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ABSTRACT 

We have fabricated two types of crosslinked chitosan-based nanoparticles (NPs), namely 1) 

ionically crosslinked with tripolyphosphate (TPP), designated as IC-NPs and 2) dually co-

crosslinked (ionically and covalently with TPP and genipin, respectively) termed CC-NPs. The two 

types of NPs were physichochemically characterized by means of DLS-NIBS, synchrotron SAXS 

and M3-PALS (zeta potential). First, we found that covalent co-crosslinking of ionically pre-

crosslinked nanoparticles yielded monodisperse CC-NPs in the size range of ~200 nm, whereas the 

parental IC-NPs remained highly polydisperse. While both types of chitosan nanoparticles 

displayed a core-shell structure, as determined by synchrotron SAXS, only the structure of CC-NPs 

remained stable at long incubation times. This enhanced structural robustness of CC-NPs was likely 

responsible of their superior colloidal stability even in biological medium. Second, we explored the 

antimicrobial and quorum sensing inhibition activity of both types of nanoparticles. We found that 

CC-NPs had lower long-term toxicity than IC-NPs. In contrast, sub-lethal doses of IC-NPs 

consistently displayed higher levels of quorum quenching activity than CC-NPs. Thus, this work 

underscores the influence of the NP’s ultrastructure on their colloidal and biological properties. 

While the cellular and molecular mechanisms at play are yet to be fully elucidated, our results 

broaden the spectrum of use of chitosan-based nanobiomaterialsin the development of antibiotic-

free approaches against Gram-negative pathogenic bacteria. 
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ABBREVIATIONS 

 

ȗ-potential, zeta potential;  

AHL, may refer to acyl-homoserine lactone, N-(3-oxohexanoyl)-L-homoserine lactone, or 
3OC6HSL;  

a.u., arbitrary units;  

CCD, charge-coupled device; 

CC-NPs, covalently crosslinked chitosan nanoparticles;  

CS, chitosan;  

DLS-NIBS, dynamic light scattering with non-invasive light scattering;  

ESRF, European Synchrotron Radiation Facility; 

FI, fluorescence intensity;  

FI/OD600, density-normalized fluorescence intensity;  

GNP, genipin;  

IC-NPs, ionically crosslinked chitosan nanoparticles; kcps, kilo counts per second;  

NPs, nanoparticles; 

M3-PALS, mixed-mode phase-analysis light scattering; 

PdI, polydispersity index;  

OD600, optical density at Ȝ=600 nm;  

ODt0, initial optical density;  

QQ, quorum quenching;  

QS, quorum sensing;  

SAXS, small-angle X-ray scattering;  

TEM, transmission electron microscopy; 

TPP, sodium tripolyphosphate. 

 

 

 



 

 

INTRODUCTION 

The abuse of antibiotic therapies as a strategy to combat bacterial pathogens for many decades 

has led to major public health concerns regarding the spreading of bacterial drug resistance. As a 

result, numerous calls in favor of the urgent pursuit of alternative antimicrobial strategies are now 

widespread [1, 2]. Among these, strategies directed to interfere with bacterial quorum sensing (QS), 

also called quorum quenching (QQ), are of particular interest [3, 4]. The term QS comprises several 

mechanisms of cell-to-cell communication mediated by exocellular chemical compounds that act 

as autoinducers [5, 6]. Acyl-homoserine lactones (AHLs), initially described in the marine 

bioluminescent bacterium Vibrio fischeri [6], constitute the best-known family of autoinducers. 

Together with the rest of the QS machinery of V. fischeri, composed of the proteins LuxI and LuxR, 

AHLs are evolutionary well conserved among Gram-negative bacteria [6, 7]. AHLs are synthesized 

by LuxI-type enzymes and can freely diffuse in and out of the cell, where they bind to LuxR-type 

activators to regulate communal behavior [6, 7]. As such, AHL-based signaling is a bacterial 

communication strategy consisting in the integration of the environmental concentration of signal 

as a surrogate of cell density. QS is involved in many pathogenic processes in bacteria, including 

the production of virulence factors, biofilm formation, and bacteria-host interactions among others 

[8, 9]. QQ strategies include the use of agents capable of blocking QS-based mechanisms by 

inactivating the signaling molecules, interfering with signal reception, or inhibiting signal synthesis 

[3, 10, 11]. 

Chitosan (CS) refers to a family of aminopolysaccharides obtained by partial chemical 

deacetylation of chitin. This biopolymer is composed of linear chains of ȕ-1,4-linked glucosamine 

and N-acetyl-D-glucosamine units. The properties of chitosan mainly depend on its molecular 



 

weight, polydispersity, and the molar fraction of acetylated units, together with their distribution 

pattern. Ionic (also known as physical) or chemical crosslinking may be applied in order to improve 

or modulate the characteristics of CS and to design novel CS-based platforms intended for 

biopharmaceutical applications [12]. Ionic crosslinking of CS has been widely described for the 

development of non-toxic, CS-based hydrogels, as well as for the preparation of CS-based micro- 

and nano-systems [13-19]. The mild conditions involved in ionic crosslinking makes this method 

optimal for the encapsulation and protection of delicate therapeutic biomolecules (biologics), such 

as peptides, proteins and nucleic acids [20-23]. Ionic crosslinking of CS is normally performed by 

using either multivalent anions or polyanions, such as tripolyphosphate (TPP). After finding the 

optimal physico-chemical and processing parameters, particles in the micro- or nano-meter range 

can be created by ionic gelation of CS with TPP [13, 15, 24-27] . 

The use of chemical crosslinkers is known to improve the stability of CS against pH, temperature 

variations, and biological and mechanical degradation, while allowing to modulate structure and 

properties of the CS gel network [14, 28-34]. In fact, by controlling the extent of chemical 

crosslinking of CS, it is possible to constraint important features of CS-based materials such as 

size, which may range from nanoparticles to macroscopic gels or films, or the extent of association 

and release of bioactive payloads of interest [31, 32, 35-43]. Genipin (GNP) is a natural 

crosslinking agent obtained from the glycosylated geniposide iridoid compound produced by the 

fruits of Gardenia jasminoides and Genipa americana. GNP has been reported to be much less 

cytotoxic and more biocompatible than other well-known chemical crosslinkers used in the context 

of CS, such as glutaraldehyde [30, 32, 40, 44-46]. Thus, the use of GNP as a CS crosslinker has 

become a promising alternative for developing fully biocompatible CS-based materials. The 

chemical crosslinking reaction between GNP and CS takes place in two steps. The first and faster 

step involves a nucleophilic attack by the amino groups of chitosan on the olefinic carbon of GNP, 



followed by the opening of the dihydropyran ring and the attack by the secondary amino group of 

the newly formed aldehyde. The second step, slower than the first one, consists in the nucleophilic 

substitution of the ester group of GNP, leading to the formation of a secondary amide linkage with 

CS and of crosslinked bridges [40, 45, 47]. 

CS has been shown to interfere with biofilm formation [48] and with both biofilm formation and 

QS [49] in a variety of Gram positive and negative bacteria. However, no studies on the QQ effect 

of CS-based nanomaterials were reported until very recently. Our group has recently reported that 

CS oil-core nanocapsules can bind to bacterial cells, promote cell aggregation, and attenuate the 

QS response of a model biosensor [50]. Here, we describe the preparation and the physicochemical 

and structural characterization of two types of CS NPs, namely ionically (IC) and chemically co-

crosslinked (CC) NPs. By using a model QS biosensor, we demonstrate that IC-NPs constitute a 

subset of CS-NPs capable to strongly interfere with QS at sublethal doses. 

 

EXPERIMENTAL SECTION 

1. Materials 

We used a high-purity grade, commercial sample of the hydrochloride salt form of CS 

(ProtasanUP CL113; Novamatrix, FMC-Biopolymer, Norway; Mw ~92 kDa; Ip ~2.5, as 

determined by GPC-MALLS-DRI; DA ~14%, as determined by 1H NMR). GNP was purchased 

from Challenge Bioproducts (Taiwan). Analytical grade TPP, N-(3-oxo-hexanoyl)-L-homoserine 

lactone (3OC6HSL, named AHL thereafter), and other chemicals were purchased from Sigma-

Aldrich (Germany). Milli-Q water was used throughout this work. 

 

2. Preparation and characterization of nanoparticles 

2.1. Modulation of ionic strength: 



 

IC-NPs were prepared according to the general ionotropic gelation protocol described by Calvo 

et al. [15] with minor modifications. To assess the optimal composition for the fabrication of IC-

NPs with average size ≤200 nm and with low polydispersity (PdI~0.1-0.2), different CS:TPP mass 

ratios were screened in water and 85 mM NaCl. To obtain IC-NPs with varying CS:TPP mass ratios 

(from 2.67:1  to 9.0:1), stock solutions of CS (2-3 mg/mL) and TPP (1-1.25 mg/mL) were prepared 

both in water and 85 mM NaCl and aliquots of the two components were mixed in 96-well 

microplates. To rapidly assess the composition of IC-NPs that would yield NPs with the lowest 

average NP diameter and polydispersity index (PdI), we followed the classification method 

described by Calvo et al and Dmour & Taha [15, 51]. Larger batches (30 mL) of IC-NPs with 

desired sizes and PdIs, were prepared by pouring 11.25 mL of TPP solution onto 18.75 mL of CS 

solution under magnetic stirring (500 rpm). When necessary, IC-NPs were isolated by 

centrifugation (40 min, 10.000 x g, 25 °C) in 1.5 mL vials containing a glycerol bed and the pellets 

were resuspended in 100 µL of water. 

 

2.2. Covalent GNP co-crosslinking of NPs: 

IC-NPs were covalently co-crosslinked with GNP at different GNP:CS mass ratios (0.06:1 – 

1.7:1). Aliquots of a 5 mg/mL GNP solution were added to a freshly prepared, non-isolated IC-NP 

suspension, to a final concentration of 1 mg/mL in water. The mixture was incubated at 37 ºC under 

shaking (~1400 rpm) for times ranging from 24 to 244 h. 

Physicochemical characterization of IC- and CC-NPs: 

The size distribution and -potential of the NPs were determined by dynamic light scattering 

using non-invasive back scattering (DLS-NIBS, measuring angle 173º) and by phase-analysis light 

scattering (PALS), respectively. In both cases, we used a Malvern Zetasizer NanoZS ZEN 3600 

(Malvern Instruments UK) equipped with a 4 mW, He/Ne laser output operating at Ȝ=633 nm. The 



Malvern patented, mixed mode measurement method (M3-PALS) was used for PALS analysis. All 

measurements were performed at 25.0 ± 0.2 ºC. -potential analysis were performed in 1mM KCl 

and 85 mM NaCl. The value of -potential was derived using Smolouchowski's equation from the 

electrophoretic mobility measurements, according with the function: 

h
e z
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)(2 Kaf
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      Eq. 1 

where: 

UE = electrophoretic mobility;   = dielectric constant;   = zeta potential;  = Viscosity of 

solvent; f(Ka) = Henry’s function (= 1.5 Smoluchowski approximation for  nanoparticles > 200 

nm and  I > 10-3 M). 

The kinetics of the crosslinking reaction were monitored by UV/VIS spectroscopy with a 

Beckman-Coulter DU® DU 730 - Life Science UV/Vis Spectrophotometer and by Synchrotron 

SAXS at the BM2 D2AM beamline of the ESRF synchrotron (Grenoble, France). For SAXS an 

incident energy (E) of 16.000 keV, and a sample to detector distance ~1.88 m were used. The I(q) 

vs. q patterns were obtained with a Roper Scientific CCD camera after performing dark-image 

subtraction, pixel-sensitivity normalization, and radial averaging around the image centre (centre 

of gravity of the incident beam) with the BM2IMG software. Q-pixel calibration was performed 

with silver behenate. 

2.3. Determination of the concentration of IC-NPs and CC-NPs: 

Batch NP concentration was determined after centrifugation (40 min, 10.000 x g, 25 °C) of fixed 

volumes of freshly prepared, non-isolated IC-NPs in the absence of glycerol. This was performed 

in triplicate with tared vials, by discarding the supernatants and dry-weighing the remaining pellets. 

The batch IC-NP solution with a known concentration of NPs was serially sub-diluted in triplicated 

vials (dilution factors: 0, 2, 5, 10, 20, 50, 100, 200, 500 and 1000) and the derived count rate (kilo 



 

counts per second; kcps) was estimated for each condition by DLS-NIBS at 25 ºC and with an 

attenuator value of 9. Linear regression calibration of the kcps values against NPs is shown in 

Figure S1. The resulting calibration equation:                                                                                                                                  

                                 Eq.2 

was used to readily estimate the concentration of IC-NPs and CC-NPs from their DLS-NIBS-

measured kcps values during subsequent experimental steps (e.g., isolation, covalent crosslinking, 

dilution, etc.) [52]. 

2.4. Stability of IC- and CC-NPs in supplemented M9 minimal medium: 

IC-NPs, with a CS:TPP mass ratio of 3.3:1, were prepared in 85 mM NaCl from CS and TPP 

solutions at concentrations of 2 and 1 mg/mL, respectively. The resulting IC-NPs were isolated as 

explained above and diluted to a final concentration of 1 mg/mL. Isolated IC-NPs were sub-divided 

into six vials (1 mL each), three of which would be used as controls in the experiments described 

below. The other three vials were subjected to crosslinking with 60 µL of GNP (5 mg/mL) and 

incubated for 24 h at 37 ºC under shaking (100 rpm), to obtain CC-NPs at a GNP:CS mass ratio of 

0.3:1. 60 µL of water were added to the control vials instead of GNP and incubated under the same 

conditions as above. After incubation, the NPs were centrifuged and isolated as explained above 

and re-suspended in water to a final concentration of 1 mg/mL. All vials were sub-diluted 1:50 in 

M9 minimal medium supplemented with 0.5% casamino acids, 1 mM thiamine hydrochloride, and 

ampicillin (200 µg/mL), in a final volume of 1 mL. Control vials were sub-diluted and incubated 

in water under the same conditions as above. IC-NPs and CC-NPs were incubated under shaking 

(100 rpm) for 6 h in M9 minimal medium at 37 ºC. The time-resolved evolution of NP size was 

monitored by DLS-NIBS at 37 ºC.  

 

 



3. Microbiological assays 

3.1. Assays with the E.coli fluorescent biosensor:  

The E. coli strain Top10 was transformed with 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. John C. Anderson (UC Berkeley, 

USA). The transformed strain is a biosensor that can respond to AHL. 

To minimize experimental variability, we strictly adhered to the following bacterial seeding 

protocol. A flask with 10 mL of Luria Bertani (LB) broth, supplemented with 200 µg/mL 

ampicillin, was inoculated with a single colony from a freshly streaked plate of strain Top10 

pSB1A3-BBa_T9002. After incubation for 18 h at 37 ºC with vigorous shaking, 0.5 mL aliquots 

of the overnight culture were mixed with 0.5 mL of 30 % glycerol and stored at -80 ˚C until further 

usage. Before each experiment, a glycerol stock from the single colony-culture was diluted by a 

factor of 10-3 into 20 mL of M9 minimal medium supplemented with 0.5% casamino acids, 1 mM 

thiamine hydrochloride and ampicillin (200 µg/mL) and grown to an OD600 of 0.04 ± 7.76x10-3   

(~4 h). AHL was dissolved in acetonitrile to a stock concentration of 1x10-1 M and stored at -20˚C 

until further usage. Before each experiment, the AHL stock was serially diluted in water to yield a 

working solution of 1x10-8 M. 10 µL of the AHL working solutions and 10 µL of NPs or water 

(controls), were transferred to the wells of a flat-bottomed 96-well plate (Greiner Bio-One, cat. # 

M3061). After the addition of a 180 µL aliquot of the bacterial culture to each well, the final AHL 

concentration became 5x10-10 M. Three blank wells with 200 µL of medium were used to measure 

the absorbance background. Additionally, three control wells containing the biosensor in the 

absence of AHL were prepared to measure the fluorescence background. The plate was incubated 

in a Safire Tecan-F129013 Microplate Reader (Tecan, Crailsheim, Germany) at 37 ºC and with 

vigorous orbital shaking during five seconds prior to each measurement. Absorbance and 



 

fluorescence were measured every six minutes with the following parameters: (fluorescence 

excitation wavelength Ȝex = 485 nm, fluorescence measurement wavelength Ȝem = 520 nm, 

integration time = 40 µs, number of flashes = 10, gain = 100, measurement mode = top). To avoid 

complications due to excessive evaporation during the determinations, only 294 min of growth 

were recorded and the extent of evaporation was recorded by weighing the microplate before and 

after incubation (measured evaporation = 6.7 ± 0.27 %; n = 3). For each experiment, fluorescence 

intensity (FI) and OD600 were corrected by subtracting the background values and expressed as the 

average of a minimum of three biological replicates. 

 

3.2. Determination of antimicrobial activity of CS NPs: 

Isolated IC-NPs and CC-NPs were serially diluted in water by a factor of 0, 2, 5, 10 and 20. 

Following the protocol described in the previous section, ten-µL aliquots of the NP dilutions were 

applied to triplicated wells containing 180 µL of the E. coli biosensor culture and 10 µL of 1x10-8 

M AHL (final AHL concentration = 5 x10-10 M), resulting in a final volume of 200 µL. Control 

wells in the absence of NPs were prepared by adding 10 µL of water to the culture instead of AHL. 

Blank and AHL-less control wells were prepared as explained above. Final NP concentrations in 

the microplate ranged from 6.26 µg/mL to 25.81µg/mL for IC-NPs and from 6.85 to 70.93 µg/mL 

for CC-NPs. Microplates were incubated in the microplate reader for 300 min, as explained above. 

To monitor cell viability, 20 µL-aliquots from each treatment were applied to a new microplate 

containing 180 µL of fresh M9 minimal medium and incubated for further 300 min in the 

microplate reader. To estimate the effect of the NP treatments on cell growth, the OD600 values 

were plotted against time and the growth curve cell was fitted to the SGompertz function 

(OriginLab, Northampton, MA): 

                                                                                                   Eq. 3 



where: 

a  = amplitude, or maximum value, 

k  =  growth rate coefficient 

tc  =  time at inflection 

Growth rate values (µm) were calculated from the fitted parameters as explained by Tjørve and 

Tjørve [53]: 

                                                                                                                          Eq. 4 

Statistical comparisons between NP treatments and controls were made with GraphPad Prism 

version 6.00 (GraphPad Software, La Jolla California USA) using one-way ANOVA together with 

multiple-comparison Dunnett’s Test (** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001). 

The IC50 values for IC-NPs and CC-NPs were calculated as follows. The ratio of the OD600 values 

obtained after a 300-min incubation in fresh medium of NP-pre-treated and control cells were 

converted to % viability values, plotted against the log10 of NP concentration, and fitted to the non-

linear dose-response function (Y = 100/(1+10 ((LogIC50-X) x HillSlope)), GraphPad version 6.00, 

GraphPad Software, La Jolla California USA). 

3.3. Evaluation of the ability of CS NPs to inhibit the QS response in the E. coli biosensor: 

The QS inhibitory activity of IC-NPs and CC-NPs was evaluated as follows. IC-NPs and CC-NPs, 

prepared and isolated as explained above, were serially diluted in water and 10-µL aliquots of all 

the dilutions were applied to a microplate containing the E. coli biosensor culture in the presence 

of 5x10-10 M AHL. The plates were incubated for 300 min in the microplate reader as explained 

above. 

 

 



 

RESULTS 

Modulation of ionic strength for the optimization of size and polydispersity of ionically, TPP-

crosslinked CS NPs (IC-NPs): 

The type of high-purity grade hydrochloride salt form of CS (see Experimental Section) has been 

manufactured to allow its easy dissolution in water [54]. It is known that the ionic strength of the 

solvent affects the intrinsic viscosity and chain conformation of CS in polyelectrolyte solutions 

[55]. Huang and Lapitsky [56] have shown that moderate amounts of NaCl enhance the colloidal 

stability of TPP crosslinked chitosan NPs during their formation, likely by inhibiting the bridging 

of the newly formed microgels by TPP. In addition, Jonassen et al. [13] have reported that smaller 

and more compact particles were formed in saline solvents, compared to particles formed in pure 

water. Building into these studies, and in order to more amply screen the TPP-crosslinking 

conditions, we explored two parallel fabrication routes, one performed in plain water and the other 

in 85 mM NaCl, a salt concentration previously used in our lab [57, 58]. In previous studies, we 

determined that the final pH attained by similar NP formulations prepared with TPP in 85 mM 

NaCl (CS:TPP mass ratio 6:1) was 5.89 ± 0.06 [58]. While this pH is not far off the pKo of chitosan 

in HCl (~6.0 ± 0.1), it has been shown that the nanoparticles remain colloidally stable [58, 59]. 

When IC-NPs were prepared in water, a clear solution was observed when CS concentrations 

ranged from 1.5-2.25 mg/mL at a TPP concentration of ≤0.3 mg/mL. Aggregation was evident 

when the concentrations of CS and TPP were between 1.5-2 mg/mL and 0.4-0.5 mg/mL, 

respectively (see Table S1 and Figure S2A). In the case of the systems prepared in NaCl, clear 

solutions were observed at CS concentrations below 2.25 mg/mL and TPP concentrations below 

0.3 mg/mL. No aggregation occurred at any of the concentrations tested (see Table S1 and Figure 

S2B). Following Dmour & Taha [51], we searched for relative concentrations of CS and TPP 

yielding the typical opalescence of colloidal particles in suspension (Tyndall effect). The 



concentration ranges at which the Tyndall effect was obvious both in water and 85 mM NaCl is 

shown in Table S1 and Figure S2.  

Next, we confirmed the presence of NPs within these concentration ranges by DLS-NIBS with 

the Zetasizer NanoZS. According to the manufacturer, the size detection limit of the instrument 

ranges from 0.3 nm to 10 µm, thus providing a broad detection range for these experiments. The 

contour plots of Figure 1 illustrate the dependence of the NP size (panels A and B) and 

polydispersity (panels C and D) on the composition of IC-NPs prepared in water (panels A and C) 

and in 85 mM NaCl (panels B and D). The plot can be considered as a landscape with hills and 

valleys representing NP sizes (panels A and B) or PdI values (panels C and D). In this view, the 

green-to-red colour range represents hills with high NP sizes (panels A and B) or PdI values (panels 

C and D), whereas the purple-to-blue colour range corresponds to valleys with sub-micron sizes 

(panels A and B) and low-to-medium PdI values (panels C and D). Comparison of the contour plots 

obtained in in water and in 85 mM NaCl revealed that the presence of salt played an important role 

in determining the final size and polydispersity of IC-NPs. Specifically, it was possible to obtain 

NPs with a size of ~200 nm and a fairly low PdI, ~0.2-0.3, under a narrow range of CS:TPP mass 

ratios, namely 3:1-4:1 in 85 mM NaCl (dashed lines in panels B and D of Figure 1). In water and 

under an identical range of composition, NP sizes and PdI values were much larger (dashed lines 

in panels A and C of Figure 1). These findings are in general accordance with previous studies [13, 

54, 56], reporting that the addition of adequate amounts of monovalent ions to NP solutions aids in 

the optimization of the NP hydrodynamic radius and screens the electrostatic repulsion of the 

charged amino groups present at the pH of the batch CS solution (pH 5.0), leading to increased 

flexibility, larger degree of compaction of the CS backbone, superior colloidal stability, and lower 

polydispersity [13, 54, 56]. 



 

Figure 1E and F summarize the dependence of the average NP diameter on the CS:TPP mass 

ratios in water and in 85 mM NaCl, respectively. Among the CS:TPP mass ratios lying within the 

area of the contour plot representing optimal NP size and PdI values in 85 mM NaCl (area within 

dotted lines in panel F), we chose the 3.33:1 mass ratio for further analysis. The size of the NPs 

chosen for the fabrication of CC-NPs was 251 ± 99 nm, as determined by DLS-NIBS. None of the 

IC-NP batches fabricated in plain water were used to make CC-NPs. 

Covalent co-crosslinking of IC-NPs produces a defined core-shell structure: 

To elucidate whether TPP-crosslinked CS NPs could be co-crosslinked with GNP, salt-prepared 

IC-NPs with a CS:TPP mass ratio of 3.33:1 (Figure 1F) were covalently co-crosslinked with GNP 

(GNP:CS mass ratios 0.06:1-1.70:10.3) at 37 °C. UV-VIS spectroscopy performed during the 

incubation provided clear evidence that CC-NPs were indeed co-crosslinked with GNP (Figure S3). 

To gain further insight into the structural modifications that take place within CC-NPs during co-

crosslinking with GNP, synchrotron SAXS studies were conducted to probe the ultrastructure of 

our NPs in the 1-50 nm resolution range. This range would allow us to ascertain, for example, 

whether there might exist differentially structured regions in our NPs, as opposed to having 

structurally homogeneous particles. In Figure 2A-C we plotted the scattering patterns I(q) against 

the scattering vector q (in log-log scales) for CC-NPs at various GNP:CS mass ratios and at 

different incubation times. Given that significant structural modification of nanogel systems at the 

molecular scale occurs during stepwise increases of temperature [60], the time-zero plots were 

deliberately omitted, because the samples were set at room temperature at this time point. The 

patterns were also characterized with Kratky plots (I(q)·q2 vs. q) [61] (Figure 2D-F). The scattering 

patterns showed a bell-shaped curve typical of compact nanoparticles, with a prominent peak 

centred at q*~0.01 Å-1 in all cases. The q*~0.01 Å-1 peak is absent in the case of uncrosslinked CS 

solutions, although these solutions exhibit an alternative, weak correlation peak due to 



 

Figure 1. Dependence of IC-NP size (diameter) and PdI on the CS:TPP mass ratio, as determined 
by DLS-NIBS. A-D. Contour plots showing the dependence of the size (A, B) and PdI (C, D) of 
IC-NPs on the concentration of CS and TPP in water (A, C) and in 85 mM NaCl (B, D), 
respectively. X-axes CS concentration in mg/mL (for the sake of clarity only shown in panels C 
and D). Y-axes TPP concentration in mg/mL (for the sake of clarity only shown in panels A and 
C). Dashed lines in A-D delimit the area contained within the CS:TPP mass ratio range of 3:1 to 
4:1. The identity of the line is indicated on top of the panels A and B. E-F. Variation of NP size in 
water (E) and in 85 mM NaCl (F) as a function of the CS:TPP mass ratio. X-axis, CS:TPP mass 
ratio obtained by dividing the relative CS and TPP concentrations in all the systems tested. Y axis, 
NP size (diameter) in nm. Dotted lines in E and F indicate the CS:TPP mass ratio ranges of 3:1 and 
4:1. Data represent the mean and standard deviation of three replicates. The CS:TPP mass ratio of 
3.33:1 in 85 mM NaCl is highlighted in black in F. 



 

polyelectrolyte ordering [62]. The value of q* is related to the radius of gyration (Rg) as follows. 

For a monodisperse collection of particles, Rg is given by Rg = 
3

*q
 [61]9. Therefore, in our hands, 

Rg ~17 nm (Figure 2D-F). 

Interestingly, the intensity of the peak is reduced in Kratky plots as GNP:CS mass ratios increased 

(panels D-F in Figure 2), except for the lowest GNP:CS mass ratio, 0.06. The trend shown in Kratky 

plots was robust, as it was obtained at the three different incubation times shown in Figure 2D-F. 

This also indicated that NPs were stable and did not sediment throughout the experiment. The 

reduced peak intensity observed in Kratky plots at GNP:CS mass ratios higher than 0.06 might 

stem from a change of the electron-density contrast factor due to increased levels of chemical 

crosslinking with GNP. Indeed, such crosslinking process could compete with CS/TPP physical 

interactions and induce TPP release which, in turn, would decrease the mean electron density within 

the particles. 

To further examine the effect of GNP on the physical structure of the surface-solvent boundary 

of CC-NPs, we analysed the scattering patterns with a modified Porod law accounting for a core-

shell or diffuse interface structure [63].  
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This model allowed us to evaluate the thickness of the interface of the transition layer (i.e., the shell 

thickness, Li) using Equation 6: 
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where C and -B are respectively the slope and intercept of the best linear fit parameters obtained 

with the modified Porod equation (Equation 5) [64]. Figure 3A-C shows the I(q)*q2 vs. 1/q2 plots  



 

 

Figure 2. Kratky plots. A-C. SAXS intensity patterns of CC-NPs (1 mg/mL) at varying GNP:CS 
mass ratios after 3 (A), 10.5 (B) and 16 (C) h of incubation at 37 ºC. Data represent the mean of 
three triplicated treatmens in each condition. For the sake of clarity, no error bars are shown. X-
axes, q in Å-1. Y-axes, I(q) in arbitrary units (only shown on the left panel for clarity). D-F. Kratky 
plots for the curves shown in A-C. Data represent the mean of three replicates. For the sake of 
clarity, no error bars are shown. X-axes, q in Å-1. Y-axes, I(q)·q2 in arbitrary units (only shown on 
the left panel for clarity). GNP:CS mass ratios for panels A-F are colour coded as shown at the 
bottom of the figure. 

 

 

 

 



 

for CC-NPs with different degrees of GNP crosslinking, after 3, 10.5 and 16 h of incubation, 

respectively (see also Figure S4). We performed regression analysis in the 1/q2 range from 2130 to 

879 Å2, i.e. in the q range from 2.1 10-2 to 3.4 10-2 Å-1. Dashed black lines in Figure 3 A-C show 

 the fitted I(q)*q2 vs. 1/q2 values yielding negative y-axis intercepts, hence suitable to adjustment 

to the core-shell model (see also Figure S4). Figure 3D represents the evolution of shell thickness 

over time for the various systems after incubation at 37 ºC, as deduced from Equation 6. As shown 

in the bar diagram, at early incubation times, all the systems, including the one in the absence of 

GNP, could be fitted adequately to the core-shell model, with estimated average values of shell 

thickness ranging from ~40 to 55 Å. However, from 10.5 h of incubation onwards and until the end 

of the experiment, it was only possible to unambiguously apply the core-shell model to CC-NPs 

with GNP:CS mass ratios between 0.12 and 0.48 (see Figure S4 and Table S2). Interestingly, low 

GNP:CS mass ratios (i.e. at or below 0.06) ageing for at least 10.5 h at 37 ºC, neither induced the 

formation of diffuse interphase nor a reduction in the intensity of the peak in the Kratky plots 

(panels D-F in Figure 2). Thus, there appears to be two steps in NP shell structuration. In the 

absence of GNP stabilization by crosslinking, an initially present particle shell vanished after 

extended incubation times (dashed lines in Figure 3D. See also Table S2). In presence of higher 

amounts of GNP, however, the thickness of the initial shell increased with incubation time (green 

and yellow bars in Figure 3D). This second phase was both time- and GNP-dependent, reaching a 

maximum shell thickness of 75.9 ± 20.3 Å after a 16-h incubation, in the case of the 0.48 GNP:CS 

mass ratio. In addition, for GNP:CS mass ratios greater than 0.06, the intensity of the associated 

Kratky peaks (Figure 2D-F) decreased relative to the no-GNP control, while shell thickness 

increased (Figure 3D). Thus, the results presented in Figures 2D-F and 3D might reflect two sides 

of the same process of structural evolution, in that the reduced contrast factors caused by higher  



Figure 3. Determination of the width of the diffuse interface of CC-NPs at varying GNP:CS mass 
ratios. A-C I(q)q2 vs 1/q2 plots (dotted lines) obtained at the GNP:CS mass ratios indicated by 
colour key shown at the figure bottom. X-axes, 1/q2 in Å2. Y-axes, I(q)*q2 in arbitrary units. NPs 
were incubated for 3 (A), 10.5 (B) and 16 (C) h at 37 ºC. To estimate the width of the transition 
layer, the Porod’s asymptotic behavior was studied according to Equation 5 [64], where C and -B 
are the intercept and slope of the linear, best-fit parameters of the modified Porod treatment (see 
Equation 5 and 6), respectively. Dashed black lines show the best linear fits from which the slopes 
were calculated. Data represent the values of a single, representative experiment out of a total of 
three replicates (but see Figure S4). Only data with linear fits yielding Y-axis intercepts at negative 
I(q)*q2 values, hence suitable to be described by Equation 6, are shown (but see Table S2 and 
Figure S4). The 1/q2 region ranging from 0 to 1x102 was not shown in main plot for clarity. The 
insets show a zoomed-in view of the Y-intercept region. Data points lying in the 1/q2 region ranging 
from 0 to 50 were omitted in insets for clarity. The identity of the linear fits is indicated in insets. 
D. Calculated shell thickness after incubation at 37 ºC according to Equation 6 [64]. Arrowheads 
indicate ambiguities due to insufficient experimental data (see Table S2 and Figure S4). In such 
cases, the clear trend displayed by the data represented in Table S2 was used to infer the behavior 
displayed in this figure. X-axis, GNP:CS mass ratio values, Y-axis: shell thickness in Å. Data 
represent the average value and standard deviation of the three replicates mentioned above. 
Statistical comparisons between treatments at different incubation times were made with GraphPad 
Prism 6 using two-way ANOVA with multiple-comparison Tukey test (** p ≤ 0.01; *** p ≤ 0.001). 



 

 

levels of GNP crosslinking could also be linked to the formation of thicker shells during extended 

incubation, as deduced by the modified Porod law. 

Physicochemical characterization of prototype IC-NPs and CC-NPs: 

NP isolation via centrifugation followed by resuspension in glycerol has been reported as a 

critical step in the fabrication of CS-TPP NPs [65]. Prior to isolation, the parent batch of IC-NPs 

had an average diameter of 150 ± 50 nm and a low PdI of ~0.1-0.2 (Figure 4A and B). Following 

isolation, IC-NPs were highly sensitive to the process of resuspension and tended to aggregate. 

This behavior resulted in important differences in the Z-average sizes and PdI values of isolated 

IC-NPs, relative to their parental counterparts (Figure 4A and B). As a result, isolated IC-NPs were 

characterized by wider DLS-NIBS size distribution plots, indicating that they possessed much 

larger average hydrodynamic diameters than those of their parental NPs, cf. ~334 nm vs. 150 ± 50 

nm (lower left panel in Figure 4C). The PdI values increased from ~0.1-0.2 to ~0.3-0.7 (Figure 

4B). Notably, the size distribution was highly batch dependent, often displaying multi-modal 

character and signals of the presence of extremely large particles of unresolvable size (lower right 

panel in Figure 4C, see also Figure S5). On the contrary, isolated CC-NPs systematically retained 

the original average diameter and PdI values of their parental NPs (size: 151 ± 7, PdI: 0.1-0.2) 

(Figure 4A-C). When the average diameter of the individual preparations was considered, isolated 

CC-NPs were found to be even better behaved than parental IC-NPs (cf. panels A and B in Figure 

S5). Thus, GNP co-crosslinking provides an avenue to circumvent the tendency of IC-NPs to 

aggregate after isolation, effectively resulting in NPs with a narrow diameter range. 

The ȗ-potential of isolated IC-NPs and CC-NPs was estimated in two different saline environments, 

namely 1 mM KCl and 85 mM NaCl. The first saline environment, with low ionic strength and 

neutral pH, is customarily employed by our group [66-71] and others [72-74] to compare the ȗ-



potential values of CS-based NPs. The second saline environment, 85 mM NaCl, is the one chosen 

for the fabrication of IC-NPs and CC-NPs, as described above. Figure 4D shows the mean ȗ-

potential of the isolated IC-NPs and CC-NPs in both environments. In 1 mM KCl, IC-NPs 

displayed a ȗ-potential of +25.4 ± 5.5 mV. Under these conditions, covalent crosslinking with GNP 

slightly reduced the surface charge, yielding a ȗ-potential value of +20.1 ± 2.3 mV. The overall 

reduction in ȗ-potential after GNP co-crosslinking of CS-TPP NPs was the expected consequence 

of the covalent interaction of GNP with CS, yielding secondary amines in the neutral state [38]. 

The same trend was observed in 85 mM NaCl, although the measured ȗ-potential values were 

considerably lower in this medium, namely +16.4 ± 0.8 mV and +10.5 ± 0.9 mV for IC-NPs and 

CC-NPs, respectively.  Reduction of the ȗ-potential at 85 mM NaCl was  expected due to increased 

salt-induced screening of charges at higher ionic strength, together with the known strong 

dependence of surface charge densities on ionic strength (Debye-Hückel prediction) [13, 56, 75]. 

Along these lines, Huang and Lapitsky [56] showed that despite the lower ȗ-potential observed at 

higher ionic strength, increased colloidal stability can be achieved, likely due to salt-mediated 

inhibition of bridging flocculation. 

CC-NPs remain stable during incubation in biological medium: 

To evaluate the physical stability of IC-NPs and CC-NPs in microbiological assays, we followed 

the evolution of particle size during incubation in biological medium. To this end, we prepared 

1/50 dilutions of IC-NPs and CC-NPs in supplemented M9 minimal medium, pH 6.9 ± 0.05 (see 

Materials & Methods), incubated the samples at 37 ºC, and recorded the DLS size distributions at 

specific time points, namely 0, 2, 4 and 6 h. The medium and the incubation conditions were not 

arbitrary, as they mimic the conditions of a typical bioassay with the E. coli biosensor. Our previous 

experience with IC-NPs had revealed that these NPs are rather unstable in most biological media 



 

 

 

 

 

Figure 4. Physico-chemical characterization by DLS-NIBS of the parent IC-NP batch (before 
isolation) and of isolated IC-NPs and CC-NPs. A. Z-average size (diameter) of NPs. Data represent 
the average value and standard deviation of six (parent NPs) to nine (isolated IC-NPs and CC-NPs) 
replicates. For simplicity, labeling has been omitted on X axis but the plotted bars NPs are colour 
coded as indicated in box. Y-axis, Z-average, NP diameter in nm. B. Mean PdI for the three NP 
systems of A. X axis and colour coding as in A. Y-axis, average PdI values. Colour coded as in A. 
C. Representative DLS intensity size (diameter) distribution plots for the three NP systems of A 
(see also Figure S5). In the case of isolated IC-NPs, two representative plots are shown. Colour 
coded as in A. X-axis, average diameter in nm. Y-axis DLS intensity in percentage. D. Mean ȗ-
potential for isolated IC-NPs and CC-NPs in 85 mM NaCl and in 1 mM KCl. Y-axis, average ȗ-
potential values in mV. X axis and colour coding as in A. 

 

 

 



 [27]. In addition, other authors have reported precipitation of CS NPs upon mixing with bacterial 

broth [76]. Not surprisingly, DLS-NIBS analysis revealed that IC-NPs were highly unstable in 

supplemented M9 minimal medium, as shown by the impossibility of obtaining satisfactory 

intensity-based size distributions, even at time zero (Figure 5A). However, we did not detect any 

visible aggregation upon inoculation and incubation of IC-NPs in bacterial broth. Of note, the DLS-

NIBS correlograms of IC-NPs in the culture medium showed a delayed decay in the correlation 

curves characteristic of large particles (Figure 5C). By contrast, CC-NPs were completely stable in 

M9 minimal medium throughout the duration of the experiment and they showed monomodal size 

distributions, and monotonic intensity correlation functions up to 103 s (Figure 5B and D, 

respectively). 

Microbiological assays: 

The E. coli reporter strain carrying the genetic device BbaT9009 (see Experimental Section) 

functions as an AHL receiver whose response (GFP expression) can be measured by the emmited 

fluorescence [77]. We used this strain as a biosensor to analyze the antimicrobial and QQ activity 

of IC-NPs and CC-NPs. 

Evaluation of the antimicrobial and QQ activity of the IC-NPs and CC-NPs: 

As a first approach to characterize the bioactivity of IC-NPs and CC-NPs with the E. coli 

fluorescent QS biosensor, we tested the effects of fixed NP concentrations on cell growth kinetics. 

When growth rates values are considered (Figure 6A and B), a clear antimicrobial effect of both 

types of NPs is observed. In both cases, dose dependence is conspicuous at low to medium NP 

concentrations and peters out at higher dosages. The growth curves of Figure 6C and D show that 

for the two treatments, low NP concentrations (IC-NPsμ up to 12.52 ȝg/mL; and CC-NPs: up to 

 



 

 

 

Figure 5. Stability of IC-NPs and CC-NPs in M9 minimal medium. A-B. DLS size distribution 
plots for IC-NPs (A) and CC-NPs (B). Colour key indicates the incubation time in supplemented 
M9 minimal medium at 37 ºC. X-axes, average diameter in nm. Y-axes, DLS intensity in 
percentage. C-D. DLS correlograms of IC-NPs (C) and CC-NPs (D) at different incubation times. 
X-axes, time in ȝs. Y-axes, average correlation coefficient. Colour coded as in A-B. Data represent 
de mean DLS values of three replicates. For the sake of clarity, error bars are not included.  

 

 

 



 

13.16 ȝg/mL), yielded growth kinetics that were similar to those of controls, despite the clear 

existence of a slight NP effect (see below). In contrast, treatment with higher NP concentrations 

resulted in significantly decreased growth rates. Significant experiment-to-experiment variation 

was evident in these assays, as indicated by the large standard deviations shown in Figure 6C and 

D. Additional anomalies in the form of “shoulders” were also apparent in some of the curves 

(downward arrows in Figure 6C and D). For clarity, we show the individual time/OD600 traces in 

Figures S6-S9 (main panels). In the case of IC-NPs, an initial phase of growth can be observed at 

which the behavior of the treated biosensor cultures was indistinguishable from that of the untreated 

controls at all IC-NP concentrations (first 100-150 min) (main panels in Figures S6 and S7). 

Following this phase, OD600 traces from treated cultures deviate from those of controls towards 

lower growth rates (main panels in Figures S6 and S7). At the two lowest IC-NP concentrations, 

the three biological replicates deviated from the controls to different degrees and displayed sharp 

anomalies (main panels B and C in Figures S6 and S7), resulting in the shoulders shown in Figure 

6C. The presence of anomalies was much more accused in the case of CC-NPs (main panels in 

Figures S8 and S9). This, together with a much higher degree of experimental variability (cf. main 

panels in Figures S8 and S9), made these growth results much harder to interpret than those of IC-

NPs. 

Next, we attempted to monitor the toxicity of our NPs by means of a survival assay. Since our 

previous experience with CS nanocapsules showed that they could bind to bacterial cells and 

promote cell aggregation [50], we decided that a simple colony-counting method could fail to 

provide a reliable estimate of the fraction of viable cells after treatment with our NPS. Instead, we 

decided to monitor the growth of the fraction of viable cells remaining after exposure to the NPs 

[78, 79]. With this in mind, we pre-treated the cells for 5 h with various doses of IC-NPs and CC-



 

NPs in M9 minimal medium, after which the cells were diluted 1:10 in NP-free, fresh broth and 

incubated for a further 5 h. We then plotted the OD600 values in terms of percentage of cell viability 

vs. NP concentration and fitted the resulting curves to a non-linear dose-response function to 

estimate the IC50 values for both IC-NPs and CC-NPs. As shown in Figure 6E, IC-NPs showed an 

IC50 value (IC50= 16.8 ȝg/mL) that was two-fold lower than that of CC-NPs (IC50= 34.9 ȝg/mL). 

The higher toxicity of IC-NPs relative to CC-NPs indicates that GNP co-crosslinking reduces the 

antimicrobial activity of the former NPs. 

Next, we analyzed the QQ activity of our NPs by measuring their ability to interfere with the 

biosensor’s QS-induced fluorescence (see Experimental Methods). Despite the noted differences 

in the apparent growth rates, an overall strong reduction of end-point, OD600-normalized 

fluorescence (Fl/OD600) was clear for most NP concentrations (Figure 7A and B). The effect was 

significantly more pronounced for IC-NPs than for CC-NPs (cf. Figure 7A and B). Panels C-F of 

Figure 7 show the average Fl/OD600 traces from two independent experiments for both IC-NPs and 

CC-NPs (the individual traces are shown in insets in Figures S6-S9). In keeping with the endpoint 

results, a strong reduction of normalized fluorescence was observed at all concentrations of IC-NPs 

(Figure 7C and D). Notably, maximal Fl/OD600 reduction was achieved at the lowest NP 

concentration, and no additional reduction could be afforded by higher concentrations (Figures 7C 

and D). Moreover, despite the noted presence of large standard deviations in OD600 values, the error 

associated to Fl/OD600 in the same experiments was much lower (cf. Figure 6C to panels C and D 

of Figure 7), supporting the existence of a strong QQ effect mediated by these NPs. Again, large 

experimental differences in the case of CC-NPs, made it difficult to interpret the Fl/OD600 results 

at all NP concentrations, except for the highest (Figure 7E and F). These results prompted us to 

disregard CC-NPs as reliable QQ-promoting NPs. 



Importantly, the fluorescence measurements used in the QQ bioassays have been normalized to 

cell density (Fl/OD600) [80, 81], meaning that a simple interpretation in which the observed 

antimicrobial effect might be responsible for the fluorescence decrease cannot hold. To explain the 

sharp reduction of normalized Fl/OD600 observed at all concentrations of IC-NPs, one must claim 

that the decrease in fluorescence must be of greater magnitude than the OD600 drop. The presence 

of anomalies in the form of “shoulders” in some of the growth curves (downward arrows in Figure 

6C and D and Figures S6-S9) is also relevant in this regard. While we have not explored further 

these growth anomalies in the context of the NPs described in this manuscript, similar irregularities 

were described by our group in the case of CS nanocapsules [50]. The effect was due to the so 

called “stoichiometric ratio” of nanocapsules/bacteria, i.e. a particular time during growth in the 

presence of these particles, at which the electrical charge of the bacterial cell wall was compensated 

by bound nanocapsules, resulting in bacterial aggregation [50]. Hence, it is possible that part of 

what we interpreted here as growth reduction might have been simply caused by anomalies in the 

OD600 readings due to cell aggregation [82] and that the antimicrobial effect measured in Figure 

6E might have been overestimated. 

 

 

 

 



 

 

Figure 6. Effect of NP treatment on the growth of the E. coli biosensor. A-B. Effect of treatment 
with IC-NPs (A) and CC-NPs (B) on the biosensor’s growth rate, relative to untreated controls. X-
axes, NP concentration in µg/mL, determined as described in Materials & Methods. Y-axes, 
average relative growth rate values. P values are labeled as follows: ** p ≤ 0.01, *** p ≤ 0.001, 
and **** p ≤ 0.0001. C-D. OD600 plots of the E. coli biosensor treated for 300 min with varying 
doses of IC-NPs (C) and CC-NPs (D). Downward arrows in C and D show growth anomalies in 
the form of “shoulders” observed at some NP concentrations. Data represent the mean and standard 
deviation of two independent experiments with three biological replicates each. For the sake of 
clarity, only one-sided error bars are shown. Curves are colour coded to the NP concentrations 
shown in A and B. X-axis, time in minutes. Y-axis, average OD600 values in log scale. E. Viability 
(%) of E. coli cultures pre-treated with IC-NPs and CC-NPs relative to that of control cells, as a 
function of NP concentration (see Experimental Section). Dots represent the experimental data, and 
solid lines represent the best-fit to the non-linear dose-response function (GraphPad version 6.00, 
GraphPad Software, La Jolla California USA), used to calculate the IC50 values for the two types 
of NPs (see Experimental Section). Data represent the mean and standard deviation of two 
independent experiments with three biological replicates each. X-axis: NP concentration in ȝg/mL. 
Y-axis: average relative viability in percentage. 



 



 

Figure 7. Effect of treatment with IC-NPs and CC-NPs on the QS-based fluorescent response of 
the E. coli biosensor. A-B. End-point Fl/OD600 response of the E. coli biosensor after treatment 
with various concentrations of IC-NPs (A) and CC-NPs (B), relative to that of control cells. Data 
represent the mean and standard deviation of two independent experiments with three biological 
replicates each. P values are labeled as follows: ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. X-
axes, NP concentration in ȝg/mL. Y-axes, average relative FL/OD600 values. C-F. Effect of various 
concentrations of IC-NPs (C, D) and CC-NPs (E, F) on the FL/OD600 response of the E. coli 
biosensor in two independent experiments (C, D and E, F, respectively). Data represent the average 
and standard deviations of three biological replicates per experiment. For the sake of clarity, only 
one-sided error bars are shown. The traces of C and E are colour coded as in D and F, respectively. 
X axes: Time in minutes. Y axes: Fl/OD600 in arbitrary units.  

 

DISCUSSION 

Despite the initial high expectations for CS micro- and nano-particles crosslinked with TPP, their 

colloidal stability under biologically relevant conditions remains a major shortcoming towards their 

wider use as broad-spectrum bio-nanomaterials [16, 83-86]. Indeed, in our study, IC-NPs had a 

tendency to increase in size and polydispersity after isolation by centrifugation (Figure 4). This 

undesired attribute of IC-NPs was further complicated by their batch-dependent behavior (Figure 

S5). The tendency of TPP-crosslinked CS NPs to aggregate after centrifugation is well known [65]. 

For this reason, the standard fabrication method used in our group and by others includes the use 

of a glycerol bed during centrifugation to avoid aggregation [87, 88]. Other laboratories have 

resolved this issue by resorting to aggressive methods of aggregate disruption, such as 

ultrasonication [89, 90]. Aggregation could be due to the reported tendency of unmodified chitosan 

particles to produce vortex-resistant aggregates as a result of strong inter- and intra-molecular 

hydrogen bonding [54, 91]. Tanaka et al. [54] also mentioned the existence of strong hydrophobic 

interactions responsible for the aggregation of CS. 

In contrast to IC-NPs, CC-NPs tolerated well their manipulation during the process of 

centrifugation and resuspension (Figure 4). Covalent crosslinking with GNP could prevent the 

formation of undesired hydrogen bonds and/or hydrophobic interactions, thus, reducing the 



tendency of IC-NPs to aggregate. Regardless of the mechanism, GNP crosslinking succeeded in 

providing a formulation capable of producing robust NPs that can be used as a chassis for down-

the-line applications. 

We examined the effect of GNP on the physical structure of the CC-NPs at the particle’s surface-

solvent boundary by using a modified Porod law accounting for the existence of a core-shell 

structure [63]. This made it possible to evaluate the shell thickness of our NPs in the 1-50 nm 

resolution range (Figure 3). We observed that the behaviour of all the NP systems, even the ones 

lacking GNP, could be adequately fitted to the core-shell model at early incubation times at 37 ºC 

(Figure 3D). This is in agreement with previous reports on the core-shell structure of TPP-

crosslinked NPs imaged by transmission electron microscopy (TEM), showing differential 

structure density between the outer and inner NP boundaries [16, 92]. In contrast, at 37 °C and at 

incubation times longer than 10.5 h, only NPs formed with GNP:CS mass ratios between 0.12 and 

0.48 were successfully modelled by the core-shell model (Figure 3D). This effect was clearly 

dependent on the incubation step, as IC-NPs are stable at the storage temperature (5 ºC) [16]. The 

disruption of the GNP-independent core-shell structure of IC-NPs at physiological temperature 

might imply that the organization of the external boundaries of these NPs (and of insufficiently 

GNP-crosslinked CC-NPs, see 0.06 GNP:CS mass ratio in Figure 3D), either fluctuates more 

extensively or suffers from instability upon long incubation at 37 °C. Indeed, we have shown 

evidence of noticeable reduction in shell thickness at short to medium incubation times, followed 

by a consistent increase in thickness at longer times (Figure 3D). The shrinkage at low incubation 

times might be related to restructuring, upon covalent crosslinking with GNP, of the initially 

swollen and loose, outermost CS strands, into a more compacted conformation. On the other hand, 

the increase in shell thickness observed at longer times appears to be consistent with additional 

macromolecular organization of the multi-bridged CS-GNP crosslinked networks, a process that is 



 

known to occur at a slow rate in the later stages of chemical crosslinking with GNP [44, 45]. In 

such scenario for the evolution of the structure of CS:TPP crosslinked nanoparticles, it becomes 

clear that the crosslinking reaction of GNP strongly impacts the surface of CC-NPs, relative to their 

GNP-non-crosslinked counterparts. Other authors have also reported evidence of enhanced 

mechanical strength, improved chemical stability and reduced swelling behaviour of core-shelled, 

CS-based microcapsules covalently crosslinked at GNP:CS mass ratios around 0.1 [39]. Our 

discovery that GNP co-crosslinking of IC-NPs led to the stabilization of a pre-existing, but labile, 

core-shell structure, likely explains the improved physico-chemical properties displayed by CC-

NPs. 

An unexpected result during the characterization of our NPs was the discrepancy between DLS-

NIBS analysis, which resulted in particles with hydrodynamic diameters of ~200 nm (Figure 1F), 

and Kratky-plot and Porod-Debye plot analysis of SAXS data, which yielded an Rg of ~ 17 nm 

(Figure 2D-F). While there might exist a subset of CC-NPs in our preparations with diameters 

significantly smaller than the DLS-determined value of ~200 nm, the consistent behaviour 

displayed during DLS-NIBS (Figure 5) indicates that smaller particles, if existing, are expected to 

be minoritarian. We prefer to explain the apparent discrepancy between SAXS and DLS-NIBS in 

the context of the “raspberry-like” model of NP ultrastructure proposed by Huang and Lapitsky for 

TPP-crosslinked CS-NPs [93]. Accordingly, we propose that the size of our NPs results from the 

aggregation of primary, smaller nanoparticles into larger objects with sizes ~ 200 nm. 

The superior physico-chemical features of CC-NPs, together with their higher stability under 

biological conditions (Figure 5) and lower toxicity (Figure 6) makes these NPs better suited for 

microbiological work than IC-NPs. For example, CC-NPs constitute a promising chassis for the 

design of smart drug delivery nanocarriers under conditions in which QQ is not desired. Since the 

suitability of GNP crosslinked, CS-based matrices for drug delivery and controlled release has been 



amply demonstrated [32, 35-40, 94-96], the results presented here are in line with the existence of 

a high potential for our CC-NPs to bear multifunctional structures, respond to external stimuli, 

and/or to be combined with adjuvant biomolecules. 

CS has recently been proposed as a new generation antimicrobial with the capacity to control a 

broad spectrum of microorganisms, including antibiotic resistant pathogens [48, 49, 97]. Raw CS 

has been shown to interfere with QS responses and biofilm formation in various bacterial pathogens 

[48, 49]. However, the potential of CS-based nanomaterials to directly inhibit QS has only recently 

been studied. Our group has shown that CS nanocapsules can bind to bacterial cells, promote cell 

aggregation and attenuate the QS response of a model biosensor [50]. Here, we have also shown 

that both IC-NPs and CC-NPs exhibit antimicrobial and QQ-like properties, albeit in the case of 

CC-NPs, consistent QQ activity is only observed at high NP concentrations (Figures 6 and 7). The 

results of Figure 6 and 7 are in agreement with the existence of two different effects of low-to-

medium concentrations of IC-NPs on the biosensor, namely a slight antimicrobial effect and a much 

stronger QQ effect. The surprisingly strong and stable QQ activity of IC-NPs stands in stark 

contrast to their erratic physicochemical properties. Thus, this work, together with our previous 

report [50], indicate that certain CS-based nanomaterials, such as IC-NPs or CS nanocapsules, 

satisfactorily maintain the QQ activity of free CS. This occurs, despite the vast size of these 

nanomaterials, in comparison to CS, and the important structural differences arising from their 

formulations. Thus, IC-NPs could serve as the chassis for microbiologically relevant CS-NPs 

capable to interfere with QS.  Further work will be required to fully separate the influence of 

bacterial aggregation resulting from the “stoichiometric effect” [50] from the true antimicrobial 

and QQ activities of IC-NPs. This will likely require a deep understanding of the nature of the 

interaction between IC-NPs and the cell wall. The results presented here are also clear about the 

requirement of future efforts towards improving the physicochemical stability of IC-NPs. As such, 



 

IC-NPs can be considered as the starting point for the fabrication of NPs with the ability to combine 

QQ with other functions of interest, thus, providing these particles with the ability to directly alter 

the normal growth kinetics of bacterial populations in yet unforeseen manners. 

Finally, the comparison of IC-NPs and CC-NPs presented here has far reaching consequences 

for the future design of CS-NPs. Our SAXS analysis indicating the stabilization of a labile core-

shell structure upon GNP crosslinking, together with the widely different properties exhibited by 

IC-NPs and CC-NPs, strongly suggest that modulating the features of the shell during crosslinking 

could lead to new types of NPs with a variety of interesting properties. 

 

CONCLUSION 

TPP- and GNP-crosslinked CS nanosystems have been the subject of numerous previous studies. 

However, the relationship between the nanosystem’s ultrastructure and its final properties and 

potential applications has not been studied in detail. After comparing the physicochemical 

properties and the biological performance of two related types of CS nanosystems, namely ionically 

(TPP) crosslinked IC-NPs and dually (TPP+GNP) crosslinked CC-NPs, we observed that, despite 

the similarities in their composition, both systems had widely different behaviors. CC-NPs showed 

enhanced colloidal stability during the process of centrifugation and resuspension and upon 

incubation in microbiological medium, maintaining their average diameter in the range of 200 nm 

In contrast, IC-NPs aggregated and were highly unstable in these conditions. Regarding their 

biological performance, CC-NPs displayed half of the toxicity of IC-NPs (IC50=34.9 µg/mL vs. 

16.8 µg/mL). On the other hand, the QQ activity of CC-NPs was much lower than that of IC-NPs 

which had strong QQ activity even at the lowest doses tested (6.58 µg/mL).  

By high-brilliance synchrotron SAXS analysis, we were able to elucidate important structural 

differences between IC-NPs and CC-NPs, namely the long-term stabilization of a pre-existing, but 



labile core-shell structure upon crosslinking with GNP in CC-NPs. Thus, the improved colloidal 

stability and the different biological properties of these NPs appear to arise from the presence of 

such a core-shell structure. Thus, our work underscores the influence of the NP’s ultrastructure on 

the colloidal and functional (biological) properties of the final product. 

This work, together with our previous report 82 indicate that certain CS-based nanomaterials, such 

as IC-NPs, satisfactorily maintain the QQ activity of free CS, despite their vast size (in comparison 

to CS). Thus, IC-NPs could serve as the chassis for microbiologically relevant CS-NPs capable to 

interfere with QS. In contrast, the superior physico-chemical features of CC-NPs, together with 

their higher stability under biological conditions and lower toxicity makes these NPs better suited 

for microbiological work than IC-NPs. For example, CC-NPs constitute a promising chassis for the 

design of smart drug delivery nanocarriers under conditions in which QQ is not desired. 
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