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Enhanced bactericidal activity of brucite

through partial copper substitution

Batiste Clavier ', Téo Baptiste !, Florian Massuyeau 2, Alain Jouanneaux ',
Amandine Guiet ', Fabien Boucher 3, Vincent Fernandez *, Christine Roques °,

and Gwenaél Corbel '*

Brucite Mg(OH)2 belongs to a family of two-dimensional compounds with a Cdl2-type structure built up from layers of edge-sharing
octahedra delineating 2D galleries. In the current study, nanometer-sized platelets of copper substituted Mg(OH)2 were prepared
by co-precipitation at room temperature in mixed alkaline (NaOH/Na2CO3) medium. Very weak substitution of a few hydroxyl ions
by carbonate groups was highlighted at first by infrared spectroscopy and then quantified by thermogravimetric (TG) and mass
spectrometric (MS) evolved gas analyses. The presence in a very low amount of water molecules in the galleries induces disorder
in the stacking of layers of edge-sharing octahedra along the c-axis. The dehydration of the hydroxides taking place below 225
°C preserves the brucite-type structure of the samples while suppressing the stacking disorder. Copper substitution greatly
enhances the bactericidal activity of nanometer-sized platelets of brucite against two bacteria frequently involved in healthcare-
associated-infections. 10 mol% of cupric ions in Mg(OH)2 (a copper loading of 0.102 mg.mL™" in the suspension) were sufficient
to induce, after 3 h in contact, 100% and 99.3% reductions in viability of Gram-negative E. coli and Gram-positive S. aureus,
respectively (reductions as low as 23% and 48% are reported for the parent compound Mg(OH)2 in the same conditions). A good
compromise between fast bactericidal kinetics and a high reduction in viability is reached by the 15 mol% copper-substituted
Mg(OH)2 hydroxide. Its use gives the opportunity to five-fold reduce the copper loading of the bactericidal agent while being at
least equally or even more efficient compared to the conventional CuO (a Cu loading of 0.799 mg.mL"and 0.154 mg.mL"in the
suspension of CuO and 15 mol% copper substituted Mg(OH)2 particles, respectively).

French Institute for Public Health Surveillance! pointed out

1-Introduction

that three pathogens are responsible for more than half of the

Bacterial pathogens causing healthcare-associated-infections
(HAIs) pose ongoing and increasing challenges to hospitals,
both in the clinical treatment of patients and in the prevention
of their person-to-person transmission. In 2012, a report of the
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number of HAIs in France: the Gram-positive Staphylococcus
aureus (S. aureus, 15.9%) and two Gram-negative bacteria
Escherichia coli (E. coli, 26%) and Pseudomonas aeruginosa
(P. aeruginosa, 8.4%). By designing bactericidal compounds
having no or very low ecotoxicity, the impact of engineered
materials on the environment and the risk of resistance acqui-
sition to antimicrobial agents will be reduced by limiting their
uses. Certain oxides such as periclase MgO®™ and tenorite
CuO®7 exhibit bactericidal activity towards these pathogenic
bacteria. Due to their long-term geological availabilities, these
oxides could therefore be substituted, with advantages, for
metallic silver, frequently used as a bactericidal agent. But
CuO has ecotoxic effects while MgO has not.® However, hydra-
tion of MgO by water vapour®™® or in aqueous solution**?
occurs leading with time to the growth onto the grain surface of
a layer of brucite Mg(OH),. Then, the hydration of the grain
core occurs thanks to a diffusion process from the outer surface.
The hydration rate depends to a great extent on the particle size of



MgO and the temperature. For nanometer-sized particles of MgO
with a specific surface area of ~81 m? g~! (corresponding to
an average (# ~ 20 nm), Smithson and Bakshi'' showed that
complete conversion into Mg(OH), occurred after 100 min of
immersion in water at 38 °C. Makhluf et al.* have evaluated the
activity of MgO particles towards E. coli in the culture medium at
37 °C. These authors showed that the activity is only significant
when the size of MgO particles is lower than 10 nm,* which in
turn drastically increases its sensitivity to moisture. Sawai et al."?
considered that the alkaline effect caused by the hydration of
MgO is one of the primary factors in its antibacterial activity
against yeasts (Saccharomyces cerevisiae and Candida albicans) and
filamentous fungi (Aspergillus niger and Rhizopus stolonifer). Dong
et al* have reported that nanometer-sized platelets of Mg(OH),
(a thickness of ~10 nm and a face diameter of ~200-300 nm)
also exhibit bactericidal activity towards E. coli at 37 °C. A
complete eradication of E. coli is reached after 24 h of bacteria
incubation with Mg(OH), particles. Since Mg(OH), is active and
rapidly formed when nanometer-sized particles of oxide were
immersed in the culture medium, the bactericidal activity of
MgO particles mainly originates from the hydroxide formed
at the surface. Akhavan et al'® evaluated the antibacterial
activity of nano-structured CuO layers grown on the surface of
copper foil by immersion in a diluted sodium hydroxide
solution (0 to 3 x 107> mol L™') maintained at 60 °C for
20 h. High antibacterial activity against E. coli (with a reduction
in viability around 5log,, or 99.999% after 90 min) was
observed when a NaOH concentration of 3 x 107> mol L™
was used. These authors ascribed this very high activity to the
presence of Cu(OH), detected in a large amount at the foil
surface by XPS analysis. The limit for using Mg(OH), as a
bactericidal agent is that its performance depends on the shape
and aggregation of particles with a reduction in E. coli viability
not exceeding 90% in the best case after 4 h.'® The partial
substitution of magnesium ions with cupric ones could greatly
enhance the bactericidal activity of Mg(OH), particles, whether
in terms of kinetics or the reduction level in cell viability.
While apparently simple, such an approach has not been yet
reported in the literature because the synthesis of Mg, _,Cu,{OH),
particles is challenging. The synthetic route to prepare Mg(OH),

nanoparticles consists in precipitating them by dropwise addition
of an alkaline solution (ammonia or sodium hydroxide) to a
solution of magnesium salt (chloride, sulfate or nitrate) main-
tained at constant temperature, typically in the range RT to
60 °C."” Unfortunately, Cudennec et al.'® observed that precipita-
tion carried out at room temperature from a solution of copper
salt with sodium hydroxide solution transiently gives rise to
weakly crystallized particles of copper hydroxide which quickly
transform into CuO within a few hours of ageing. For these
authors, progressive dissolution of Cu(OH), particles occurs with
time in hydroxide ion rich-medium, leading to the formation of
the soluble square planar [Cu(OH),]*~ complex. This anion is
considered as the elementary building unit which enables the
precipitation of copper oxide by condensation/dehydration.*®

In the present study, nanometer-sized particles of several copper-
substituted magnesium hydroxides Mg; _,Cu,(OH), (0 < x < 0.15)
are successfully prepared at room temperature by adding Na,COj; to
the precipitating sodium hydroxide solution. Only the combination
of temperature-controlled X-ray diffraction, infrared spectroscopy,
optical absorption spectroscopy, thermogravimetric (TG) and mass
spectrometric (MS) evolved gas analyses and X-ray photoelectron
spectroscopy enables one to determine the chemical composition of
the as-prepared samples (Mg;—xCu,(OH),—5,(CO3),-2H,0). For each
composition, evaluation of its 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. Because the morphology, size, specific surface area and
dissolution of particles are parameters which can possibly affect
their bactericidal activity, these features are determined by trans-
mission electron microscopy, X-ray diffraction, N, adsorption and
atomic emission spectroscopy, respectively. A bactericidal mecha-
nism is finally proposed.

2-Results and discussion

a) Sample identification

Within the synthesis conditions described in the ESIt (Section 1.2),
the XRPD patterns of raw powders show a single Mg(OH), brucite
type phase up to a copper content of x = 0.15 (Fig. 1a). For x = 0.2,
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Fig. 1 Room-temperature (RT) XRPD patterns of as-prepared (a) and dehydrated (b) “Mg;_,Cu,(OH)," powder samples for different copper contents x.
Insets: Effect of the sample dehydration on the profile shape of the (001) diffraction peak.
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Fig. 2 Perspective view of the crystal structures of brucite, pyroaurite and
aurichalcite. The location of the hydrogen atoms in the structure of
aurichalcite is not reported in ref. 21.

a trace of Cu(OH);, is detected (one peak at around 24° in 26), thus
indicating that the limit of the solid solution “Mg;_,Cu,{OH),” is
exceeded. The structure of brucite, Mg(OH),"" (Fig. 2), is built up
from layers of edge-sharing octahedra occupied by magnesium
cations (6-fold coordinated to hydroxyl groups). The hydroxyl groups
OH™, which are directed along the threefold axes of the structure,
point out of both sides of each layer. The stacking along the ¢
direction of these layers delineates infinite bi-dimensional galleries
(Fig. 2).

As shown in Fig. 1a, the narrow and symmetric (001) peak of
Mg(OH), (x = 0) phase transforms into a broad and asymmetric
peak upon substitution, thus revealing disorder in the stacking
of the layers along the ¢ direction. A close structural inspection
of two layered hydroxides, MggFe,(OH);6(CO;)-4H,0*>** and
Zn;Cu,(OH),(CO3),,>" has helped us to find an explanation for
this disorder.

The rhombohedral structure of pyroaurite MgcFe,(OH),5(CO3)-
4H,0%** (Fig. 2) is built up from layers of edge-sharing octahedra
as in brucite, except that a quarter of these octahedra are occupied
by Fe** ions. To balance the positive charge in the brucite-type
layers [MggFe,(OH);¢]*" generated by this partial aliovalent sub-
stitution, carbonate anions are hosted in the galleries delineated
by these layers stacked along the ¢ direction. The orientation of
triangular CO;”~ anions is parallel to the brucite-type layers.
Water molecules also find a place in these galleries. A second
form with hexagonal symmetry, named sjégrenite,™ is reported
in the literature for the MgeFe,(OH),5(CO;)-4H,0 hydroxy-
carbonate. Both structures only differ in the stacking sequences
of brucite-type layers and oxygen atoms (from carbonate ions
and water molecules) located in the interlayer space along the ¢
direction. The sequences are called three-layer rhombohedral
(3R) and two-layer hexagonal (2H) with reference to the pyr-
oaurite and sjogrenite polytypes, respectively.>®> Whatever the
polytype, MggFe,(OH);(CO3)-4H,0 belongs to the large family
of layered double hydroxides (LDH)*® with the general formula
M, _,"M,"™(OH),][A""].»-mH,0, where M" is a divalent metal
cation which can be partially substituted by a M'" trivalent
cation, and A"” is a charge compensating anion such as NO;~
or CO;*~ for instance. Disorder in the stacking frequently
occurs in LDH.*” Stacking faults can originate from a difference

in water content from one interlayer gallery to the others. Since
the amount of intercalated anions A"~ in the gallery is linked to
the content of trivalent cations, stacking faults can help the
structure to locally adapt to a non homogeneous cationic
distribution between brucite-type layers.

To some extent, aurichalcite Zn;Cu,(OH)s(CO3),
turally related to brucite (Fig. 2). The monoclinic unit cell of
aurichalcite contains four crystallographically independent
metal sites (M1-M4). The M3 site is only occupied by zinc
and both divalent cations are equally distributed on the three
remaining metal sites. The M1 and M2 sites are both 6-fold
coordinated to oxygen atoms in octahedral coordination (green
octahedra in Fig. 2), while the M3 and M4 sites are in tetra-
hedral and 5-fold (3+2) distorted coordination (orange poly-
hedra in Fig. 2), respectively. In aurichalcite, the octahedra
share edges to form infinite layers parallel to the (b, ¢) basal
plane. However, these layers of edge-sharing octahedra are not
as dense as in brucite. When compared to a brucite-type layer,
one-fifth of the octahedra are empty in layers of aurichalcite.
The remaining M3 and M4 sites are both located outside these
cationic deficient layers in such way that the two opposite
triangular faces of each empty octahedron correspond to a
triangular face of the coordination polyhedra of M3 and M4
sites. In aurichalcite (Fig. 2), all carbonate ions are bidentate
and share one oxygen atom with three octahedra of a deficient
brucite-type layer. Half of the carbonate ions share a second
oxygen atom with [M30,] tetrahedra in order to form pillars
linking two adjacent layers of edge-sharing octahedra. The
remaining carbonate ions share a second oxygen with [M40;]
polyhedra lying on the layer to which they are already linked.

It is worth noting that the precipitation of mixed hydroxydes
occurred when a solution of magnesium and copper nitrates is
added dropwise to a mixture of NaOH and Na,COj; solutions.
From the above structural considerations, one cannot rule out
that carbonate or nitrate anions as well as water molecules
might be incorporated into the galleries of the brucite-type
hydroxide “Mg;_,Cu,(OH),” we obtained. To detect the presence
of foreign anions and water, infrared spectra were collected at
room temperature on raw powders. Fig. 3a and b show the
superimposition of the different spectra as a function of the
copper content Xx.

In each IR spectrum displayed in Fig. 3a, the intense
vibration band observed at around 3700 em™' is attributed
to the stretching vibration v of the hydroxyl group.*® The
frequency of the OH stretching vibration in the x = 0 sample
is in very good agreement with the value of 3697 em™ deter-
mined by Martens and Freud on Mg(OH), powder prepared by
vapour phase hydroxylation of Mg0.*® In Fig. 3b, the weak
absorption band at around 1650 cm™ would correspond to the
bending vibration & of water molecules® either present in a low
amount in the interlayer gallery or physisorbed at the grain
surface. This point will be clarified later. Two additional bands
are also detected at lower frequencies in each IR spectrum
shown in Fig. 3b. These bands could be ascribed to stretching
vibrations » of either carbonate or nitrate groups.”® Along
the series, the ratio between the integrated band areas of
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(a) and (b) Selected portions of infrared transmission spectra collected at room temperature on "Mg,_,Cu,(OH)," raw powder samples showing

the bands arising from the stretching vibrations » of hydroxyl OH™ ions, the bending vibration é of water molecules and stretching vibrations v of either
carbonate or nitrate ions. (c) Variation with the copper content x of the ratio between integrated band areas of carbonate/nitrate and hydroxyl ions.

carbonate/nitrate and hydroxyl ions first slightly increases in
the substitution range 0 < x < 0.1 before nearly doubling
between x = 0.1 and 0.15. It clearly shows that the amount of
foreign anions in the sample increases with the copper content
x without being directly proportional to it.

The nature of the foreign anions was determined by analyzing
the gas released when the sample decomposes upon heating. For
this purpose, a thermogravimetric analyser coupled to a mass
spectrometer was used. In parallel, the thermal decomposition
has been followed by temperature-controlled XRPD to provide
information about the transformation process. Thermograms,
mass spectra and thermal evolutions of diffraction patterns for
three selected samples x = 0, 0.1 and 0.2 are all displayed in Fig. 4.
The thermograms and mass spectra recorded on the two remain-
ing samples of the series (x = 0.05 and 0.15) are similar to those of
the x = 0 and 0.1 samples. These data are thereby not displayed in
Fig. 4. In Fig. 4, two distinct weight losses are clearly observed in
the thermograms of the x = 0 and x = 0.1 samples. A first small
weight loss takes place in the temperature range i066-225 °
which ends up with a plateau. This weight loss is only associated
with release of water molecules since a bump is observed at
around 125 °C in the m/z = 18 spectrum. Temperature-controlled
diffraction reveals that the brucite-type structure is preserved in
this temperature range (Fig. 4). Because a bending vibration 6 of
water molecules has been detected by IR spectroscopy for all
samples, this first weight loss can only be associated with a
dehydration process. In addition to the bump at around 125 °C
ascribed to the dehydration of the brucite-type hydroxide,
a second bump is clearly observed at around 175 °C in the
m/z = 18 spectrum of the x = 0.2 sample. As shown in the room
temperature diffraction patterns displayed in Fig. 1a and 4, a
secondary phase Cu(OH), is present in a very low amount with a
major brucite-type hydroxide for the as-prepared x = 0.2 sample.
Cu(OH), is a metastable phase which decomposes into copper
oxide CuO at 145-160 °C,*® which is a very low decomposition
temperature for a hydroxide-type compound. In Fig. 4, the only
diffraction peak of Cu(OH), at around 24° in 20 disappears at

G,

175 °C, which corresponds to the temperature at which the
second bump is detected in the m/z = 18 spectrum. No trace
of copper oxide is however detected in the diffraction patterns
collected on the x = 0.2 sample in the temperature range
175-225 °C within which the dehydrated brucite-type hydroxide
still exists. In their study, Guinter et al.** have observed that the
diffraction lines of CuO, resulting from the decomposition of
Cu(OH),, are broad, which means that the coherent diffraction
domains are small in size. Starting with a very low amount of
Cu(OH), present in the x = 0.2 sample, it is not so surprising
that no diffraction lines of CuO are detected in the background
of the XRPD pattern collected in the temperature range
175-225 °C because of the small amount and the small grain size
of the copper oxide produced. Finally, the absence of a plateau in
the thermogram of the x = 0.2 sample originates from the
successive weight losses caused by the dehydration of the brucite-
type hydroxide and the decomposition of Cu(OH),. In the
RT-225 °C range, the successive dehydration of the brucite-
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the decomposition of Cu{(OH), do not allow
one to determine the water content z of the x = 0.2 sample. In
Table 1, the water content z determined from the first weight
loss of the thermograms increases with the copper content x
but remains relatively small even for highly copper substituted
magnesium hydroxides (z ~ 0.11 for a copper content x = 0.15).

In layered double hydroxides (LDH), water molecules are
both physisorbed at the grain surface and located within
the interlayer galleries.*** The former are easily removed by
drying the raw powder at around 60 °C, while subsequent
heating above 250 °C is necessary for releasing the latter.>>
Only inter-layered water molecules are counted in the unit
formula of LDH with a metal/H,O ratio that does not exceed
0.5, as for instance in pyroaurite MggFe,(OH),4(CO5)-4H,0.”*>*
For the “Mg,_,Cu,(OH),” samples, there are concerns about
whether the dehydration taking place in the temperature range
100-225 °C corresponds to release of water molecules located
within the interlayer galleries of the brucite-type structure or
adsorbed at the particle surface or both together. This question
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(Left) TGA thermograms and mass spectra of released water and carbon dioxide collected upon heating in argon on “Mg(OH),",

"Mgp.9Cug1(OH)," and “Mgg gCug 2(CH)," raw powder samples. (Right) Thermal evolution of the XRPD patterns of the same samples when annealed

in air from RT to 400 °C.

is of vital importance since the temperature at which the
dehydration occurs in “Mg;_,Cu,(OH),” is lower than the
temperature characteristic of the release of inter-layered water
molecules in LDH. As mentioned in the ESI} (Section 1.5), raw
“Mg, _,Cu,(OH),” powders were dried in static air at 60 °C prior
to any analysis, which normally allows the desorption of water
molecules physisorbed at the particle surface. When in situ
studying the dehydration of the hydroxides by temperature-
controlled diffraction, the asymmetric broadening of the (001)
diffraction peak progressively disappears as the temperature
increases in the range RT-225 °C in Fig. 4. Because the layers of
edge-sharing octahedra are stacked along the ¢ axis of the
Mg(OH), structure, this change in the peak profile is a sign
that the dehydration affects this stacking, a process that
any desorption of water molecules physisorbed at the particle
surface cannot obviously cause. Thereby, the observed dehydra-
tion should mainly correspond to the loss of water molecules
located in a low amount within the interlayer galleries. Now,
why does the dehydration affect the stacking of layers? With
such a small content of water in the dried samples (Table 1),

Table 1 Evolution of the content of water z and carbonate anions y
determined from the weight losses of thermogravimetric analyses as a function
of the copper content x in mixed hydroxides Mg, Cu,(OH);_5,{CO4),-zH,0

Dehydration Decomposition
Copper content x  Weight loss %  z(H,0) Weight loss %  y(CO3)
0 1.84 0.062 31.33 0.034
0.05 1.91 0.066 30.57 0.043
0.1 2.36 0.085 29.56 0.045
0.15 3.51 0.114 30.12 0.129

certain galleries of the mixed hydroxides are certainly free of
water molecules, while others are partially filled. Note that the
height of the galleries in fully dehydrated Mg(OH), is around
2.689 A,*® which is more than 2 times smaller than the height
of the galleries (5.688 A) in pyroaurite MggFe,(OH);5(CO5)-
4H,0,**** which contain a huge amount of water molecules.
To accommodate these water molecules and the variation in
water content from one gallery to the others, layers of edge-
sharing octahedra cannot be stacked in an orderly manner as in



an idealized brucite structure (i.e. an increase in the height of
galleries containing water molecules along the ¢ axis). Disorder
in the stacking then exists involving the asymmetric broad-
ening of the (001) peak towards low 20 scattering angles
observed in the XRPD patterns (Fig. 1a). In this figure, the
broadening becomes significant for a copper content higher
than x = 0.1 when the water content exceeds ~8 mol%
(Table 1). Note that the position of the (001) peak for a given
composition has slightly shifted towards low scattering 26
angles after dehydration. It means that the interlayer galleries
weakly expand in height along the ¢ axis when removing water
molecules in Mg,;_,Cu,(OH),_,,(CO;),-2H,0 hydroxides. With the
bactericidal properties of materials being not related to their
thermal dehydration, the origin of the lattice expansion when
dehydrating samples is only discussed in the ESIt (Section 2).

Above 250-300 °C, the sample starts decomposing by
simultaneously releasing water and a few CO, molecules as
shown at m/z = 18 and m/z = 44 in the mass spectra displayed in
Fig. 4. No traces of NO, molecules resulting from thermal
decomposition of nitrates anions are detected by mass spectro-
metry (not shown in Fig. 4). Thereby, carbonate anions are
present in the interlayer galleries within the structure of the
mixed hydroxides obtained. Because of the isovalent character
of the magnesium ion substitution by divalent copper, the
layers of edge-sharing octahedra in mixed “Mg;_,Cu,(OH),”
hydroxides are neutral in charge, contrary to what is observed
in pyroaurite and sjogrenite polytypes of MggsFe,(OH),4(CO3)-
4H,0. The presence of carbonate anions in “Mg;_,Cu,(OH),”
then implies that they share oxygen atoms between layers, as
observed in the structure of aurichalcite ZnyCu,(OH)s(CO3),%" for
instance (Fig. 2). The consequence of that is a partial substitution
of a few hydroxyl ions by carbonate groups in the formulation of
mixed hydroxides as follows: Mg;_.Cu,(OH),_,,(CO3),-zH,0. Note
that the metal/H,0 ratio in pyroaurite MgeFe,(OH),4(CO;)-4H,0
(= 0.5) is more than 4 times larger than that found in
Mg g5CUg 15(0OH); 742(CO3)0.129:0.114H,0 for a similar metal/
CO,”~ ratio (x1/8). Finally, the XRPD pattern collected above
300 °C (Fig. 4) shows that the only decomposition product is a
single mixed periclase-type oxide Mg; _.Cu,O even for the compo-
sition x = 0.2, which originally contains a trace of copper hydroxide
Cu(OH),. From the above thermal and temperature-controlled
diffraction analyses, the dehydration and decomposition reac-
tions are the following:

Mg, _,Cu,(OH),_,,(CO;),zH,0 — Dehydration
— Mgl_xCux(OH)z_zy[COJ)y 4 zHZO[g]

Mg _Cu,(OH),_,(CO3), — Decomposition

- Mg;_,Cu,0 + yCO,g) + (1 — y) HyOpy
From the structural correlation with aurichalcite
Zn;Cu,(OH)4(CO;5),,>* a small fraction of divalent cations must
be 4-fold or 5-fold coordinated to oxygen atoms and outside the
brucite-type layers in order to take into account the partial
substitution of a few hydroxyl ions by carbonate groups in

Mg, —xCu(OH)2—2,(CO;3),-zH,0 compounds. The small content
y of carbonate ions calculated from the second weight loss of
the thermograms (Fig. 4 and Table 1) means that this fraction
of Mg?*/Cu®" cations in 4-fold or 5-fold coordination should be
also small. The coordination environment of a transition metal
ion such as Cu®" in the crystal lattice directly influences the
energy levels of its d-orbitals through crystal field splitting
(i.e. octahedral splitting, tetrahedral splitting). The position
in wavelength of the absorption band in the UV-visible-NIR
spectrum is directly related to the energy required for d-d
electronic transitions to occur. Absorption spectroscopy can
be then used to probe the coordination of copper ions in
Mg;_,Cu,(OH),_,,(CO;),-zH,0 compounds. The visible-NIR
absorption spectra of all compositions of the series are dis-
played in Fig. 5a. For the white x = 0 sample (i.e. Mg(OH),), only
two weak absorptions occurred in the NIR region of the
spectrum with maxima at around 7150 and 7250 cm™". Martens
and Freund® showed that these bands correspond to the first
fundamental overtones of the stretching vibrations v of hydroxyl
OH™ ions observed for Mg(OH), in the range 3500-4000 cm™".
When cupric ions are tetrahedrally coordinated to oxygen atoms
in copper doped ZnO™ or in CuAl,0, spinel,** a broad absorption
is measured in the wavenumber range 5550 cm™" (1800 nm) to
8330 cm ™" (1200 nm). Apart from the overtones of vy vibrations,
no additional absorption band is detected in this NIR region of
the spectra displayed in Fig. 5a, thus clearly indicating that no
cupric ions are 4-fold or 5-fold coordinated to oxygen atoms in
Mg, _.Cu(OH),_,,(CO;),-zH,0 compounds. However, a broad
absorption band appears at higher wavenumbers in the spectra
of the x > 0 samples with a maximum at around 13 900 cm™*
(=720 nm). Its intensity grows as the copper content x increases
in the series (hyperchromic effect). It means that copper contain-
ing samples absorb light in the red region of the visible absorp-
tion spectrum, which is in agreement with the complementary
blue color of the powder (Fig. 5b). In the hexaaquacuprate
complex [Cu(H,0)g]**, the transition of one electron from the Eg
orbital to the T,y orbital of divalent copper (3d°) in an octahedral
crystal field gives rise to a single absorption at about 12 500 cm™"
(=800 nm).** In the spectrochemical series, the strength of the
hydroxo ligand is slightly weaker than the strength of the aqua
ligand. By replacing six aqua ligands with six hydroxo ligands, the
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absorption is expected to occur at a wavelength lower than
800 nm. Thereby, the absorption band at around 13900 ecm™*
(=720 nm) corresponds to the “Ey(D) — >T;,(D) electronic transi-
tion of divalent copper 6-fold coordinated by hydroxyl groups. The
optical absorption spectrum of malachite Cu,(CO;)(OH),*® shows
two broad bands in the UV-visible-NIR range, an intense band
centered at around 12346 cm™" (810 nm) with a weak band at
lower wavenumber 8696 cm™' (1150 nm). In the structure of
malachite,”” divalent copper resides in an octahedron with two
copper-oxygen distances longer than the four remaining ones.
This tetragonal distortion [4+2], frequently encountered for
an octahedron occupied by Cu® ions, is ascribed to a Jahn-
Teller effect. In the spectra displayed in Fig. 5a, no additional
absorption band or shoulder is present in the range of wave-
numbers 7500-10 000 cm ™", Furthermore, the band at around
13900 cm™" has an almost symmetric shape. Both observations
suggest that the Jahn-Teller distortion of the octahedra
occupied by Cu® ions in Mg;_,Cu,(OH),_,,(CO;),-zH,0 com-
pounds, if it exists, is weak in magnitude. The above analyses of
diffuse reflectance spectra clearly demonstrate that all cupric
ions are located within layers of edge-sharing octahedra of the
structure, as are most of the magnesium ions. Thereby, one has
to admit that the divalent ions located outside the layers, in a
small amount and in 4-fold or 5-fold coordination, are Mg>*.
The morphology and crystallinity of hydroxide particles were
determined by transmission electron microscopy (TEM) and
selected area electron diffraction (SAED), respectively. TEM
micrographs reveal that particles of magnesium hydroxide
(x = 0) have smooth edges and a platelet-like shape. The
particles have a face diameter ranging from ~10 to 50 nm
with a thickness lower than ~10 nm. For copper containing
samples, the platelets tend to aggregate in a face-to-face fashion
and rest on the edge when deposited on the TEM grid, making
difficult their observations, as shown in Fig. 6b and Fig. 6c.

Platelets tend to form larger and larger shapeless aggregates as
their copper content x increases (Fig. 6d). All SAED patterns of
copper substituted hydroxide appear similar and show four
distinct rings. These four rings are well indexed to the crystal
planes (001), (011), (012) and (110) of the brucite-type hydroxide,
confirming the high crystallinity of the as-prepared particles. For
each single phase hydroxide (x = 0-0.15), the copper to magnesium
atomic ratio, determined by EDX analysis, is in very good agree-
ment with the nominal ratio (Fig. 6f). Both the absorption
spectrum collected on the colorless supernatant (Fig. S2 in the
ESIT) and the EDX analyses of the platelets clearly demonstrate
that divalent copper and magnesium ions present in the mixed
nitrate solution completely precipitate after its addition to 150 mL
of the mixed NaOH/Na,CO; solution.

b) Effect of copper substitution on the brucite Mg(OH) structure

The disorder in the stacking of layers of edge-sharing octahedra
along the c-axis for hydrated and highly copper substituted
hydroxides induces a strong asymmetric broadening of the
(001) diffraction peak (Fig. 1a). This disorder makes impossible
the refinement of the unit cell parameters through diffraction
pattern fitting by the Le Bail method.*® Temperature-controlled
XRPD and thermal analyses have revealed that this broadening
disappears and the brucite-type structure is preserved when the
samples are dehydrated in the temperature range RT-225 °C
(Fig. 4). With the aim of determining the unit cell parameters
from the diffraction data, sample dehydration was undertaken
under static air conditions. In order to avoid any decomposi-
tion of the brucite-type hydroxide, the temperature at which the
dehydration has been carried out was chosen 25 °C below the
end of the plateau at 225 °C observed in the thermograms
displayed in Fig. 4. Thus, all powder samples were dehydrated
in air for 4 h at 200 °C. XRPD patterns were then collected at
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room temperature on the dehydrated powders and are shown
in Fig. 1b.

In Fig. 1b, an anisotropic line broadening is highlighted for
the dehydrated powders with a significantly narrower line
breath for the (100) and (110) reflections than for the (001),
(011) and (012) ones. This anisotropic broadening is inherent to
the platelet-like shape of the particles. From the TEM analyses
and the larger breath of the (001) line, one can conclude that the
crystallographic ¢ axis is perpendicular to the platelet faces and
the platelet thickness (H) is smaller than the long diagonals (D)
of hexagonal platelet faces (Fig. 7a). Moreover all the Bragg
peaks have a symmetric Voigt-type profile, which makes possible
a microstructure analysis from XRPD data using the integral
breadth method.*® Attempts to satisfactorily fit the diffraction
patterns by the Le Bail method®® were then undertaken selecting
the “platelet vector size” model of the Fullprof program®’ with
a [00]] direction normal to the hexagonal platelet faces.
In this model, a single hexagonal platelet can be circumscribed
into a cylinder. The long diagonals (D) of the hexagonal platelet
faces correspond to the diameter of this cylinder, while the
platelet thickness (H) is the height of this cylinder. In the
microstructural analysis, the peak broadening is assumed to
only originate from the nanometer size of the particles (the “size
broadening” effect) rather than lattice distortion (the “micro-
strain broadening” effect). The two parameters of the Lorentzian
component of the TCH-Z profile shape function were only
refined to calculate the average integral-breadth apparent
size (Sp) for each (hkl) reflection. As shown in Fig. 7a, the
patterns can be satisfactorily fitted with this model. The average
diameter (D) and thickness (H) of the platelet-like particles
were determined from the apparent sizes (Sg) along the [kA0]
and [00/] directions, respectively. The variations of the unit
cell parameters and (D) and (H) for the dehydrated Mg, _,Cu,-
(OH),_2,(CO;), compounds are shown in Fig. 7b as a function of
the copper content x.

Very small linear expansions of both cell parameters a and ¢
are expected since divalent copper is slightly larger than the
magnesium ion in 6-fold coordination (ionic radii 0.73 A versus
0.72 A""). In Fig. 7b, only the cell parameter ¢ exhibits such an
increase, the cell parameter a remaining constant in the whole
compositional range. It is worth noting that in aurichalcite
Zn;Cu,(OH)4(CO5),,>" [M30,] tetrahedra and carbonate ions
form pillars linking two adjacent layers of octahedra. In
aurichalcite, the average height of the galleries is ~5.1 A, which
is almost two times the height of the galleries in dehydrated
brucite Mg{OH), (2.689 A%°). In Fig. 2, the layers of octahedra in
aurichalcite are not as flat as in brucite but are slightly corrugated
where three octahedra share one oxygen atom with the carbonate
ion of one pillar. Within a layer, this corrugation shortens and
lengthens the distances between cations residing in the octa-
hedra. In the dehydrated Mg, _,Cu,(OH),_5,(CO;), compounds,
the presence of bridging carbonate ions must induce a similar
deformation of the Mg(OH),-type structure (i.e. expansion in
height of the interlayer galleries and corrugation of layers). The
deformation is expected to be small in magnitude due to the
low amount of carbonate ions present in copper substituted
magnesium hydroxides. In our opinion, the elongation of the
unit cell along the ¢ axis with x (Ac &~ +0.034 A over the whole
compositional range) reflects the combined effects of copper
substitution and the expansion in height of the interlayer
galleries caused by the increasing amount of bridging carbo-
nate ions. The absence of variation of the a parameter suggests
that the shortening and lengthening of the cation-cation dis-
tances in the corrugated layer are fully balanced. One plausible
reason for this behavior lies in the flexibility of divalent copper
coordination polyhedra.

In Fig. 7b, a homothetic size reduction of the platelet-like
particles is noted as the copper content x increases along the
series. Indeed, both the average diameter (D) and thickness (H)
dropped by half for samples ranging from x = 0 to x = 0.2.
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The particle shape is therefore significantly affected by the
substitution, as shown by the increase of the (D)/(H) ratio with
the copper content x in Fig. 7b. For the x = 0.1 and 0.15
samples, the average thicknesses of platelet-like particles
deduced from their XRPD patterns are (H) ~34 A and ~23 A,
respectively. These values are in good agreement with the
average thicknesses of the black edges in the TEM images
~40 A and ~28 A for the x = 0.1 (Fig. 6¢) and x = 0.15
(Fig. 6d) samples, respectively. It confirms that the size of
coherent diffraction domains corresponds to the size of the
platelets. As the (D)/(H) ratio increases, the platelets tend to
rest on the edge when deposited on the TEM grid.

c) Bactericidal activity

The bactericidal activity of the as-prepared hydroxides was
determined in sterile distilled water rather than in growth
medium, as frequently done in numerous studies (MgO,"
Mg(OH),'* or ZnO" nanoparticles in lysogeny broth (LB)).
The reason is that any direct interaction between particles
and peptides/proteins present in nutrient media must be
avoided since it has been suspected to weaken and even to
inhibit the adherence of the particles to the bacteria cells, thus
decreasing their bactericidal activity.* This direct interaction of
particles with the bacteria cells is of vital importance in the
present study because Dong et al.'* and Pan et al'® have
demonstrated that Mg(OH), particles can only kill E. coli by
adhering to its cell membrane. Another point to be considered
is the temperature and the relative humidity (RH) at which the
antibacterial activity is determined. Michels et al.** have clearly
demonstrated that silver ion-containing materials, as a conven-
tional antibacterial agent, exhibit no activity towards methicillin
resistant S. aureus (MRSA) at T ~ 22 °C and RH &~ 50% within the
first 360 min of exposure. A measurable efficacy (reduction in
bacteria viability > 6 log;,) was however observed by these authors
at a higher humidity level (RH > 90%), higher temperature
(35 °C) and longer contact time (24 h), the conditions recom-
mended in Japanese Industrial Standard methodology JIS Z 2801
for antibacterial surfaces. At 7 ~ 22 °C and RH ~ 50%, Michels
et al.™® have found that copper alloys exhibit a reduction in
bacteria viability greater than 7log;, within 75 min of exposure.
When tested under the JISZ 2801 test conditions, this high
antibacterial activity of copper alloys was preserved. From the
above considerations and for application purposes, the efficacy of
any bactericidal surface must, in our opinion, be evaluated at a
temperature typical of indoor environments such as hospitals
(=20 °C), directly in sterile distilled water (to avoid variations in
RH during the test) and for a short contact time.

In the present study and for comparison purposes, the
concentration of 1 mg mL™" of particles within the water
suspension of bacteria was identical to the one chosen by Dong
et al.'* and Makhluf et al* to determine the antibacterial
activity of nanometer-sized particles of Mg(OH), and MgO,
respectively. For each mixed hydroxide tested, the sterile water
suspension of particles in contact with a bacterial strain was
maintained at 20 °C for 15, 30, 60 and 180 min. After each
contact time ¢, a counting of the number N, of CFU was

performed to estimate the reduction in cell viability. For each
mixed hydroxide tested, the number N, of CFU is displayed
in Table 2 at the different contact times for both E. coli and
S. aureus. For three contact times 15, 60 and 180 min, the
percentage reduction in viability of both E. coli and S. aureus is
plotted as a function of the copper content x in Fig. 8.

All copper containing hydroxides exhibit a reduction in
viability of E. coli greater than 40% within the first 15 min,
the higher the copper content the larger the amount of killed
bacteria (Table 2 and Fig. 8). At the same time, the pure
magnesium hydroxide remains completely inactive. After 1 h,
6.6% of E. coli bacteria stay alive in contact with the x = 0.1
mixed hydroxide, while this percentage drastically drops to less
than 0.1% (a 3 log,, reduction) for the x = 0.15 and 0.2 samples
(Table 2 and Fig. 8). After 3 h, the culture medium is completely
free of E. coli and a reduction higher than 6.3log;, was
achieved whatever the copper content x of the mixed hydro-
xides (Table 2). In contrast, the reduction in viability of E. coli
does not exceed 23% after 3 h in contact with pure magnesium
hydroxide nanometer-sized particles (Table 2 and Fig. 8). Such
low bactericidal activity towards E. coli has been reported by
Pan et al.'® on hexagonal Mg(OH), nanoplatelets (Z ~ 700 nm)
forming small micrometer-sized aggregates (~ 1.2 pm) and very
recently by Halbus et al.**

To the best of our knowledge, the antibacterial activity of
nanometer-sized brucite Mg(OH), particles towards Gram-
positive S. aureus has been only reported in the literature by
Vatsha et al'® The activity of polyester fabrics coated by
micrometer-sized Mg(OH), particles (average size > 2.5 pm)
was also evaluated by Wang et al.*® In this latter study, the
reduction in cell viability was 92 to 97% (1log;, to 1.5810g;,)
after 24 h in contact with micrometer-sized Mg(OH), particles
at 37 °C. Our results displayed in Table 2 and Fig. 8 show that
the bactericidal activity of nanometer-sized brucite Mg(OH),
particles is slightly higher towards Gram-positive S. aureus than
towards Gram-negative E. coli bacteria. However, half of
S. aureus bacteria still stay alive after 3 h in contact with the
particles (reduction in cell viability ~48%). This low activity
indicates that the bactericidal kinetics of brucite Mg(OH),
remains very low despite the use of nanometer-sized particles.
A longer contact time would be therefore required to inactivate
the whole S. aureus culture, as in the study of Wang et al.* In
Fig. 8, copper substitution enhances the bactericidal activity of
Mg(OH), in a similar trend to that observed for Gram-negative
E. coli: the higher the copper content x the faster the bactericidal
kinetics. A huge reduction in the counts of viable S. aureus
bacteria is observed after 3 h when at least 10 mol% (x = 0.1) of
magnesium in brucite Mg(OH), is substituted by cupric ions
(<1% of viable cells for x = 0.1 and ~48% for Mg(OH),). When
comparing the activities of copper-substituted Mg(OH), nano-
particles towards the two types of bacteria tested in the present
study, one can note that the reduction in viability after 3 h in
contact is however only around 2 log,, for S. aureus bacteria while
it was higher than 6.3 log,, for E. coli ones.

Makhluf et al.” have evaluated the activity of MgO particles
with different sizes (8, 11, 15, 18 and 23 nm) towards E. coli and



Table 2 Bactericidal activity of mixed hydroxides Mg;_.Cu,(OH)z_3,(CO3),-zH;0 (1 mg mL™Y against E. coli and S. aureus as a function of the copper
content x (average value = standard deviation over 2 assays). The bactericidal activity of CuO determined in the same conditions was added for reference.
The diameter D and thickness H of the particles measured from TEM images are also given

. . E. coli S. aureus
Copper content  Particle size  Contact
x/composition D/H (nm) time (min)  Log;oN, Logyo(No/N;)  Reduction (%)  Log;eNg Logo(No/N,)  Reduction (%)
15 0 0 6.26 + 0.01 0.04 £+ 0.02 9.6 £ 4.5
0 10-50/10 30 6.31 £+ 0.03 0 0 0.13 £+ 0.06 25.2 £ 9.7
60 0 0 0.20 £+ 0.05 36.9 + 6.8
180 0.11 + 0.02 232+ 2.8 0.29 + 0.07 484 + 7.9
15 6.31 £+ 0.03 0.24 £ 0.04 42.6 + 5.8 6.26 £ 0.01 0.34 = 0.08 53.6 £ 9.0
0.10 10-50/10 30 0.37 £+ 0.01 57.0 £ 0.8 0.69 + 0.05 79.3 £ 2.5
60 1.19 £ 0.09 934 +13 1.17 + 0.09 93.2 +£1.3
180 6.31 100 2.14 £+ 0.01 99.3 £ 0.1
15 6.31 £ 0.03 0.49 + 0.15 66.5 + 11.4 6.26 + 0.01 0.65 £+ 0.09 77.2 £ 4.8
0.15 10-50/10 30 0.86 + 0.05 86.2 £ 1.5 0.91 + 0.19 87.1+ 5.4
60 2.98 + 0.10 99.9 + 0.1 1.23 £ 0.10 94.0 +£ 1.4
180 6.31 100 2.01 = 0.16 99.0 £+ 0.4
15 6.31 + 0.03 0.67 + 0.12 78.5 £ 5.8 6.26 + 0.01 0.73 £ 0.03 815+ 1.3
0.20 (biphasic) 30 0.87 + 0.06 86.3 + 2.0 0.80 + 0.08 84.2 + 2.7
60 3.02 £ 0.10 99.9 £ 0.1 1.24 + 0.24 93.8 £ 3.3
180 6.31 100 1.91 + 0.03 98.8 £ 0.1
15 6.52 + 0.02 2.30 £ 0.11 99.5 +£ 0.1 6.18 £+ 0.12 0.07 £+ 0.06 13.8 + 119
CuO 50/50 30 2.43 £ 0.03 99.6 = 0.1 0.08 = 0.16 11,3 + 32.6
60 2.91 + 0.01 99.9 + 0.1 0.07 £ 0.12 12.7 + 23.6
180 4.70 £+ 0.01 100 2.01 + 0.49 98.7 +£ 1.2
0 0.1 0.2 0 0.1
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Fig. 8 Time dependence of the reduction in viability of E. coli and
S. aureus in contact with nanometer-sized Mg;_.Cu(OH)2_2,/(CQO3),
zH,O particles with different copper content x (% average value + standard
deviation over 2 assays).
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S. aureus in the culture medium at 37 °C after 1 h or 4 h in
contact. The activity is only significant (reduction in cell
viability >95%) when the size of the particles is around 8 nm
and the contact time is at least 4 h. For nanometer-sized
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particles of MgO with a specific surface area of ~81 m* g~*
(corresponding to an average & 20 nm), Smithson and
Bakshi'' showed that complete conversion into Mg(OH),
occurred after only ~100 min of immersion in water at
38 °C. Any size reduction of MgO particles below =20 nm
inevitably speeds up the hydration kinetics, the time required
for the full conversion into Mg(OH), being shorter than
100 min in that way. One has to therefore consider the
bactericidal activities of “MgO” nanoparticles reported by
Makhluf et al* after 4 h in contact as those of Mg(OH),
nanoparticles. Note that the size of Mg(OH), platelets we have
prepared by precipitation (Fig. 7b (D) ~ 20 nm and (H) ~ 7 nm)
is roughly equal to the largest particles in Makhluf's study
(23 + 2 nm), thus allowing a direct comparison of their
activities. In Makhluf's study, the reduction in cell viability is
slightly higher for S. aureus than for E. coli at the same time of
treatment and it remains below 50% for both bacteria after 4 h
of treatment. These results are very similar to those displayed in
the present study for Mg(OH),. Nevertheless, our study shows
that copper substitution can enhance these activities, in particular
towards E. coli, thus greatly exceeding the 3 log,, reduction reported
by Makhluf et al.* for 8 nm-sized particles of hydrated MgO.

The bactericidal performance of nanometer-sized particles of the
mixed hydroxides Mg, _Cu(OH),_,,(CO;),-zH,0 (0 < x < 0.2) was
then compared with that of the conventional inorganic antibacterial
agent CuO. For this purpose, the bactericidal activity of CuO
particles must be determined in conditions similar to those used
for the mixed hydroxides (1 mg mL™") and ideally with particles of
comparable size. 50 nm-sized CuO particles have been therefore
synthesized by thermally decomposing nanometer-sized Cu(OH),
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particles. The copper hydroxide was prepared beforehand by the
same synthetic route used for the mixed hydroxides. The evalua-
tion of the bactericidal activity of those CuO particles has been
then performed and the reduction in viability of both E. coli and
S. aureus is displayed in Table 2 as well. At first, the reduction in
viability of E. coli does not exceed 4.7 log after 3 h in contact with
those 50 nm-sized particles of CuO, which is lower than the 6.3 log
reductions determined with all copper-substituted Mg(OH),
particles at ¢t = 3 h (ie. the x = 0.1, 0.15 and 0.2 samples in
Table 2). Secondly, the reduction in viability of S. aureus remains
below ~14% within the first hour in contact with 50 nm-sized
CuO particles. This reduction drastically rises to x~99% (2log)
after 3 h in contact, thus overtaking the bactericidal performance
of all copper-substituted Mg(OH), (ie. the x = 0.1, 0.15 and
0.2 samples in Table 2). As stated above, all copper-substituted
Mg(OH), hydroxides, whatever their copper content, kill more
than half of the S. aureus inoculum within the first 15 min in
contact with a reduction in viability continuing to gradually rise
with the time. By discarding the biphasic x = 0.2 sample, a good
compromise between fast bactericidal kinetics and a high
reduction in viability is reached by the 15 mol% copper-
substituted Mg(OH), hydroxide (Table 2). Its use gives the
opportunity to five-fold reduce the copper loading of the
bactericidal agent while being at least equally or even more
efficient compared to the conventional CuO (a Cu loading of
0.799 mg mL™" and 0.154 mg mL™" in the suspension of CuO
and 15 mol% copper substituted Mg(OH), particles, respec-
tively). This is a significant step towards the design of more
environmentally friendly bactericidal agents than the ecotoxic
copper oxide.

d) Bactericidal mechanism

Makhluf et al. and Applerot et al. have determined the bactericidal
mechanism of nanometer-sized MgO* and CuO” particles, respec-
tively. For both oxides, the mechanism would result from the
following successive actions: (i) generation of exogenic Reactive
Oxygen Species (ROS) by the particles attached to the bacterial cell
membrane, (ii) an increase in the permeability of the cell envelope
due to the damage induced by exogenic ROS, (iii) penetration of
individual particles into the cell and (iv) cell lysis with loss of vital
intracellular content (proteins, DNA and RNA) damaged by endo-
genic ROS generation. In ref. 47, it was postulated that the ROS
production by metal oxide nanoparticles originates from the
electron-donating nature of the surface defect sites (superoxide
anion *0,~ radicals in nanometer-sized MgO* and CuO®). Pan
et al.'® showed that large micrometer-sized aggregates of Mg(OH),
nanoparticles prepared by precipitation from MgCl, salt (average
& ~ 5.5 pm and a reduction in E. coli viability around 90% after
24 h) have higher bactericidal activity than poorly agglomerated
nanoplatelets resulting from the hydration of MgO particles
(aggregates of J ~ 1.2 pm and a reduction in viability around
50% after 24 h). These authors relate the high activity of large
micrometer-sized aggregates of particles to their better adsorp-
tion onto the cell envelopes of E. coli, highlighted by imaging
the bacteria exposed to particles with an electron microscope.
After exposition to Mg(OH), slurries, observations made by

fluorescence microscopy on stained bacteria revealed that
lethality of E. coli was due to cell lysis. Both observations made
by Pan et al.’® are similar to those of Applerot et al.” for CuO
particles. It gives clear evidence that Mg(OH), and CuO particles
exhibit the same bactericidal mechanism. In the Applerot et al.
study,” the reductions in viability of E. coli and S. aureus after 3 h
in contact with ~7 nm-sized CuO particles were 99.9% and 97%,
respectively. These reductions are similar to those reported by
Makhluf et al.* after 4 h in contact with ~8 nm-sized hydrated
MgO particles (i.e. Mg(OH),). In addition, the bactericidal kinetics
of CuO nanoparticles is as fast as that of Mg(OH), ones. It would
mean that the ability of CuO and Mg(OH), nanoparticles to be
adsorbed onto the cell envelope of bacteria and to produce ROS is
comparable when they are of equivalent size. Cu*,0 also exhibits
antibacterial activity towards E. coli and S. aureus.”® This activity
originates from the ability of the oxide to strongly adsorb and
damage fumarase A enzymes found in the cell membrane of
bacteria. A significant decrease of enzyme catalytic activity, vital
for the bacteria, is then observed, which is ascribed to a displace-
ment of iron from the catalytic [4Fe-4S] clusters by cuprous ions
(thiophilic character).*® This mechanism was later confirmed by
Meghana et al.*

Although the bactericidal mechanism of the Mg _xCu,(OH),—2y-
(CO3),,zH,0 samples should be similar to that of the brucite
Mg(OH),, one might wonder why the copper substitution
greatly enhances the bactericidal properties, whether in terms
of the kinetics or of the activity level: the higher the copper
content the faster the kinetics and the higher the activity level.

Nano-structuring is known to promote the formation of
surface defects (an incomplete coordination sphere of cations
at the grain surface), which could also lead locally to a slight
reduction of cupric ions to cuprous ones. A thorough examina-
tion of the chemical state of the surface was performed on all
Mg;_Cu,(OH),_,,(CO3),-zH,0 samples by X-ray photoelectron
spectroscopy (XPS) in order to determine the oxidation state(s)
of the copper ions. The results are presented in the ESIf
(section 3). From this XPS study, the presence of cuprous ions
detected at the grain surface would result from partial photo-
reduction of cupric ions when the samples are exposed to
X-rays in the secondary vacuum condition. Because of the
absence of cuprous ions at the grain surface of as-prepared
powders, the enhancement of the bactericidal activity of
Mg(OH), through copper substitution cannot be ascribed to a
decrease of the enzyme catalytic activity.

Sawai et al."* considered that the alkaline effect caused by
the hydration of MgO is one of the contributing factors to its
biocidal activity against eukaryotic cells like yeasts (Saccharomyces
cerevisiae and Candida albicans) and filamentous fungi (Aspergillus
niger and Rhizopus stolonifer). Mendonca et al.>" showed that the
reduction in viability was around 8log,, after only 15 min in
contact with a sterile NaHCO;-NaOH buffer at pH = 11, while it
was only 0.5 log;, at pH = 10. This latter study demonstrates the
deleterious effect of one pH unit increase on the cell viability. The
significant enhancement of the bactericidal activities through
copper substitution in brucite Mg(OH), could originate from a
copper dependent increase in pH of the water suspension of
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nanoparticles. To clarify this point, the pH was measured for
water suspensions of x = 0 and x = 0.15 nanoparticles at the same
specified time and concentration (1 mg mL™') used in the
antibacterial tests. The values are gathered together in Table 3.
For both samples, a strong rise in pH occurs in the first 15 min
after immersing the nanoparticles in water. After 180 min of
immersion, the pH values are around 11 and 10.4 for the x = 0 and
x = 0.15 samples, respectively. This is in good agreement with the
value of 10 and 10.6 measured on broth media containing
Mg(OH),** and MgO* nanoparticles, respectively. At this basic
PH, the reduction in cell viability determined by Makhluf et al*
was however zero for E. coli and less than 6% for S. aureus after 4 h
in contact with hydrated MgO nanoparticles. Thereby, the high
antibacterial activity of copper-substituted Mg(OH), does not
originate from a stronger alkaline effect because copper substitu-
tion tends to slightly lower the pH of the water suspension of
particles (Table 3).

It is well known that free hydrated cupric ions can catalyze
ROS generation from aqueous H,0, through Fenton-like redox
cycling between Cu®" and Cu* ions.”*** Any release of cupric
ions due to the partial dissolution of particles in the culture
medium could catalyze exogenic ROS production from H,0,, a
by-product of the normal metabolism of oxygen. The higher the
release, the higher the bactericidal activity. This however pre-
supposes that the dissolution rate of Mg;_,Cu,(OH),_5,(CO;),-
zH,O particles would rise as the copper content x increases.
Atomic emission spectroscopy has been therefore used for
measuring the amount of magnesium and copper elements
possibly released from particles of the Mg(OH),_5,(CO;),-zH,0
(x = 0) and Mgy 5CUg 15(0H),_2,(CO;3),-zH,0 (x = 0.15) hydro-
xides when they are immersed in deionized water at the tested
concentration of 1 mg mL™". The measurement was performed
on the supernatant after 3 h and 24 h of immersion. Table 3
displays the results of these analyses. For both the x = 0 and
x = 0.15 samples, the magnesium concentration in the super-
natant almost reaches the same value of ~7.4 mg L™ and
~10 mg L™" after 3 h and 24 h of immersion, respectively. The
solubility of Mg(OH), in pure water calculated from its solubi-
lity product (Ksp = 5.61 x 10™"* in ref. 55) cannot theoretically
exceed x1.12 x 107" mol L™! or ~6.53 mg L™". Our measure-
ments show that this solubility limit is attained for an immer-
sion time of 3 h (Table 3). A slight acidification of water occurs
with time (Table 3), which could explain why the magnesium

Table 3 Time dependence evolution of the pH and of the magnesium
and copper concentrations for the water suspension of the x = 0 and
x = 0.15 samples

x=0 x=0.15

Immersion M Mg Cu

time (min)  pH (mgL™") pH (mgL™) (mgLl™
0 5.7 — 5.7 — =

15 9.54 — 8.18 — —

30 9.85 — 8.35 — =

60 9.62 — 8.70 — —

180 10.96 7.35 10.38 7.46 0.44
1440 10.51 9.86 9.85 10.52 0.10

concentration is slightly higher than the theoretical solubility
limit for 24 h. When Mgy 5Cug 15(0H);_2,(CO;),-zH,0 particles
start dissolving in the supernatant, 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. If it is respected, the copper concentration
in the supernatant calculated from the magnesium concen-
tration should be equal to ~3.44 mg L™" and ~4.85 mg L™*
after 3 h and 24 h of immersion, respectively. Surprisingly,
the copper concentration in the supernatant is only around
0.5 mg L™ after 3 h and even drops to 0.1 mg L™" after 24 h.
These low copper concentrations in the supernatant are
certainly related to the solubility product of Cu(OH), in pure
water (K, = 2.2 x 107 in ref. 56), which is much lower than
that of Mg(OH),. With magnesium ions being released from the
particles in a larger amount that copper ions, it would mean that
surface enrichment of copper of the Mg;_,Cu,(OH),_5,(CO3),-
zH,0 particles or precipitation of Cu(OH), from the solvated
copper ions occurs with the immersion time. In our opinion,
the second hypothesis remains the most likely because the
copper concentration of the supernatant decreases with
the immersion time (Table 3). The presence of Cu(OH), in
the powder recovered by filtration of the water suspension of
Mgy 55CUg 15(0H);_2,(CO;),2H,O particles was not however
detected by XRPD certainly because of its small amount. It is
worth noting that the magnesium concentration in the super-
natant is very close for both Mg(OH),_,,(CO3),-zH,0 (x = 0) and
Mgg.55CU0.15(0H);_2,(CO;3),-2H,0 (x = 0.15) hydroxides despite
their different magnesium contents. Copper substitution would
therefore increase the dissolution rate of the nanoparticles in
water and at the same time would favor the precipitation of
Cu(OH), particles: the higher the copper content x the larger
the amount of precipitated Cu(OH), particles. Akhavan et al.**
have demonstrated that copper hydroxide exhibits bactericidal
activity. In that way, the precipitation of Cu(OH), particles
could be one factor contributing to the enhancement of the
bactericidal activity of brucite Mg(OH),. But, the low amount of
Cu(OH), particles in the water suspension makes too small its
contribution to the activity. The majority of ROS are therefore
produced from copper-substituted Mg(OH), particles rather
than from the very low amount of free hydrated cupric ions
or Cu(OH), particles.

In Fig. 7b, a homothetic size reduction of the platelet-like
particles is noted as the copper content x increases along
the Mg;_,Cu,(OH),_5,(CO,),-zH,0 series. Despite that, all raw
powders have similar specific surface area whatever their
copper content x (Fig. 6a-d). As the TEM images showed
(Fig. 6), this feature originates from the tendency of platelets
to form larger and larger shapeless aggregates as the platelet
shape changes with the copper content x (an increase of the
(D)/(H) ratio with the copper content x in Fig. 7b). The
agglomeration thus annihilates the beneficial effect of the size
reduction on the specific surface area. Pan et al.'® showed that
the bactericidal activity of Mg(OH), nanoparticles can be greatly
enhanced when they are mass adsorbed onto cell envelopes of
E. coli bacteria. In this latter study, poorly agglomerated and
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large nanoplatelets ( J particle & 700 NM, & aggregate X~ 5.5 pm)
exhibit lower bactericidal activity than large and shapeless
micrometer-sized aggregates of small nanoflakes (J particie =
10 nM, aggregate & 5.5 pm). In the present study, copper
substitution enhances the antibacterial activity of Mg(OH),
nanoparticles by promoting the formation of shapeless aggre-
gates with better mass adsorption onto cell envelopes of
bacteria. It has been shown that the carotenoid pigments,
giving the golden color to the S. aureus bacteria envelope, have
antioxidant properties.”” These pigments can help these bacteria
to detoxify ROS produced by copper-substituted Mg(OH), nano-
particles adsorbed onto their envelopes, thus decreasing their
susceptibility to antimicrobial treatment, especially for contact
times as long as 3 h (Table 2). Deprived of this antioxidant
molecule, no Gram-negative E. coli survive to 3 h of treatment
with copper-substituted Mg(OH), nanoparticles (Table 2).

3-Conclusion and perspective

Improvement of the surface driven properties of a material
originates from the combination of its appropriate chemical
modification with the nano-structuring of particles. Copper
substitution was here applied with the aim to increase the
bactericidal performance of brucite-type magnesium hydroxide
nanoparticles. The partial substitution of magnesium ions in
Mg(OH), by Cu?*, which cannot exceed ~15 mol%, promotes
the reduction in size and the aggregation of nanometer-sized
platelets. Because the platelets are prepared at room tempera-
ture by a precipitation route in mixed alkaline (NaOH/Na,CO;)
medium, a very few hydroxyl ions are substituted by carbonate
groups, which form pillars between two consecutive layers of
edge-sharing octahedra in the brucite-type structure of the
mixed hydroxides. This controlled incorporation of cupric ions
in Mg(OH), nanoparticles significantly enhances their bacter-
icidal performance against two bacteria frequently involved in
healthcare-associated-infections. 10 mol% of cupric ions in
Mg(OH), (a copper loading of 0.102 mg mL™" in the suspen-
sion) were sufficient to induce after 3 h in contact 100% and
99.3% reductions in viability of Gram-negative E. coli and Gram-
positive S. aureus, respectively (reductions as low as 23% and 48%
are reported for the parent compound Mg(OH), in the same
conditions). This higher antibacterial activity of copper-substituted
Mg(OH), nanometer-sized platelets is likely due to their better mass
adsorption onto cell envelopes of bacteria. A good compromise
between fast bactericidal kinetics and high reduction in viability is
reached by the 15 mol% copper-substituted Mg(OH), hydroxide. Its
use gives the opportunity to five-fold reduce the copper loading of
the bactericidal agent while being at least equally or even more
efficient compared to the conventional CuO (a Cu loading of
0.799 mg mL™" and 0.154 mg mL™" in the suspension of CuO
and 15 mol% copper substituted Mg(OH), particles, respectively).
This is a significant step towards the design of more environ-
mentally friendly bactericidal agents than the ecotoxic copper
oxide. Due to the long-term geological availabilities of magnesium
and copper together with the simplicity and the low-cost of their

preparation, these copper-substituted magnesium hydroxides
have great application potential as bactericidal materials for
reducing the risk of healthcare-associated-infections (HAIs). How-
ever, their human toxicity must be assessed prior to any practical
use. Such a study will be the object of a subsequent investigation.
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