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Mycofabricated biosilver 
nanoparticles interrupt 
Pseudomonas aeruginosa quorum 
sensing systems
Braj R Singh1,*,†, Brahma N Singh2,3,*, Akanksha Singh4, Wasi Khan1, Alim H Naqvi1 & 
Harikesh B Singh4

Quorum sensing (QS) is a chemical communication process that Pseudomonas aeruginosa uses to 
regulate virulence and biofilm formation. Disabling of QS is an emerging approach for combating 
its pathogenicity. Silver nanoparticles (AgNPs) have been widely applied as antimicrobial agents 
against human pathogenic bacteria and fungi, but not for the attenuation of bacterial QS. Here we 
mycofabricated AgNPs (mfAgNPs) using metabolites of soil fungus Rhizopus arrhizus BRS-07 and 
tested their effect on QS-regulated virulence and biofilm formation of P. aeruginosa. Transcriptional 
studies demonstrated that mfAgNPs reduced the levels of LasIR-RhlIR. Treatment of mfAgNPs 
inhibited biofilm formation, production of several virulence factors (e.g. LasA protease, LasB 
elastrase, pyocyanin, pyoverdin, pyochelin, rhamnolipid, and alginate) and reduced AHLs production. 
Further genes quantification analyses revealed that mfAgNPs significantly down-regulated QS-
regulated genes, specifically those encoded to the secretion of virulence factors. The results clearly 
indicated the anti-virulence property of mfAgNPs by inhibiting P. aeruginosa QS signaling.

Excessive and indiscriminate uses of antibiotics have led to the emergence of multi-drug resistant (MDR) 
Pseudomonas aeruginosa, a notorious opportunistic pathogenic bacterium causing infection in immu-
nocompromised patients1–3. The failure of existing antimicrobial agents to control infection makes it 
crucial to find out alternative approaches to combat resistant P. aeruginosa4. Numerous studies have 
demonstrated that P. aeruginosa uses quorum sensing (QS) for forming biofilms and secreting virulence 
factors5. QS signaling relies on the concentration of signal molecules such as N-acyl homoserine lactones 
(AHLs), which bind to their respective transcriptional regulators such as LasR and RhlR3. The AHLs are 
produced intracellularly by LuxI and then exported to the extracellular space. At sufficient concentra-
tions, AHLs bind to their respective receptors (LuxR) which in turn induces transcription of a battery 
of virulence genes, including biofilm formation, production of toxins, enzymes and other factors that 
promote pathogenesis6.

Anti-QS approach has already shown promise in the battle against pathogenic bacteria1,5,7–11. However, 
developing therapies that stop QS are not straightforward. Some of the most effective chemicals such as 
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halogenated furanones obtained from the Australian macroalgae, Delisea pulchra for this purpose are too 
toxic for human use12. However, recently researchers have been utilizing nanotechnology for the devel-
opment of advanced nanomaterials targeting QS-regulated virulence factors13–15. These provide starting 
points for the development of alternative antibacterial therapies.

Once again the use of silver for treating bacterial diseases has gained importance. However, the use 
of ionic silver has one major drawback; as they are easily inactivated by complexation and precipitation, 
thereby limiting the uses of ionic silver as potential antimicrobial16. In this respect, noble and functional 
metal nanoparticles (NPs) are gaining constant research interest due to their potential applications in 
future bio-nanotechnology. In particular, silver nanoparticles (AgNPs) reveal strong surface plasmon 
resonant absorption in the ultraviolet and UV-visible region of the electromagnetic spectrum, which 
has created several interest in the fields of biomedical engineering17,18. The development of bio-AgNPs, 
is an emerging area of nanotechnology for their potential application in management of microbial infec-
tions19,20. Recently, nanomaterials alone as well as QS inhibitors-loaded NPs were found to inhibit the 
production of virulence factors and biofilm formation in P. aeruginosa, giving clues to check for our 
synthesized nanomaterial as an anti-virulence agent21,22.

The culturable microorganisms including fungi and bacteria are now preferred for synthesizing ecof-
riendly green nano-factories23. The cell mass and the secreted metabolites of fungi have been utilized for 
the reduction of Ag+ ions to AgNPs through the oxidoreductases and a shuttle quinone extracellular23,24. 
Indeed, the filamentous fungi possess some distinctive advantages over bacteria, including high metal 
tolerance, wall-binding capacity, intracellular metal uptake capability, ease of handling, and mass culti-
vation25. Testing green nanomaterials is already known for their pharmacological activities, but in this 
study, we have synthesized the surface protective modified AgNPs using biomass aqueous extract (BAE) 
of a fungus Rhizopus arrhizus BRS-07 (denoted as “mfAgNPs”) inhibiting P. aeruginosa PAO1 QS and 
biofilm formation. However, to the best of our knowledge, this is the first report demonstrating anti-QS 
potential and anti-biofilm activity for mfAgNPs. The results in the attenuation of P. aeruginosa PAO1 
virulence and biofilm by mfAgNPs are reported herein.

Results
Characterization of mfAgNPs. It is reported that the active substances of BAE of fungi include 
oxidoreductases and quinone extracellular process26,27. These metabolites play a role in the reduction of 
metal ions and efficient stabilization of nanoparticles. R. arrhizus BRS-07 was isolated from the roots of 
Ashawgandha (Withania somnifera L.) and characterized at morphological as well as molecular levels 
(Supplementary figures 1A, B, C, and D). AgNO3, upon incubation with BAE of the fungus for 24 h, 
turned dark brown color (Supplementary figure 2A). The development of color is due to the excita-
tion of surface plasmon resonance (SPR) exhibited by the NPs28. Interestingly, no color development 
was observed, when culture media was incubated with AgNO3 for 24 h (Supplementary figure 2B). The 
intensity of colour was increased with the increase in time of incubation (Fig. 1A). The UV-vis spectrum 
showed a signature peak of AgNPs at 410 nm due to SPR in AgNPs (Fig. 1B)17,29. It can be hypothesized 
that the synthesis of mfAgNPs might have happened due to the reduction of metal ions by metabolites 
present in BAE of BRS-07.

Supplementary figure 3A shows that the X-ray diffraction (XRD) patterns of mfAgNPs, synthesized 
using BAE of BRS-07. Obtained data revealed a number of Bragg reflections with 2θ values of 38. 4°, 44.5°, 
64.6°, and 76.9° sets of lattice planes which may be indexed to the (111) (200), (220), and (311) facets of 
silver respectively (JCPDS files No. 03-0921). The results thus clearly illustrated that the AgNPs formed 
were crystalline in nature. The average crystallite size (d) of mfAgNPs was calculated by Debye-Scherrer 
formula: D =  kλ/βCOSθ. Where k =  0.9 is the shape factor, λ  is the X-ray wavelength of Cu Kα  radiation 
(1.54 Å), θ  is the Bragg’s diffraction angle, and β  is the full width at half maximum (FWHM) of plane 
diffraction peak (111). The average particle size was ~28 nm. The scanning electron microscopy (SEM) 
analysis was used to examine the structure of mfAgNPs. The SEM micrograph indicated that the surface 
deposited AgNPs (Fig. 1C). The transmission electron microscopy (TEM) provided further insight into the 
morphology and size details of the mfAgNPs (Fig. 1D). The NPs synthesized were poly-dispersed agglom-
erated with a roughly spherical shape and crystalline nature. The analysis of data showed the average size 
of NPs in range 5–30 nm. The elemental analysis data obtained from energy dispersive X-ray analysis 
(EDAX) are shown in Supplementary figures 3B and C. A strong peak in silver region confirmed the for-
mation of AgNPs. Metallic silver nanomaterials generally exhibit typical optical absorption peak approx-
imately at 3KeV due to SPR. Moreover, the occurrence of carbon and oxygen peaks also suggested the 
presence of organic moieties on the surface of NPs which might have come from the biomass of BRS-07.

Fourier transform infrared spectroscopy (FTIR) measurement was carried out to identify the pos-
sible biomolecules in BAE of BRS-07 involved in the capping and stabilization of mfAgNPs. Fig.  1E 
shows the FTIR spectrum of mfAgNPs. The major absorbance peaks present in the spectrum of mfAg-
NPs showed signature absorbance peaks at 3433.22 cm−1, 2940.55 cm−1, 1639.97 cm−1, 1381.12 cm−1, 
and 1085.32 cm−1, respectively. The amide associations between amino acid residues in proteins gave 
rise to the well-known marks in the infrared region of the electromagnetic spectrum. The peaks seen 
at 3433.22 cm−1 and 2940.55 cm−1 were referred to the stretching vibrations of primary and second-
ary amines, respectively assigned; although their corresponding bending vibrations were observed at 
1639.97 cm−1 and 1381.12 cm−1, respectively. The peak at 1085.32 cm−1 can be assigned to the C-N 
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stretching vibration of aliphatic amines. Earlier FTIR study in one of the investigation has reported 
that the carbonyl groups, amino acid residues and peptides have strong affinity to silver26. Moreover, 
free amine groups or cysteine residues in proteins bind to nanoparticles30, thereby possibly capping and 
stabilizing the AgNPs.

Assessment of Ag+ ions release from mfAgNPs. Confirmation of slow release of Ag+ ions released 
from mfAgNPs into culture media was obtained as the results indicated about 39% release of total Ag+ 

Figure 1. Mycofabrication and characterization of mfAgNPs. (A) Biomass aqueous extract of BRS-07 was 
challenged with 1 mM AgNO3 solution upto 24 h and development of color due to the excitation of surface 
plasmon resonance (SPR) at different time TEM intervals. (B) UV-visible absorption spectrum of mfAgNPs 
at various time intervals. (C) SEM micrograph showing the structure of synthesized mfAgNPs. (D) TEM 
analysis showing morphology of mfAgNPs that are polydispersed with a roughly spherical shape, crystalline 
nature, and agglomeration. The micrograph presenting mfAgNPs of various sizes ranges 5–30 nm. (E) FTIR 
spectrum showing possible interaction between AgNPs and biomolecules of BAE of BRS-07.
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in 5 days (Supplementary figure 4). Thus, it pointed out the role of deposited proteins on the surface of 
NPs in improving the sustainable release of Ag+ ions.

Localization of mfAgNPs. To examine the interaction between mfAgNPs with PAO1 cells, next we 
examined whether our synthesized NPs internalized into the cells of PAO1. For this, cells were treated 
with 25 μ g/mL of mfAgNPs or distilled water (DW), as vehicle for 12 h, and then analyzed by TEM. 
A clear localization of the NPs into the cells was observed and PAO1 cells noticed as normal (Fig.  2). 
However, abnormal cells were observed, when exposed to 25 μ g/mL of SBH-synthesized AgNPs which 
clearly indicate the toxicity of NPs.

Anti-QS activity. The possibility of QS attenuation by mfAgNPs was firstly investigated by disc dif-
fusion anti-QS assay using a bio-indicator strain Chromobacterium violaceum 12472, which produces 
the AHL-regulated violet-colored ‘violacein’ pigment5,31. In this assay, the development of violacein rep-
resents AHL-dependent QS signaling, while the inhibition of violacein indicates the anti-QS activity via 
attenuation of AHL production. A concentration dependent inhibitory effect of the mfAgNPs on viola-
cein production was observed. The highest inhibition was recorded at 25 μ g/mL, while no activity was 
examined with 5 μ g/mL (Fig.  3A-c,d). Control discs containing halogenated furanone (HF; C-30) and 
gentamycin (GMN) were included. As expected, a zone of growth inhibition was detected with GMN 
(Fig. 3A-e), while an opaque zone of QS inhibition was seen with the HF, and no inhibition was apparent 
with DW (Fig. 3A-f). However, 50 μ g/mL of mfAgNPs and 25 μ g/mL of SBH-synthesized AgNPs showed 
the growth inhibitory effect against C. violaceum (Supplementary figure 5), suggesting the surface mod-
ification of mfAgNPs by proteins of BRS-07. Similar results were observed in colorimetric measurement 
of violacein production as 100% inhibition was observed by 25 μ g/mL of mfAgNPs (Fig. 3B). Next, we 
sought to examine the effect of mfAgNPs (25 μ g/mL) on growth of C. violaceum CV26 and PAO1. The 
obtained results revealed that the cell densities of bacteria did not significantly differ between untreated 
control and cultures exposed to 25 μ g/mL of mfAgNPs (Fig.  3C,D). In addition, MTT (3-(4,5-dimet
hylthiazol-2-yl)-2,5 diphenyltetrazolium bromide) toxicity assay was also employed against PAO1 and 
human epithelial cells which showed non-toxic effect of mfAgNPs (Supplementary figures 5C and D), as 
evident from the confocal laser scanning microscopy (CLSM) analysis of PAO1 (Fig. 3Ea–d). However, a 
strong toxicity effect was observed, when cells exposed to 50 μ g/mL of mfAgNPs (Fig. 3E-d). The results 
obtained demonstrated that mfAgNPs could have interfered QS without any toxic effect via attenuation 
of AHL production.

Inhibition of virulence by mfAgNPs. Virulence factors namely LasA protease, LasB elastase, sidero-
phores, rhamanolipid, and alginate were analyzed to evaluate the effects of mfAgNPs on PAO1 virulence. 
Production of these virulence factors was inhibited by mfAgNPs in a concentration dependent man-
ner (0–25 μ g/mL): 15–86% inhibition for LasA protease, 22–86% inhibition for LasB elastase, 18–96% 
suppression for pyocyanin, 14–95% suppression for pyoverdin, 10–92% suppression for pyochelin, and 
10–70% inhibition for rhamnolipid (Supplementary figures 7A–F). In addition, inhibition of rhamno-
lipid production in culture filtrate and cell bounded by mfAgNPs was also observed using thin-layer 
chromatography (TLC) and agar plate assay (Supplementary figures 7G and H). Rhamnolipids have 
been reported to play important role in QS-mediated swarming motility and biofilm dispersion from 
the infection site, which is facilitated by reduced friction through the action of rhamnolipid detergent32. 
Obtained results from agar plate methods revealed that the mfAgNPs inhibited swimming and swarming 
behaviors of PAO1 (Supplementary figures 8A and B). Alginate, an exopolysaccharide constitutes the 

Figure 2. Examination of mfAgNPs internalization into PAO1 cells by TEM. Red arrows indicate the 
accumulation of mfAgNPs inside the cells.
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Figure 3. Assessment of anti-QS activity of mfAgNPs. (A) A bioindicator strain C. violaceum 12472 was 
used for examining anti-QS activity. Treatments include (a) solvent vehicle (H2O), (b-d) various mfAgNPs 
concentrations including 5, 10, and 25 μ g/mL. (e) 10 μ g/mL of HF. (f) 10 μ g/mL of GNM. Inhibition of 
violacein pigment production (e.g. a colorless and opaque halo zone) indicates anti-QS effect (red arrows), 
while a clear and transparent zone shows cidal effect (yellow arrows). (B) Inhibition of violacein production at 
different mfAgNPs concentrations (0, 5, 10, and 25 μ g/mL) was quantified spectrophotometrically with OD at 
A585 nm. Growth curves of (C) CV026 and (D) PAO1 at different concentrations of mfAgNPs for 25 h. Error 
bars indicate the SD of 6 measurements. (E) Examination the effect of mfAgNPs on PAO1 cell viability using 
CLSM. For this, cells were grown in the presence of (a) untreated control, (b) solvent vehicle (H2O), (c and d) 
25 and 50 μ g/mL of mfAgNPs for 24 h and stained with SYTO-9 green for live cells and PI red for dead cells.
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major portion in P. aeruginosa biofilm matrix and its production is known to be controlled by QS. The 
effect of mfAgNPs was examined for their potential to diminish the production of alginate. The produc-
tion of alginate was reduced significantly as the concentration of mfAgNPs increased. Reduced alginate 
production by 67% was observed at 25 μ g/mL of mfAgNPs (Supplementary figure 7I).

Reduction of QS-regulated virulence gene expression by mfAgNPs. To further explore anti-QS poten-
tial of mfAgNPs, expression of QS-regulated genes encoding virulence factors of P. aeruginosa PAO1 
was studied. The expression of genes such as lasA, lasB, phzA1, and rhlA of PAO1 planktonic cells was 
analyzed to identify the genes targeted by mfAgNPs and to investigate the molecular mechanism that 
reduces virulence when mfAgNPs are supplemented. RT-qPCR analysis was to compare the gene expres-
sion between PAO1 cells treated and untreated with mfAgNPs. As shown in Fig. 4A, all four genes were 
significantly down-regulated in the planktonic cells, when treated with mfAgNPs. The expression of 
lasA and lasB were repressed about 79 and 84%, respectively by 25 μ g/mL of mfAgNPs. Although the 
expression of phzA1 and rhlA were comparatively less reduced by 68 and 72%, respectively as compared 
to lasA and lasB.

The effects of mfAgNPs (25 μ g/mL) were also examined on P. aeruginosa QS regulon LasIR-RhlIR 
using β -galactosidase reporter assay. Table 1 shows a significant inhibition of LasI transcriptional activity 
by 71%, while 50% down-regulation of LasR was observed. In addition, mfAgNPs also decreased the 
levels of RhlI and RhlR by 64 and 55%, respectively. The down expressions of Las and Rhl in transcrip-
tional activity were further confirmed by RT-qPCR. Recorded data confirmed that the down-regulation 
of genes such as lasI, lasR, rhlI, rhlR, and fabH2 by 71, 51, 63, 36, and 81%, respectively by 25 μ g/mL of 
mfAgNPs (Fig. 4B). The expression of the proC housekeeping gene was not strongly affected by mfAgNPs.

Inhibition of AHLs production by mfAgNPs. The lasI and rhlI genes are required for the synthesis 
of AHLs and the activation of LasR-RhlR regulon in P. aeruginosa. We were quite interested to probe if 
AHLs production would be inhibited in the PAO1 culture fluid after the treatment of mfAgNPs. Thus, 
PAO1 exposed to mfAgNPs was analyzed for the content of AHLs by HPTLC. Inhibition of C12-AHL 
and C4-AHL productions were observed, when PAO1 was exposed to 25 μ g/mL of mfAgNPs (Fig. 5A). 
Fig.  5B shows the quantification of AHLs by electrospray mass spectroscopy (ES-MS). Production of 

Figure 4. Effect of mfAgNPs on the expression of QS-controlled genes of PAO1. (A) The expression 
of genes namely lasA, lasB, phzA1, and rhlA, lasI, lasR, rhlI, rhlR, fabH2, and proC (housekeeping gene) 
was assessed in mfAgNPs treated or untreated control cDNA by RT-qPCR. The relative magnitude of gene 
expression level was defined as the copy number of cDNA of each gene in the planktonic cells normalized 
by the copy number of cDNA of the corresponding gene in planktonic cells without mfAgNPs. Error bars 
indicate the SD of 3 measurements. ***P <  0.001 Vs control. **P <  0.01 Vs the control. *P <  0.05 Vs control. 
The same volume of H2O was added to the control treatments.
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AHLs was inhibited by mfAgNPs in a dose dependent manner (0–25 μ g/mL): 5–76% reduction for 
C12-AHL and 2–69% inhibition for C4-AHL when compared to their untreated controls.

Anti-biofilm activity of mfAgNPs. Microscopic analysis was used to provide initial clue of 
anti-biofilm property of mfAgNPs, therefore we performed crystal violate (CV) staining assay. A dark CV 
stained biofilm was observed in untreated control, while a dose-dependent visible reduction in number 
of microcolonies was examined in mfAgNPs-treated PAO1 biofilm (Fig. 6A-a–e). Additionally, mfAgNPs 
also disrupted the architecture of biofilm too, as it was more evident from CLSM (Fig. 6B-a–e) and SEM 
(Fig. 6C-a–e) micrographs. The effect of mfAgNPs on PAO1 biofilm formation was also evaluated using 
a static biofilm assay. Biofilm formation was inhibited 7–93% by mfAgNPs in a dose dependent manner 
as shown in Fig. 6D. HF, a positive control was also found to inhibit biofilm formation by 11–96% at the 
concentrations of 5–25 μ g/mL (Supplementary figure 9).

Figure 5. Impact of mfAgNPs on the production of AHLs in PAO1. Quantification of C12-AHL and 
C4-AHL in mfAgNPs treated or untreated for 48 h by (A) HPLTC on silica gel 60 F254 TLC plates using a 
mobile phase of methanol-water-acetic acid (8:1.5:0.5) and by (B) ES-MS analysis. R, reference compound. 
C, untreated control. T, 25 μ g/mL of mfAgNPs. Error bars indicate the SD of 3 measurements. **P <  0.01. 
*P <  0.05.

Concentration (μg/mL)

Transcriptional activitya

lasI lasR rhlI rhlR

5 3125 ±  62.6 4733 ±  84.3 4357 ±  101.3 6788 ±  175.2

10 2537 ±  48.4x 3927 ±  89.3x 3155 ±  99.2x 5584 ±  201.1x

25 949 ±  30.6y 2416 ±  54.7y 1581 ±  51.7y 3751 ±  169.3y

Control 3271 ±  39.5 4855 ±  45.2 4518 ±  62.6 6893 ±  129.4

Table 1.  Effect of mfAgNPs on transcriptional activity of lasIR-rhlIR. aTranscriptional activity was 
measured via β -galactosidase activity of the lacZ gene fusion products and expressed as Miller Units. 
xIndicates significance at p <  0.05. yIndicates significance at p <  0.10.
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Figure 6. Anti-biofilm activity of mfAgNPs and their effect along with tobramycin on PAO1 biofilms. 
Images of (A) CV-staining light microscope, (B) SYTO-9 staining CLSM, and (C) uranyl acetate-lead citrate 
staining SEM biofilms, treated with different mfAgNPs concentrations: (a) 0 μ g/mL, (b) 5 μ g/mL, (c) 10 μ g/mL, 
(d) 15 μ g/mL, and (e) 25 μ g/mL for 48 h. (D) Biofilm formation at indicated concentrations of mfAgNPs for 
48 h in microtiter plate and detail methodology is mentioned in Supplementary methods. Error bars indicate 
the SD of 3 measurements. (E,F) Effect of mfAgNPs on tolerance of biofilms to tobramycin was assessed 
by CLSM and SEM. Images of biofilm formed in flow chambers for 72 h and then treated with indicated 
concentrations of mfAgNPs for next 24 h and determined the cell viability using Bacterial Cell Viability 
Kit. (F) Same cells were also processed for SEM analysis and photographed. Treatments include (a) H2O, 
(b) 350 μ g/mL of tobramycin, (c) 25 μ g/mL of mfAgNPs, and (d) 350 μ g/mL of tobramycin plus 25 μ g/mL of 
mfAgNPs.
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The efficacy to eradicate SDS-resistant biofilms of PAO1 by mfAgNPs alone or in combination with 
tobramycin was also evaluated. Tobramycin, an aminoglycoside antibiotic derived from Streptomyces 
tenebrarius is routinely used to treat various types of bacterial infections33. The mfAgNPs were found to 
be very effective in eradicating the sodium dodecyl sulfate (SDS)-resistant biofilms, in contrast to the 
untreated control (Supplementary figure 10). It was further confirmed that the ability of P. aeruginosa 
to form the typical mushroom like structured and SDS-resistant biofilms is regulated by QS. Biofilms 
were also allowed to form for 72 h in flow chambers and subsequently these biofilms were treated for the 
next 24 h with 25 μ g/mL of mfAgNPs alone and mfAgNPs plus 250 μ g/mL of tobramycin. Figure 6E-a–d 
shows CLSM images of PAO1biofilms formed in flow chamber. The biofilm treated with mfAgNPs plus 
tobramycin was observed to be more susceptible for cell death than tobramycin alone as analyzed by 
Bacterial Cell Viability Kit (Fig. 6E-d). In presence of mfAgNPs, tobramycin efficiently penetrated and 
killed 100% cells of the biofilm. However, the biofilm treated with tobramycin, only cells at the surface 
of the biofilm were killed (Fig. 6E-b). These biofilms were also analyzed by SEM analysis which showed 
similar effects (Fig. 6F-a–d). Our results are consistent with the previous report, wherein HF acted syn-
ergistically with tobramycin to eradicate P. aeruginosa biofilms34.

Discussion
The present study clearly demonstrated that mfAgNPs attenuated P. aeruginosa QS systems and bio-
film formation without a significant effect on its growth (Fig.  7; Supplementary figures 6A, B and D). 
Production of violacein pigment by C. violaceum 12472 is regulated by AHL-mediated QS system. 
Inhibition of violacein production by mfAgNPs clearly confirmed their anti-QS activity in a concentra-
tion dependent manner. This is in accordance with the previous studies on the inhibition of violacein 
production by anti-QS nanomaterials35,36. In addition, mfAgNPs inhibited the production of extracellular 
virulence factors including proteases, siderophores, rhamnolipid and alginate of PAO1. Moreover, higher 

Figure 7. Possible anti-QS mechanism of mfAgNPs. P. aeruginosa uses Las-Rhl systems to produce 
signaling molecules (i.e. AHLs) intracellularly which then exported to the extracellular space to assess their 
cell density. Once a pre-determined level is exceeded, LuxR-AHLs complex activates the expression of target 
genes and this mechanism is called as QS. After cellular internalization of mfAgNPs might likely interact 
with PAO1QS systems, thereby inhibiting the LasIR-RhlIR-mediated AHLs production. In the absence of 
AHLs, LuxI and LuxR receptors do not bind to DNA, thereby inhibiting the expression of targeted genes 
which encode virulence factors and biofilms.
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stability of mfAgNPs was noticed at room temperature upto 330 days of incubation as well as in culture 
media for 72 h as compared to SBH-synthesized AgNPs (Supplementary figures 11A–E).

Anti-QS and anti-biofilm activities of mfAgNPs were initiated with down-regulation of LasIR-RhlIR 
transcriptional activity by mfAgNPs, which was evident by the β -galactosidase assay. Recently, our group 
reported the anti-QS potential of Lagerstroemia speciosa fruit extract through inhibition of transcrip-
tional activities of LasIR and RhlIR in P. aeruginosa PAO15. LasIR and RhlIR are two principle QS 
systems that have been characterized in P. aeruginosa which is reported to cause severe infections of the 
respiratory tract. LasI and RhlI synthases are required for the production of C12-AHL and C4-AHL, 
respectively. The C12-AHL controls the production of tissues destructive virulence factors including 
elastase, exotoxin, protease, and alkaline phosphatase and also activates the second QS system. C4-AHL 
on the other hand takes part in controlling the expression of several genes encoding elastase, alkaline 
phosphatase, and pyocyanine. In the present investigation, reduced production of AHLs by mfAgNPs 
might have interfered with the normal secretion of PAO1 virulence factors such as proteases and sidero-
phores. A similar anti-QS effect has been examined with a HF37. The probability of mfAgNPs to inhibit 
the production of AHLs was also supported by the C. violaceum 12472-based anti-QS colorimetric assay 
in which the AHL-mediated production of violacein pigment was inhibited by increasing mfAgNPs con-
centration. Likewise, inhibition in AHLs production by anti-QS extract of medicinal plants was reported 
by Adonizio and colleagues in PAO11.

Anti-QS activity of mfAgNPs also appears to inhibit with normal QS circuitry in PAO1 via the molec-
ular mechanism. At a high cell density, the AHL-LasR complex acts as transcriptional activator and 
triggers the expression of targeted genes within QS regulon such as lasA, lasB, lasI, lasR, rhlI, rhlR, rhlA, 
phzA1, and fabH2. The down expression of these genes in the Rt-qPCR results supports our speculation 
for the anti-virulence activity of mfAgNPs. Reduction of these genes might interfere with normal pro-
duction of several virulence factors such as LasA protease, LasB elastase, pyocyanin, and rhamnolipid via 
the actions of the lasAB, phzA1, rhlA operons, respectively. The expression of rhlR triggers the production 
of the AHL signal receptor, RhlR. The C4-AHL and RhlR is the transcriptional activator for the rhlAB 
and fabH2 operons. The fabH2 operon has been reported to enhance pathogenicity of P. aeruginosa by 
regulating AHLs production38. Therefore, down-regulation of rhlR by mfAgNPs might cause a decrease 
in the RhlR production that can result in a decrease in the rhlAB operon and rhlI production. Moreover, 
reduced expression of fabH2 gene also recorded with treatment of mfAgNPs. Our results are consistent 
with the report of Hentzer and Givskov34, wherein HFs have shown anti-QS activity in PAO1 by inhib-
iting the expression of fabH2 gene.

The first evidence that QS regulates biofilm formation, a key player in the pathogenesis of several 
bacteria was reported in P. aeruginosa39. Therefore, targeting deactivation of QS could be a good preven-
tive strategy for biofilm formation in PAO1. Our results indicated that the mfAgNPs not only inhibited 
biofilm formation in PAO1, but also reduced the microcolonies formation, and altered biofilm mor-
phology too. As reported by the previous studies describing the effect of QS inhibitors, our mfAgNPs 
also inhibited biofilm formation in PAO14,8,15. Swimming motility was also decreased with increasing 
concentrations of mfAgNPs. Flagella-mediated swimming motility is known to confer enhanced biofilm 
formation by instigating the cell-to-surface attachment40. Therefore, inhibition of swimming motility 
could be one of the reason for decreased biofilm formation. Musthafa and colleagues also examined a 
similar effect wherein phenylacetic acid inhibited the biofilm formation of PAO1 by interfering with its 
swimming motility41.

It is well documented that increased sensitivity towards antibiotics depends on the process of QS. 
Reducing thickness and cell viability of the matured biofilms by mfAgNPs eventually led to increased 
susceptibility of PAO1 biofilms to tobramycin. It could also be well associated with the inhibition of 
rhamnolipid and alginate production, because they are considered as important factors for maintaining 
biofilm architecture and maturation resistance to antibacterials. Rasmussen et al. and Singh et al. have 
also been revealed the possible role of anti-QS compounds and plant extracts to increase sensitivity of 
matured biofilms of PAO1 to tobramycin5,38. The results suggests the dual action of mfAgNPs in inhibit-
ing the biofilm formation at the initiation level and enhancement in the susceptibility of PAO1 biofilms 
to conventional antibiotic might be due to the inhibition of LasR by mfAgNPs11.

The present study reports that mfAgNPs could attenuate virulence and biofilm formation of P. aerug-
inosa PAO1 which is an essential criteria for enhancing the antibiotic efficiency and pathogenicity of 
bacterial pathogens. Anti-virulence property of mfAgNPs might be due to inhibition of LasR-RhlR. Thus, 
the mfAgNPs present a possibility for use as potential nanomaterials to combat P. aeruginosa infections 
by interrupting QS in healthcare environments in the future.

Methods
Mycofabrication of AgNPs. At first, BRS-07 was cultured in potato dextrose broth (PDB) having 
pH 6.5 at 27 ±  1 °C under constant shaking (150 rpm). After incubation of 72 h, biomass was collected 
by centrifugation at 5000 rpm for 10 min and washed thoroughly with sterilized DW to facilitate removal 
of any adhered materials/or media components. The collected wet biomass (15 g) was transferred to 
DW (100 mL) and incubated for 24 h at 4 °C. The solution was centrifuged at 5000 rpm for 10 min and 
obtained BAE was collected. For biosynthesis of NPs, BAE was challenged with 1 mM of AgNO3 and 
incubated at 30 ±  0.5 °C under constant shaking at 100 rpm for 24 h. The color change in reaction mixture 
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was routinely monitored both by visual inspection and absorbance measurements using UV-vis spectro-
photometer (Perkin Elmer Life and Analytical Sciences, CT, USA). The synthesized nanomaterial was 
denoted as “mfAgNPs”.

Characterization of mfAgNPs. The SPR spectra of synthesized AgNPs in reaction mixture were 
recorded at various time intervals using UV-vis spectrophotometer in the wavelength ranged from 
A200 to A800 nm. The mfAgNPs were freeze dried and used for further characterization. The crystal-
line nature of mfAgNPs, powered sample was analyzed by MiniFlex™  II benchtop XRD (Rigaku) with 
Cu-Kα  Radiation (λ  =  1.54178 Å) in the range of 20–80° at 40 kV42. The surface morphological property 
of mfAgNPs was analyzed by SEM (JSM6510LV, JEOL Japan) and transmission electron microscopy 
(JEM2100, JEOL, Japan) using powder and aqueous samples, respectively. For elemental analysis, Oxford 
Instruments INCAx-sight EDAX spectrometer equipped with SEM was used43. The functional nature 
and surface modification of mfAgNPs were ascertained by FTIR spectrum two (Perkin Elmer Life and 
Analytical Sciences, CT, USA) at room temperature in the range of 400–4000 wavenumber (cm−1). For 
this, powdered sample was mixed with spectroscopic grade potassium bromide (KBr) in the ratio of 
1:100 in diffuse reflectance mode at a resolution of 4 cm−1 in KBr pellets44. The functional and thermal 
stability of mfAgNPs was examined by Pyris1 thermogravimetric analyzer (TGA; Perkin Elmer Life and 
Analytical Sciences, CT, USA) in a flowing air atmosphere at the temperature ranged of 50–700 °C with 
a heating rate of 10 °C/min45.

Determination of anti-QS activity. Bacterial strains and culture conditions. Anti-QS activity of 
the mfAgNPs was determined using a bio-indicator strain of C. violaceum ATCC 12472. This bacterium 
produces a purple colored pigment ‘violacein’ which is controlled by QS systems37,46. However, C. viola-
ceium ATCC 026 (CV026) is a mini-Tn5 mutant of C. violaceum 12472, that is unable to synthesize its 
own AHLs but it retains the ability to respond to exogenous AHLs37. CV026 is used for growth curve 
experiment. P. aeruginosa PAO1 was generously provided by Prof. Kalai Mathee, Florida International 
University, USA. C. violaceum was grown in Luria-Bertani broth (LB) medium, while nutrient broth 
(NB) was used for PAO1 cultivation. The medium was solidified with 1.5% agar when required and 
supplemented with appropriate antibiotics, such as kanamycin (20 μ g/mL) for C. violaceum 12472 and 
CV026, and potassium tellurite (150 mg/L) for P. aeruginosa PAO1.

Intracellular NPs accumulation assay. Cells were collected from overnight grown culture of PAO1, 
washed twice with 0.8% NaCl, and resuspended in NB media at 2 ×  108 cells/mL. The mfAgNPs were 
added to the culture and incubated at 30 °C with constant shaking (200 rpm) for 12 h. Cells were col-
lected by centrifugation, washed twice, and fixed in the fixative solution (sodium cacodylate buffer,  
pH 7.2, containing 4% polyoxymethylene) at 4 °C for 24 h. The samples for TEM analysis were prepared 
by placing a drop of PAO1cell suspension in DW onto amorphous carbon-coated copper grids, and DW 
was allowed to evaporate slowly at room temperature. The samples coated grids were analyzed at 500 nm 
scale by TEM (JEM2100, JEOL, Japan) with an accelerating voltage of 80 kV.

Anti-QS activity assay. A standard disc diffusion assay was used to determine the anti-QS activity of 
mfAgNPs47. C. violaceum 12472 was grown overnight in LB broth medium containing the appropriate 
antibiotic. Hundred microliter of the inoculum was mixed with 5 mL of molten LB agar (0.3%) and 
immediately poured over the surface of pre-poured LB agar plate. After solidification, sterilized paper 
discs were placed on the surface of medium. Various concentrations of the mfAgNPs were applied on the 
discs and incubated overnight at 30 ±  1 °C. A colorless, opaque, and halo zone (i.e. inhibition of violacein 
production) around the disc was considered as anti-QS activity of test sample.

Violacein production assay. Quantification of violacein pigment production in C. violaceum 12472 was 
carried out as described earlier1,47. Briefly, mfAgNPs-treated and untreated cultures were lysed by adding 
10% of SDS detergent. Violacein content was fractionated with water saturated n-butanol and recorded 
the absorbance at A585 nm.

Growth kinetics assay. Overnight grown cultures of C. violaceum CV026 and P. aeruginosa PAO1 were 
diluted 100-folds into minimal medium. The absorbance at A600 nm was monitored at every 45 min, until 
an absorbance at A600 nm of 1.6 was reached. Bacterial cultures were then divided into 28 mL of aliquots, 
to which 2 mL of minimal medium (control) or 2 mL of mfAgNPs (25 μ g/mL; dissolved in a medium) 
were added. The absorbance at A600 nm was monitored at 5 h of intervals until a final time point of 25 h. 
All absorbance values were verified at 1/10 dilution for greater accuracy46.

Cell viability assay. Glass cover slips were placed into 6-well plate containing culture medium and PAO1 
(1 ×  107 cells/mL). After incubation of 24 h at 30 °C, cells were stained with SYTO-9 and propidium 
iodide (PI) according to the manufacturer’s protocol (Molecular Probes, Invitrogen). Then, cells were 
analyzed by CLSM (LSM510, Germany). The ratios between the green and the red fluorescence were 
compared to assess the cytotoxicity of mfAgNPs.
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Quantitation of AHL production. A method of Shaw et al. was adopted for the extraction and isolation 
of AHLs48. Briefly, PAO1 was cultured in 2.5 L of AB minimal medium at 30 °C under constant shaking. 
After incubation of 18 h, culture broth was centrifuged at 6000 g for 10 min and obtained supernatant was 
extracted with acidified ethyl acetate (7 : 3). The solvent was evaporated under reduced pressure using a 
rotary evaporator (BUCHI, USA) at 40 °C. The dried powder was reconstituted in acetonitrile and quan-
tified by ES-MS. Peak intensities for C4-AHL (m/z =  172) and C12-AHL (m/z =  148 and 298) and their 
sodium adducts (m/z =  194 and 230, respectively) were combined and converted to concentrate using a 
standard curve generated from the pure compounds1.

β-galactosidase activity assay. Transcriptional activity of QS-related gene promoters was assayed using 
PAO1-derived strains harboring promoter lacZfusions: PlasI-lacZ(pPCS223), PlasR-lacZ(pPCS1001), 
PrhlI-lacZ(pLPR1), and PrhlR-lacZ(pPCS1002). A promoter-less lacZ fusion strain (pLP170) was used as 
a control. Cells were grown in AB minimal media and monitored under the same conditions as PAO1 
grown. The mfAgNPs were added once the culture growth reached to an OD600 of 1.71.

RT-qPCR assay. The solvent vehicle (DW) and mfAgNPs-treated PAO1 cells were frozen in liquid 
nitrogen and disrupted. Total RNA was extracted using TRIZOL reagent (Sigma, USA). DNA contami-
nation from the sample was eliminated by giving DNase treatment for 1 h (Amplification Grade DNase 
I from Sigma). cDNA was synthesized from 250 ng of total RNA using the Reverse Transcription System 
(Promega) and random hexamers according to the Promega’s instructions. Primers were designed as 
reported by Spangenberg49. RT-qPCR was done using Eppendorf Real Plex System with two step PCR 
program: 95 °C for 10 min (denaturation at 95 °C for 15 s and annealing at 60 °C for 1 min) and 40 cycles. 
The n-fold change in mRNAs expression was determined according to the method of 2−∆∆ct with house-
keeping gene proC, used as the internal control.

Assessment of biofilm formation. Biofilms of PAO1 were cultivated on sterilized glass-cover slides in 
sterilized AB minimal medium37. The mfAgNPs (25 μ g/mL) were added to AB minimal medium and the 
development of biofilms for 48 h was studied by CV staining, SEM, and CLSM. Tolerance of biofilms to 
tobramycin in presence of mfAgNPs was assessed by introducing tobramycin (350 μ g/mL) to the influent 
medium to 3 days old PAO1 biofilms5. After incubation of 24 h with mfAgNPs (25 μ g/mL), the biofilms 
were examined by CLSM, Bacterial cell viability in biofilm cultures was also assessed using the Live/Dead 
BacLight Bacterial Viability Staining Kit (Invitrogen, UK). The stain stock solutions of SYTO 9 (20 mM) 
and PI (20 mM) were diluted 2000-fold in AB minimal medium and injected into the flow channels. The 
staining was allowed to progress for 15 min with the medium flow arrested and cells were analyzed by 
CLSM38. These biofilms were also analyzed by SEM. The detail protocols of CV staining and SEM were 
presented in supplementary methods section.

Statistical analysis. All the statistical analysis was performed using student t-test and p <  0.05 was 
considered significant.
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