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Abstracts 

Quorum sensing (QS) is a chemical communication process involved in the regulation of 

cooperative and communal activities in bacteria such as virulence production, bioluminescence 

and biofilm formation. Hence, the inhibition of QS processes has been examined as a promising  

alternative to deal with bacterial pathogens using antibiotic-free-based therapies. Trans-

cinnamaldehyde (CA) is an intensively studied compound that proved to inhibit QS activity by 

decreasing the DNA-binding ability of LuxR while inhibiting acylhomoserine lactone production. 

In this work, chitosan based nanocapsules laden with a high concentration of CA were applied to 

a transformed E. coli Top 10 strain fluorescence-based reporter. Colloidal stability was assessed 

in M9 medium. The encapsulation efficiency of hydrophobic compound CA (20 mM; 37%) 
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was greaterer than hydrophilic compounds vanillin (20 mM; ~20%) and caffeine (20 mM; ~10%). 

Biosensor assay shows us that CA-laden nanocapsules exhibit higher QS inhibition activity than 

free CA and CA-laden nanoemulsions. This result indicated that nanocapsules can interact with 

E. coli via electrostatic interaction, while thus effectively deliver CA to the bacteria. We 

reasoned that electrostatic adsorption of the chitosan-coated noncapsules to the bacterial cell 

envelope, is the mechanism that underpins the observed enhancement of the QS inhibition 

activity. 

Keywords: quorum sensing; chitosan-based nanocapsules; trans-cinnamaldehyde; electrostatic 

interaction; quorum sensing inhibition 

Introduction 

The indiscriminate use of antibiotics to deal with human and animal infections world-wide has 

resulted in multiple drug resistant (MDR) by many pathogenic bacterial strains. For example, 

Mycobacterium tuberculosis resistant to therapeutic concentrations of the streptomycin were 

found to arise during patient treatment [1,2]. The World Health Organization (WHO) has urged 

the world to implement consolidated efforts to avoid regressing to the pre-antibiotic era by the 

spreading of antimicrobials resistance, and researchers world-wide  are encouraged to discover 

novel approaches to deal with this global challenge [3].  

Bacteria evolved mechanisms of communication that are mediated by the synthesis and exquisite 

detection of chemical signals termed autoinducers (AIs). Synchronous phenotypic responses take 

place at the population level [4,5]. These responses include biofilm formation, toxins production, 

bioluminescence, swarming motility, among other [6,7].  Altogether, the phenomena whereby 

bacteria synthesize and detect AIs, as a function of cell density, and activate gene expression in a 
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concerted manner are known as quorum sensing (QS) [8]. QS can be regarded as a cell-to-cell 

communication process, comprised by a “speaking” module (the synthesis of AIs) and a 

“listening” module (the detection of AIs). Almost since its discovery, it was also recognized that 

to interfere with bacterial QS, would be an alternative strategy to the use of antibiotics that may 

circumvent the development of drug resistance [9]. At least four approaches to disrupt QS have 

been pursued since, namely: 1) inhibition of the AIs synthesis  [10]; 2) enzymatic degradation of 

the AIs [11,12]; 3) use of materials (e.g., films, hydrogels or nanoparticles) that selectively 

adsorb or “quench” AIs [13,14]; or 4) use of compounds that mimic AIs with affinity for the 

proteins (e.g., LuxR) involved in their detection [15]; and. In this study, we have addressed a 

combination of approaches 3) and 4).  

Chitosan describes a family of aminosaccharides that has gained traction over the past decade or 

so in drug and gene delivery due to its biodegradability, biocompatibility, and nontoxic 

properties [16]. Chitosans are well studied for their antimicrobial activity since the polycationic 

amines of chitosans interact with negatively charged residues of macromolecules at the cell 

surface of bacteria, subsequently inhibiting bacterial growth [17-20]. In recent study, chitosan 

shows potential anti-QS activity by disturbing biofilm formation and inhibiting C. violaceum 

violacein production [21]. Chitosan-based nanomaterials have also shown biological activities 

against microorganisms, including bacteria and fungi activity [22,23]. Recent studies have shown 

that the enhanced antimicrobial activity of chitosan-based NPs is related to the increase of 

surface area to volume ratio as the particle size decreases [63,64]. In a series of accompanying 

studies carried out in our laboratories, we have addressed the antibacterial activity of a purified 

chitosans of varying degree of N-acetylation (DA) and degree of polymerization. We have found 

that only the chitosans with low DA (~ 12%) reduced the bacterial growth of an E. coli AHL-
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reporter strain [24]. Also, we have evidenced that either chitosan in solution [24], ionotropic 

gelled nanoparticles (NP) [25], or chitosan-coated nanocapsules (NC) [26], depending on the 

dosed concentration, inhibit QS in the same biosensor strain. 

Cinnamaldehyde (CA) is an aromatic aldehyde and the major component of cinnamon oil 

derived from natural sources such as cinnamon, cinnamon, and cassia leaf [27-29]. It has been 

known that low concentrations of CA were effective at inhibiting AHL- mediated QS [30]. 

Moreover, CA and CA derivatives have been shown to inhibit QS activity in various Vibrio spp. 

by decreasing the DNA-binding ability of LuxR or inhibit AHL production in P. aeruginosa QS 

system [31-33]. In our related study, we have shown that CA not only inhibits the expression of 

green fluorescence protein (GFP), but it also retards its kinetics [34]. By contrast with the 

previous anti-QS studies in P. aeruginosa, we have shown that CA disrupts the QS in the 

absence of the “QS-speaking” module (i.e., synthesis of AHL) [34]. Indeed, we were able to 

establish a direct linear relationship between the concentration of CA and the critical onset time 

of the synchronous “QS-listening” response in the same E. coli AHL-reporter strain used in the 

present study. For comparison purposes, in the present study, we have also included vanillin and 

caffeine, as two additional compounds were encapsulated in chitosan-based NC and 

characterized their physico-chemical properties that including size, zeta potential, polymer 

dispersion index (PDI) and encapsulation efficiency (EE). In the previous studies, vanillin and 

caffeine were identified as quorum sensing inhibitors [35,36]. In our laboratory, we 

demonstrated that those two compounds could inhibit the GFP production of E. coli AHL-

reporter strain but had no effect with bacterial growth. Many NP-based antibiotics delivery 

systems have been extensively explored in various areas that enhance therapeutic effectiveness 

[37]. However, only few studies have used nanomaterials to enhance or modulate the QS 
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inhibition activity. To the best of our present knowledge, there have not been studies 

documenting the development of CA-loaded nanomaterials to test their effectiveness to inhibit 

the QS activity. In this study, we examined colloidal NC and chitosan-coated nanoemulsion (NE) 

with an oily core loaded with lipophilic CA. We addressed the effectiveness of these systems as 

potential carriers of CA able to target E. coli AHL-bioreporter strain and modulate the QS 

response. We found that chitosan-based NC has high loading efficiency of CA, prolonging the 

CA release time and enhancing the anti-QS activity.  

Result 

The physicochemical properties of nanocapsules and nanoemulsions 

Figure 1 shows the size and zeta potential of nanoformulations (NM), namely NE and NC. The 

Z-average diameter of unloaded NC is ~ 149 nm, slightly greater than unloaded NE (Ø ~ 125 

nm). Very similar dimensions were also determined in CA-loaded NC (Ø ~ 165 nm), also greater 

than that of CA-loaded NE (Ø ~ 120 nm). The PDI of all systems was very low ranging from ~ 

0.1 to ~ 0.2. Both unloaded and CA-loaded NC had strong positive zeta potential (ȗ) that are ~ 

+50 and ~ +42 mV, respectively. By contrast, the unloaded NE and CA-loaded NE, lacking the 

chitosan coat, had strongly negative ȗ, ~ -40 and ~ -52 mV, respectively.  
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Figure 1. Physicochemical properties of chitosan-coated NC and NE, unloaded or loaded with 

CA (10 mM). (a) The Z-average diameter and PDI of NC and NE. (b) The zeta-potential of NC 

and NE (1 mM Potassium chloride, 25ºC). 

Physical characterization and encapsulation efficiency of trans-cinnamaldehyde, vanillin 

and caffeine  

The physical properties, encapsulation and loading efficiency of CA-, vanillin- and caffeine-

loaded NC and NE are summarized in Table 1. Notice that loading neither CA (~ 6%) nor the 

more hydrophilic compounds caffeine (~ 2%) nor vanillin (~ 3%) did influence the Z-average 

size, PDI and ȗ values of NC or NE. The Z-average diameter of each formulation ranged from ~ 

120 to ~ 160 nm, representing PDI of ~ 0.1 to ~ 0.2. All ȗ values of NC are strongly positive         

(~ +35 to ~ +42 mV), while those of NE are strongly negative (~ -44 to ~ -52 mV). However, the 

EE values of CA, when loaded 20 mM, in NC (~ 37%) and NE (~ 50%) were notably greater 

than those of vanillin (EE ~ 19 and 18% in NC and NE, respectively). The lowest EE was 

registered for caffeine-loaded at the same concentration (20 mM) on both systems, (EE ~ 9% in 
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both). The EE is significantly increased when encapsulated 10 mM CA in the NM, which are ~ 

78% in NC and ~ 82% in NE. 

Table 1. Physicochemical characteristics, encapsulation efficiency and loading efficiency of 

trans-cinnamaldehyde-, vanillin-, or caffeine-loaded nanocapsules and nanoemulsions.  

 

Nanoformulations1 

 

Concentration

2 (mM) 

Z-average 

size  

(d., nm) 

 

PDI 

ȗ  

(mV) 

EE3 

(%) 

LE4 

(%) 

CA loaded NC 10 165±6 0.18 +42±5 78±3 5.8±0.23 

CA loaded NE 10 120±3 0.11 -52±4 82±2 6.4±0.17 

CA loaded NC 20 150±6 0.12 +42±3 37±16 5.5±2.41 

CA loaded NE 20 132±3 0.17 -50±6 50±15 7.7±2.32 

Vanillin loaded NC 20 146±5 0.12 +39±5 19±10 3.3±1.74 

Vanillin loaded NE 20 129±4 0.13 -52±5 18±6 3.3±1.13 

Caffeine loaded NC 20 145±6 0.11 +34±2 9±3 2.0±0.68 

Caffeine loaded NE 20 125±2 0.10 -44±3 9±4 2.2±0.96 

1 CA= trans-Cinnamaldehyde; NC = nanocapsules; NE = nanoemulsions 

2 Concentration of active molecule 

3 Encapsulation efficiency 

4 Loading efficiency 

The stability of nanoformulations in M9 medium 

Figure 2 shows the time-evolution average size and PDI measurements of unloaded NC and NE 

incubated in bacterial culture medium (M9 medium) at 37ºC. Notice that the size and PDI of NC 
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remained fairly constant during the incubation of both type of systems for 12 h. However, NE 

grew nearly by two fold during the time course of the assay, namely from ~ 150 nm (PDI ~ 0.2) 

to ~ 500 nm (PDI ~ 0.4) after 12 h incubation. 

 

Figure 2. Evolution of diameter (bars) and average polydispersity index (PDI, circles and line) 

of (a) unloaded nanocapsules, and (b) unloaded nanoemulsions during incubation in M9 medium 

(at 37ºC) for 12 hours (values are average of three replicates ± s.d.) 

Trans-cinnamaldehyde in vitro release assay in M9 medium 

The results of the in vitro assay of CA release in M9 bacterial culture medium are shown in 

Figure 3. Notice that both of the nanosystems released a great amount of CA into the medium 

(Figure 3a). After 6 h, both the NC and NE released similar amounts of CA (~ 2.46 mM, ~ 

24.6%). The data of CA release profiles were further fitted to Korsmeyer-Peppas equation (Eq. 3) 

[38]. It can be observed that both the NC (R2 = 0.9680) and NE (R2 = 0.9555) both afforded high 

correlation, with slope exponent n values for NC and NE of 0.33 and 0.23, respectively (Figure 

3b) 
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Figure 3.  (a) In vitro CA release in M9 bacterial culture medium (37ºC) with a concentration of 

10 mM CA in the NC and NE. (b) The double logarithmic representation of the data. Data are 

mean values ± SD (n = 3). 

E. coli Top10 biosensor assay 

We examined the influence of CA, chitosan at different concentration, blank and CA-loaded NC 

and NE (CA ~ 0.5 mM) on the response of the AHL E. coli biosensor assay. This response 

included the evolution of the fluorescence intensity, the OD600 (proportional to bacterial growth). 

The influence of adding increasing concentrations of CA were evaluated in the E. coli biosensor 

assay for 4.5 h (Fig. 4a). Notice in Figure 4a that there was no inhibition of bacterial growth at 

different concentrations of CA. Also, at 0.05 mM, there was no effect on the intensity of 

fluorescence associated to GFP production. However, a significant decrease in the normalized 

fluorescence intensity/OD600 response was observed in a dose-dependent manner in the range of 

CA concentration from 0.25 to 1 mM respectively. The anti-QS activity of the blank and CA-

loaded NE and NC is shown in Figure 4b and 4c, respectively. In these experiments, the same 

concentrations of NE and NC were applied. Also, chitosan in solution at concentration of 0.05 

(i.e., the same concentration applied in the NC) and at 0.1 mg/mL were evaluated, and the results 
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are shown in Figure 4d. Neither the reduction in the fluorescence intensity nor in the bacterial 

growth (OD600) was observed upon treatment with blank NE and NC, nor with chitosan when 

applied at the same concentration as that in the NC (Figure 4b and 4d, respectively). Both CA-

loaded NC and NE did not exert toxicity as evidenced by the bacterial growth profiles, though 

both retarded the abrupt rise in the normalized fluorescence intensity/OD600 response after the 

first hour in the biosensor assay. However, the CA-loaded NC could decrease the normalized 

fluorescence intensity/OD600 response after ~ 4.5 h, while CA-loaded NE had no discernible 

effect at this stage of growth.   

In order to establish quantitative comparisons, we selected the average of the last ten 

fluorescence intenisty/OD600 and OD600 measurements (i.e., the data corresponding to the last 

hour of the experiment, when the growth rate is assumed to have entered in the stationary phase). 

The relative QS activity is thus defined as the ratio of the fluorescence intensity/OD600 of a given 

treatment with respect to that of the control (i.e., only AHL). Therefore, theoretically a relative 

QS value equals to one means that the evaluated compound has no QS inhibition activity, as it 

neither an effect on GFP expression nor on bacterial growth. In turn, relative QS values lower 

than one is diagnostic of QS inhibition so long as the OD600 does not decrease. To establish 

statistical comparisons, we referred to CA at 0.05 mM, because it had neither effect on QS 

activity nor on bacterial growth. Figure 5a shows that none of samples exhibited a significant 

effect (p < 0.05) on bacterial growth. In turn, Figure 5b shows that when CA was applied at a 

concentration of 0.25 mM it inhibited the relative QS response by ~ 22.0% (p < 0.05). Also in 

this case, a pronounced dose-response effect was clearly observed on the values corresponding to 

CA concentrations of 0.5 or 1.0 mM, that reduced significantly the QS activity by 43.4% (p < 

0.0001) or 79.8% (p < 0.0001), respectively.  
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CA-loaded NC, when applied at a CA concentration of 0.5 mM, also inhibited significantly the 

QS activity by 25.5% (p < 0.01), though with lower magnitude than when CA was applied at the 

same dose in the free form. In contrast, the E. coli biosensor assay did not detect QS inhibition 

activity neither on blank NC nor NE systems, CA-loaded NE nor for two different doses of 

chitosan (Figure 5b). 
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Figure 4. Dependence of the fluorescence intensity, growth (OD600) and normalized 

fluorescence intensity/OD600 responses during the growth of the E. coli biosensor upon treatment 
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with varying samples of: a) trans-Cinnamaldehyde (CA) at 0.05, 0.25, 0.5 and 1 mM; b) Blank 

(unloaded) nanocapsules (NC) and nanoemulsions (NE); and c) trans-Cinnamaldehyde-loaded 

nanocapsules (NC) and nanoemulsions (NE); and d) Chitosan in solution at 0.05 and 0.1 mg/mL. 

The individual traces represent the average of three independent biological experiments with at 

least three technical replicates. 
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Figure 5. Effect of different treatments on a) Relative bacterial growth (OD600); and b) Relative 

quorum sensing (fluorescence intensity/OD600 ratio) as assessed on a E. coli Top 10 

(psb1a3:BBa_T9002) AHL-reporter biosensor strain. Key: CA = trans-Cinamaldehyde, NC = 

Nanocapsules, NE = Nanoemulsions. t-Test statistical comparisons with respect to 0.05 mM CA 

(values represent averages ± SD of three independent biological experiments with at least three 

technical replicates; *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001). 
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Discussion 

Drug-loaded nanoparticles based on polymers or other materials are a useful platform that 

prolong the release time, thereby reducing side effects and systemic toxicity, associated with 

many drugs. Besides, when nanoparticles are functionalized at their surface with recognizing 

(biotargeting) motifs, this can enhance the homing and drug release efficiency at the site of 

interest [39,40].  

In the preset study, we have investigated the physical properties, colloidal stability and biological 

activity on an E. coli AHL-reporter strain of NC and NE, either blank or loaded with CA. Firstly, 

we determined the physical characteristics of the blank NE and NC in terms of size, zeta 

potential and stability in M9 bacterial culture medium. Previous studies showed us that the size 

of chitosan-based NC was admittedly affected by the degree of polymerization and DA. NC 

coated with chitosan of low degree of polymerization (LDP) exhibited slightly lower Z-average 

sizes than the high degree of polymerization (HDP) chitosan-coated NC, our results agree with 

such previous reports [41]. The size of NE (~ 125 nm) was somewhat smaller than that of NC, 

also in line with previous reports. This is the expected consequence of the lack of the chitosan 

shell in NE.  

The stability of NC and NE during their incubation in M9 medium was assessed by measuring 

the particle size using dynamic light scattering at varying time intervals up to 12 h at 37ºC. M9 

medium is commonly used to grow E. coli in the presence of glucose or other carbon sources. 

This medium also contains different ions such as divalent cations (e.g., calcium and magnesium) 

and other components (e.g., casamino acids and thiamine).  Figure 2b shows that NE is unstable 

in the M9 medium at 37ºC for 12 h incubation. In our NE system, lecithin is the emulsifier that 
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plays a role in making NE stable in the water through repulsive electrostatic interactions and 

steric hindrance [42]. However, there are various factors that affect the stability of NE. These 

factors like the temperature, ionic strength, volume fraction, solubility, components chemistry, 

emulsifier concentration can make the destabilization of NE, such as Ostwald ripening, 

coalescence, and flocculation [42]. Furthermore, it is well known that divalent cations (such as 

calcium and magnesium) specifically interacts with lecithin polar groups [43,44]. Our results 

suggest that the divalent cations in the M9 medium interact with lecithin and interfere with the 

zeta potential of the NE to induce the destabilization of NE. In contrast, colloidal stability study 

of NC revealed that NC is stable in the M9 medium (Fig. 2a). Previous studies showed that 

chitosan-based NC is anomalous stable when immersed in saline media because of the hydration 

forces, a short-range repulsive interaction [41,44]. Thus, in our NC system, chitosan located in 

the shell of NC avoids the direct interaction between divalent cations with the lecithin layer, and 

the hydration forces played a crucial role in keeping NC stable in M9 medium [44]. 

Furthermore, three different drugs were loaded into the NC and NE (20 mM), namely caffeine, 

vanillin and CA. On each of these drugs, with different log Poctanol/water parameters. The log         

Poctanol/water of caffeine (- 0.25), vanillin (1.21) and CA (1.9) were cited from the literature [45-47]. 

It was reported that the encapsulation efficiency of drugs correlated to the partition coefficient 

between 1-octanol and water [48]. In our NM systems, the NE with an oily core and NC with an 

oily core and chitosan shell assembly by spontaneous emulsification can carry hydrophobic and 

hydrophilic molecules. Our study shows that the higher value of log Poctanol/water, the higher 

encapsulation efficiency for both NC and NE systems (R2 = 0.87 of NC, R2 = 0.75 of NE). There 

are several ways to make the drug loaded on the nanoparticles, such as encapsulation and 

dispersion of the drug in the polymer, adsorption of the drug onto the surface of the nanoparticles 
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and chemical binding of the drug to the polymer [49]. As in our NM systems, the core is Miglyol 

oil which main composition is caprylic/capric triglyceride, forming the hydrophobic core. Thus it 

is not surprising that the hydrophobic compound CA can be most encapsulated in the systems 

and the systems contains least hydrophilic compound caffeine. Given that the drug can be 

encapsulated into the Miglyol oily core, it was reported that amphiphilic drugs could be 

embedded into the phospholipid bilayer of the lecithin which means that lecithin also an 

important factor to load drugs [48]. Previous studies have suggested that hydrogen bonding 

between the two β -(1ė4)-2-amino-D-glucose units of chitosan and vanillin leads to the 

formation of stable complexes [50].  By use FTIR spectroscopy analysis, other reports have 

suggested that the aldehyde group of vanillin cross-links with chitosan amino functions. As an 

result of such cross-linking reaction, the formation of nanoparticles has been reported [51] [52]. 

Regarding caffeine, FTIR analysis has revealed that the interaction with chitosan can take place 

by trapping and coating chitosan-based NPs [53]. These studies have indicated that chitosan-

based systems are amenable for loading different types of drugs. However, our own experiments 

show that the NC comprising chitosan, do not increase the encapsulation efficiency of neither 

caffeine, vanillin nor CA, when compared with that observed for NE, devoid of chitosan. This 

suggests that in NC and NE, the nature of the coating shell is not the main factor that influences 

the encapsulation efficiency, but rather the Miglyol oily core, is the most important factor. 

Previous reports have shown that the encapsulation efficiency depends on the character of the 

drugs, the physical and chemical properties of encapsulating polymers, solvent systems, 

polymer–drug interactions, medium pH, preparation methods, and electrolyte addition [48,54-56]. 

Also, processing parameters including stirring, homogenization, sonication, and equilibration 

times are of important factors [57-60]. We attribute the low encapsulation efficiency of caffeine 
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in our NC and NE systems to its hydrophilic character that has a very low affinity to Miglyol oil. 

Several ways can be used to increase the encapsulation efficiency of the hydrophilic drug. By 

lowering the pH of the outer media, the drug entrapment efficiency of water-soluble sodium 

cromoglycate was dramatically increased from 15% to 70% [55]. Gregor Dördelmann et al 

showed that calcium phosphate increases the encapsulation efficiency of hydrophilic drugs [59]. 

All those studies give us the hint to increase the encapsulation efficiency of the hydrophilic 

compound in our systems. In our experiment, the concentration of CA also affected the 

encapsulation efficiency, as 20 mM CA loaded into the NM, only ~ 37% CA in the NC and 50% 

CA in the NE. Thus, in an attempt to increase the encapsulation efficiency of CA, we decreased 

the loaded concentration to 10 mM. This measure enabled to increase the encapsulation 

efficiency for both of NC (~ 78%) and NE (~ 82%). Even through the encapsulation efficiency is 

different with different concentrations of loaded CA, the loading efficiency is similar (~ 6%), 

thus suggesting that this might be the maximal loading capacity for both systems. 

A total of ~ 80% of loaded CA (10 mM) is encapsulated in both NC and NE. This means that the 

remaining amount (~ 2 mM) is in the free form. The results of the QS biosensor assay showed 

that at a concentration of free CA of ~ 0.1 mM, it had no significant effect on the fluorescence 

intensity/OD600 response (Fig. 4 and Fig. 5). Due to the high loading efficiency and the well-

known QS inhibition activity of CA, we opted to address in further detail the effect of 

encapsulation on this compounds in NC and NE. The anti-QS study based on E. coli biosensor 

assay revealed that CA could reduce the fluorescence intensity at high concentration but without 

affecting the bacterial growth (Fig. 4a and Fig. 5). Previous studies have investigated the 

mechanism of inhibition of the QS activity of CA [31,32]. The E. coli top 10 reporter strain used 

in our studies constitutively expresses LuxR receptor, but it is active only in the presence of the 
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exogenous autoinducer signaling molecule 3OC6HSL. Our data agree with previous studies that 

have suggested that in the presence of CA, the binding of transcriptional regulator LuxR to its 

promoter sequence is affected, thus leading to a reduction on GFP expression [31].  

An important caveat of our study was avoiding chitosan-based NC to inhibit the bacterial growth 

during the QS activity assays. To this end, the specific chitosan was selected from a series of 

chitosans of varying DA and Mw identified in a parallel study, that revealed that a Chitosan 

MDP DA30 (DA 42% and Mw 115 kDa) did not affect the bacterial growth, nor the QS activity 

[24]. In the present study, we confirmed that the chitosan used and the chitosan-based NC had no 

toxic effect on the E. coli strain used (Figure 4b, 4d and 5). The biosensor assay of CA-loaded 

NC, and NE (Figure 4c and 5), showed that only CA loaded NC reduced the GFP production but 

CA loaded NE had no effect with anti-QS activity. In vitro release studies (Figure 3) showed that 

CA release trend fits a linear regression in a double logarithmic plot, the value n exponent < 0.45 

indicates the Fickian diffusion is the mechanism of CA release [61]. The similar values of the n 

exponent in NC (0.33) and NE (0.23) indicated that chitosan on the surface of NC did not affect 

the CA release behavior compared to the NE. As CA released out of the NC and NE up to 2.46 

mM 6 h later which means the final concentration of CA in biosensor assay is 0.123 mM. The 

biosensor assay (Figure 5) showed that free CA at a lower concentration of 0.25 mM (p < 0.05) 

inhibits the QS activity by 22.0%, whereas CA-loaded NC (p < 0.01) inhibits the QS activity by 

25.5%. The stronger inhibition of the QS activity observed for the CA-loaded NC, even though 

the free CA contents in CA-loaded NC environment after 6 h is 0.123 mM (Figure 5b; notice that 

this is less than the concentration of free CA, 0.25 mM), is diagnostic that the NC are able to 

deliver their payload directly to the bacteria.  More importantly, the CA-loaded NC that contains 

a high concentration of CA (i.e., ~ 80% encapsulation efficiency) is bound to prolong the CA 
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releasing time, thus to achieve a more sustained QS inhibition activity, than when CA is 

administered in the free form. By contrast, CA-loaded NE that also contain a high concentration 

of CA, showed no effect on the QS bacterial activity (Fig. 4c and Fig. 5b). We have reasoned this 

result as the consequence of the surface electrical charge of each of the nanosystems. Figure 1b 

shows that NC has a highly positive zeta potential, whereas NE has a highly negative zeta 

potential. We know that bacteria surface is also negatively charged [26]. Hence, the NC are 

likely to interact with bacteria via electrostatic interactions. Thus, NC can target the bacterial 

surface and enhance the CA anti-QS efficiency, by the favorable electrostatic interaction 

between oppositely charged surfaces of NC and bacteria. 

Conclusion 

Here we show that chitosan-coated NC are more stable than NE in the M9 bacterial culture 

medium as in the presence of chitosan that forms the hydration forces to make NC stable in 

saline media. Chitosan-based NC can be used as a vehicle to deliver the hydrophobic drug target 

on the bacterial surface and enhance their anti-QS activity. High concentration of CA can be 

encapsulated into the NM systems to prolong the drug release time. Further investigations will 

increase the encapsulation efficiency of hydrophilic drugs caffeine and vanillin as our previous 

studies suggested that those two drugs also showed strong anti-QS activity in E. coli top 10 strain. 

Further studies can also be envisaged to involve the co-loading of NC with CA and vanillin or 

caffeine to increase their anti-QS activity.  
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Materials and methods 

Materials 

The sample of chitosan we used was a gift from Mahtani Chitosan Pvt. Ltd., India. The 

molecular weight of 115000 Da was determined by HPSEC-MALLS and the degree of 

acetylation of 42% was determined by 1H-NMR spectroscopy. Miglyol 812N was from Sasol 

GmbH (Witten, Germany); N-(ȕ-ketocaproyl)-DL-homoserine lactone (3OC6HSL), CA and all 

other chemicals were of analytical grade and were from Sigma–Aldrich Chemie GmbH 

(Hamburg, Germany). 

Preparation of the nanoformulations 

Chitosan-based nanocapsules (NC) were prepared following the spontaneous emulsification 

technique, according with the original protocol of Calvo et al with slight modifications [62]. The 

nanoemulsions (NE) were prepared using an identical protocol as for the NC, but the aqueous 

phase consisted only of milli-Q water. To prepare the CA-loaded NC and NE the protocol were 

identical as for the blank systems, but, 10 mM ethanolic CA stock was mixed with 10 mL 

ethanol and added in the organic phase. The CA, caffeine and vanillin-loaded NC and NE (CA, 

caffeine and vanillin are at 20 mM) were prepared with the same method as above described but 

with the 10 mL of 20 mM ethanolic compounds. 

Size and zeta potential 

The intensity size (hydrodynamic diameter) distributions of the NC and NE were determined by 

dynamic light scattering with non-invasive back scattering (DLS-NIBS) at 25 °C. A Zetasizer 

NanoZS instrument (Malvern Instruments Ltd., Worcestershire, UK) equipped with a 4 mW 
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helium/neon laser (Ȝ = 633 nm), and detection was at an angle of 173° was used for these 

measurements. The zeta potential was measured by phase analysis light scattering and mixed 

laser Doppler velocimetry (M3-PALS) using the same instrument. The samples were diluted 

1:100 with a 1mM KCl solution. 

Stability assay 

A 10 µL aliquot of NC and NE was transferred to cuvettes containing 990 µL of M9 medium 

previously equilibrated at 37ºC. At appropriate time intervals of 1 h and the whole testing is 12 

hours, mean particles size and PDI of NC and NE are analyzed by dynamic light scattering using 

the Malvern Zetasizer NanoZS instrument as described above.  

High-performance liquid chromatography (HPLC) with UV detection 

CA was analysed by HPLC-UV. To this end, we used a Jasco HPLC system (Jasco GmbH, 

Gross-Umstadt, Germany) equipped with three-line degasser (DG-2080-53), a ternary gradient 

unit (LG-2080-02S), a semi-micro HPLC pump (PU-2085Plus), an autosampler (X-LC™ 

3159AS), and an intelligent column thermostat (CO-2060 Plus). The stationary phase was a 

Kinetex C-18 reversed phase column (2.6 ȝm, C18, 50 × 2.1 mm, S/N 53λλ47-37; Phenomenex, 

Torrance, USA) and a UV/Vis detector (X-L™ 3075UV). A mixture of water (A) and 

acetonitrile (B) was used in gradient mode as the mobile phase at a flow rate was 0.6 ml/min, 

gradient elution (0-1.7 min: 70% A and 30% B, 1.7 min-2.5 min: 50% A and 50% B, 2.5 min-3 

min: 70% A and 30% B), CA was detected at Ȝ=285nm. Vanillin was also analyzed with same 

instrument, but in this case the mobile phase was a mixture of water (A) and methanol (B) in 

gradient mode at a flow rate was 0.4 ml/min, gradient elution (0-3 min: 90% A and 10% B, 3 

min-4 min: 10% A and 90% B, 4 min-6 minμ λ0% A and 10% B), vanillin was detected at Ȝ = 
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231 nm. As for caffeine analysis, the mobile phase was a mixture of 30% water and 70% 

methanol in isocratic mode as the mobile phase at a flow rate was 0.3 ml/min and UV detection 

was at Ȝ = 275 nm. 

Encapsulation efficiency 

The CA-, vanillin- and caffeine-loaded NC and NE were partitioned by ultracentrifugation 

(Mikro 220 R, Hettich GmbH & Co. KG, Tuttlingen, Germany) at 16,000 rpm for 1 h at 15ºC, 

and the CA, vanillin and caffeine content of the subnatant was determined by HPLC-UV as 

described above. The encapsulation efficiency was calculated as the difference between the total 

amount of drug incorporated in the formulation and the amount present in the subnatant. 

Encapsulation efficiency = 
୲୭୲ୟ୪ିୱ୳ୠ୬ୟ୲ୟ୬୲୲୭୲ୟ୪  ×100%                                  (1) 

Loading efficiency = 
୬୲୰ୟ୮୮ୣୢ ୈ୰୳୭୲ୟ୪ ୢ୰୳ ୪୭ୟୢୣୢ ୬ୟ୬୭୭୰୫୳୪ୟ୲୧୭୬ୱ ୵ୣ୧୦୲ ×100%          (2) 

In vitro CA release assay   

An 800 ȝL aliquot of each formulation was transferred to a dialysis tube (Pure-a-lyzer Maxi 0.1–

3.0 mL, Mw cut-off = 6 kDa, Sigma-Aldrich GmbH, Steinheim, Germany) and placed in a glass 

beaker containing 79.2 mL M9 medium previously equilibrated at 37ºC in an incubator. Every 

hour, a 500 ȝL aliquot of medium was removed and replaced with the same volume of Mλ 

medium. The CA content of the aliquots was determined by HPLC as described above. The 

transport of CA from the nanoformulations into the medium was analyzed by fitting the data to 

the empirical equation  

M t/MĞ = kt n                                                    (3) 
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where Mt is the mass of CA released at time t. The parameter MĞ represents the total mass of CA 

to be released and k is a constant that depends on the structural characteristics of the NM and the 

solvent/material interactions. The exponent n is used to indicate the type of diffusion. 

Bacterial strains 

E. coli Top10 was transformed with the plasmid pSB1A3-BBa_T9002, carrying the BBa_T9002 

genetic device (Registry of Standard Biological Parts: http://parts.igem.org/Part:BBa_T9002), 

kindly donated by Prof. Anderson Lab (UC Berkeley, USA). The sequence BBa_T9002 was 

introduced by chemical transformation (Invitrogen, Life Technologies Co., UK) and stored as a 

30% glycerol stock at –80ºC. The transformed strain is a biosensor that can respond to the N-(3-

oxohexanoyl)-L-homoserine lactone (3OC6HSL) and is the same strain used in accompanying 

studies [25, 34]. The sequence BBa_T9002, comprised the transcription factor (LuxR), under the 

control of the lux pR promoter from Vibrio fischeri, which is constitutively expressed but it is 

active only in the presence of the exogenous cell-cell signaling molecule 3OC6HSL. The 

fluorescence biosensor was calibrated for different 3OC6HSL concentrations as previously 

described [34]. 

Growth media and conditions 

Bacterial strains were cultivated using on Luria-Bertani (LB) and M9 minimal medium 

purchased from Becton, Dickinson and company, Germany. We inoculated 10 mL of LB broth 

supplemented with 200 µg/mL ampicillin with a single colony from a freshly streaked plate of 

Top10 containing BBa_T9002 and incubated the culture for 18 h at 37ºC, shaking at 100 rpm. 

Each culture was then diluted 1:1000 into 20 mL M9 minimal medium supplemented with 0.2% 

casamino acids and 1 mM thiamine hydrochloride plus 200 µg/mL ampicillin (AppliChem 
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GmbH, Germany). The culture was maintained under the same conditions until the OD600 

reached 0.15 (~ 5 h). Then we mixed 500 µL overnight culture and 500µl 30% sterile glycerol 

together in the white plastic vials and store them in the -80 degree freeze. Before the biosensor 

assay, we prepared the bacteria cultivation that we took the 40µL bacterial from the white plastic 

vials and cultivated it with 20 mL M9 medium plus 200 µg/mL ampicillin, the culture will be 

used for biosensor assay until the OD600 reached 0.04 ~ 0.07 (~ 4 h). 

E. coli Top10 biosensor assay 

The 3OC6HSL was dissolved in acetonitrile to a stock concentration of 100 mM and stored at –

20ºC. Prior to each experiment, serial dilutions from the stock solution were prepared in water to 

produce solutions with a concentration ranging from 100 mM to 10 nM.  For the biosensor assay, 

a 5 µL aliquot of the 100 mM 3OC6HSL stock solution was diluted with milli-Q water to a final 

concentration of 10 nM. We then mixed 10 µL 3OC6HSL aqueous solution with 10 µL of the 

samples in the wells of a flat-bottomed 96-well plate (Greiner Bio-One, cat. # M3061) and each 

well was then filled with 180 µL aliquots of the bacterial culture to test for QS inhibition activity. 

Several controls were also set up. Blank 1 contained 180 µL of M9 medium and 20 µL of miliQ 

water to measure the absorbance background. Blank 2 wells contained 180 µL of bacterial 

culture and 20 µL of miliQ water to measure the absorbance background corrected for the cells. 

Finally, positive control wells contained 10 µL of water plus 10 µL 3OC6HSL solution and 180 

µL of the bacterial culture to measure the fluorescence background. In order to remove the effect 

of samples themselves with OD600 and fluorescence, we added 10 µL 3OC6HSL solution with 10 

µL of the samples in the wells and each well was then filled with 180 µL M9 medium to test the 

samples control in biosensor assay. 
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The plates were incubated in a Safire Tecan-F129013 Microplate Reader (Tecan, Crailsheim, 

Germany) at 37ºC and fluorescence measurements were taken automatically using a repeating 

procedure (Ȝex = 480 nm and Ȝem = 510 nm, 40 µs, 10 flashes, gain 100, top fluorescence), 

absorbance measurements (OD600) (Ȝ = 600 nm absorbance filter, 10 flashes) and shaking (5 s, 

orbital shaking, high speed). The interval between measurements was 6 min. For each 

experiment, the fluorescence intensity (FI) and OD600 data were corrected by subtracting the 

values of absorbance and fluorescence backgrounds and expressed as the average for each 

treatment. All measurements were taken in triplicate. 

 

Statistical analysis 

Statistical analysis was carried out using Prism v6.0c (GraphPad Software Inc., La Jolla, USA). 

All the experiments were performed in triplicates to validate reproducibility and the p values 

were calculated statistically by Student’s t test. Values were expressed as mean ± SD. 

Comparison analysis was performed between tests and control.           
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