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In our efforts to improve the quality and stability of chitosan nanoparticles (NPs), we describe here a new
type of chitosan NPs dually crosslinked with genipin and sodium tripolyphosphate (TPP) that display
quorum quenching activity. These NPs were created using a simplified and robust procedure that resulted
in improved physicochemical properties and enhanced stability. This procedure involves the covalent
crosslinking of chitosan with genipin, followed by the formation of chitosan NPs by ionic gelation with
TPP. We have optimized the conditions to obtain genipin pre-crosslinked nanoparticles (PC-NPs) with
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positive 1-potential (~ +30 mV), small diameter (~130 nm), and low size distributions (PdI = 0.1–0.2). PC-
NPs present physicochemical properties that are comparable to those of other dually crosslinked chitosan
NPs fabricated with different protocols. In contrast to previously characterized NPs, however, we found
that PC-NPs strongly reduce the acyl homoserine lactone (AHL)-mediated quorum sensing response of
an Escherichia coli fluorescent biosensor. Thus, PC-NPs combine, in a single design, the stability of dually
crosslinked chitosan NPs and the quorum quenching activity of ionically crosslinked NPs. Similar to other
chitosan NPs, the mode of action of PC-NPs is consistent with the existence of a ‘‘stoichiometric ratio” of
NP/bacterium, at which the positive charge of the NPs counteracts the negative 1-potential of the bacte-
rial envelope. Notably, we found that the time of the establishment of the ‘‘stoichiometric ratio” is a func-
tion of the NP concentration, implying that these NPs could be ideal for applications aiming to target of
bacterial populations at specific cell densities. We are confident that our PC-NPs are up-and-coming can-
didates for the design of efficient anti-quorum sensing and a new generation antimicrobial strategies.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Chitosan (CS) is a family of cationic and biodegradable
aminopolysaccharide polymers derived from partial deacetylation
of chitin. The physical and chemical properties of CS are mainly
determined by the relative abundance of deacetylated units and
by their molecular weight. This versatility makes CS a strong can-
didate for applications in the food, cosmetic, pharmaceutical and
biomedical fields [1]. Physical or chemical crosslinking is fre-
quently applied to improve the physicochemical properties of CS
towards the design of efficient CS-based biopharmaceuticals [2–
4]. Ionic crosslinking normally involves polyanions, such as sodium
tripolyphosphate (TPP), which interact with the protonated amine-
groups of CS [5–9]. Chemical crosslinking of CS has been reported
to increase its stability against pH, temperature, and degradation,
both biological and mechanical [3–4,10–12]. Genipin (GNP) is a
natural covalent crosslinker derived from the geniposide com-
pound found in the fruits of Gardenia spp. GNP is receiving intense
attention as it constitutes a more compatible and less cytotoxic
alternative to covalent crosslinkers such as glutaraldehyde [13–
16]. The crosslinking reaction between GNP and CS occurs in two
steps. First, a nucleophilic attack of a CS primary amine group to
the GNP C3 carbon atom leads to the formation of a heterocyclic
compound linked to a glucosamine residue. This reaction is fol-
lowed by a slower nucleophilic substitution of the GNP ester group
(C11), the formation of a secondary amide linkage with CS, and the
formation of crosslinking bridges [15]. The degree of covalent
crosslinking with GNP can be controlled to modulate specific prop-
erties of CS-based materials, such as the release of biomolecules,
the stability against pH and temperature variations, or the struc-
ture of the CS gel network. Due to all these properties, GNP-
based crosslinking of CS is the subject of an increasing number of
applications in the fields of Material Sciences, Biotechnology and
Pharmaceutical Technology [11,13,17–21].

Quorum sensing (QS) is a cell-to-cell signaling mechanism
mediated by exocellular chemical compounds that act as autoin-
ducers. QS is reported to control many bacterial phenotypes, from
bioluminescence to antibiotic production, biofilm formation, and
secretion of virulence factors, among others [22–25]. In Gram-
negative bacteria, the molecular family of the acyl-homoserine lac-
tones (AHLs) constitute the most abundant species of autoinducers
[26,27]. AHLs are synthesized by LuxI-type enzymes and can freely
diffuse in and out of the cell, where they bind to LuxR-type regula-
tors of QS gene expression [28–29]. Since QS is deeply involved in
the development of pathogenicity in bacteria, the search for anti-
QS strategies, or quorum quenching (QQ), is a growing field of
interest. QQ strategies typically include the use of agents capable
of blocking QS molecular mechanisms. As such, QQ can occur by
the inactivation of either the autoinducer, its receptor, or the
AHL synthase [23,30–37]. Research on the potential use of CS to
interfere with QS has been gaining traction [11,38–41].

In a recent paper [42], we reported the ability of ionically cross-
linked CS nanoparticles (NPs) using TPP (IC-NPs), to interfere with
QS. Despite their QQ activity, IC-NPs displayed high polydispersity
and low colloidal stability in microbiological medium. As a first
attempt to overcome this, we crosslinked IC-NPs with GNP and
found that this treatment led to the formation of a core–shell ultra-
structure that stabilized the system, albeit with a significant
decrease of their QQ activity [42]. While the resulting NPs, here-
after named CC-NPs, were potentially useful in contexts in which
QQ is not desired, we set out to find new formulations that com-
bined the stability of CC-NPs with the QQ activity of IC-NPs. In
the present work, we found that by reversing the preparation pro-
tocol to first crosslinking of CS with GNP close to the critical gelling
condition, followed by ionotropic formation of NPs in the presence
of TPP, resulted in NPs displaying improved physico-chemical fea-
tures while retaining the QQ and antimicrobial activity. This, along
with the fact that the uncovered fabrication process is faster and
more robust, made us confident that these NPs could serve as the
chassis for the development of CS-based nanomaterials intended
for microbiological applications. We named these GNP pre-cross-
linked NPs (PC-NPs). Besides, we show here that PC-NPs have the
potential to target bacterial populations in a cell-density specific
manner. This feature could be used for the targeting of bacterial
populations at specific stages of growth.

2. Experimental section

2.1. Materials

High-purity grade CS in its hydrochloride salt form (Protasan UP
CL113) was purchased from Novamatrix (FMC-Biopolymer, Nor-
way). ChitosanMwwas ~ 92 kDa, PD (Mw/Mn) ~ 2.5, as determined
by GPC-MALLS-DRI; and the degree of acetylation (DA) was ~ 14%,
as determined by 1H NMR. GNP was purchased from Challenge Bio-
products Co. Ltd. (Touliu, Taiwan). TPP, N-(3-oxo-hexanoyl)-L-
homoserine lactone (3OC6HSL, named AHL hereafter), and other
chemicals were purchased from Merck KGaA, (Darmstadt, Ger-
many). Milli-Q water was used throughout. All reagents were of
analytical grade.

2.2. Chemical pre-crosslinking of CS with GNP

Before the preparation of the mixtures of CS and GNP (CS/GNP),
stock solutions of CS (2 mg/mL) and GNP (5 mg/mL), were prepared
directly in 85 mM NaCl, sterile-filtered through a 0.22-mm mem-
brane, and stored at 4 �C until use. CS hydrochloride salt dissolves
directly in water [43]. To assess the optimal composition and con-
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sistency of the CS/GNP mixture, we screened different GNP:CS
mass ratios. To this end, working solutions of CS (2 mg/mL) and
GNP (0.12, 0.24 and 0.48 mg/mL) were first prepared in 85 mM
NaCl. Next, aliquots of the two components were mixed in a final
volume of 30 mL to obtain CS/GNP mixtures with 0.06:1, 0.12:1
and 0.24:1 GNP:CS mass ratios. The mixtures were incubated for
72 h in capped, 100-mL Erlenmeyer flasks at 37 �C in an orbital
shaker (100 rpm).

The kinetics of the crosslinking reaction was monitored by UV/
VIS spectroscopy (V-630 UV–VIS Spectrophotometer, JASCO Corpo-
ration, Tokyo, Japan) (k = 200–900 nm) and by dynamic light scat-
tering using non-invasive back scattering (DLS-NIBS) with a
Malvern Zetasizer NanoZS ZEN 3600, (Malvern Panalytical, UK);
equipped with a red 4mW He/Ne laser output operating at k = 63
3 nm. In both cases, one mL-aliquots of the CS/GNP mixtures were
transferred to measurement cuvettes at specific time points, span-
ning a total of 72 h of sample incubation. The samples were mea-
sured in triplicates, and each one of them was measured three
times at 37 �C. After each measurement, the aliquots were returned
to the batch solution.

To estimate the critical gel time, the DLS-NIBS intensity correla-
tion data were approximated by percolation kinetics [44]. First, the
intensity correlation function g(2) (tD)-1 was fitted to the modified
exponential stretched KWW function, as explained in de Morais
et al. [45]. Thus, the initial part of the DLS correlograms, expressed
as the correlation coefficients vs. delay times (tD), was fitted to the
KWW-based stretched exponential equation (Equation (1)) with
Origin Pro 8 (OriginLab, Northampton, MA):

g 2ð Þ tDð Þ � 1 ¼ 1� be�ð2Cc tDÞ ð1Þ
where b is a constant that depends on the optical properties of the
system, and Cc is the relaxation rate [45].

The estimated Cc values were then corrected by subtracting the
baseline, plotted against incubation time, and fitted to the percola-
tion scaling law function (Equation (2)).

P1 ¼ Kðp� pcÞM ð2Þ
This equation is equivalent to the three-parameter power

Belehradek function (OriginLab, Northampton, MA), where P1 is
the calculated evolution of the correlation coefficient Cc over time,
K is a proportionality constant, p is time, M is the universal perco-
lation exponent, and pc becomes tgel-DLS, i.e. the critical gelation
time at which the response diverges from that in the sol state
[46]. The use of the Belehradek function to approximate percola-
tion phenomena has been described [47–49].

The evolution of the viscoelastic properties for the CS:GNP mix
(ratio 0.06:1) was further examined by small deformation oscilla-
tory rheology using a stress-controlled rheometer Kinexus Ultra
(Malvern Panalytical Ltd, UK) fitted with a truncated cone and
plate geometry (gap 0.07 mm; diameter 50 mm). To this end, the
CS/GNP mixture was prepared by mixing the corresponding
amounts of CS and GNP stock solutions in a glass vial and incu-
bated at 37 �C in quiescent conditions during 18 h. A 1.5 mL aliquot
of the mixture was loaded to the plate of the rheometer and the
rim of the cone was covered with low viscosity silicon oil to avoid
evaporation. The critical rheological gel point was defined as the
crossover point of the elastic (G’) and viscous (G’’) moduli (x = 6.
28 rad/s), recorded at strain values, c = 1% over a period of up to
106 min), in line with previous studies [50–51].

2.3. Preparation of PC-NPs

The GNP-pre-crosslinked CS-TPP NPs (PC-NPs) were prepared
according to the general ionotropic gelation protocol described
by Calvo et al. [6] with some modifications. First, GNP-pre-
crosslinked CS was prepared at a GNP:CS mass ratio of 0.06:1, as
explained above. To assess the optimal formulation to obtain PC-
NPs of an average size ~ 200 nm and low polydispersity index or
PdI (PdI ~ 0.1), different CS:TPP mass ratios were screened. To do
this, GNP-pre-crosslinked CS was sub-diluted with 85 mM NaCl
to reach CS concentrations ranging from 1 to 2 mg/mL. Similarly,
TPP was also prepared in 85 mM NaCl, achieving final concentra-
tions ranging from 0.5 to 0.83 mg/mL. Aliquots of the two compo-
nents were mixed in a 96-well microplate to obtain PC-NPs with
CS:TPP mass ratios ranging from 1.60:1 to 9.00:1 (see Table S1).

Two PC-NP prototypes of optimal size and PdI, namely PC-A, PC-
B, with CS:TPP mass ratios of 3.5:1 and 2.6:1, respectively, were
prepared by upscaling the preparation technique. Briefly,
1.875 mL (PC-A) or 2.250 mL (PC-B) of a TPP solution (0.63 mg/
mL in 85 mM NaCl) were poured onto 4.125 mL (PC-A) or
3.750 mL (PC-B) of GNP-pre-crosslinked CS (sub-diluted to a CS
concentration of 1 mg/mL with 85 mM NaCl) under magnetic stir-
ring (500 rpm). When necessary, PC-NPs were isolated by centrifu-
gation (40 min at 10000 � g and at 25 �C) in 1.5 mL vials containing
a glycerol bed [52] and the pellets were re-suspended in 100 mL of
water.

2.4. Physicochemical characterization of PC-NPs

The size distribution of NPs re-suspended in Milli-Q� water was
determined by DLS-NIBS in Milli-Q� water (pH � 7.0) at 25.0 ± 0.
2 �C. The 1-potential was determined by phase analysis light scat-
tering with mixed mode measurements (M3-PALS) in the same
instrument as for DLS-NIBS measurements, and diluting (1:50)
the PC-NPs in 1 mM KCl (pH 5.89).

2.5. Determination of the PC-NP production yield and concentration

Batch PC-NP production yield was determined by centrifugation
(40 min at 10000 � g and at 25 �C) of fixed volumes of freshly pre-
pared PC-NPs in the absence of glycerol. After discarding the super-
natants, the pellets were subjected to freeze-drying and the dry
weight of the pellets was registered. The production yield was
determined as follows (Equation (3)):

Production yield %ð Þ ¼ 100�mpellet �mNaClðpelletÞ
mtotal � V

ð3Þ

where: mpellet is the dried mass of the pellet, mNaCl (pellet) is a cor-
rective term that accounts for the mass of the residual NaCl present
in the pellet (estimated as 0.075 mg NaCl in a 20-mL pellet), V is the
volume used for freeze-drying (4.5 mL) and mtotal is the total mass
of the PC-NP components (GNP-pre-crosslinked CS and TPP) in the
batch, as expressed in Equation (4):

mtotal ¼ CCS � VCS þ CTPP � VTPP

Vbatch
ð4Þ

where: Ccs is the concentration of CS in the GNP-pre-crosslinked CS
gel (1 mg/mL), Vcs is the volume of the GNP-pre-crosslinked CS gel
used for PC-NP preparation (4.125 mL or 3.750 mL in PC-A and PC-B,
respectively), CTPP is the concentration of the TPP solution (0.63 mg/
mL), VTPP is the volume of the TPP solution used for PC-NP prepara-
tion (1.875 mL or 2.250 mL in PC-A and PC-B, respectively) and
Vbatch is the total volume of the PC-NP batch (6 mL). Thus, mtotal

was estimated as 0.93 mg and 0.90 mg for PC-A and PC-B, respec-
tively. PC-NP concentration was calculated during subsequent
experimental steps (e.g., isolation, dilution, etc) by applying the cor-
responding concentration factor, fc (i.e., volume of PC-NPs for isola-
tion or dilution relative to batch volume), as follows (Equation (5)):

NP½ � mg=mLð Þ ¼ mtotal � Production yield� 10�2 � f c ð5Þ
Product yield determination was performed in triplicate.
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2.6. Stability of PC-NPs in supplemented M9 minimal medium

60-mL aliquots of the isolated PC-NPs (PC-A and PC-B) were
diluted in M9 minimal medium supplemented with 0.5% casamino
acids, 1 mM thiamine hydrochloride and ampicillin (200 mg/mL), in
a volume of 1 mL (final dilution = 1:17) and at a final concentration
of ~ 0.15 mg/mL. The pH of the medium was 6.9 ± 0.05. The PC-NPs
were incubated for 335 min in M9 minimal medium at 37 �C under
shaking (100 rpm), and size variation was monitored every ten
minutes by DLS-NIBS at 37 �C.

2.7. Bacterial strains and culture conditions

The Escherichia coli strain Top10 was transformed with plasmid
pSB1A3-BBa_T9002, carrying the BBa_T9002 genetic device (Regis-
try 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 [53]. Cultures were prepared as per the protocol described
in our previous paper [42].

2.8. Evaluation of the ability of the PC-NPs to inhibit the QS response in
a fluorescent E. coli biosensor of AHL-mediated QS

The QS inhibitory activity of the PC-NPs was evaluated in terms
of their ability to decrease the AHL-mediated fluorescence
response of the E. coli biosensor. Isolated PC-A and PC-B were seri-
ally diluted in water. Ten-mL aliquots of these dilutions were pre-
mixed with 180 mL of the biosensor’s culture and incubated for
one hour at 37 �C with shaking (100 rpm) in a flat-bottom, 96-
well plate. Blank (medium only) and control wells were inoculated
with 10 mL of water and incubated under the same conditions. After
one hour, 10 mL of 5x10-9 M AHL were added to the wells to a final
AHL concentration of 2.5x10-10 M and incubated for 300 min in the
microplate reader as described (ref to IC-NPs). The final PC-NP con-
centration in the plate ranged from 0.1 to 0.001 mg/mL.

Statistical comparisons between PC-NP treatments and controls
were made with GraphPad Prism version 6.00 (GraphPad Software,
La Jolla California USA) using one-way ANOVA with multiple com-
parisons Dunnett’s Test (** p � 0.01; *** p � 0.001; **** p � 0.0001).
For each experiment, fluorescence intensity (FI) and optical density
(OD600) were corrected by subtracting the values of absorbance
and fluorescence background and expressed as the average of three
biological replicates. FI was normalized to cell density (FI/OD600)
[54].

2.9. Microscopy

Fluorescent imaging of the E. coli biosensor in the presence of
AHL and PC-NPs was performed as follows. 180-mL aliquots of
the biosensoŕs cultures were pre-incubated with 10-mL aliquots
of PC-NPs, to a final NP concentration of 123 mg/mL for 40 min at
37 �C under shaking (100 rpm) in capped vials. The PC-NP pre-
treated biosensor was then induced with 10 mL of 5x10-9 M AHL.
The cultures were then transferred to CytoCapture imaging dishes
with 20-mm hexagonal cavities (Zell-Kontakt GmbH, Nörten-
Hardenberg, Germany), and incubated for a further 60 min at room
temperature before imaging by confocal laser scanning microscopy
(CLSM). Images were recorded for a period of 70 min. Control cul-
tures were prepared by adding equal aliquots of water instead of
PC-NPs.

CLSM was performed using a Leica TCS SP2 spectral confocal
scanner mounted on a Leica DM IRES inverted microscope. Images
were acquired with the following settings: HCX PL APO 63.0x
1.20W CORR UV water-immersion objective, argon excitation laser
(488 nm), 134.1 mm pinhole (1.0 Airy unit), standard Leica settings
for GFP beam path, emission bandwidth equal to 500–600 nm, and
voxel width and height equal to 51.0 nm. Images were acquired
from single scans with a line average of 4.0, scan speed of
400 Hz, and 8-bit resolution. Images were processed with Leica
LAS AF Lite software with contrast and brightness values set to
�63 and 0, respectively. To quantify fluorescence intensity data
from representative CLSM images, a number of regions of interest
(ROIs) were drawn as lines spanning the length of a representative
number of cells (l = 1.9–4.3 mm) and used to measure pixel inten-
sity across the cell. Every analysis included 3–7 images with 18–38
ROIs each. Three-dimensional analysis of the culture was per-
formed by collecting z-series spanning a total thickness of 7–
8 mm. A total of 22–27 frames were collected in each section, with
0.3-mm gaps between consecutive frames. Unpaired t-test compar-
isons between PC-NP treatments and controls were performed
with GraphPad Prism version 6.00 (GraphPad Software, La Jolla
California USA).
3. Results

3.1. Chemical co-crosslinking of CS with GNP

Prior to the fabrication of PC-NPs, pre-crosslinked CS/GNP mix-
tures with optimized composition and rheological properties were
prepared in 85 mM NaCl after screening various GNP:CS mass
ratios (see Materials and Methods). We and others have previously
reported that moderate amounts of NaCl enhance the colloidal sta-
bility of TPP crosslinked CS NPs during their formation (see refer-
ence [42] for an extensive discussion on this issue). Fig. 1A
shows representative images of GNP-pre-crosslinked CS at GNP:
CS mass ratios of 0.06:1, 0.12:1 and 0.24:1 after 72 h incubation
at 37�C under shaking. Of note, the reaction between CS and GNP
can be visually followed by the formation of a dark blue color,
likely stemming from secondary products of the main reaction
[13,15]. Both color intensity and the apparent loss in fluidity
increased with increasing GNP:CS mass ratios [13]. At the highest
GNP:CS mass ratio, a gel-like consistency was visually apparent
(0.24:1 GNP:CS mass ratio in Fig. 1A). The crosslinking reaction
between CS and GNP is well known, and its kinetics has been stud-
ied by UV, FTIR and 1H NMR spectroscopy [14]. Here, we followed
the kinetics of the crosslinking reaction by UV/VIS, DLS-NIBS and
small deformation rheology. Fig. 1B shows the UV/VIS spectra
(k = 200–900 nm) depicting the time-course evolution of the
GNP crosslinking reaction for CS/GNP mixtures with a GNP:CS
mass ratio of 0.06:1. As previously reported, a characteristic peak
between 280 and 300 nm (dotted line in Fig. 1B), increases con-
comitantly with the progression of the GNP crosslinking reaction
[20]. The inset in Fig. 1B represents the evolution of the peak at
280 nm over time. The height of the peak increases steeply during
the first 80 h of incubation and reaches a plateau at later times.
This evidence made us conclude that the covalent crosslinking
reaction was completed after 80 h. The DLS-NIBS intensity correla-
tion data, obtained with different reaction times, were fitted to the
KWW-based stretched exponential function (Eq. (1), see Materials
and Methods), as previously described [45,51]. Fig. 1C shows the
DLS-derived correlograms, expressed as correlation coefficients
vs. delay times for a GNP:CS mass ratio of 0.06:1 and at different
incubation times. The inset shows a representative correlogram
of this GNP:CS mixture after 0.6 h incubation. The best-fit of the
experimental data to the KWW-based stretched exponential func-
tion is represented by a solid line. Noticeable from Fig. 1C is the
reduction in the magnitude of the intensity correlation coefficients
at early delay times as incubation time increases. Fig. 1D plots the
area under the curve (AUC) from the correlograms of Fig. 1C at dif-
ferent incubation times. A solid line depicts the monotonic decay of

http://parts.igem.org/Part%3aBBa_T9002
http://parts.igem.org/Part%3aBBa_T9002


Fig. 1. Monitoring of chemical crosslinking of CS with GNP over time. A. Representative snapshots of the gelation-like process after incubation during 72 h at 37�C with
shaking. The images show the formation of blue color as a secondary product of the reaction of CS and GNP at different GNP:CS mass ratios; namely 0.06:1; 0.12:1 and 0.24:1.
B. Time-course evolution of the crosslinking reaction for CS/GNP mixtures at a GNP:CS mass ratio of 0.06:1, as monitored by UV–vis scanning (k = 200–900 nm). Color key
indicates reaction times (right). The dotted line indicates the characteristic peak of the CS/GNP gelation reaction at k = 280 nm. The inset shows the magnitude of the variation
of the characteristic peak (k = 280 nm) over time. Data corresponding to a single representative reaction. C. DLS-NIBS intensity correlograms at a GNP:CS mass ratio of 0.06:1.
Color key indicates reaction times (right). The inset shows a representative plot at t = 73.2 h, where the solid black line represents the best-fit to the KWW-based stretched
exponential function at early delay times. Data represent the mean of three technical replicates. For the sake of clarity, no error bars are shown. D. Evolution of the AUC from
the plots in C with reaction time. Color-coded as in C. The solid line represents the best-fit of the data to the one-phase decay function (GraphPad Software, La Jolla California
USA). Data represent the mean and standard deviations of three technical replicates. E. Evolution of the relaxation rate Cc, as estimated from the fits of the correlograms
shown in C to the KWW-based function at different reaction times. The solid line corresponds to the best-fit of the data to the percolation function (Equation (2), see Materials
and Methods). The dotted line indicates the estimated critical time of gelation (tgel-DLS) at ~ 640.7 min. Data represent the mean and standard deviations of three technical
replicates. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the magnitude of AUC with incubation time in Fig. 1D. The strong
decay in the initial amplitude of the correlation intensity, as
depicted in Fig. 1D, has been proposed as a good indicator of the
critical gelation time in previous studies with similar soft systems
[45,55]. Fig. 1E shows a plot of the estimated Cc, as extracted from
the fit shown in Fig. 1C, vs. time. The estimated values of Cc

remained noisy around the baseline during the first ~ 35–
500 min of incubation. After this phase, a sharp increase of esti-
mated Cc values is observed (‘‘take-off phase”, from ~ 500–3000
min) that levels off late in the reaction (‘‘plateau phase”,
after ~ 3000 min). This profile correlates closely with the one
described by de Morais et al. [45] for the chemical crosslinking of
CS with glutaraldehyde. As explained by these authors, the relax-
ation rate Cc, decreases at earlier reaction times due to an increase
in viscous, hydrodynamic interactions betweenmacromolecular CS
coils and the solvent that result in longer macromolecular CS coils.
At longer reaction times, further intermolecular crosslinking
results in a decrease of the dimensions of the macromolecular coils
in the gel structure and in loss of ergodicity, thus explaining the
sharp Cc increase [45]. Upon closer inspection, the profile of esti-
mated Cc vs. reaction time in Fig. 1E closely resembles the kinetics
of a classical percolation process. The behavior of gels at the sol–
gel phase transition has been extensively described in terms of Per-
colation Theory (PT) [44]. Percolative gelation involves a sharp
transition at some intermediate critical point (p = pc, Eq. (2); see
Materials and Methods), where an infinite cluster starts to appear:
a gel for p above pc [44]. This critical point, or gel point, p = pc
becomes t = tgel-DLS in our system and determines the critical gela-
tion time (see Materials and Methods). We fitted the Cc values
between the ‘‘take-off phase” and the ‘‘plateau phase” to the
three-parameter power Belehradek function [47–48]. From this
percolation fit, depicted by a solid line in Fig. 1E, a tgel-DLS of
640.7 min and an M exponent of 0.29, were obtained. The value
of the M is not too far from the universal exponent reported for a
3D classical percolation process, M = 0.45 [44]. From these results,
we can infer that a gel-like state is achieved after 10.7 h of incuba-
tion of the GNP-CS mixture at 37�C and at a GNP:CS mass ratio of
0.06:1.

To further confirm the formation of a gel network, we examined
the evolution of the viscoelastic properties during the sol–gel tran-
sition at a GNP:CS mass ratio of 0.06:1 by small deformation oscil-
latory rheology. The results (Fig. S1) revealed that an incipient gel
network is formed at a rheological critical gel time (tgel-rheo)
of ~ 1118 min. This is evident from the crossover of the G’ and G’’
viscoelastic moduli, and the drop in the liquid-like character, tan
d (=G’’/G’). Also, a frequency sweep recorded after 1200 min,
revealed all the hallmarks of a gel network, namely G’ > G’’ with lit-
tle dependence of both moduli on x, the negative dependence of log
g* on log x with a slope ~ �1.0 (Fig. S2). Despite being at the limit
of sensitivity of the rheometer, these determinations provided
unequivocal evidence of the sol–gel transition in the system. It
should be noted, however, that the magnitude of the critical gel
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time obtained by DLS-NIBS (tgel-DLS ~ 640.7 min) was ~ 2-fold lower
than that determined by small deformation rheology (tgel-
rheo ~ 1118 min). The apparent large discrepancy between the
two determined values could be the result of the different experi-
mental resolution capacity of each technique, as we have shown in
a previous study at low CS concentrations (<2 mg/mL) [51]. Indeed,
we have been able to show that within experimental error, DLS-
NIBS, microviscosimetry and small deformation rheology consti-
tute robust methods to determine the critical sol–gel transition
of CS-based systems [51].

3.2. Optimization of PC-NP size and polydispersity

To obtain PC-NPs, the GNP-pre-crosslinked CS mixtures, formed
as explained above, were further crosslinked with the ionic cross-
linker TPP by following the classical ionotropic gelation protocol
[6]. To rapidly assess the composition of PC-NPs with the lowest
average NP diameter and PdI, we adopted the criteria described
by Calvo et al. and Dmour & Taha [6,56]. Based on our previous
and the work of others [5,42,57–59], we used 85 mM NaCl as a sol-
vent instead of water to better modulate the size and the polydis-
persity of PC-NPs over a range of CS:TPP mass ratios. It has been
suggested that the addition of a low amount of monovalent ions
to CS NP suspensions aids in the optimization of the hydrodynamic
radius and screens the electrostatic repulsion of the charged amino
groups in CS, thus adopting a more compact conformation,
increased flexibility and colloidal stability, and lower polydisper-
sity [5,57].

Low Z-average hydrodynamic diameters and PdI values were
attained with CS:TPP mass ratios in the range of 1.60:1 to 9.0:1
(See Materials and Methods and Table S1). The dependence of
the size and PdI of PC-NPs on the relative TPP and CS concentra-
tions is shown in Fig. 2A and 2B, respectively. In both cases, regions
with colors ranging from green to red can be interpreted as hills
with high size (Fig. 2A) or high PdI values (Fig. 2B), whereas regions
with colors ranging from purple to blue correspond to valleys with
sub-micron sizes and low-to-medium PdI values. Fig. 2A shows
that it is possible to obtain PC-NPs with a Z-average diameter
between ~ 200 and ~ 300 nm by using CS concentrations ranging
from 0.5 to 1.5 mg/mL and TPP concentrations below 0.2 mg/mL.
Close inspection of the contour plot also shows three conspicuous
regions with sizes above ~ 600 nm, which correspond to specific
compositions of CS and TPP, namely region 1, � 0.9 mg/mL CS
and � 0.25 mg/mL TPP; region 2, 0.9–1.1 mg/mL CS and ~ 0.3–0.
4 mg/mL TPP; and region 3, � 1.1 mg/mL CS and > 0.3 mg/mL
TPP (white dotted lines in Fig. 1A). Fig. 2B shows that low polydis-
persity was achieved in the PdI range of 0.2–0.3 for CS concentra-
tions of 0.5–1.5 mg/mL and TPP concentrations below 0.2 mg/mL.
Similarly to Fig. 2A, the contour plot in Fig. 2B displays two main
regions of high polydispersity, PdI between ~ 0.5–1, which corre-
spond to the following CS and TPP combinations: region 1, �
0.7 mg/mL CS and � 0.25 mg/mL TPP and region 2, ~ 0.7–1.1 mg/
mL CS and > 0.35 mg/mL TPP (white dotted lines in Fig. 1B).
Fig. 2C and 2D summarize the dependence of the size and PdI,
respectively, on CS:TPP mass ratios. The Figures show that it was
possible to obtain PC-NPs with an average diameter ranging from
100 to 250 nm and a low PdI values, ~ 0.1–0.2, under a wide range
of CS:TPP mass ratios (2.6:1 to 9:1). PC-NPs could be easily dis-
persed in water, as has been reported for NPs prepared from CS
of similar DA [60,61]. Two PC-NP prototypes displaying optimal
size and PdI (indicated by black circles in Fig. 2C and 2D) were
obtained with CS:TPP mass ratios of 3.5:1 and 2.6:1, respectively.
These prototypes were designated as PC-A and PC-B and were
selected for further studies.

The PC-A and PC-B prototype formulations were prepared by
upscaling the PC-NP preparation method to 10-mL batches with
a production yield of 44.5 and 40.9%, respectively (see Materials
and Methods). The physicochemical characteristics of the PC-NP
batches were analyzed by DLS-NIBS both before and after isolation
(see Materials and Methods). Fig. 3 shows the polydispersity and
the average diameter of PC-A (Fig. 3A) and PC-B (Fig. 3B), before
and after isolation (cyan and orange plots, respectively). As shown
in Fig. 3A, PC-A underwent a reduction in PdI after isolation, going
from ~ 0.1 to ~ 0.04 (upper left y-axis). Yet, the average diameter
remained stable (average diameter = 123.4 ± 6.6 nm and 124.0 ± 4
.0 nm, for the non-isolated parent batch and the isolated batch,
respectively). The bottom panels in Fig. 3A show a slight reduction
in the width of the size distribution for isolated PC-NPs, relative to
their parent batch. As shown in Fig. 3B, the parent batch of non-
isolated PC-B is characterized by a lower PdI than that of PC-A,
with a slight Pdl increase after isolation, namely from ~ 0.02
to ~ 0.04 (upper right y-axis). Parent PC-B NPs are, on the other
hand, slightly larger than their PC-A counterparts, with an average
diameter of 140.8 ± 3.2 nm before and 128.7 ± 2.5 nm after isola-
tion. The bottom panels in Fig. 3B reveal no important differences
between size distributions of parent and isolated PC-B batches. As
expected, both PC-A and PC-B showed a marked positive 1-
potential (~ +33 mV, data not shown), which is consistent with
the presence of charged amine groups from CS exposed to the
PC-NP surface [62,63].

3.3. PC-NP stability in M9 minimal medium

To evaluate the physical stability of PC-NPs designed for micro-
biological assays, we monitored particle size evolution during
PC-NP incubation in our bioassay medium (see Materials and
Methods). The chosen time range for these experiments,
335 min, was not arbitrary, as it spanned the duration of our
typical bioassays with the E. coli biosensor (see below). Size and
polydispersity plots in Fig. 4 revealed that both PC-A (Fig. 4A)
and PC-B (Fig. 4B) remain fully stable during incubation in micro-
biological medium. The low PdI values between 0.06 and 0.1
confirmed that no aggregation or particle-growth took place
during the incubation. Fig. 4C and 4D show that DLS-NIBS size dis-
tributions remained changeless over time in both cases.

3.4. Evaluation of the activity of PC-NPs using a fluorescence E coli
biosensor

To analyze the QQ activity of PC-NPs, we used an E. coli biosen-
sor that displays GFP fluorescence in response to external AHL
[42,53]. When endpoint measurements are considered, both PC-A
(Fig. 5A) and PC-B (Fig. 5B) promoted a significant reduction in
the normalized fluorescence response of the biosensor, FI/OD600.
Comparison of Fig. 5A and 5B indicates that PC-B is slightly more
active than PC-A, with relative reductions of endpoint FI/OD600 in
the ranges of ~ 50–92% and ~ 35–85% of the control intensity,
respectively. The endpoint measurements show the lack of a clear
dose-dependent reduction of the response. Fig. 5C and 5D show the
effect of PC-A and PC-B treatments on the growth rate of the E. coli
biosensor (see also Fig. S3). Both PC-NP prototypes promote a sig-
nificant reduction in growth rate that, much like the reduction in
normalized fluorescence, is not proportional to the administered
dose. Comparison of Fig. 5A and 5B to 5C and 5D shows that the
magnitude of the growth impairment exerted by PC-NPs is much
smaller than their effect on normalized fluorescence. Notably,
CLSM imaging of the biosensor was consistent with the notion that
the PC-NP-dependent decrease in fluorescence was much more
accused than the antimicrobial effect (cf. Fig. S4A and B).

The plots shown in Fig. 5A-D fail to reveal the dynamics of the
effect of PC-NPs on the growth and response of the biosensor.
While we saw a significant degree of variation from experiment



Fig. 2. Dependence of the size and PdI of PC-NPs on CS:TPP mass ratio. A and B. Contour plots showing the dependence of the size (A) and PdI (B) of PC-NPs on CS and TPP
concentrations. [CS] = 0.5–1.5 mg/mL; [TPP] = 0.1–0.4 mg/mL; CS:GNP mass ratio = 1:0.06. White dotted lines in panels A and B show representative size and PdI regions (see
text). C and D. Variation of PC-NP size (C) and polydispersity (D) as a function of the CS:TPP mass ratio. Dotted lines show the CS:TPP mass ratios 2.6:1 and 3.5:1, which
correspond to the PC-NP prototypes PC-A and PC-B (black circles), respectively. Data represent the mean and standard deviation of three replicates. All measurements were
conducted in water at 25 ± 0.2 �C.

Fig. 3. Physico-chemical characterization of PC-NPs. A and B. Size and polydispersity of the parent batch before (cyan) and after (orange) isolation of PC-A (A) and PC-B (B)
NPs. Bars represent mean size (left y-axis), whereas dots represent PdI values (upper right y-axis). Data represent the mean and standard deviation of three replicates. Bottom
panels show representative DLS-NIBS size distribution plots for both PC-NP prototypes before and after isolation. All measurements were conducted in water at 25 ± 0.2 �C.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Stability of PC-NPs in bioassay medium. A and B. Variation in size (orange
dots; left y-axis) and in PdI values (blue dots; right y-axis) of PC-A (A) and PC-B (B)
upon incubation at 37 �C in bioassay medium. Data represent the mean and
standard deviation of three replicates. C and D. Representative DLS-NIBS size
distributions of PC-A (A) and PC-B (B) at different times of incubation. All
measurements were conducted in supplemented M9 minimal medium at
37 ± 0.1 �C. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. Effect of PC-NPs on the QS-based fluorescent response and the growth of the
E. coli biosensor. A and B. Endpoint FI/OD600 responses of the biosensor after
treatment with various doses of PC-A (A) and PC-B (B) for 60 min prior to the
addition of AHL. Data represent the mean and standard deviation of two
independent experiments with three biological replicates each. P values are
indicated as follows: **, p � 0.01; ***, p � 0.001; ****, p � 0.0001. C and D.
Endpoint effect of PC-A (C) and PC-B (D) treatments on the bionsensor’s growth
rate. The mean and standard deviation of three independent experiments with
three biological replicates each is shown. E and F. Representative FI/OD600 average
traces of cultures treated with PC-A (E) and PC-B (F). The averages were obtained
from a single experiment with three biological replicates. The traces are color coded
as in A and B. For the sake of clarity, no error bars are shown (but see Figs. S1 and
S2). Inset in panel E shows the typical biphasic response of non-treated cells.
Box ‘‘100 , initial burst of fluorescence. Box ‘‘2”, fluorescence maximum. Arrowheads
indicate the fluorescence recovery phases described in the text. Stars in panels E
and F show the fluorescence dilution phase described in the text. G and H. Average
growth curves for biosensor cells pre-treated with PC-A (G) and PC-B (H) prior to
the addition of AHL. Arrowheads indicate the PC-NP-induced ‘‘shoulders” described
in the text. The traces represent the mean of a single experiment with three
biological replicates and are colour coded as in E and F. For the sake of clarity, no
error bars are shown (but see Fig. S4). P values are indicated as follows: **, p � 0.01;
***, p � 0.001; ****, p � 0.0001.
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to experiment, careful inspection of the average FI/OD600 traces
(Fig. 5E and 5F, see also Figs. S5-S7), yields the following conclu-
sions. First, in the absence of PC-NPs, the biosensor displays a
biphasic response with a clear initial burst of fluorescence (see
red-framed area ‘‘100 in inset in Fig. 5E and also Fig. 5F, S5-S7). Fol-
lowing this initial burst, the control response steadily grows to
reach a maximum of fluorescence at about ~ 250 min (see red-
framed area ‘‘2” in the inset in Fig. 5E and also Fig. 5F, S5-S7).
The burst was followed by a phase of fluorescence dilution at most
of the PC-NP concentrations tested (black star in Fig. 5E and 5F). At
low PC-NP concentrations, a recovery phase is sometimes visible
(horizontal arrow in Fig. 5E and 5F, but see also Figs. S5-S7).

Fig. 5G and 5H show the average OD600 traces during the initial
200 min of incubation after AHL addition. Starting at a concentra-
tion of 13.75 mg/mL, incubation of the biosensor with PC-NPs
resulted in curves displaying ‘‘shoulders” (arrows in Fig. 5G and
5H, Fig. 6). To better illustrate the nature of the PC-NP-induced
‘‘shoulders”, in Fig. 6 we show the individual traces from all the
three biological replicates, together with the average control trace.
The boxes in Fig. 6 show that the ‘‘shoulders” observed in the aver-
age OD600 traces are related to the existence of PC-NP-dependent
anomalies in the OD600 readings at certain times during growth
(Fig. 6C-F see also Fig. S4). While there existed a significant degree
of experiment-to-experiment variation regarding the magnitude of
the anomalies in the growth kinetics of the PC-NP-treated cultures,
the dose-dependence in the timing of the anomalies was very
reproducible (Fig. 6; see also Fig. S5-S7). This dose dependence is
more clearly illustrated in Fig. 7, which shows the relationship
between the time of onset of OD600 anomalies and the concentra-
tion of PC-NPs. Strikingly, the data for both PC-A and PC-B can be
easily fitted to hyperbolic curves, typical of dose–response rela-
tionships. The slightly steeper curve of PC-B is consistent with
the higher inhibition of FI/OD600 displayed by these NPs in end-
point QQ measurements (cf. Fig. 5A and 5B). Of note, in the same
assays, we also observed cell aggregates in the presence of the
NPs (Fig. S8), in agreement with previous studies [42,64–65].

4. Discussion

We recently reported that TPP-crosslinked NPs (ionically cross-
linked; IC-NPs) displayed substantial QQ activity despite their
inherent colloidal instability in microbiological medium [42]. We
also showed that additional GNP-crosslinking of IC-NPs resulted
in more stable NPs (co-crosslinked; CC-NPs), albeit with a substan-
tial loss of their QQ activity. This has motivated us to explore novel
strategies to improve the physicochemical properties of IC-NPs
while maintaining their QQ activity. In the present work, we
addressed a new method for the fabrication of TPP-crosslinked
NPs in which the pre-crosslinking of CS with GNP was followed
by NP formation by conventional ionotropic gelation in the pres-
ence of TPP.

The most surprising aspect of the observed data of our study is
that when the pre-gelled GNP/CS mix (GNP:CS mass ratio
0.06:1.0) was further ionotropically crosslinked by controlled addi-
tion of TPP (over a wide CS:TPP mass ratio of 2.6:1 to 9:1), the sys-
tem turned into NPs of small conserved diameters (~100–150 nm)
and low polydispersity (~0.1–0.2). To account for this phe-
nomenon, we suggest the following. NP formation is the conse-
quence of two separate physicochemical processes. Firstly,
gelling by the creation of small nanoclusters resulting from the



Fig. 6. Growth of the biosensor in the presence of increasing PC-A concentrations (A-F). The individual traces corresponding to the three replicates from a single experiment
are shown with shades of gray. Orange traces: no NP controls. Boxes show enlarged views of the ‘‘shoulders”. X axis: time in min. Y axis: OD600. Insets show the corresponding
plots of FI/OD600 vs. time for each treatment. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Dose dependence of the OD600 anomalies. The time (in min) needed to reach
the ‘‘shoulder region” at increasing PC-NP concentrations is shown for PC-A (black
bars) and PC-B (gray bars). The times were estimated from visual examination of
the OD600 vs. time plots shown in Figs. 6 and S2-4, considering that the ‘‘shoulder
region” was reached once the individual traces diverged from one another (close-up
boxes in Figs. 6 and S4-6). Data represent the mean and standard deviation of two
independent experiments with three replicates each. The green line shows the
approximation of the data to a hyperbolic curve (GraphPad Prism version 6.0). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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crosslinking of CS by GNP. Given the fact that the reaction was left
to proceed to near equilibrium (72 h, Fig. 1D), we can regard the
gelling process to be under thermodynamic control [51]. The
entropic cost due to the loss of CS conformational mobility, as a
result of the introduction of covalent ‘‘knots” between the polymer
chains during the crosslinking process, is compensated by an over-
all gain in enthalpy from the formation of new chemical bonds and
the favorable solvation of –NH3

+ groups, preferentially oriented at
the surface of the GNP-driven nanoclusters. As a result, a net
decrease in surface free energy is obtained during gelling. Sec-
ondly, the addition of TPP to the incipiently gelled solution results
in the shielding of the positively charged free amino groups in CS,
leading to the condensation of the pre-gelled clusters into small
discrete particles. The addition of TPP likely displaces the equilib-
rium and further contributes to the loss of polymer conformational
mobility and the entropically unfavorable uneven partitioning of
TPP within the CS-GNP pre-gelled clusters and the solvent. This
could potentially drive the system into phase segregation of the
clusters, as recently argued [51]. However, the vast entropy loss
due to the tendency of a limiting amount of TPP ions to partition
into the CS phase is counteracted by an overall reduction in particle
size and, consequently, lower surface free energy, thus maintaining
the system as a one-phase suspension. This overall hypothesis is
consistent with results observed in CS-dextran sulfate nanocom-
plexes, where decreasing the kinetic control of the particle forma-
tion while favoring a thermodynamically (i.e., equilibrium)
controlled process is required to achieve NPs of high colloidal sta-
bility [66].

In summary, we assume that the process described here for the
fabrication of CC-NPs leads to the formation of dense small col-
loidal particles stabilized by the presence of surface positive
charges and by conformationally ‘‘frozen” polymer loops. Both fea-
tures contribute concomitantly to electrostatic repulsion and steric
stabilization of the system. A schematic view of the proposed
model is shown in Fig. 8. Future biophysical studies such as TEM
and AFM imaging, synchrotron SAXS, and asymmetric-flow field
flow fractionation studies, will help deepen our understanding of
the structure of these materials. Future work and microscopic
imaging analysis should explore whether the two-step,
raspberry-like organization of NPs described by Huang and Lapit-
sky [57] and proposed for the related CC-NPs [42] also applies to
PC-NPs. On the same note, the possibility that PC-NPs may have
a core–shell structure, as described for CC-NPs [42], should also
be explored.

Even when the precise chemical mechanism at play during PC-
NP synthesis remains to be fully elucidated, one practical implica-
tion of our method was to uncover a new fabrication protocol of
physicochemically stable NPs. When compared to our previous
fabrication method [42], our new strategy offers a simplified and
highly reproducible procedure to obtain PC-NPs with a satisfactory
yield and improved physicochemical properties such as size, 1-
potential, and stability in biological medium (summarized in
Table 1) [42]. The resulting PC-NPs had overall small diameter
(~150 nm) and low PdI values (~0.1–0.3) from a wide range of rel-
ative CS:TPP mass ratios. GNP pre-crosslinking also makes the fab-
rication protocol much more straightforward and reliable.
Crucially, the new protocol reduces the centrifugation steps used
to isolate NPs from non-crosslinked CS [42,52,67]. As a result, the
reproducibility of the fabrication method was greatly improved.
We believe that the improved characteristics of PC-NPs, relative
to related NPs [42], are likely due to a minimization of TPP induced
aggregation [57,59].

The notable stability of PC-NPs in bacterial culture medium (pH
6.9) also coincides with that of core–shell CC-NPs, which also con-
tain GNP and TPP but that underwent a different fabrication pro-
cess, leading to distinct properties (see below) [42]. This stability,
we argue, is the result of the combination of the covalent crosslink-
ing and the ionotropic gelation used to fabricate these NPs as
explained above. Altogether, the furnished PC-NPs (and CC-NPs)
resist the tendency to disassemble and to inexorably aggregate
that is observed with classical CS NPs (IC-NPs) in physiological
media (pH ~ 7.0) [42,67]. Undoubtedly, to be stable in bacterial
medium is a major asset of PC-NPs, also shared by CC-NPs [42].

We showed that PC-NPs display moderate antimicrobial activ-
ity, as judged by decreased OD600 readings, and strongly interfere
with the QS-based fluorescence activity of the E. coli biosensor
(Figs. 5 and 6). Since the fluorescence measurements have been
normalized to cell density (FI/OD600), the simple idea that the
antimicrobial effect of our NPs might be responsible for the fluo-
rescence decrease does not hold. On the contrary, the results show
that the decrease in fluorescence was of greater magnitude than
the OD600 drop caused by the antimicrobial effect. Preliminary
CLSM trials confirmed the existence of a drastic decrease in per-
cell fluorescence at the single-cell level (cf. Fig. S4A and S4B and
Fig. S4C and S4D) that was not accompanied by a parallel reduction
in cell numbers (Fig. S4E). This observation is in good agreement
with the idea that the decreased OD600 values and reduced fluores-
cence are separate effects of PC-NP treatment. Indeed, it is even
possible that the magnitude of the antimicrobial effect is an artifact
caused by PC-NP-induced bacterial aggregation, as suggested ear-
lier [42]. We have previously shown that the addition of CS NPs
and nanocapsules (NCs) to bacterial cultures often results in
growth anomalies such as those observed here (Fig. 6) [42,64]. In
the case of CS NCs, we were able to show that only a limited num-
ber of NCs could electrostatically bind per bacterial cell, leading to
the concept of the stoichiometric ratio (SR) of NC/bacterium [42,64].
At this NC/bacterium ratio, the negative 1-potential of the bacterial
envelope is compensated by the positive charge of the NPs [64].
Increasing the NC concentration beyond the SR resulted in no fur-
ther NP binding [64]. We have shown that the SR is accompanied
by maximal, NC-induced cell aggregation [64]. We believe that
the OD600 growth anomalies in the form of ‘‘shoulders”, observed
in the presence of intermediate concentrations of PC-NPs (Fig. 5G
and 5H, Fig. 6, and Fig. S4-6), are likely related to cell aggregation
and to the concept of SR, as described by Qin et al. [64]. Indeed, we
have observed bacterial aggregation in the presence of PC-NPs
(Fig. S8), further lending support to the hypothesis that our
OD600 readings might not accurately reflect the actual cell density



Table 1
Physico-chemical characteristics of our CS-NPs (this and our previous work [42].

(*) After 6 h incubation in M9 minimal medium at 37 �C.
(&) IC-NPs were unstable in M9 minimal medium at 37 �C, and there is no reliable
DLS data available.
($) The measurement was performed only once.
(!) Production yield was estimated for the parent-non-isolated batch of IC-NPs
before obtaining isolated IC- and CC-NPs.
Data, excepting ($) represent the mean and standard deviation of 3 (present work)
to 9 replicates [42].

Fig. 8. Model of formation of PC-NPs showing the two steps of crosslinking with GNP and TPP and details of the structure and surface topology of the furnished NPs.
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of the treated cultures. This interpretation would shed some light
on the conspicuous lack of dose-dependence during PC-NP treat-
ment of biosensor cells, that was already noted in our previous
work [42], and that is clearly illustrated by the endpoint results
of Fig. 5 [64]. Here, we have further investigated these growth
anomalies by timing their onset at different NP concentrations.
When this was done, dose dependence relative to NP concentration
became apparent, as shown in Fig. 7. While we have observed rel-
atively high levels of experimental variation (see Fig. 6 and Fig. S4-
6), a trend is evident in which ‘‘shoulder” formation occurs at
longer times as NP concentration increases. To explain this dose
dependence at the onset of the growth anomalies, we will return
to the SR concept. Since at constant NP concentrations, growing
bacteria will find themselves at decreasing NP/bacterium ratios
[64], we reasoned that PC-NP-induced aggregates produced at
NP/bacterium ratios higher than the SR (early during growth)
would be disrupted as these ratios became smaller than the SR.
The dependence of the SR on cell density, together with its poten-
tial involvement in the appearance of OD600 anomalies, implies
that the time at which a growing bacterial population encounters
its SR must increase with NP concentration (i.e., strictly, on the
number of particles per unit volume). This prediction is fulfilled
by the results of Fig. 7, which open up the possibility of targeting
bacteria at different stages of growth by carefully tuning the con-
centration of PC-NPs to the desired bacterial density. For example,
PC-NPs could be engineered for the precise release of bioactive
molecules at a certain stage of bacterial growth. A full understand-
ing of the role of cell aggregation in the appearance of the growth
anomalies is required before this possibility can be developed into
a new technological approach for density-dependent bacterial
manipulation.

PC-NPs displayed a QQ activity that is comparable to those of
the ionically crosslinked IC-NPs and raw CS preparations character-
ized earlier by our group (Table 1) [42,64–65]. Interestingly, the QQ
activity of the dually crosslinked CC-NPs was much lower (Table 1),
further attesting to the significance of the new fabrication method
reported here. While the actual mechanism of QS inhibition has
not been described for any of these CS-based materials, it is reason-
able to think that a mode of action common to the three types of
systems could explain their QQ activity. Using the PC-NPs
described here as a representative example for all these materials,
one could argue that NP binding to the bacterial envelope may
affect the uptake of nutrients and, as a result, the apparent QQ
activity would merely be the consequence of a general metabolic
impairment. As discussed above, the reduced OD600 values
obtained in the presence of PC-NPs might not reflect decreased
growth, at least not to the levels suggested by the plots of Fig. 5.
Strikingly, the initial slope of the burst in the fluorescence response
curve (first 100 min after induction with AHL) obtained in the pres-
ence of PC-NPs is not different from those obtained in the absence
of NPs. This is despite the fact that treated cells had been pre-
incubated with PC-NPs for an hour before induction (see Fig. 5E-
F and insets of Fig. S4-6). This observation is in clear disagreement
with the idea that metabolic arrest was the main cause of the
observed PC-NP-induced, endpoint reduction in FI/OD600, as one
would expect to see slower fluorescence accumulation immedi-
ately after AHL induction in metabolically arrested cells. In an
alternative QQ mechanism, NPs could act as ‘‘chemical abductors”,
by sequestering AHL from the medium. However, the absence of
dose-dependence associated with the QQ activity displayed by
PC-NPs is in clear disagreement with their potential ‘‘AHL abduct-
ing” ability. This very lack of dose dependence, especially during
the initial burst phase, also rules out a simple mechanism in which
the coating of the external envelope with CS-NPs made the cells
impermeable to AHLs. Perhaps the explanation of the QQ activity
of PC-NPs might have to do with the direct perturbation of the
QS machinery of the biosensor by the binding of CS-NPs to the bac-
terial envelope [64,68–70]. Kolibachuck and Greenberg published
in 1993 a report in which they described LuxR as a membrane-
associated protein in its native Vibrio fischeri host [71]. This result
was later confirmed for other related QS activators [71,72]. Consid-
ering these observations, the idea that a potential interference of
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envelope-bound, CS-based NPs with the membrane localization of
LuxR could provide a reasonable explanation to our results. Despite
the intrinsic appeal of this hypothesis, many issues remain to be
elucidated, not the least of which is whether LuxR membrane
localization holds true in the E. coli biosensor. Finally, while this
and our previous work [42] demonstrate the QQ potential of CS-
based NPs, it remains to be seen whether this potential is applica-
ble only to luxR-based systems or, by the contrary, if it could be
expanded to other types of QS networks. Testing the QQ activity
of both PC-NPs and CC-NPs against bacterial pathogenic
Gram-positive strains such as Staphylococcus aureus [73] and Strep-
tococcus mutants [74], for which QS is known to be regulated by
signaling peptides and membrane-associated receptors, could be
considered in future studies. The possibility to inhibit biofilm for-
mation in these type of bacteria could hold great promise. Also,
CS-based NPs could bear an enormous potential as biodegradable,
antibiotic-free and antibacterial strategies that can be used against
pathogenic multidrug resistant pathogens such as Staphylococcus
aureus, Pseudomonas aeruginosa, Klebsiella pneumonia, among other
[76,77].

5. Conclusions

Here, we present a simplified and robust method to fabricate CS
NPs by covalent crosslinking of CS with GNP close to the critical
gelling condition, followed by the formation of CS NPs by ionic
gelation with TPP. This new approach enables to obtain NPs with
improved physico-chemical properties and physiological colloidal
stability, and display strong QQ activities. Their mode of action,
we hypothesise that is consistent with the existence of a SR of
NP/bacterium, at which the negative 1-potential potential of the
bacterial envelope is counteracted by the positive charge of the
NPs. The fact that the establishment of this SR displays clear dose
dependence on bacterial density, implies that these NPs could be
ideal for applications in which the targeting of bacterial popula-
tions at specific cell densities is desired. This work represents an
improved strategy over the previously reported methods to manip-
ulate CS into small NPs [6] by combining the colloidal stability of
co-crosslinked NPs with the QS inhibition activity of IC-NPs [42].
We believe that the QQ capacity of CS-based NPs deserves further
attention as part of the search for novel anti-QS strategies that can
be used to counteract the growth of bacterial pathogens in the con-
text of the spread of antimicrobial resistance. This work also
expands the available strategies for the design of nanomaterials
with the capacity to carry and deliver bioactive molecules.
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