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min's solubility and antibiofilm
activity via silica surface modification†

Caio H. N. Barros, Henry Devlin, Dishon W. Hiebner, Stefania Vitale,
Laura Quinn and Eoin Casey *

Bacterial biofilms are microbial communities in which bacterial cells in sessile state are mechanically and

chemically protected against foreign agents, thus enhancing antibiotic resistance. The delivery of active

compounds to the inside of biofilms is often hindered due to the existence of the biofilm extracellular

polymeric substances (EPS) and to the poor solubility of drugs and antibiotics. A possible strategy to

overcome the EPS barrier is the incorporation of antimicrobial agents into a nanocarrier, able to

penetrate the matrix and deliver the active substance to the cells. Here, we report the synthesis of

antimicrobial curcumin-conjugated silica nanoparticles (curc-NPs) as a possibility for dealing with these

issues. Curcumin is a known antimicrobial agent and to overcome its low solubility in water it was

grafted onto the surface of silica nanoparticles, the latter functioning as nanocarrier for curcumin into

the biofilm. Curc-NPs were able to impede the formation of model P. putida biofilms up to 50% and

disrupt mature biofilms up to 54% at 2.5 mg mL�1. Cell viability of sessile cells in both cases was also

considerably affected, which is not observed for curcumin delivered as a free compound at the same

concentration. Furthermore, proteomics of extracted EPS matrix of biofilms grown in the presence of

free curcumin and curc-NPs revealed differences in the expression of key proteins related to cell

detoxification and energy production. Therefore, curc-NPs are presented here as an alternative for

curcumin delivery that can be exploited not only to other bacterial strains but also to further biological

applications.
Introduction

The use of nanoparticles (NPs) for antibacterial and antibiolm
purposes has gained more attention as the range of combina-
tion of materials, antimicrobial compounds and delivery
systems keeps broadening. Materials in the nanoscale usually
present an enhanced biological activity due to the enlarged
overall surface area per unit of mass of the particle.1 Nano-
particles can either be inherently antimicrobial such as the ones
made of silver,2 copper3 or zinc4 or they can function as nano-
carriers5,6 or nanoplatforms for the conjugation of bioactive
molecules.7–10 A more recent area for nanoparticles applications
relates to their use as antibiolm agents.11,12 This approach is
more complex due to the multifaceted nature of biolms and
the existence of the extracellular polymeric substance (EPS),13–15

which is a key component of this bacterial mode of life. Biolms
are widely found in nature and consist of a microenvironment
in which microorganisms are encased in a nutrient-rich organic
matrix while existing in a sessile life mode.16 The transition of
ring, University College Dublin, Ireland.

tion (ESI) available. See DOI:

–1708
bacteria from planktonic to biolm mode goes through the
stages of reversible attachment to a surface, followed by irre-
versible attachment, maturation phases and dispersion.17

Despite the fact that the sessile and biolm-detached bacterial
phenotypes are fundamentally different from the planktonic
phenotype regarding growth kinetics and cell surface proper-
ties, the intrinsic susceptibility to antibiotics is the same.18

However, the EPS matrix produced by the biolm phenotype
enhances bacterial resistance19 and eases the perpetuation of
the species by providing an environment physically and chem-
ically protected from foreign agents.14,20 Thus, biolms repre-
sent a threat in industrial21 and biomedical environments,22 for
instance.

The quest for more eco-friendly and sustainable nano-
materials motivates the study of non-metallic nanoparticles
oen conjugated to natural products. The advantage of using
natural products for this end lies on the fact that they have well-
known biological activities and few cytotoxic effects in contrast
with conventional antimicrobial drugs.23 Curcumin (Fig. 1) is
a polyphenolic natural compound24 that ts within this cate-
gory. It is the active ingredient of turmeric (Curcuma longa) and
has been used for more than 2000 years as a dye, spice and
medicine.25 Curcumin has been linked to antimicrobial,26 anti-
inammatory, antioxidant27 and anticancer25,28 activities. In
This journal is © The Royal Society of Chemistry 2020
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order to exploit this biological activity and at the same time
overcome its low solubility in water, nanocarrier delivery
systems have been developed for curcumin. Specically, for
antimicrobial/antibiolm applications, curcumin has been
encapsulated in liposomes, solid lipid nanoparticles,29 and also
linked to chitosan-conjugated nanomaterials,30 silver nano-
particles31 and in the form of microemulsions32 or nano-
curcumin.33,34 The delivery of curcumin in the form of
nanocomposite,35 nanoparticles,34,36 inclusion complexes37 and
encapsulated in polymeric nanoparticles38 has also been
explored. Shlar et al.39 recently showed how the method for
curcumin delivery affects the antibacterial mode of action of the
compound. Curcumin has also been reported to downregulate
quorum sensing (QS) genes related to the production of biolm
virulence factors in P. aeruginosa,40 reduce oxidative stress
response,41 and has been suggested as a modulin and curli
protein (biolm matrix proteins) inhibitor in in silico studies
performed with E. coli.11 Furthermore, it displays an inhibition
effect on alginate and exopolysaccharide production in Vibrio
sp., as well as a suppression on QS-dependent swimming and
swarming motility.41

The chemical modication of curcumin for better solubility
or achievement of desired biological activities has been widely
explored.42,43 In particular, the modication of phenolic groups
in C8 and C80 is very common due to the reactivity of this
functional group.44 In this paper, the phenolic groups of cur-
cumin were used to conjugate them to the surface of
carboxylate-functionalised silica NPs and synthesise curcumin-
functionalised silica NPs (curc-NPs). The antibiolm activity of
curc-NPs was then tested against a strain of Pseudomonas
putida, a Gram-negative bacteria found in environmental
niches45 and whose biolms impact on water treatment. P.
putida (PCL 1482) was chosen as a bacterial strain model for
biolm production46 as it is known to produce a biomolecule-
rich biolm matrix in which bacterial cells are embedded.47

Silica NPs were chosen as a nanoplatform given their low
toxicity to both prokaryotes48 and eukaryotes49 and low envi-
ronmental impact.50 Despite the fact that, for silica NPs, cur-
cumin is oen delivered in mesoporous silica51–53 or added to
the silica matrix itself,54 here the compound is functionalised
covalently only at the surface of the NPs. The NPs produced are
shown to have little antibacterial effect, however a noticeable
antibiolm activity.
Materials and methods
Reagents

King B Agar, peptone (vegetable) No 1, tetracycline hydrochlo-
ride, gentamicin sulfate salt, calcium chloride (CaCl2), magne-
sium sulfate (MgSO4), acetic acid, ammonium hydroxide
Fig. 1 Chemical structure of curcumin.

This journal is © The Royal Society of Chemistry 2020
(NH4OH), ammonium bicarbonate, methanol, (3-aminopropyl)
triethoxysilane (APTES), succinic anhydride, N1-(3-trimethox-
ysilylpropyl)diethylenetriamine (DETA), dimethylformamide
(DMF), dimethyl sulfoxide (DMSO), N,N0-dicyclohex-
ylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), 4-dime-
thylaminopyridine (DMAP), curcumin, dithiothreitol (DTT),
iodoacetic acid, acetic acid, acetonitrile, formic acid, Dowex®
cation exchange resin, glycerol, Mowiol 4-88 and Trypsin (Mass
Spectrometry grade) were purchased from Sigma Aldrich and
utilized as supplied. Potassium phosphate dibasic was
purchased from Honeywell, Fluka™. The water used in all
experiments was MilliQ grade water, puried using an Elga
Process Water System.

Nanoparticle synthesis

Synthesis of silica NPs was based on the Stöber method55 and
the subsequent functionalisation steps (amination, carboxyla-
tion) were carried out according to a procedure previously
described.56 For the synthesis of curc-NPs, 80 mg of carboxylate-
functionalised silica NPs, 47 mg of DCC, 14 mg of DMAP and
80 mg of curcumin were dispersed in 50 mL of dry DMF under
inert atmosphere at 0 �C. The mixture was stirred to room
temperature and then le under agitation for 20 h. Yellowish
coloured curc-NPs were recovered by centrifugation (9000 rpm,
20 min) and washed at least three times with water via centri-
fugation (Scheme 1). In the case where uorescently labelled
NPs were desired, 1 mL of dye conjugate was added in the
mixture of the adapted Stoeber reaction method. The dye
conjugate was previously prepared by mixing 5 mg of uores-
cein isothiocyanate (FITC) with 2.5 mL of ethanol and 25 mL of
APTES, following a procedure described in the literature.57,58

Nanoparticle characterisation

In order to assess the success of curcumin functionalisation,
UV-vis spectroscopy was used to check the typical absorption
band at 425 nm. For this end, a plate reader (SpectraMax iD3,
Molecular Devices) was used with a resolution of 5 nm and
a spectral window from 280 to 900 nm. Dynamic Light Scat-
tering (DLS) and zeta potential measurements were performed
in a Zetasizer Nano ZS (Malvern Instruments). NPs samples in
1 mg mL�1 aqueous dispersion were analysed in a folded
capillary zeta cell. For size measurements, experiments were
run in duplicate with 10 runs for each measurement. For zeta
potential measurements, experiments were done in triplicate
with 10 scans each. Transmission electron microscopy (TEM)
analysis of curc-NPs was done using a FEI Tecnai G2, with
samples deposited on carbon-coated copper grids. Size distri-
bution of nanoparticles was determined using the Fiji soware.
Fourier Transformed Infrared Spectroscopy (FTIR) was per-
formed in a Bruker Vertex 70 spectrophotometer. Samples in
powder form were deposited onto NaCl FTIR cards; spectra were
taken with a resolution of 4 cm�1, from 4000 to 400 cm�1 and 64
scans. Dissolution Nuclear Magnetic Resonance (NMR) was
used according to a previously reported method.59 Silica NPs in
the powder form (5–10 mg) were dissolved in 662 mL of
deuterated water (D2O) and then 38 mL of deuterated sodium
Nanoscale Adv., 2020, 2, 1694–1708 | 1695
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Scheme 1 Synthetic route for production of curc-NPs (a) DETA, acetic acid 1 mmol L�1, 30 min; (b) succinic anhydride, DMF, 24h; (c) curcumin,
DCC, DMAP, dry DMF, 20 h.
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hydroxide (NaOD) was added. The mixture was incubated at
37 �C overnight. The same procedure was performed for free
curcumin. 1H NMR spectra were obtained in a Varian Inova 400
MHz Spectrometer using 256 scans per sample.

In order to determine the density of curcumin molecules at
the silica NPs surface, the keto–enol tautomerism was exploited.
To 1.0 mL solutions of curcumin in water (25, 18.75, 12.5, 9.37,
6.25, 4.69, 3.13 mg mL�1), 50 mL of NaOH 2 N was added and the
values of absorbance at 465 nm were taken. A sample of curc-
NPs underwent the same treatment and the density of curcu-
min molecules was estimated using the core size determined by
TEM.

Bacterial growth kinetics

Using a glycerol stock, Green Fluorescent Protein (GFP)-
expressing P. putida (PCL 1482) possessing a tetracyclin-
resistance gene was streaked onto a King B agar plate con-
taining tetracyclin (40 mg mL�1) and incubated at 30 �C for
24 h. A single colony was removed from the plate and used to
inoculate a sterile conical ask containing 50 mL of King B
media and supplemented with tetracyclin (40 mg mL�1). The
culture was incubated for 16–18 h at 30 �C, 200 rpm. The
OD600 of the overnight culture was adjusted to 0.001 using
sterile King B media supplemented with CaCl2 (1.5 mmol
L�1), MgCl2 (1.5 mmol L�1) and tetracyclin (40 mg mL�1). This
bacterial mixture (150 mL) was then poured into 96-well plates
and each row was assigned to a different treatment: control
(addition of sterile water), free curcumin at nal concentra-
tions of 0.05 and 0.025 mg mL�1 (1% DMSO), bare NPs (5.0
and 2.5 mg mL�1), curc-NPs (5.0 and 2.5 mg mL�1). From this
point onwards, curc-NPs at 5.0 mg mL�1 refers to the
concentration of the entire nanoparticle (silica + curcumin)
and is always compared to free curcumin at 0.05 mg mL�1 as
having the same overall curcumin quantity. The same is valid
for curc-NPs 2.5 mg mL�1 and free curcumin at 0.025 mg
mL�1. As the addition of NPs and curcumin have an inuence
in the turbidity of the suspension, a number of rows were
assigned to “blanks”, whose wells were supplemented with
gentamycin (40 mg mL�1) to impede bacterial growth. The
optical density at 600 nm (OD600) was monitored using a plate
reader (SpectraMax iD3, Molecular Devices), with absorbance
measurements every hour. During 24 h, the plates were
1696 | Nanoscale Adv., 2020, 2, 1694–1708
shaken in between the measurements while maintaining
a temperature of 30 �C.

Colony forming units (CFU) counting

From the wells of the bacterial growth kinetics experiment,
50 mL were taken and diluted to a 10�7 dilution in sterile water.
Following which, 50 mL of the nal dilution was spread onto
tetracylin-supplemented King B agar plates. Aer 24 h, the
colonies formed were counted. This procedure was done in
triplicate.

Biolm inhibition assay

The remaining bacterial suspensions were removed from the
wells of the bacterial growth kinetics experiment. The biolms
formed were washed twice with water and then 200 mL of crystal
violet solution (0.1% w/v) was added and the plate was le static
for 20 min in the dark. The crystal violet solution was removed
and the stained biolms were washed with water ve times to
remove excess unbound dye. Acetic acid 30% was added
(200 mL) to dissolve the stained biolms and plates were shaken
at 125 rpm in the dark for 25 min. Then, the absorbance values
at 600 nm was taken using the plate reader. Once again, the
wells that were supplemented with gentamycin (40 mg mL�1)
were used as blanks.

Pre-formed biolms removal assay

P. putida biolms were cultivated as described previously for
24 h. Aer removal of themedia and washing of the biolm with
water, 200 mL of suspensions of bare NPs (5.0 mg mL�1), curc-
NPs (5.0 mg mL�1) and free curcumin (0.05 mg mL�1 in 1%
DMSO) were added. The 96-well plates were shaken for 24 h at
125 rpm and 30 �C and the suspensions were removed from the
wells. Aer washing the biolms twice with water, the same
procedure previously described for crystal violet staining was
carried out.

MTT assay

In order to assess the viability of biolm bacterial cells the
methylthiazolydiphenyltetrazolium bromide (MTT) assay was
used. The activity of bacterial reductases can be observed by the
reduction of the MTT bromide to formazan, inducing a colour
This journal is © The Royal Society of Chemistry 2020
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change to purple-blue. Aer biolm growth in 96-well plates as
previously described, the bacterial culture was discarded and
biolms were washed once with phosphate buffer solution
(PBS) and then each well was lled with 150 mL of PBS and 50 mL
of MTT solution (pre-warmed to 30 �C). Aer 1 h incubation, the
wells were emptied and 200 mL of DMSO were added. The plate
was agitated at 125 rpm for 15 min to facilitate solubilisation.
Absorbance was read at 550 nm. At least 8 replicates were
carried out for each condition.
Confocal microscopy

For biolm growth, a 5 mL volume of a P. putida overnight
grown culture with OD600 adjusted to 1 and supplemented with
CaCl2 to a nal concentration of 1.5 mmol L�1 was added to
a sterile 50 mL centrifuge tube containing a glass coverslip
(24 mm � 50 mm) and plugged with sterile cotton wool. Tubes
were incubated for 24 h at 30 �C at 100 rpm. Each biolm-coated
glass coverslip was carefully removed from the centrifuge tubes
and gently rinsed three times in water. The coverslip was then
placed horizontally on a sample holder and 150 mL a curc-NPs
suspension (0.5 mg mL�1) was added directly to the biolm,
followed by incubation in the dark for 15 min. Aer incubation,
the biolms were then gently rinsed 3 times in water. Each
coverslip was mounted in Mowiol 4-88 (pH 8.5) mounting
medium as described previously by our group.60 Horizontal
plane z-stack images were acquired with an Olympus FluorView
FV1000 CLSM attached to an inverted Olympus IX81 micro-
scope with a 60�/1.35 NA UPL SAPO oil immersion objective
(Olympus Optical, Tokyo, Japan). At least 3 image stacks, with
a z-step of 1 mm, from each of 3 independent experiments were
acquired and used for each analysis. All image les were ana-
lysed in Fiji image processing soware.61
EPS extraction and quantication

For the extraction of the EPS, the procedure was adapted from
the one described by Wu and Xi (2009).62 P. putida bacterial
overnight culture was diluted as described in previous sections,
and then to each well of a sterile 24-well plate, 900 mL of this
bacterial mixture was added followed by the addition of 100 mL
of the appropriate concentration of the test NP/compound as to
reach a nal concentration of 5.0 mg mL�1 bare NPs, 5.0 mg
mL�1 curc-NPs and 0.05 mg mL�1 of free curcumin in 1%
DMSO. The plates were incubated for 3 days at 30 �C with
shaking at 125 rpm. The media was then removed and the
biolms were washed with PBS buffer and suspended in NaCl
0.9% (1.0 mL per 4 wells; each condition was set up in 4 wells).
Aer sonication for 2 min, Dowex® resin was added at 1% (m/v)
and these mixtures were le agitating at 300 rpm in the dark for
2 h. Aer centrifugation (20 000 g, 20 min, 4 �C), the superna-
tants were ltered using a Millipore® 0.22 mmmembrane lter.
The EPS suspensions were kept at �80 �C until use. This
procedure was made in triplicate for each condition.

For protein quantication, the Lowry assay63 was used and
a standard curve was produced by using solutions of different
concentrations of BSA. For carbohydrate quantication, the
This journal is © The Royal Society of Chemistry 2020
phenol–sulfuric acid method64 was chosen and glucose solu-
tions of different concentrations were used as standards.
Proteomics

Protein digestion was performed by using 50 mL of extracted
EPS, to which 2.5 mL of DTT 100 mmol L�1 were added to reduce
disulphide bonds for 30 min at 60 �C. Then, 2.6 mL of iodoacetic
acid 200 mmol L�1 were added. Aer vortexing, incubation was
carried out in the dark at room temperature for 30 min. The
sample was then diluted to 0.5 mL using ammonium bicar-
bonate buffer (50 mmol L�1 pH 8) and 1.5 mL of trypsin solution
(20 mg in 20 mL of acetic acid 50 mmol L�1) was added. The
digestion took place overnight at 37 �C and was stopped by
addition of 5 mL of acetic acid 100%. For sample clean up, the
supernatant containing fragmented proteins was isolated via
centrifugation and then ZipTips® pipette tips (C18, 0.2 mL bed)
were used for peptide isolation. Firstly, wetting solution was
aspirated (acetonitrile 0.1% formic acid) and dispensed, fol-
lowed by the equilibration solution (deionized water 0.1% for-
mic acid). The peptides were bound by aspirating and
dispensing the sample solution 7 times, followed by a washing
step (1 mL of deionized water 0.1% formic acid). Finally, the
peptides were collected by elution with acetonitrile 0.1% formic
acid (4 mL). The resulting solution was dried out under vacuum
and resuspended in 30 mL of MS grade water containing 2.5%
acetonitrile and 0.5% acetic acid. Peptides were analysed on
a quadrupole Orbitrap (Q-Exactive, Thermo Scientic) mass
spectrometer equipped with a reversed-phase NanoLC UltiMate
3000 HPLC system (Thermo Scientic). Peptide samples were
loaded onto C18 reversed phase columns (10 cm length, 75 mm
inner diameter) using an injection volume of 5 mL and eluted
with a linear gradient from 2 to 95% acetonitrile containing
0.5% acetic acid in 60 min at a ow rate of 250 nL min�1. The
mass spectrometer was operated in data dependent mode,
automatically switching between MS (precursor ion) and MS2
(fragments of the precursor ion) acquisition. Survey full scan
MS spectra (m/z 350–1600) were acquired in the Orbitrap with
a resolution of 70 000. MS2 spectra had a resolution of 17 500.
The twelve most intense ions were sequentially isolated and
fragmented by higher-energy C-trap dissociation.

MaxQuant soware package was used for protein identi-
cation using the proteome database of Pseudomonas putida
(strain ATCC 47054/DSM 6125/NCIMB 11950/KT 2440) (extrac-
ted from Uniprot). Only proteins with a minimum number of
peptides of 2 and minimum number of unique peptides of 1
were considered. Label-free quantication of the proteins was
also run using the same soware, in triplicate. Only proteins
identied in at least two of the three replicates were considered.
Results and discussion
Nanoparticle characterisation

Curcumin was used to functionalise the surface of silica NPs
through the formation of an ester bond between a carboxylate
moiety at the surface of the NPs and the phenol groups present
in the natural compound. For this coupling reaction NHS was
Nanoscale Adv., 2020, 2, 1694–1708 | 1697
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Fig. 2 Scanning Electron Microscopy (SEM) images of curc-NPs (A) UV-vis absorption spectra of the precursor NP-COOH and free curcumin
(absorption band at 425 nm) and curc-NPs (B).

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/3

0/
20

25
 5

:2
2:

01
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
used as catalyst and DCC as coupling reagent. Despite a rela-
tively large hydrodynamic radius (measured by DLS), the NPs
have core diameter of 61.5 � 7.9 nm, as demonstrated by TEM
imaging (Fig. 2A). The zeta potential is negative due to the
presence of phenolate groups at the surface of the NPs,
providing an extra electrostatic stability to the colloidal system,
besides the steric stabilization of the curcumin molecules
Fig. 3 Dissolution 1H NMR spectra of curc-NPs and free curcumin in
purposes.

1698 | Nanoscale Adv., 2020, 2, 1694–1708
themselves. As curcumin has a high electronic conjugation, UV-
vis absorption bands are evident (major peak at 425 nm) and
were used to conrm the success of the reaction (Fig. 2B). To
further conrm the functionalisation of the NPs with these
compounds, dissolution 1H NMR using NaOD in D2O was used
to identify the signals corresponding to aromatic protons. Cur-
cumin is very sensitive to high pH values, so the same pre-
NaOD/D2O. HOD signal (4.8 ppm) was suppressed for visualisation

This journal is © The Royal Society of Chemistry 2020
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Table 1 Size and zeta potential of curcumin-conjugated silica NPs

Size by TEM (nm) Size by DLS (nm) Zeta potential (mV)
% of
curcumin (w/w)

Density of curcumin
molecules per nm2

Curc-NPs 61.5 � 7.9 167.4 � 48.7 �44.1 � 0.8 1.0 0.4
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treatment was carried out for the free compound and NMR
spectra were acquired. As seen in Fig. 3, the spectrum of curc-NP
contains all the signals of the curcumin (aromatic region
between 6.5–7.5 ppm andmethoxy protons at 3.8 ppm) as well as
the signals from the succinate moiety and the aminated silane.
NMR analysis thus further conrmed the conjugation of cur-
cumin to the surface of silica NPs. The density of curcumin
molecules was estimated using the absorbance of these
compounds in the UV-visible region and the NPs core size ob-
tained by TEM images (Table 1). The challenge here was to
diminish as much as possible the error caused by the scattering
prole of the silica, which increases with smaller wavelengths.
To address this issue, the absorbance spectra of curcumin and
curc-NPs were taken at pH 11, in which the enol tautomer is
favoured and the absorption peak shis from �425 nm to
�465 nm (Fig. S1†). At 465 nm, the absorption is more intense
and further away from an intense silica scattering, and by using
Fig. 4 Bacterial growth kinetics of planktonic cells over 24 h growth of P
curcumin and 5.0 mg mL�1 of bare NPs (A); bacterial growth kinetics of p
mL�1 of curc-NPs, 0.025 mg mL�1 of curcumin and 2.5 mg mL�1 of bare
bars are expressed in terms of standard error from the mean.

This journal is © The Royal Society of Chemistry 2020
silica NPs at the same concentration as a blank, the density of
curcuminmolecules at the silica surface could be estimated. The
footprint of curcumin was estimated as 0.4 molecules per nm2

and 1.0% (w/w) contribution in mass in the silica matrix.

Antibacterial and antibiolm assays

In order to assess the antibacterial and antibiolm activities of
curc-NPs, the growth of P. putida was monitored during 24 h in
the presence of curc-NPs (5.0 and 2.5 mg mL�1). These
concentration values were chosen in order to compare the
activities of the NPs to the activity of free curcumin; the latter
was used at a concentration of 0.05 and 0.025 mg mL�1

(1% DMSO), which are the equivalent concentrations of active
compound conjugated to the nanoparticles, according to the
estimation of surface coverage (Table 1). Bare silica NPs were
also used in these assays at a concentration of 5.0 and
2.5 mg mL�1 to validate the conjugation of the active
. putida in the presence of 5.0 mg mL�1 of curc-NPs, 0.05 mg mL�1 of
lanktonic cells over 24 h growth of P. putida in the presence of 2.5 mg
NPs (B); CFU counts of the culture media after 24 h growth (C). Error
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Fig. 5 Biofilm biomass quantification using crystal violet staining after 24 h growth of P. putida in the presence of free curcumin, curc-NPs and
bare NPs (A); cell viability (MTT assay) of bacterial cells encased in the biofilms after the incubation of 24 h (B). Error bars are expressed in terms of
standard error from the mean. (*) means statistical significance in comparison with control (p < 0.05).
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compounds. Curc-NPs had a minor effect on bacterial growth at
5.0 mg mL�1, by affecting the growth rate during the expo-
nential phase (Fig. 4A and B) when compared to a control
(addition of sterile water) and bare NPs. Free curcumin did not
have any antibacterial effect on P. putida. The Colony Forming
Units (CFU) remaining in the media aer growth for 24 h in the
presence of free curcumin, curc-NPs and bare NPs did not have
a statistical difference when compared to the control (Fig. 4C). It
is worth mentioning, however, that a control biolm has an
average CFU mL�1 value in the order of 1011, in contrast with
1012 CFU mL�1 for planktonic cells (data not shown).

It has been reported that one of the major bactericidal
mechanisms by which curcumin acts is through bacterial
membrane disruption and leakage of intracellular content.65,66

In this study, even at relatively high curcumin concentrations,
this effect was not signicant enough to the point of being
detected. Nevertheless, the higher local concentration of cur-
cumin at the NPs surface could account for a more effective
membrane disruption effect.

When looking at biolm formation, a different scenario
takes place (Fig. 5A). The biolms formed in the presence of
curc-NPs have signicantly less biomass when compared to the
controls and to the bare NPs at a concentration of 2.5 mg mL�1

(50% and 55%, respectively). Free curcumin at an equivalent
concentration of 0.025 mg mL�1 was not able to hinder biolm
formation. Interestingly, free curcumin at 0.05 mg mL�1 had
a minor antibiolm effect, however the increase in concentra-
tion of curc-NPs did not result in an elevated antibiolm
activity. When looking at the bacterial cell viability inside the
biolms formed (Fig. 5B), again curc-NPs at 2.5 mg mL�1 shows
an improved bactericidal effect when compared to the control,
free curcumin and bare NPs; it has diminished cell viability to
about 55%. These results suggest that the attachment of cur-
cumin to the silica surface is improving its biological activity.
1700 | Nanoscale Adv., 2020, 2, 1694–1708
The increase in concentration from 2.5 to 5.0 mgmL�1 does not
yield a better efficacy, and this could be possibly due to a lack of
stability of a more concentrated colloidal suspension, which
ends up leading to some precipitation of curc-NPs at the bottom
of the wells.

The performance of the conjugated nanoparticles was also
tested using pre-formed 24 h biolms (Fig. 6). Aer 24 h growth
and biolm formation, the culture media was discarded and the
biolms formed were washed with water. These biolms were
exposed to the NPs and to the free active compound at the same
concentration as in the bacterial growth kinetics experiment.
Curc-NPs were able to disrupt the pre-formed biolms to
a signicant extent (54% biomass reduction on average). Once
again, curc-NPs at 5.0 mg mL�1 did not present enhanced
activity when compared to it at 2.5 mgmL�1. On the other hand,
free curcumin was not able to decrease the biolm biomass
when compared to the water control at any concentration. The
cell viability of biolms exposed to curc-NPs at 2.5 mg mL�1

decreased to 33%. This again shows that although not very
active against planktonic bacteria, curc-NPs are efficient against
sessile bacteria in the biolm environment. The active curcu-
min concentration range used here and its associated ndings
are in line with other studies in the eld; for example, in a study
of curcumin against P. aeruginosa, only at a concentration of
0.037 mg mL�1 was it able to display bactericidal activity.65 In
a study on the synergistic effects of curcumin with standard
antibiotics, the average minimum inhibitory concentrations
(MIC) of curcumin against Gram-negative clinically isolated
strains was of 0.1269 mg mL�1.67 For methicillin-resistant
Staphylococcus aureus, the MIC of curcumin may vary from
0.250 mg mL�1 to 0.00097 mg mL�1 when used synergistically
with oxacillin.68 Therefore, this work presents biological activity
results which are found within the expected curcumin
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Biofilm biomass quantification using crystal violet staining of pre-formed 24 h P. putida biofilms exposed for 24 h to free curcumin, curc-
NPs and bare NPs (A); cell viability (MTT assay) of bacterial cells encased in the mature biofilms (B). Error bars are expressed in terms of standard
error from the mean. (*) means statistical significance in comparison with control (p < 0.05).
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concentration range, however a signicative enhance in activity
is obtained when this molecule is graed onto silica NPs.

The improved biolm disintegration effect seen for conju-
gated NPs in comparison with their free form counterparts
might relate to the fact that the silica NPs are transported into
the biolms, thus increasing the local concentration of the
Fig. 7 CLSM images of 24 h P. putida biofilms (green) after exposure t
horizontal (xy) section acquired from0.5 mmabove the substrate surface.
respectively. Inset: Highmagnification image showing the penetration and
as well as curc-NP aggregates (yellow arrow). The yellow lines indicate th
images from three independent experiments are displayed.

This journal is © The Royal Society of Chemistry 2020
active compound within the biolm. The accumulation of curc-
NPs in the biolms is noticeable by confocal microscopy, in
which uorescently labelled NPs were used to determine the
fate and extent of aggregation when in contact with P. putida
biolms. As seen in Fig. 7, curc-NPs form larger aggregates of
around 2–3 mm in the presence of the biolm and culture media
o rhodamine-B labelled curc-NPs (red). The central image shows the
Upper and side panels represent z-stack images of the xz and yz planes,
diffusion of well-dispersed curc-NPs (white arrow) into the EPSmatrix

e position of xz and yz planes on the xy section images. Representative

Nanoscale Adv., 2020, 2, 1694–1708 | 1701
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Fig. 8 Venn diagram displaying number of proteins identified in extract P. putida EPS after exposure to free curcumin or curc-NPs (A), cellular
location of proteins identified (B) and distribution of identified proteins in terms of biological processes in which they are involved in (C).
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(even being monodispersed as shown in Table 1). Regardless of
this effect, the NPs can penetrate into the biolms to a certain
degree, as shown in the inset of the confocal image in Fig. 7,
which could enhance the permeation of curcumin into the
innermost layers of the biolm. The hydrophobic character of
this compound in their free form is probably an obstacle for the
effective permeation throughout the network of hydrophilic
biomolecules (proteins, polysaccharides, eDNA). In addition to
this effect, the fact that curcumin is linked to a succinic anhy-
dride moiety via an ester bond makes them prone to be released
by the cleavage of this bond by lipases. This class of enzymes are
usually abundant in many biolms species,69–71 including in P.
putida,72 and oen have a low specicity towards their
substrates. In fact, a number of studies have reported enhanced
antibiolm effect via bacterial lipase-triggered release of
antibiotics.73,74
Scheme 2 Proposed curcumin metabolism for inactivation via
xenobiotic reductase pathway. Adapted from Hassaninasab et al.77
Proteomic proling

Considering the broad range of proteins produced by bacterial
cells in the biolm mode and that foreign agents could trigger
some responses in the microbial protein expression, we aimed
to gain some mechanistic insights on the action of curcumin
both in its free form and conjugated to silica NPs. In order to
accomplish this, P. putida biolms were grown for 3 days in the
1702 | Nanoscale Adv., 2020, 2, 1694–1708
presence of the test compounds/nanoparticles and then the EPS
matrix was extracted and underwent trypsin digestion and
peptide identication using liquid chromatography-mass
spectrometry (LC-MS/MS). Using the MaxQuant server, the
proteins produced in each condition could be identied.
Therefore, a full proteomic proling of P. putidawas obtained
This journal is © The Royal Society of Chemistry 2020
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Table 2 Identified proteins ordered in terms of amounts quantified by label-free quantification (LFQ) in the three conditions tested

Uniprot
entry Control

1 Q88K29 Nucleic acid cold-shock chaperone
2 Q88QP8 Elongation factor Tu-A
3 Q88NY2 Glutamate/aspartate ABC transporter-periplasmic binding protein
4 Q88DU2 Chaperone protein DnaK
5 Q88PP2 Putative surface adhesion protein
6 Q88N55 60 kDa chaperonin
7 Q88QN8 Elongation factor G 1
8 Q88FB9 Chaperone protein HtpG
9 Q88PK1 Nucleoside diphosphate kinase
10 Q88QL8 30S ribosomal protein S5
11 Q88BX2 ATP synthase subunit alpha
12 Q88FB3 Succinate–CoA ligase [ADP-forming] subunit alpha
13 Q88QN2 50S ribosomal protein L2
14 Q88DU1 Protein GrpE
15 Q88DE8 30S ribosomal protein S6
16 Q88KJ1 Trigger factor
17 Q88Q10 50S ribosomal protein L21
18 Q88QM0 50S ribosomal protein L6
19 Q88Q27 Serine hydroxymethyltransferase 2
20 Q88QL2 30S ribosomal protein S4

Exposure to free curcumin at 0.05 mg mL�1

1 Q88K29 Nucleic acid cold-shock chaperone
2 Q88QP8 Elongation factor Tu-A
3 Q88N55 60 kDa chaperonin
4 Q88P53 Ornithine carbamoyltransferase, catabolic
5 Q88NY2 Glutamate/aspartate ABC transporter-periplasmic binding protein
6 Q88PP2 Putative surface adhesion protein
7 Q88BX2 ATP synthase subunit alpha
8 Q88P52 Arginine deiminase
9 Q88Q10 50S ribosomal protein L21
10 Q88LL5 Acyl carrier protein
11 Q88DU1 Protein GrpE
12 Q88DU2 Chaperone protein DnaK
13 Q88QL3 30S ribosomal protein S13
14 P0A157 50S ribosomal protein L7/L12
15 Q88QN2 50S ribosomal protein L2
16 Q88FB9 Chaperone protein HtpG
17 Q88QL2 30S ribosomal protein S4
18 Q88KJ1 Trigger factor
19 Q88QN9 30S ribosomal protein S7
20 Q88QL9 50S ribosomal protein L18

Exposure to curc-NPs at 5.0 mg mL�1

1 Q88QP8 Elongation factor Tu-A
2 Q88K29 Nucleic acid cold-shock chaperone
3 Q88P53 Ornithine carbamoyltransferase, catabolic
4 Q88N55 60 kDa chaperonin
5 Q88P52 Arginine deiminase
6 Q88BX2 ATP synthase subunit alpha
7 Q88LL5 Acyl carrier protein
8 Q88NY2 Glutamate/aspartate ABC transporter-periplasmic binding protein
9 Q88QL3 30S ribosomal protein S13
10 Q88P78 Putative DNA-binding protein HU, form N
11 Q88QN9 30S ribosomal protein S7
12 Q88FB3 Succinate–CoA ligase [ADP-forming] subunit alpha
13 Q88DU2 Chaperone protein DnaK
14 Q88DU1 Protein GrpE
15 Q88QN8 Elongation factor G 1
16 P0A157 50S ribosomal protein L7/L12

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 1694–1708 | 1703
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Table 2 (Contd. )

Uniprot
entry Control

17 Q88F97 Electron transfer avoprotein subunit alpha
18 Q88FB2 Succinate–CoA ligase [ADP-forming] subunit beta
19 Q88Q10 50S ribosomal protein L21
20 Q88DE8 30S ribosomal protein S6
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from the early stages of biolm formation (before bacterial
attachment) up to a point in which it is considered a mature
biolm (72 h). The Venn diagram in Fig. 8A shows a general
view of the proteins identied in each condition. The exposure
to either free curcumin or curc-NPs resulted in the expression of
122 proteins that were not produced in the control experiment.
This suggests that curcumin induced a stress to the bacterial
system that led to an overactivation of the protein expression
machinery of the cells. The cellular localisation prole did not
change signicantly amongst conditions (Fig. 8B), however
when looking at the cellular processes in which these proteins
are involved in, interesting differences and patterns arise. At
a widespread glance, all cellular processes were overloaded,
including the production of proteins related to response to
stimuli, cellular transport and biosynthesis. Also, some proteins
related to some cellular processes were found that were not
identied at all in control conditions, such as the ones involved
in cell signalling, cell cycle and homeostasis.

Some proteins stand out as being exclusively expressed
under one condition or another. For instance, under the stress
caused by free curcumin, bacterial cells were found to produce
a putative xenobiotic reductase (Uniprot entry: Q88MU0), which
is involved in the metabolism of a wide range of substrates. The
xenobiotic reductase A (XenA) from P. putida has been reported
as essential for the degradation of quinolines via the 8-
hydroxycoumarin pathway.75 XenA degrades olenic substrates
by breaking the double bond of a,b-unsaturated carbonyl
compounds using NADH or NADPH as electron donors.76 As
curcumin contains two a,b-unsaturated carbonyl groups in its
structure, it can be inferred that the production of this xeno-
biotic reductase is one of the defence mechanisms of the
bacterial cells against curcumin. The putative xenobiotic
reductase reported here has a 36% identity (by BLAST) with
NADPH-dependent curcumin/dihydrocurcumin reductase
(CurA) reported by Hassaninasab et al.77 who postulated
a possible NADPH-dependent curcumin inactivation mecha-
nism by E. coli (Scheme 2). It is thus possible that the same
occurs for P. putida exposed to curcumin.

Additionally, an outer membrane A (OmpA) family protein
(Uniprot entry: Q88MR7) was also identied under curcumin
stress. OmpA is a pathogenicity-related protein comprised of N-
terminal eight stranded b barrel domain that is embedded in
the bacterial membrane.78 The expression levels of OmpA are
oen dependent on external factors such culture conditions
and presence of certain chemicals. The exposure to phenol, for
instance, may induce an overexpression of these proteins as
1704 | Nanoscale Adv., 2020, 2, 1694–1708
reported by Zhang et al.79 using E. coli as a bacterial model.
Curcumin, being a phenolic compound, might t in the cate-
gory of compounds that upregulate OmpA expression.

The growth of P. putida bacterial cultures in biolm-forming
conditions in the presence of curc-NPs also led to the expression
of certain proteins which were not seen for the other two
conditions. Adenylosuccinate synthetase (PurA – Uniprot entry:
Q88D8) is an example of this protein group; it is involved in
purine biosynthesis, being usually overexpressed in stress
conditions. Santos et al.80 reported the upregulation of PurA of
P. putida KT2440 under phenol stress conditions. Additionally,
the expression of a probable efflux pump periplasmatic linker
(TtgA – Uniprot entry: Q88N30) denotes a bacterial response to
the presence of a harmful compound. Efflux pumps are directly
correlated to drug resistance and are responsible for the
expulsion of antibiotics from the bacterial cytoplasm to the
exterior of the cell.81 For P. putida GM73, expression of genes
correlated to efflux pumps-related proteins were linked to
toluene resistance, for instance.82 Interestingly, the presence of
arginine deiminase (Uniprot entry: Q88P52) was also detected.
This enzyme contributes with the maintenance of arginine
reserves of the cell, which is converted into adenosine 50-
triphosphate (ATP) when normal respiration is not taking
place.83 Arginine deiminase's activity is usually coupled with
catabolic ornithine carbamoyltransferase, especially when in
conditions of carbon depletion. This last enzyme was also
identied in conditions of exposure to both free curcumin and
curc-NPs in our experiments. The fact that the expression of
cytoplasmic proteins was elevated in the presence of not only
free curcumin but also curc-NPs suggests that curcumin is
entering the bacterial cell, even when delivered while covalently
conjugated to silica nanoparticles. This could indicate curcu-
min release from the nanoparticles by the aforementioned
enzymatic lipolytic mechanism, once the nanoparticles are too
large to enter the bacterial cell. A full list of the proteins iden-
tied in the biolm EPS of P. putida PCL 1482 expressed under
the three conditions tested (control, exposure to free curcumin
and exposure to curc-NPs) can be found in Table S1.†

When looking at the relative amounts of protein expressed
by P. putida under each condition revealed by a label-free-
quantication (LFQ) data treatment, other distinctive features
emerge which further conrms the observations made thus far
(Table 2). For biolms grown under the stress of both free
curcumin and curc-NPs, the enzymes arginine deiminase and
catabolic ornithine carbamoyltransferase appear as two of the 8
most abundant identied proteins. This evidence conrms that
This journal is © The Royal Society of Chemistry 2020
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the presence of curcumin in its free form or conjugated to silica
nanoparticles acts as a nutrient depletion and/or a respiratory
stress factor which leads to an overproduction of reserves of
arginine for the production of ATP. It is also noteworthy that
a putative adhesion protein (Uniprot entry: Q88PP2) stands as
the h and sixth most abundant protein in control and free
curcumin conditions, respectively, but is not found in P. putida
exposed to curc-NPs. Adhesion proteins have a large contribu-
tion on biolm formation and maintenance across a variety of
bacterial strains.84,85 Therefore, the fact that it was not found in
the biolm EPS of P. putida under curc-NPs stress conditions
goes in line with the fact the curc-NPs had a superior perfor-
mance in terms of antibiolm activity when compared to cur-
cumin in its free form. If by any reason curc-NPs were able to
inhibit adhesion proteins expression, this would ultimately
impact the formation and establishment of biolms.

Conclusions

In summary, in this paper the natural product curcumin was
used to functionalise the surface of silica NPs through covalent
modication, via coupling reaction involving curcumin's
phenolic groups and a carboxylate moiety linked to the silica's
surface. Both curcumin as a free compound and curcumin-
functionalised NPs (curc-NPs) were shown to have little to no
antibacterial activity towards our model strain of P. putida.
However, the antibiolm activity of curcumin was signicantly
enhanced when conjugated to the silica surface. Exposure of
both developing and mature biolms to curc-NPs led to
a decrease in the biolm biomass seen by crystal violet staining,
and to a decrease in the number of viable cells inside the bio-
lms (veried by MTT assays), which ultimately means
a reduction in the capacity of the microbial environment of
maintaining the biolm phenotype. These results suggest that
the conjugation of curcumin molecules onto NPs might
increase their effective solubility and thus enhance their bio-
logical activity. Additionally, the higher local concentration of
curcumin delivered into the biolms might have played a role
for the increased antibiolm capacity.

The identication of proteins in the P. putida EPS aer
exposure to both free curcumin and curc-NPs gave interesting
insights on how the cells respond to the presence of curcumin
delivered in two distinct manners. The expression of a putative
xenobiotic reductase indicates that the bacterial cells might
inactivate the curcumin molecule in a mechanism in which the
a,b-unsaturation bonds are broken. The expression of arginine
deiminase and catabolic ornithine carbamoyltransferase also
denotes that the cells undergo a process similar to nutrient
starvation under curcumin stress. Interestingly, a putative
adhesion protein which was expressed in high amounts for the
bacteria under free curcumin stress was not seen for the
bacteria under curc-NPs stress, which might have facilitated
biolm disruption by curc-NPs in comparison with free
curcumin.

This work is a demonstration of how the conjugation of an
active compound to a silica surface can modify its biological
activity due to changes in solubility, local molecule
This journal is © The Royal Society of Chemistry 2020
concentration and drug delivery. Further validation of this
method will be needed to test the efficacy of not only curc-NPs
but also analogous nanoparticles (silica conjugated to water
insoluble natural products) towards biolms of other species,
especially pathogenic and antibiotic resistant strains. Consid-
ering the low toxicity of both silica and natural products, this
combination can potentially be appealing from a biomedical
and/or environmental perspective.
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