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ABSTRACT

Understanding the mechanisms of interactions between zinc-based layered double hydroxides 

(LDHs) and bacterial surfaces becomes of great importance to improve the efficiency of these 

antibiotic-free antibacterial agents. In fact, the role of surface interactions in the antibacterial 

activity of zinc-based LDH nanoparticles compared to that of dissolution and generation of 

reactive oxygen species (ROS) is still not well documented. In this study we show that synthesized 

ZnAl LDH nanoparticles exhibit a strong antibacterial effect against Staphylococcus aureus and 

cause serious cell wall damages as revealed by growth test and atomic force microscopy (AFM) 
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imaging, respectively. The comparison of the antibacterial properties of ZnAl LDH nanoparticles 

and micron-sized ZnAl LDHs also allowed to determine that the antibacterial activity of Zn-based 

LDHs go beyond the simple dissolution into Zn2+ antibacterial ions. Furthermore, we developed 

an original approach to functionalize AFM tips with LDH films in order to probe their interactions 

with live S. aureus cells by means of AFM-based force spectroscopy (FS). The force spectroscopy 

analysis revealed that antibacterial ZnAl LDH nanoparticles possess a specific recognition to S. 

aureus cells with high adhesion frequency and remarkable force magnitudes. Such finding 

provides a first insight about the antibacterial mechanism of Zn-based LDHs by direct surface 

interactions through which they are able to recognize and adhere to bacterial surfaces which lead 

to their damage and subsequent growth inhibition. 
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Introduction

Despite the success achieved by the use of antibiotics to fight pathogenic bacteria, bacterial 

contamination and subsequent infections still present a significant threat on the global healthcare.1 

Moreover, the excessive use of traditional antibacterial drugs, e.g. antibiotics, led to the emergence 

of antibiotic-resistant bacteria.2,3 Recent development in the field of material science and 

nanotechnology opened up new channels for the development of new inorganic antibiotic-free 

antibacterial agents as metallic nanoparticles (NPs),4,5 silica NPs,6,7 metal oxides NPs8,9 and 

layered double hydroxides.10,11

Layered double hydroxides (LDHs) are clay lamellar solids consisting of stacks of positively 

charged brucite-like sheets comprising divalent and trivalent metal hydroxides. This net positive 

charge is actually compensated by the presence of negatively charged intercalating anions present 

in the interlamellar region alongside with water molecules.12–15 Due to their interesting properties 

including their tunable composition, chemical stability, high anion exchangeability and 

biocompatibility, LDHs were extensively studied as efficient antibacterial agents in different 

potential antibacterial applications such as water purification,16 food packaging,17,18 wound 

dressings,19 and textile industries.20
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Recent studies proved that pristine unmodified LDHs, in particular  zinc-based LDHs, could 

induce an efficient antimicrobial effect without any further chemical modification.16,21–25 In 

particular, zinc-based pristine LDHs were found to provide an efficient antibacterial activity 

against various bacterial strains. We have recently reviewed the different antibacterial mechanisms 

of pristine LDHs.26 The three main mechanisms proposed in the literature are: (1) membrane and 

cell wall damages by direct interactions with bacterial surfaces;16,22,27,28 (2) release of constituent 

divalent metal ions;16,21,22,24,27–29 and (3) generation of reactive oxygen species (ROS) which are 

well known to be toxic to the bacteria.22,24,26,27,29 Despite the fact these three hypotheses were 

proposed to explain the antimicrobial effect of pristine LDHs, the role of each antibacterial 

mechanism in the total antimicrobial action is not determined, because the proof of evidence by 

real experimental set up is scarce. In our recent study,21 we confirmed the contribution of the 

amount of released zinc metal ions out of Zn-based LDHs to their antibacterial activity 

(Mechanism 2). Zn-based LDHs were able to release Zn2+ in broth media, and LDH samples 

having higher release profile of Zn2+ possessed the highest antibacterial activity. In fact, an 

increase in Zn2+ ions concentration may disturb the permeability of  bacterial membranes by 

changing their active normal transport system thus leading to their damage.30 Although our  
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previous finding supported  the first suggested antibacterial mode of action of pristine LDHs by 

release of divalent ions, this does not eliminate the possibility of the contribution of the other two 

suggested mechanisms, particularly, direct surface interactions with bacterial surfaces 

(Mechanism 1).

Bacterial adhesion to LDHs was previously investigated using standard adsorption isotherm, 

density-gradient separation techniques as well as scanning and tunneling electron microscopy 

imaging.19,31–34 Although these investigations admitted to the presence of direct surface 

interactions between LDHs and bacteria, almost none of them correlated such interactions to the 

antibacterial activity of LDHs, as no antibacterial tests were carried out. In other words, adsorption 

or adhesion cannot itself explain antibacterial activity. Moreover, only few adhesion forces 

between bacteria and antibacterial clay materials or inorganic NPs were successfully measured 

using atomic for microscopy (AFM) technique,35,36 and as far as our knowledge none of them was 

performed to particularly decipher the antibacterial mechanisms of LDHs.

AFM is considered advantageous compared to other high-resolution techniques, because it allows 

analysis of samples in liquid, thus mimicking physiologically relevant conditions.37 Thanks to the 

development of AFM-based force spectroscopy (FS) approaches, AFM was not only limited to be 
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a powerful tool for high resolution imaging of bacterial cells but also used to probe bacterial 

adhesion phenomena.38,39 In this context, AFM provides a quantitative evaluation of  adhesion 

interactions between bacteria and Zn-based antimicrobial LDHs and a potential correlation to their 

antibacterial properties.

In order to measure LDH NPs interactions with bacterial walls using AFM-based force 

spectroscopy (FS), two contact surfaces need to be created: a NPs-functionalized AFM probe 

surface, and a bacterial substrate surface to be probed. In fact, some studies reported the attachment 

of NPs on AFM probes using commercial glue adhesives.40 However, if LDH NPs were to be 

attached to AFM probe using any type of glue, contamination may take place due to the possibility 

of glue adsorption on the surface thus leading to false adhesion force measurements. Another way 

to fix NPs on AFM tips is by chemical covalent functionalization using covalent linkers.41–43 

However, these chemical modifications may alter the LDHs chemical nature and thus may in turn 

influence their interactions with bacteria. In-situ deposition of NPs on the tips under electron beam 

irradiation, evanescent wave illumination and short current-limited bias voltage were also 

reported.44–46 Nevertheless, the advanced devices required in such approaches may not be readily 

available, which hamper their generalization.
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Therefore, a new suitable method to functionalize AFM tips with LDHs is necessary to probe their 

interactions with bacteria and to understand their antibacterial mechanism. For this purpose, we 

designed an original approach to fabricate LDH-functionalized AFM tips by in-situ growth of LDH 

films directly on the surface of AFM tips. These LDH-functionalized tips were used to probe 

adhesion interactions with  Staphylococcus aureus bacteria, a Gram-positive bacterium with 

multiple resistance strains able to infects humans leading to severe morbidity and mortality.47,48

The antimicrobial activity of ZnAl LDH NPs against S. aureus bacteria was determined using agar 

disk diffusion and broth microdilution methods and compared to the effect of MgAl LDH NPs and 

micron-sized ZnAl LDHs. The comparison between the antibacterial properties of nano-sized and 

micron-sized ZnAl LDHs showed that the antibacterial properties of ZnAl LDH NPs go beyond 

the simple dissolution of Zn2+ ions, where it was also related to surface contact interactions. 

Furthermore, AFM imaging revealed that growth inhibition by ZnAl LDH NPs was associated to 

severe morphological cell wall changes whereas cells treated with MgAl LDH NP remained intact. 

Then, we took advantage of our original approach to grow LDH films in situ on AFM tips and to 

probe the interaction between LDHs and living S. aureus cells using AFM-based FS approach. The 

physico-chemical characterizations based on X-ray diffraction (XRD) and Fourier-Transfer Infra-
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red (FT-IR) spectroscopy revealed that LDH films presented properties comparable to those of 

LDH NPs. As compared to the controls, the FS adhesion maps recorded with ZnAl LDH-

functionalized tips presented strong adhesion (hundreds of pN) at high frequency which suggest 

that the antimicrobial effect of Zn-based LDH NPs is at least partly due to specific and direct 

interactions with the bacterial cell wall. This study provided valuable insights on the correlation 

between the specific ability of Zn-based LDHs to adhere on bacterial surfaces and their capability 

to inhibit the growth of bacteria.

Results and discussion

Structural and textural properties of ZnAl and MgAl LDH NPs. Nitrate-intercalated ZnAl and 

MgAl LDH NPs were prepared by coprecipitation-hydrothermal method, described elsewhere.49 

The MII:AlIII molar ratio of ZnAl and MgAl LDH NPs evaluated using inductively coupled plasma 

mass spectroscopy (ICP-MS) analysis were found to be 1.94 and 1.97, respectively. Such obtained 

values were very close to the expected value of 2, thus corresponding potentially to ideal 

arrangements of the MII and AlIII cations in the brucite-like sheets.21 
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Figure 1. NPs characterization. (a) XRD patterns of MgAl and ZnAl NPs. (b) FT-IR spectra of MgAl and 

ZnAl NPs. (c,e) SEM images of MgAl (c) and ZnAl (e) NPs (scale bar = 200 nm). (d,f) AFM height images 

of MgAl (d) and ZnAl (f) NPs (scale bar = 200nm, insets are deflection images showing the NPs surface 

ultra-structure) together with height profiles of single particles. Dashed lines marked on the height images 

represent the sections used to determine the height profiles.

Figure 1a shows the XRD patterns of the prepared MgAl and ZnAl LDH NPs, both having the 

characteristic reflections of LDH materials exhibiting a hexagonal lattice with rhombohedral 3R 
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symmetry and no further crystalline impurities.50 The interlayer spacing of both LDH NPs 

extracted from diffraction peaks at (003) and (006) basal reflections was 0.89 ± 0.01 nm, which is 

in good agreement with the interlayer spacing values for nitrate-intercalated LDHs.51,52 Similarly, 

the FT-IR spectra of both LDH NPs showed characteristic peaks of nitrate-intercalated LDHs 

corresponding to O-H stretching vibrations at 3446 cm−1 and NO3
- vibration 1350 cm−1(Figure 

1b).53 No additional vibration bands which could be assigned to amorphous impurity phases had 

been detected, suggesting the high purity of our prepared NPs.

X-ray photoelectron spectroscopy (XPS) was further used to confirm the chemical composition 

and bonding states of MgAl and ZnAl LDH NPs (Figures S1 and S2). N1s, Al2p, and O1s peaks 

located respectively at about 406.5, 74.5 and 532 eV, were found in both MgAl and ZnAl LDH 

NPs (Figures S1a and S2a). The presence of N1s peak is ascribed to NO3
− intercalating anions.54 

The Al 2p region (Figures S1b and S2b) illustrates the presence of Al(III) species in both 

samples.55 The O1s signal peak can be separated into three peaks located at about 530 eV, 532 eV 

and 533 eV (Figures S1c and S2c), which are attributed to the lattice oxygen, hydroxyl groups and 

water molecules, respectively.55–57 Moreover, the XPS spectra of MgAl NPs shows the presence 

of Mg2p peak at ~50.5 eV (Figure S1d) accounting for the constituent Mg(II) divalent metal.58 On 
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the other hand, the presence of Zn(II) constituent divalent metals in ZnAl NPs was confirmed by 

the presence of Zn2p1/2 and Zn2p3/2 located at ~1044 and ~1021 eV respectively.54 Therefore, such 

configurations accounts for typical MgAl and ZnAl LDH structures as suggested by XRD and FT-

IR analysis. 

Both MgAl and ZnAl NPs presented a hexagonal lamellar structure as revealed by their SEM and 

AFM images (Figure 1). Both LDH NPs possessed similar average particle sizes (obtained as an 

average particle size of 100 LDH NPs) extracted from their SEM images (172± 31 nm  and 176 ± 

44 nm, for MgAl and ZnAl NPs, respectively). Similar average particle size values (obtained as 

an average particle size of 100 LDH NPs) of 169 ± 35 nm for MgAl NPs and 171 ± 38 nm for 

ZnAl NPs were obtained from their AFM height images. The height profiles revealed that our 

synthesized NPs also had a similar average whole thickness (obtained as an average thickness of 

100 LDH NPs) of 10.6 ± 0.4 and 10.4 ± 0.7 nm, for MgAl and ZnAl LDH NPs, respectively . Such 

a thickness unambiguously implied the multilamellar nature (~12 layers) of the synthesized NPs.59

ZnAl LDH NPs impose an efficient antibacterial effect against S. aureus. The antibacterial activity 

of ZnAl and MgAl LDH NPs against S. aureus was first evaluated using agar disk diffusion 

method. The generated inhibition zone diameters and their mean values  obtained from three 
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12

repetitive trials are presented in Figure 2a and b. Broth microdilution turbidimetric tests were also 

carried out to determine the minimum inhibitory concentration (MIC) required to inhibit the 

growth of S. aureus  by ZnAl and MgAl LDHs (Figure 2c). 

Figure 2. NPs antibacterial activity against S. aureus. (a) Agar disk diffusion test using 10mg/mL ZnAl and 

MgAl NPs suspensions (scale bar = 5 mm). (b) Mean zone of inhibition of MgAl, ZnAl NPs and micron-

sized ZnAl LDH calculated as the average inhibition diameters of three repetitive trials. (c) MIC values for 

MgAl, ZnAl NPs and micron-sized ZnAl LDH calculated as the average MIC of three repetitive trials. 

*Data for micron-sized ZnAl LDH are adapted from our previous study.21

ZnAl LDH NPs showed an efficient antibacterial effect against S. aureus with an average inhibition 

zone diameter of 20.6 mm and MIC value of  93.8 μg/mL. On the other hand, MgAl LDH NPs did 

not provide any antibacterial activity revealed by any of the two antibacterial tests, and thus played 

the role of a negative control in this case. The superior antibacterial activity of ZnAl LDH NPs 
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could be attributed to the nature of their constituent divalent metal, e.g. Zn2+.21 In fact, it was 

previously reported that zinc-based NPs have a strong antibacterial effect towards a broad range 

of bacteria.25  Such an effect may be achieved by adhering to bacteria, changing its charge 

distribution and blocking the transport of nutrients in and out of the membrane, or else by binding 

to bacterial intracellular DNA leading to their denaturation.25,60

The antibacterial activity of the prepared ZnAl LDH NPs against S. aureus was slightly higher 

than those reported by Dutta et al. for ~250 nm-sized ZnAl LDHs having a MIC value of 200 

μg/mL against S. aureus,22 yet remarkably superior to those of micron-sized Zn-based LDHs 

prepared by Lobo-Sanchez et al.(MIC value of 10,000 μg/mL).24 On the other hand, Zn-based 

LDH NPs having a particle size ~50nm reported by Moaty et al. presented a MIC value of 15.6 

μg/mL against the same bacterial strain, which is superior to that of our ZnAl LDH NPs.16 Such a 

difference in the antibacterial activity should be interpreted very cautiously, since many parameters 

play a role in the antibacterial properties of LDHs including their different physicochemical 

properties strains and to the different followed experimental procedures used to demonstrate the 

antibacterial test assays. 
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In our previous study performed with identical antibacterial tests experimental procedures,21 we 

showed that the antibacterial activity of micron-sized ZnAl LDHs (particle size ~ 1 μm) was 

related to released Zn2+ ions (Mechanism 2) which was found to be 3.3% relative to the total 

amount of metal zinc ions initially present in the nitrate-intercalated ZnAl LDHs. Consequently, 

the tested LDH sample showed an inhibition zone diameter of 11 mm. On the other hand, the 

partial dissolution profile Zn2+ released out of ZnAl LDH NPs (particle size~ 167 nm ) used in this 

study was found to be 6%. Interestingly, the increase in inhibition zone diameters for ZnAl LDH 

NPs used in this study was almost in the same order (2 times) of the increased amount of released 

zinc ions. The fact that these augmentations fall in the same range indicates that the enhanced 

antibacterial performance for ZnAl NPs in agar disk diffusion test can be related to Zn2+ release in 

broth media. By design, inhibition zones are related to the diffusion of released cations,26 which is 

in agreement with such finding.

On the contrary, the MIC value can be impacted by all the antimicrobial mechanisms, i.e. surface 

interactions and ROS generation.26 In this case, the MIC of ZnAl LDH NPs (93.8 μg/mL) used in 

this study was almost 16 times greater than that obtained previously for micron-sized ZnAl LDH 

(MIC = 1500 μg/mL).21 Taking into consideration that similar antibacterial tests assay protocols 
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against the same strain were adopted in both studies, the increase in Zn2+ release by a factor of 2 

cannot by itself explain the enhanced antibacterial activity of ZnAl LDH NPs. In fact, this seems 

to be more related to the lateral crystal size of LDHs which was reduced by almost 6 times in the 

case of ZnAl NPs compared to micron-sized LDHs used previously. Additionally, the great 

difference in MIC values between micron-sized particles and our newly synthesized NPs could 

also be related to the ability of NPs to provide a stable mobile suspension in solution, whereas 

micron-sized LDH particles were sedimented. This provides an evidence concerning the role of 

surface interactions in the antibacterial effect of LDHs (Mechanism 1). In this context, smaller size 

LDHs were able to induce an enhanced antibacterial effect due to their larger surface area (in this 

case, the surface is 36 times greater for the NPs) and a higher mobility of the NPs in a stable 

suspension promoting more accessible surface and contact with the tested S. aureus bacteria.26,29,61

Finally, it is important to mention that the contribution of ROS generation to the antibacterial 

activity of our ZnAl LDH NPs (Mechanism 3) could be eliminated since all experiments were 

performed inside an incubator in the absence of light and the production of ROS by LDHs is only 

pronounced in the presence of a suitable light source.26 
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ZnAl LDH NPs affect the morphology of S. aureus cells. AFM imaging was used to visualize the 

surface topography of S. aureus cells before and after treatment with ZnAl and MgAl LDH NPs at 

concentration of 93.8 μg/mL, corresponding to MIC value of ZnAl LDH NPs. Additionally, the 

roughness parameter Rq (root mean square of the heights) was obtained from AFM images 

performed on the top of bacteria at a high magnification of 400 × 400 nm2 scanning areas. The 

measured roughness parameter for all treated/untreated cells was performed on a similar area to 

that of the high magnification AFM images, e.g. 400 × 400 nm2 (512 samples/line; 262,144 data 

points).

As shown in Figure 3a and b, untreated cells as well as those treated with non-antibacterial MgAl 

LDH NPs presented regular spheroid morphologies and smooth surfaces (Rq = 15.9 ± 0.6 nm, 

16.8± 0.8 nm, for untreated and MgAl NPs-treated cells, respectively). The obtained Rq values 

seemed to be greater than those previously obtained in the literature,62,63 probably due to the 

different bacterial immobilization method, selected area of measurement and/or used AFM 

imaging conditions. 
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Figure 3. AFM deflection images of S. aureus in liquid (scale bar = 250 nm). (a) Untreated S. aureus cells. 

(b) S. aureus cells treated with MgAl LDH NPs at MIC value of ZnAl LDH NPs. (c) S. aureus cells treated 

with ZnAl LDH NPs at MIC.

On the other hand, cells treated with antibacterial ZnAl LDH NPs were completely distorted with 

highly corrugated surfaces presenting hollows and crests (Figure 3c). Similar cells damage 

observations were previously reported.63–65 Moreover, cells treated with ZnAl LDH NPs were 

found to have 3 times rougher surfaces (Rq = 49.5 ± 0.7 nm) than untreated and MgAl LDH NPs 

treated cells. The increase in surface roughness of bacteria suggests the existence of cell wall 
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damages induced by ZnAl LDH NPs,62,63 which could be eventually followed by cell lysis and 

subsequent leakage of intracellular components.65

To examine the morphological impacts of antibacterial ZnAl LDH on a greater fraction of cells, 

S. aureus were immobilized on mica substrates and imaged in air (Figure S3). Although imaging 

in air is not physiologically relevant, it can enhance morphological features and help to 

differentiate topographical differences between cells.66 Untreated and MgAl NPs treated S. aureus 

cells appeared on the mica surface as grape-like clusters of round cocci with homogeneous cellular 

shapes and regular surfaces The diameter of cells observed in clusters varied from 600 to 1080 nm 

and the average value was 752 ± 115 nm, typical for this type of microorganism.67,68 Upon treating 

S. aureus with antibacterial ZnAl LDH NPs, nearly all cells presented abnormal shapes and 

irregular surfaces. Some cells were enlarged in diameter (~1400 nm) suggesting cellular swelling 

due to ZnAl NPs treatment. Other cells appeared completely distorted with deep grooves, crests, 

hollows and even some split surfaces. Finally, some cells were completely disrupted or lysed 

leaving behind some cell debris covering the mica substrate.

The corresponding height profiles of bacterial cells immobilized on mica substrate were also 

determined (Figure S4). Cells treated with MgAl NPs showed a height profile of 480 ± 45 nm quite 
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similar to that of healthy untreated cells (445 ± 19 nm). In contrary, S. aureus cells treated with 

ZnAl LDH NPs presented a lower height profile (180 ± 77 nm), suggesting their collapse. 

Consequently, cells treated with antibacterial ZnAl LDH NPs did not only exhibit a different 

morphology than those of healthy untreated ones but also  different height profiles as well. Similar 

effect was previously noted for damaged Escherichia coli cells.65

All these observations suggest that ZnAl LDH NPs induce an antibacterial effect on S. aureus cells 

by targeting their cell wall leading to their damage, swelling or collapse, leakage of intracellular 

components and subsequently to the death of the microorganism.63–65

AFM tips can be functionalized with LDH Films. Surface interactions occurring at the interface 

between bacteria and ZnAl LDH NPs are probably a main contributor to the antibacterial effect. 

In order to decipher the role of surface interactions in the antibacterial activity of ZnAl LDH NPs 

by AFM-based FS, AFM tips were functionalized with LDHs. This was performed by growing 

LDH films directly on the surface of silicon nitride AFM tips. However, since it is quite difficult 

to perform LDH characterizations directly on AFM tips, the characterization was done on LDH 

films initially grown on silicon wafers. ZnAl and MgAl LDH films were synthesized on aluminum 

coated silicon wafers by in-situ growth method described elsewhere.69 The obtained MII:AlIII molar 
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ratios evaluated by ICP-MS analysis for ZnAl and MgAl LDH films were 2.1 and 2.05, 

respectively. These values correspond again very well to the expected MII:AlIII molar ratio of 2, 

similar to those for nano-sized and micron-sized21 ZnAl and MgAl LDHs. 

The XRD patterns of the synthesized ZnAl and MgAl LDH films exhibited the characteristic  (003) 

and (006) basal reflections of the LDH structure, which confirmed the formation of the LDH film 

on the silicon wafer (Figure S5a). The interlayer spacing of both LDH films was 0.89 ± 0.01 nm, 

which is in perfect agreement with the interlayer spacing values for nitrate-intercalated LDHs and 

their previously synthesized NPs counterparts.51,52 The quasi-absence of non-basal reflections at 

high angles implied the c-oriented growth of LDH crystallites in the film.70,71 Similarly, the FT-IR 

spectra of ZnAl and MgAl films also confirmed the successful growth of  nitrate-intercalated LDH 

films without any amorphous impurity phases (Figure S3b). 

The morphology of the LDH films and LDH-functionalized AFM tips were examined by SEM 

imaging. As shown in Figure 4a and b, MgAl and ZnAl LDHs were successfully grown on the 

surface of silicon wafer with their c-axis mostly perpendicular to the substrate. The morphology 

of the observed structures showed a “cauliflower-like” shape, very similar to that reported by other 

groups,72,73 using comparable in-situ grown wet-chemistry synthesis method. Electron dispersive 
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X-ray spectroscopy (EDS) was further performed on the LDH films (Figure S6) which ensured the 

growth of LDH films on silicon wafers with a MII:AlIII molar ratio similar to that determined by 

ICP analysis (Table S1).

Figure 4. SEM images of LDH films on silicon wafers and AFM tips (scale bar = 1 μm). (a) MgAl LDH 

film grown on silicon wafer. (b) ZnAl LDH film grown on silicon wafer. (c) Bare silicon nitride AFM tip. 

(d) Al-functionalized silicon nitride AFM tip. (e) MgAl LDH-functionalized silicon nitride AFM tip. (f) 

ZnAl LDH-functionalized silicon nitride AFM tip.
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The thickness of the formed films was determined by cross-sectional SEM imaging  and was found 

to be 312 ± 24 nm and 315 ± 25 nm for  MgAl film and ZnAl LDH films, respectively (Figure 

S3c,e). Scratch method was also used to determine the thickness of the obtained films by AFM 

imaging and the obtained values (314 ± 10 nm and 316 ± 12 nm for  MgAl film and ZnAl LDH 

films, respectively) were in good agreement with those found by SEM imaging (Figure S3d,f).

Similar synthesis conditions were adapted to grow LDH films on silicon nitride AFM tips, where 

bare silicon nitride tip was first coated with aluminum (Figure 4c and d). ZnAl and MgAl LDH 

films were then grown directly on the surface of aluminum-coated tips (Figure 4e and f). The 

morphology of LDH films grown on the tips was similar to those grown on silicon wafers, 

however, the hexagonal particles in this case seemed to be less defined probably due to the 

pyramidal geometry of tip. The successful functionalization of AFM tips with MgAl and ZnAl 

LDH films with a MII:AlIII molar ratio ~2 similar to that obtained on LDH films grown on silicon 

wafers was also confirmed by EDS analysis (Figure S7 and Table S1). 

Force spectroscopy reveals specific surface interactions between antibacterial zinc-based LDHs 

and S. aureus. Single living S. aureus cells were probed by ZnAl-functionalized tips using AFM-

based FS. Figure 5a-c and Figure 6b shows adhesion maps, adhesion force and rupture length 
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histograms as well as representative force-distance (FD) curves obtained between different S. 

aureus cells and ZnAl tips. Adhesive pixels were randomly distributed on the maps suggesting the 

homogeneous adhesion of ZnAl LDH to the host cell surface. Most recorded FD curves showed 

an adhesion signature with a frequency ranging from 63 to 93% (Figure 5b and Figure 6b). The 

variation in adhesion frequencies among the probed cells may be attributed to the slight 

heterogeneity in cell wall microarchitecture and composition or else to the position of ZnAl-

functionalized AFM tips during measurements. Measured adhesion forces of all cells mainly 

ranged from 180 to 800 pN (Figure 5b and Figure 6b) with  rupture lengths ranging between 10 

and 300 nm (Figure 5c). Such finding indicates that ZnAl tips were able to recognize S. aureus cell 

wall with high adhesion frequency, thus suggesting the presence of surface interactions occurring 

at the interface between ZnAl LDHs and bacterial cell wall.

To determine whether the presented surface interactions between ZnAl LDH and S. aureus are 

specifically related to their antibacterial properties, the adhesion behavior of ZnAl-functionalized 

tips was compared to that of control Al-coated tips as well as to that of non-antibacterial MgAl-

functionalized ones. For this purpose, individual living S. aureus cells trapped in porous 

Page 23 of 42 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/2
7/

20
22

 1
2:

02
:5

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D2NR02395D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D2NR02395D


24

membranes (Figure 6a) were probed using the three different AFM tips, e.g. ZnAl-functionalized, 

MgAl-functionalized and Al-functionalized tips.

Upon probing the same cells (Figure 6a) using Al-functionalized tips, no considerable adhesion 

between aluminum and S. aureus was noticed, where the adhesion frequencies and force 

magnitudes did not exceed 11% and 280 pN (Figure 6b), respectively. This indicates that 

constituent aluminum trivalent metal ions do not contribute to the observed adhesion surface 

interactions between ZnAl LDH  and rthe cell wall of S. aureus.

MgAl-functionalized tips adopting quite similar morphologies to those of ZnAl-functionalized 

ones (Figure 4e,f) were also used to probe the cell surfaces of S. aureus. This was actually done for 

two main reasons. First, to eliminate the possibility of the contribution of the LDH-functionalized 

tips morphology to the reliability of our force measurements. Second, to determine whether the 

observed surface interactions between the cell wall of S. aureus and ZnAl LDHs are specific to 

Zn-based LDHs and to further link them to their demonstrated antibacterial properties. 

Although cells probed with MgAl-functionalized tips showed slightly higher adhesion frequencies 

(13-21%) and force magnitudes (150-300 pN) in comparison to Al-functionalized tips, their 

adhesion behavior in terms of both adhesion frequencies and force magnitudes were remarkably 
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weaker than those of ZnAl-functionalized tips. This indicates that our LDH functionalization 

protocol did not impose critical complications to the consistency of our force measurements even 

when the morphology of the AFM tip was modified.
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Figure 5. Force spectroscopy on live S. aureus cells with ZnAl-functionalized AFM tips. (a) Adhesion maps 

(400 x 400 nm2) recorded on S. aureus cells (insets are AFM deflection images of probed cells, scale bar = 

250 nm) with ZnAl-functionalized AFM tips. White/grey pixel correspond to adhesive events and black 

pixels correspond to non-adhesive events (scale 0-1000 pN). (b, c) Corresponding adhesion force (b) and 

rupture length (c) histograms together with representative force-distance curves. Data were obtained from 

four independent experiments using different tips and independent cell cultures.

At the end of each experiment, both LDH-functionalized tips were washed with ethanol, dried with 

nitrogen and imaged again using SEM. The functionalized tips seemed to be intact after being in 

contact with the bacteria during the experiments (Figure S8) thus confirming the robust 

functionalization protocol used.

We had previously established in this work that ZnAl LDH NPs possessed specific and superior 

antibacterial properties in comparison to non-antibacterial MgAl LDH NPs, which was validated 

by S. aureus growth inhibition (Figure 2) and imposing serious morphological impacts to their cell 

walls (Figure 3 and Figure S1). Therefore, the specific adhesion interactions observed  for 

antibacterial ZnAl LDHs provided a first insight about the contribution of direct contact 

interactions to the antibacterial activity of Zn-based LDHs (Mechanism 1). In fact, the sensitivity 
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of microorganisms to different divalent metals-based materials 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.74,75 S. aureus cells were highly sensitive to ZnAl LDHs probably due 

to the antibacterial role played by their constituent zinc components where they showed strong 

surface adhesion interactions with the tested bacterial membranes. In this context, ZnAl LDH NPs 

were specifically able to recognize and adhere to S. aureus cells thus imposing serious damages to 

their cell walls by direct surface interactions.
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Figure 6.  Force spectroscopy with functionalized tips reveals specific interaction for ZnAl tips. (a) 

Topography images of S. aureus cells trapped in porous membranes (scale bar = 250 nm) and probed with 

functionalized AFM tips.  (b,c,d) Adhesion force histograms and adhesion force maps (insets, 400 x 400 
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nm2) obtained on the top of cells using ZnAl-functionalized AFM tip (b) MgAl-functionalized AFM tip (c) 

Al-functionalized AFM tip (d). White/grey pixel correspond to adhesive events and black pixels correspond 

to non-adhesive events (scale 0-1000 pN). Data were obtained from four independent experiments using 

different tips and independent cell cultures.

Conclusion

In the present study, the role of surface interactions in the antibacterial activity of ZnAl LDH NPs 

was studied. ZnAl LDH NPs exhibited specific antibacterial activity against S. aureus  in 

comparison to non-antibacterial MgAl LDH. An evidence of the contribution of surface 

interactions to the antibacterial activity of LDHs was pronounced by the superior antibacterial 

activity of nano-sized ZnAl LDH NPs compared to micron-sized ZnAl LDHs. For similar 

quantities, agar disk diffusion showed an inhibition zone two time larger and broth microdilution 

antibacterial assays showed that the MIC was 16 times lower for ZnAl NPs, showing an effect 

beyond the simple dissolution into Zn2+ antibacterial ions. Therefore, direct contact interactions 

have to be considered, which is evidenced by serious morphological impacts including membrane 

distortion, swelling and dissociation into cell debris which were observed on the surface of S. 

aureus cells upon being treated with ZnAl LDH NPs at MIC. 

In addition, LDH-functionalized AFM tips were prepared and used to probe surface adhesion 

interactions between the cell surface and LDHs using AFM-based FS. ZnAl-functionalized AFM 

tips were able to recognize the cell wall of S. aureus cells with high adhesion frequencies. 

Additionally, comparison of  the adhesion behavior of three different AFM tips, e.g. Al-coated, 

MgAl functionalized and ZnAl-functionalized tips, indicated the presence of specific surface 

Page 29 of 42 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/2
7/

20
22

 1
2:

02
:5

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D2NR02395D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D2NR02395D


30

interactions between ZnAl LDHs and S. aureus cells. Such finding suggested the presence of a 

strong correlation between the specific ability of zinc-based LDHs to adhere and damage bacterial 

cell walls, thus supporting the previously suggested antibacterial mechanism of pristine LDHs by 

direct surface interactions (Mechanism 1).

Experimental part

LDH NPs synthesis: Nitrate-intercalated ZnAl and MgAl LDHs were synthesized by 

coprecipitation-hydrothermal method, adapted from Xu et al..49 Briefly, a mixture of 2 mmol 

M(NO3)2.6H2O (M = Zn, Mg; SIGMA-ALDRICH) and 1 mmol Al(NO3)3·9H2O (SIGMA-

ALDRICH )with a total volume of 10 mL was very quickly added to 40 mL of 0.15 M NaOH 

solution (VWR Chemicals), under nitrogen atmosphere and vigorous stirring for 10-30 minutes. 

The LDH slurry was obtained by centrifugation at 10,000 rpm, washed twice and dispersed again 

50 mL decarbonated water. The resultant suspension was then transferred to a stainless-steel 

autoclave with a Teflon lining and heated at 80 °C for 24 h. LDH NPs powders were then obtained 

by centrifugation and air drying at 80 °C.

Synthesis of LDH films and LDH-functionalized AFM tips: Nitrate-intercalated ZnAl and MgAl 

LDH films were synthesized on aluminum coated silicon wafers by in-situ growth method adapted 

from Zhang et al.,69 with some slight modifications. Silicon wafers were first cleaned with piranha 
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solution, washed thoroughly with water and ethanol, and then coated by plasma sputtering (Q15OT 

S, Quorum) with a thin layer of aluminum (~10 nm). M(NO3)2·6H2O (M = Zn, Mg; 2.5 mmol) and 

NH4NO3 (30 mmol, SIGMA-ALDRICH) were dissolved in deionized water (50 mL), and 1% 

ammonia solution was then slowly added until the pH reached 6.5 and 9.5 for ZnAl and MgAl 

LDH films respectively. This solution was transferred to a stainless-steel autoclave with a Teflon 

lining where coated aluminum samples were immersed. The autoclave was heated for 24 h at 80 

°C. The obtained LDH films grown on silicon wafers were then washed with distilled water and 

ethanol then dried in air at room temperature. Similar procedure was followed to synthesize LDH-

functionalized AFM silicon nitride probes, by which LDHs were in-situ grown on MLCT-C 

(Bruker corporation) AFM tips.

MII:AlIII  molar ratio determination. MII:AlIII  molar ratios of LDH NPs and films were measured 

by Induced Couple Plasma Mass Spectroscopy (ICP-MS Agilent-7800). LDH NPs and films were 

dissolved into 1% HNO3. The detected isotopes were: 27Al, 66Zn, and 26Mg. 

X-ray diffraction measurements. X-ray diffraction (XRD) characterizations were conducted using 

a Panalytical X’Pert Pro MPD diffractometer in reflection geometry using Cu radiation (Kα1 = 

1.5406 Å), a Ge(111) incident-beam monochromator, Soller slits of 0.02 rad, programmable 
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divergence and anti-scatter slits. The irradiated area was fixed to 10 x 10 mm2, and an X’Celerator 

detector was used. All diffraction data were collected using the same procedure, i.e. at the same 

scattering angle range (between 5 and 60°) with a 0.0167° step and a speed of 1°/min. The 

interlamellar distance of both LDH NPs and films was extracted from (003) and (006) basal 

reflections which is equal to d(003) and d(006)/2.

Infrared spectroscopy measurements. Infrared spectra of LDH NPs 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 crystal, Bruker) was used and the spectral 

resolution was 4 cm−1 and the accumulation time was 1 min (100 scans). Compartments containing 

the detector and the ATR accessory were under vacuum (<1 hPa). Infrared spectra of LDH films 

were recorded under nitrogen flow in a transmission mode on a FT-IR Nicolet 8700 spectrometer 

equipped with a KBr beam splitter and a DTGS thermal detector. The reference was the aluminum 

coated Si wafer for LDH films. LDH films spectra were recorded and processed using OMNIC 

8.1.0.10 software (Thermo Fisher Scientific Inc.). 
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X-ray photoelectron spectroscopy. A photoelectron spectrometer (Kratos Axis Ultra DLD, 

Manchester, Royaume-Uni) equipped with a degassing chamber under ultra-vacuum, a storage 

room and an analysis chamber UHV under ultra-vacuum was used to obtain the XPS spectra of 

LDH NPs. Samples were deposited on a conductive copper belt, inserted on the transfer bar, 

introduced into a degassing chamber and then to the analysis chamber which is equipped with a 

monochromatic X-ray source Al Kα emission at 1486.6 eV. Electron counting and detection were 

performed by a delay line detector DLD (Delay-Line Detector, 115 channels). Spectra were 

recorded at a normal angle (90o) between the surface of the sample and the direction of ejected 

electrons. The acquisition of low-resolution spectra has been carried out with pass energy of 160 

eV at steps of 1 eV and the high-resolution spectra with pass energy of 20 eV at steps of 0.5 eV. 

The analyzed area for all samples was fixed at 0.3 × 0.7 mm2. Samples were corrected for charging 

effects using the C 1s peak. The spectra were adjusted by the Shirley baseline by two models of 

peak compounds: 70 % of Gaussian function and 30 % of Lorentzian function.

Scanning electron microscopy imaging. The morphology of LDH NPs, films and LDH-

functionalized AFM tips was examined by Scanning electron microscopy (SEM) performed on a 

JEOL JSM-IT500HR combined to an electron-dispersive X-ray spectrometer (EDS), with a Field 
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Emission Gun (FEG) and a voltage of analysis situated in between 2kV and 10 kV. The analysis 

was performed under high vacuum, and 60 μm diaphragm aperture was settled. Secondary Electron 

Detector (SED) was used for imaging. In order to determine the thickness of the formed LDH 

films, similar SEM imaging conditions were applied to image lateral cross-sections of LDH films. 

The average particle size of MgAl and ZnAl LDH nanoparticles was obtained from their respective 

SEM images, calculated as an average particle size of 100 LDH NPs. The elemental composition 

and MII:AlIII molar ratio of MgAl and ZnAl LDH films and functionalized films was determined 

by EDS analysis. 

Antibacterial activity tests. The antibacterial activity of the ZnAl and MgAl LDH NPs was 

evaluated using agar disc diffusion and broth microdilution turbidity methods against Gram-

positive S. aureus strain 187 (HER 1239) provided by Félix d’Hérelle Reference Center for 

Bacterial Viruses from the Université Laval (Québec, Canada).

Inhibition zone diameters generated by MgAl and ZnAl LDH powders were determined by agar 

disk diffusion test. S. aureus cells were precultured in 5 mL sterile TSB (SIGMA ALDRICH) 

overnight at 37°C and then diluted to 1/1500 in sterile Phosphate Buffered Saline (PBS, SIGMA 

ALDRICH). Then, 250 µL of diluted bacterial suspension was spread on sterilized TSB agar Petri 
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dishes using sterile cotton tipped swabs (COPAN) to prepare bacterial lawns monolayers. 

Antibiotic filter disks of  (diameter = 6mm, Dominique Dutscher) were placed on the dishes and 

20 μL of LDH dispersions (10 mg/mL) were loaded on the respective disks. Petri dishes were then 

incubated at 37°C for 24 h. Afterwards, bacterial inhibition zones were observed around the disks. 

The diameter of the circular zones was measured using a centimeter ruler and mean values of three 

repeated trials were recorded and represented in millimeters. 

Broth microdilution turbidimetric method was used to determine the minimum inhibitory 

concentration (MIC) of the prepared ZnAl and MgAl LDH powders. S. aureus cells were 

precultured in 5 mL TSB overnight at 37°C. An inoculum of S. aureus was then prepared and 

diluted to obtain an optical density of 0.1 at λ = 600 nm (OD600 = 0.1). ZnAl and MgAl LDH 

powders were dispersed in TSB and two-fold dilution series were then prepared in a 96-well micro-

titer plate. Each well included 25 μL of the diluted LDH powder and 175 μL 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 μL 

of bacterial inoculum and 25 μL of TSB. The micro-titer plate was then sealed with parafilm and 
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incubated at 37°C under agitation for 48 hours. The MIC value for both LDH samples was 

recognized as the lowest concentration that had no visible turbidity. 

Partial dissolution of ZnAl NPs. Partial dissolution profile of the ZnAl LDH NPs into their Zn2+was 

evaluated by dispersing 10 mg/mL of the NPs in Tryptic Soy Broth (TSB). After a given incubation 

time of 24 hours at 37°C, the supernatants were collected by centrifugation. Finally, the metal 

concentration in the supernatant was measured by ICP-MS (Agilent-7800).

Atomic force microscopy (AFM) imaging and force spectroscopy. All AFM experiments were 

performed at room temperature using Bioscope Resolve AFM (Bruker corporation, Santa Barbara, 

CA) and the spring constants of the used cantilevers were determined using the thermal noise 

method.76

LDH NPs immobilized on silicon substrates and LDH films were imaged in peak-force tapping 

mode using SNL-C tips (Bruker corporation) in air. LDH NPs were dispersed in an ethanol 

solution, sonicated for 30 min and deposited on clean silicon substrates and dried at 30°C 

overnight. The average particle size and thickness of MgAl and ZnAl LDH nanoparticles was 

obtained from their respective AFM height images, calculated as an average particle size of 100 

LDH NPs.
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For topography images on S. aureus, cells were cultivated alone (untreated) or with (treated) MIC 

of ZnAl and MgAl LDH NPs during 24 h in TSB at 37°C. For imaging in MOPS ((3-(N-

morpholino)propane sulfonic acid, Sigma) buffer solution, stationary phase cultures of S. aureus 

were centrifuged, washed twice in MOPS and filtered into porous polycarbonate membranes (pore 

size = 0.8 μm, Millipore). After filtration and rough rinsing, a 1 x 1 cm2 piece of membrane was 

cut and attached with double sided adhesive tape at the bottom of a Petri dish and immersed in 

MOPS. The roughness parameter Rq (root mean square of the heights)  of the cells was calculated 

using the commercial Nanoscope analysis (Bruker) from AFM images performed on the top of 

bacteria at a high magnification of 400 × 400 nm2 scanning areas. The measured roughness 

parameter for all treated/untreated cells was performed on a similar area to that of the high 

magnification AFM images, e.g. 400 × 400 nm2 (512 samples/line; 262,144 data points).

 For imaging in air, cells were centrifuged, washed twice and resuspended in ultra-pure distilled 

water then deposited on mica substrates. After 2 hours, substrates were gently rinsed in ultrapure 

distilled water and dried overnight at 30 °C. For both air and liquid conditions, images were 

acquired in peak-force tapping mode using SNL-C tips. 
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For force measurements on cells using AFM-based force spectroscopy, stationary phase cultures 

of S. aureus were trapped in porous membranes in a similar procedure used for cells imaging in 

MOPS. First, bare MLCT-C tips were used to localize and image individual cells. Then, the tips 

were replaced by aluminum-coated tips, MgAl and ZnAl LDH-functionalized tips. Adhesion force 

maps and histograms were obtained by recording 32 × 32 force–distance curves on areas of 400 x 

400 nm2 on cells surfaces, calculating the adhesion force of the last adhesion peak for each force 

curve, and displaying the value as a grey pixel. All curves were recorded using a maximum applied 

force of 250 pN, a contact time of 250 ms, and constant approach and retraction speeds of 1 µm/s. 

Data were processed using the commercial Nanoscope analysis (Bruker) and MATLAB (The 

MathWorks, Natick, MA) softwares. 

At the end of each experiment, both LDH-functionalized tips were washed with ethanol, dried with 

nitrogen and imaged again using SEM.
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