Combination of Silver Nanoparticles and Curcumin Nanoparticles for Enhanced Anti-biofilm Activities
Ching-Yee Loo,†‡ Ramin Rohanizadeh,‡ Paul M. Young,† Daniela Traini,† Rosalia Cavaliere,₰ Cynthia B. Whitchurch,₰ and Wing-Hin Lee *†‡

1Respiratory Technology, Woolcock Institute of Medical Research and Discipline of Pharmacology, Sydney Medical School, The University of Sydney, NSW 2037, Australia
2Faculty of Pharmacy, University of Sydney, Sydney, NSW 2006, Australia
3The ithree institute, University of Technology Sydney, Ultimo, NSW 2007, Australia.









*Corresponding author:
Dr Wing-Hin Lee
Respiratory Technology, Woolcock Institute of Medical Research and Discipline of Pharmacology, 
Sydney Medical School,
The University of Sydney, 
NSW 2037, Australia





ABSTRACT 
Biofilm tolerance has become a serious clinical concern in the treatment of nosocomial pneumonia owing to the resistance to various antibiotics. There is an urgent need to develop alternative antimicrobial agents or combination drug therapies that are effective via different mechanisms. Silver nanoparticles (AgNPs) have been developed as anti-biofilm agent for the treatment of infections associated with the use of mechanical ventilations, such as endotracheal intubation. Meanwhile curcumin, a phenolic plant extract, has displayed natural anti-biofilm properties through the inhibition of bacterial quorum sensing systems. The aim of this study was to investigate the possible synergistic/additive interactions of AgNPs and curcumin nanoparticles (Cur-NPs) against both Gram-negative (Pseudomonas aeruginosa) and Gram-positive (Staphylococcus aureus) microorganisms. Combination of AgNP sand Cur-NPs (termed as Cur-SNPs) at 100 μg/mL disrupted 50% of established bacterial biofilms (formed on microtiter plates). However, further increase in the concentration of Cu-SNPs failed to effectively eliminate the biofilms. To achieve the same effect, at least 500 μg/mL of Cur-NP alone was needed. Scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM) revealed that combination therapy (Cur-SNPs) was the most potent to eradicate pre-formed biofilm compared to mono-drug therapy. These agents are also non-toxic to healthy human bronchial epithelial cells (BEAS2B). 
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INTRODUCTION
Infectious disease is the second most common cause of death while majorities of these deaths are bacterial-related infections. 1, 2 Several reports on antimicrobial therapies failure have emerged owing to the growing bacterial resistance to multiple antibiotics. 2, 3 In cases concerning chronic infections, the failure to achieve complete bacterial eradication with antibiotics is largely due to the switch of bacterial growth mode from free-swimming planktonic cells into sessile community-structured biofilms. Bacterial biofilms are usually protected within a self-made extracellular polymeric substances (EPS) consisting of exopolysaccharide, deoxyribonucleic acid (DNA), and lipid. 4, 5 At this state, biofilms show extreme resistance to most conventional antibiotics (up to 1000-fold resistant) as EPS matrix minimizes the penetration of antibiotics to reach bacteria inside the biofilm via diffusion limitation or neutralization of antimicrobial agents with extracellular polysaccharides. 5-7 In addition, several antibiotics are inefficient to destroy stationary phase cells and biofilm cells which often require low nutrition to survive. 8, 9 Therefore, new approaches emerged for reduction in deaths associated with bacterial infections using multiple antibiotic therapies, which can be additive or synergistic or with the discovery of new drugs with broad-spectrum activity.

This need have led to the resurgence of silver (Ag)-based compound due to the Ag broad activity and possibly far lower inclination to induce bacterial resistance using Ag compared to current antibiotic therapies. It is believed that the probability of bacteria acquiring resistance against Ag are low since Ag+ ions simultaneously acts on multiple sites within bacterial cells. 10 Ag-based compounds are currently used to control bacterial infections in wound dressing and other medical devices such as catheters, orthopedic and prosthetic cardiac devices. 11, 12 Reducing the size of particles improve particles uptake and availability at site of infection. This is evident from numerous reports which demonstrated superior bactericidal activity of AgNPs over Ag+ against both Gram negative and Gram positive microorganisms. 13-15 In comparison to Ag+, many believe additional bactericidal mechanisms specific to AgNPs. These include the direct attachment of nanoparticles onto cell membrane, formation of pits and higher penetration of nanoparticles into cell walls compared to Ag+. 16-18 Furthermore, in a recent study, it was found that applying of high Ag+ concentration had an opposite effect on biofilm removal, while biofilm removal rate using AgNPs was size-dependent. 19 

The cytotoxicity of AgNPs is a concern lately as findings revealed that AgNPs killed mammalian cells at concentrations as low as 2–5 μg/mL. 20-22 However, contradictory data has also been reported whereby mammalian cells were still viable at high AgNPs concentration (100 μg/mL). 23 Irrespective of the conflicting cytotoxic data of AgNPs in literature, it is safe to assume that the minimum AgNPs concentration to achieve effective biofilm eradication will cause toxic effect to mammalian cells. For instance, complete removal of biofilm was not achieved even though 200 μg/mL 8-nm AgNPs was administered. 19 Curcumin, active compound found in turmeric, has varied activities, such as anti-cancer, anti-inflammatory, anti-oxidant, and anti-bacterial. This compound is deemed non-toxic for consumption as up to 8 g/day orally could be well tolerated in healthy subjects. Recent studies discovered the ability of curcumin to inhibit the formation of biofilm, particularly in Gram positive microorganisms. Moshe et al reported that curcumin (100 μg/mL) effectively blocked the in vitro formation of Staphylococcus aureus biofilm 24. Curcumin was also equally effective to remove established mature biofilm as revealed in the near complete biofilm eradication at 50 μg/mL dose. 24 Curcumin is proposed to exert its anti-biofilm activity via attenuation of quorum-sensing (QS) virulence factors by interfering with the signal molecules-based QS system. 25 Therefore, it is envisaged that the combination therapy using AgNPs and non-toxic curcumin would enhance the anti-biofilm activities while simultaneously exerting low local toxicity to mammalian cells.

This present study evaluated the combination therapy using Cur-NPs and AgNPs against inhibition of biofilm formation and detachment of established biofilms. For this, we have fabricated combination of Cur-NPs and AgNPs (referred as Cur-SNPs) with average size of 30 nm using solvent and anti-solvent precipitation method. The release kinetics of curcumin and Ag+ as well as anti-biofilm activities of the combination compounds were accessed in this study.
 
MATERIALS AND METHODS
Materials
Silver nitrate (AgNO3), gallic acid and curcumin (purity≥80%) were supplied by MP Biomedicals, Australia. Polyvinylpyrrolidone (PVP) and pluronic F-127 were purchased from Sigma, Australia. Deionized water was purified by reverse osmosis (milliQ, Millipore, Australia). All chemicals were used without further purification.

Preparation of Curcumin Nanoparticles (Cur-NPs), Curcumin Silver nanoparticles (Cur-SNPs) and AgNPs 
Colloids of AgNPs with average diameter of 7 to 15 nm were prepared according to the method as described previously. 19 Cur-NPs were prepared using solvent and anti-solvent precipitation method as described previously. 26 For the preparation of Cur-SNPs, the same procedure was used with a slight modification in which 100 mg of re-dispersed AgNPs was added into the Cur-NPs suspension before the addition of PVP. 26 

Physicochemical Characterization of Nanoparticles
Particle size and polydispersity index (PDI) of Cur-NPs, Cur-SNPs and AgNPs were determined using dynamic light scattering (DLS) (Malvern Zetasizer Nano ZS, United Kingdom). DLS was performed using Malvern Zetasizer Nano ZS with the following settings: the refractive index for silver and curcumin were 1.35 and 1.41, respectively while the viscosity of water was 0.8872 mPas. 19, 26 Transmission electron microscopy (TEM) was carried out using a JEOL1400 electron microscope operating at 200 kV to observe the shape and sizes of nanoparticles as well as to measure the size distributions of particles using techniques described previously. 27 The presence of curcumin and silver were also determined using Fourier transform infrared spectroscopy, FTIR (Varian 610-IR, Varian Inc., USA). 27 

Quantification of Silver and Curcumin Content
The concentration of Ag+ release from both AgNPs and Cur-SNPs was determined using atomic absorption spectroscopy (AAS) as described previously (Shimadzu, Japan). 27 Chemical analysis of curcumin was determined via high performance liquid chromatography (HPLC) using 75% of methanol and 25% of acetonitrile as mobile phase at the flow rate of 1 mL/min with isocratic pump at 25 °C using C18 column (Nova-Pak, 150 x 4.6 mm). 26 The HPLC system used was a Shimadzu Prominence UFLC system equipped with an SPD-20A UV-Vis detector, LC-20AT solvent delivery unit, SIL-20A HT Autosampler (Shimadzu, Japan). 

In vitro Release Study
For release experiments, AgNPs and Cur-SNPs powders were weighed into scintillation vials containing 10 mL cation adjusted Mueller Hinton broth (CAMHB) solution (pH 7.2) and placed into 37 °C incubator and shaken at 100 rpm/min. At specific time-points, samples were withdrawn and centrifuged at 100,000 g for 30 min at 10 °C. Both supernatant and pellet were used for AAS or HPLC analyses for determination of Ag and curcumin, respectively. 27 
In order to understand the release kinetics of both Ag+ and curcumin from polymeric nanoparticles, four kinetic models were considered to fit the experimental data: zero order, first order, Higuchi and Hixson-Crowell. Zero order kinetic is an ideal drug release pattern which describes a prolonged pharmacological action since the release of drug is assumed to be concentration-independent and same amount of drug per unit of time is released. This kinetic model is presented by equation 1: Qt = Q0 + K0 t			(1)
First order kinetic model describes a concentration dependent release from a system. In essence, the release of drug is proportional to the concentration of drug present in the system; therefore the amount released decreases with time. Equation 2 describes this model: ln Qt = lnQ0 + K0 t			(2)
The drug release behavior of Higuchi model is represented by diffusion process based on Fick’s law and is dependent on square root of time. This model could be summarized in equation 3: Qt = KH * t1/2					(3)
Hixson-Crowell model recognizes that the area of particles’ is proportional to the cube root of its volume (equation 4):  Q01/3 – Qt1/3 = K*t			(4)

In vitro Biofilm Formation and Detachment Assay 
The biofilm formation assay was performed in 96-well microtiter plates in which the microorganisms (P. aeruginosa PAO1 and S. aureus ATCC 25923) were grown simultaneously with antimicrobial agents (AgNPs, Cur-SNPs or Cur-NPs) (Supplementary Table 1). For AgNPs, the concentrations used corresponded to the amount of Ag present in Cur-SNPs. Prior to each experiment, the freeze-dried powders of Cur-NPs, Cur-SNPs and AgNPs were re-suspended in respective bacterial growth media (and homogenized thoroughly using bath sonicator for 15 min. Briefly, P. aeruginosa and S. aureus were grown overnight either in CAMHB or tryptic soy broth (TSB) medium, respectively at 37 °C, shaken at 200 rpm and diluted in respective growth media to reach 106 CFU/mL. A 50 µL aliquot of the culture was placed into each well followed with addition of 50 µL Cur-NPs, Cur-SNPs or AgNPs at varying concentrations. The plates were incubated for 24 h without shaking at 37 °C. After 24 h, the plates were subjected to staining with crystal violet (CV) procedures as described previously. 19 

The biofilm detachment assay was performed in 96-well microtiter plates using two different wild type bacterial strains (P. aeruginosa and S. aureus) using method described previously. 19 

Qualitative Imaging of P. aeruginosa and S. aureus Biofilms using Confocal Laser Scanning Microscopy (CLSM) and Scanning Electron Microscopy (SEM)
For visual observation of biofilm, samples were analyzed using both CLSM and SEM. Briefly, biofilms were treated with different NPs containing equivalent concentrations of curcumin and were rinsed twice with phosphate buffer saline (PBS). Both control and treated biofilms samples for CLSM observations were prepared according to methods previously. 19, 27 For SEM observation, samples were fixed using 4% paraformaldehyde overnight without staining. After fixation, the samples were dehydrated through a series of graded ethanol baths, dried using a critical-point drier, gold coated and imaged using SEM. For CLSM imaging (Nikon A1), treated samples were washed with PBS, and stained with SYTO9 (Invitrogen, Australia) and finally fixed with 4% paraformaldehyde. The morphologies of biofilms were imaged using oil immersion lens (100 x objective lens and numerical aperture of 1.4). Recorded images were reconstructed by Imaris and presented as 3-dimensional structures.

Cytotoxicity Evaluation using MTS Assay
Cytotoxicity assay on human normal bronchial epithelial cells (BEAS2B) was performed to investigate the percentage of cells surviving in AgNPs and/or Cur-NPs. To perform the cytotoxicity assay, BEAS2B cells were cultivated in DMEM F-12 supplemented with 1% non-essential amino acid, 1% L-glutamic acid and 10% fetal bovine serum (FBS) and incubated at 37 °C in CO2 humidified atmosphere. When the cells had reached 80% of confluence, they were trypsinized and seeded into 96-well plates with 50,000 cells per well. The cells were incubated for 24 h to allow attachment of cells on surface. Next, cells were treated with different concentrations of AgNPs or Cur-NPs for 3 days followed with incubation for 4 h at 37 °C in (3-(4,5-dimethylthiazol-2-yl) -5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) (MTS) reagent (Promega, Australia). The colour intensity was measured at 490 nm with microplate reader (POLAstar). The cytotoxicity was expressed as a percentage of viable cells relative to untreated cells.

Statistical Analysis
Statistical analysis of data was performed using SPSS Statistics 19 software package. All data were collected (n=5) and the mean values and standard deviations (SD) were calculated. The statistical differences between groups were determined by analysis of variance (ANOVA). The pairwise comparisons of individual group means were performed using Tukey post-hoc analysis. Values of p < 0.05 were considered statistically significant.

RESULTS AND DISCUSSION
Physicochemical Characterization of Nanoparticles
Figure 1 shows the size distribution and morphology of re-dispersed nanoparticles using DLS and TEM, respectively. The sizes of Cur-NPs (Figure 1A) observed under TEM were not significantly different than those measured using DLS (insert of Figure 1A). For instance, Cur-NPs appeared as clusters of round particles at approximately 30 nm under TEM while DLS showed that Cur-NPs had average size and polydispersity index (PDI) of 29.7 nm and 0.022, respectively. Meanwhile, re-dispersed AgNPs appeared un-agglomerated and spherical ranging from 10–35 nm (Figure 1B) which is in accord with our previous data. 19 This was confirmed with particle sizing distribution with a well-defined population of particles with average diameter around 30 nm (insert of Figure 1B). During the fabrication of combined Cur-SNPs, the ratio of curcumin to silver was set at 9 to 1. Both the TEM and DLS of combination Cur-SNPs demonstrated that these nanoparticles were dispersed and approximately 30 nm in diameter (Figure 1C). The freeze-dried Cur-SNPs combination powders were subjected to AAS and HPLC to determine the actual encapsulated curcumin and silver content. Based on the calculation, the curcumin content was 31.5 ± 0.80 μg/mg while the amount of silver present was 4.0 ± 0.5 μg/mg. Therefore the ratio of curcumin to silver was approximately 7.5 to 1. The freeze-dried Cur-NPs and Cur-SNPs powders could be re-dispersed readily in water and the resulting solutions were orange-yellowish in color. 

[bookmark: OLE_LINK2]FTIR analysis was undertaken to; i) confirm the presence of curcumin in the prepared Cur-NPs and ii) evaluate the interactions between Cur-NPs and AgNPs. Figure 2 shows the FTIR spectra for pure PVP, raw curcumin, Cur-NPs, Cur-SNPs and AgNPs. A typical FTIR of PVP is characterized by a strong band at 1650 cm-1 which is assigned to amide carbonyl group 28. Other distinguishable peaks of PVP are 1490 and 1419 cm-1 which is due to the vibration of tertiary C-N. The peak at 1457 cm-1 is assigned to CH2 scissors while CH stretching peaks appeared at peaks ranging from 2811 to 2913 cm-1. The peak at 1284 cm-1 corresponds to wagging of CH2. 28 The detailed FTIR vibrational spectra of curcumin had been showed by Kolev et al. 29 The peak at 3490 cm−1 is assigned to the stretching vibrations of –OH group in raw curcumin. 29 The appearance of peak at 1624 cm-1 is assigned to predominantly mixed C=C and C=O bonds. Another peak at 1600 cm-1 is attributed to symmetric aromatic ring stretching vibrations of C=C. In addition the vibration of C=O appeared at 1506 cm-1 while enol peaks for C-O and C-O-C appeared at 1272 and 1110 cm-1, respectively 30 (Figure 2 and Supplementary Table 2). In both Cur-NPs and Cur-SNPs, the OH peak of curcumin is shifted to 3384 cm−1 and appeared broader (Figure 2). However, it should be noted that these peaks also overlapped with the –OH group stretching vibration from PVP. Furthermore, strong signals of C=O peaks appeared at 1506 cm-1 in these samples without shifting compared to the curcumin spectrum. The peaks assigned for C-O-C at 1110 cm-1 were also obviously detected in both Cur-NP and Cur-SNPs thus indicating the presence of curcumin encapsulated in polymer nanospheres. 31 Interestingly, while the peak positions for CH2 stretching were constant for all samples the relative peak intensities were changed probably indicating the interaction between curcumin and PVP, thus resulting in differences in chain geometry of CH groups.

Figure 3 shows the cumulative release of curcumin and/or Ag+ from three different nanoparticulate samples (AgNPs, Cur-NPs and Cur-SNPs). For Cur-NPs (Figure 3A), a non-linear relationship of curcumin is demonstrated. A rapid release of curcumin (about 20%) occurred in the first 24 h, followed by a gradual release profile to 80% at 360 h of incubation. The rapid release observed during early incubation could be due to dissociations of poorly bound curcumin molecules attached on the surface of polymer capsules or to the curcumin particles that were not fully encapsulated by PVP. Meanwhile for the release of Ag+ from AgNPs, slow oxidation of particles was observed as only 40% of the fractions were in ionized form after 360 h of incubation. Additionally, no burst release of Ag+ was seen (Figure 3C). The general release profile of curcumin and Ag+ were similar to those in Cur-SNPs group with the exception of lower release rate, indicating a partial release inhibition owing to possible nanoparticle-nanoparticle interaction (Figure 3B). Various mathematical equations have been proposed to describe the kinetics of drug release from controlled release formulations. The zero order release model describes the release behavior of drug, which is independent of concentration. Meanwhile, first order kinetics describes direct dependency of drug release on the concentration. Hixson-Crowell model recognizes the influence of the changes in particles’ surface area and diameter to release rate. Higuchi model proposed a direct relationship to drug release from matrix to the square root of time based on Fickian diffusion law. This model generally assumes that the initial drug concentration in matrix is higher than drug solubility and the diffusion only takes place at uni-dimension. The releases of curcumin and Ag+ were fitted to these kinetic models to determine the release kinetics and mechanisms from nanoparticles. The values of these kinetic rates, K and R2, are presented in Table 1. In general, the release behavior for all nanoparticles did not obey zero order and first order kinetics based on the low R2 values obtained. AgNPs or Cur-AgNPs followed Hixson-Crowell kinetics, which demonstrated that the release of Ag+ is limited by the nanoparticles’ dissolution and not through the diffusion from PVP polymer matrix. The most suitable kinetic model to describe the release of curcumin from Cur-NPs is Higuchi matrix model. The comparatively poorer fit for first order model, supported the idea that Cur-NP was dispersed within the PVP polymeric matrix as the kinetic of curcumin release matched the Fickian diffusion.

Bacterial Attachment and Biofilm Formation Assay
In our recent finding, it has been established that AgNPs were effective to eradicate established P. aeruginosa. 19 We have demonstrated that the higher biofilm removal efficiency of AgNPs compared to ionized form (Ag+) signified the presence of other bactericidal mechanisms of nanoparticles for biofilm removal. 19 For instance, AgNPs could be penetrated and dispersed into biofilm matrix more efficiently compared to Ag+ 19, 32. In this study, a combination therapy using AgNPs and Cur-NPs was used in an attempt to provide enhanced anti-biofilm activities. Curcumin is chosen as a co-therapy compound because this phytochemical turmeric extract exhibits antibacterial activities against wide ranges of planktonic microorganisms. 24, 33, 34 Most studies were concentrated on the effect of curcumin towards free-living planktonic bacteria while the anti-biofilm assessment of curcumin was fairly limited. It is therefore interesting to evaluate the ability of curcumin in the form of nanoparticles as mono-therapy and in combination with AgNPs to inhibit biofilm formation and eradicate mature biofilm. A simple static biofilm assay was performed to assess the effect of these combination compounds on both eradicating established biofilm and inhibiting biofilm formation. It should be noted that equivalent concentration of curcumin or Ag present in the nanoparticles was evaluated in parallel as control using either Cur-NPs or AgNPs alone. For AgNPs, the concentrations used corresponded to the amount of Ag present in Cur-SNPs. The inhibition of biofilm formation was concentration-dependent and strain-dependent (Figure 4). Generally, the treatment of either mono- or combination therapy was less effective against Gram negative bacteria as the inhibition of biofilm formation by P. aeuginosa was significantly lower compared to S. aureus. Cur-NPs were more effective against Gram positive bacteria while exerting minimal inhibitory effect against Gram negative bacteria (Figure 4). As expected, combination of Cur-NPs and AgNPs demonstrated additive effect as they inhibited biofilms formation more effective than that of AgNPs or Cur-NPs alone. The biofilm formation of S. aureus was inhibited by 85% when Cur-SNPs were administered at concentration consisting 20 μg/mL curcumin and 2.5 μg/mL Ag. Total inhibition of biofilm formation was observed when Cur-SNPs consisting 30 μg/mL curcumin and 3.75 μg/mL Ag (Figure 4). However as a comparison, the treatment of Cur-NPs alone using the same concentration (20 μg/mL) only resulted in 40% of biofilm inhibition (Figure 4). Cur-NPs could effectively block S. aureus biofilm formation at higher concentration (>100 μg/mL). Our data is consistent with previous finding whereby at 100 μg/mL curcumin, biofilm formation of S. aureus was 100% inhibited. 24 The authors further suggested that the mechanism of biofilm inhibition by curcumin was due to the inhibition in the process of biofilm formation itself rather than the bactericidal effect 24. This is due to the fact the concentration required to exert inhibition of biofilm formation was much lower than that required to inhibit S. aureus growth 24. In addition, Tajbakhsh et al reported that the MIC of curcumin against S. aureus was 187.5 μg/mL 35. Consistently many studies also demonstrated that at least 100 μg/mL curcumin was required to stop the growth activities of S. aureus without bactericidal effect. 33-35 The inhibition of sortase A activity by curcumin at concentrations much lower than MIC suggested that curcumin prevent biofilm attachment rather than killing bacteria within biofilm 36. Furthermore, the attenuation of QS-dependent factors such as exopolysaccharide, alginate, motility behaviors (swimming and swarming) by curcumin indirectly confirmed that curcumin exerts its anti-biofilm activities via the prevention of biofilm formation process itself rather than destroying bacteria. 25, 37 Meanwhile, unexpectedly AgNPs alone was not as effective in reducing the growth and formation of S. aureus biofilm even though high concentration of AgNPs was used (50 μg/mL) (Figure 4). 

In addition, this combination therapy (Cur-SNPs) also displayed higher efficacy to entirely block the formation of P. aeruginosa biofilm when administered with doses containing 40 μg/mL curcumin and 5 μg/mL Ag. Interestingly, at this concentration no inhibitory activity on P. aeruginosa biofilm was observed either using Cur-NPs or AgNPs alone (Figure 4). These results were in good agreement with published data whereby curcumin alone had higher inhibitory effect against Gram positive than Gram negative bacteria. 24, 33, 34 In particular, in a study by Moshe et al, curcumin showed only little effect against P. aeruginosa biofilm. 24 Contradictory to our data, reports have demonstrated that curcumin displayed anti-biofilm properties against P. aeruginosa when used at 1.5–3.0 µg/mL. 25 Results from microarray analyses confirmed that curcumin down-regulated the genes involved in QS and biofilm formation as well as attenuated the virulence of P. aeruginosa 25. In view of the variable data, it is therefore possible that the effect of curcumin on P. aeruginosa could be species-specific. Taken together, promising results on the enhanced anti-biofilm activities was demonstrated using a combination therapy approach (Cur-SNPs). 

Bacterial Biofilms Eradication Assay 
[bookmark: _GoBack]Figure 5 shows the detachment of pre-formed P. aeruginosa and S. aureus biofilm colonies grown in their culture media (CAMHB and TSB), after the treatment with different concentrations of Cur-SNPs, AgNPs or Cur-NPs. As shown in Figure 5, the increase of Cur-SNPs concentration up to consisting 80 μg/mL Cur-NPs and 10 μg/mL AgNPs did not contribute to any significant differences in the removal of both P. aeruginosa or S. aureus biofilm. However, at higher concentrations (400 μg/mL Cur-NPs and 50 μg/mL AgNPs), the biomass of both P. aeruginosa and S. aureus was reduced by approximately 70%. This data was significantly higher than that of treatments with AgNPs or Cur-NPs alone. At this concentration, the remaining attached P. aeruginosa biofilm with AgNPs and Cur-NPs treatment was 60 and 75%, respectively. Meanwhile the remaining S. aureus biofilm after AgNPs and Cur-NPs treatment was 76% and 60%, respectively. It should be noted that Cur-NPs was not as effective against Gram-negative bacteria compared to Gram-positive bacteria. About 70% of P. aeruginosa PAO1 biofilm remained adhered on the surface of microtiter plates despite using 400 μg/mL Cur-NPs was for treatment (Figure 5). 

Visual confirmation on the effect of NP treatment on biofilm detachment was performed using both SEM and CLSM (Figure 6). The concentrations of Cur-SNPs used to treat established P. aeruginosa and S. aureus biofilms consisted of 400 µg/mL curcumin and 50 μg/mL Ag. To determine that the combination Cur-SNPs demonstrated higher efficacy against pre-formed P. aeruginosa and S. aureus biofilm, the results were compared with those obtained using treatments with AgNPs and Cur-NPs alone. The concentration of AgNPs and Cur-NPs used was 50 µg/mL and 400 μg/mL, respectively. As observed, significant removal of P. aeruginosa was seen after treatment with Cur-SNPs and only small cluster of individual cells remained attached after compared to control. Microcolonies of P. aeruginosa were still evidently seen in both Cur-NPs and AgNPs-treated biofilm, thus confirming that the combination Cur-SNPs was more effective to eradicate pre-formed biofilm (Figure 6). Similar trend was also demonstrated for removal of S. aureus biofilm. However, qualitatively it seems that AgNPs had negligible effect on S. aureus biofilm. The susceptibility of S. aureus biofilm to treatments followed the decreasing order: Cur-SNPs > Cur-NP > AgNPs (Figure 6). Figure 7 shows the corresponding number of attached bacterial cells (measured as colony forming unit, CFU) for untreated cells (control) and samples treated with respective AgNPs, Cur-NPs and Cur-SNPs. It is clearly seen that the CFU count for both bacteria follows the decreasing trend: AgNPs ˂ Cur-NPs ˂ Cur-SNPs. For P. aeruginosa, the CFU for untreated control was 9.5 × 108 CFU/cm2 while the number of attached S. aureus cells was 9.1 × 107 CFU/cm2. The corresponding CFU of P. aeruginosa after treatment with AgNPs, Cur-NPs and Cur-SNPs were 4.0 × 107 CFU/cm2, 9.5 × 106 CFU/cm2, and 2.5 × 103 CFU/cm2, respectively (Figure 7A). 

Curcumin is an established compound with selective target towards cancer cell lines but benign against healthy cells. In this study, the tolerance of healthy lung epithelial cells against curcumin and/or silver was investigated via concentration-dependent killing MTS assay. The viability of BEAS-2B is concentration-dependent as shown in Figure 8. When cells were treated with low curcumin concentration (20 μg/mL), it is noted that 95% of cells remained viable. At higher concentration (200 μg/mL), all three samples were toxic to cells whereby at least 50–60% of cells were killed. The IC50 values could not be determined in all samples since 50% killing of cells were not reached even at the highest concentration used. The qualitative intracellular uptake of curcumin by BEAS2B was visualized after 24 h at 200 μg/mL equivalent of curcumin concentration using CLSM (Figure 8). The presence of curcumin in cells is based upon the green color intensity since curcumin is a green fluorescent compound at 488 nm. The confocal images showed that cells treated with Cur-NPs and Cur-SNPs demonstrated strong green fluorescence intensity while cells treated with AgNPs did not emit any green fluorescent. Only DAPI-stained nucleus was visible in AgNPs treated BEAS2B cells. The internalization of curcumin into BEAS2B indirectly confirmed the MTS cytotoxicity results in which 40% of cells were killed at high curcumin concentration (Figure 8). 

In conclusion, the combination therapy of Cur‐NPs and AgNPs was effective to eradicate established mature biofilm and inhibited biofilm formation. These formulations could be administered either directly as solution to produce rapid alleviation in bacterial infections or as a coating on endotracheal tubes to achieve prolonged, sustained antibacterial effect. Hydrogels of Cur‐SNPs for coatings deposited on endotracheal tubes are currently developed in our laboratory and their performance and bio‐compatibility are investigated.
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Table 1 Kinetics parameters of Ag+ and curcumin release from Cur-NPs, Cur-SNPs or AgNPs, respectively

	Sample
	Zero order
	First-order
	Higuchi
	Hixson-Crowell

	
	K0 (%min-1)
	R2
	K1 (min-1)
	R2
	KH (%min-1/2)
	R2
	KHC (%min-1)
	R2

	Cur-NPs
	
	
	
	
	
	
	
	

	curcumin
	0.1905
	0.7619
	0.0018
	0.8779
	4.0908
	0.9310
	0.0137
	0.8236

	
	
	
	
	
	
	
	
	

	Cur-SNPs
	
	
	
	
	
	
	
	

	curcumin
	0.1738
	0.8851
	0.0013
	0.9547
	3.5408
	0.9731
	0.0115
	0.9240

	[bookmark: OLE_LINK1]Ag+
	0.0997
	0.9770
	0.0005
	0.9812
	1.9091
	0.9496
	0.0553
	0.9994

	
	
	
	
	
	
	
	
	

	AgNPs
	
	
	
	
	
	
	
	

	Ag+
	0.1381
	0.9850
	0.0008
	0.9772
	2.6113
	0.9330
	0.0081
	0.9832

	
	
	
	
	
	
	
	
	












Figure captions
Figure 1 TEM images and corresponding particle size distribution of (A) Cur-NPs, (B) AgNPs; and (C) Cur-SNPs. 

Figure 2 FTIR spectra (800–4000 cm−1) of Cur-SNPs, AgNPs, Cur-NPs, raw curcumin and pure PVP for A) 800–4000 cm−1 and (B) 800–1800 cm−1.

Figure 3 Percentage of cumulative release of A) curcumin from Cur-NPs, b) curcumin and Ag+ from Cur-SNPs and C) Ag+ from AgNPs

Figure 4 Inhibition of biofilm formations of P. aerugionosa (white bar) and S. aureus (grey bar) grown for 24 h in the wells of 96-microtiter plates in the presence of either Cur-SNPs, Cur-NPs or AgNPs. **The concentration in bracket denotes the concentration of Ag.

Figure 5 Volume reduction of preformed biofilm colonies of P. aerugionosa (white bar) and S. aureus (grey bar) grown for 24 h in the wells of 96-microtiter plates supplemented with CAMHB or TSB, respectively. The preformed biofilm colonies were treated with different concentrations of Cur-SNPs, AgNPs and Cur-NPs and the remaining attached biofilms were stained with CV. **The concentration in bracket denotes the concentration of Ag.

Figure 6 CLSM and SEM images of P. aeruginosa and S. aureus biofilms non-treated and treated with Cur-SNPs, Cur-NPs and AgNPs.

Figure 7 Colony forming unit (CFU) of (A) P. aeruginosa and (B) S. aureus after treatment with Cur-SNPs, Cur-NP or AgNPs.

Figure 8 (A) CLSM images showing the qualitative internalization of curcumin into BEAS2B cells. The appearance of green fluorescence color within cells indicates the presence of curcumin since this compound exhibits auto-fluorescence at 488 nm.
(B) Dose dependent cytotoxicity using MTS assay of Cur-NPs, AgNPs, and Cur-SNPs against BEAS2B cell lines. Data are means ±SD of three independent replicates. ** the x-axis only presents the concentration of curcumin present in Cur-SNPs. 
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