Highly active, entirely biobased antimicrobial Pickering emulsions
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Abstract: We present the development of surfactant-free, silica-free and fully biobased oil-in-water antimicrobial Pickering emulsions, based on the self-assembly of -cyclodextrin and phytoantimicrobial oils (terpinen-4-ol or carvacrol). Undecylenic acid (UA), derived from castor oil, can be used as bio-based drug to treat fungal infection, but is less effective than petroleum-based drugs as azole derivatives. To maximize its antifungal potential, we have incorporated UA in fully biobased Pickering emulsions. These emulsions are effective against fungi, Gram-positive and Gram-negative bacteria. The carvacrol emulsion charged with UA is +390 % and +165 % more potent against methicillin-resistant S. aureus (MRSA), compared to UA and azole-based commercial formulations. Moreover, this emulsion is up to +480 % more efficient that UA ointment against C. albicans. Finally, remarkable eradication of E. coli and MRSA biofilms was obtained with this environmental-friendly emulsion. 
Introduction
Bacterial and fungal infections are very common diseases in humans. Because the skin is directly in contact with the external environment, it is more susceptible to these infections (e.g. furuncle, impetigo, athlete’s foot, etc.).[1] Their treatments require the use of antibiotics (e.g. chlortetracycline against Staphylococcus aureus (S. aureus) or antifungals (e.g. azole drugs against Candida albicans (C. albicans)). Unfortunately, antibiotic therapy can lead to fungal overgrowth and the use of antifungals can give rise to bacterial resistance.[2] Furthermore, bacterial-fungal interactions are an important issue in the context of polymicrobial infections. For instance, the interaction between S. aureus and C. albicans is synergistic and can be significant in terms of clinical implications if they occurred in an immunocompromised host.[3] Therefore, broad-spectrum drugs against bacteria and fungus are required.[4] Among the numerous commercially antimicrobials, azole drugs such as miconazole nitrate, [HMC][NO3], are active against a wide range of fungi and Gram-positive bacteria, but miconazole analogues such as miconazoctylium bromide, [C8MC][Br], have spectra extended to Gram-negative bacteria (Escherichia coli (E. coli)).[4] 
In the context of the transition to a biobased economy, the pharmaceutical industry is trying to develop greener and smarter pharmacies by minimizing their negative impact on the environment and using more sustainable processes and drugs.[5] Alongside of petroleum-based drugs, some biobased compounds, named phytoantimicrobials (PAMs), are commonly used to treat skin infections. For instance, carvacrol and terpinen-4-ol, obtained from tea trees and oregano oils respectively, cover a broad-spectrum of microorganisms: C. albicans, E. coli, S. aureus, P. aeruginosa, etc.[6-12] Moreover, carvacrol is approved by the Food and Drug Administration and the Council of Europe as food additive, whereas terpinen-4-ol can only be used externally in order to avoid allergic reactions.[4] Recently, we demonstrated that Pickering emulsions can easily be obtained using the colloidal tectonics concept[13,14] by the extemporaneous mixture of water, PAM oils (carvacrol and terpinen-4-ol) and -cyclodextrin (-CD) via the formation of well-ordered crystalline -CD/PAM complexes.[4] These emulsions are very promising since they are able to potentiate the antimicrobial and antibiofilm activities of [C8MC][Br], due to synergistic effects. Unfortunately, these formulations are not fully biobased systems. 
In this context, undecylenic acid (UA), derived from human sweat and obtained industrially from castor oil, is a relevant alternative to the commonly used azole drugs. This pharmaceutical ingredient was on the market for over 40 years as an inexpensive non-prescription antifungal agent.[15] While the advantages of UA are its favorable safety profile and low toxicity, one drawback is its low cure rate due to its weaker antifungal potency compared to prescription drugs containing synthetic active pharmaceutical ingredients (e.g. miconazole or fluconazole).[16,17] For instance, the minimum inhibitory concentration (MIC, the lowest concentration that inhibits the growth of the microorganism) against C. albicans  was estimated at 1.0 and > 500 µmol/L after 24 h at 35 °C for fluconazole and UA, respectively.[18] Therefore, UA cannot be used alone as substitute of powerful synthetic fungicidal drugs for the treatment of dermatomycosis. A new paradigm of drug discovery consists in promoting synergistic combinations to avoid the high costs associated with their development. The use of synergistic Pickering emulsions stabilized by -CD in which a PAM active oil (terpinen-4-ol (T4ol) or carvacrol (CARV)) is dispersed in the water phase (N.B. paraffin oil (PARA) and [C8MC][Br] are used for reference purpose, Figure 1) is of particular interest.  We show here that these fully biobased systems can be highly helpful for clinical purposes (faster action and larger broad-spectrum eradication, shorter treatment time and reduction of the dose), as well as in the more general context of greener pharmaceuticals.
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Figure 1. Structure and abbreviation of compounds used in this work.
Results and Discussion
Although the molecular components and morphology of membranes of Gram-positive bacteria are very different from those of Gram-negative bacteria and fungi, we supposed that the passive drug permeation is driven by the phospholipid membrane regardless of the type of microorganism.[19] The diffusion through the phospholipid membrane is governed by: (i) the electrical charge: electrically neutral molecules permeabilize more easily the membrane, (ii) the pH of the environment because it influences the degree of ionization of the drugs, (iii) the size: small molecules cross membranes more rapidly than the larger ones, (iv) the lipophilicity: hydrophobic drugs cross more easily membranes, and (v) the drugs ability to interact with the cell membrane.[19]
Based on the calculated pKa of hydrogen atoms attached to the oxygen atoms (Table 1) and the physiological pH of the microorganisms (yeasts: 4-5, fungi: 5-7 and bacteria: 5-9), CARV and T4ol remains neutral compounds contrary to UA. 
Table 1. Physicochemical properties and known modes of action of bioactive compounds used in this study.[a]
	
	Physicochemical properties
	Cell interaction or consequence

	
	pKa
	V (Å3)
	logP
	Mem
	Enz
	pH
	ROS

	
	
	
	
	
	
	
	Prod
	Scav

	CARV
	12.0
	205
	3.2
	
	
	
	
	

	T4ol
	16.6
	217
	1.9
	
	
	
	
	

	UA
	4.9
	267
	4.6
	
	
	
	
	

	[C8MC]
	-
	610
	8.8
	
	
	
	
	


[a] The following abbreviations are used: pKa of hydrogen atoms attached to the oxygen atoms (calculated with MOPAC2016TM), V is the molecular volume (calculated with MOPAC2016TM), logP is the virtual octanol-water partition coefficient (Calculated with Vega ZZ), Mem is the membrane permeabilization, Enz is the enzymes inhibition, ROS are the reactive oxygen species, Prod is the production of ROS and Scav is the ROS scavenger activity. 
However, unlike UA and miconazole, [HMC], for which their neutral forms are able to cross bilayers, the positively charged [C8MC] is not transported through the membrane as it inserts in the phospholipid bilayer and remains, creating a destabilization of the phospholipid environment. The size of all the bioactive compounds was evaluated by their molecular volume which increases in the order CARV ≈ T4ol < UA <<< [C8MC]. This suggests a higher ability of CARV and T4ol to cross phospholipid membranes than [C8MC]. In contrast, [C8MC] has a higher affinity for lipophilic environments as revealed by the octanol-water partition coefficient, logP, which increases in the order T4ol < CARV < UA < [C8MC]. Therefore, all these bioactive compounds are sufficiently hydrophobic to penetrate cells by passive diffusion without the need for a transporter.
To qualitatively describe the possible electrostatic interactions with the membranes, we have calculated the -profiles (a 2D representation of the charge distribution on the molecular surface) using the COSMO solvation model (see experimental section and Figure 2). The -profiles of each bioactive compounds were compared with di-palmitoyl phosphatidylcholine (DPPC, a membrane phospholipid model). DPPC presents a peak arising from the positive choline residue between -1.0 and -0.5 e/nm2 while the phosphate is comprised between 0.5 to 1.7 e/nm2. The peak corresponding to the hydrophobic tails spans between -0.5 and 0.5 e/nm2. The -profile of the DPPC is relatively asymmetrical as well as [C8MC] and T4ol ones. In contrast, CARV and UA have symmetric -profiles. As, before crossing a DPPC-based membrane, the molecule must interact electrostatically with the phospholipids, the -profile of drug must be complementary to the DPPC’s. It is noteworthy that T4ol is complementary to DPPC quaternary amino group through its oxygen atom, whereas [C8MC] is complementary to DPPC phosphate part due to its azolium ring. In contrast, CARV and UA can interact with the quaternary amino and phosphate residues. Therefore, all bioactive compounds can interact with the hydrophilic glycerophosphocholine headgroups of DPPC membrane prior to their penetration into the bilayer.
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Figure 2. -profiles of bioactive compounds and DPPC (the inset shows the -surface of DPPC).
Next, we have modelled the Gibbs free energy profile for the passive diffusion of bioactive compounds at 37 °C using the COSMO solvation model with the appropriate permittivity constants (Figure 3 and experimental section). Despite the cationic lipophilic [C8MC] can interact more easily with membranes than the uncharged compounds, its transport is smaller due to the central charge, as revealed by Gmb (i.e. the energy barrier to cross the membrane). Moreover, its molecular volume and the presence of three rigid aromatic rings can also slow the movement of [C8MC] between the two membrane leaflets. In contrast, CARV and T4ol show the smallest Gmb leading to faster penetration across the membrane: they are membrane fluidizers.[9,12] Therefore, the combination of [C8MC] with CARV or T4ol can accelerate the cellular accumulation of [C8MC] by membrane fluidization. In addition, [C8MC] produces reactive oxygen species (ROS, see Table 1) leading to significant consequences on the biocidal activity such as synergism.[4,20] It is noteworthy that CARV and T4ol can also produce ROS.[21,22] On the other hand, UA can cross biological membrane relatively easily (see Gmb value in Figure 3) and it can accumulate in the cytosol. The exact UA antimicrobial mechanism is not fully understood but it is proposed that UA inhibits enzymes involved in the fatty acid metabolism and alters the cytoplasmic pH.[23,24] As UA is able to scavenge ROS, it is expected that the effect of [C8MC] can be inhibited.[25] The combination of UA with CARV (or T4ol) could also be antagonist in term of ROS, but CARV (or T4ol) leads to an easier and faster cellular accumulation of UA able to inhibit enzymes involved in lipid metabolism. Therefore, we can suppose that the combined effect of UA with CARV (or T4ol) results, at least, in an additive effect in term of biocidal activity.
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Figure 3. Gibbs free energy profile for the passive diffusion of bioactive compounds at 37 °C through a biomembrane.
In the following discussion, paraffin-based emulsions (PARA) served as control systems because paraffin is an organic oil with no biocidal activity, widely used as vehicle (creams, ointments, etc.) and is known to form Pickering emulsions in the presence of -CD.[4,26] We have also used CARV and T4ol as bioactive organic oils. The general composition of the Pickering emulsions (i.e. the unloaded emulsions) is: 10 wt.% of -CD supplemented with 45% of water and 45% of oil (PARA, CARV or T4ol). For loaded emulsions, the oil phase (45 wt.%) also comprises the liposoluble drug (1 wt.% of [C8MC][Br] and/or 10 wt.% of UA). For these 12 formulations, we obtained whitish oil-in-water Pickering emulsions after emulsification at 3,200 rpm during 90 s at room temperature. It is noteworthy that all emulsions are highly stable against coalescence or sedimentation, since no macroscopic phase separation was observed after 4 months. The pH of all emulsions (1 wt.% in water)  was found to be in the range of 3.9 to 6.6, corresponding to the normal pH range of the skin reported in literature (from pH 4.0 to 7.0).[26] The average droplet diameters were between 13 and 39 ± 5% µm. The largest droplets were obtained with the unloaded emulsions (35, 39, 36 ± 5% µm for PARA, CARV and T4ol, respectively, see Table 2) whereas the smallest ones were obtained with the loaded emulsions especially with [C8MC][Br] (around 15 µm). Presumably, the difference in droplet size results from the greater or lesser ability of the lipophilic drug to adsorb in the interfacial layer with or onto the microcrystals. Indeed, UA was totally soluble in PARA, CARV and T4ol, whereas [C8MC][Br] was able to stabilize emulsions when these three oils were mixed in the presence of water. However, in a few minutes, the emulsions start to coalesce leading to a total phase separation after 5h. All emulsions formed using PARA or CARV were very viscous (creams), whereas emulsions formulated from T4ol were less viscous than the previous ones. Actually, the viscosity, recorded at shear rate of 0.01 s-1 and at 25 °C, is clearly not affected by UA and/or [C8MC][Br] but only by the oil nature: 9410, 6680 and 1330 Pa.s for PARA, CARV and T4ol, respectively. However, even if all emulsions presented as highly viscous under storage conditions, their viscosities decreased when applied under higher shear rates (< 2 Pa.s at 100 s-1). All these data supports that all emulsions are suitable for topical skin applications.
Table 2. Physico-chemical properties of Pickering emulsions.
	Oil
	Drug
	Viscosity (Pa.s)[a]
	Median droplet diameter (µm)[b]

	
	
	
	

	PARA
	-
	9410
	35

	
	UA
	102501
	29

	
	[C8MC][Br]
	9560
	17

	
	UA/[C8MC][Br]
	10740
	18

	CARV
	-
	6680
	39

	
	UA
	8010
	26

	
	[C8MC][Br]
	6540
	18

	
	UA/[C8MC][Br]
	7920
	14

	T4ol
	-
	1330
	36

	
	UA
	1520
	29

	
	[C8MC][Br]
	1390
	16

	
	UA/[C8MC][Br]
	1470
	13


[a] Recorded at shear rate = 0.01 s-1 and 25 °C, S.D. = ± 6%. [b] S.D. = ± 5%.
The efficiency of all formulated Pickering emulsions were evaluated against MRSA, E. coli and C. albicans (Figure 4). It is noteworthy that three commercial formulations were used for comparison. In more detail, Monistat DermTM Cream contains with 2 wt.% of [HMC][NO3] into paraffin-in-water emulsion stabilized by pegoxol 7 stearate and peglicol 5 oleate in the presence of benzoic acid and butylated hydroxyanisole as preservatives. Toe & FootTM solution contains 25 wt.% of UA solubilized in isopropyl palmitate, whereas the ointment uses 20 and 5 wt.% of zinc undecylenate and UA solubilized in paraffin oil, white petrolatum in the presence of cetearyl alcohol and polysorbate 60 as emulsifiers, and of methylparaben and propylparaben as preservatives. Moreover, control experiments have also been performed with the loaded or unloaded PARA-based Pickering emulsions. As depicted in Figure 4, the commercial formulations were active against MRSA and C. albicans, but inactive against E. coli: the pathogen efficiency to [HMC][NO3] and UA was in order: MRSA < C. albicans. However, UA ointment were less effective than [HMC][NO3]. The unloaded emulsion based on PARA (negative controls) was totally inactive against the three strains whereas the PAM oils-based emulsions (CARV and T4ol) were more active against all the pathogens tested. However, the most effective was the CARV-based emulsion. This observation indicates that the biocidal activity is not controlled by the viscosity. Indeed, T4ol-based emulsion was less viscous than CARV-based one, but was less effective in terms of contact biocidal activity. The opposite holds for PARA-based emulsions: more viscous, but less active. Therefore, the ability of T4ol- and CARV-based emulsions to penetrate the lipid membrane may be the reason of their different biocidal effect. Indeed, as previously mentioned, it was postulated that the biocidal activity is the result of a combination of various factors, including the lipophilicity. Despite the fact that CARV and T4ol have similar Gmb, the lower logP of T4ol may indicate that this compound is less able to penetrate phospholipid membranes than CARV. Therefore, T4ol and CARV were able to insert into the lipid membranes but, in the case of CARV, this process was facilitated. However, it is noteworthy that the ability of these compounds to insert and alter a membrane also depends on the exact composition and molecular organization of these phospholipid bilayer. 
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Figure 4. Zone of inhibition (S.D. = ± 10%) obtained by the diffusion method against C. albicans, E. coli and MRSA of -CD/water/oil emulsions compared to commercial formulations: Monistat DermTM Cream (2 wt.% [HMC][NO3]), Toe & FootTM Solution (25 wt.% UA), and Toe & FootTM Ointment (20 wt.% zinc undecylenate and 5% UA). * Note that we observed a thin layer of E. coli around the deposit (≈ 0.7 cm).
For clarity, it is noteworthy that we will only discuss CARV-based emulsions in the next section (the effect was similar for T4ol, albeit less marked). Moreover, to facilitate the interpretation of the Figure 4, we have calculated the gain or loss compared to the commercial references. For this, the inhibition zone of the commercial references was subtracted from the diameter of the considered formulation to obtain the gain or loss. Then, this value was divided by the inhibition zone of the commercial reference and multiplied by 100 to obtain the % of gain or loss of biocidal activity compared to commercial samples (see Figure 5).
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Figure 5. Percentage gain or loss of biocidal activity against C. albicans, E. coli and MRSA of the -CD/water/oil emulsions compared to the commercial formulations: Monistat DermTM Cream, Toe & FootTM Solution, and Toe & FootTM Ointment (see discussion for the calculation method). * Percentage gain or loss estimated with a zone of inhibition of 0.1 cm for the commercial formulations.
As CARV can accelerate the cellular accumulation of [C8MC] by membrane fluidization and as these two compounds are known to produce ROS (see above), the combination of [C8MC] with CARV may lead to synergistic effects previously reported in the literature.[4] In contrast, the CARV/[C8MC]/UA mixtures showed a clear antagonist effect as UA was able to scavenge ROS produced by [C8MC] and as the UA:[C8MC][Br] molar ratio is of 33.1 in this formulation. This observation suggests that the [C8MC] biocidal action is only dictated by the oxidative stress pathway. Consequently, the balance between ROS production and UA antioxidant activity seems to be essential. Nonetheless, this effect remains probably less important for the CARV/UA binary mixture as the CARV:UA molar ratio was 4.3 in this formulation. Moreover, UA could have induced cell death via various other pathways (see above). [23,24] Finally, the UA/CARV combination was less active than [C8MC]/CARV against C. albicans and E. coli, but surprisingly 30% more potent than [C8MC] against methicillin-resistant S. Aureus (MRSA).  We can suppose that this effect is directly correlated to the pathogen susceptibility, i.e. the well-known classification of pathogens according to their resistance to biocides: Gram-negative bacteria (E. coli) > fungi (C. albicans) > Gram-positive bacteria (S. aureus).[27] Moreover, it is noteworthy that the CARV/UA emulsion was up to 390% and 165% more active against MRSA compared to commercial UA (solution and ointment) and [HMC][NO3] (cream) formulations, respectively (Figure 5). The CARV/UA combination was also more effective that the commercial [HMC][NO3] cream and the UA solution against C. albicans but 480% more active than the UA ointment. Therefore, all the results collected herein evidence that CARV-based emulsion provides a route to potentiate the effect of UA.
To back up the previous claims about the mechanism of action, additional experiments were performed. The effect of emulsions, prepared from CARV, UA and CARV/UA, on the MRSA membrane, was investigated by dye uptake assays conducted with two stains (SYTO9® and propidium iodide). Untreated MRSA cells have intact membranes and upon addition of SYTO9® (a membrane permeable dye), its binding to DNA results in the emission of green fluorescence. In contrast, when the membrane is altered, propidium iodide (a membrane impermeable dye) can penetrate the cells, bind to DNA and emit red fluorescence. The membrane damage effect against MRSA cells was quantified as the green/red fluorescence ratio: more this value decreases, more the membrane is altered. Aqueous ethanol and cetyltrimethylammonium bromide were used as positive controls since they are known membrane permeabilizers. With these two controls, we observed a significant reduction of the green/red ratios (Figure 6). Pre-treatments with CARV- and CARV/UA- based emulsions reduced the green/red ratio in a similar way to control experiments. The effect on the green/red ratio is less important for UA, suggesting that the membrane alteration is principally driven by the CARV in the CARV/UA mixture.
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Figure 6. Membrane damage effect of CARV and UA used alone or in combination in -CD-based Pickering emulsions against MRSA (right). Ethanol (70%) and cetyltrimethylammonium bromide (CTAB) were used positive controls. The data were represented as the green/red ratio means of three independent experiments (S.D. = ± 10%, see experimental section for more details). Generation of ROS in MRSA bacteria by 2’,7’-dichlorodihydrofluorescein diacetate staining (left).
Next, the role of CARV, UA and CARV/UA on the cellular accumulation of ROS were studied by fluorescence microscopy with 2’,7’-dichlorodihydrofluorescein diacetate (a membrane permeable dye which give green fluorescence in the presence of ROS in the cell). As depicted in Figure 6, we observed weak fluorescence signals from untreated MRSA bacteria as well as for UA and CARV/UA-treated cells. By contrast, the fluorescence intensity due to ROS was clearly increased with the CARV-treated MRSA. Based on these results, we conclude that the antimicrobial mechanism of CARV/UA mixture does not originate from ROS generation (UA is able to scavenge the ROS, see above) but rather from the enzymes inhibition involved in lipid metabolism and/or to the alteration of the cytoplasmic pH.[23,24]  However, CARV can accelerate the cellular accumulation of UA by membrane fluidization leading to synergistic effects previously observed. The mechanisms involved in the biocidal action of CARV, UA and CARV/UA emulsions are given in Figure 7.
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Figure 7. Schematic representation of antimicrobial mechanisms of CARV and UA used alone or in combination in -CD-based Pickering emulsions.
As PAM-based emulsions were particularly active against MRSA, we investigated the ability of these formulations to eradicate established MRSA biofilms. For this purpose, 12h pre-formed MRSA biofilms were treated with each formulation (1 µL). The bacterial viability tests were performed using the commercially available fluorescence assay (LIVE/DEAD® BacLightTM), leading to the detection of alive and dead cells (see above). Appropriate positive (EtOH, 70%, and commercial Monistat DermTM) and negative (DMSO only)[20] controls have been performed (Figure 8). 
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Figure 8. Pre-formed 12h MRSA biofilms (LIVE/DEAD® stains) treated with 1 µL of -CD/water/oil emulsions (oil = PARA, CARV or T4ol) with or without UA, [C8MC][Br] or UA and [C8MC][Br] after 1h exposure. Negative control (DMSO only). Positive controls (EtOH 70%, and commercial formulation: Monistat DermTM).
It is noteworthy that with LIVE/DEAD® viability kit, it can be sometimes observed that certain bacteria are fluorescing yellow or orange due to overlapping regions. The yellow and orange colors indicate that about 40-60% and 70-90% of the bacteria in the biofilm are dead after exposure. Despite only cells fluorescing red are considered dead, the cells that showed a yellow color may be slightly damaged. For this reason, yellow cells are generally considered viable, while orange cells can be considered severely damaged.[28] As depicted in Figure 8, it is clear that the unloaded PARA emulsion did not inhibit/destroy the biofilm. As indicated by the orange color, unloaded T4ol emulsion did not inhibit the formation, but cells were severely damaged. The CARV emulsion was clearly more active as it allowed the inhibition/destruction of the biofilms. In contrast, about 100% of MRSA bacteria in the biofilm were dead after 1h exposure to the CARV/UA mixture whereas all the other mixtures showed a local inhibition or partial destruction of the biofilms, due to an increased stress on bacterial. Therefore, in contrast to inhibitors, which only prevent the formation of biofilms, the CARV/UA-based emulsion acts as a very efficient biofilm-eradicating agent due to the cumulative damage of CARV and UA on the membrane and their action iin the cytosol. It is noteworthy that the extend of inhibition/destruction activity of biofilms is minor for CARV/UA/[C8MC] ternary mixture probably due to the antagonist effect of UA as it is able to scavenge ROS (see above). 
Finally, it is noteworthy that the CARV/UA mixture in the -CD-based Pickering emulsion is able not only to disrupt 12h pre-formed MRSA biofilms (i.e. non-mature biofilms), but also 24h pre-formed biofilms (mature biofilms) after the same contact time (1 µL of emulsion during 1h, see Figure 9). 
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Figure 9. Pre-formed 12h or 24h MRSA biofilms (LIVE/DEAD® stains) treated with 1 µL of CARV/UA in -CD-based Pickering emulsion after 1h exposure compared to controls (DMSO only and Monistat DermTM commercial formulation).
However, with mature biofilms a more orange staining is observed, indicating that MRSA bacteria in the biofilm are severely damaged but about 10-30% of the cells are still alive. In addition, mature and non-mature biofilms treated with the CARV/UA emulsion show the formation of thicker stripes of colonies which indicates an increased stress on MRSA cells and increased ROS production. By contrast, the commercial Monistat DermTM Cream containing [HMC][NO3] (2 wt.%) is clearly less efficient than the investigated CARV/UA formulation. Indeed, this commercial cream only show a local inhibition/destruction of the biofilm and the majority of the bacteria are still alive in the biofilm as indicated by the orange, yellow and green color (only about 25% of the bacteria in the biofilm are dead after 1h exposure).
Conclusion
In response to the environmental problems, we developed surfactant-free, silica-free and fully biobased oil-in-water Pickering emulsions, based on the self-assembly of -cyclodextrin and phytoantimicrobial oils (terpinen-4-ol or carvacrol). These formulations were used to increase the susceptibility of the undecylenic acid against pathogen microorganisms. These very stable emulsions are acceptable for topical applications on the skin in terms of pH and viscosity. In addition, our results support the idea that carvacrol/undecylenic acid emulsion is by far the most active preparation with regards of pathogen inhibition. Indeed, in addition to a notable activity against E. coli, a potent anti-staphylococcal activity up to 390% was observed against MRSA compared to the current commercial formulations. Moreover, it is at least as effective as commonly prescribed drugs against C. albicans. This emulsion was also synergistic for the eradication of MRSA biofilms. These good activities are ascribed to the cumulative damages of undecylenic acid (enzymes inhibitor) and carvacrol (membrane fluidizer). Finally, this formulation reduces the potential drawbacks of the commonly used excipients and are in line with the current trend of simplifying formulas in terms of ingredients. Moreover, fatty acids, including undecylenic acid, are known to inactivate enveloped viruses (e.g. HSV, VACV and RSV).[30] For instance, 15% solution[31] and 20% cream[32] of undecylenic acid were able to inactivate HSV. The mechanism remains unknown but could be linked to the acidic environment.[33] In addition, carvacrol inactivates HSV, RSV and HIV but also non-enveloped viruses (e.g. rotavirus or murine norovirus) by affecting the capsid and inhibiting the binding to host cells without morphological alteration of the virus.[34-37] On the other hand, native and modified cyclodextrins can irreversibly damage and block viruses (e.g. RSV, HSV and CoV) due to their interactions with the viral-lipids.[38-41] As synergistic formulations are of potential interest to prevent the viral diseases spread, including CoViD,[38] the carvacrol/undecylenic acid/cyclodextrin emulsion could  be highly helpful for the chemical disinfection of surfaces, hands and/or hospital devices contaminated by viruses, bacteria and fungus. Furthermore, carvacrol, undecylenic acid and natural cyclodextrins are relatively safe agents of plant origin. However, the use of this formulation in the fight against viruses remains inconclusive until data is available on its efficacy and safety. Therefore, the authors does not advice the use of carvacrol, undecylenic acid and/or cyclodextrins in any forms for disinfection and cleaning. However, in the current pandemic situation, all these facts, encouraging us to investigate this 100% natural emulsion not only against bacteria and fungi but also against viruses, including SARS-CoV-2.
Experimental Section
General Information: All chemicals were purchased from Sigma-Aldrich. Strains used were methicillin-resistant S. aureus ATCC® 43300TM, E. coli ATCC® 25922TM and C. albicans SC5314. Sterile water was used in all experiments performed in triplicate. NMR spectra were recorded in deuterated solvents at 400 MHz on Bruker spectrometer. The purity of final compounds used in biological assays was determined by ESI/LC-MS analysis (≥ 95%). A confocal laser microscope (Leica model TCS SP5; Leica Microsystems CMS, Germany) using a 20× dry objective (HC PL FLUOTAR 20.0 × 0.50 DRY) used for microscopy staining.
Synthesis of miconazoctylium bromide: The miconazoctylium bromide was synthesized as previously described (135 mg, 0.22 mmol, 93%).[4] 1H NMR (400 MHz, CDCl3)  10.51 (s, 1H), 7.49 (d, J = 8.3 Hz, 1H), 7.46-7.43 (m, 2H), 7.34-7.26 (m, 3H), 7.23-7.19 (m, 2H), 5.21 (dd, J = 7.5, 4.3 Hz, 1H), 4.74-4.60 (m, 2H), 4.51 (d, J = 11.9 Hz, 1H), 4.42 (d, J = 12.0 Hz, 1H), 4.29 (dh, J = 20.9, 7.3, 6.9 Hz, 2H), 1.91-1.80 (m, 2H), 1.26 (d, J = 20.4 Hz, 10H), 0.87 (t, J = 6.7 Hz, 3H); 13C NMR (101 MHz, CDCl3)  138.64, 135.93, 135.02, 134.28, 133.77, 132.86, 132.22, 131.49, 130.14, 129.39, 129.30, 128.37, 127.71, 122.57, 121.27, 76.18, 68.46, 53.25, 50.44, 31.80, 30.38, 29.14, 29.05, 26.36, 22.71, 14.19; HRMS (ESI): calcd. for [M+] C26H31Cl4N2O: 527.1185, found 527.1194; M.P. : 131-134 °C.
Molecular modelling: Initial geometries were generated by force-field energy minimization (UFF, ArgusLab 4.0.1). All other optimizations were performed using MOPAC2016TM (20.302W) until to reach a gradient inferior to 0.1 using the eigenvector following method. pKa was calculated using the O-H distance using PM6 Hamiltonian. The logP were calculated by the projection of the Broto-Moreau lipophilicity atomic constants onto the accessible surface after PM7 optimization (Vega ZZ 3.2.1.33). The -profiles were obtained with the PM7/COSMO method (relative permittivity = 999.0 and surface segments per atom = 92) and after averaging of the surface-charge densities from the COSMO output according to Lin and Sandler.[29] Gibbs free energy profile for the passive diffusion of bioactive compounds through a biomembrane was obtained using PM7/COSMO model (surface segments per atom = 92 and relative permittivity = 74, 9 or 100 for modeling the exterior, membrane or cytosol environment, respectively).[26] The entropies at 37 °C were estimated from thermodynamic calculation after geometry optimization. The COSMO molecular volume (V) was obtained after PM7 optimization.
Emulsion preparation and characterization: Oil and water were weighed before adding -CD. Note that, if appropriated, drugs were diluted in oil. The emulsification was performed using Vortex-Genie 2 (3,200 rpm, 90 s, 25 °C, Scientific Industries Inc., USA). The type of emulsion was determined by conductivity measurement. Optical microphotographs of the samples were obtained using a light microscope (Standard 25 ICS, Zeiss, Germany) coupled with a CCD camera. The microphotographs were analyzed with ImageJ (NIH, USA) and the distribution function was obtained by treatment of at least 250 individual measurements with log-normal function using OriginPro 8® (OriginLab, USA). Rheological properties were evaluated using a Malvern Kinexus (Malvern Instruments, UK) equipped with parallel plate geometry under controlled temperature. The diameter of the plates was 20 mm and the gap was 1 mm. The temperature was controlled using a Peltier temperature control device. Stress-controlled measurements were performed imposing a logarithmic stress ramp increase followed by a reverse stress decrease from 0 to 500 Pa.s.
Antimicrobial activity: Activity was determined using inhibition area on LB-agarose plates. The bacteria or yeast solution (OD = 0.1-0.15 at 600 nm) were spread onto LB-agar plates and incubated for 15 minutes for maximal absorption. One µL of each emulsion was then plated on the infected agar plate and incubated for 12h at 37 °C for bacteria and 30 °C for yeast. The area of inhibition for each formulation was then measured. The sterility tests used (LB only) were streaked onto LB-agar plates as an overall negative-control and infected plates without emulsion were streaked onto LB-agar plates as an overall positive-control.
Cell membrane permeabilization: The effect of formulations on the bacterial cell membrane was investigated using LIVE/DEAD® BacLightTM Bacterial Viability Kit. Emulsions were prepared with sterile saline solution (0.9% NaCl). Then, equal volumes of adjusted bacterial suspension (containing approximately 108 cells/mL) were added and incubated at 37°C for 30 min. 100 µL of the contents were mixed with 100 µL of SYTO9® and propidium iodide dye mixture in black microtiter plates and further incubated for 30 min. A 488 nm laser line was used to excite SYTO9®, while the ﬂuorescent emission was detected from 500 to 540 nm. Propidium iodide was sequentially excited with 561 nm laser line and its ﬂuorescent emission was detected from 600 to 695 nm. The green and red fluorescence measurements were made and the dye uptake ratio was determined by the green/red fluorescence ratio. The positive controls for the assay were 70% (v/v) ethanol and 30 µg/mL of cetyl trimethyl ammonium bromide (CTAB).
ROS microscopy staining: To assess the effect of formulations on reactive oxygen species (ROS), MRSA bacteria (containing approximately 108 cells/mL) were treated with or without emulsions, prepared with sterile saline solution (0.9% NaCl), for 15 min followed by centrifugation to harvest the cells. After washing with PBS, cells were stained in dark for 30 min with 2’,7’-dichlorodihydrofluorescein diacetate (10 µM). Cells were thoroughly washed with PBS and visualized under fluorescence microscopy (excitation and emission wavelengths of 480 nm and 530 nm).
Biofilm disruption: Bacteria were incubated in LB medium at 37 °C for 5 h and diluted in LB medium to the desired final concentration (OD = 0.1-0.15 at 600 nm). After an incubation of 12 h or 24 h in 8-well chambers, the growth media was removed via pipetting and the resulting biofilms were washed 2 times with 0.9% NaCl solution to remove the remaining planktonic cells. Biofilms were labelled with FilmTracerTM LIVE/DEAD® Bioﬁlm viability kit (Molecular Probes, Life Technologies) after 1 h exposure with different formulations or negative control: DMSO (final concentration not exceeding 10% volume) or positives controls: 70% ethanol (20 min exposure) and commercial Monistat DermTM. After exposure, 200 µL of staining solution (prepared by adding 1 µL of SYTO9® and 1 µL of propidium iodide, PI, to 1 mL of ﬁlter-sterilized water) were deposited on each well of an 8-well chambered coverglass, after 15 min at room temperature in the dark, samples were washed with sterile saline (0.9% NaCl) from base of the support material. Then, biofilms were examined with a confocal laser microscope. A 488 nm laser line was used to excite SYTO9®, while the ﬂuorescent emission was detected from 500 to 540 nm. PI was sequentially excited with 561 nm laser line and its ﬂuorescent emission was detected from 600 to 695 nm. The images were analyzed using Fiji (NIH, USA). 
Acknowledgements
We gratefully acknowledge the Natural Sciences and Engineering Research Council of Canada (NSERC), the Ministère de l′Enseignement Supérieur et de la Recherche, the Région Hauts‐de‐France, the Université de Montréal and the Université de Lille for their financial support.
Conflict of Interest
The authors declare no conflict of interest.
Keywords: biobased Pickering emulsion • undecylenic acid • cyclodextrin • phytochemical • antimicrobial and anti-biofilm 
[1]	R. L. Gallo, L. V. Hooper, Nat. Rev. Immunol. 2012, 12, 503-516. 
[2]	M. E. Shirtliff, B. M. Peters, M. Ann Jabra-Rizk, FEMS Microbiol. Lett. 2009, 299, 1-8.
[3]	A. Shukla, J. D. Sobel, Curr. Infect. Dis. Rep. 2019, 21, 44-.
[4]	L. Leclercq, J. Tessier, G. Douyère, V. Nardello-Rataj, A. R. Schmitzer, Langmuir, 2020, 36, 4317-4323.
[5]	K. L. Ang, E. T. Saw, W. He, X. Dong, S. Ramakrishna, J. Clean. Prod. 2021, 280, 124264.
[6]	J. Xu, F. Zhou, B. P. Ji, R. S. Pei, N. Xu, Lett. Appl. Microbiol. 2008, 47, 174-179. 
[7]	M. Sharifi-Rad, E. M. Varoni, M. Iriti, M. Martorell, W. N. Setzer, M. Del Mar Contreras, B. Salehi, A. Soltani-Nejad, S. Rajabi, M. Tajbakhsh, J. Sharifi-Rad, Phytother. Res. 2018, 32, 1675-1687. 
[8]	M. Y. Memar, P. Raei, N. Alizadeh, A. Akbari, K. Masoud, S. Hossein, Rev. Med. Microbiol. 2017, 28, 63-68. 
[9]	I. Khan, A. Bahuguna, P. Kumar, V. K. Bajpai, S. C. Kang, Front Microbiol. 2017, 8, 2421. 
[10]	C. F. Carson, T. V. Riley, J. Appl. Bacteriol. 1995, 78, 264-269. 
[11]	C. F. Carson, K. A. Hammer, T. V. Riley, Clin. Microbiol. Rev. 2006, 19, 50-62. 
[12]	Y. Zhang, R. Feng, L. Li, X. Zhou, Z. Li, R. Jia, X. Song, Y. Zou, L. Yin, C. He, X. Liang, W. Zhou, Q. Wei, Y. Du, K. Yan, Z. Wu, Z. Yin, Curr. Microbiol. 2018, 75, 1214-1220.
[13]	L. Leclercq, Front. Chem. 2018, 6, 168.
[14]	L. Leclercq, J-F. Dechézelles, G. Rauwel, V. Nardello-Rataj, J. Drug Deliv. Sci. Technol. 2020, 59, 101913.
[15]	D. Shi, Y. Zhao, H. Yan, H. Fu, Y. Shen, G. Lu, H. Mei, Y. Qiu, D. Li, W. Liu, Int. J. Clin. Pharmacol. Ther. 2016, 54, 343-353.
[16]	R. Hart, S. E. M. Bell-Syer, F. Crawford, D. J. Torgerson, P. Young, I. Russell, BMJ, 1999, 319, 79-82.
[17]	X.-C. Li, M. R. Jacob, S. I. Khan, M. K. Ashfaq, K. S. Babu, A. K. Agarwal, H. N. ElSohly, S. P. Manly, A. M. Clark, Antimicrob. Agents Chemother. 2008, 52, 2442-2448.
[18]	M. Krátký, J. Vinšová, Molecules, 2012, 17, 9426-9442.
[19]	N. J. Yang, M. J. Hinner, Methods Mol. Biol. 2015, 1266, 29-53.
[20]	J. Tessier, M. Golmohamadi, K. J. Wilkinson, A. R. Schmitzer, Org. Biomol. Chem. 2018, 16, 4288-4294.
[21] 	F. Khan, I. Khan, A. Farooqui, I. A. Ansari, Nutr. Cancer. 2017, 69, 1075-1087. 
[22]	K. Nakayama, S. Murata, H. Ito, K. Iwasaki, M. Orlina Villareal, Y.-W. Zheng, H. Matsui, H. Isoda, N. Ohkohchi, Oncol. Lett. 2017, 14, 2015-2024.
[23]	N. McLain, R. Ascanio, C. Baker, R. A. Strohaver, J. W. Dolan, Antimicrob. Agents Chemother. 2000, 44, 2873-2875. 
[24]	S. Steven, J. H. S. Hofemyer, Appl. Microbiol. Biotechnol. 1993, 38, 656-663. 
[25]	E. Lee, J.-E. Eom, H.-L. Kim, D.-H. Kang, K.-Y. Jun, D. S. Jung, Y. Kwon, Eur. J. Pharm. Sci. 2012, 46, 17-25.
[26]	L. Leclercq, V. Nardello-Rataj, Eur. J. Pharm. Sci. 2016, 82, 126-137.
[27]	M. E. Wand, Bacterial Resistance to Hospital Disinfection in Modeling the transmission and prevention of infectious disease, Vol. 4 (Ed.: C. Hurst), Springer International Publishing, Cham, 2017, pp. 19-54.  
[28]	L. Boulos, M. Prevost, B. Barbeau, J. Coallier, R. Desjardins, J. Microbiol. Methods, 1999, 37, 77-86.
[29]	S.-T. Lin, S. I. Sandler, Ind. Eng. Chem. Res. 2002, 41, 899-913.
[30]	H. Thormar, H. Hilmarsson, Chem. Phys. Lipids, 2007, 150, 1-11.
[31]	S. D. Shafran, S. L. Sacks, F. Y. Aoki, D. L. Tyrrell, W. F. Schlech, J. Mendelson, D. Rosenthal, M. J. Gill, R. L. Bader, I. Chang, J. Infect. Dis. 1997, 176, 78-83.
[32]	N. Bourne, J. Ireland, L. R. Stanberry, D. I. Bernstein, Antiviral Res. 1999, 40, 139-144.
[33]	H. Hilmarsson, T. Kristmundsdóttir, H. Thormar, APMIS, 2005, 113, 58-65.
[34]	M. R. Pilau, S. H. Alves, R. Weiblen, S. Arenhart, A. P. Cueto, L. T. Lovato, Braz. J. Microbiol. 2011, 42, 1616-1624.
[35]	L. Wang, D. Wang, X. Wu, R. Xu, Y. Li, BMC Infect. Dis. 2020, 20, 832.
[36]	S. Mediouni, J. A. Jablonski, S. Tsuda, A. Barsamian, C. Kessing, A. Richard, A. Biswas, F. Toledo, V. M. Andrade, Y. Even, M. Stevenson, T. Tellinghuisen, H. Choe, M. Cameron, T. D. Bannister, S. T. Valente, J. Virol. 2020, 94, e00147-20.
[37]	D. H. Gilling, M. Kitajima, J. R. Torrey, K. R. Bright, J. Appl. Microbiol. 2014, 116, 1149-1163.
[38]	L. Leclercq, V. Nardello-Rataj, Eur. J. Pharm. Sci. 2020, 155, 105559.
[39]	L. Leclercq, Beilstein J. Org. Chem. 2016, 12, 2644-2662.
[40]	F. Carrouel, M. P. Conte, J. Fisher, L. S. Gonçalves, C. Dussart, J. C. Llodra, D. Bourgeois, J. Clin. Med. 2020, 9, 1126.
[41]	A. Pratelli, V. Colao J. Gen. Virol. 2015, 96, 331-337.


Entry for the Table of Contents

[image: ]
Surfactant-free, silica-free and fully biobased oil-in-water antimicrobial Pickering emulsions, based on the self-assembly of phytochemical compounds (-cyclodextrin and carvacrol) can be used to maximize the antifungal potential of undecylenic acid against fungi and bacteria. These environmental-friendly emulsions are up to +480 % more efficient that commercial ointment and present remarkable eradication of MRSA biofilms. 
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