can show either wide Bragg
peaks (poorly-crystallized state) or very weak undulation of the back-
ground (amorphous state). The situation is very different in liquid water
because Mg(OH); only precipitates if a dissolution of terminal Mg2+/
OH™ at the surface of MgO particles beforehand occurs, such as when
adding an alkaline solution dropwise to a magnesium salt solution.
During the nucleation stage in liquid water, (Mg2+/OH’) ions perfectly
order over long range in the crystal structure of the by-product hy-
droxide. Thus, the XRPD pattern of Mg(OH)y precipitated in water
shows narrow Bragg peaks such as those displayed in Fig. 5a (or in the
XRPD pattern of Mg(OH) particles obtained by precipitation route in
reference [14]). Now, to be consistent with both the presence of voy
band in IR spectra (Fig. 6b) and the absence of crystallized hydroxide in
XRPD pattern (Fig. 6a), the copper-containing particles must have an
amorphous Mg;.xCuy(OH)3 shell around an oxide core. This oxide core
having a size smaller than that of the initial oxide particle, the
Mgo sCup 20 diffraction peaks broaden with hydroxylation (Fig. 6a).
Because long-range ordered or crystallized Mg(OH), is detected by
XRPD for the exposed nano-MgO particles, copper is responsible for the
amorphization of the hydroxide shell formed around the nano-
Mgp sCug 20 core. Ten days of exposure to humid air are sufficient for
the complete conversion of nano-MgO into magnesium hydroxide. For
the nano-Mgy gCug 20 particles, neither crystallization of the amorphous
Mg1.xCux(OH)3 shell nor complete conversion of the oxide core has even
been detected by XRPD after 35 days of exposure (Fig. 6a). Thereby, the
copper-substituted MgO nanoparticles surprisingly exhibit a resistance
to complete hydroxylation with water vapor at least for the first month
of their exposure.

In Fig. 2b, no trace of hydroxide is detected in the XRPD patterns
collected on the micro- and nano-Mg;xCuxO particles at ambient air
atmosphere (60% RH) and temperature. As shown in Fig. 6, no hy-
droxylation of microparticles is detected after the first day of their
exposure to humid air atmosphere with high RH (80%). In that way, the
cell parameters a of the different micro-Mg; ,Cu,O samples determined
at ambient air and lower RH (60%) are those of microparticles free of
hydroxide shell. The situation could be however different for nano-
particles under 60% RH since they are highly sensitive to water vapor on
the first day of exposure, as shown in Fig. 6. In Fig. 3, a constant ~
+0.24% expansion of the parameter a is noticed for each composition of
the solid solution Mg;.xCuyO when nano-structuring the particles. From
the crystal structure of MgO shown in Fig. 1a, the shortest Mg—Mg
distance corresponds to d = ay/2/2 with a the cubic cell parameter.
Thus, the nano-structuring involves a lengthening of the (Mg,Cu)-(Mg,
Cu) distance d by ~ +0.24%. In brucite-type Mgj xCux(OH)2.2y(CO3)y
hydroxides [14], the shortest (Mg,Cu)-(Mg,Cu) distance corresponds to
the hexagonal cell parameter a which stays at around 3.15 A whatever x.
On average, the (Mg,Cu)-(Mg,Cu) distance d in mixed hydroxides is
therefore ~ 5% longer than that of in mixed oxides. The lengthening of
the (Mg,Cu)-(Mg,Cu) distance in Mgj.xCuxO nanoparticles is therefore
consistent with their weak hydroxylation. The numerous defects present
in nanoparticles (Section 3.2) favour the sorption of water molecules.
The hydroxylation rate (kinetics) of all Mg;.,CuyO nanoparticles should
be very similar because the defect density (lattice strain of ~ +0.4% in
average, Fig. 3) and the lengthening rate of d (= +0.24%, Fig. 3) are
both invariant to the copper content x in the series. Despite the XRPD
patterns are recorded shortly after their synthesis and the sample
preparation for the measurements, the formation of the hydroxide shell
onto the surface of the nano-Mg;_,Cu,O particles cannot be avoided at
ambient air (60% RH). For the nano-MgO particles, the presence of the
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hydroxide shell is impossible to detect by XRPD as long as its thickness is
small and the time of exposure is short. It is even more difficult for
copper substituted nanoparticles because no long-range ordered hy-
droxide phase is formed even after the first month of their exposure to
humid air. In that way, the linear dependence of the cubic cell a
parameter on the copper content x in the nano-Mg; xCu,O series (Fig. 3)
refers to particles covered with a very thin and coherent hydroxide shell.

C4. Bactericidal activity

In 2005, Makhluf et al. [3] greatly enhanced the bactericidal ki-
netics of MgO particles towards S. aureus and E. coli by reducing their
size down to 23 nm. The reductions in viability of both bacteria are
greater than 95% (> 1 Logo) after 4 h (240 min) in contact with a
suspension in particles at 1 mg.mL’1 whose size is around 8 + 1 nm.
Nguyen et al. [45] determined that 1 mg.mL! is the minimal con-
centration in nano-MgO particles (@ ~ 23 + 5 nm) inducing a 99.9% (3
Log1o) reduction in viability of both E. coli and S. aureus after 24 h (1440
min) in contact. In the present study and for comparison purposes, the
concentration of particles within the suspension of bacteria was 1 mg.
mL~!, which is identical to the one chosen by Makhluf et al. [3] and
Nguyen et al. [45]. However, we have evaluated the bactericidal ac-
tivities of both micrometer- and nanometer-sized Mg;.xCuxO particles in
sterile distilled water rather than in a mixture of nutrient and physio-
logical buffer media, as done in the cited studies (NaCl solution with
Luria Bertani Broth (LBB) in the former [3] or Tris buffer with Luria
Bertani Broth (LBB) and Tryptic Soy Broth (TSB) in the latter [45] ). The
reason is that the peptones or tryptones, a mixture of polypeptides and
amino acids, present in these culture media can interact with studied
particles, thus affecting and preventing to determine their intrinsic
bactericidal performances. Indeed, Makhluf et al. [3] have observed
that the bactericidal performance of MgO nanoparticles in nutrient LBB
medium is almost twice lower than that in medium free of peptones.
They have postulated that the direct interaction of MgO nanoparticles
with those peptones prevents the adsorption of the particles onto the cell
envelopes. In fact, less MgO nanoparticles are effectively adsorbed onto
the cell envelopes because they dissolve in the LBB medium with time, as
evidenced by Wetteland et al. [46] (more than 39 mol% of nano-
particles at initial concentration of 1 mg.mL™! are dissolved in 24 h; i.e.
~ 1 x 1072 moL.L™! of solvated Mg2+). This dissolution rate in 24 h is
even higher for the TSB medium (more than 49 mol% of MgO nano-
particles at initial concentration of 1 mg.mL™Y; i.e. ~ 1.2 x 10~2mol.L
of solvated Mg2+)4 In addition, the same authors demonstrated that
E. coli is not sensitive to any increase in concentration of solvated Mg**
ionsupto 5 x 10~2mol.L ™! [46] because those ions cannot catalyse the
production of Reactive Oxygen Species (ROS) as MgO nanoparticles do
[47]. Gunawan et al. [48] showed that the free amino acids in LBB
culture medium also promote the dissolution of CuO nanoparticles. The
possibility for terminal and sub-coordinated cupric ions at the surface of
those CuO nanoparticles to complete their coordination with amino
acids is certainly the initial step leading to the release of Cu®" in the
medium. However, no lysis of E. coli cells is observed because peptides
present in the LBB medium form no toxic complexes with cupric ions
thus released, which considerably reduces the amount and cytotoxic
effect of free Cu?>* on bacteria. These findings well support those of
Menkissoglu et al. [49] who demonstrated that the Gram-negative
P. syringae in a culture medium rich in casitones is resistant to treat-
ments with copper sulphate even at relatively high concentration
because more than 99% of Cu* species form no toxic complexes with
those peptones. In addition, chloride ions are systematically present in
physiological buffer media such as PBS, Tris-Cl or DMEM. As reported by
Wetteland et al. [S50], their presence is responsible for the complete
dissolution of MgO and Mg(OH); nanoparticles after 24 h of immersion
in DMEM at 1 mg.mL~". Weak dissolution of CuO is also noted in PBS or
Tris-Cl buffer media [51]. Note that, proteins/peptides/amino acids
and chloride ions are not simultaneously present in the vicinity of the



bactericidal agents when used to fight infections in real life. Their
impact on the bactericidal activity of Mg, xCuxO particles being out of
the scope of the current study, it will not thereby be investigated.

For each mixed oxide tested in both micro- and nano-Mgj.xCu,O
series, the sterile water suspension of particles in contact with a bacterial
strain (final concentration at ~10° CFU.mL 1) was maintained at 20 °C
for 15, 30, 60 and 180 min under controlled shaking speed. Sawai et al.
[52] showed that 3.6 pm-sized MgO particles quickly settled at low
shaking speed of the suspension thus decreasing their bactericidal ac-
tivity against E. coli. In the present study, a shaking speed of 250 shakes
per min was selected to prevent sedimentation of particles. The evalu-
ation of bactericidal activity was conducted at 20 °C rather than 37 °C as
in the JISZ 2801 test conditions because this is the temperature typical of
indoor environments such as hospitals. After each contact time t, a
counting of the number N, of CFU was performed to estimate the
reduction in cell viability. For both E. coli and S. aureus, the number N; of
CFU at the different time in contact with micrometer- and nanometer-
sized particles of Mg;.xCuxO are respectively displayed as a function of
the copper content x in Tables S3 and S4 in Appendix A.

For micrometer-sized Mg; xCuyO particles, all copper containing
oxides exhibit a reduction in viability of E. coli greater than 60% after
the first 30 min (Table S3). Such a level of reduction is not even reached
by microparticles of the parent oxide MgO after 180 min. Although the
copper substitution greatly enhances the bactericidal activity of MgO
microparticles, the suspension under test is not completely free of E. coli
when treated with copper-substituted counterparts for 180 min since the
Log1o reduction does not exceed 4.5 for the most active composition x =
0.05. A lowering of the bactericidal kinetics is surprisingly noticed as the
copper content x increases in the micrometer-sized particles. Despite its
low copper content, the Mgp 95Cug 050 sample therefore combines both
the highest level of reduction in viability and the fastest bactericidal
kinetics compared to others (Table S3). The beneficial effect of the
copper substitution on the level of bactericidal activity of micro-MgO is
much pronounced towards S. aureus than towards E. coli, the kinetics
being very similar for the activity of a given sample towards both bac-
teria (Table S3). In the SEM images displayed in Fig. S2, (Section 3 in
Appendix A), a dispersity in the size of microparticules exists within the
same sample. For a given sample, this varying size of microparticles
affects their interaction with the cell envelopes and thereby their ability
to kill bacteria. It may explain why the complete eradication of both
bacteria is never reached after 180 min of treatment with those micro-
particles whatever their copper content. Sometimes, the reduction in
viability of E. coli or S. aureus at a specified time can significantly differ
from the first assay to the second one for a selected composition, thus
making large in magnitude the associated standard deviations on the
number of CFU (Table $3). To our opinion, the large standard deviations
reflect that activity is very sensitive to the fraction of small micropar-
ticles in the suspension, a parameter that may vary between assays.

For nanometer-sized particles of Mg;.xCuxO, all copper containing
oxides exhibit a reduction in viability of E. coli greater than 99.9% (> 3
Logo) after the first 30 min and kill the entire initial inoculum after 180
min (> 6.5 Logo in Table S4). This exceptionally high level of activity
towards E. coli is even reached after 30 min and 60 min for the x = 0.1
and x = 0.05 samples, respectively. The Mgg 9Cup ;0 sample therefore
combines both the highest level of reduction in viability of E. coli and the
fastest bactericidal kinetics compared to others (Table S4). Once again,
it demonstrates that the bactericidal performance is not proportional to
the copper content of nanoparticles. The nano-structuring of particles is
also beneficial to the parent compound MgO which now displays a 4
Log,( reduction in viability of E. coli. Such a reduction towards E. coli is
higher than the one reported by Makhluf et al. [3] after 240 min of
treatment with a suspension at 1 [ngArnL’1 in nanoparticles of MgO
whose size is around 8 + 1 nm (~ 3 Log;0). The nano-structuring of Mg;.
xCu,O particles has also a beneficial effect on the bactericidal activity
towards S. aureus even if it is of smaller amplitude (Tables S3 and S4).
For both bacteria, the standard deviations on the counts of viable cell are
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however significantly lower for nanoparticles than those reported for
microparticles. This trend is especially pronounced for S. aureus. Nguyen
et al. [45] and Halbus et al. [6] have, respectively, measured the zeta
potential of nanoparticles of MgO (+32.31 £ 4.1 mV) and CuO (+30
mV) in water. These values are very similar. Thereby, copper substitu-
tion cannot significantly change the zeta potential of the parent MgO
oxide. This indicates that Mg;.,CuyO nanoparticles can be adsorbed onto
the negatively charged membrane of cells thanks to electrostatic in-
teractions. Thus, the reduction in size of particles greatly improves their
mass adsorption onto the cell envelopes and their ability to rapidly kill
bacteria in a reproducible manner between assays.

The bactericidal performances of nanometer-sized particles of the
mixed oxides Mg;.xCu,O (0 < x < 0.2) are then compared with those of
the conventional inorganic antibacterial agent CuO. For this purpose,
the bactericidal activity of CuO particles has been determined in con-
ditions similar to those used for the mixed oxides studied (1 mg.mL’l)
and with particles of comparable size. 50 nm-sized CuO particles were
synthesized by thermally decomposing nanometer-sized Cu(OH)» par-
ticles. The copper hydroxide was prepared beforehand by the same
synthetic route used for mixed hydroxides from which the Mg;.xCu,O
nanoparticles were obtained. The reductions in viability of E. coli and
S. aureus at the different specified times in contact with those CuO
nanoparticles were tabulated in reference [14]. The time dependence of
the Log reduction in viability of both bacteria is displayed in Fig. 7 as a
function of the copper content x in the nano-Mg;.,Cu,O particles and
then compared with those of nano-CuO. At first, the reductions in
viability of E. coli with those 50 nm-sized particles of CuO are in the
range 2 to 3 Logjo at contact times shorter than 60 min, which is lower
than those with all nano-Mg;.xCuxO particles whatever their copper
content x (Fig. 7). At both t = 30 min and 60 min, the counts of E. coli
killed with 50 nm-sized particles of CuO even remain 3 orders of
magnitude lower than those with the most active Mgg oCuo.10 nano-
particles. After 180 min in contact with CuO nanoparticles, the reduc-
tion in viability does not exceed 4.7 Log;o which is still far lower than
the 6.5 Logio reductions determined with all copper-substituted MgO
nanoparticles at the same specified time (i.e. x = 0.05 to 0.2 samples in
Table S4 and Fig. 7). Secondly, the reduction in viability of S. aureus is
lower than 0.1 Logio (< 20%) after 60 min and finally rises to 2 Logio
(99%) after 180 min in contact with 50 nm-sized CuO particles. As
shown in Fig. 7, all copper-substituted MgO nanoparticles kill more than
70% of the S. aureus inoculum after 60 min (> 0.7 Log; ). After 180 min,
the reductions in viability overtake 2.6 and 3.6 Logjop for the
Mg oCup 10 and Mgy ssCup 150 nanoparticles, respectively. From all the
above results, only 10 mol% of cupric ions in MgO nanoparticles are
sufficient to kill both the Gram-positive and Gram-negative bacteria
with a kinetics faster and a level higher than the conventional CuO
nanoparticles (Fig. 7). The use of 10 mol% copper substituted MgO
nanoparticles as bactericidal agent in lieu of CuO gives the opportunity
to 5.5-fold reduce the copper loading needed to kill all bacteria in the
water suspension (Cu loading of 0.799 mg.mL’l and 0.144 mg.mL’1 in
the suspension of CuO and Mg ¢Cug 10 nanoparticles at 1 mg.mL’l,
respectively). This is a significant step towards the design of more
environmentally friendly bactericidal agents than the ecotoxic cupric
oxide.

C5. Bactericidal mechanism

Sawai et al. [53] considered that the alkaline effect caused by the
hydration of MgO is one of the contributing factors to its bactericidal
activity against eukaryotic cells like yeasts (Saccharomyces cerevisiae and
Candida albicans) and filamentous fungi (Aspergillus niger and Rhizopus
stolonifer). Mendonca et al. [54] showed that the reduction in viability
was around 8 Logjg after only 15 min in contact with a sterile NaHCOs-
NaOH buffer at pH = 11 while it was only 0.5 Log; at pH = 10. As stated
in Section 3.3.1, when nano-MgO particles are immersed in liquid water
for 180 min, the pH of the supernatant is slightly above 10 (Table 1) and
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reference [14].

the hydroxylation rate reaches ~ 91% (Fig. 5c). In a previous study
[14], we have demonstrated that the reductions in viability of E. coli
and S. aureus in contact with platelet-like particles of Mg(OH); (=~ 20 nm
in diameter and ~ 7 nm in thickness) for 180 min were as low as or even
lower than 0.3 Log;( despite a pH of the supernatant close to 11. It is
therefore surprising in this case to notice that “hydroxylated”-MgO
nanoparticles induce a reduction in viability of E. coli as high as 4 Log;g
after 180 min (Table S4) at pH ~ 10 (Table 1). These two results clearly
show that the high lethality of E. coli cannot be ascribed to any alkaline
effect of the water suspension of “hydroxylated”-MgO nanoparticles.
The only explanation for the high level of activity is that the 12 nm-sized
Mg(OH), particles in-situ produced from the dissolution of nano-MgO
(see Section 3.3.1) are rapidly mass adsorbed onto the cell envelopes
as soon as they precipitate. The adsorption of the in-situ produced Mg
(OH)> nanoparticles is also better than those beforehand synthesized
because they are smaller in size (12 nm versus 20 nm). Since dissolution
of MgO particles is size-dependent (Fig. 5, Table 1 and Fig. 6), the same
is true for their bactericidal performances (Tables S3 and S4). Indeed,
the hydroxylation rate o of MgO at t = 180 min is as low as ~ 14% for
microparticles and rises to ~ 91% for nanoparticles (Fig. 5c). At the
same time, the reduction in viability of E. coli jumps from 0.3 Logyq to 4
Logo by reducing the particle size of MgO. The smaller the particle size,
the faster the particles dissolve in liquid water and the larger the amount
of Mg(OH), produced/adsorbed onto the cell envelopes. This finding is
consistent with Makhluf et al. [3] study showing that reductions in
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viability of both bacteria can be doubled after 4 h (240 min) of treatment
by decreasing the size of MgO particles from 23 nm (< 40%) to 8 nm (>
95%). Wetteland et al. [46] showed that the viability of E. coli is in no
way affected by any increase in concentration of solvated Mg+ ions up
t05 x 1072 mol.L. ! (i.e. 1215 mg.L’l)A Since the concentration in Mngr
released in the supernatant by the dissolution of MgO nanoparticles is
only around 6.1 mg.L’1 at 180 min (Table 1), the solvated Mngr ions
have no contribution to the bactericidal activity towards E. coli. and very
likely towards S. aureus as well. It demonstrates that Mg(OH)2 is the
active phase.

Although no formation of hydroxide occurs even after 960 min of
immersion of the micrometer-sized Mg, gCug »O particles in liquid water
(Fig. 5a), reductions in viability of E. coli and S. aureus greater than 3.8
Logio are nevertheless achieved at 180 min. Unlike the parent com-
pound MgO, the microparticles of Mg1.xCuxO have an intrinsic bacteri-
cidal power ascribed to the presence of cupric ions (ROS production). In
our previous study [14], we have demonstrated that regardless the
copper content in nanoparticles of Mg; xCux(OH)2, the reductions in
viability of E. coli and S. aureus were greater than 6 Log;o and around 2
Logo after 180 min of treatment, respectively. While the pH of the su-
pernatant is just below 10 (Table 1), the same levels of bactericidal
activity are also reached after 180 min of treatment with all Mg, ,Cu,O
nanoparticles (Fig. 7). The minimal inhibitory concentrations (MIC) in
soluble cupric ions for the growth of E. coli and S. aureus are 25 mg.L ™!
and 12.5 mg.L’l, respectively [55]. For MgogCup 20 nanoparticles,



neither the concentration of 0.3 rngAL’1 in cupric ions nor the concen-
tration of 7.5 mg.L™" in Mg?" in the water suspension at 180 min
(Table 1) have therefore any bactericidal effect on E. coli and very likely
on S. aureus as well. When Mg gCug 20 nanoparticles dissolve in liquid
water, a concomitant precipitation of copper hydroxide is suspected
(Section 3.3.1). Akhavan et al. [56] have demonstrated that copper
hydroxide exhibits bactericidal activity. But, the minute amount of Cu
(OH); nanoparticles in the water suspension of Mg gCup20 nano-
particles makes its contribution to their lethal activity insignificant. At
time shorter than 180 min, both Mg;.xCu,O and Mg;.,Cux(OH)> nano-
particles coexist in water suspension as evidenced by diffraction for the
x = 0.2 sample in Fig. 5a. Since Mg;.xCu,O microparticles have an
intrinsic bactericidal activity, the same must be true for the corre-
sponding nanoparticles. Thereby, Mg;.xCu,(OH), nanoparticles formed
in-situ in the water suspension of bacteria together with the undissolved
Mg1.xCuxO nanoparticles contribute to the bactericidal activities re-
ported in Table S4 at time shorter than 180 min. At 180 min, the
bactericidal performances can be assigned to the Mg;.xCux(OH)2 nano-
particles alone. In our previous study on the bactericidal activity of Mg;.
xCux(OH)> nanoparticles [14], 15 mol% copper-substituted Mg(OH)2
was the single mixed hydroxide exhibiting the fastest bactericidal ki-
netics and the highest reductions in viability towards both bacteria
whereas the 10 mol% copper-substituted MgO oxide meets these fea-
tures over the same 180-min period (ie. Mgp9Cug 10 in Fig. 7). The
reason is simple: the speed at which Mg; xCux(OH), nanoparticles pre-
cipitate decreases as the copper content increases while the higher the
copper content of the Mg;.xCuy(OH)2 nanoparticles the greater their
bactericidal activity. The best balance between those two antagonistic
effects is reached for a 10 mol% copper content in MgO nanoparticles.

Sawai et al. [47] and later Makhluf et al. [3] have determined the
bactericidal mechanism of nanometer-sized MgO particles, (which must
be definitively considered as quickly or fully converted into Mg(OH),
from the present study). The mechanism would result from the following
successive actions: i) generation of exogenous reactive oxygen species
(e.g. free HO® and O3 radicals) by the particles attached to the bacterial
cell membrane, ii) increase in permeability of the cell envelope due to
the damage induced by exogenous ROS, iii) penetration of individual
particles into the cell and iv) cell lysis with loss of vital intracellular
content (DNA and RNA) damaged by endogenous ROS generation.
Consequently, electron paramagnetic resonance (EPR) was used to track
ROS produced in water suspensions of MgO and Mgg ¢Cup ;0 nano-
particles as well as their “hydroxylated” analogues Mg(OH), and
Mgp.9Cup.1(OH)2 (synthesized as in reference [14]) at the same con-
centration (1 mg.mL’l) as used in the bactericidal tests. To support the
presented assumptions on the major role played by the hydroxides in the
bactericidal activity reported for the oxides, the EPR spin trapping ex-
periments were performed for the oxide and hydroxide both having the
same copper content (x = 0 or 0.1). Spin trapping technique provides the
possibility to monitor and identify reactive radical intermediates, as
0% /7HO3 and HO®, by their addition to a diamagnetic spin trap molecule
(i.e. 5,5-dimethyl-1-pyrroline N-oxide, DMPO) to form a more stable
radical-adduct detectable by EPR.

No EPR signals were monitored in the aerated water suspensions of
MgO or Mg(OH); nanoparticles in the presence of DMPO spin trapping
agent. However, a low-intensity six-line EPR signal was measured for
both aerated water suspensions of Mgg oCup.10 and Mgp.oCug.1(OH)2
nanoparticles containing DMPO (Fig. S3, Section 5 in Appendix A), with
hyperfine coupling constants characteristic for the DMPO spin-adduct of
a carbon-centered radical (ay = 1.585 + 0.003 mT, aﬁl = 2.300 + 0.005
mT; g = 2.0055). As DMPO represents the only source of carbon in this
experimental system, we supposed that the production of carbon-
centered radical (and its corresponding DMPO-adduct) results from
the decomposition of DMPO in alkaline media in the presence of cu?*
ions.

It is well known that alkaline media [57-60] can promote the
decomposition of hydrogen peroxide into reactive oxygen species, ie.
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0% /HO3 and HO® (Egs. (1)—(4)). In addition, cupric ions can catalyse the
generation of ROS from aqueous Hy0, through a Fenton-like redox
cycling between Cu?* and Cu™/Cu" ions [61,62] (Egs. (5)-(9)).

HO," & 0, +H* 1)
H,0, + OH™ & HO,™ + H,0 )
H,0, + HO,”—0," + HO* + H,0 3)
HO"* + H,0,—HO0,* + H,0 4)
Cu** +H,0,-Cu" +0,* +2H* (5)
Cu* + H,0,—-Cu** + OH™ 4+ HO* 6)
Cu* 4+ H,0,—Cu*" + 20H" ()]
Cu*t + H,0,»Cu?t +0,"" 4 2H" (8)
Cu** + 0, =Cu* +0, ()]

Hydrogen peroxide is a by-product of the normal metabolism of
oxygen in aerobically living organisms [63] and is present at millimolar
concentration in the culture supernatant of E. coli and S. aureus [64]
despite their catalase activity. Thus, the presence of hydrogen peroxide
in the medium could play a crucial role in the bactericidal mechanism of
the nanoparticles studied. Consequently, HyO3 was added to all aerated
water suspensions of nanoparticles containing DMPO and the EPR
spectra were recorded under the same conditions as above. Aqueous
suspensions of MgO and Mg(OH); nanoparticles containing HoOy and
DMPO exhibit EPR spectra similar to those of their copper containing
analogues (Fig. 8). Each experimental EPR spectrum can be satisfactorily
fitted with two superimposed signals characterized by the spin-
Hamiltonian parameters typical for two DMPO-adducts of oxygen-
centered radicals, namely *DMPO-03/0,H (12-line signal; ay = 1.416
+ 0.008 mT, af; = 1.132 + 0.009 mT, afy = 0.140 + 0.019 mT; g =
2.0058) and "DMPO-OH (4-line signal; ay = 1.504 + 0.004 mT, cqﬁ.[ =
1.471 £ 0.001 mT; g = 2.0057) [65,66] (Fig. 8). Since the water sus-
pension of MgO and Mg(OH), nanoparticles in the presence of H,O»
revealed the comparable ability to generate ROS as their copper-
substituted counterparts, the main mechanism of the ROS generation
is most likely coupled with the decomposition of hydrogen peroxide at
the alkaline pH imposed by the dissolution of nanoparticles in water (pH
values in Table 1 for MgO and Mg 9Cuyg,1O and reference [14] for Mg
(OH)2 and Mgg.9Cuo.1(OH)2).

The intensity of each EPR signal is strongly affected by: i) concen-
tration/stability of original radical; ii) bimolecular rate constant for the
addition of original radical to spin trap; iii) stability of the spin-adduct
formed. For the O3/HO3 trapping by DMPO, both the rate constant
and the stability of spin-adducts are significantly dependent on pH
values [67,68]. While the observed EPR signal of *DMPO-O3/02H
unambiguously evidences generation of O3 /HO3, the “DMPO-OH spin-
adduct may originate from different sources, e.g. genuine addition of
hydroxyl radicals from hydrogen peroxide (Eq. (3)), Fenton-like pro-
cesses (Eq. (6)) to DMPO spin trap or the “DMPO-03 /0,H dismutation in
aqueous media [69,70]. To confirm the intrinsic production of hy-
droxyl radicals following the interaction of the studied nanoparticles
with hydrogen peroxide, the spin trapping experiments were further
conducted in the presence of dimethyl sulfoxide (DMSO). While DMSO
stabilizes free O3 radicals in water [69], it is extremely reactive to-
wards free hydroxyl radicals by generating the carbon-centered radicals
according to Egs. (10) and (11).

DMSO + HO*—*CH; + CH;SO(OH) (10)

DMSO + HO*—H,0 + CH;SOCH,* (11)
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Fig. 8. Normalized experimental (black line) and simulated (red line) EPR spectra measured after the addition of hydrogen peroxide (co(H202) = 0.03 M) to the
aerated water suspensions of studied nanoparticles (loading 1 mg.mL"") in the presence of DMPO spin trapping agent (co(DMPO) = 0.04 M). The relative con-
centration of *DMPO-OH and “DMPO-03/0-H spin adducts evaluated from the simulated spectra are as follows: (a) MgO (44.2% and 55.8%); (b) Mg(OH)2 (50.0%
and 50.0%); (c) Mgp oCup 10 (51.9% and 48.1%) and (d) Mg, sCup 1 (OH), (58.8% and 41.2%). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

*CH; + 0,—-CH;0," (12)

CH;SOCH,* + 0,—~CH;SOCH,0,* 13)

In the presence of dissolved molecular dioxygen, these carbon-
centered radicals are readily transformed to peroxyl radicals (Egs. (12)
and (13)), which can be then trapped by DMPO as the corresponding
alkoxy-radical spin-adducts (*"DMPO-OCHs and *DMPO-OR with R =
CH3SOCHy) [70]. No EPR signals were detected in the aerated DMSO/
water (7/3; v:v) suspensions of MgO, Mg(OH)z, MgpgCug10, and
Mgo.9Cug 1(OH)y in the presence of DMPO spin trapping agent. Only the
addition of hydrogen peroxide to DMSO/water suspensions led to the
detection of EPR signals. The corresponding spectra are complex and
comparable for all oxides and hydroxides tested (Fig. S4, Section 5 in
Appendix A). The thorough simulation analyses of these EPR spectra
revealed the superimposition of four different DMPO spin-adducts with
the spin-Hamiltonian parameters and relative concentrations summa-
rized in Table S5. The detection of both methyl- and alkoxy-radicals
clearly demonstrates that hydroxyl radicals are also produced by all
nanoparticles tested. Consequently, it can be concluded that, the
*DMPO-OH spin-adducts detected in water suspensions (Fig. 8) result
from the trapping of free hydroxyl radicals intrinsically generated by all
nanoparticles in the presence of HyOs.

According to Eq. (9), cupric ions are capable of converting super-
oxide radicals produced from H;0, decomposition in alkaline media
(Eg. (3)) and Fenton-type reaction (Eq. (5)) into molecular dioxygen.
Note that in water suspensions, the lines of EPR signals are systemati-
cally broader for Cu®*-substituted nanoparticles (Fig. 8c and d) than
those for copper-free ones (Fig. 8a and b). This line broadening is
characteristic of spin-spin interactions between the DMPO-adducts and
molecular dioxygen. Because the cuprous ions formed through Eq. (9)
can in turn react with Hy02 molecules to form HO® radicals according to
Eq. (6) (Fenton-like reaction), cupric ions in both Mg oCug 0 and
Mg.9Cug.1(OH); can thereby convert a part of superoxide radicals into
hydroxyl radicals. The UVA exposure of these experimental systems had
no effect on the DMPO-adducts production whether in their nature or
their amount (data not shown). Hydroxyl radical is the most reactive
among all ROS because it can initiate a free radical chain reaction
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leading to extensive lipid and organic peroxide formation in aerobically
living organisms (oxidative stress) [71]. Although it is of moderate
magnitude, this extra production of the highly toxic hydroxyl radicals
promoted by cupric ions is likely behind the significant enhancement of
bactericidal performances of MgO and Mg(OH), nanoparticles through
the copper substitution. In Fig. 8, Mgg oCug 1(OH)2 nanoparticles pro-
duce more hydroxyl radical spin-adducts than Mgg oCug 1O ones (the
same is true for Mg(OH), and MgO nanoparticles). EPR study confirms
that the high bactericidal activity reported for water suspension of Mgj.
xCuxO nanoparticles is linked to that of Mg;.4Cuy(OH)2 nanoparticles,
progressively formed through the dissolution-precipitation process. It
has been shown that carotenoid pigments as staphyloxanthin, giving the
golden color to S. aureus bacteria envelope, have antioxidant properties
[72] leading to H20; resistance [73]. These pigments can help these
bacteria to detoxify hydroxyl radicals produced by copper-containing
nanoparticles adsorbed onto their envelopes, thus decreasing their sus-
ceptibility to such antimicrobial treatment, especially for contact times
as long as 180 min (Table S4). Deprived from this antioxidant molecule,
no Gram-negative E. coli survive to 180 min of treatment with “hy-
droxylated” nanoparticles of copper-substituted MgO (Table S4).

4-Conclusion and perspective

Copper substitution together with nano-structuring were applied to
increase the bactericidal performances of the rocksalt-type MgO oxide,
known as periclase. The partial substitution of magnesium ions with
Cu?* has been successfully achieved in both micrometer- and
nanometer-sized particles of MgO up to 20 mol%. In humid air at 20 °C,
no surface hydroxylation of particles of a few microns in size occurred
during the first 35 days of exposure whereas the sorption of water
molecules by 10-20 nm-sized particles led to the growth a coherent
hydroxide shell after 1 day only. Microstructural analyses using the In-
tegral Breadth method reveal that the thermal decomposition of the
single source precursor Mg;_yCux(OH)3.2y(CO3)y.zH20 at 400 °C creates
numerous defects in 10-20 nm-sized particles of Mg; xCuxO thus ob-
tained. These defects make the surface of nanoparticles highly reactive
to the sorption of water molecules, to the extent that the cubic cell of as-
prepared Mg;.xCuxO expands as soon as the nanoparticles are exposed to



ambient air (60% RH). The hydration in liquid water is based on the
dissolution of Mg;.xCuxO particles and the released divalent cations
precipitate as Mg; ,Cu,(OH), as soon as the supersaturation is reached.
Particles of a few microns in size dissolve all the more slowly the higher
the copper content and only Mg(OH), starts precipitating after 3 h. In
contrast, the dissolution of all 10-20 nm-sized Mg;.xCu,O particles is
complete over a 3 h period and water suspension only contains 4-12 nm-
sized Mg1.xCux(OH)2 particles at 3 h. Thereby, the bactericidal activity
reported for water suspension of Mg;.,CuyO nanoparticles depends on
the speed at which these nanoparticles dissolve and Mg; xCux(OH)
precipitate in the first 3 h. Only 10 mol% of cupric ions in MgO nano-
particles are sufficient to kill both E. coli and S. aureus with bactericidal
kinetics faster and reductions in viability at 3 h (6.5 Logjo and 2.7 Log,
respectively) higher than the conventional CuO nanoparticles (4.7 Logig
and 2 Log, o in the same conditions). EPR spin trapping study reveals that
“hydroxylated” Mgg gCup10 as well Mg oCug1(OH)2 nanoparticles
produce more spin-adducts with highly toxic hydroxyl radicals than
their copper-free counterparts. The rapid mass adsorption of
Mgp oCug 1(OH)2 nanoparticles onto the cell envelopes following their
precipitation together with their ability to produce Reactive Oxygen
Species are responsible for the exceptionally high bactericidal activity
measured in the course of the hydroxylation of MgpgCup ;0 nano-
particles. In practical use, bactericidal materials are not always
immersed in liquid water but solely exposed to ambient air with variable
RH. As a hydroxide shell forms around the Mg;_Cu,O nanoparticles on
contact with water vapor, the bactericidal activity measured will
therefore depend strongly on RH. To overcome the problem, the use of
copper-substituted Mg(OH), hydroxide as bactericidal material shall be
privileged to the oxide analogue.
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