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Abstract
Anacardic acid (AA) has gained interest regarding its extraordinary antimicrobial activity. Nanotechnology based delivery systems are a modern approach to improve both pharmacological and functional properties of therapeutic agents. In this paper we aimed to design and characterize AA loaded-zein nanoparticles and evaluate its antimicrobial efficiency in vitro using microdilution and antibiofilm assays. AA nanoparticles were spherical, stable, with an average size of 381.6 nm and negative zeta potential. The saturation transfer difference-NMR analysis demonstrated the association of zein and AA in two different conformations, enlightening its enhanced pharmacological activity. Bacteriostatic concentrations were 0.05 and 3.12 µg/ml for Staphylococcus aureus and Pseudomonas aeruginosa, while bactericide activity was observed only for S. aureus at 0.2 µg/ml. Fungistatic/fungicide concentrations for Candida rugosa were 1.17/2.34 µg/ml, for Candida albicans and Candida parapsilosis 2.34/4.69 µg/ml and for Candida tropicalis, Candida jardinii, Candida glabratta and Candida auris 4.69/4.69 µg/ml. Furthermore, nanoencapsulated AA was more efficient in reducing S. aureus and C. albicans biofilms viability than AA solution, while they presented a similar inhibition against P. aeruginosa biofilm. Therefore, AA loaded-zein nanoparticles could represent an alternative for potential applications where the low concentrations of this phytochemical are useful to prevent or treat bacterial and fungical infections.
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1. Introduction
Nanoencapsulation has been used to reach specific targets, controlled release and reduce side effects [1]. Likewise, natural bioactive based formulations also benefit from the increased stability and improved pharmacological activities [2].
Corn protein zein is a hydrophobic prolamine, soluble in alkaline and hydroethanolic solutions [3,4]. Zein can encapsulate hydrophilic and hydrophobic molecules [5,6]. This biopolymer, classified in the GRAS (Generally Recognized as Safe) list [7], has been previously used in nanoparticles to encapsulate and promote controlled release of some active ingredients [3,8].
Anacardic acid (AA) is the major constituent of the resin oil, also popularly known as the cashew nut shell liquid (CNSL), extracted from the mesocarp of bark shells of Anacardium occidentale L. [9]. The mixture of AA (C22H30O3) has the structure of a salicylic acid substituted by a long hydrocarbon chain (15-17 carbons), containing up to three unsaturation (Fig. 1), whose are closely related to the potentiation of some biological properties [10,11]. The resin is extracted with cold solvents to avoid its decarboxylation [11]. Finally, AA is isolated from the resin oil as calcium anacardate by precipitation, which is further acidified and extracted with organic solvents [11,12].
AA has demonstrated some important biological activities such as antioxidant [12], gastroprotective [13], anti-inflammatory [14], anticancer [15], larvicide [12] and antimicrobial, especially against Gram-positive bacteria [16,17]. Therefore, it has been eligible as an alternative against microorganisms resistant to multiple drugs [9]. 
Fungal infections are rare compared with bacterial infections, while their diagnosis and control are challenging, resulting in increased mortality [18]. Candida spp are present in the natural microbiota of healthy individuals, but can become an opportunistic pathogen from the host's immunological imbalance [19]. A virulence characteristic of this yeast is the factors that contribute to adhesion on surfaces and the formation of biofilms, and the inhibition of these processes are considered targets of antifungal drugs [20]. Moreover, in the recent years other opportunistic pathogens such as Candida albicans, Candida rugosa, Candida tropicalis, Candida glabratta, Candida parapsilosis and more recently the worrisome Candida auris have emerged, leading to important implications for diagnosis and management, as they have been turning aggressive and rapidly developing resistance to different classes of antifungal agents [21–23], representing a serious concern for the healthcare systems.
Due to the spreading of multidrug resistance microorganisms, there is a strong need to search for new alternatives to inhibit their growth and reduce their virulence. Accordingly, this work aimed to design and characterize anacardic acid loaded-zein nanoparticles and evaluate the impact of the nanoencapsulation in the antimicrobial activity.
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Fig 1. Chemical structures of the compounds present in the resin oil obtained from the cashew nut shell of Anacardium occidentale L.  A) Anacardic acid C15:3; B) Anacardic acid C15:2; C) Anacardic acid C15:1 and D) Anacardic acid C15:0. 

2.  Materials and methods
2.1.  Materials
Zein, chlorhexidine gluconate and amphotericin B were purchased from Sigma-Aldrich® (St. Louis, MO, USA). Dimethylglyoxime was purchased from Dinamica® LTDA (São Paulo, Brazil). Purified AA mixture was kindly donated from the Chemistry Department of Federal University of Ceara, Brazil. It was obtained by cold solvent extraction from dried cashew shells of A. occidentale, according to the methodology proposed by Trevisan et al. [11] and characterized by Nuclear Magnetic Resonance (NMR). Brain Heart Infusion (BHI) broth and Muller-Hinton agar were obtained from Kasvi® (São Jose dos Pinhais, PR, Brazil). Deuterated solvents D2O 99.9 % and CD3OD 99.8 % were purchased from Eurisotop (Saint-Aubin, France). All the other reagents were analytical grade and used as received. 
2.2.  Preparation of zein nanoparticles
The nanoparticles were prepared by nanoprecipitation [24]. The nanoprecipitation is an economical, green, low-energy and scale-up reproducible method. This method allows obtaining small and homogeneous droplets by increasing the surface area through the disruption in the semipolar solvent containing the polymer and the aqueous interphase [25,26]. Zein concentrations ranged from 0.02 to 0.2 % (w/v), while AA was incorporated at concentrations ranging from 0.0009 to 0.0018 % (w/v). First, zein was dissolved in 70 % (v/v) ethanol, which was thereafter gently diluted with ultra-pure water to promote the nanoparticles formation. Separately, AA was solubilized in 96 % ethanol containing 0.108 % (w/v) dimethylglyoxime (DMG), providing a long-lasting stability to the loaded-nanoparticles. The pre-formed nanoparticles were added dropwise under constant stirring until complete homogenization, resulting in AA-loaded zein nanoparticles (ZA), which were evaluated in order to select the best formulation for the microbiological assays. Blank nanoparticles were prepared in the same manner, except for absence of drug (ZD). For control purposes, pure blank zein nanoparticles (ZE) prepared under the same procedure (without DMG) were also obtained. The formulations prepared are listed in Table 1. 

2.3. Nanoparticles characterization
The nanoparticles were characterized in terms of size (nm), zeta (potential (mV) and polydispersity index (pdI) using a dynamic light analyzer (Zetasizer® Nano-ZS90, Malvern Instruments). Subsequently, they were also observed morphologically by transmission electronic microscopy (TEM) (JEOL JEM-2010, Electron Microscope).
2.4. Stability evaluation
		The formulations were stored under two different conditions: room temperature (25 ± 2ºC) and refrigerator (4 ± 2ºC) and evaluated at predetermined time intervals (0, 1, 7, 30, 90 days) in terms of visual inspection, particle size, pdI and  potential. This analysis permits to indicate the best storage condition for the nanoparticles. 

2.5.  Saturation Transfer Difference (STD) by 1H NMR
		The binding interaction between AA and zein was assessed by STD-NMR analysis. Samples were dissolved and homogenized in CD3OD:D2O 90:10 (v/v). The concentration of zein was fixed at 8 mM, while AA was dissolved at 400 mM, based in our previous study [6]. 1H NMR spectra were measured at 25 ºC using a 17.6 T Bruker NEO-750 NMR spectrometer (750 MHz proton frequency). One-dimensional ¹H spectra were measured for each individual component and for the mixture AA-zein [6,27] . The saturation time was set as 2 s and the STD-off saturation was applied at 20 ppm. The STD-on saturation was applied at two different points for AA-zein mixture (1.77 ppm and 7.05 ppm), corresponding to regions where 1H signals of the protein (and not of AA) are expected. The STD-on and STD-off were measured in alternate scans and subtracted by the phase cycling, providing the so-called STDoff-on spectrum. The spectra were processed with MestraNova® software version 12.0.

2.6.  Antimicrobial activity
2.6.1. Microdilution method
		For the antimicrobial evaluation, ZA3, ZD, ZE nanoparticles (Table 1) and AA solution 9.375 μg/mL (prepared in the same manner as ZA3) were used. ZA3 was chosen among the loaded-nanoparticles based on their stability and favorable physicochemical properties: size stability, uniformity (pdI) and zeta potential. Ethanol (EtOH) in the same concentration of the nanoparticles and sterile saline solution were used as negative controls, while chlorhexidine gluconate at 2 % (CHX) and Amphotericin B at 2 μg/mL (AMB) were used as positive controls for bacteria and yeasts, respectively. 
		The American Type Culture Collection (ATCC) Staphylococcus aureus (ATCC 6538P) and Pseudomonas aeruginosa (ATCC 9027) were used as representative of Gram-positive and Gram-negative bacterial strains, respectively. Candida tropicalis (ATCC 7349), Cyberlindnera jardinii (ATCC 60459), Candida rugosa (ATCC 10571), Candida albicans (ATCC 90028), Candida parapsilosis (ATCC 22019), Candida glabratta (ATCC 66032) and Candida auris (TSM 21092) were the yeast used. They were preserved according to the specific conditions [28]. The inoculum for the tests was prepared by culturing the bacterial strains in sterile BHI (Brain Heart Infusion) broth and yeasts in SB (Saboraud) broth at 37 ºC and adjusting to 1.5 x 108 colony forming units per ml (CFU/ml) (equivalent to 0.5 in the McFarland scale). The antimicrobial activity was determined using the microdilution method to determine the minimum inhibitory concentration (MIC) and minimal biocide concentration (MBC) in accordance with the CLSI guidelines [28]. Serial dilutions from the tested substances (4.69 – 0.02 µg/mL) were made in the respective sterile broth in a 96-well sterile plate and the inoculum added resulting in a final concentration of approximately 106 CFU/mL. MIC was defined as the lowest concentration able to inhibit the inoculum growth. To determine the MBC, aliquots of 10 µL obtained from the 3 wells just above the MIC were individually seeded over Mueller-Hinton (for bacteria) and SB (for yeasts) agar plates and incubated for 48 hours at 37 ± 2 ºC. MBC was defined as the minimum concentration eliminating most (≥99.9 %) viable microorganisms, identified by the absence of colonies on the agar surface. All assays were performed in triplicate under strictly aseptic conditions.


2.6.2. Antibiofilm activity
		The antibiofilm activity was determined using the crystal violet assay [29].  This assay can be performed quickly and directly, not disrupting the biofilm and is commonly used as a preliminarily assessment.
		The inoculum for the tests was prepared in the same manner as in the microdilution assay. For the bacterial biofilm formation, BHI broth supplemented with 0.5 % (w/v) glucose containing each individual inoculum adjusted to the MacFarland scale were transferred to a 96-well microplate. For the yeasts, RPMI 1640 buffered with 0.165M MOPS was used.
		Biofilms were formed on the bottom of the wells after 24 hours at 37°C. After this period, the plates were stirred at 200 rpm for 5 minutes in an orbital lab shaker (Shaker 20E; Labner International, Edison, N.J.) to remove the non-adherent cells. The adherent bacterial biofilm was individually treated in each well with the testing formulations ZA3 (MIC and 2x MIC), AA solution at 9.375 μg/mL and CHX (positive control group) for 1 minute, and immediately washed out 3 times with sterile saline solution to remove the non-adherent bacteria. The yeasts biofilms were treated over 24 hours, while the positive control used was AMB 2 μg/mL [30].
	 After the incubation period, the biofilms were fixed with methanol, stained with crystal violet 0.1 % (w/v) and dried at room temperature for 30 minutes. The non-adhered dye was removed by washing three times with sterile saline solution. Ethanol-acetone mixture (4:1) was used to dissolve the adhered biofilm. The absorbance of the obtained solution was determined in a microplate reader (Biotek, USA) at λ=570 nm.  The mean absorbance value of inoculum free wells was used for background correction. The percentage of viability was calculated according to the following equation:



Where: O.D.SS. is the optical density of saline solution after background correction O.D.sample is the optical density of the samples after background correction.
		Data were expressed as means ± standard deviation, submitted to one-way analysis of variance (ANOVA) test followed by Tukey's multiple comparison. The statistical significance for all tests was set at p<0.05, using the GraphPad Prism 5.0 software.

3. Results and discussion
3.1. Nanoparticles characteristics
		In preliminary preparations of nanoparticles containing solely zein and AA in different concentrations, particles´ precipitation occurred instantly. In order to shield the colloidal system, DMG was used to provide long-lasting stability to the loaded-nanoparticles. DMG is an organic complexing agent, mainly used in the analysis of nickel, copper, cobalt and palladium [31]. For instance, its complex with copper (II) is capable of promoting increased stability [32]. DMG has also been associated with poly--caprolactone for the detection of nickel by colorimetric reaction in contaminated waters [31] and nanoparticles of clinoptilolite for Ni removal in waters [33]. 
The stability found in the AA loaded-zein nanoparticles may result from the hydrogen bonding between OH groups of DMG to non-bonding electrons [33], such as N found in the primary structure of zein or OH group(s) present in anacardic acid (Fig. 1) . This may explain in part the negative charge of the loaded-nanoparticles in contrast to the positive zeta potential found in the blank ones (Table 1). When comparing the blank nanoparticles ZE (only zein) to ZD (containing DMG), it is notorious that the addition of DMG decreased the zeta potential to almost half of its original value (Table 1). Moreover, keeping a fixed concentration of DMG, it was possible to observe that the amount of AA also conditioned the zeta potential in the formulations. For instance, ZA2 and ZA3 presented similar negative zeta potential, while for ZA1 the zeta potential was inferior, despite the higher AA content (Table 1). This aspect reinforces the influence of zein in the zeta potential magnitude and DMG as being crucial on its stabilization. Hence, unlike its little usage in nanoformulations, the addition of DMG was found to be an useful strategy to stabilize the zein nanoparticles and keep anacardic acid encapsulated. Although DMG applicability is solely analytical, and some concerns are related to its therapeutic usage, its reported oral toxicity in vivo in rats is over 250 mg/kg [34], while the concentration used (1.08 mg/ml) as stabilizing agent (Table 1) is very low.
	       ZA3 was the most stable formulation, maintaining the characteristics of the colloidal system, with particle size of 381.6 ± 2.12 nm,  potential of -15.9 mV and pdI of 0.215 (Table 1). When the concentration of zein was doubled, maintaining constant all the other adjuvants, such as in ZA1, aggregation and precipitation occurred within 24 hours (Table 1). The size of this formulation increased substantially (534.6 nm).  This formulation also presented a  potential of -12.0, which may also have contributed to this aspect, as it is in the limit to the instability. The higher the  potential, the higher is the stability of the colloidal systems [35]. Skin and mucous tissues are negatively charged. Positive nanoparticles are known to bind more extensively to these tissues [36]. Therefore, the negative charged AA nanoparticles are likely to be more biocompatible to this environment in topical applications, where the binding is undesirable for immediate the antimicrobial effect.
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Table 1
[bookmark: _Hlk47954754]Composition and key physical-chemical parameters of anacardic acid-loaded zein nanoparticles. Results are expressed as mean (± SD).

	Samples
	Zein
(% w/v)
	DMG (% w/v)
	AA
(% w/v)
	Mean particle size (nm)
	pdI
	Zeta potential (mV)
	pH

	ZA1
	0.1424
	0.108
	0.00093
	534.6 
	0.229 
	-12.0 
	-

	ZA2
	0.0712
	0.108
	0.0018
	642.7 
	0.353 
	-16.1 
	-

	ZA3
	0.0712
	0.108
	0.00093
	381.6 
	0.215 
	-15.9 
	4.9

	ZD
	0.0712
	0.108
	-
	376.5 
	0.137 
	+6.56 
	5.6

	ZE
	0.0712
	-
	-
	392.5 
	0.191 
	+11.4 
	5.6


ZA, anacardic acid-dimethylglyoxime-loaded zein nanoparticles; ZD, Blank zein nanoparticles containing Dimethylglyoxime; ZE, zein nanoparticles; DMG, dimethylglyoxime; AA, anacardic acid; pdI, polydispersity index.


By doubling the AA concentration, such as in the formulation ZA2, an increment in size and pdI were observed (Table 1) and could incurs in the disruption of these systems in a long-term. Bigger particles are easier to form bigger aggregates and flocculate/precipitate [35,37]. 
In our previous study, the encapsulation of tetracycline and indomethacin in zein nanoparticles increased the particle size comparatively to the blank nanoparticles, obtaining sizes of 380.0, 501.5 and 288.0 nm, respectively. The blank nanoparticles (ZE) obtained in this work had a particle size (392.5 nm) similar to that found in the best nanoparticles containing AA (ZA3) (381.6 nm) and the positive  potential was consistent with that obtained by Sousa et al. [6], conditioned by zein conformation within the colloidal systems. Taking into account that colloidal systems tend to be non-homogeneous with pdI values greater than 0.3 [35], it is expected that ZA2 could become unstable. Although the  potential was not altered compared to ZA3, size increased substantially in ZA2 (642.7 nm) and was therefore a key factor to disrupt the colloidal system.
In view of the most satisfactory characteristics, the composition ZA3 was selected from the loaded-nanoparticles and used together with the controls ZD and ZE in the following tests. 

3.2.  TEM morphological appreciation
TEM images showed that ZA3 nanoparticles presented an irregular spherical surface, presenting a shaded coating layer, displayed in Fig. 2A. This coating could be attributed to the presence of anacardic acid adsorbed on the surface of zein nanoparticles, as this aspect was not evident in none of the blank-nanoparticles (ZD and ZE) images (Fig. 2B and Fig. 2C).

[bookmark: _Hlk4585641][image: C:\Users\Fabio Oliveira\Desktop\Pendrive recuperação II\UNIFAP\Pesquisa\Finalizados\Jennifer\Artigo desenvolvimento nanopartículas\Mollecular liquids\R1\Figure 2 R1.jpg]Fig. 2. TEM images of the nanoparticle formulations. A) ZA3, Anacardic acid-loaded zein nanoparticles; B) ZD, Blank zein-dimethylglyoxime nanoparticles; C) ZE, Blank zein nanoparticles. The arrow indicates the coating found in ZA3 nanoparticles.

Based on the TEM images, ZA3 nanoparticles size ranged between 350-490 nm, while the diameter of both control nanoparticles ranged from 100-400 nm. Both results are in agreement with the dynamic light scattering measurements displayed in Table 1. Similar results were obtained by Li and cols. [35]. These authors prepared zein nanoparticles using the same procedure and their TEM observation also indicated that the aggregates had spherical shape with a diameter of 165-470 nm.


3.3. Stability evaluation 
After the initial physicochemical characterization, ZA1 and ZA2 formulations were discharged due to the instability issues observed. The formulations ZA3, ZD and ZE were evaluated over 90 days under room temperature and refrigerator, the most common storage conditions. ZA3 nanoparticles remained stable at 25 ± 2 °C, keeping the nanometric size (323.8 nm) after 90 days storage (Fig. 3A). Both control groups presented instability between 7 and 30 days, with clusters and precipitate formation. After 7 days, the blank-nanoparticles ZD and ZE stored at room temperature collapsed, resulting in size disruption (4,514 nm and 1,732 nm, respectively) forming big aggregates and sedimentation, visually noticeable, as the colloidal aspect changed from slightly bluish to transparent (Fig. 3A).
When stored at 4 ± 2 °C, the size of ZA3 nanoparticles was kept unaltered over 90 days (Fig. 3B). The blank-nanoparticles ZE did not experience any size alterations after 7 days, although after 30 days both control formulations (ZD and ZE) disrupted and size increased substantially (Fig. 3B). ZA3 nanoparticles stored at 4°C (378.0 nm) presented a similar value to the freshly obtained ones (381.6 nm), indicating that even if both conditions would be feasible for their preservation, 4°C would keep more strictly their original characteristics after 90 days.
After 90 days ZD and ZE formulations presented a severe reduction in particle size (ZD: 316.5 nm and ZE: 784.8 nm), resultant from the precipitation observed. Similar results were obtained in the encapsulation of glimepiride in zein nanoparticles, whose physical-chemical instability [5] was related to the acidic medium pH (4.4 – 4.7), where zein tends to form bigger nanoparticles and aggregates [37].
The higher the zeta potential in a system, the better the physical-chemical stability, preventing aggregation between particles [38]. Unlike the positive charged control nanoparticles (ZE = +11.4 mV and ZD = +6.56 mV), the incorporation of anacardic acid to zein nanoparticles resulted in negative  potential (-15.9 mV) (Table 1), which could be related to the presence of OH groups found in anacardic carboxylic and DMG. By doubling zein in the amount of zein in the formulation (ZA1), the  potential reduced to -12.0, due to the positive influence of the protein charged surface. Although, the increment of AA to the composition (ZA2) did not alter the  potential, what could possibly indicate a saturation of the nanoparticles surface with DMG and/or AA molecules. Positively charged zein nanoparticles could interact electrostatically to electrically negative molecules and reverse the surface charge [11]. Our findings are in agreement with the study of Sousa et al. [6] where the  potential of blank zein nanoparticles was +17.1 mV, while the addition of tetracycline and indomethacin decreased this parameter to +9.1 and +13.9 mV, respectively.
The zeta potential of ZA3 nanoparticles stored at 25 ± 2 ºC (Fig. 3c) varied slightly along 90 days, although more than those stored at 4 ± 2 ° C (Fig. 3d). Contrariwise, the control groups ZD and ZE (Fig. 2C and Fig. 2D) were more unstable, oscillating and even inverting the zeta potential charge after 7 days, resulting in collapse and precipitation in both storage conditions, such as aforementioned.

[image: C:\Users\Fabio Oliveira\Desktop\Pendrive recuperação II\UNIFAP\Pesquisa\Finalizados\Jennifer\Artigo desenvolvimento nanopartículas\Mollecular liquids\Figure 3.jpg]Fig. 3. Stability of the blank and anacardic acid- loaded zein nanoparticles over 90 days. Size stability: A) Temperature 25 ± 2 ° C; B) Temperature 4 ± 2 ° C. Zeta potential stability:  C) Temperature 25 ± 2 ° C; D) Temperature 4 ± 2 ° C. ZA3, anacardic acid-dimethylglyoxime-loaded zein nanoparticles; ZD, Blank zein-dimethylglyoxime nanoparticles; ZE, Blank zein nanoparticles.

3.4.  STD-NMR characterization of AA-zein interactions
The 1H STD-NMR spectra for AA solely and mixed in solution with zein (zein-AA) is shown in Figure 4. In the first spectrum (Fig. 4A) the 1H spectrum of AA is shown together with the signal assignment, confirming the solely presence of this bioactive in the material used to prepare the nanoparticles. In the purified mixture used, the molecules that contain monoene (Fig. 1C) and diene (Fig. 1B) in the aliphatic chain were predominant.
The STDwgon-off spectra show the responses of certain signals of AA after applying the on-saturation over a region of the spectrum containing only zein protons either in the aliphatic (Fig. 4B, on-saturation at 1.77 ppm) or aromatic region of the spectrum (Fig. 4C, on-saturation at 7.05 ppm). The presence of STD responses, noticeable by the peaks intensification after the saturation, proves the formation of a complex between zein and AA. Although the complete structure of AA could interact to zein, the stronger association occurs in the aromatic protons, as these responses were appreciated in both spectra of Fig. 4B and Fig. 4C in which the saturation is applied in the aliphatic and aromatic region, respectively. The affinity of zein for phenolic structures has already been evidenced in other studies [39,40] and could be a result of the aromatic amino acids present on its primary structure and the binding to other aromatic groups to protect these groups in polar environments. 
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Fig. 4.  NMR spectra of zein and AA. A) ¹H spectrum of anacardic acids. The proton signal assignment is indicated with letters that corresponds to the scheme of the molecule that is shown on the right. B) STDwgoff-on spectrum of the mixture zein-AA aliphatic with the on-saturation applied over a signal of zein at 1.77 ppm (indicated with a ray symbol). C) STDwgoff-on spectrum of the mixture zein-AA aromatic with the on-saturation applied over a signal of zein at 7.05 ppm (indicated with a ray symbol). In B) and C) the STD responses of AA are highlighted in both. 


3.5.  Minimal inhibitory and biocide concentrations 
	Nanoencapsulated anacardic acid (ZA3) inhibited the Gram-positive bacteria S. aureus in half the concentration (0.05 µg/ml) of its solution (0.10 µg/ml). In addition, it was also able to inhibit the microbial growth of the Gram-negative bacteria P. aeruginosa, while AA in solution did not cause any effect to this bacteria (Table 2). 
	A bactericide effect against S. aureus was also observed for ZA3 and AA, while none of the tested formulations were bactericide against P. aeruginosa under the experimental conditions used. The bactericidal concentration for ZA3 against S. aureus was double the AA in solution (Table 2), demonstrating that nanoparticles loaded with anacardic acid present more pronounced bacteriostatic than bactericidal activity in the planktonic form. ZA3 nanoparticles also showed fungistatic and fungicide activities against the yeasts of C. tropicalis, C. jardinii, C. albicans, C. rugosa, C. parapsilosis, C. glabratta and C. auris, the last considered a multidrug resistant strain [41] (Table 2). MICs against C. albicans, C. rugosa and C. parapsilosis for the nanoencapsulated AA was half of that found for AA solution, demonstrating the enhancement on its antifungal activity when loaded to zein-based nanoparticles. Neither ZD nor ZE blank-nanoparticles present inhibitory activity against the strains tested, indicating that the antimicrobial activity observed was attributed exclusively to AA. Finally, the positive control CHX 2% was bactericide against both bacterial strains and AMB 2 μg/mL fungicide against the yeasts tested (Table 2), validating our experimental protocol.

[bookmark: _Hlk47954855]Table 2
Inhibitory (MIC) and biocide (MBC) concentrations of blank, anacardic acid loaded-zein nanoparticles and anacardic acid in solution against bacteria and yeasts.

	Strains
	Formulations
	
	

	
	ZA3
	ZD
	ZE
	AA
	CHX
	AMB

	
	MIC
	MBC
	MIC
	MBC
	MIC
	MBC
	MIC
	MBC
	0.12%
	2µg/mL

	Staphylococcus aureus
	  0.05
	 0.20
	-
	-
	-
	-
	0.10
	0.10
	  -
	

	Pseudomonas aeruginosa
	  3.12
	-
	-
	-
	-
	-
	-
	-
	-
	

	Candida tropicalis
	4.69
	4.69
	4.69
	4.69
	4.69
	4.69
	4.69
	4.69
	
	-

	Candida jardinii
	4.69
	4.69
	4.69
	4.69
	4.69
	4.69
	4.69
	4.69
	
	-

	Candida albicans
	2.34
	4.69
	4.69
	4.69
	4.69
	4.69
	4.69
	4.69
	
	-

	Candida rugosa
	1.17
	2.34
	1.17
	1.17
	1.17
	1.17
	2.34
	2.34
	
	-

	Candida parapsilosis
	2.34
	4.69
	-
	-
	-
	-
	4.69
	4.69
	
	-

	Candida glabratta
	4.69
	4.69
	-
	-
	-
	-
	4.69
	4.69
	
	-

	Candida auris
	4.69
	4.69
	-
	-
	-
	-
	  4.69
	  4.69
	
	  -




AA has previously shown inhibitory activity against S. aureus (25 μg/mL) [9] and against its methicillin resistant strain (MRSA) (6.25 μg/mL) [42], in their molecular conformation C15:0 and C15:3 [10,42]. Conversely, AA does not present good activity against Gram-negative bacteria [43], confirmed in our study with the limited bactericidal response against P. aeruginosa. Nevertheless, when loaded to zein nanoparticles, an inhibitory effect was observed at 3.12 µg/mL, demonstrating that the coupling with this biopolymer as a nanocarrier was able to modulate and improve the pharmacological activity of this bioactive [39] in comparison to the non-encapsulated form.
In our previous studies, the antibacterial activity of anacardic acid-loaded nanoparticles has been observed against others Gram-positive bacteria in the planktonic form, obtaining inhibition/bactericide concentrations of 0.36 µg/mL against Streptococcus mutans [17] and inhibition/bactericide concentrations of 0.042/0.083 µg/mL for Enterococcus faecalis [44]. AA has already demonstrated antifungal activity against Magnaporthe oryzae, Saccharomyces cerevisiae, through apoptosis induction [45,46]. High concentrations were needed to inhibit Candida utilis [47]. Fungistatic and fungicidal concentration of 0.2567 and 0.5167 mg/mL were found against Trychophyton rubrum for the AA15:1, attributing the lipophilicity of the molecule to the potentiation of antifungal activity [10]. Some studies reported the ineffectiveness of AA at 200 μM and cashew gum crude at 60 mg/mL against C. albicans, however, the ethanol extract of A. occidentale flowers showed a fungicidal concentration of 20 mg/mL against strains of C. albicans and C. tropicalis [48,49]. Hence, the antifungal activity of AA in natura against Candida spp is dependent on high concentrations, while the incorporation to zein nanoparticles (ZA3) resulted in fungistatic and fungicidal activity over Candida spp. in extremely low concentrations (Table 2).
The formation of zein-AA complex (Fig. 4A) and the exposition of the pharmacophore groups improved the antimicrobial activity of AA, as the unsaturation present in the aliphatic groups are pointed as the major responsible for antimicrobial activity of this bioactive [10]. As such, the higher aromatic binding of AA to the zein nanostructure, confirmed by STD-NMR experiments, resulted in an increased exposition of the pharmacophore groups present in the aliphatic chain to the outer environment, enhancing the antimicrobial performance.
When analyzing the performance of ZA3 nanoparticles at MIC, 2x MIC and AA solution (9.375 μg/mL) against S. aureus pre-formed biofilms, a consistent performance to that obtained in the microdilution assay was found, demonstrating that the higher the nanoparticles concentration (2x MIC) the higher the antimicrobial activity. The cell viability within the biofilms was 100 %, 36 %, 23 %, 67 % and 69 % for negative control, MIC ZA3, 2x MIC ZA3, AA and positive control, respectively (Fig. 5A). Regardless, the encapsulation of AA substantially improved the efficiency of this bioactive (p<0.05) against the S. aureus biofilm compared to its non-encapsulated form.
Sajeevan et al. [16] evaluated the ability of AA on removing S. aureus preformed biofilms from catheters, and found that at 250 µg/ml it reduced almost 100% of the biofilm adhesion, however the lowest concentration tested (2 µg/mL) limited its ability to 40%. In any case, that concentration was much higher than ZA3 MIC (0.049 µg/mL), which was able to eliminate 64% of the S. aureus biofilm.
In our previous study [17], anacardic acid loaded-zein nanoparticles were able to fully inhibit the cariogenic biofilm of S. mutans equally to CHX gluconate at 0.12%. 
In the P. aeruginosa antibiofilm assay, the bacterial viability was 100 %, 71 %, 51 %, 44 % and 83 % for the negative control, MIC ZA3, 2x MIC ZA3, AA and positive control treatments, respectively (Fig. 5B). Regardless of AA in solution (at 9.375 µg/ml) being more effective in reducing the bacterial viability of P. aeruginosa, and yet in a concentration higher than 2xMIC ZA3 of 6.25 µg/ml, no statistical significance was found (p > 0.05). Nonetheless, in the microdilution assay, AA tested at 3.125 µg/ml did not inhibit the bacterial growth, while ZA3 nanoparticles was effective in the same concentration (Table 2). 
Regarding the C. albicans antibiofilm assay, the ZA3 nanoparticles demonstrate better inhibition than AA in solution, consistent with the results found in the microdilution assay. The cell viability was 100 %, 77%, 68 %, 80 % and 84 % for negative control, MIC ZA3, 2xMIC ZA3, AA and positive control, respectively (Fig. 5C). Also, AA in solution presented good inhibition in comparison to the positive control AMB.

[image: C:\Users\Fabio Oliveira\Desktop\Pendrive recuperação II\UNIFAP\Pesquisa\Finalizados\Jennifer\Artigo desenvolvimento nanopartículas\Mollecular liquids\R2\Figure 5 R1.jpg]Fig. 5. Cell viability of Staphylococcus aureus (A), Pseudomonas aeruginosa (B) and Candida albicans (B) biofilms eradicated by MIC (0.05 and 3.12 µg/mL, respectively), 2x MIC of ZA3 (0.01, 6.24 and 4.69 µg/mL, respectively) and AA solution (9.375 µg/mL). ***p <0.001 2x MIC ZA3 and AA lower cell viability compared to negative control; **p <0.01 MIC ZA3 lower cell viability compared to negative control. Positive control: chlorhexidine gluconate 2% (for bacteria) and amphotericin-B 2µg/ml (yeast).


Some authors have proposed that through the enzymatic polymerization of AA, the new conformation could promote the biofilm inhibition of S. aureus and P. aeruginosa by modulating the pharmacological response [43] and in this assay, yet no enzymatic polymerization has been proposed, the nanoencapsulation of this bioactive in zein nanoparticles improved largely its antibacterial activity. Moreover, all the tested formulations used (AA in solution or nanoencapsulated) were more effective than the positive control chlorhexidine digluconate at 2% on reducing the bacterial viability of S. aureus and P. aeruginosa. Chlorhexidine is a synthetic cationic bis-guanide base, with broad antimicrobial spectrum [50], conventionally used as antiseptic and antibacterial agent in several applications. 
C. albicans is the most prevalent yeast found in oral and dermic candidiasis, with resistance to several antifungals. ZA3 and AA in solution were effective on reducing the C. albicans biofilm similarly to AMB at 2 µg/mL, used as a potent antifungal agent commonly used in resistant infections. 
Different mechanisms have been attributed to the antimicrobial activity of AA, such as the ability to disrupt the bacterial membrane, acting as a surfactant, the inhibition of the bacterial respiratory chain, chelating Fe2+ and Cu2+ ions and the enzymatic inhibition, such as β-lactamase [9,10,15–17,42]. Further studies are expected to examine and attribute the mechanistic to both AA in solution and coupled to zein nanoparticles. In overall, its antimicrobial activity has benefited from the nanoencapsulation in zein nanoparticles.

4. Conclusion
The encapsulation of anacardic acid in zein nanoparticles was successfully accomplished. The long-term stability up to 90 days was confirmed. The nanoparticles obtained were sized below 400 nm and preserved both size and negative zeta potential as a monodisperse system throughout. Dimethylglyoxime has been assayed satisfactorily for the very first time as a stabilizer agent in drug delivery systems, contributing both for the particles´ long-lasting stabilization and anacardic acid encapsulation. STD-NMR analysis demonstrated that zein was able to associate with anacardic acid in two different patterns, by the aromatic and aliphatic portions, and the first mode was responsible for the increment in the antimicrobial response, attributed to the pharmacophore disposal. The nanoencapsulation of anacardic acid doubled its inhibitory activity against Staphylococcus aureus and even made it active against Pseudomonas aeruginosa and Candida auris. In addition, it demonstrated very low fungistatic and fungicide concentrations for the Candida spp. tested. AA-loaded nanoparticles were able to reduce more effectively the cell viability in Staphylococcus aureus and Candida albicans biofilms than AA in solution and chlorhexidine digluconate and presented an equal inhibition as that of amphotericin B. Regarding Pseudomonas aeruginosa biofilm, the nanoparticles were equally effective as AA in solution, and both more active than the chlorhexidine gluconate. Furthermore, the inhibitory, bactericide/fungicide and antibiofilm active concentrations of AA nanoparticles against Staphylococcus aureus, Pseudomonas aeruginosa and Candida spp. were very low, representing a potential new antimicrobial agent.
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