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a  b  s  t  r  a  c  t

Phytochemicals  have  been  found  to be  promising  alternatives  to conventional  antibiotic  therapies  for
the control  of  bacterial  infections,  as they  may  entail  less  selective  pressure  and  hence  reduce  the  devel-
opment  of resistance.  This  study  involved  examining  the  inhibition  of biofilm  formation  and  of  quorum
sensing  (QS),  and  the  cytotoxicity  on mammalian  cells  of  two flavonoids,  quercetin  and  baicalein,  in  free
form  and associated  into  chitosan-based  nanocapsules.  This  was done  by use  of  a  transformed  E.  coli  Top
10 biosensor  strain,  while  the cytotoxicity  was  evaluated  on MDCK-C7  cells.  In free  form,  application
both  flavonoids  exhibited  slight  inhibitory  activity  on  the  QS  response  and  biofilm  formation,  a scenario
that  was  improved  positively  upon  encapsulation  with  chitosan  (Mw ∼115,000  g/mol  and  DA ∼42%).  The
association  efficiency  of 99% (quercetin)  and  87%  (baicalein)  was  determined,  and  each  formulation  had
an  average  diameter  of  190 ± 4 and  187  ±  2 nm, and  zeta (�) potential  of +48.1  ±  2.03  and  +48.4  ±  3.46  mV,
respectively.  Both  types  of systems  were stable  against  aggregation  in M9  and  MEM  media.  The  in vitro
uercetin release  kinetics  data  of  both  flavonoids  seemed  to  be  similar  with  only  ∼20% released  over  the  first  5  h,  or
∼10%  over  the  first  4  h, respectively,  with  subsequent  sudden  release  increase  up to ∼40%  in  both  cases.
The  free  phytochemicals  seemed  to be  cytotoxic  to MDCK-C7  cells  at higher  doses,  however,  upon  nanoen-
capsulation,  a cytoprotective  effect  was  evidenced.  We  have  gained  proof-of-principle  of  the  advantages
of  encapsulation  of two  bioactive  flavonoids.
. Introduction

Bacterial quorum sensing (QS) is an area that currently has
rawn increasing interest especially in bacterial pathogenicity
iven its responsibility to their phenotypic traits. QS is a cell-to-cell
ommunication process that enables bacteria to assume a collective
ynchronous behaviour under the influence of chemical signalling
olecules called autoinducers (AIs) which mediates interspecies

r intraspecies behaviours [1]. As the cell density increases, AIs
ccumulate in the environment where they are sensed by protein

eceptors, which in turn act as transcriptional activators for the
xpression of specific genes; the products of these genes direct
ctivities that are beneficial when performed by bacterial com-

∗ Corresponding author at: School of Food Science and Nutrition. University of
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munities acting in synchrony [1]. Homoserine lactones (HSLs)
produced by Gram-negative bacteria are the best studied AIs and
possibly the most common group of bacterial QS AIs while Gram-
positive bacteria use small peptides called AI2 [2,3]. Frequently,
pairs of genes encoding the HSL synthase and the HSL-sensing
transcriptional regulator are found close to each other in bacterial
genomes [4]. This phenomenon was first discovered in the marine
bacterium Vibrio fischeri [5] and the term quorum sensing was  later
coined by Fuqua et al. [6] referring to the acylated homoserine
lactone (AHL)-mediated luxR/luxI regulated system.

Biofilm formation is one of the virulence traits associated to QS
[7]. Bacteria in biofilms are not easily reached neither by antibi-
otic agents nor by the host immune system, as they act as diffusion
barriers, hence, bacteria continue multiplying inside the extracel-

lular matrix up to a point at which they disperse to start forming
new biofilm communities [8]. Microbial biofilms readily form on
indwelling medical devices and cause serious diseases that are
hard to control since effective therapy is lacking. According with

https://doi.org/10.1016/j.colsurfb.2018.01.019
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2018.01.019&domain=pdf
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DC and NIH, between 65%–80% of infections could be caused by
iofilms, demonstrating the need to develop improved treatment
ptions [9]. Therefore, targeting and blocking QS circuits in bacte-
ia may  represent a strategy to disarm their virulence and hence,

aking them more susceptible to elimination by the host immune
ystem or low doses of antibiotics [10]. Anti-virulent agents pos-
essing QS inhibitory activity might not pose selective pressure on
acterial pathogens and thus, may  contribute to reduce the rapid
mergence of so-called “superbugs”, bacteria resistant to several
ntibiotics [11,12]. Disruption of QS-regulated processes has been
ccepted to reduce accumulation of virulence factors at the infec-
ion site, and dismantles the collective virulent power of pathogens.
uch antiquorum sensing strategies are collectively called quorum
uenching (QQ) [13].

Plant phytochemicals may  be possessing anti-quorum sensing
ctivities based on the various studies. Among them include, but
re not limited to, zingerone [12], curcumin [14], cinnamon oil
15], pure trans-cinnamaldehyde [16,17], proanthocyanidins [18],
nd flavonoids like quercetin [19]. On the other hand, it is now
nown that the activity of anti-virulent agents or antimicrobials
ay  improve upon encapsulating them in biopolymer-based mate-

ials [20,21]. This may  be attributed to the overall increase in
heir bioavailability, lower dosage release for longer periods, to
he overcoming physiological barriers resistances, among other, as
ompared to the free agents [20–22].

Different types of nanocarrier formulations have extensively
een used for drug delivery [23,24]. Despite this, minimal infor-
ation is available for their use in delivering QS inhibitory agents.
owever, biologically-derived materials such as polysaccharides
nd proteins can be used as components of nanoformula-
ions as they are fully biodegradable, biocompatible and non-
mmunogenic. Hence, they are attractive for the development of
nnovative drug delivery vehicles [25]. Among the most interesting
iopolymers in this area, is chitosan that has gained enormous trac-
ion. Chitosan are a family of amino linear heteropolysaccharides
omprised by � (1–4) 2-acetamido-2-deoxy-�-d-glucopyranose
N-acetyl glucosamine) and 2-amino-2-deoxy-�-d-glucopyranose
D-glucosamine) units, randomly or distributed as blocks through-
ut the biopolymer [26]. Chitosan and its chemical derivatives
re particularly attractive as a building blocks for drug delivery
anoformulations in light of its biocompatibility, biodegradability,
io– and mucoadhesivity, and hydrophilic character that facili-
ate the administration of poorly absorbable drugs across various
pithelial barriers [27–31]. It can also be easily be manipulated
hemically and hence forming a good vehicle for delivering both
ydrophobic and hydrophilic drugs/agents to target sites [26].

Quercetin and baicalein (see supplementary data – S1) are both
avonoid lipophilic phytochemicals. They are common polyphe-
olic compounds in nature and are found ubiquitously in plants,

ncluding food products like onions, many fruits, or in herbs
32–35]. Previous studies have shown that quercetin and baicalein
an act as competitive inhibitors for the signalling compound
owards LasR/Rh1R and orphan regulator QscR receptors pathway
ommonly found with P. aeruginosa and can serve as novel QS-
ased antivirulence agents to manage such groups of pathogens
19,36–38]. In these studies, it was deduced that both flavonoids
ave both antivirulence and antibiofilm formation activity against
. aeruginosa PA01. However, only few of the available studies have
eported on the role of plant extracts and phytochemicals as QS
nhibitors, deal with the potential mechanisms of action [39] and
ven their activity upon nanoencapsulation. In this study, we report
he AQS and antibiofilm activities of free and chitosan nanoencap-

ulated quercetin and baicalein against a bioengineered E. coli Top
0 biosensor that has a Lux R receptor pathway. Also their viability
owards MDCK–C7 mammalian cell line was studied.
B: Biointerfaces 164 (2018) 125–133

2. Materials and methods

2.1. Materials

The parent chitosan (Mw  ∼288,000 g/mol and DA 16%) was
provided by Mahtani Chitosan Pvt. Ltd., India (Sample code 132;
batch no. SCCF 20140609). The chitosan used for this study was
derived from this parent sample as described in previous studies
[40,41]; the Mw was ∼115,000 g/mol as determined by HPSEC-
MALLS and the DA of ∼42% as measured by 1H NMR spectroscopy
according with the method by Lavertu et al. [42]. Lecithin was  a
kind gift from Cargill (Epikuron 145 V, Cargill Deutschland GmbH
& Co. KG, Hamburg, Germany); Miglyol 812 N was  from Sasol
GmbH (Witten, Germany). 3OC6HSL and all other chemicals were
of analytical grade and unless otherwise stated were from Sigma
(Sigma-Aldrich, Hamburg, Germany).

2.2. Baicalein and quercetin nanocapsules formulation

CS-based nanocapsules of both baicalein (Mw- 270.24 g/mol)
and quercetin (Mw- 302.24 g/mol) were prepared according with
the protocol originally developed in Prof. Maria J. Alonso’s labo-
ratory (University of Santiago de Compostela, Spain) with slight
modifications [25,43]. Briefly, due to the hydrophobic nature of
the two phytochemicals 1 mg  of each was  dissolved in 1 mL of
absolute ethanol. Then 256 �L of the each of the phytochemical
was taken, 250 �L of lecithin (100 mg/mL  of lecithin in ethanol)
and 62.5 �L of Miglyol 812

®
were added to a beaker with 4.75 mL

of absolute ethanol. Immediately afterwards, this organic phase
was poured into of 10 mL  of CS solution (0.5 mg/mL) which turned
milky. Ethanol and a portion of the volume of water were evap-
orated in a rotavapor at 40 ◦C for ∼8–15 min  to a final volume
corresponding with one third of the original one. The blank NCs
were also made according with the same protocol but no phyto-
chemicals were added in the organic phase. All preparations were
made in triplicate.

2.3. Physicochemical properties of the nanocapsules

The size distribution of the nanoformulations was  determined
by dynamic light scattering with non-invasive back scattering (DLS-
NIBS) with a measurement angle of 173◦. The zeta (�) potential
was measured by mixed laser Doppler velocimetry and phase
analysis light scattering (M3–PALS). A Malvern Zetasizer NanoZS
(Malvern Instruments Ltd., Worcestershire, UK) fitted with a red
laser light (� = 632.8 nm)  was  used for both methods. The samples
were diluted 1:100 in acidified water before measurement.

2.4. Encapsulation/association efficiency

It was determined as per the method used by Kaiser et al. [25].
Briefly, aliquots of 500 �L of the flavonoid-loaded nanoformula-
tions were pipetted into Vivaspin

®
500 ultrafiltration spin columns

and then were centrifuged by centrifuge (Mikro 220 R, Hettich
GmbH & Co. KG, Tuttlingen, Germany) at 16,000 rpm for 1 h at
15 ◦C. Free baicalein and quercetin content of the subnatant were
determined by UV spectroscopy at � = 324 and 374 nm,  respec-
tively, using the corresponding calibration curves registered either
in absolute ethanol or upon dilution in M9  medium (supplementary
data S2 and S3, respectively). The association efficiency was calcu-
lated as the difference between the total amount of the flavonoid

incorporated in the formulation and the amount present in the
subnatant. The association of quercetin was  also determined by
resuspending the creamy layer with distilled water up to 1 mL  and
then 25 �L were taken and mixed with 475 �L of absolute ethanol
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nd the concentration was determined as described above, as a
onfirmation of the previous method results.

.5. Stability test with M9  and MEM  medium

The colloidal stability of both baicalein and quercetin NCs
as investigated by using minimal essential medium Eagle (MEM
4655, Sigma-Aldrich) (pH 7.45) cell culture medium without sup-

lements and M9  bacterial growth medium. Briefly 50 �Ls of either
aicalein or quercetin NCs were added to 950 �Ls in a sterile cuvette
f either MEM  or M9 medium and incubated at right conditions (M9
t 37 ◦C for 48 h and for MEM  at 37 ◦C, 5% CO2 environment & 24 h).
he stability was evaluated in terms of the evolution of the particle
ize distribution and size (nm) of the NCs over time during incuba-
ion at 37 ◦C for up to ∼24 h for MEM  or ∼48 h for M9 medium by
se of the Malvern Zetasizer NanoZS as described above.

.6. Release assay

The in vitro release of the flavonoid-loaded NC formulations
as investigated in the M9  bacterial growth medium. Briefly, an

liquot of 800 �L of either baicalein- or quercetin-loaded NCs was
ransferred to a dialysis tube (Pure-a-lyzer Maxi 0.1–3.0 mL, Mw
ut-off = 6 kDa, Sigma-Aldrich GmbH, Steinheim, Germany) and
laced in a sterile glass beaker with 79.2 mL  of M9 medium previ-
usly equilibrated at 37 ◦C in an incubator. This set-up ensured that
sink” conditions were achieved. Every hour an aliquot of 500 �L
as drawn from the dialysate and the same amount of fresh M9
edium replenished. Baicalein or quercetin content of the aliquots
as determined by UV spectrophotometry as described above. The

elease experiment lasted 6 h.

.7. Bacterial assays

.7.1. Bacterial strain
E. coli Top10 was transformed as described in accompany-

ng studies [44]. The plasmid pSB1A3-BBa T9002, carrying the
Ba T9002 genetic device (Registry of Standard Biological Parts:
ttp://parts.igem.org/Part:BBa T9002), was kindly donated by Prof.
nderson Lab (UC Berkeley, USA). The sequence BBa T9002 was

ntroduced by chemical transformation (Invitrogen, Life Technolo-
ies Co., UK) and stored as a 30% glycerol stock at −80 ◦C. The
ransformed strain is a biosensor that can respond to the N-(3-
xohexanoyl)-l-homoserine lactone (3OC6HSL) and is the same
train used in accompanying studies [44]. The sequence BBa T9002,
omprised the transcription factor (LuxR), under the control of
he lux pR promoter from Vibrio fischeri,  which is constitutively
xpressed with GFP production only in the presence of the exoge-
ous cell–cell signalling molecule 3OC6HSL.

.7.2. Growth media and conditions
Bacterial strains were cultivated using on Luria-Bertani (LB) and

9 minimal medium (Becton, Dickinson and company, Germany).
e inoculated 10 mL  of LB broth supplemented with 10 �L

200 �g/mL) ampicillin (AppliChem GmbH, Germany) with a sin-
le colony from a freshly streaked plate of E. coli Top10 containing
Ba T9002 and incubated the culture for 18 h at 37 ◦C, shaking at
00 rpm. Each culture was then diluted 1:1000 into 20 mL  M9  min-

mal medium supplemented with 0.2% casamino acids and 1 mM
hiamine hydrochloride plus 20 �L (200 �g/mL) ampicillin. The cul-
ure was maintained under the same conditions until the OD600
eached 0.15 (∼5 h). Then 500 �L of the overnight culture were
ixed with 500 �L 30% sterile glycerol together in the white plas-
ic vials and stored at −80◦ C for future use. Before the biosensor
ssay, the bacteria cultivation was prepared by cultivating 40 �L
f thawed bacteria from the white plastic vial kept at −80◦ C unto
B: Biointerfaces 164 (2018) 125–133 127

20 mL  M9  medium plus 20 �L of ampicillin (200 g/mL). This is incu-
bated at 37 ◦C, 100 rpm until the OD600 reached 0.04 ∼ 0.07 (∼4 h).

2.7.3. E. coli Top10 biosensor QS assay
The N-(�-ketocaproyl)-l-homoserine lactone (Sigma- Aldrich)

(3OC6HSL) was dissolved in acetonitrile to a stock concentration of
100 mM and stored at −20 ◦C. Prior to the biosensor assay, a 5 �L
aliquot of this stock solution was  diluted with sterile milli-Q water
to a final concentration of 10 nM.  Then 10 �L of 10 nM 3OC6HSL
aqueous solution was placed with 10 �L of the treatment samples
in the wells of a flat-bottomed 96-well plate (Greiner Bio-One, cat.
# M3061) and each well was then filled with 180 �L aliquots of the
bacterial culture of OD600 0.04 ∼ 0.07 to test for QS  inhibition activ-
ity. Several controls were also set up. Blank 1 contained 180 �L of
M9 medium and 20 �L of milli-Q water to measure the absorbance
background. Blank 2 wells contained 180 �L of bacterial culture and
20 �L of milli-Q water to measure the absorbance background cor-
rected for the cells. Finally, positive control wells contained 10 �L of
water plus 10 �L 3OC6HSL solution and 180 �L of the bacterial cul-
ture to measure the fluorescence background. In order to account
for the effect of samples themselves on OD600 and fluorescence,
10 �L 3OC6HSL solution was added with 10 �L of the treatment
samples in the wells and each well was then filled with 180 �L M9
medium and used as controls.

The plates were incubated in a Safire Tecan-F129013 Microplate
Reader (Tecan, Crailsheim, Germany) at 37 ◦C and fluorescence
measurements were taken automatically using a repeating proce-
dure (�ex = 480 nm and �em = 510 nm,  40 �s, 10 flashes, gain 100,
top fluorescence), absorbance measurements (OD600) (� = 600 nm
absorbance filter, 10 flashes) and shaking (5 s, orbital shaking, high
speed). The interval between measurements was  6 min. For each
experiment, the fluorescence intensity (FI) and OD600 data were
corrected by subtracting the values of absorbance and fluorescence
backgrounds and expressed as the average for each treatment. All
measurements were made in triplicate.

2.7.4. Antibiofilm assay
Microtiter plate assay as used before [45] with some modi-

fications was  performed to quantify the effect of both free and
nanoencapsulated baicalein and quercetin on the biofilm formation
of E. coli Top 10 biosensor strain. The test bacteria stored at −80 ◦C
in vials was  first thawed and inoculated on LB agar and incubated
at right conditions at 37 ◦C overnight. Then a colony was identi-
fied and was  picked and inoculated unto 10 mL  of LB broth and was
incubated at 37 ◦C overnight. 190 �L of M9  broth with and with-
out the free or nanoencapsulated baicalein or quercetin (various
concentrations) were then inoculated with 10 �L of bacterial cul-
tures and incubated at 37 ◦C for 48 h without shaking. Unloaded
kanamycin (1 mM)  was  also added as a positive control and M9
broth as negative control. The polystyrene tissue culture microplate
was sealed with parafilm to prevent medium evaporation prior to
incubation. After incubation, plates were carefully rinsed 2–3 times
with double-distilled water to remove loosely attached cells. The
microplate was air dried for one hour before adding 200 �L per
well of 0.4% crystal violet solution to the adhered cells in the wells
and it was left at room temperature for 15 min. Excess stain was
then removed by rinsing the wells with 200 �L per well of dis-
tilled water three times. The microtiter plate was  then air-dried
again for 1 h after which 200 �l per well of absolute ethanol was
added to solubilize the dye. The OD590 was measured using a Safire
Tecan-F129013 Microplate Reader (Tecan, Crailsheim, Germany).

For each experiment background staining was corrected by sub-
tracting the crystal violet bound to un-inoculated controls from
those of the samples. The experiments were done in triplicates and
average values were calculated. To estimate the antibiofilm activity

http://parts.igem.org/Part:BBa_T9002
http://parts.igem.org/Part:BBa_T9002
http://parts.igem.org/Part:BBa_T9002
http://parts.igem.org/Part:BBa_T9002
http://parts.igem.org/Part:BBa_T9002
http://parts.igem.org/Part:BBa_T9002
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Table 1
Characteristics of chitosan-coated nanocapsules (mean averages ± SD, n = 3).

Nanocapsules Formulation Z-av. diameter (nm) PDIa � − potential (mV) Flavonoid association efficiency (A.E., %)b

Quercetin-loaded 194 ± 4 0.12 +48.4 ± 3.46 99 ± 1.2
Baicalein-loaded 187 ± 2 0.12 +48.1 ± 2.03 87 ± 5.1
Unloaded 185 ± 2 0.15 +47.6 ± 2.38 –
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a Polydispersity index.
b Flavonoid A.E. (%) = [(Conc. flavonoidtotal − Conc. flavonoidunloaded)/(Conc. flavon

%) of a given treatment the following equation was used.

Antibiofilm activity (%) = [1- (ODTestsample ODBlank)

/(ODUntreatedcontrol- ODBlank)] × 100

.9. Cell viability assay

.9.1. Cell culture
Mandin Darby Canine Kidney (MDCK) cells clone 7 (C7) were

ultured in 75 cm2 flasks using MEM  supplemented with 10%
etal bovine serum, 1% L-glutamine (200 mM)  and 1% penicillin-
treptomycin (10000 units penicillin, 10000 units streptomycin
n 0.9% NaCl). The cell cultures were maintained in a humid
tmosphere at 37 ◦C with 5% CO2 (Sanyo MCO-19AIC, Panasonic
iomedical Sales Europe BV, AZ Etten Leur, Netherlands). Cells

rom passages 17 – 25 were used for all experiments, which were
arried out as independent triplicates on different days. After reach-
ng microscopic confluence, the cells were washed with 10 mL
hosphate buffered saline (PBS) and trypsinized with 10 mL  0.05%
rypsin in EDTA (1x) buffer. After detachment, 10 mL  of MEM was
dded to the trypsin buffer. The cell suspension was centrifuged
t 1000 r.p.m for 5 min  (Rotina 420 R, Hettich GmbH, and Tuttlin-
en, Germany). The excess of medium was removed by sucking and
he cell pellet was resuspended in 1 mL  MEM.  A 10-�l aliquot of the
ell suspension was diluted with 90 �L trypan blue and the number
f cells was counted with an improved Neubauer chamber before
eeding. The cells were subcultured by splitting at a ratio of 1:10.

.9.2. Mammalian cell (MDCK-C7) line cytotoxicity tests: 3-(4,
-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT)
ssay

The cytotoxicity of both free and nanocapsulated baicalein and
uercetin were evaluated using an MTT  assay protocol as used
efore [46–48]. Briefly, 100 �L of cell suspension was transferred
o each well of a 96-well polystyrene tissue culture plate (∼104

ells per well) and was incubated at 37 ◦C with 5% CO2 (Sanyo
CO-19AIC, Panasonic Biomedical Sales Europe BV, AZ Etten Leur,
etherlands) for 24 h to allow attachment of the cells. Then the
ttached cells were washed twice with supplement-free MEM
efore the various concentrations of either free or nanoencap-
ulated sample were added unto the wells and the cells were
ncubated for 24 h at same conditions as above. The samples were
hen removed and replaced with 100 �L supplement-free MEM
nd 25 �L of MTT  reagent (5 mg/mL  of thiazolyl blue tetrazolium
romide) per well. After 4 h incubation at 37 ◦C with 5% CO2, the
edium and MTT  reagent were removed and the dye was  dis-

olved in DMSO (100 �L per well). After orbital shaking at 300 r.p.m
or 15 min, the absorbance was measured at � = 570 nm in a Safire
ecan-F129013 Microplate Reader (Tecan, Crailsheim, Germany).
e used 4% Triton X-100 in PBS as a positive control. The following

ormula was used to calculate the percentage relative viability of

he treatments against the MDCK-C7 cell line.

a% Cell Survival = Mean absorbance in test wells
Mean absorbance in control wells

× 100
l)] x 100.

3. Results

3.1. Physicochemical properties of baicalein and quercetin
nanocapsules

Table 1 presents the various physicochemical parameters and
encapsulation efficiency of both baicalein- and quercetin-loaded
nanocapsules. The Z-average diameter of each formulation ranged
within a narrow range from ∼185 to ∼194 nm, with a low
polydispersity index (PDI) fluctuating from ∼ 0.12 to ∼ 0.15. The
nanocapsules were highly positively charged with � − potential val-
ues ranging between ∼+47.6 and + 48.4 mV  and a very high capacity
of association of baicalein (87%) and quercetin (99%). For the resus-
pended quercetin-loaded NCs pellet, association efficiency of 99.9%
was deduced.

3.2. Stability of nanocapsules

The colloidal stability of the both flavonoids-loaded and of
unloaded (blank) nanocapsules was  determined and Fig. 1 shows in
both media (M9  and MEM)  that the average size and PDI remained
constant for all the systems, in agreement with previous studies on
chitosan nanocapsules [49,50].

3.3. Release assays of baicalein and quercetin nanocapsules

The release of both flavonoids-loaded nanocapsule formulations
was examined in M9  bacterial growth medium as illustrated in
Fig. S4 (supplementary data). Both flavonoids-loaded NCs had a
slow but steady release of the quercetin up to ∼5 h after which
the release rate increased in a more pronounced manner. Gener-
ally, baicalein-loaded nanocapsules had a more noticeable release
as compared to quercetin.

3.4. Antiquorum sensing activity of chitosan nanoencapsulated
and free baicalein and quercetin

We  investigated the influence of applying different concentra-
tions of both free and chitosan-nanoencapsulated baicalein and
quercetin on the relative growth and the relative quorum sensing
of the transformed E. coli Top 10 biosensor strain that expresses GFP
production only under the influence external 3OC6HSL [51–53].
A close inspection of Fig. 2 reveals that free baicalein (Fig. 2i-a)
did not have any substantive inhibitory effects on the QS response
of the bacteria. At high doses (>2.53 × 10−3 mM)  it seemed to be
toxic as the bacteria OD600 was reduced. However, upon encapsu-
lating baicalein and applied at similar doses as for the free form,
the toxicity at high doses was  abrogated. Baicalein encapsulation
also seemed to enhance QS response especially at 2.53 × 10−4 and
6.25 × 10−5 mM concentrations.

Fig. 3 (i) illustrates individual plots for fluorescence (a), OD600
(b), and FL/OD600 (c) for representative treatments of baicalein-

loaded nanocapsules at the two  selected flavonoid concentrations
where inhibition of QS was observed (Fig. 2i-b), namely 2.53 × 10−4

and 6.25 × 10−5 mM.  Notice that the data confirm that there was  a
selective inhibition of the expression of fluorescence and that this



E.O. Omwenga et al. / Colloids and Surfaces B: Biointerfaces 164 (2018) 125–133 129

Fig. 1. Evolution of the Z-average diameter size with time of flavonoid-loaded and unloaded (blank) nanocapsules and incubated at 37 ◦C in: (a) M9 and (b) MEM  media
(n  = 3).
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ig. 2. Effect of varying doses of baicalein (i) and quercetin (ii) as (a) free solution, a
ctivity (FL/OD600), evaluated in a E. coli Top 10 quorum sensing biosensor strain. A

ffect was not at the expense of a reduction in cell viability, apart
rom a very slight reduction in OD600 at 2.53 × 10−4 mM.  Compa-
able results as those obtained for baicalein were observed upon
reatment of the E. coli Top 10 biosensor with free quercetin (Fig. 2
i). It’s clear that at doses greater than 6.25 × 10−3 mM,  quercetin
xerted significant toxicity (p < .05) in a dose dependent manner
Fig. 2 ii-a). Also, at concentrations <3.25 × 10−3 mM there seems
o occur a consistent reduction in the relative QS response, though
his effect does not reach statistical significance.
With quercetin-loaded nanocapsules treatments this scenario
hanged (Fig. 2 ii-b). They exhibited a protective effect on the toxic-
ty of quercetin on E. coli Top 10 bacteria even at the highest applied
oses (8.4 × 10−3 mM).  About the QS inhibition activity, notice that
) loaded nanocapsules on the relative growth (OD600) and relative quorum sensing
 values represent average ± S.D. (n = 3).

there was  a “Goldilocks”-type of effect, and the minimum val-
ues were attained at intermediate concentrations ∼3.91 × 10−4 mM
with less pronounced effects either at greater or lower concentra-
tions. Fig. 3 (ii) depicts individual plots for fluorescence (a), OD600
(b), and FL/OD600 (c) for representative treatments of quercetin-
loaded nanocapsules at three flavonoid concentrations around that
where the maximum inhibition of QS was observed (Fig. 2 ii-b).
Notice that in this case, the results confirm that there was  a selec-
tive inhibition of the expression of fluorescence and that this effect

was not at the expense of a reduction in cell viability, apart from a
very slight reduction in OD600 at 2.53 × 10−4 mM.  It is evident that
the unloaded nanocapsules had no effect neither on the fluores-
cence nor on OD600 of E. coli Top 10 biosensor. The null effect of
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ig. 3. Evolution during the culture of E. coli Top 10 quorum sensing biosensor stra
c)  quorum sensing (Fl/OD600) upon treatment with (i) baicalein and (ii) quercetin-

nloaded nanocapsules on both the growth and the QS response
as confirmed at various concentrations in the range 6.25 × 10−6

o 8.80 × 10−3 mM  (see supplementary data-S5).

.5. E. coli Top 10 biosensor antibiofilm formation

We  examined the effect of free solution and flavonoid-loaded
anocapsules on the biofilm formation activity of the E. coli Top
0 QS biosensor strain (Fig. 4). Notice that for both type of systems,
iofilm formation was inhibited mostly at low concentrations upon
reatment with both nanoencapsulated phytochemicals. Indeed,
elow 6.25 × 10−4 and 3.91 × 10−4 mM concentrations of baicalein-
nd quercetin-loaded nanocapsules, respectively, no significant
ifferences were observed with respect to the positive control
kanamycin–1 mM).  By contrast, free solutions of both flavonoids
howed invariably significantly lower inhibition of biofilm for-
ation than kanamycin and the encapsulated phytochemicals at

ow concentrations. Supplementary data-S6 shows the image of
epresentative appearance of microtiter plates during the biofilm
ormation assay by E. coli Top 10 biosensor upon treatment with
arying concentrations of: (a) Baicalein- and (b) Quercetin-loaded

anocapsules after treatment with 0.4% CV and before dissolving
he stain with absolute ethanol. Unloaded NCs seemed to also have

 slight effect on biofilm formation inhibition especially at low
osages (supplementary data-S7).

ig. 4. Effect of varying doses of: (a) baicalein and (b) quercetin after treatment in free s
elative inhibition of biofilm formation of E. coli Top 10 biosensor strain (cultured in M
verage values represent average ± S.D. (n = 3).
M9 medium at 37 ◦C). Panels: (a) fluorescence expression, (b) growth (OD600), and
 nanocapsules at different doses (as indicated in legend).

3.6. Mammalian cell cytotoxicity tests − MDCK-C7 cell line

The influence of various concentrations of both free and nanoen-
capsulated baicalein and quercetin on the metabolic competence
(mitochondrial activity) of MDCK-C7 cell line was  assessed using
MTT  assay. The results (Fig. 5) show that with free baicalein and
quercetin in most of the concentrations the relative viability was
below 50%, a scenario that improved with introduction of nanoen-
capsulated baicalein and quercetin. It is also quite clear that at
higher concentration especially with quercetin there is more rela-
tive viability. This may  be a false positive result as the MTT  reagents
used have been found to be influenced by certain doses of quercetin.
But generally in both phytochemicals it can be concluded that
nanoencapsulation improved their relative viability with the MDCK
cell line.

4. Discussion

A combination of both physicochemical and biological analy-
sis was used to investigate the effects of free and chitosan-based
nanocapsules loaded with baicalein and quercetin against a bio-
engineered E.coli Top 10 biosensor and MDCK-C7 mammalian cells.

The chitosan (DA 42%) used in this study, does not have antibacterial
activity and, therefore, it is best suited for producing nanocapsules
for bacterial quorum sensing studies [52]. The physicochemical
characteristics of the nanoformulations in terms of size, zeta poten-

olution and in both flavonoids-loaded nanocapsules (as shown in legends), on the
9 liquid medium at 37 ◦C). Kanamycin (conc. 1 mM)  was used as positive control.
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ig. 5. Effect of varying doses of: (a) baicalein and (b) quercetin after treatment in
ell  viability of MDCK-C7 cells (cultured in supplemented MEM at 37 ◦C). Average v

ial, encapsulation efficiency (Table 1) and stability in biological
edia (Fig. 1) concurred closely with those of previous reports

25,54]. The presence of the flavonoids did not have a dramatic
ffect on the Z-average size. Both flavonoids associated with very
igh efficiencies, namely quercetin (99%) and baicalein (87%), in
greement with findings of other groups [50]. Their zeta poten-
ial was strongly positive, diagnostic that chitosan adsorbed at the
uter shell and of the exposure its protonated amine groups. The
olloidal stability of the nanocapsules in biological media (M9  and
EM),  as assessed from the evolution of the particle size revealed

hat all the systems were stable as documented in previous studies
49,50].

The in vitro release kinetics data of the payloads from both
avonoid-loaded NCs revealed a somewhat distinct pattern for
ach. Baicalein released only ∼20% (Fig. S4, Supplementary Infor-
ation) over the first 5 h, while quercetin released ∼10% (Fig. S4,

upplementary Information) over the first 4 h and thereafter the
elease suddenly increased up to ∼40% in both nanocapsules. The
ui generis release pattern observed in both cases, particularly at
ong times, could not be attributed to disintegration of the nanocap-
ules, as no change in the size was noticed during the evaluation of
he colloidal stability (Fig. 1). Alternatively, erosion of the nanocap-
ule shell could explain this anomalous sudden increase in the
elease of both payloads at times exceeding ∼4 h of incubation.
he overall lower release of quercetin, as compared to baicalein,
ould be associated to slight differences in solubility (i.e., log P)
hat could result in differences in the partitioning of the compound
etween the oil-core of the droplet and the continuous aqueous
hase. QS bioassays did indicate that free baicalein did not have
uch impact at most of the tested concentrations. In fact, at higher

oncentration it was observed that both free flavonoids seem to be
oxic towards the E. coli Top 10 biosensor. Both phytochemicals had
een reported to inhibit quorum sensing-dependent processes in a
. aeruginosa PA01 strain, but this is only achieved at higher con-
entrations too [19,37]. However, in their encapsulated forms, our
esults demonstrate that their QS inhibition ability improves when
ested in our E. coli Top 10 biosensor. PA01 strain has a specialized
S circuitry that includes LasR, Rh1R and QscR than the LuxR cir-
uit of the transformed E. coli Top 10 strain used in this study. Each
f these circuits use different type of autoinducers and therefore,

t is likely that these two flavonoids do not compete for the bind-
ng site of the involved receptors with the cognate autoinducers,
ut they may  act by different mechanisms. One possibility is that
hey inhibit specific enzymes like autoinducer synthases, this can-
ot be ruled out from our studies, as E. coli Top 10 QS biosensor

train does not synthesize the AHL AI. Also, it could be that both
avonoids bind at the LuxR receptor not at the binding site, but at

 different domain that would affect the binding of the dimerized
uxR to the DNA promoter.
olution and in both flavonoids-loaded nanocapsules (as shown in legends), on the
represent average ± S.D. (n = 3).

Yet an alternative explanation is that flavonoids accumulate
rapidly at the lipidic membrane of bacteria [55], and hence, block
the diffusion of AHL to the cytosol. This last effect may  explain why
the free flavonoids exert a toxic response in a dose-dependent man-
ner at high concentrations, while when loaded into nanocapsules,
it is likely that the flavonoids are released under a slow kinet-
ics, and hence, bacteria can keep up with the pace to metabolise
them. About the QS response, the available evidence shows that
free baicalein does not have any significant effect on FL/OD600
when dosed at sub-lethal concentrations. In the encapsulated form,
it seems that at intermediate concentrations (2.53 × 10−4 and
6.25 × 10−5 mM),  there is an effect, although this does not seem
to be consistent, as it was  not evident at 1.24 × 10−4 mM.  Even
when we could not draw too many conclusions on baicalein-loaded
nanocapsules in this regards, we observed a comparable, though
much more defined trend in quercetin-loaded nanocapsules under
the same experimental setup.

In the case of the effect of free quercetin, the toxic response was
very much like that of baicalein, and a dose-dependent response
was appreciated at concentrations below 6.25 × 10−3 mM and it
also exerted no effect on the relative QS response at any of the
tested doses. On the other, the quercetin-loaded nanocapsules
exhibited no toxicity, in line with baicalein-loaded ones. What
draws attention most in these systems though, was the effect of
the concentration on the relative QS response and the clear so-
called “Goldilocks” effect, which shows a clear maximum inhibition
at an intermediate concentration of 3.91 × 10−4 mM.  An interpre-
tation to this effect can be offered in line with previous studies
carried out in our laboratory showing that unloaded chitosan-based
nanocapsules obtained from the same chitosan sample as in the
present study and under an identical preparation protocol, at spe-
cific number ratios of nanocapsules/bacterium inhibit the relative
QS response in a very similar way as we  report here. This has been
attributed to the aggregation exerted by the capsules on the E. coli
bacteria, the result of electrostatic interactions [52]. Since in our
experiments the dose of flavonoids was  controlled not by the actual
concentration loaded in the capsules, but by the total amount of
added formulations, our results therefore, concur with the men-
tioned previous findings. Also, along with the aggregation effect, the
possibility that the nanocapsules are able to deliver their payloads
locally at the cell wall cannot be ruled out.

In turn, results of the quantitative biofilm inhibition studies
clearly revealed that both flavonoids do have an incipient abil-
ity to inhibit biofilm formation of E. coli Top 10 when dosed in
free form. However, this capacity was  much clearly enhanced

upon their nanoencapsulation when the doses were lower than
∼2.0-2.5 × 10−4 mM,  and in both cases, almost similar results were
observed between the two  types of systems. A possible explanation
to the loss in activity observed at greater doses could be associated
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o the aggregation effects discussed above. It is likely that aggre-
ation may  favour biofilm formation, even when the QS response
eems to be inhibited (cf. Fig. 2 ii-b) [7,56].

Overall, our findings concur with previous studies that have
ocumented that these phytochemicals can inhibit biofilm for-
ation [19,37]. For instance, baicalein has been reported to

nhibit P. aeruginosa PA01 biofilm formation at concentrations of
2–128 �g/mL [37], while quercetin at concentrations of 16 �g/mL
roduced the highest inhibitory antibiofilm formation effect
gainst PA01 among the concentrations used − 8, 16, 32 and
4 �g/mL [19]. It is therefore, a clear indication that the inhibition of
iofilm formation could be dependent on the pathogen of interest
nd that the observed effects are not necessarily dose-dependent
s in both studies lower concentrations had better results than
igher ones. Alternatively, since it is most likely that these two
hytochemicals could not be competitors with autoinducers at the
eceptor level as they have shown inhibitory effects to bacteria of
ifferent QS circuits, it could be argued that their biofilm inhibit-

ng activity stems on other mechanisms. One such pathway could
e inhibition of diguanylate cyclases (DCGs) that is responsible
or the production bis-(3′-5′)-cyclic dimeric guanosine monophos-
hate (c-di-GMP) in bacteria cell; a molecule that controls the
iosynthesis of adhesins and exopolysaccharides associated with
iofilm formation [57]. A few phytochemicals have been reported
o have such an activity. For instance, N-[4-(phenylamino)phenyl]-
enzamide was reported to possesses a broad-spectrum activity,
educing biofilm formation of both V. cholerae and P. aeruginosa
y inhibiting the DGCs and it did not possess any effect on the
acterial growth [58,59]. Yet another possible target could be the
hytochemicals compounds able to enhance dispersal of biofilms
ainly by targeting the breakdown of the extracellular polysac-

haride that makes up the extracellular matrix. Some compounds
ike norspermidine have been reported to have an enhanced dis-
ersal of multispecies waste water biofilms when it was combined
ith silver nitrate [60,61]. To account for the enhanced inhibition

bserved when the flavonoids were loaded in the nanocapsules, we
an argue that there is a local delivery effect, that it is enhanced at
ow concentrations. In our previous study, we showed that 100%
f the chitosan nanocapsules bind to E. coli Top 10, when they are
osed at low concentrations, below the optimal “stoichiometric”
anocapsule/bacterium binding point [52]. It is also conceivable,
hat under such scenario, the nanocapsules release their payloads
n a sustained and controlled manner.

Cell viability studies were conducted using the MTT  assay and
hey revealed that both baicalein and quercetin are cytotoxic to

DCK- C7 cells when dosed in solution, and produced a reduc-
ion on relative viability to less than ∼50%. However, upon their
anoencapsulation, there was a notorious increase in cell viability.
n explanation can be that the confinement of the phytochemicals
s previously argued, could result in a controlled releases of the
ayloads, and hence, in lower doses over the time span of the exper-

ment. In studies conducted in our laboratory on capsaicin-loaded
anocapsules [25], similar cytoprotective effects as those reported
ere were observed. In the same studies, it has been shown that the
anocapsules are up taken avidly by MDCK-C7 cells. If the NCs are
ptaken in intact form, the loaded flavonoids are likely to bypass
he cell membrane, and hence, be delivered intracellularly (possible
ntioxidant effect in mitochondria). Ongoing studies in our labora-
ory are addressing whether the nanocapsules are internalised in
ntact, partially or fully degraded form.
. Conclusion

In this study, we have gained proof-of-concept that baicalein
nd quercetin-loaded nanocapsules modify favourably the

[
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bioactivity of both flavonoids, namely, they prevent E. coli
Top 10 QS bacteria to “listening” the signalling of AHL (added
exogenously). These effects were much clearly observed for
quercetin-loaded nanocapsules and were maximized at an inter-
mediate concentration below and above which the magnitude of
the response decreases. This “Goldilocks” response, we  attribute it
to the possible role of bacteria aggregation exerted by the capsules.
The consequences of encapsulating the flavonoids were even more
accentuated on the capacity to inhibit biofilm formation in the
same bacterial strain, and only at concentrations below that at
which the maximum QS inhibition was  observed. Whether the
inhibition of QS resulted also in antibiofilm formation, under
conditions that 100% of the capsules bound to bacteria, is yet to be
confirmed. Yet another favourable effect of the nanoencapsulation
of the flavonoids was the cytoprotective effect observed in MDCK-
C7 cells. The potential use of these systems in food and health is
yet to be fully realized.
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