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Antifungal resistance has become a major serious concern, and Candida albicans is considered as one of the most opportunistic fungal pathogens responsible for several human infections. In this context, the use of new antifungal agents such as zinc-based layered double hydroxides to fight such fungal pathogens is considered as one possible mean to help limit the problem of antifungal resistance. In this study, we show that ZnAl LDH nanoparticles exhibit remarkable antifungal Keywords Zinc-based LDH Antibacterial activity Direct contact mechanism

properties against C. albicans and cause serious cell wall damages as revealed by growth test and atomic force microscopy (AFM) imaging. To further link the antifungal activity of ZnAl LDHs to their adhesive behaviors toward C. albicans cells, AFM-based single-cell, and single-particle force spectroscopies were used to probe the nanoscale adhesive interactions. The force spectroscopy analysis revealed that antimicrobial ZnAl LDHs possess specific surface interactions with C. albicans cells with remarkable force magnitudes and adhesion frequencies in comparison to non-antifungal negative controls, e.g., Al-coated substrates and MgAl LDHs, which showed limited interactions with C. albicans cells. Force signatures suggest that such adhesive interactions may be attributed to the presence of Agglutinin-like sequence (Als) adhesive proteins at the cell wall surface of C. albicans cells. Our findings propose the presence of a strong correlation between the antifungal effect provided by ZnAl LDHs and their nanoscale adhesive interactions with C. albicans cells at both the single-cell and single-particle levels. Therefore, ZnAl LDHs could interact with C. albicans fungal pathogens by specific adhesive interactions through which they adhere to fungal membranes, leading to their damage and subsequent growth inhibition.

ZnAl LDH NPs showed remarkable antifungal properties against C. albicans fungal cells. The antifungal activity was linked to the adhesive specific interactions between ZnAl nanoparticles and C. albicans which were probed by both SPFS and SCFS.

Introduction

Fungal infections lead to various human diseases, ranging from superficial cutaneous to serious invasive fungal diseases (IFDs), which together are estimated to affect more than a billion people worldwide. 1,2 The number of antifungal agents used in clinics is very limited compared to that of antibiotics. 3 Historically, fungal infections treatment relied on four classes of clinical antifungal drugs: polyenes, azoles, echinocandins and the pyrimidine analog 5-flucytosine. 4 However, the incidence of invasive fungal infections has been always on the rise and the problem of antifungal resistance has become an emerging concern. 5,6 For example, Candida albicans is a major opportunistic fungal pathogen responsible for several human infections in different body parts such as the oral cavity, skin, bloodstream, gastrointestinal tract, and vagina. 7 Infections by C. albicans could further lead to severe morbidity and mortality, especially in immunocompromised patients. 8 Given the significant concern of fungal infections and the limited arsenal of existing antifungal drugs, inorganic-based nanomaterials were considered as good candidates for developing new antifungal agents. 6,9 In this aspect, the use of pristine layered double hydroxides (LDHs) as inorganic antifungal agents could play a very significant role. LDHs are anionic clays comprising a structure based on the stacking of brucite-like sheets of divalent and trivalent metal hydroxides.

The net positive charge of these sheets is compensated by the presence of negatively charged intercalating anions and water molecules in the interlaminar region. [10][11][12] Several recent studies have shown that zinc-based pristine LDHs could act as efficient antibacterial agents against various Gram-positive and Gram-negative bacterial strains. [13][14][15][16][17][18][19][20] Up to our knowledge, the only study claiming the antifungal activity of LDHs against fungal pathogens is that of Moaty et al., 13 by which the antibacterial and antifungal activity of ZnFe LDHs was tested against broad range of bacterial and fungal pathogens. However, the authors admitted the antifungal mechanism of LDHs was far from being understood, and therefore real experimental setups explaining the antifungal effect of LDHs are still lacking. One possible explanation of the antifungal activity of zinc-based LDHs is direct surface interactions between the LDH surface and the cell wall of yeast cells. In our recent previous work, we have determined the importance of the direct surface interactions mechanism between the Gram-positive bacteria Staphylococcus aureus and ZnAl LDH nanoparticles (NPs) to their antibacterial mode of action. 14 Here, our interest was to determine whether ZnAl LDH NPs could interact with C. albicans fungal pathogens to provide an efficient antifungal effect. Recently, remarkable advances were employed in the use of atomic force microscopy (AFM)-based singlecell and single-particle force spectroscopy (SCFS and SPFS, respectively) to probe the forces driving cell-cell and cell-solid interactions. [21][22][23][24][25][26] Yet, the methods were rarely implemented to study the interactions between fungal pathogens and antifungal agents, e.g., ZnAl LDHs. In fact, SCFS and SPFS are powerful tools for probing the forces that drive cell-surface interactions. 26,27 The general principle of SCFS is to immobilize a single living cell on AFM tips and to record force-distance curves between the cell probe and a substrate. Whereas SPFS mainly relies on functionalizing AFM probes with particles/molecules to probe interactions with cells at the single particle/molecule level.

In this work, the antifungal activity of ZnAl LDH NPs is evaluated against the fungal pathogen C. albicans using agar disc diffusion assay and broth microdilution test to determine their minimum inhibitory concentration (MIC). AFM imaging is employed to show the damage imposed by ZnAl LDH NPs on the cell wall of C. albicans cells. C. albicans cells were further attached to AFM tipless cantilevers to probe the nanoscale adhesion forces between these pathogenic yeasts and ZnAl LDHs using SCFS (Fig. 1a). Moreover, we took advantage of our original approach to functionalize AFM tips with LDH films to probe their interactions at the single-particle level using AFM-based SPFS (Fig. 1b). Compared to the negative controls, e.g., Al-coated surfaces and MgAl LDH films, ZnAl LDHs possessed specific adhesion forces with the cell wall of C. albicans at both the single-particle and single-cell levels. Such findings strongly support the correlation between the efficient antifungal effect of ZnAl LDH NPs and their interactions with C. albicans cells mediated by Als proteins adhesion molecules. (b) For single-particle force spectroscopy, LDH films were grown on the surface of silicon nitride AFM tips. The adhesion forces between LDH particles and C. albicans cells immobilized on porous membranes were probed. On the right is an example of recorded force-distance curves.

Results and discussion

ZnAl LDH NPs exhibit significant antifungal activity against C. albicans

Before testing the antifungal activity of LDH NPs, ZnAl LDH NPs were prepared by a fast coprecipitation method. MgAl LDH NPs were also prepared using a similar synthesis method to serve as a negative control. Nitrate-intercalated MgAl and ZnAl LDH NPs having a Zn II :Al lII molar ratio of ~2 were prepared by the coprecipitation-hydrothermal method. 14 Both LDH NPs presented a hexagonal lamellar structure as revealed by the SEM and AFM images (Fig. 2). The NPs also exhibited similar average particle sizes extracted by SEM imaging (169 ± 18 nm and 167 ± 40 nm, for MgAl and ZnAl NPs, respectively). Similar average particle sizes were also obtained from the AFM height images (170 ± 30 nm and 167 ± 33 nm, for MgAl and ZnAl LDH NPs, respectively). Both LDH NPs were well crystallized presenting no crystalline, nor amorphous impurities as suggested by our previously performed XRD, XPS, and IR analysis. 14 The detailed structural and morphological characterizations of these LDH NPs could be found in our recent previous study. 14 The antifungal activity of MgAl and ZnAl LDH NPs was then tested against the fungal pathogen C. albicans using the agar disk diffusion method. The generated inhibition zone diameters and their mean values obtained from three repetitive experiments are presented in Fig. 3. Moreover, the minimum inhibitory concentration (MIC) required to inhibit the growth of C. albicans by the two LDH NPs was determined by broth microdilution turbidimetric tests performed for three repetitive trials as well (Fig. 3). MgAl LDH NPs did not provide any antifungal effect revealed by any of the two antifungal activity tests, and thus played the role of negative control. On the other hand, ZnAl LDH NPs showed efficient antifungal activity against C. albicans with an average inhibition zone diameter of 15.3 mm and MIC value of 375 μg/mL. The antifungal activity against C. albicans fungal pathogen was weaker than the antibacterial effect achieved by ZnAl LDH NPs against S. aureus (inhibition zone diameter of 20.6 mm and MIC value of 93.8 μg/mL). 14 Such difference between the antifungal and antibacterial activity of ZnAl LDH NPs may be explained by the different tested microorganisms, e.g., C. albicans and S. aureus cells, where each type of microorganism responds differently to the same biocide. 13,28,29 Similarly, the antifungal activity of our ZnAl LDH NPs against C. albicans fungal pathogens was weaker than that of ZnO NPs synthesized by Yassin et al. (inhibition zone diameter = 24.18 mm and MIC value of 10 μg/mL), 30 but still greater than the antifungal activity achieved by MgO and SiO2 NPs prepared by Karimiyan et al. (MIC > 3200 µg/mL). 31 Moreover, Jalal et al. also reported a weaker antifungal activity of ZnO NPs against the same fungal strain which showed a MIC value of 250 μg/mL. 32 The difference in the antifungal activity with our ZnAl LDH NPs, in this case, is attributed to the nature of the antifungal agent, or to the different followed protocols used to perform the antifungal activity tests. 15,16 Compared to MgAl LDH NPs, the superior antifungal activity of ZnAl NPs could be attributed to the nature of their constituent divalent metal, e.g., Zn 2+ . We have previously shown that the antimicrobial activity of pristine LDHs is strongly dependent on the nature of constituent divalent metal, 14,15 and it was previously reported that zinc-based LDHs have remarkable antibacterial properties towards a broad range of bacteria. [13][14][15][16][17][18][19][20] Moreover, Moaty et al. who performed the only antifungal study of ZnFe LDHs also claimed that the antifungal effect of the tested LDH sample was attributed to the antifungal nature of the constituent zinc divalent metal. 13 The antimicrobial properties of zinc-based LDHs are generally attributed to their ability to adhere to microorganisms and change their charge distribution, thus blocking the transport of nutrients in and out of the membrane, or else by binding to the intracellular DNA leading to their denaturation. 20,[START_REF] Sharma | Nanotechnology[END_REF][START_REF] Vimbela | [END_REF] Such antimicrobial action mode requires the presence of direct surface interactions between the LDH surface and tested microorganisms, here C. albicans.

ZnAl LDH NPs impose serious cell wall damage to C. albicans cells

AFM imaging was used to visualize the surface topography of C. albicans cells before and after treatment with MgAl and ZnAl LDH NPs at a concentration of 375 μg/mL, corresponding to the 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 yeast cells at a high magnification of 1 × 1 μm 2 scanning areas. As shown in Fig. 4a andb, untreated yeast cells as well as those treated with non-antimicrobial MgAl LDH NPs presented well-defined, intact shapes with smooth surfaces (Rq= 17.9 ± 0.5 nm, 18.2 ± 0.4 nm, for untreated and MgAl NPs-treated cells, respectively).

On the other hand, cells treated with antimicrobial ZnAl LDH NPs were distorted with highly corrugated surfaces presenting hollows and crests (Fig. 4c). Similar cells damage observations were previously reported on C. albicans cells treated with different biocides in air and liquid conditions. [35][36][37][38] Moreover, some cells were even completely damaged presenting irregular morphologies, and dissociated cell walls leaving behind some cell debris within the polycarbonate membrane pores. Additionally, cells treated with ZnAl LDH NPs were found to have ~2.5 times rougher surfaces (Rq= 50.4 ± 8.6 nm) than untreated and MgAl LDH NPs treated ones. The increase in surface roughness of yeast cells suggests the existence of serious cell wall damage induced by ZnAl LDH NPs. The structural integrity of the cell wall of C. albicans is an essential element for its survival. Therefore, damages in the cell wall might cause osmotic disorders in the fungal cell, rupture of the cell membrane, and subsequently the outflow of cellular and cytoplasmic components leading to cell death. 39,40 All these observations suggest that ZnAl LDH NPs induce an efficient antifungal effect on C. albicans cells by targeting their cell wall leading to their distortion, damage, and subsequently to the death of the microorganism.

Nanoscale adhesion forces between C. albicans and ZnAl LDHs

To determine whether the antifungal activity of ZnAl LDHs is related to their ability to interact with yeast cells leading to their damage, the nanoscale adhesion forces between C. albicans and ZnAl LDHs were probed at the single-cell level. For this purpose, living C. albicans cells were attached to tipless cantilevers coated with polydopamine acting as a bio-adhesive (Fig. 5a andb). 21,26,27,41,42 The obtained fungal cell probes were brought into contact with ZnAl LDH films grown on silicon substrates using a wet-chemistry adapted from Zhang et al., 43 (Fig. 5c andd). As controls, Al-coated silicon substrates and MgAl LDH films were also probed using the same cell probes. Force-distance curves were recorded during constant approach and retraction of the yeast cell to the different substrates. Upon probing Al-coated silicon substrates using the same cell probes, adhesion force magnitudes did not exceed 1200 pN, which represents much weaker adhesion behavior than that observed with ZnAl LDH films (Fig. 6b).

MgAl LDH films probed with the same fungal probes showed slightly higher adhesion force magnitudes (500-2500 pN) in comparison to Al-coated surfaces. However, their adhesion behavior in terms of force magnitudes (Fig. 6c) was remarkably weaker than those of ZnAl LDH films.

Considering that MgAl and ZnAl LDH films possess similar morphologies (Fig. 5c andd), one can deduce that the higher adhesion force magnitudes on ZnAl LDH films are not directly linked to their morphology but rather to their constituent divalent metal itself, e.g., Zn 2+ , playing a major role on the previously observed antifungal effect of Zn-based LDHs. 13 Adhesion interactions between C. albicans cells and ZnAl LDHs were further probed at the single LDH particle level using SPFS. For this purpose, AFM tips were functionalized with ZnAl and MgAl LDH films in a similar procedure to that of the synthesis of LDH (Fig. 5d ande). 14 Living functionalized tips, e.g., ZnAl-, MgAl-and Al-functionalized AFM tips. Due to their very small size, the characterizations on ZnAl-and MgAl-functionalized tips were performed on LDH films grown on silicon wafers using the exact same protocol used to synthesize LDH-functionalized tips.

The detailed characterizations of these films are reported in our previous work. 14 It is important here to mention that the morphology and the thickness of ZnAl and MgAl LDH films were very similar. The thickness values by SEM-cross sectional imaging were 312 ± 24 nm and 315 ± 25 nm for MgAl LDH films and ZnAl LDH films, respectively. Moreover, 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. 14 an adhesion signature with a frequency ranging from 44 to 61% (Fig. 7b). Adhesion curves showed strong interactions (Fig. 7e), with multiple large force peaks (300-3000 pN, Fig. 7b) and long ruptures ranging from 200 to 500 nm (data not shown). These sawtooth force signatures are characteristics of Als proteins sequential unfolding in C. albicans cell wall. 21,38,44,45 Upon probing the same cells (Fig. 7c) using Al-functionalized tips, no considerable adhesion between aluminum and C. albicans was noticed, where the adhesion frequency did not exceed 14%. Additionally, most rupture lengths lied below 200 nm with force magnitudes not exceeding 1200 pN. These few adhesive events are considered as weak non-specific interactions (FD curves did not show sawtooth sequential unfolding, Fig. 7f) as compared to signatures obtained with of ZnAl-functionalized tips.

MgAl-functionalized tips showed slightly higher adhesion frequencies (17 to 27%, Fig. 7d) and force magnitudes (300 to 1500 pN, Fig. 7d) with FD curves showing slightly long sawtooth sequential unfolding that we attribute to Als adhesive proteins (Fig. 7g). However, the interactions observed for non-antifungal MgAl LDHs with C. albicans cells were much weaker than those obtained by ZnAl-functionalized tips. Such observation comes in line with that of the results obtained from SCFS (Fig. 6), indicating that the strong adhesive interactions obtained between ZnAl LDHs and C. albicans cells are related to their antifungal nature. In fact, we have previously observed such differences in adhesion behavior between antimicrobial ZnAl LDHs and nonantimicrobial MgAl LDHs toward S. aureus bacterial cells. 14 We had previously established in this work that ZnAl LDH NPs possessed specific and efficient antifungal properties in comparison to non-antifungal MgAl LDH NPs, which was validated by C. albicans growth inhibition (Fig. 3) and imposing serious morphological damages to their cell walls (Fig. 4). Therefore, the specific adhesion interactions observed for antifungal ZnAl LDHs which may be attributed by the stretching of Als adhesive proteins provide strong evidence about the contribution of surface adhesive interactions to the antifungal activity of ZnAl LDHs. Indeed, some researchers had previously reported the antimicrobial activity of zinc-based LDHs through direct surface interactions, 13,20 however, none of them provided an evidence on the presence of these interactions. The researchers claimed that zinc present in the LDH structure can bind and then interact with the membranes of microorganisms providing damages to the cell wall which could further lead to death. Zinc ions present on the surface of LDHs may bind to the membranes of microorganisms, and it may then be transported by the uptake system for essential metal ions to the cell where they could accumulate and exert toxic effects. Therefore, the interactions translated in the form of forces measured between ZnAl LDHs and C. albicans provided evidence on the presence of surface interaction which may present one key point in the antifungal behavior of ZnAl LDHs.

In this context, ZnAl LDH NPs were able to specifically interact and adhere to C. albicans cells with high adhesion frequency and great force magnitudes thus imposing serious damages to their cell walls which consequently lead to an efficient antifungal effect against these yeast pathogens.

Conclusion

In the present study, the role of adhesive interactions in the antifungal activity of ZnAl LDH NPs against C. albicans was studied. ZnAl LDH NPs exhibited an efficient antifungal effect against C. 

Synthesis of LDH films and LDH-functionalized AFM tips

Nitrate-intercalated MgAl and ZnAl LDH films were grown on aluminum coated silicon wafers using a wet-chemistry protocol, as previously described. 14 Briefly, a thin layer of aluminum (~10 nm) was deposited on silicon wafers previously cleaned with piranha solution by plasma sputtering (Q15OT S, Quorum). Aluminum-coated silicon substrates were then transferred to a stainless-steel autoclave with a Teflon lining containing a solution of 50 mL M(NO3)2•6H2O (M=Mg, Zn; 2.5 mmol) and NH4NO3 (30 mmol, SIGMA-ALDRICH). The autoclave was heated at 80 °C for 24 h. The obtained LDH films were then washed with deionized water and ethanol and then dried using nitrogen flush. LDH-functionalized AFM silicon nitride probes (MLCT-C Bruker corporation) were synthesized in a similar method to that of LDH films grown on silicon wafers.

Scanning electron microscopy imaging

The morphology of LDH NPs, films, LDH-functionalized AFM tips, and cell probes was examined by scanning electron microscopy (SEM) using a JEOL JSM-IT500HR, with a field emission gun (FEG) and a voltage of 2 to 10 kV. The analysis was performed under high vacuum, and 60 μm diaphragm aperture was settled. Secondary electron detector (SED) was used for imaging.

Antimicrobial activity tests

The antimicrobial activity of MgAl and ZnAl LDH NPs was evaluated using agar disk disc diffusion and broth microdilution turbidity methods against the fungal pathogen C. albicans (SC5314).

Inhibition zone diameters generated by MgAl and ZnAl LDH powders were determined by agar disk diffusion test. C. albicans cells were precultured in 5 mL sterile yeast extract peptone dextrose (YPD, SIGMA ALDRICH) overnight at 30°C and then diluted to 1/1500 in sterile 3-(Nmorpholino)propane sulfonic acid (MOPS, Sigma). Then, 250 µL of diluted fungal suspension was spread on sterilized YPD agar Petri dishes using sterile cotton-tipped swabs (COPAN) to prepare a homogeneous fungal layer. Filter disks (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 30°C for 24 h. Afterward, inhibition zones were observed around the disks. The diameters of the circular zones were measured using a centimeter ruler and the mean values of three repeated trials were recorded and represented in millimeters.

The minimum inhibitory concentration (MIC) of LDH NPs was evaluated using the broth microdilution turbidimetric method. C. albicans cells were precultured in 5 mL YPD overnight at 30°C. An inoculum of C. albicans was then prepared and diluted to obtain an optical density of 0.1 at λ = 600 nm (OD600 = 0.1). MgAl and ZnAl LDH NPs were dispersed in YPD broth, and twofold dilution series were then prepared in a 96-well microtiter plate. Each well included 25 μL of diluted LDH powder and 175 μL of yeast 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 yeast inoculum, and 25 μL YPD. The micro-titer plate was then sealed with parafilm and incubated at 30°C under agitation for 24 h. The MIC value was recognized as the lowest concentration that had no visible turbidity due to C. albicans growth.

Atomic force microscopy (AFM) imaging and force spectroscopy.

All AFM experiments were performed at room temperature using a Bioscope Resolve AFM (Bruker corporation, Santa Barbara, CA), and the spring constants of the used cantilevers were determined using the thermal noise method. 46 For topography images on C. albicans, cells were cultivated alone (untreated) or with (treated at MIC) ZnAl and MgAl LDH NPs for 24 h in YPD at 30°C. C. albicans cells were then centrifuged, washed twice in MOPS, and filtered into porous polycarbonate membranes (pore size = 3 μm, Millipore). After filtration and rough rinsing, a 1 x 1 cm 2 piece of the membrane was cut and attached using a 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 (6 cells for each condition, e.g., untreated cells, ZnAl LDH NPs and MgAl LDH NPs-treated cells) was calculated using the commercial Nanoscope analysis (Bruker) from AFM images performed on the top of bacteria at a high magnification of 1 × 1 μm 2 scanning areas (512 samples/line; 262,144 data points). AFM images were acquired in peak-force tapping mode using SNL-C tips.

For force measurements on cells using AFM-based single-cell force spectroscopy, yeast cell probes were prepared using triangular-shaped tipless cantilevers (NP-O10, Microlevers, Bruker Corporation) coated with polydopamine wet adhesives. The cantilevers were immersed for 1 h in a 10 mmol/L Tris buffer solution (pH = 8.5) containing 4 mg/mL dopamine hydrochloride (99%, Sigma), and dried with N2 flow. Single yeast cells deposited on a Petri dish were then attached to the polydopamine-coated cantilevers by bringing the cantilever into contact with an isolated cell for 1 min. Proper attachment and positioning of yeast cells on the cantilever was achieved using a Bioscope Resolve (Bruker Corporation, Santa Barbara, CA) equipped with a Leica inverted microscope. When the proper attachment of the yeast cell was achieved, the probe was positioned over the Al, MgAl and ZnAl LDH films. Multiple force-distance curves were recorded across 5 mm x 5 mm areas of the films using a maximum applied force of 500 pN, an interaction time of 0.1 s, and constant approach and retraction speeds of 1 µm/s. Adhesion force histograms were obtained by calculating for each force curve the maximum adhesion peak. Data was processed using the commercial Nanoscope analysis (Bruker) and MATLAB (The MathWorks, Natick, MA) softwares.

For force measurements on cells using AFM-based single-particle force spectroscopy, stationary phase cultures of C. albicans 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 1 x 1 μm 2 on cell 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 500 pN, a contact time of 0.1 s, 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.
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 1 Fig. 1. Single-cell and single-particle force spectroscopy analysis of the interactions between ZnAl LDHs and C. albicans cells. (a) For single-cell force spectroscopy, living C. albicans cells were attached to polydopamine-coated tipless cantilevers. The adhesion forces between an individual yeast cell and a LDH film grown on a silicon substrate were probed. On the right is an example of recorded force-distance curves.

Fig. 2 .

 2 Fig. 2. LDH NPs morphology. (a,c) SEM images of MgAl (a) and ZnAl (c) LDH NPs (scale bars = 200 nm). (b,d) AFM height images of MgAl (b) and ZnAl (d) LDH NPs (scale bars = 200 nm, insets are corresponding deflection images showing the NPs surface ultra-structure).

Fig. 3 .

 3 Fig. 3. NPs antifungal activity against C. albicans. (a) Agar disk diffusion test using 10 mg/mL ZnAl and MgAl NPs suspensions (scale bar = 5 mm). (b) Mean zone of inhibition of ZnAl and MgAl calculated as the average inhibition diameters of three repetitive trials, and error bars represent the standard deviation of the three obtained inhibition zone diameters. (c) MIC values for MgAl and ZnAl NPs determined from three repetitive trials.

Fig. 4 .

 4 Fig. 4. AFM deflection images of C. albicans cells in liquid (scale bar = 1 μm). (a) Untreated C. albicans cells. (b) C. albicans cells treated with MgAl LDH NPs at 375 μg/mL corresponding to the MIC value of ZnAl LDH NPs. (c) C. albicans cells treated with ZnAl LDH NPs at 375 μg/mL corresponding to the MIC value of ZnAl LDH NPs.

Fig. 5 .

 5 Fig. 5. SEM images of fungal probes, LDH films, and LDH-functionalized AFM tips. (a) Top view (scale bar = 10 µm) and (b) side view (scale bar = 5 µm) of fungal probes prepared by attaching living C. albicans cells (round-shaped) to tipless cantilevers coated with polydopamine (traces found on the probes). (c) MgAl

Fig. 6a shows

  Fig.6ashows adhesion force histograms as well as representative force-distance (FD) curves
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 6 Fig. 6. SCFS deciphers the adhesion forces between C. albicans cells and LDH films at the single-cell level.(a,b,c) Adhesion force histograms obtained by recording multiple force-distance curves (n > 1024) between C. albicans cells and ZnAl LDH (a), Al (b) and MgAl LDH (c) films. Insets correspond to representative force signatures. Data were obtained from three independent experiments using different cell probes, independent cell cultures and films.

Fig. 7b and

  Fig. 7b and e show adhesion force histograms associated with adhesion force maps and

Fig. 7 .

 7 Fig. 7. SPFS with functionalized tips reveals specific interaction for ZnAl tips with living C. albicans cells. (a) Topography images of C. albicans cells trapped in porous membranes (scale bar = 1 µm, dashed squares display probed areas of the cell of 1 x 1 µm²) and probed with functionalized AFM tips. (b,c,d) Adhesion force histograms and adhesion force maps (insets, 1 x 1 µm 2 ) obtained on the top of cells using ZnAlfunctionalized AFM tips (b), Al-coated AFM tips (c) and MgAl-functionalized AFM tips (d). White/grey pixel corresponds to adhesive events and black pixels correspond to non-adhesive events (scale 0-1000 pN).Data were obtained from three independent experiments using different tips and independent cell cultures.(e,f,g) Representative force-distance curves obtained by probing the surface of C. albicans using ZnAlfunctionalized (e), Al-coated (f) and MgAl-functionalized AFM tips (g).

  albicans in comparison to non-antifungal MgAl LDH NPs, which was evidenced by greater inhibition zone diameters generated in agar disc-diffusion assay and MIC determination by broth microdilution tests. Additionally, serious morphological impacts including rough surfaces, surface distortion, and dissociation into cell debris were imposed on C. albicans cells by ZnAl LDH NPs treatment at MIC. Moreover, AFM-based SCFS and SPFS were employed to probe the nanoscale adhesive interactions between C. albicans cells and the prepared ZnAl LDH NPs to further correlate them to the observed antifungal activity of the latter. For SCFS, living C. albicans cells were attached to AFM tipless cantilevers and used to probe the surface of prepared ZnAl, MgAl and Al films at the single-cell level. Whereas for SPFS, Al-coated and LDH-functionalized AFM tips were prepared and used to probe surface adhesion interactions with the cell surface at the single LDH particle level. SCFS showed that C. albicans cells interacted with ZnAl LDHs with much higher force magnitudes than Al-coated surfaces and non-antifungal MgAl LDHs. Such strong adhesive interactions were attributed to the antifungal nature of Zn-based LDHs arisen from their constituent divalent metal, e.g., Zn 2+ . The comparison of the adhesion behavior of Al-coated, MgAlfunctionalized, and ZnAl-functionalized tips at the single-particle level further indicated the presence of specific surface interactions occurring at high adhesion frequency and remarkable force magnitudes between ZnAl LDHs and C. albicans cells which may be attributed to the presence of Als adhesive proteins of the cells. Such finding suggested the presence of a strong correlation between the specific ability of zinc-based LDHs to interact with and damage C. albicans cell walls, thus correlating the antifungal properties of ZnAl LDHs to the nanoscale adhesive forces occurring at the single-cell and single-particle levels with C. albicans fungal pathogens. MgAl and ZnAl LDH NPs were synthesized similarly to our previous work. 14 Briefly, a mixture of 0.2 mol/L M(NO3)2.6H2O (M=Zn, Mg; SIGMA-ALDRICH) and 0.1 mol/L Al(NO3)3•9H2O (SIGMA-ALDRICH ) was added quickly to a 0.15 M NaOH solution (VWR Chemicals), under nitrogen atmosphere and vigorous stirring for 20 min. The LDH slurry was obtained by centrifugation, washed twice, and dispersed again in decarbonated water. The resultant suspension was then transferred to a stainless-steel autoclave with a Teflon lining and heated for 24 h at 80 °C. LDH powders were then collected by centrifugation and air drying at 80 °C.
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