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11 Abstract: New approaches to deal with drug-resistant pathogenic bacteria are urgent. We studied
12 the antibacterial effect of chitosans against an E. coli quorum sensing biosensor reporter strain, and
13 selected a non-toxic chitosan to evaluate its QS inhibition activity and its effect on bacterial
14 aggregation. To this end, chitosans of varying DA (12 to 69%) and Mw (29 to 288 KDa) were studied.
15  Only chitosans of low DA (~12%) inhibited the bacterial growth, regardless of the Mw. Chitosan
16  MDP DA30 (DA 42% and Mw 115 kDa) was selected for further QS inhibition and SEM imaging
17 studies. MDP DA3O0 chitosan exhibited QS inhibition activity in an inverse dose-dependent manner
18 (<125 pug/mL). SEM images revealed that this chitosan, when added at low concentration (<30.6
19  pg/mL), induced substantial bacterial aggregation, whereas at high concentration (234.3 pg/mL), it
20  did not. Aggregation explains the QS inhibition activity as the consequence of retardation of the
21  diffusion of AHL.

22 Keywords: Chitosan; quorum sensing; antibacterial activity; quorum sensing inhibition

23

24 1. Introduction

25 Chitin, poly (B-(1-4)-N-acetyl-D-glucosamine), is the second most abundant polymer in the
26  Dbiosphere. It occurs in the exoskeleton of crustacean and insects, in squid pen, the cell wall of fungi,
27  in diatoms, among other organisms. Currently, chitin is sourced at industrial scale from shrimp and
28  crab shell waste. Chitosan is a linear polycationic heteropolysaccharide biopolymer that is produced
29 by partial alkaline N deacetylation of chitin [1]. It is mainly composed of two kinds of (1->4), linked
30 structural units, namely 2-amino-2-deoxy-D-glucose and N-acetyl-2-amino-2-deoxy-D-glucose.
31  However, since it is technically difficult to completely deacetylate chitin and also that highly
32 deacetylated chitosan can be re-acetylated, what is usually known as chitosan, rather refers to a
33 family of polysaccharides with different degrees of acetylation and polymerization. Therefore, it is
34 best to refer to this family of polymers as chitosans. The capacity of chitosans to dissolve in dilute
35  aqueous solutions is the commonly accepted criterion to differentiate them from chitin. Chitosans
36  dissolve in dilute aqueous acids, when the pH is below its pKa (around 6.1) [2]. Common acids in this
37 regard include acetic, formic, succinic, lactic, and hydrochloric acid. The characteristics of chitosans

38  are mostly defined by its molecular weight (Mw) or degree of polymerization (DP), degree of
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39  acetylation (DA) and pattern of acetylation (PA). There is not a unique precise criterion to
40  distinguish chitosan polymers from oligomers. The DP can vary over a wide range DP~20 to > ~1000;
41  the DA from 0 up to 70%, and the PA from purely random to blockwise. The variation in these three
42 parameters give rise to a vast number of different possible chitosans.

43 Research on chitosan has burgeoned in the recent decades, due to the large number of material
44 and bioactive properties, namely antimicrobial [3-9], anti-inflammatory [10], mucoadhesive [11-12],
45  immuno-adjuvant [13], capacity to complex and condense nucleic acids [14] among other. A
46  broad-spectrum antibacterial activity of chitosan in solution, or as nano- and microparticles, or as
47  films, has been demonstrated against Gram-positive and Gram-negative bacteria [7, 15-20]. The
48  antimicrobial properties of chitosan have found applications in the food industry, as a
49  pharmaceutical agent in medical industry and is used by the textile industry, cosmetics, agriculture
50 and wastewater purification [1, 5, 15].

51 Antibiotic resistance is serious problem that currently poses major unmet challenges and gaps
52 in global health [21]. There are several mechanisms whereby bacteria intrinsically resistant or
53 acquire resistance to antibiotic treatment. They can inhibit the antibiotics access to drug targets,
54 change the structure of antibiotic targets or direct modify the antibiotics that make them inactivation
55  [21]. Nowadays it is urgent to pursuit alternative strategies for the control of bacterial infections.
56  Quorum sensing (QS) is a form of cell-density bacterial regulation mechanism controlled by a
57  chemically exquisite signaling system that effects communal traits (e.g., biofilm formation,
58  bioluminescence, motility, toxin production) in both Gram-negative and Gram-positive bacteria [22].
59  Inlarge number of Gram-negative species, QS is mediated by conserved small molecule signals that
60  act as autoinducers, termed acylated homoserine lactones (AHLs). At high cell densities, AHLs can
61  bind to specific receptors that act as transcriptional activators of the gene cascades involved in the
62  virulence responses [22, 23]. Hence, inhibition of QS can be considered as a novel promising strategy
63  to deal at large scale with bacterial pathogens while potentially circumventing antibiotic-resistance
64  bacteria [24].

65 So far, the antimicrobial activity of chitosan has been extensively studied, but only limited
66  information focuses on the effect of chitosans on bacterial QS activity. To the best of our knowledge,
67  only one recent paper has reported that chitosan showed a potential to disturb biofilm formation by
68 QS inhibition and to inhibit C. violaceum violacein production [25]. In two parallel studies conducted
69  in our laboratories [26, 27], we have documented the QS-inhibiting of chitosan-based both oil-core
70 nanocapsules and crosslinked matrix nanoparticles. In the present work, complementary to the two
71  parallel ones, we have addressed the antibacterial activity of ten samples of chitosans of varying
72 MW and DA. This enabled us to select one non-toxic chitosan to explore in further detail its anti-QS
73 activity using the E. coli Top 10 reporter strain that we have used in previous works [26, 35-37].

74  2.Results

75 Ten chitosans with varying Mw and DA (Table 1) were part of the same series of samples that we
76 have addressed in the frame of the Nano3Bio EU project [28]. The range of both DA and M of the
77  samples spans a very wide range. This range of DA and Mw envelops very well the most common
78  properties of commercial chitosans. Notice in Table 1 that we have included a column with the

79  concentration (ug/mL) of each chitosan to afford an constant equivalent charge [-NHs]
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80  concentration of 0.389 mM. We have performed the biological antibacterial activity assays by
81  controlling the charge equivalent concentration, rather than the mass per unit volume one. Of note,
82  two chitosan samples missed the experimental evaluation of their DA (%), namely LDP DA 20 and
83 LDP DA 30. However, in Table 1, we have added a column with the estimated DA, as calculated
84  from the stoichiometry of the N-acetylation reaction. Hence, the experimental DA values of these
85  samples can be expected to have lied close to the expected ones. Also, we were not able to determine
86  the Mw and I, for the sample with code LDP DA 60. However, given that this sample corresponds to
87  the same series of N-acetylated chitosan that were prepared by N-acetylation from the same
88  depolymerized chitosan sample of low DA (1.6%), we are confident that the degree of
89  polymerization of this material lied close to the rest of the samples in the “LDP” series. Despite the
90  fragmented data for these three samples, we decided to include them in the study.
91
92 2.1. Antibacterial assay
93 Two distinct methods were used to investigate the antibacterial activity of the different
94 chitosans, namely by measuring the growth rate during the exponential phase from the time
95  evolution of the optical density (ODsw), and by a plating assay to estimate the number of viable
96  bacteria (CFU/mL). Notice in Figure 1a that regardless of the Mw of the different chitosans, only the
97  samples with DA 12% clearly reduced significantly the relative growth rate by < ~50%. In turn, the
98  agar gel plating assay (Fig 1b) revealed that exclusively MDP and LDP of low DA (DA=12%)
99  reduced the number of CFUs per mL. This reduction exhibited a dose-dependent response, as we
100  noticed upon treatment with the two different doses (0.389 and 0.778 mM). Also, LDP DA12 chitosan
101  was more effective than MDP DA12 as revealed by the agar plate assay. Interesting, the highest DA
102 chitosan sample (LDP DA60, DA 69%) did also reduce the plate count number in a dose-dependent
103 manner with respect to the control. None of the other chitosans had antibacterial activity when
104  dosed at the same charge equivalent concentrations.
105
106  2.2. E. coli Top10 biosensor assay with different concentrations of chitosan
107 Based on the results of antibacterial activity above, we selected one of the chitosan samples that
108  did not exhibited any effect on growth rate as per the two antibacterial assays, namely chitosan MDP
109  DA30 (DA 42% and Mw 115 kDa), to further investigate its QS inhibition activity. To this end, we
110 evaluated the effect of varying concentrations of chitosan (1.25 to 50 ug/mL) on the response of the E.
111 colitop 10 strain. Given that the QS response operates with AHL concentrations orders of magnitude
112 lower than those tested for chitosan in the antimicrobial assays, the concentrations of chitosan tested
113 in this assay were 160- to 4-fold lower than those tested in the antibacterial assays. This strain is the
114  same one that we have used in parallel studies [26, 27, 29]. It is a GFP-reporter that does not
115 synthesize its own AHL, namely 30CsHSL, and responds by producing GFP (that is detected by
116  fluorescence spectroscopy) upon addition of extremely low concentrations of 30CsHSL (< 1 nM).
117 Figure 2a and c illustrate the influence of adding varying concentrations of chitosan on the
118  evolution and end-point values of ODsw, respectively. Close inspection of Figure 2a reveals that the
119  addition of chitosan in low doses of 1.25 and 2.50 pug/mL did not modify whatsoever the growth

120 curve with respect to the control. However, as the concentration of chitosan increased to 4.17 ug/mL

121 a
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122 Table 1. Chitosan with different Mw and DA and mass concentration are tested in antibacterial
Chitosan concentration
Chitosan Mo Calculated  Experimental ) ) )
Ipt in antibacterial
name (kDa)! DA (%)? DA (%)? )
bioassays (ug/mL)*
LDP DA12 29 1.6 12 12 73.5
LDP DA20 35 2.1 20 n.a 82.5
LDP DA30 37 1.7 30 n.a 96.7
LDP DA40 58 2 40 44 115.6
LDP DA60 n.a n.a 60 69 181.7
MDP DA12 85 1.6 12 14 73.5
MDP DA30 115 1.7 30 42 96.7
MDP DA50 91 25 50 n.a 142.0
HDP DA12 288 2.1 12 16 73.5
HDP DA60 185 1.9 60 68 181.7
123 1 Weight average molecular weight (M) and polydispersity index (I, = Mw / Mx) values as determined
124 from GPC-MALLS-DRI; 2 Degree of acetylation (%) values as estimated from the stoichiometry of the
125 N-acetylation reaction; 3 Experimental DA (%) values as determined by 'H NMR; 4 Concentration (pg/mL)
126 equivalent to 0.389 mM [-NHs*] charge; n.a. = not available data.
127
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137 Figure 1. (a) Relative growth rate after re-seeding of E. coli Top 10 bacteria treated with identical

138 equivalent charge concentrations (0.389 mmol) of chitosans of varying degree of acetylation and


http://dx.doi.org/10.20944/preprints201807.0472.v1
http://dx.doi.org/10.3390/biom8030087

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2018

139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157

158

159

160
161

d0i:10.20944/preprints201807.0472.v1

50f15

polymerization (for sample details refer to Table 1). In the first cycle, the bacteria were incubated during

2:38 h in M9 medium at 37 °C, whereas in the second cycle, an aliquot of the bacterial culture was

reseeded in fresh M9 medium and incubated during 2:38 h. Absorbance, as measured at A=600 nm, as a

function of chitosan concentration added in the M9 medium with E. coli. One (negative) control

corresponds to bacteria cultivated in M9 medium , while the other (positive) control was kanamycine (50

pg/mL) added in the M9 medium; (b) Effect of chitosans of varying degree of acetylation and MW with

two different amino group concentration (0.389 and 0.778 mM) on the growth of E. coli Top 10 incubated

in a 96-well-plate at 37 °C and 100 rpm for 1 h and tested for antibacterial activity using colony-forming

unit (CFU) agar plate assay. The control corresponds to untreated bacteria in the CFU assay (*p < 0.05,

*p<0.01, **p<0.001 and ****p<0.0001; values represent averages + SD, n>3; three technical replicates).
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162 Figure 2. (a) Effect of varying concentrations of chitosan MDP DA30 (DA 42% and M. 115 kDa) on the growth
163 of E. coli Top 10 measured from the absorbance, as measured at A=600 nm; (b) Effect of different concentrations
164 of chitosan on bacterial fluorescence intensity; (c) Effect of varying concentrations on endpoint ODsoo relative to
165 the control corresponding with the data shown in panel a; (d) Effect of varying concentrations on
166  fluorescence/ODew relative to the control corresponding with the data shown in panel b; 30CsHSL
167 concentration: 2.5x10° M (*p < 0.05, **p<0.01, ***p<0.001 and ***p<0.0001; values represent averages + SD, n>3;
168  three technical replicates)

169

170 sudden rise in ODsoo occurred at time ~110 min. The same effect occurred also at 8.33 and 12.5
171 pg/mL, though at later onset times, namely ~150 and ~180 min, respectively. Upon addition of even
172 greater concentrations of chitosan (25 and 50 pg/mL), the rise in ODsw is no longer appreciated and
173 the traces mirror those of the control. The results after 350 min (“end point”) summarized in Figure
174 2cillustrate that up to a concentration of 12.5 pg/mL, chitosan leads to an increase on the final ODsoo
175  values; beyond this concentration, there is no effect on the bacterial growth. Figure 2b depicts the
176  fluorescence intensity data corresponding to the same time points of the ODso measurements during
177  the microtiter plate assay. A detailed inspection of the fluorescence intensity traces, reveals a rather
178  peculiar dependence of the GFP expression on the concentration of added chitosan. At low
179 concentrations of chitosan, namely 1.25-4.17 pug/mL the fluorescence intensity is severely attenuated
180  after ~120 min, and attains a minimum value at 2.5-4.17 ug/mL. At greater concentrations of chitosan
181  (28.33 ug/mL), the intensity increases until almost the same value as the untreated control. Figure 3d
182  shows the fluorescence intensity end-point values that clearly summarizes the results. Notice that
183  the minimal fluorescence intensity was assessed at a concentration of chitosan of 2.5 ug/mL.

184

185  2.3. SEM imaging of E. coli Top 10 stains mix with different concentration of chitosan

186 With the aim to gleaning understanding on the observed effects of chitosans on the E. coli top 10
187  strain, we recorded SEM images after incubating a fixed number of bacteria (ODsw0=0.2) with varying
188  concentrations of MDP DA30 chitosan (2.95, 5.88, 8.79, 28.7 and 226.6 ug/mL). Figure 3a shows the
189  image of E .coli top 10 bacteria alone that appear as isolated rods. However, upon addition of
190  chitosan at concentrations < 28.7 ug/mL, bacteria invariably appeared aggregated in conglomerates
191  (Figure 3 b-e). At the highest concentration of chitosan (226.6 pg/mL) though, bacteria again
192 appeared as isolated entities (Figure 3f).
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194 Figure 3. SEM images of (a) E.coli Top 10 bacteria alone; and after incubating in the fridge (4 °C) and
195 slightly shaking for 1 hour, mixed an equivalent number of bacteria (ODsw=0.2) with varying
196 concentrations of MDP DA30 chitosan, namely (b) 2.95 pug/mL; (c) 5.88 pg/mL; (d) 8.79 pg/mL; (e) 28.7
197 pug/mL; (f) 226.6 pg/mL supported on track-etched polycarbonate membranes. Under there imaging
198 conditions bacteria appear as bright rod objects. Polycarbonate support appear as a gray background, and
199 sharply-defined track-etched pores appear as dark circles of ca. 1.2 um in diameter.

200 3. Discussion

201 The actual mode of action whereby chitosan exerts its antimicrobial activity is not fully
202  understood. In the case of antibacterial activity, several hypotheses have been put forward to explain
203  the mechanisms at play. One is related to the ability of the available NHs functions in chitosan to

204  bind to negatively charged proteins of the outer membrane of Gram-negative bacteria leading to the
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205  imbalances of internal osmotic and/or the leakage of proteinaceous and other intracellular
206  constituents [17, 18]. The other proposed mechanism argues that chitosan penetrates in the cytosol
207 and binds with DNA, or mRNA, thus interfering with protein synthesis [4, 5, 9, 30]. It has also been
208  proposed that chitosan mode of action would involve chelating trace elements leading to growth
209  and metabolism arrest [5]. The antimicrobial activity of chitosan is known to depend on several
210  factors either associated to the type of microorganism, the characteristics of the cell envelope, to
211  intrinsic features of chitosan (e.g, DA, M, chelating capacity and hydrophilic/hydrophobic
212 characteristic), or to environmental factors (e.g., pH of the medium, temperature, time) [9, 15].

213 In an attempt to account to examine in detail the influence of the charge density of chitosan
214 (i, given directly by the DA), in the present work, we applied the same [NHs*] charge equivalent
215  concentration of chitosans of varying DA and M. Notice that in these series of experiments to assess
216  identical charge equivalent concentrations, the greater the DA, the greater was the added mass
217  concentration (Table 1); and yet only the chitosans of lower DA (i.e., dosed at the lowest mass
218  concentrations) exhibited antibacterial activity, as evidenced on the growth rate in liquid culture and
219  in the agar plate number counts. Regarding the M, in the case of growth rate studies, the three
220  chitosans of low DA namely LDP DA12, MDP DA12, and HDP DA12 had a strong effect on
221  suppressing the growth. However, in the plating assays, carried out in agar gels, only the medium
222 and low Mw chitosans reduced the number of CFU/mL.

223 A possible explanation to the apparently discrepant results between the two assays, based
224 purely on physical grounds, could be the differences in the diffusion rates of chitosan when
225  dissolved either in the liquid or in the agar gel media for the growth rate and plating assays,
226  respectively. In the former case, the chitosans in solution are able to diffuse freely and interact with
227  bacteria, whereas in the agar plate assay, presumably only the chitosans of low Mw were able to
228  diffuse through the agar dense molecular gel network and interact with bacteria, while the high M
229  was not. This is consistent with the fact that LDP DA12 chitosan, of the lowest Mw, had stronger
230  activity than that of MDP DA 12. Also, these results are in overall agreement with previous studies
231  that have documented that chitosans of low Mw exhibit stronger antibacterial activity due to their
232 greater mobility and amenability to interact with the cell membrane surface [4, 30]. This could be
233 explained as the consequence of stronger electrostatic interactions between charged NHs* groups in
234  deacetylated D-glucosamine and the bacterial cell membrane. In previous studies, it has been
235  suggested that the low antibacterial effect of chitosans of high DA is the result of greater inter-chain
236  interactions due to H-bonds in addition to the hydrophobic character of the acetyl group in N-acetyl
237  glucosamine, thus leading to a more densely overlapping coiled conformation; those interactions
238  have been suggested to inhibit the high DA chitosan binding to the bacterial cell walls [2, 7]. We
239  noticed that also chitosan LDP DA 60 (DA 69%) also reduced the plate count number in a
240  dose-dependent manner. However, this same chitosan had no effect on growth rate in the liquid
241  suspension assay. We do not have a convincing explanation at present for this result, particularly
242 because the other chitosans also of high DA, namely LDP DA 30 (DA 30% M 37 kDa) and LDP DA
243 40 (DA 44% Mw 58kDa), did not reduce the number of viable bacteria.

244 Contrary to our expectations, only the chitosan of lower DA had a consistent effect on arresting the
245  bacterial growth, even when the bacteria were treated with identical doses of charge equivalent.

246  From this experiment, it stands to reason that not only the effective amount of charged NHs* groups
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247 in chitosan is what determines the antibacterial effect of chitosan, but also other structural features
248  must also be at play. Otherwise, a similar antibacterial activity would have been exhibited by all
249  chitosans, when the same equivalent concentration of charged NHs* was given to the bacteria.
250  Whether a minimum block length of contiguous deacetylated D-glucosamine residues in chitosan is
251  needed for the interaction with the bacterial cell surface is yet to be established (i.e., as a highly
252 cooperative binding process). This would resemble a highly cooperative binding process. Moreover,
253  the pattern of acetylation (PA), that might vary from block over random to an alternating pattern,
254  should also have significant impact on biological and physicochemical activity as the distribution of
255  the acetyl group along the chitosan chain, which probability also affect the chitosan conformation
256  and the ability attach on bacterial membrane [2, 31, 32]. Ongoing studies in our laboratories are
257  currently testing the validity of these proposals using well-characterized chitosan oligomers.

258 For the further QS inhibition experiments, we selected only one chitosan that had no
259  antibacterial activity, namely sample MDP DA 30 (DA 42% and Mw 115 kDa). In the QS inhibition
260  studies, both the evolution of ODen and fluorescence intensity were recorded upon treating the
261  bacteria with varying concentrations of chitosan (1.25 to 50 pug/mL). The ODsw traces confirmed that
262  this chitosan did not reduced the growth rate with respect to the control. However, sudden increases
263  in OD600 were observed at three concentrations, namely 4.17, 8.33 and 12.5 pg/mL. In paralell
264  studies [26, 38, 39], we have observed very similar “bumps” in the growth curves (ODsw) upon
265  addition of increasing number of chitosan-coated nanocapsules to the same E. coli strain as in this
266  study. The appearance of such sudden “bumps” observed in the growth traces, are explained as the
267  consequence of attaining specific chitosan/bacteria ratios that result in the aggregation of bacteria,
268 and thus in the sudden increase in ODsw values. Our SEM results are consistent with this
269  explanation. In the case of chitosan-based nanocapsules [26], we have found that there is an optimal
270  ratio of nanocapsules per bacterium at which the electrical charge of both is fully compensated (i.e.,
271  the C-potential ~ 0). At this so-called “stoichiometric” ratio, the bacteria form large conglomerates
272 and aggregation is maximal, and this behavior dependent on the material concentration and the cell
273  density. Interestingly, the “bumps” were only observed for three concentrations ratios. It seems that
274  only in these cases, the optimal stoichiometric ratio, was hit in the course of growth. At lower or
275  greater concentrations, this optimal ratio was not attained, either because of defect or surplus of
276  chitosan was present.

277 The MDP DA30 chitosan was found to have the capacity to inhibit QS as detected on the E. coli
278  top 10 strain, particularly when dosed at concentrations of 1.25 to 4.17 ug/mL. At greater doses, the
279 QS inhibition was less accentuated. The doses of maximal QS inhibition coincide closely with those
280  at which the “bumps” in the growth traces appear. Hence, it seems reasonable to argue that the
281  inhibition of QS is the result of the maximum in agglomeration of bacteria, which results in the
282  retardation of the diffusion of 30CsHSL to the cytosol, and hence in the attenuation of GFP
283  expression. The SEM images recorded after incubation of bacteria with varying concentrations of
284  chitosan showed that substantial bacterial aggregation occurs when chitosan is added at low
285  concentrations (Figure 3b—e). These results are in full agreement with the results recorded in the QS
286  inhibition assays, namely with the occurrence of “bumps” in ODsw growth traces and with the
287  greatest attenuation in QS activity. However, when added at the highest concentrations, bacteria

288  appear as isolated species (Figure 3f). In this case, we reasoned that the high concentration of
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289  chitosan leads to an excess of net positive charge at the bacterial surface, so as to prevent their

290  aggregation [5].
291 4. Conclusion

292 Out study demonstrates that chitosan of low DA (<12%) can be characterized as a bacteriostatic
293  biopolymer rather than bactericidal. Only chitosan with DA 12% showed ability to inhibit bacterial
294  growth even when all the chitosans were tested at the same charge equivalent concentration.
295  Structural features of chitosan, hydrogen bond and hydrophobic interactions could affect the
296  antibacterial activity of chitosan. The MDP DA30 (DA 42% and M 115 kDa) chitosan when dosed at
297  low concentration has QS inhibition activity of our E.coli bioreporter because of the bacterial

298  agglutination. The practical implications of these results, are yet to be fully realized.

299 5. Materials and Methods

300  5.1. Materials

301 The parent chitosan with a molecular weight of 288 kDa and DA of 16% was provided by
302  Mahtani Chitosan Pvt. Ltd., India (brand name: Chitosan 132; batch no. SCCF 20140609). The
303  chitosan samples derive all of them from the same parent chitosan. They have been depolymerized
304  and if needed, re-acetylated, both by chemical methods, and purified. This has been conducted in
305  our laboratory according with the methods described in our previous study [33]. The DA was
306  determined by 'H NMR by dissolving the chitosans in D20 with DCI (at pD 3-4) according with the
307  method by Lavertu et al [34]. The molecular weight distribution and corresponding Mw, M» and I
308  parameters were determined via HPSEC-MALLS-DRI (Polymer Standards Service GmbH,
309  Germany) using an Agilent 1200 system with isocratic pump and Novema columns (30A, 30004,
310 3000A and guard column; L.D.: 8 mm; PSS, city, country) coupled online with a refractive index
311  detector (Agilent 1200 RID, city, country) and multi-angle-laser-light-scattering (SLD 7000 MALLS,
312 Brookhaven Instruments, Warwick, England) equipped with a 5 mW He/Ne laser operating at A =
313 632.8nm. The degassed mobile phase consisted of ammonium acetate 0.2 M/acetic acid 0.15 M buffer
314  pH4.5 at a flow of 0.7 mL/min at 35°C. Data were evaluated using the software WinGPC 7.0.1 (PSS
315  Polymer, city, Germany). Chitosans with Mw of ~185-~288, ~85-~115, and ~29-~58 were regarded here
316  asof high (HDP), medium (MDP), and low degree of polymerization (LDP), respectively. The rest of
317  theidentification code was given by the DA (e.g. HDP DA12, etc.). 30CsHSL and all other chemicals
318  were of analytical grade and unless otherwise stated were from Sigma (Sigma-Aldrich, Hamburg,
319  Germany).

320  5.2. Chitosan samples preparation

321 The chitosan samples in powder form were fully dissolved in aqueous 5% stoichiometric excess
322 of hydrochloric acid by gentle magnetic stirring (~10 h). In order to test the antibacterial activity of
323 different chitosan samples, the same concentration of amino group of chitosan were prepared and
324  applied in this assay. The final concentration of amino group was defined as 0.389 or 0.778 mM for
325  all samples. However, the mass concentration of samples were different according to the DA as were
326  shownin Table 1

327  5.3. Bacterial strains
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328 E. coli Top10 was transformed with the plasmid pSB1A3-BBa_T9002, carrying the BBa_T9002
329  genetic device (Registry of Standard Biological Parts: http://parts.igem.org/Part:BBa_T9002), kindly
330  donated by Prof. Anderson Lab (UC Berkeley, USA). The sequence BBa_T9002 was introduced by
331  chemical transformation (Invitrogen, Life Technologies Co., UK) and stored as a 30 % glycerol stock

332 at -80 °C. The transformed strain is a biosensor that can respond to the N-(3-
333 oxohexanoyl)-L-homoserine lactone (30OC6HSL) and is the same strain used in accompanying
334 studies [29]. The sequence BBa_T9002, comprised the transcription factor (LuxR), under the control
335  of the lux pR promoter from Vibrio fischeri, which is constitutively expressed but it is active only in
336  the presence of the exogenous cell-cell signaling molecule 30C6HSL.

337  5.4. Growth media and conditions

338 Bacterial strains were cultivated using on Luria-Bertani (LB) and M9 minimal medium
339  purchased from Becton, Dickinson and company, Germany. We inoculated 10 mL of LB broth
340  supplemented with 200 pug/mL ampicillin with a single colony from a freshly streaked plate of Top10
341  containing BBa_T9002 and incubated the culture for 18 h at 37°C, shaking at 100 rpm. Each culture
342 was then diluted 1:1000 into 20 mL M9 minimal medium supplemented with 0.2% casamino acids
343  and 1 mM thiamine hydrochloride plus 200 pg/mL ampicillin (AppliChem GmbH, Germany). The
344  culture was maintained under the same conditions until the ODsoo reached 0.15 (=5 h). Then we
345  mixed 500 pL overnight culture and 500l 30% sterile glycerol together in the white plastic vials and
346  store them in the -80 degree freeze. Before the biosensor assay, we prepared the bacteria cultivation
347  that we took the 40uL bacterial from the white plastic vials and cultivated it with 20 mL M9 medium
348  plus 200 pg/mL ampicillin, the culture will be used for biosensor assay until the ODew reached 0.04~
349  0.07 (-4 h).

350  5.5. Assays for antibacterial activity

351 The antibacterial activity of chitosan was tested by two different methods. The first consisted in
352 recording the time evolution of the absorbance intensity (=600 nm, ODew) during the incubation of
353 E.coli in culture medium. Briefly, bacteria were cultivated in M9 medium to reach an ODsw
354 ~0.04-0.07. In a flat bottomed 96-well-plate (Greiner Bio-One), a 180 uL aliquot of E. coli culture was
355  mixed with 20 uL of the different chitosan solutions with final amine group concentrations of 0.389
356 mM. As control, 20 uL of the chitosan solutions were mixed with 180 uL M9 medium. Three
357  different blanks were also prepared, namely 180 uL E. coli added with 20 puL water as a negative
358  control, 180 uL M9 medium added with 20 uL water to measure the absorbance background, and
359 180 pL E. coli added with 20 puL kanamycin (AppliChem, 0.5 mg/mL) as a positive control. The ODew
360  of the microtiter plate was measured with a Safire Tecan-F129013 Microplate Reader (Tecan,
361  Crailsheim) every 158 s for 60 cycles (2:38 h total time) at 37 °C. Afterwards, aliquots of 20 uL were
362  sampled from the microplate wells and remixed with fresh M9 medium and further measured the
363  evolution of Ao during 2:38 h. Data were processed with software XFLUOR4 version 4.51. The
364  obtained data were corrected by subtracting the corresponding chitosan control and the difference
365  between the bacterial blank and the medium blank. The growth rate of control and samples was
366  obtained and analyzed from the original data. Using a log-linear model to regress ODew (log phase)
367  with respect to time (0-100 mins), and thus obtain the growth rate of ODsw directly from the slope of
368  the estimated regression equation. Relative data were expressed as the ratio of each measurement to

369  the corresponding control group.
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370 The second assay aimed to estimate the number of colony forming units (CFU). To this end, a
371  culture was prepared by mixing 20 mL LB medium, 20 uL ampicillin (200 pg/mL, AppliChem,
372  Darmstadt) and 40 uL of E. coli glycerol stock, incubated overnight at 37 °C with shaking at 100 rpm.
373 The ODew was adjusted to ~0.1 using LB medium, and 180 uL of the diluted E. coli culture were
374  incubated with 20 uL of one each chitosan solutions of identical equivalent charge concentration
375  (0.389 or 0.778 mM) in a 96-well-plate at 37 °C and 100 rpm for 1 h. Afterwards, a serial dilution was
376  performed with 180 uL M9 medium. Then, all the dilutions were plated in LB-ampicillin-agar-plates
377 by adding a drop of 10 uL. The plates were incubated overnight at 37 °C and the colonies were
378  counted the next day. A weighted average was calculated from the dilutions.

379  5.6. E. coli Top10 biosensor assay

380 The 30CsHSL was dissolved in acetonitrile to a stock concentration of 100 mM and stored at
381  20°C. Prior to each experiment, serial dilutions from the stock solution were prepared in water to
382  produce solutions with a concentration ranging from 100 mM to 10 nM. For a typical biosensor
383  assay, 40 pL of the bacterial glycerol stock were cultivated with 20 mL M9 medium added with 200
384  ug/mL ampicillin until an OD600 between 0.04 and 0.07 (~4 h). The growth of the bacteria was
385  monitored by measuring the optical density at A = 600 nm (ODsw) on a Microplate Reader Safire
386  F129013 (Tecan, Crailsheim, Germany).

387 We then mixed 10 uL 30CsHSL solution with 10 pL of the MDP DA 42% chitosan at varying
388  concentration (1.25, 2.5, 4.17, 8.33, 12.5, 25 and 50 pg/mL) in the wells of a flat-bottomed 96-well plate
389  (Greiner Bio-One, cat. # M3061) and each well was then filled with 180 uL aliquots of the bacterial
390  culture to test for QS inhibition activity. Several controls were also set up. Blank 1 contained 180 uL
391  of M9 medium and 20 uL of miliQ water to measure the absorbance background. Blank 2 wells
392  contained 180 pL of bacterial culture and 20 pL of milliQ water to measure the absorbance
393 background corrected for the cells. Finally, positive control wells contained 10 uL of water plus 10
394  uL 30CeHSL solution and 180 uL of the bacterial culture to measure the fluorescence background. In
395  order to remove the effect of samples themselves with ODsoo and fluorescence, we added 10 uL
396  30CsHSL solution with 10 pL of the samples in the wells and each well was then filled with 180 uL
397 M9 medium to test the samples control in biosensor assay.

398 The plates were incubated in a Safire Tecan-F129013 Microplate Reader (Tecan, Crailsheim,
399  Germany) at 37°C and fluorescence measurements were taken automatically using a repeating
400 procedure (Ae=480 nm and Aem=510nm, 40 ps, 10 flashes, gain 100, top fluorescence), absorbance
401 measurements (ODso) (A=600 nm absorbance filter, 10 flashes) and shaking (5 s, orbital shaking, high
402  speed). The interval between measurements was 6 min. For each experiment, the fluorescence
403  intensity (FI) and ODsn data were corrected by subtracting the values of absorbance and
404  fluorescence backgrounds and expressed as the average for each treatment. All measurements were
405  taken in triplicate.

406  5.7. Scanning electron microscopy (SEM).

407 A five mL suspension of bacteria (ODsow = 0.2) was mixed with different concentrations of MDP
408  DA30 chitosan (2.95, 5.88, 8.79, 28.7 and 226.6 ug/mL). The mixture was kept at 4°C and under
409 100 rpm shaking for one hour. Subsequently, the mixtures were filtered through a polycarbonate
410  membrane with 1.2 um track-etched pores mounted to a funnel assembly connected to a vacuum

411  pump. After filtering, the material was fixed in 2.5 % aqueous glutaraldehyde for 1 h; then the
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412  membranes were washed with PBS one time for 10 min after fixing. Finally, the samples were
413 dehydrated through a graded series of aqueous ethanol solutions (10, 30, 50, 70, 90, and 100 % v/v)
414  for 10 min and kept in a sealed desiccator until complete dehydration. Dilute samples of NC and NE
415  for SEM were dropped on a smooth and sterile glass and then kept in a sealed desiccator for two
416  days. All samples were sputter coated with gold and imaged in the SEM (S-3000N, Hitachi, Tokio).
417  Micrographs were recorded digitally.

418  5.8. Statistical analysis

419 Statistical analysis was carried out using Prism v6.0c (GraphPad Software Inc., La Jolla, USA).
420  All the experiments were performed in triplicates to validate reproducibility and the P values were
421  calculated statistically by Student’s ¢ test. Values were expressed as mean +SD. Comparison analysis

422 was performed between tests and control.
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