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Abstract

Resistance to antimicrobial agents is responsible for major social and economic losses. The
World Health Organization estimated 700,000 global deaths a year due to antimicrobial
resistance. The use of layered double hydroxides (LDHSs) as antibacterial materials could present
a way to reduce the risk of bacterial infections and antibacterial resistance, by partial release of
metallic ions in aqueous dispersion. The partial dissolution of different synthetic LDHs M"-AlI"
(M= Zn, Cu, Ni, Co, Mg) was studied in Lysogeny Broth (LB) and Tryptic Soy Broth (TSB),
growth media of Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) bacteria,
respectively. The influence of several parameters (crystallinity, M":AI"" ratio, type of
intercalated anion {COs*, CI', NOg, ClO,} and nature of M" cations) was investigated. In the
absence of any post-synthetic hydrothermal treatment, Zn"-Al"' LDH showed a release of Zn"
ions 6 times enhanced. Upon increasing Zn":Al"" molar ratio to 3 : 1 and exchanging carbonate
anions with other anions having lower intercalating affinities, a similar effect was observed . The
dissolution properties of M"-AI"' LDHs were correlated with the thermodynamic stability of
their M"(OH), hydroxide counterparts with the exception of Cu'"-based LDH, which showed an
amplified release of Cu " due to its irregular structure presenting defects. Finally, the antibacterial
activity was only noted for Zn" and Cu'"-based LDHSs. The antimicrobial effect of the studied
LDHs was linked in the first place to the nature of divalent metal itself, and to the amount of
released M" ions into the culture media in the second place. This effect was more easily
identified in Zn"-AI"' LDHs whose minimum inhibitory concentration was decreased

significantly from 12 to 0.375 mg.mL™ when higher amounts of Zn'" ions were released.
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1. Introduction

Layered double hydroxides (LDHSs) are clay lamellar solids having a structure based on the
stacking of brucite-like sheets compromising divalent and trivalent metal hydroxides. These
sheets hold a net positive charge which is compensated by negatively charged intercalating
anions and water molecules present in the interlaminar regions. The general formula of LDH can
be expressed as: [M(I1)q—y M(I1)x (OH) 1" [A" wn . YH201*", where M(I1) and M(llI) are
divalent and trivalent metal cations, respectively, and A" is an n-valent intercalating anion (Bini
& Monteforte, 2018; Rives, 2001; Theiss et al., 2016). Due to their interesting properties,
including anion exchangeability, compositional flexibility, and biocompatibility, LDHs have
found themselves various technological applications such as catalysis (Yang et al., 2021),
sorption of pollutants (Johnston et al., 2021), bio-sensors (Inmauddin, 2019), drug storage
delivery (Bi et al., 2014), photocatalytic water remediation (L. Wang et al., 2021) and

antimicrobial materials (Leon-Vallejo et al., 2019; Mishra et al., 2018).

Nowadays, the fabrication of different materials avoiding biofouling or pathogenic bacteria
proliferation is highly demanded (Forano et al., 2018). Under this aspect, LDH and LDH-
composite materials were utilized in different antimicrobial applicational fields as water
purification (Kamal et al., 2018; Moaty et al., 2016), food packaging (Cheng et al., 2019;
Tammaro et al., 2014), wound healing dressings (W. Zhang et al., 2020), and textile industries
(Mallakpour et al., 2021). In fact, many surveys showed that LDHs possess high potential as
carriers of biological antibiotics due to their controlled release rate (Djebbi et al., 2016;
Salguero et al., 2020; Y. Wang & Zhang, 2012). Antibiotics can treat bacterial infections,

however, the excessive use of antibiotic had led to emergence of new antimicrobials and spread
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of resistant strains (ElI-Shahawy et al., 2018; Williams et al., 2019), where the World Health
Organization (WHO) estimates 700,000 global deaths per year due to antimicrobial resistance
phenomenon (WHO, 2019). Moreover, some work had been reported on the loading of
antimicrobial metallic nanoparticles as silver nanoparticles within the LDH matrix to achieve an
efficient antimicrobial effect (Mao et al., 2019; Marcato et al., 2013; Mishra et al., 2013).
Although these metallic nanoparticles-LDH composites exhibit significant antibacterial effects,
the toxicity caused by their aggregation behavior is still the main challenge in such applications

(Bélteky et al., 2019; Carja et al., 2009; Sharma & Prasher, 2020).

On the other hand, some recent studies proved that unmodified pristine LDHs could also act as
efficient antibiotic-free antimicrobial materials where Moaty et al. showed that pristine Zn"-Fe'"
possess a durable antimicrobial activity against several Gram-positive and Gram-negative
bacteria (Moaty et al., 2016). Peng et al. compared the antimicrobial properties of Mg"-based
LDHs to those of Zn'-based ones and found out that the latter showed better antibacterial
properties (Peng et al., 2018). Dutta et al. also reported contribution of Zn"-based LDH to an
efficient antimicrobial effect (Dutta et al., 2020). Moreover, Sanchez et al. found out that the
antibacterial activity of pristine Zn"-Al"" LDHs could be enhanced by increasing the zn"-AI""
molar ratio (Lobo-S&nchez et al., 2018). Another recent study also highlighted the superior
antimicrobial effect of Zn"-based LDHs in comparison to Mg" and Cu"-based LDHs against
Corynebacterium ammoniagenes (C. ammoniagene) (Ledn-Vallejo et al., 2019). The
antimicrobial properties of Cu'-substituted Zn'"-Al"" and its calcined products was also
investigated, where calcined LDHSs at higher temperatures performed better in antibacterial tests

due to their smaller particle sizes promoting better contact (Mishra et al., 2018). Similarly,
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Tabti et al. was able to prove the antimicrobial activity of ternary MgCuAl LDHs which was

primary dependent on the Cu": AI"" molar ratio in the LDHs (Tabti et al., 2020).

Despite the fact that several hypotheses were proposed by these studies to explain the
antimicrobial effect of pristine LDHSs or their derived metal oxides counterparts, the followed
antibacterial mechanism is still not well understood. The partial dissolution of pristine LDHSs into
their constituents M" aqueous ions might constitute one possible mechanism explaining their
antibacterial activities (Ledn-Vallejo et al., 2019; Li et al., 2019; Peng et al., 2018; Rocha
Oliveira et al., 2015). Although such antimicrobial mode of action was suggested, no real
experimental set up was designed to validate it and no proof of experimental evidence was
reported up until now. Moreover, these studies do not provide systematic approaches to
determine in depth how to tune the physicochemical parameters of pristine LDHs to enhance the
desired antimicrobial effect. Indeed, Vallejo et al. linked the antimicrobial effect of Zn " and Cu
""_based LDHSs to the amount of present cations in the powders, but not to the amount of released
cations in the microbial culture media (Ledn-Vallejo et al., 2019). Rasouli et al. related the
antibacterial efficiency of mixed metal oxide nanoparticles derived from zn'"Al"" LDHs directly
to their crystallite sizes which may affect the solubility of the LDHs (Rasouli et al., 2017). An
insight concerning the role of released soluble zinc species on the toxicity of zinc oxide (ZnO)
nanoparticles was established in some previous work (Esteban-Tejeda et al., 2017; M. Li et al.,
2011). However, these studies do not study systematically all parameters leading to the
dissolution of the powders. Moreover, oxides have different compositional and physicochemical
properties than those of LDHSs, and would thus perform differently in terms of dissolution and
antimicrobial effect. Under such circumstances, the study of the different parameters influencing

the release behavior of Zn™ in aqueous bacterial growth broth media, or any other metallic cation
6
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possessing an antimicrobial activity out of LDHSs is of upmost importance for evaluating and

understanding such antimicrobial effect.

The exposure of LDH powders to aqueous solutions in which dissolution can certainly take place
may play an important role in their several potential applications including antimicrobial ones.
However, the subject had been unattended by the literature and the available evidences are
scarce. In fact, some early studies evaluated the stability and dissolution properties of layered
double hydroxides using thermodynamical approaches (Allada, 2002; Allada et al., 2005;
Boclair & Braterman, 1999). Such approaches are very interesting but also based on

computational investigations, thus lacking real measurements in solution.

In 2011, Jobbagy et al. studied the release behavior of metallic ions from a synthetic chloride-
containing MgAIl LDH at a pH range of 1-9, in order evaluate its chemical stability and to assess
the operating dissolution mechanisms (Jobbagy & Regazzoni, 2011). Another study mainly
focused on the investigation of the cytotoxicity of hydrotalcites bearing different intercalated
anions by evaluating the average dissolution profiles of Mg" from MgAI-CO3 and MgAI-Cl in
both simulated body and lysosomal fluids (Baek et al., 2011). The stability of these LDHSs varied
in accordance to the nature of intercalated anion, which also affected their cytotoxicity behavior.
Moreover, Hibino reported the effect of crystallinity of carbonate-intercalated Mg-Al LDHs on
their dissolution and anion exchange properties in different aqueous acetate buffer/NaCl media
having a pH of 5.3 (Hibino, 2014). Compared to higher crystallinity LDHSs, lower crystallinity
ones showed lower extent of exchange of interlayer anions and greater weight loss of M":AI'"
implying greater release of M" in aqueous media. Although these investigations considered real

measurements of dissolved species in aqueous solutions, nonetheless, they were not devoted to



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

study in a systematic way the dissolution properties of LDHSs. In other words, only the influence
of one or a limited number of parameters on the dissolution properties of LDHs was considered,
where in fact several factors may contribute to LDH dissolution, e.g., crystallinity, nature of
constituent metallic cations and M'":Al"" molar ratio, as well as the type of intercalated anions
within the layers. Thus, a global investigation concerning the different factors affecting the

solubility of LDHs seems to be of great importance in this area.

In this context, the present study aims to evaluate systematically the influence of different
parameters (crystallinity, M":Al" ratio, type of intercalated anion {CO5*, CI', NO3, ClO,} and
nature of M" cations) on the solubility of pristine LDHs in broth media thus leading to their
antimicrobial effect. The properties of Zn"-based LDHs had been systematically analyzed due to
their relatively well-established antimicrobial behavior. The dissolution properties of the
prepared M"-AI"" LDHs were studied in growth media of Escherichia coli and Staphylococcus
aureus bacteria, i.e. Lysogeny Broth (LB) and Tryptic Soy Broth (TSB), respectively. Finally,
the relationship between the solubility and physicochemical properties of the LDHs and their
antimicrobial activity was determined and subsequently the antimicrobial mechanism of pristine

LDHSs by metallic ions release was validated.
2. Experimental section
2.1.Materials

Aluminum nitrate nonahydrate (AI(NO3)3.6H20, >99 %), Zinc nitrate hexahydrate
(Zn(NO3),.6H20, > 99 %, Copper (I1) nitrate trinydrate (Cu(NO3),.3H,0, >99%), Nickel (II)
nitrate hexahydrate (Ni(NO3),.6H,0, >99%), Cobalt (II) nitrate hexahydrate (Co(NOs3),.6H,0,

>98%), Magnesium nitrate hexahydrate (Mg(NO3),.6H,0, >99%), Sodium carbonate (Na,COs3),
8



148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

Hydrochloric acid (HCI, 37%), Nitric acid (HNO3, 65%) Luria Bertani Broth (LB), Tryptic Soy
Broth (TSB), Agar-agar, Phosphate Buffered Saline (PBS) tablets were purchased from SIGMA-
ALDRICH. Ammonia solution (S.G. 0.88, 35%) was purchased from Fisher Scientific. Sodium
hydroxide solution (1 mol.L™) and Perchloric acid (HCIO4 60%) were purchased from VWR
Chemicals and Raedel-de Haen, respectively. Antibiotic filter discs (6mm) and sterile cotton
tipped swabs were purchased from Dominique Dutscher and COPAN, respectively. The
standards used for ICP-MS tests were prepared in the laboratory from commercial solutions

certified at 1000 ppm (Merck).
2.2. Synthesis of carbonate intercalated layered double hydroxides

Carbonate intercalated LDHs marked as M,Al:CO3 (M= Zn, Cu, Ni, Co, Mg) and M3AIl:CO3
(M= Zn) were synthesized by a simple coprecipitation method (Kim et al., 2017). Firsta 0.05 M
ammonium/ammonia solution was prepared then the pH of the solution was fixed to a value of
10 using a solution of 1% HNOs; A solution of 0.4 mol.L™ M™ and AI™ nitrate salts having a
molar ratio MT:AI™ of 2:1 or 3:1 was added slowly using a peristaltic pump operated at 0.3
mL.min™ into the ammonia solution. The pH was kept constant at 10 by an automatic titrator
(736 GP Titrino, Metrohm) using a solution of 1 mol.L™ NaOH and 0.25 mol.L™* Na,CO3, For
most of the synthesis, this was followed by a hydrothermal treatment in an autoclave at 80°C for
24 hours to enhance the crystallinity, then the solids were washed for 4 times in deionized water
and collected by centrifugation at 10000 rpm. Finally, the obtained LDH solids were dried in air
at 80°C for 24 hours. Only one LDH, denoted as Zn,Al:COs.cop, was not exposed to
hydrothermal treatment, where the solid obtained directly after coprecipitation was washed and

dried without any further treatment. The detailed experimental conditions for the synthesis of
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carbonate intercalated LDHs are provided in Table S1. (See supplementary material) The
synthesized LDHs were denoted as MyAl:A™, where M is the constituent divalent metal of the
LDH, Al corresponds to the constituent trivalent aluminum metal, x is the molar ratio of divalent

to trivalent metal (M":AI"") and A™ is the intercalated anion in the interlayer space.

2.3. Synthesis of chloride, nitrate and perchlorate intercalated Zn,Al layered double

hydroxides

Zn,Al:Cl, Zn,Al:NO3; and Zn,Al:ClIO, LDHs were prepared by anion exchange reaction of
Zn,Al:COs-hyd in presence of acid-alcohol mixed solutions following the method adapted by lyi
et al. (lyi et al., 2011). Briefly, 1 mmol of Zn,Al:CO3; was dispersed in 30 mL ethanol, then
1.986 mmol of strong acid (HCI, HNO3, HCIO,) present in 20 mL of ethanol solution was added,
to avoid brutal contact between the solid and the acid thus limiting the dissolution of the LDHSs.
The whole exchange process was allowed to take place at 50°C for 1 hour under vigorous stirring
and nitrogen (N.) flow to promote a total exchange. The samples were then filtered on a Buchner

funnel, washed with distilled water and finally dried in air at 80°C.
2.4.Characterization

M":AI"" molar ratios of LDHs were measured by Induced Couple Plasma Mass Spectroscopy
(ICP-MS Agilent-7800). 10 mg of LDH were dissolved into 1% HNO3. The calibration range

was set as 10 to 3000 ppb. The detected isotopes were: 2’Al, ®°Zn, ®3Cu, ®Ni, **Co, **Mg.

Powder X-Ray Diffraction (PXRD) characterization at room temperature of the obtained
powders was performed using a Panalytical X’Pert Pro MPD diffractometer in reflection
geometry using Cu radiation (Koy = 1.5406 A), a Ge(111) incident-beam monochromator, Soller

slits of 0.02 rad, programmable divergence and anti-scatter slits. The irradiated area was fixed to
10
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10mm x 10mm, and an X’Celerator detector was used. Data were collected from finely ground
samples with a sample holder spinner and continuous rotation of sample to improve statistical
representation of the samples. All the powder diffraction data were collected using the same
procedure, i.e. at the same scattering angle range (between 5 and 70°) with a 0.0167°step and a
speed of 1°/min. Lattice parameters were extracted from cell refinements of the LDH phases.
The average crystallite size, calculated as XRD coherent domains, in the directions perpendicular
(L(oos)) and parallel (L110)) to the hydroxide layers of the obtained LDHs were estimated from the
full width at half maximum (FWHM) values of the respective diffraction reflections (003) and

(110) using the Scherrer equation Erreur ! Source du renvoi introuvable.):

K2
L= p cos6 (1)

Where K is the Scherrer constant (0.9), A is incident ray wavelength, g is the full width at half

maximum in radians, and 6 is the Bragg angle (rad) (Cullity, 1978).

Raman spectroscopy characterizations were performed using a confocal Raman microscope
(inVia® Qontor with a Peltier-cooled charge-coupled device (CCD) camera, Renishaw, Wotton-
under-Edge, UK) equipped with a 532 nm laser, a 50x objective with 0.55 of numerical aperture,
and a 2400 lines.mm™ grating. The spectral resolution was about 3 cm™ (10 acquisitions of 5
seconds). Each sample was analyzed at different points to check the uniformity of the studied
hydroxides. The laser power was changed in the range of 50 to 1 mW depending on the type of

LDH sample and the spectra were recorded in the 400 to 4000 cm™ wavenumber range.

Infrared spectra were recorded in the mid-infrared range on a Bruker Vertex 70v spectrometer
equipped with a KBr beam-splitter and a deuterated triglycine sulfate (DTGS) detector. An

attenuated total reflection (ATR) accessory (Platinum ATR with a single reflection diamond

11
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crystal, Bruker) was used for acquiring spectra of the LDH powders. The spectral resolution was
4 cm™* and the accumulation time was 1 min (100 scans). Compartments containing the detector

and the ATR accessory were under vacuum (<1 hPa).

Specific surface area analysis of Zn"-Al" LDH samples were performed using the Brunauer-
Emmet-Teller (BET) approach using a BELSORP MAX analyzer at 77K in N,. The powders

were degassed at 120°C prior to the measurements to remove any adsorbed water molecules.

Particle size distribution (PSD) of Zn"-Al" LDH samples was determined by Laser Diffraction
using a Diffraction Mastersizer 3000 equipment from Malvern Instruments. 50 mg of dry powder
was dispersed in 100 mL water using dispersion unit Hydro 2000 also from Malvern
Instruments. Control tests were done in LB and TSB media for one LDH sample, and the PSD of
this sample was the same as that done in distilled water, thus all other tests were conducted in
distilled water for easier manipulation, time and economy saving. Three consecutive PSD
measurements were carried out with a time interval separation of 2 minutes, in order to
determine the volume median diameter (Dyso) and the surface area mean diameter (D3, 21) for

each sample.

The morphology of some LDH samples was examined by Scanning Electron Microscopy (SEM)
performed on a JEOL JSM-IT500HR, with a Field Emission Gun (FEG) and a voltage of
analysis situated in between 2kV and 5 kV. The analysis was performed under high vacuum, and

60um diaphragm aperture was settled. Secondary Electron Detector (SED) was used for imaging.
2.5.Partial dissolution experiments

Partial dissolution profiles of the prepared LDHs into their constituents divalent and trivalent

metal was measured by dispersing 10 mg.mL™ of LDHs in both Lysogeny Broth (LB) and
12
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Tryptic Soy Broth (TSB). After a given incubation time of 48 hours at 37°C, the supernatants
were collected by centrifugation. Finally, the metal concentration in the supernatant was
measured by Induced Couple Plasma Mass Spectroscopy (ICP-MS Agilent-7800). Control
partial dissolution experiments were also done in Milli-Q water under the same experimental
conditions. Each experiment was repeated at least 3 times and the average dissolution of metals
out of LDH powders was determined. The kinetic release profiles of Zn" from Zn,AICO;-hyd
and Zn,AICOs-cop was studied in LB, TSB using the same mass concentration over 48 hours as

well.
2.6. Antibacterial experiments
2.6.1. Agar disc diffusion test

The anti-bacterial activity of the synthesized LDHs was evaluated against two different
pathogenic bacteria: E. coli (Gram-negative) and S. aureus (Gram-positive) using agar disc
diffusion assay. All experiments were repeated three times to ensure their reproducibility. First,
E. coli and S. aureus were precultured overnight in 5 mL of LB and TSB respectively. LB and
TSB agar plates were prepared, sterilized and solidified. Then, 250 pL of bacterial suspension
were diluted to 1/1500 in sterile PBS and spread on LB and TSB agar plates using a sterile cotton
swab to prepare bacterial lawns monolayers. Antibiotic filter discs of 6 mm were placed on these
plates and 20 pL of LDH dispersions (10 mg.mL™) were loaded on the respective discs. The
plates were then incubated at 37°C for 48 h. Afterwards, bacterial inhibition zones were observed
around the discs. The diameter of the circular zones was measured using a centimeter ruler and
mean values of three repeated trials for each microorganism were recorded and represented in

millimeters. A similar procedure was followed to investigate the antimicrobial activity of

13



258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

metallic salts counterparts having a molar concentration of 3 mmol.L™* for zn", Ni", Co" and
Mg" salts (the average released concentration of metallic cations out of their LDH samples
counterparts) and 10 mmol.L™ for Cu" salts (the average released concentration of Cu" out of
Cu,Al:CO3; LDH sample). Each test was repeated three times to ensure the reproducibility of our

experiments and the mean inhibition diameter was calculated.
2.6.2. Turbidimetric method for MIC determination

Broth microdilution turbidimetric method was used to determine the minimum inhibitory
concentration (MIC) of the prepared Zn'"-based LDH powders. E. coli and S. aureus were
precultured in 5 mL of LB and TSB, respectively. An inoculum of each of strain was prepared
and diluted to obtain an optical density of 0.1 at A = 600 nm (ODgg=0.1). Zn"-based LDH
powders were dispersed in broth culture media (LB or TSB), and two-fold dilution series were
then prepared in a 96-well Micro-titer plate. Each well included 25 pL of the diluted LDH
powder and 175 uL of bacterial inoculum. Un-inoculated broth wells containing the different
used LDH dispersion concentrations were used as a negative standard growth control. As a
positive control, 12 wells were prepared with 175 pL of bacterial inoculum and 25 pL of broth
culture media. The Micro-titer plate was then sealed and incubated at 37°C under agitation for 48
hours. The MIC value for each LDH sample was recognized as the lowest concentration that had
no visible turbidity. Experiments were repeated at least 2 times for each sample and the wells

corresponding to the obtained MIC values were the same.
3. Results and discussion

3.1. Characterization of the LDHs

14
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3.1.1. Structural features: M'":Al"' molar ratio determination, Powder X-Ray

Diffraction, Infra-Red and Raman spectroscopies analysis

Carbonate-intercalated LDHs were synthesized by coprecipitation at a constant pH of 10 under
vigorous stirring, and metallic salts solutions were prepared with M":Al"" molar ratios of 2 and 3
(only for zn"-Al"" LDH). M":AI"" molar ratios of materials, measured by ICP-MS, were found
to be very close to the expected values (Table S1). This implies that almost all the Al"" ions are
co-precipitated with the M" ions to obtain a solid with the stoichiometry of two or three M"
atoms for each Al'"' atom, thus corresponding potentially to ideal arrangements of the M" and

Al'"'cations in the brucite-like sheets (Lieth, 1977).
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Figure 1. PXRD patterns of the different prepared LDH samples: a) Zn,Al:COs-hyd, b) Zn,Al:CO3-cop, c)
ZnzAl:CO3, d) Zn,Al:Cl, )Zn,Al:NO;3, f) Zn,Al:ClO,, g) Mg,Al:COs3, h) Cu,Al:COg, i) Ni,Al:COs3, j) Co,Al:COs.
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Figure 1 shows the PXRD patterns of the prepared LDH samples having the characteristic
reflections of layered double hydroxides exhibiting a hexagonal lattice with rhombohedral 3R
symmetry (Cavani et al., 1991). The low angle peak situated in the 26 range 10° and 12°
depending on the type of LDH is indexed to the (003) basal reflection, whereas the peak located
at 20 of approximately 60° is indexed to the (110) reflection. The unit cell lattice parameters a
and c can be calculated from the position of these two peaks, with a = 2d10) and ¢ = 3d(go3)

(Mahjoubi et al., 2017).

The obtained parameters as well as the crystallite sizes Loz and L10), calculated as XRD
coherent domains in directions perpendicular to the (003) and (110) planes respectively using
Scherrer’s formula, are presented in Table 1. Slightly different lattice parameters of carbonate-
intercalated LDH samples may be due to the different atomic radii of their constituent metals and
their orientation within the LDH structure (M. Li et al., 2020). The values of the crystallite sizes
L0os) and L110) show that the prepared LDHs exhibit a relatively good crystallinity, with an only
exception for Cu,Al:CO; sample. This was also shown in the PXRD pattern of Cu,Al:CO3
(Figure 1-h) which exhibited broader less intense diffraction peaks at (003) and (110) reflections
caused by poor long-range ordering (J. Li et al., 2017). Such decrease in crystallinity could be
actually attributed to the Jahn-Teller distortion effect of copper present in octahedral

coordination (Kannan et al., 2004).

Table 1. Unit cell parameters, interlamellar distance (d), L3y and L) of the prepared LDH samples. The data
was calculated by using the peak positions and the full width at half maximum (FWHM) of the (003) et (110)
diffraction peaks presented in Figure 1.

Sample a(A) c(A) d (A) Loz (nm) L (nm)
Zn,Al:CO3-hyd 3.06 22.59 753 69 60
Zn,Al:COz-cop 3.07 22.65 755 27 32
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328

329

Zn,Al:Cl 3.07 23.1 7.7 46 32

Zn,Al:NO; 3.07 26.61 8.87 45 31
Zn,Al:CIO, 3.08 27.45 9.15 47 37
ZnzAl:CO; 3.08 22.86 7.62 25 35
Cu,Al:CO3 3.03 22.77 7.59 6 15
Ni,Al:CO; 3.05 22.59 7.59 13 23
Co,Al:CO; 3.05 22.56 7.52 23 37
Mg,Al:CO; 3.06 22.77 7.59 25 29

* Crystallite sizes calculated as XRD coherent domains in directions perpendicular to (003) or (110) planes using Scherrer’s
formula. The cell parameters were calculated by using the peak positions of the (003) et (110) diffraction peaks presented in
Figure 1.

The c parameter of Zn"-Al"' carbonate-intercalated LDHs were found to be very close to that
found in the literature (Crespo, 1997; J. Zhang et al., 2004). A slight difference could be noted
between Zn,Al:COs-hyd and Zn,Al:COs-cop. A similar change in c lattice parameter was
reported by Kovanda et al.(Kovanda et al., 2009) and Benito et al.(Benito et al., 2006) who
assigned the decrease in the interlamellar space of the LDH after exposing it to hydrothermal
treatment to the strengthening of the interaction between the interlayer anions and the hydroxide
layers. As suggested by Figure 1, the application of hydrothermal treatment had also resulted in
an increase of the integral intensity of (003) and (110) diffraction lines. This was associated with
larger Los) and Lqig) crystallite sizes (Table 1), which also indicates an enhancement in the
crystallinity of LDH phase in the treated sample and further ordering of the LDH crystal
structure (Kovanda et al., 2009). Such effect of hydrothermal treatment on the crystallinity of
the LDH samples is expected, where the application of hydrothermal treatment on hydrotalcites
is mainly aimed to : (i) transform the small crystallites of the powders into larger more

crystallized ones, (ii) transform amorphous precipitates into crystalline LDHs (Cavani et al.,
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1991), or (iii) induce crystal rearrangement, thus decreasing the number of defects present in the
crystals (C.-C. Wang & Ying, 1999). Miyata et al. had also reported a dramatic effect on the
crystallite size induced by hydrothermal treatment of hydrotalcite compounds (Miyata, 1980).
Actually, thermal treatment promotes the continuous dissolving of a significant part of the less
thermodynamically stable particles obtained during the coprecipitation step, i.e. small particles
with high surface energy and amorphous phases, while the resulting dissolved species

recrystallize again adding to and forming more stable crystals (Galvéo et al., 2016).

On the other hand, upon increasing the molar ratio of Zn':Al" from 2 to 3, an increase in the

lattice parameters a and ¢ was observed (
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Table 2). The first is related to the larger ionic radius of zinc compared to that of aluminum
resulting in lattice expansion along the ab-plane, whereas the second is attributed to the reduction
of layer electrostatic charge in the Zn;Al:CO; LDH leading to wider interlayer distance along the
c-axis (Lee et al., 2016). Moreover, the crystallite sizes Lpo3) and L110) had town down by 3 and
2 times, respectively. In fact, it had been previously reported that an increase in M":M"' molar
ratio is usually associated with a reduction in crystallinity degree due to a decrease in layer

charges (Ahmed et al., 2013).

Moreover, upon exchanging carbonate anions in Zn,Al:COj3 with other anions, the type of XRD
patterns was unchanged, indicating that the product still kept the rhombohedral 3R symmetry (Y.
Liu & Yang, 2016). However, the (003) peak was shifted to lower 20 values compared with

Zn,Al:CO; LDH, revealing an increase in the crystal layer spacing c, following the order:
CO5*< CI'< NOz< ClO;

The evolution of the c lattice parameter with the change in nature of intercalated anion is in
agreement with those reported for hydrotalcite-like compounds (Kloprogge et al., 2002;
Bontchev et al., 2003), thus indicating the success of the anion exchange reactions which was
also ensured by Raman and IR spectroscopies. The interlamellar distance is actually related to
the size, charge and orientation of the corresponding intercalated anions within the layers
(Mahjoubi et al., 2017). The effect of anion exchange of COs* with the other intercalating
anions on the crystallinity of Zn,Al LDHs had been also investigated. The results shown in
Table 1 provide an evidence about the sensitivity of the crystallinity of LDHs toward anion
exchange reactions, where the crystallite sizes L oos) and L(110), had decreased by almost 1.5 times

upon exchanging carbonate anions with chloride, nitrate and perchlorate. However, no

19



361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

remarkable difference between the crystallite sizes of LDHSs intercalated with CI', NO3s and
ClO4 was detected. We can thus assume that the exchange reactions of carbonate-intercalated
LDHs, had led to a reduced crystallinity as a result of mechanical fragmentation of the
crystallites rather than dissolution/recrystallization (Salak et al., 2010). In fact, anion exchange
reactions in layered double hydroxides involves the breakage of the electrostatic interactions as
well as the hydrogen bonds between the hydroxide layers and the outgoing anion and the

reformation of these bonds with the incoming anions (Radha et al., 2005).

Finally, the purity of all the synthesized LDH powders was also checked out by Raman and IR
spectroscopies, where no additional vibration bands assigned to amorphous phases have been

detected (Figures S1 and S2).

3.1.2. Textural features: Scanning Electron Microscopy imaging, BET specific surface

area and Particle Size Distribution

As shown in Figure 2, Zn,Al:CO3-hyd and Zn,Al:COs-cop as well as ZnzAl:CO; LDH samples
adopt a “cauliflower-like’> morphology, very similar to that reported by Scarpellini et al.
(Scarpellini et al., 2014). The scaled samples exhibited distinct platelet like particles in a high

degree of agglomeration, which is a well-known characteristic of LDHs (Clark et al., 2019).

In the absence of any hydrothermal treatment, the platelets hexagonal geometry of Zn,Al:CO3-
hyd was less sharp and defined (Figure 2c,d) than that of Zn,Al:COs-hyd. This highlights the
lower crystallinity of the particles of Zn,Al:CO3; unexposed to any hydrothermal treatment.
However, the lateral particle size of hydrothermally treated Zn,Al:CO3; (1050 + 130 nm) was
only slightly larger than that of the hydrothermally untreated sample (821 + 112 nm). Thus, the

larger crystallite size for Zn,Al:CO3-hyd did not lead to significant changes on the particle size at
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the micrometric range. In fact, it has been previously reported that the lateral size of LDHs
prepared directly by coprecipitation without further hydrothermal treatment was almost the same
as that of LDHs subsequently exposed to hydrothermal treatment, although their coherent
crystallite domains were more than two times greater that of hydrothermally treated LDH
(Hibino, 2014). On the other hand, Sun et al. reported a slight increase in the size of carbonate
intercalated LDH nanoparticles upon exposing it to a hydrothermal treatment at 85°C for 7 hours
(Sun & Dey, 2015). On the other hand, the SEM micrographs of Zn;Al:CO3 hexagonal platelets
having an average size lateral size 415 + 45 nm, is much smaller and less defined than those of
Zn,Al:COs3, In this case, the reduction in the average lateral size is in good agreement with the

reduced coherent size of ZnzAl:CO;3 (Table 1).
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Figure 2. SEM micrographs of: a,b)Zn,Al:COs-hyd, c,d) Zn,Al:COs-cop, e,f) Zn;Al:CO;.

Moreover, upon exchanging carbonate anions in Zn,Al:CO3-hyd with chloride, nitrate and
perchlorate anions a remarkable change in the morphology and aggregate size was observed
(Figure S3). The generation of defects in anion exchanged powders, especially for Zn,Al:NO3
and Zn,Al:CIO,4, comes in line with the reduced crystallite sizes (Table 1), and suggests again
the occurrence of mechanical fragmentation of the crystallites in an ion exchange reaction rather

than dissolution/recrystallization (Salak et al., 2010).

Figure 3 shows the morphology of Cu,Al:COj3 exhibiting small globular distorted crystallites
with uncertain length, similar to that of CuMgAl LDH obtained by Oliveira et al. (Rocha
Oliveira et al., 2015). In general, the synthesis of LDH containing Cu" as the only divalent
metal is somehow difficult due to the Jahn teller distortion phenomena (H. Liu et al., 2010)
which may had led to a distortion and presence of defects in its structure, as suggested by its

PXRD pattern.

Figure 3. SEM micrographs of Cu2Al:CO; LDH.

The dissolution behavior of LDHs is considered as a surface-controlled reaction which is

expected to be highly determined by their particle size (Rojas, 2016). For this reason, the
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specific surface area and particle size distribution of the synthesized different Zn"-Al"' LDHs

were studied by BET approach and Laser Diffraction, respectively.

BET provides a suitable method to measure specific surface area of LDH powders which is
directly linked to their sizes. Moreover, particle size distribution (PSD) also gives information
about the LDH particle sizes, which usually are aggregates of crystallites (Herrero et al., 2008).
The Dyso is the volume median diameter which divides the population exactly into two equal
halves, whereas the Dz 2 is the surface area mean diameter, which is more relevant when
specific surface area is important, e.g. bioavailability, reactivity and dissolution (Rawle, 2003).
The specific surface areas of Zn'"-based LDHs determined by BET (Sger), Dyso and Dys, 2 values

are reported in
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Table 2. Specific surface area determined by BET , Dysoand Dy, ; determined by PSD for the different prepared
Zn"-Al"' LDH samples. The PSD curves are presented in Figure 4.

Sample Sger (mz-g_l) Dyso () Dz, 21 (Um)
Zn,Al:CO5-hyd 6.2 13.7£0.4 13.240.3
Zn,Al:CO;4 -cop 19 9.6+0.3 5.2+0.2

ZnzAl:CO; 13.3 9.4+0.3 7.3+0.2

Zn,Al:Cl 16.7 8.4+0.1 6.4+0.1
Zn,Al:NO; 225 3.1+0.1 2.620.1
Zn,Al:CIO, 24.8 1.740.1 1.5+0.1

Compared to Zn,Al:CO3-hyd LDH sample, which showed a monomodal narrow size distribution
of particle aggregates having a median diameter of 13.7 um (Figure 4a), Zn,Al:COs-cop showed
a bimodal size distribution composed of both individual particles and aggregates with broader
size distribution having an average median size of 9.6 um (Figure 4b). The larger size and
narrow particle distribution of Zn,Al:COs-hyd sample could be explained by the aging in
hydrothermal conditions which leads to recrystallization and Ostwald ripening processes (Rojas,
2016). Additionally, the larger Sger and smaller Dz 2 for Zn,Al:COz-cop supported such
results. The reduction of the surface area of LDHs subsequently exposed to a hydrothermal
treatment could be attributed to the recrystallization of small crystallites and amorphous particles
and subsequent increase of the LDH crystallite size (Kovanda et al., 2009), which is also

confirmed by our XRD and SEM results presented in Figure 1 and Figure 2, respectively.

On the other hand, upon increasing the molar ratio of Zn'":Al"' from 2 to 3, the LDH powder
showed a broader particle size distribution. Zn;Al:CO3 exhibited a monomodal distribution
similar to that of Zn,Al:COgs, yet with a short arm located at around 100 um and a smaller
aggregated particles fraction (~27%) in the range of 1.5-5 um (Figure 4c), which was absent in

the case of Zn,Al:COs-hyd.
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441  Similarly, upon exchanging carbonate anions in Zn,Al:CO3 with other intercalating anions, i.e.
442  CI', NOg, and CIO,, a significant fraction of smaller agglomerates and/or individual particles
443  appeared (Figure 4d,e,f). Such decrease in agglomeration degree imposed by anionic exchange
444 reactions could also be seen through the SEM micrographs presented in Figure S3. This was
445  also associated with a remarkable increase in Sger and smaller Dyso and Dy 5 sizes, especially for

446  the nitrate and perchlorate intercalated samples (
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449 Figure 4. Particle Size Distribution (PSD) curves in water dispersion of: a) Zn,Al:COs-hyd, b) Zn,Al:CO; -cop, ¢)
450 Zn;Al:CO3, d) Zn,Al:Cl, €) Zn,Al:NO3, and f) Zn,Al:CIO,.

451 3.2.Metal partial dissolution experiments

452  The partial dissolution of all the synthesized LDH powders into Al" and their constituent
453  divalent metals M" in LB and TSB liquid broth media, of pHs 6.7 and 7 respectively, was
454  studied after 48 h of incubation at 37°C. The negative blanc tests of pure LB and TSB media
455  ensured that the media where the study had taken place did not contain any amounts of Al"" or
456  any other divalent metal included in the study, e.g., zn", Cu", Ni" Co", Mg", prior to the

457  addition of LDH powders. The partial dissolution profiles of all synthesized LDH samples are

458  revealed in Figure 5.
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Figure 5. Partial dissolution profiles of all synthesized LDH samples into M" in LB and TSB media in terms of
average percentage compared to the initial amount present in the LDH.

In this study, the dissolution of LDHSs into their constituent divalent metals was uniquely

I""in both LB and TSB media were below the detection

considered, since the dissolution of A
point for all the tested samples. In fact, Peng et al. had previously shown that only divalent
cations were released from LDH powders into a certain biological medium (a-MEM), whereas

soluble trivalent cations (Al"' and Fe'"

) were not released (Peng et al., 2018). Jobbagy et al. also
reported that the dissolution of Al"' out of Mg,Al:Cl LDH was below the limit of detection in the

range 5 < pH < 9.0, and only leaching of Mg" was observed (Jobbagy & Regazzoni, 2011).

Control partial dissolution experiments of the synthesized LDH powders were also done in Milli-
Q distilled water having a pH of 6.98 very close to that of LB and TSB, where the release of both
divalent and trivalent metals was below the detection point for all the LDH samples (Table S2).
Such behavior could provide an evidence that the chemical species contained in LB and TSB

broth are able to increase the solubility of LDHs by the formation of complex species with their
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constituent divalent metal. In fact, several studies have previously shown that the solubility and
metal release from zinc oxide (ZnO) powders was greatly enhanced in biological complex media
as LB, TSB and MH (Mueller Hinton) broths, which may be due to the ability of zinc present in
the powder to react with amino acids and proteins to form complex organometallic compounds
(Esteban-Tejeda et al., 2017; S. Liu et al., 2014; Pasquet et al., 2014). In the present case,
proteins and amino acids present in LB and TSB liquid broths were probably the chemical
species that might formed complexes with M" ions and provided a superior dissolution of the

powders compared to that in water.

Furthermore, in order to ensure that thermodynamic equilibrium was reached within 48 hours of
LDH dispersion incubation, the evolution of Zn" released from Zn,Al:CO3-hyd and Zn,Al:COs-
cop was monitored over time. As suggested by Figure S4, thermodynamic equilibrium was
reached for Zn,Al:COs-hyd and Zn,Al:CO3-cop within 8 and 6 hours, respectively. The faster
release profile in Zn,Al:CO3-cop was probably due to the presence of a significant fraction of
smaller particles/agglomerates (Figure 4) which had provided a larger exposed surface area in
contact with the dissolution media, thus promoting greater release of Zn" in aqueous broth

solutions (Rojas, 2016).

Thus, the following subsections mainly focus on the effect of different parameters, e.g.
crystallinity, M":AI"" molar ratio, type of intercalated anion and nature of divalent metal and
M":AI"" on the partial dissolution of different LDHs into their corresponding constituent divalent

metals in LB and TSB aqueous dispersions.

3.2.1. Effect of crystallinity in Zn,Al:CO3;
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The application of a post-synthetic hydrothermal treatment is an important step evaluated in this
study for obtaining Zn,AlCO3; LDH samples having different crystallinities: Zn,Al:CO3-hyd and
Zn,Al:COs-cop. Both samples were prepared using the same experimental procedures, where the
only difference was the application of a hydrothermal treatment for Zn,Al:COs-hyd, while
Zn,Al:COs-cop was not exposed to any post-synthetic treatment procedure. Subsequently, the
two LDHs possessed different structural and textural properties, where Zn,Al:CO3-cop exhibited
lower crystallinity revealed by their smaller crystallite sizes (Table 1), larger surface area,

smaller median size and surface area mean of agglomerates (
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Table 2) than those of the treated one.

The crystallinity effect on the stability and dissolution properties of LDHs was studied by
evaluating the amount of released Zn" from hydrothermally treated and untreated Zn,Al:COs
LDH samples in LB and TSB media. It could be noticed from Figure 5, that the dissolution of
Zn" in both samples was slightly higher in LB medium than TSB. This might be simply
attributed to the difference in nature and composition of the biological growth media, in addition
to the slightly lower pH of LB (6.63) compared to that of TSB (6.97), where it is known that the
solubility of LDHs is highly pH-dependent and their dissolution accelerates with increasing

acidity (Zheng et al., 2013).

In both media, the amount of the leached Zn" out of Zn,Al:CO3-cop was enhanced by almost 6
times in comparison to that of Zn,Al:CO3-hyd. Such result is consistent with that of Hibino, who
found out that the release of Mg" out of lower crystallinity Mg"-Al"' LDH directly obtained after
co-precipitation was higher than that of the same LDH subsequently exposed to hydrothermal
treatment (Hibino, 2014). Therefore, the lower crystallinity of Zn"-Al"' LDH as well as their
smaller aggregated sizes and larger surface area promotes the release of more Zn'" ions in broth

culture media.
3.2.2. Effect of M'":AI'"" molar ratio in Zn,Al:CO; LDHs

The impact of M":M"' molar ratio on divalent metal dissolution capacity of LDHs was another
important parameter investigated in our study, by which as far as our knowledge such impact
have not been studied before. Such influence was examined by comparing the partial dissolution

profiles of Zn" of the two prepared LDH samples: Zn,Al:COs-hyd and Zn;Al:COs having a
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Zn""AI"" molar ratio of 2 and 3 respectively. The two samples were prepared using a similar

coprecipitation experimental procedure followed by a hydrothermal treatment at 80°C.

As shown in Figure 5, the partial dissolution profiles of Zn" increases significantly by about 7
and 8 times in LB and TSB media respectively, when the molar ratio of Zn":Al"' was increased

from 2 to 3.

It is worth mentioning here that the crystallinity of these samples and the particles/agglomerates
sizes as well their surface areas were not the same for these two samples. The crystallite sizes
determined by XRD (Table 1Erreur ! Source du renvoi introuvable.) were reduced by at least
two times upon increasing the Zn":Al"' molar ratio. It was actually noticed in the previous section
that the crystallinity of LDHs could play an important role on their dissolution behavior, where
the solubility of LDHSs in agqueous solutions was expected to be enhanced as their crystallinity
decreases (Section 3.2.1). Thus, the higher dissolution behavior presented in ZnzAl:CO3 could be
either assigned to its higher zinc content initially present in the structure, or to its lower

crystallinity, or to the combined effect of these two factors.
3.2.3. Effect of intercalated anion

The influence of intercalating four different interlayer anions: COs*, CI, NOs and ClOy4 in
Zn,Al LDH layers, on their partial dissolution into Zn" ions was investigated. The partial
dissolution profiles of these LDHs (Figure 5), prove that changes in the nature and composition
of the anion in the hydrotalcite interlayer region exhibited an important effect on the solubility of
Zn'"AI"' LDHs. For instance, the release of Zn" increases by about 4 times in LB medium upon
exchanging carbonate anions with chloride and nitrate ones, and 6 times in case of perchlorate

compared to carbonate intercalated sample within the same LB medium. Another important point
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to note here is that the difference in the dissolution behavior in LB and TSB media, having
slightly different pHs, is more pronounced in case of carbonate intercalated Zn,Al LDH than
other samples having other intercalated anions. This could be explained by the urge to protonate
both hydroxyl groups and carbonate anions in order for the dissolution to occur in carbonate
intercalated LDH (Hibino, 2014), thus making Zn,Al:CO3; LDH sample more sensitive to the pH

of the aqueous media.

It is also remarkable that the increasing solubility of LDHSs here followed the same trend as that
of the value of ¢ parameter obtained by XRD (Section Erreur ! Source du renvoi introuvable.),
and the opposite trend to that of the order of affinity of LDHs toward intercalating anions

previously described in the literature [27,28]:
COs* > CI'> NOs > ClO,

Thus, one could conclude that the lower the affinity of the intercalated anion toward the Zn,Al

LDH structure, the lower the stability of the LDH in broth media.

In fact, some previous studies showed that the dissolution of LDHs was strongly dependent on
the type of intercalated anion, where Baek el al. reported that chloride intercalated MgAI-LDH
was less stable and released more magnesium ions than carbonate intercalated MgAI-LDH in
simulated body conditions (Baek et al., 2011). Other theoretical thermodynamic study had also
shown that NOs™ intercalated hydrotalcites were more soluble than COs* intercalated ones and
even small amounts of carbonate could change the solubility of a nitrate phase by several orders

of magnitude (R. k. Allada, 2002).

However, one important parameter neglected by these studies (Allada, 2002; Baek et al., 2011),

is the difference in crystallinity and the structure of the LDHs having different intercalated
33



568 anions. As previously mentioned in Section 3.1.1, exchanging carbonate anions in Zn,Al LDHs
569  with other anions less favored by the LDH structure promoted a remarkable decrease in the

570  crystallinity of the latter associated with a decrease in aggregate sizes (
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Table 2) and generation of defects in the structure (Figure S3).

Therefore, the poor crystallinity and presence of defects in Zn,Al LDHs is a first explanation for
the higher dissolution of LDHs obtained by anion exchange. The second one is the nature of
intercalated anion itself, which may weaken the binding between the metal cations and the

layers, thus promoting higher dissolution behavior.
3.2.4. Effect of divalent metal

In order to examine the relationship between the constituent divalent metal M" of the LDHs and
their dissolution properties, different LDHs having a molar ratio of M":Al"' =2 were synthesized
coprecipitation method followed by a hydrothermal treatment at 80°C for 24 hours. The
intercalated anion in all these LDH samples was COs>, and the divalent metal was changed

accordingly: M"= zn" Mg" cu", Ni", or Co".

According to Figure 5, the partial dissolution profile of M,AI:CO; LDHs into M" in both LB

and TSB media followed the following trend:
CuAl:CO3 > M92A|:CO3 > C0,Al:CO3 = NiLAl:CO3 > Zn,Al:CO3

Table S3 provides the relative pKsp values of the different divalent metal hydroxides
counterparts of the different synthesized LDH samples. In fact, Boclair et al. had previously
related the relative stabilities of LDHs to their corresponding metal hydroxides (Boclair &
Braterman, 1999). That is for a given M" cation, the higher the solubility of M"(OH),, the less
stable its corresponding LDH is. Thus, we tried to correlate the solubility of M"(OH), to the
partial dissolution profiles of divalent metals from M,Al:COs in LB and TSB media. Our results

agreed well with the proposed hypothesis by Boclair et al., by which lower dissolution is
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observed with increasing M"(OH), pKsp values. The dissolution driving force is dictated by
thermodynamics, and the solubility of LDHSs varies according to the nature of the constituent
metal ions. One sole exception was noted in the case of Cu,Al:CO3 LDH which seemed to be
highly unstable thus generating an amplified release of Cu" although Cu(OH), exhibited lower
solubility compared to those of the other studied divalent metals. This surprising result, may be
attributed to the poor crystallinity of Cu,Al:CO3 (Figure 1.h), very small crystallite sizes (L(oo3~
6nm and L(110)= 15 nm), and its distorted very irregular structure revealed by its SEM
micrographs (Figure 3), thus indicating the presence of defects due to Jahn Teller distortion

phenomena.
3.3.Antibacterial activity
3.3.1. Influence of nature of divalent metal on antibacterial activity

The antibacterial activities of the different prepared LDH samples were conducted against both
Gram-positive and Gram-negative bacterial strains, S. aureus and E. coli respectively, using the
agar disk diffusion method. The antimicrobial activity tests were also done using metallic salts
solutions as references. The generated inhibition zones of some LDH samples against both tested

bacteria are displayed in Figure 6.
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Figure 6. Antibacterial agar disk diffusion tests against: a) S. aureus control, b) S. aureus using Zn,Al:CO3-hyd
(top), Zn,Al:COs-cop (bottom left) and Zn;Al:CO5 (bottom right), c) S. aureus using Zn,Al:Cl (top), Zn,Al:NOs
(bottom left) and Zn,Al:ClO, (bottom right), d) E. coli control, €) E. coli using Zn,Al:COz-hyd (top), Zn,Al:CO3-
cop (bottom left) and Zn;Al:CO5 (bottom right), f) E. coli using Zn,Al:Cl (top), Zn,Al:NO; (bottom left) and
Zn,Al:ClO, (bottom right).

As shown in Figure 7, only Zn" and Cu'"-based LDHs were able to impose an antimicrobial
effect against E. coli and S. aureus. Zn"-based LDHs provided inhibition zone diameters ranging
from 7 to 13 mm depending on the type of LDH and the amount of zinc ions released. These
obtained values were similar to those found for pristine LDHs prepared Li et al. (M. Li et al.,
2020) and Mishra et al. (Mishra et al., 2018). However, other antimicrobial pristine Zn"-based
LDHs possessed greater bacterial inhibition zones (Dutta et al., 2020; Moaty et al., 2016). Such
difference in the antimicrobial performance may be related to the properties of the tested LDHs,
the different tested bacterial strains, the applied LDH dosage as well as to the different way the

antimicrobial agar diffusion test assay was carried out.
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Figure 7. Antimicrobial activity of LDH samples and metallic ion solutions against S. aureus and E. coli in terms of
mean zone of inhibition.

In fact, previous studies had established the capability of pristine Zn"-containing LDH powders
to act as efficient antimicrobial materials (Moaty et al., 2016; Peng et al., 2018). Another recent
study had also demonstrated that modified as well as unmodified Cu"-based hydrotalcites could
exhibit a bactericidal effect that is expected to be dependent on the amount of released copper

ions (Rocha Oliveira et al., 2015).

Therefore, the antibacterial activity of pristine LDHs is primarily dependent on the nature of
constituent divalent metals where Zn"-based LDHs performed best in the agar disk diffusion test

assay followed by Cu'"-based LDH sample.
3.3.2. Difference in antibacterial activity between Zn'" and Cu''-based LDHs

The fact that Zn"-containing LDHs were able to establish a superior antibacterial activity to
those of other LDHs, even at low Zn" release profile as is the case for Zn,AlCOs-hyd, could be

attributed to the nature of the divalent metal present in the LDH itself. Where the tested Zn" salts
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also showed an enhanced antibacterial activity in comparison with the Cu" salts (Figure 7). This
highlights again the specificity of the antimicrobial effect toward the nature of the divalent metal.
Indeed, both Zn" and Cu" metallic ions possess similar antibacterial mechanisms by which they
can cause damages to membrane functions by blocking the transport of nutrients and substances
in and out the membrane, or bind to bacterial intracellular DNA leading to their denaturation
(Borkow & Gabbay, 2005; Mittapally et al., 2018; Peng et al., 2018). However, the difference
in the antimicrobial efficiency between different divalent metals, in this case Zn" and Cu", is
actually dependent on several factors, including the role each metal plays in normal metabolism,
and the presence of specific binding sites for each metal (Borkow & Gabbay, 2005). Therefore,
microorganisms may be more sensitive to one metal than the other (Bruins et al., 2000), i.e. in

this case E. coli and S. aureus were more sensitive to Zn' than Cu'".
3.3.3. Influence of the solubility of LDHSs on its antibacterial activity

Based on the proposed antibacterial mechanisms of LDHSs provided in Table 3, the antimicrobial
activity of LDHs may be due to: (i) electrostatic surface interactions with the negatively charged
bacterial membranes, (ii) generation of biological toxic reactive oxygen reactive species (ROS),
(iii) release of antimicrobial metallic ions. Taking the third mechanism specifically into
consideration, the inability of Ni'" and Co'"-based LDHs to demonstrate an antibacterial activity
could be explained by the lower release profiles of Ni" and Co" out of Ni,AICO; and Co,AICO;
LDHSs respectively. Their respective metallic salts were also not able to impose the desired
antimicrobial effect at a concentration similar to that of the released ones. Whereas in case of

Cu,AlICOs, the release profile of Cu" was remarkably high (in the range of 10 mmol.L™) thus
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659  providing a sufficient concentration to inhibit the growth of E. coli and S. aureus in LB and TSB,
660  respectively.
661 Table 3. Antimicrobial performance of pristine LDHSs and the proposed antibacterial mechanisms by the literature.
Inhibition
MIC
Pristine LDH Tested bacteria zone diameter Antimicrobial Performance Proposed mechanism Reference
(mg.mL")
(mm)
Zn?AI:;O?’ Depending on the nature of
Zznn,ZAAI\'III\I% divalent metal (highest
A .. activity for Zn"-based LDHs
Zn,Al:ClO, Gram-positive: and arr:/ount of released zn" i?}
Zn3Al:CO; Staphylococcus aureus 7-13 0.375-12 broth media initiall Metal ion release This study
CUAILCOq Gram-negative: dependent on differe)r/n
Co0,Al:CO3 Escherichia coli aramiters (crystallinit
Cu,Al:CO4 parari ys Y,
NiLALCO Zn":Al"'molar ratio, nature of
Mgz2 AI.:C033 intercalating anion)
Gram-positive:
Staphylococcus aureus,
Streptococcus lactis,
Bacillus cereus . . . .
Zn,Al:CO, Gram-negative: 9-21 0.15-0.3 Depending on the applied Surface _mteractlons, (Dutta et
LDH dosage and type of generation of ROS,
Pseudomonas tested bacteria metal ions release al., 2020)
aeruginosa,
Escherichia coli,
Salmonella
typhimurium
. Depending on the type of
,C\:llijzﬁll_'ggs Gram-positive: divalent metal: highest activity o e i o
COZAI.'CO3 Staphylococcus aureus >10 0.8-1.5 for Mn,Al:COzand eneration of ROS. (M- Lietal,
an Al COS Gram-negative: Cu,Al:COs, minimal activity gmetal ions release. 2020)
M 2A|:CO3 Escherichia coli for Ni,Al:COzand Co,Al:CO;,
G2ALEDs no activity for Mg,Al:COs
Gram-positive:
Staphylococcus aureus,
Enterococcus faecalis, : : :
Ternary Bacillus Subtilis _ 0-31 ;Z(t;ir\?s;"ﬁt?]nitrlﬁggesz:]a; Surface interactions, (Tabtietal.,
CuMgAI:CO; Gram-negative: cu A" molar rati generation of ROS 2020)
Escherichia coli, u mofar ratio
Pseudomonas
aeruginosa
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Gram-positive:

Staphylococcus Metal ions release,

Zn,Al:CO4 epidermidis, Increasing antibacterial > (Lobo-
Zn;Al:CO4 Staphylococcus aureus - 4-10 activity with increasing Rg;&?\;?g; Ofen Sanchez et
Zn,Al:CO, Gram-negative : zn":Al" molar ratio Species (RégS) al., 2018)
Pseudomonas P
aeruginosa
Gram-positive:
Ternary Staphylococcus aureus 8-15 100-310 Depending on the applied Surface interactions, (Mishra et
CuzZnAl:SO, Gram-negative: LDH dosage metal ions release al., 2018)
Escherichia coli
Gram-positive:
Staphylococcus
epidermidis,
Staphylococcus aureus,
Streptococcus Depending on the type of
Zn,Fe:NO3 pyogenes 16.8-22.9 _ tested bacteria and selectivity (Moaty et
Gram-negative: of LDHSs toward different (Moaty et al., 2016) al., 2016)
Proteous vulgaris, bacterial strains
Klebsiella pneumoniae,
Escherichia coli,
Pseudomonas
aeruginosa
662  Furthermore, the relationship between the solubility of Zn"-based LDH in bacterial growth
663  media and their antimicrobial properties was established. For this purpose, the evolution of the
664  minimum inhibitory concentration (MIC) of Zn"-based LDH samples determined in liquid LB
665 and TSB broths, was studied as a function of the percentage of released amount of Zn" out of
666 them, i.e. Zn,Al:COs-hyd, Zn,Al:COs-cop, ZnzAl:CO3z Zn,Al:Cl, Zn,Al:NOs3;, Zn,Al:.ClO,,
667 prepared using different experimental procedures. According to Figure 8, the obtained MIC
668  values ranged from 0.375 to 12 mg.mL™ depending on the type of Zn"-based LDH used and the
669 amount of zinc ions it released. The obtained MIC values fall within the range of the obtained
670  MIC values for most pristine antimicrobial LDHs found in the literature with some slight
671  differences depending on the way the MIC was evaluated and the properties of tested LDHs (M.
672  Li et al., 2020; Lobo-Sanchez et al., 2018; Z. Wang et al., 2018). The MIC values of zn"-
673  based LDH samples decreased significantly depending on the amount of released Zn" in broth
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media (Figure 8). This points out the impact of the dissolution phenomenon of Zn"-AlI"" LDH
powders on their antibacterial efficiency, by which the antimicrobial activity is enhanced with
increasing solubility and divalent metal release profiles of their constituent divalent metal. This
finding supports the possible mechanism of the antibacterial activity of LDHs induced by the
release of their constituent metallic ions. In other words, when present in aqueous solutions, Zn"-
containing LDHs release Zn" into the medium, where it can act as an inorganic antibacterial
agent, thus inhibiting the growth of the bacteria. Zn" soluble species then may damage the
bacterial membrane function through changing its charge distribution thus blocking the transport
of substances in and out of the membrane or else by binding to nucleic acids leading to bacterial

proliferation inhibition (Peng et al., 2018).
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Figure 8. Evolution of antimicrobial activity in terms of LDH MIC against S. aureus and E. coli as a function of
average dissolution of Zn" out of Zn-based LDH samples.

It is also remarkable here to mention that the antibacterial efficiencies of both LDH powders
dispersions and metallic ion salts were more pronounced against S. aureus than E. coli, although

the release profile of divalent metals was higher in LB medium than in TSB. This could be
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simply linked to the specificity of the antimicrobial agents toward a certain bacterial species and
the unlike cell structures of the tested microorganisms, where unlike Gram-positive S. aureus
bacteria, Gram-negative E. coli bacteria possess an outer membrane and a thick cell wall that

result in a rigid outer coating (Qiao et al., 2018).
4. Conclusion

In summary, divalent metal release out of pristine LDHSs in broth culture media is strongly
dependent on their physicochemical properties as their crystallinity, M":AI"" ratio, type of
intercalated anion and nature of M" cations. Lower crystallinity Zn,Al:CO; LDH unexposed to
hydrothermal treatment showed more defects and small aggregated particles and thus released
more zinc ions in broth media. Increasing M":Al"' ratio in Zn"-based LDH had also led an
enhanced release of Zn'" ions probably due to the increase of amount of zinc initially present in
the LDH structure and/or due to the reduction in crystallinity. Moreover, the crystallinity and
structure of the powders were also influenced by the anionic exchange reactions which aimed at
eliminating carbonate anions and exchanging them with other intercalating anions, thus resulting
in an amplified release of ions as well. On the other hand, the dissolution properties of M"-Al""
LDHs having different constituent divalent metals (M") is related to the thermodynamic stability
of their M"(OH), hydroxide counterparts, with the exception of Cu'-based LDHs which released
a higher amount of Cu", probably due to its very poor crystallinity and irregular structure
presenting defects. Finally, the antibacterial activity of the synthesized pristine LDHs was
determined, where only Zn" and Cu"-based LDHs were able to demonstrate an inhibitory effect
against E. coli and S. aureus. The superior antimicrobial activity of Zn"-based LDHs even at

lower release profiles suggest that the antimicrobial effect of pristine LDHSs is dependent on the
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nature of constituent divalent metal on the first place. In addition, the minimum inhibitory
concentration (MIC), required to inhibit the growth of E. coli and S. aureus, of Zn"-based LDHs
decreased with the increasing released Zn'" amount which was initially controlled by the different
studied physicochemical parameters, e.g. crystallinity of the LDHs, zZn":Al"' molar ratio and
nature of intercalated anion. This provides an evidence about the tight relationship between
divalent metal release out of LDHs and their antimicrobial activity behavior, thus supporting
and validating the suggested mechanism for the antibacterial effect of pristine LDHs by metallic
ions release. Divalent metal species could be leached out of the LDH, e.g., Zn" and Cu" in this
case, and then might interact in a way or another with the bacterial cell wall or bacterial
compositional DNA to inhibit their growth. Therefore, by controlling the nature of constituent
divalent metal and the different physicochemical parameters responsible for divalent metal
release, pristine LDHs could serve as potential candidates in several antibacterial applications as
antimicrobial coatings, e.g. dressing for protecting wounds, medical tools, protection against

biocorrosion and cement additives.
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Table S1. Experimental conditions for the synthesis of carbonated LDHs.

MEAIT
n(M™) Hydrothermal
LDH sample MELAIT n(M™) (mol) determined by
(mol) treatment
ICP
Zn,Al:COs-hyd 2 0.053 0.027 Yes 1.9
Zn,Al:COs-cop 2 0.053 0.027 No 1.9
Zn;Al:CO, 3 0.060 0.020 Yes 2.9
Cu,Al:CO3 2 0.053 0.027 Yes 2
Ni,Al:CO; 2 0.053 0.027 Yes 1.9
C0,Al:CO3 2 0.053 0.027 Yes 2
Mg,Al:COs 2 0.053 0.027 Yes 2.1
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Table S2. Partial dissolution profiles of all synthesized LDH samples into M" in in terms of average percentage

compared to the initial amount present in the LDH.

LDH sample Percentage of released M ™ (%)

Zn,Al:COs-hyd, Zn,Al:COs-cop,
Zn3A|:C03, anAI:CI, anAl:NO::,Y
Below detection point
anAIZCIO4V CUQAI:CO:),Y NizAI:CO&

COzAI . COgv MngI :COs4

Percentage of released Zn'" (%)

——a— 7Zn2Al:CO3-cop in LB
= 8- =7n2Al:CO3-cop in TSB
—e—7n2Al:CO3-hyd in LB
- -o—=7n2Al:CO3-hyd in TSB

15 20 25 30 35 40 45 50
Time (hours)

Figure S4. Dissolution profiles of Zn,Al:CO3-hyd and Zn,Al:CO3-cop over time.

Table S3. pKsp values for M"(OH), reported by (Blais et al., 2008).

Metal hydroxide PKsp
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