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Abstract: Emerging resistance to antibiotics is a mounting worldwide health concern and 

increases the need for nonantibiotic strategies to combat infectious diseases caused by bacterial 

pathogens. In this study, the authors used the antibiofilm activity of the naturally occurring 

antimicrobial cinnamaldehyde (CNMA) conjugated to the surface of gold nanoparticles 

(GNPs) to deliver CNMA efficiently and eradicate biofilms of Gram-negative organisms 

(enterohemorrhagic Escherichia coli O157:H7, and Pseudomonas aeruginosa), Gram positive 

(methicillin-sensitive Staphylococcus aureus organisms, and methicillin-resistant Staphylococcus 

aureus) bacteria. CNMA-GNPs containing 0.005% (v/v) of CNMA were found to inhibit biofilm 

formation efficiently. The distributions of nanoparticles in biofilm cells and their biofilm disrup-

tion activities, including distorted cell morphology, were determined by transmission electron 

microscopy. In addition to their antibiofilm activities, CNMA-GNPs attenuated S. aureus 

virulence and protected Caenorhabditis elegans (C. elegans) worms. Here, the authors report 

the antibiofilm effects of CNMA-GNPs and suggest that they could be used to treat pathogenic 

bacterial infections in vivo.

Keywords: antibiofilm, biocompatible, Caenorhabditis elegans, cinnamaldehyde, gold 

nanoparticles, Staphylococcus aureus

Introduction
Infectious diseases are leading causes of death worldwide and have high morbidity 

and mortality rates.1,2 Antimicrobial resistance and lack of effective broad-spectrum 

antibiotics exacerbate this situation. More than 80% of infections arise from micro-

bial biofilms,3 that is, organized colonies bound by secreted extracellular polymeric 

substances (EPSs) on abiotic or biotic surfaces, which are responsible for persistent 

disease and biomedical device-related infections. Furthermore, EPSs protect individual 

cells from conventional antibiotics, nutrient limitations, and immunologic host defense 

systems.4 Antimicrobial resistance usually occurs due to the failure of antibiotics to 

penetrate biofilms.5,6 Many harmful biofilms found on medical devices or wound 

surfaces are difficult to eradicate using simple surface disinfectants, and thus, their 

control and treatment are urgently required. Clearly, developing novel antibacterial 

agents that penetrate EPSs and destroy pathogenic biofilms are required to address 

these infections. In the present study, nanotechnology was used to develop a new 

means of effectively combating biofilm infections.
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The production of antimicrobial agents embedded in 

nanomaterials provides a potential platform to prevent 

payload degradation and circumvent other limitations, such 

as, poor delivery of water-insoluble drugs, unsatisfactory 

drug uptake, excessive drug efflux, and acquired resistance 

of infectious microbes.7–9 Because of their unique optical, 

electrical, and physicochemical characteristics, nanomate-

rials and functionalized nanomaterials have attracted the 

attentions of researchers for the synthesis, biolabeling, 

imaging, diagnosis, and therapeutic delivery of antibacterial 

agents.10,11 Moreover, the conjugation of antimicrobial drugs 

with nanomaterials protects these drugs from surrounding 

environments and helps ensure the delivery of high concen-

trations payload drugs at targeted sites.12,13 Because of their 

inertness, biocompatibility, and ease of functionalization, 

gold nanoparticles (GNPs) are viewed as effective nanocar-

riers and have been utilized in this study.14,15

Increasing antibiotic and silver resistance by bacteria are 

the leading causes to select alternative antibacterials that 

will stop the spread of resistant genes. Recently, antimi-

crobial effects of essential oils have been applied widely, 

especially against multidrug resistant microorganisms.16,17 

The antibacterial mechanism of essential oil is complex, 

and so the development of resistance by the bacteria is 

more difficult. In particular, these “green” antimicrobials 

are cheap, biocompatible, and potent biofilm inhibitors.18,19 

Cinnamaldehyde (CNMA), which is present in cinnamon 

bark, is a major antimicrobial component and has also 

been found to have diverse biological effects, which 

include anticancer effects.20–22 Mechanistically, CNMA, 

decreases metabolic activity, coagulates cytoplasmic 

materials and limits the replication rate in P. aeruginosa, 

inhibits swimming motility in E. coli, inhibits quorum 

sensing, interferes with the autoinducer-2 (AI-2) system, 

and decreases biofilm formation in S. aureus at subinhibi-

tory concentrations. Therefore, the use of CNMA at low 

concentrations could exert antibiofilm activity, which 

could prevent bacteria colonization.23 However, the clini-

cal use of CNMA is made difficult due to its instability, 

poor aqueous solubility, poor dispersability, toxicity, and 

because it is difficult to deliver it to target sites at required 

concentrations.24–26 The delivery of CNMA encapsulated 

in nanocarriers could overcome these problems, but the 

antibiofilm activity of CNMA conjugated on GNPs has not 

been previously explored.

Herein, we describe the conjugation of CNMA on an 

inorganic nanomaterial and its treatment efficiency against 

bacterial biofilms. CNMA incorporated in the silica coating 

and attached on GNPs had potent antimicrobial activity 

on biofilms. Biofilm inhibition by CNMA-GNPs and their 

antibacterial effects were visualized by confocal laser 

scanning microscopy (CLSM) and transmission electron 

microscopy (TEM). Furthermore, CNMA-GNPs showed 

enhanced biocompatibility and therapeutic effects in 

infected C. elegans.

Materials and methods
Bacterial strains and growth conditions
The bacterial strains used were enterohemorrhagic 

Escherichia coli (E. coli) O157:H7 [ATCC 43895, EDL933], 

Pseudomonas aeruginosa (P. aeruginosa PAO1), methicillin-

sensitive Staphylococcus aureus (MSSA 6538) [ATCC 

6538], and methicillin-resistant Staphylococcus aureus 

(MRSA) strain [ATCC BAA-1707]. Bacterial experiments 

were performed at 37°C in Luria–Bertani (LB) medium for 

E. coli, P. aeruginosa, and S. aureus MSSA strains and in 

LB medium containing 0.2% glucose for S. aureus MRSA 

strain. For phenotypic assays, stationary phase cells were 

reinoculated into LB medium at an initial turbidity of 0.05 

(OD
600

). All reagents and materials used in this study were 

purchased from Sigma-Aldrich (St Louis, MO, USA) and 

used as received.

synthesis of cinnamaldehyde-conjugated 
gold nanoparticles (cNMa-gNPs)
Initially, GNPs were synthesized as previously described 

with minor modifications.27 Next, Tween 80 was suspended 

in a mixture of ethanol and propanediol, 20 µL CNMA, 

and 0.1 M tetraethyl orthosilicate (TEOS) were added 

consecutively and vortexed for 10 min. The cleaned GNPs 

(0.1%) were then added dropwise into this mixture with 

vigorous vortexing until a clear dispersion was obtained and 

then the reaction was continued for an additional 30 min. 

Further, the prepared nanodispersion was sonicated for 

30 min and allowed to rest overnight at 4°C prior to use. 

Finally, differential centrifugal sedimentation was utilized 

to separate CNMA-loaded GNPs from uncoated GNPs. The 

same procedure without CNMA was used to produce silica-

coated gold nanoparticles (Si-GNPs).

characterizations of nanoparticles
The absorbance spectra of the synthesized nanoparticles 

were recorded between 180 and 700 nm using an UV-Visible 

spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan). 

After appropriate dilutions, the impact of surface CNMA 

conjugation on GNPs was investigated and compared.
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A Zetasizer Nano ZS dynamic light-scattering (DLS) 

analyzer (Malvern Instruments, Malvern, UK) was used to 

determine average particle sizes (nm) and zeta potentials (mV)  

of the nanoparticles. Samples were diluted 1,000 times with 

ultrapure water and results were obtained by averaging 15 runs. 

Samples were sonicated prior to DLS measurements.

Infrared spectra were recorded on a Perkin-Elmer 

Spectrum Two® instrument by attenuated total reflectance 

Fourier transform infrared spectroscopy (ATR-FT-IR) using 

a spectrometer with a resolution of 4 cm-1 (Perkin-Elmer 

Inc., Norwalk, CT, USA). A minimum of sixteen scans 

were collected and processed using Spectrum 10™ software 

(Perkin-Elmer Inc.).

The crystal structures of nanoparticles-thin film were 

determined using an X-ray powder diffractometer (XRD, 

PANalytical, Almelo, the Netherlands) and Cu Kα 

radiation (λ=0.1518 nm) at 40 kV and 30 mA in the range 

of 10°–90° and compared with those of standard compounds 

in the Joint Committee on Powder Diffraction Standards 

(JCPDS) databank.

For X-ray photoelectron spectroscopy (XPS), thin 

films were made by drop-casting nanoparticle dispersions 

on silicon wafers and drying at 80°C to remove residual 

solvents. XPS measurements were performed using the 

ESCALAB 250 XPS System (Thermo Fisher Scientific, 

Ashford, UK) featuring monochromatized Al Kα X-rays 

(hν =1,486.6 eV); for calibration purposes, the binding 

energy of the C 1s peak was set at 284.6 eV. After Shirley-

type background subtraction, chemically distinct species of 

core-level spectra were resolved using Gaussian–Lorentzian 

shape lines and a nonlinear least-squares fitting procedure 

using CasaXPS software.

Morphologies and surface modifications of synthesized 

samples were investigated by high-resolution transmis-

sion electron microscopy (HR-TEM, Tecnai G2 F20, FEI, 

Hillsboro, OR, USA) at an accelerating voltage of 200 kV. 

Initially, aqueous dispersions of samples were drop cast 

onto 300-square mesh carbon coated TEM grids and dried 

under a UV lamp.

Amounts of CNMA in nanodispersions were determined 

by UV-Vis spectroscopy at 290 nm. The standard calibration 

curve obtained was linear in the range of 0.00002%–0.002% 

(v/v) with a correlation coefficient of R2=0.999. The amount 

of CNMA conjugated was calculated from the ratio of the 

amount of CNMA on GNPs to the total amount of CNMA 

added to dispersion.

In vitro CNMA release was analyzed using a dialysis 

method. As-prepared CNMA-GNPs were placed in the 

dialysis membrane tubing (Spectra/Por; MWCO 3,500 Da, 

Rancho Dominguez, CA, USA), which was then immersed 

in sodium acetate buffer (0.05 M) having either pH 5.0 or 

pH 7.4. Samples were withdrawn at predetermined time 

intervals and the amounts of CNMA released was quantified 

by UV-Vis absorbance at 290 nm.28

Biofilm formation assay
Biofilm formation assays were performed on 96-well poly-

styrene plates (SPL Life Sciences, Korea), as previously 

reported.29 Briefly, overnight cultures were adjusted to an 

OD
600

 of 0.05 in LB medium and cocultured with CNMA or 

GNP dispersions without or with CNMA for 24 h without 

shaking at 37°C. Cell growth was assessed by measuring 

absorbance at OD
620

 using a Thermo Scientific Multiskan 

EX (Thermo Fisher Scientific, Vantaa, Finland). Plates were 

rinsed with copious water to remove planktonic cells and 

stained with 300 µL of crystal violet (0.1%, v/v) for 20 min 

at room temperature. Plates were then emptied, washed with 

water, blotted onto tissue paper towels, and dried. The crystal 

violet was then extracted using ethanol (95%, v/v), and total 

biofilm formation was measured at OD
570

. Each experiment 

was performed using three independent cultures. Results are 

the averages and standard deviations (SD) of three replicate 

tests. The significance of biofilm inhibition was determined 

using the Student’s t-test and significance was accepted for 

P-values of ,0.05.

Evaluation of biofilm growth by confocal 
microscopy
CLSM was performed using a Nikon Eclipse Ti (Tokyo, 

Japan) microscope on MSSA and MRSA biofilms in the 

presence of CNMA, Si-GNPs, or CNMA-GNPs.30 In addition, 

biofilm formation by both strains was compared when they 

were grown in medium alone in 96-well polystyrene plates. 

Bacteria were stained with carboxyfluorescein diacetate suc-

cinimidyl ester (Invitrogen, Molecular probes Inc., Eugene, 

OR, USA) and visualized at a magnification of 20× using an Ar 

laser with excitation and emission wavelengths of 488 nm and 

500–550 nm, respectively. All confocal images of the same 

strains were captured under the same conditions. Colored 2D 

sections were reconstructed into 3D images of biofilms using 

NIS-Elements C version 3.2 (Nikon Eclipse).

Ultrastructural analysis of nanoparticle 
treated MSSA 6538 biofilms
Synthesized nanoparticle-treated and untreated biofilms of 

MSSA 6538 were examined by TEM. Initially, overnight 
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grown cells in 96-well plates were incubated with nanodis-

persions for 24 h without shaking at 37°C. For prefixation, 

cells were then treated with aldehyde mixture (glutaraldehyde 

2.5% and formaldehyde 2%) and kept overnight at 4°C. After 

washing, cells were harvested by sonication to disrupt biofilms, 

immediately postfixed using 2% osmium tetroxide overnight 

at 4°C, and washed with 0.2 M phosphate buffer. Cell blocks 

were made using 2% agarose in sterile tubes, which were then 

sliced to the desired size. Specimens were dehydrated in an 

ethanol series and embedded in an Epon resin mixture (Electron 

Microscopy Sciences, Hatfield, PA, USA), which was treated 

at different temperatures to ensure complete polymerization. 

Thin sections were obtained using a MT-X ultramicrotome 

(Boeckeler Instruments, Tucson, AZ, USA) and loaded onto 

TEM copper grids. Finally, sections were stained with 1% 

uranyl acetate followed by lead citrate to remove any traces of 

moisture. Microscopy was performed using an H-7600 electron 

microscope (Hitachi Ltd., Tokyo, Japan) at 120-keV.

survival assay using C. elegans
We assessed and evaluated the effects of CNMA-GNPs at 

0.005% v/v on C. elegans especially with respect to survival 

against infection. As a toxicity assay, the impact of CNMA-

GNPs on the viability of nematodes was also evaluated after 

ingestion of nanoparticles at different times. Adult populations 

of fer-15; fem-1 worms (n=20) were infected with lawns of 

MSSA 6538 on NGM plates which were preincubated with or 

without CNMA-GNPs. Infection-free C. elegans plates were 

prepared after feeding E. coli OP50 (considered a control strain) 

as a common food source. Nematode plates were incubated at 

25°C, and C. elegans viability was monitored for about 3 weeks 

or until complete reduction of the infected nematode popula-

tion. To count live worms, plates were gently tapped. Three 

independent experiments (n=60) were performed. Results are 

expressed as percentage survival versus nontreated worms.

Microscopic assessment of nanoparticle 
internalization
To investigate nano–bio interactions, starved C. elegans 

were fed on the lawns of nanodispersions mixed MSSA 6538 

suspensions on NGM plates for 24 h. Animals were moni-

tored closely at 1 h intervals and then transferred and imaged 

(with or without anaesthetization) using the iRiS™ Digital 

Cell Imaging System (Logos Biosystems, Anyang, Korea) 

equipped with an inverted Plan Achromatic 20× or 40× Ph 

objective lens. Worms were imaged using a monochrome 

CMOS camera at 20 or 40×. iRiS™ LED filter cubes (RFP 

filter) with excitation and emission wavelengths of 530/40 nm 

and 605/55 nm, respectively, were utilized to capture the 

phase contrast images of nanoparticles in C. elegans.

Results and discussion
Fabrication and characterizations of 
cNMa-gNPs
This study describes the processes of synthesizing CNMA-

GNPs to be used as an antibiofilm agent as sketched in Figure 1.  

Initially, GNPs were synthesized by adding gold chloride 

solution to a tyrosine-KOH mixture, which was then boiled 

∆

Figure 1 Depiction of the strategy used to prepare antibiofilm CNMA-GNPs and the model transportation of nanoparticle into the EPS layer for payload release, and 
eradication of biofilm by CNMA-GNPs have shown.
Abbreviations: cNMa, cinnamaldehyde; ePs, extracellular polymeric substance; gNPs, gold nanoparticles; TeOs, tetraethyl orthosilicate.
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for 3 min to form tyrosine-capped GNPs. The functional 

phenolic group of tyrosine acted as a reducing group and 

facilitated the formation of GNPs surface functionalized with 

oxidized tyrosine molecules, which acted to stabilize GNPs in 

aqueous solution. Surface amines on GNPs were then reacted 

with the aldehyde groups of CNMA in the presence of ethanol 

to form imine linkage. Further surface functionalizations with 

Tween 80 and TEOS enabled CNMA loading in the silica 

layer to produce CNMA-GNPs nanodispersions (Figure 1). 

Because silica is biocompatible,31 it was chosen to stabilize 

conjugated CNMA on GNPs and to protect the incorporated 

CNMA. TEM was used to evaluate the core size, while DLS 

was used to measure the hydrodynamic sizes of nanoparticles. 

GNPs, Si-GNPs, and CNMA-GNPs were found to have 

average hydrodynamic particle sizes of 20±6, 155±30, and 

326±48 nm, respectively. DLS measurements of Si-GNPs and 

CNMA-GNPs revealed they were significantly larger than 

GNPs, which was possibly explained by surface functional-

ization and CNMA incorporation. The mean Zeta potential 

of GNPs was -36±1 mV, and after surface modifications 

it increased to -32±1 for Si-GNPs and -45±1 mV  

for CNMA-GNPs. The high negative surface charge of 

CNMA-GNPs was attributed to the incorporation of CNMA 

and the silica coating, which substantially increased the 

stabilities of CNMA-GNP nanodispersions.

The optical properties of prepared nanodispersions 

were investigated by UV-visible spectroscopy as they 

exhibited unique absorption bands at specific wavelengths. 

Surface plasmon resonance (SPR) is sensitive to nanoparticle 

size, shape, interparticle distance, and the surrounding 

microenvironment.32 Surface-modified GNPs (Figure 2A) 

showed alterations in their optical properties and exhibited 

two or three bands with bathochromic shifts in spectra. 

Si-GNPs exhibited a minimal shift to 530 nm typical of a 

thin surface coating of silica, whereas CNMA-GNPs showed 

a larger absorption shift to 540 nm. This shift indicated that 

GNPs had been coated with silica and incorporated CNMA. 

Most importantly, CNMA-GNPs exhibited a peak at 290 nm 

that exactly matched a peak in the spectrum of CNMA,33 

which confirmed the successful integration of CNMA into the 

surfaces of GNPs. The presence of individual well-resolved 

bands with shifts in the SPRs of GNPs, and appearance of 

Figure 2 Physicochemical characteristics of the surface modified gold nanoparticles conjugated with or without cinnamaldehyde (CNMA): free CNMA (green), GNPs (black), 
si-gNPs (red) and cNMa-gNPs (blue). (A) UV-Visible absorbance spectra, (B) FT-Ir spectra, and (C) transmission electron micrographs (showing the surface coating on 
gNPs) of nano-dispersions.
Abbreviations: cNMa, cinnamaldehyde; gNP, gold nanoparticle; si, silica.
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the sharp CNMA peak, provided direct evidence of the for-

mation of CNMA-GNPs with high stability.

The formation of tyrosine-functionalized GNPs and their 

further surface functionalizations with silica and CNMA 

were investigated by ATR-FT-IR spectroscopy (Figure 2B). 

The peaks observed for GNPs at 1,444, 1,224, and 1,076 

corresponded to the stretching vibrations of –C=O–, –NH
2
, 

and –COO– groups. The appearance of symmetrical NH
3

+ 

bending vibration at 1,510 cm-1 indicated strong binding of 

amine group on GNPs.34 A Si-O-Si asymmetric stretching 

band at 980–1,190 cm-1 was observed for Si-GNPs and 

CNMA-GNPs but not for GNPs. The presence of signature 

peaks at 1,671 and 1,613 cm-1 in nanocomposites indicated 

binding of CNMA to GNPs.22 CNMA-GNPs had distinctive 

signatures at 688 (CH=CH bending), 748 (–CH bending) and 

1,458 cm-1 (–CH stretching), corresponding to the phenyl 

group of CNMA. A signal at 1,744 cm-1 represented the pres-

ence of a carbonyl or carboxylate group of nanodispersions.35 

These results confirmed the presence of a silica coating and 

the incorporation of CNMA onto GNPs.

Figure S1 shows the crystalline natures of GNPs as 

determined by XRD, before and after surface modifications. 

For GNPs, diffraction patterns at 38.2°, 44.5°, 64.5°, and 

78.5° corresponded to the (111), (200), (220), and (311) 

planes of a face centered cubic structure. These lattice 

constants were similar to standard Au values as per JCPDS 

4-0784 and 4-0783.36 In contrast, the 2θ peaks of monomeric 

Au in the Si-GNPs and CNMA-GNPs were weak, which 

could have been due to strong surface coating effects of silica 

and CNMA. The sharp peaks observed indicated good crys-

tallinity, which concurred with TEM findings. These results 

further confirmed GNPs had been surface functionalized.

TEM images (Figure 2C) revealed the sizes, shapes, 

and surface modifications of GNPs. As shown, GNPs were 

spherical and had a uniform particle size distribution. In 

addition, Si-GNPs showed a dark Au core with a distinguish-

able thin silica coating which appeared in aggregation as 

compared to GNPs. On the other hand, CNMA-GNPs were 

coated in a thin silica layer with uniform dispersion. CNMA-

GNPs exhibited distinct interfacial and spatial arrangements 

of surface coating in nanodispersions that revealed the 

presence Au core, silica coating, and incorporated CNMA 

(Figure 2C). TEM image of CNMA-GNPs showed the uni-

form distribution of silica-coated GNPs that might contain 

CNMA attached on their surfaces. Notably, the monodis-

persed CNMA-GNPs comprised of high surface area that 

potentiates its interaction, penetration, and distribution with 

the biological systems.

XPS analysis was performed to investigate the surface 

make-up of CNMA-GNPs (Figure S2). A high-resolution 

wide-scan spectrum showed the existence of C 1s, O 1s, 

N 1s, Si 2p, and Au0 4f
7/2

 and 4f
5/2

 in the survey spectrum 

of CNMA-GNPs (Figure S2A). The binding energies of 

C–C, C–O, C–N, and C=O were 284.8, 285.9, 286, and 

288.5 eV, respectively, representing the chemical states 

of C 1s (Figure S2B). The higher intensity of C–N was 

attributed to bond formation between GNPs and CNMA in 

nanocomposites.37 However, no change was observed in the 

chemical state of O 1s at 532 eV (Figure S2C). Figure S2D 

shows the spectra of N 1s, which contained two components 

at 398.5 and 399 eV that were attributed to neutral amino 

groups and amide N atoms.37,38 The N 1s spectrum was of 

lower intensity than other spectra, possibly due to near com-

plete reaction of NH
2
 groups with CNMA.39 The existence 

of a strong Si-O peak at 103 eV indicated that GNP surfaces 

were coated with silica (Figure S2E). Figure S2F shows two 

distinct binding energies at 83.8 and 87.4 eV, which were 

in good agreement with Au(III),40 and minor deconvulsions 

indicating Au-NH bonding. Au0 4f
7/2

 and 4f
5/2

 spectra were 

of reduced intensity, presumably because of the presence 

of surface silica and CNMA. High-resolution spectra of 

elements and of derivative peaks with specific binding ener-

gies confirmed successful surface conjugation on GNPs.

The release kinetics of CNMA from CNMA-GNPs at 

pH 5.0 and 7.4 is depicted in Figure S3. In vitro release of 

CNMA-GNPs was studied to analyze the fate of CNMA 

in 1) acidic pH, present in the biofilm environment 41 and 

2) physiological pH, matching to body fluids. Initially, a short 

burst release of CNMA was observed at both pH values up 

to 4 h, followed by sustained CNMA release with increased 

time periods. Due to the presence of Schiff base system, 

CNMA should get hydrolyzed from CNMA-GNPs, resulting 

in faster release. The higher CNMA release found at pH 5.0 

could be attributed to the ionic interactions of free aldehyde 

groups of CNMA with the liberated protons under lower 

pH conditions. The increased payload release in acidic pH 

enhanced the efficacy of CNMA-GNPs to deliver the CNMA 

at biofilm environment.

Antibiofilm activities of CNMA-GNPs
The effects of free CNMA, Si-GNPs, and CNMA-GNPs on 

pathogenic biofilms at 0%–0.025% v/v concentrations, which 

was equivalent to either CNMA loadings or GNPs, were inves-

tigated (Figure 3). Four pathogenic strains of E. coli O157:H7, 

P. aeruginosa, MSSA 6538, and MRSA, were chosen for 

this purpose. Each bacteria formed different level of biofilms 
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Figure 3 (Continued)
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according to their nature. Because of this phenomenon, E. coli 

O157:H7 and P. aeruginosa formed less biofilm compared to 

MSSA and MRSA, which were supplemented with glucose 

in LB media. At the concentrations examined, free CNMA 

and Si-GNPs failed to exert sufficient antibiofilm activity 

(Figure 3A and B). CNMA alone showed considerable anti-

biofilm activity (Figure 3A) and reduced growth (Figure S4A)  

against E. coli O157:H7 and MSSA 6538 at 0.025% v/v, the 

concentration of which was as high as CNMA-GNPs. On 

the other hand, as shown in Figures 3B and S4B, Si-GNPs 

had no inhibitory effect on bacterial biofilm or cell growth, 

respectively, indicating Si surface-functionalized GNPs 

were nontoxic. Only CNMA-GNPs effectively and dose-

dependently inhibited biofilm formation by all four bacteria 

(Figure 3C), including respective cell growths (Figure S4C). 

In particular, CNMA-GNPs at a loading of only 0.005% v/v 

significantly inhibited biofilm formation (.50%), and this 

might be due to the existed CNMA (Figure 3C). In contrast, 

P. aeruginosa biofilms were much more resistant to CNMA-

GNPs at this concentration, possibly because of the ability 

of this bacterium to change its outer membrane.23 However, 

P. aeruginosa biofilm and cell growth were completely 

inhibited by CNMA-GNPs at 0.025% v/v. To corroborate 

antibiofilm results, we examined biofilm formation using 

E. coli O157:H7, P. aeruginosa, MSSA 6538, and MRSA 

using CLSM. In all the strains, CNMA-GNPs diffused into the 

EPSs matrix and completely disrupted biofilms (Figure 3D),  

whereas neither CNMA nor Si-GNPs had any impact. 

Ultrasmall size and higher surface area enabled CNMA-GNPs 

to permeate through the biofilms, thus causing antibiofilm 

activity than free CNMA which could not pass through the 

typical layers of biofilms. Even though CNMA is lipophilic, 

it could not cross the resilient layers of EPS present in the 

biofilms and showed less activity in the confocal microscopy 

Figure 3 Effects of nano-dispersions on biofilm formation. The effects of different concentrations of (A) cNMa, (B) si-gNPs and (C) CNMA-GNPs, on biofilm formation by  
E. coli O157:h7, P. aeruginosa, Mssa 6538, and Mrsa were examined after incubation for 24 h in 96-well plates without shaking. at least three independent experiments were 
conducted. (D) representative 3D projection confocal laser scanning microscopy images of E. coli O157:h7, P. aeruginosa, MSSA 6538, and MRSA biofilms after treatment 
with free cNMa, si-gNPs, and cNMa-gNPs or none (control). *P,0.05 versus the control.
Abbreviations: cNMa, cinnamaldehyde; gNP, gold nanoparticle; Mrsa, methicillin-resistant Staphylococcus aureus; Mssa, methicillin-sensitive Staphylococcus aureus; si, silica.
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images than CNMA-GNPs. This observation indicates 

CNMA-GNPs permeated biofilm layers and delivered CNMA 

through nanodispersion to eradicate sessile bacteria.

Recently, metal nanoparticles have proven to be efficient 

against pathogenic bacteria by disturbing membrane integrity 

and creating pores that cause leakage of cytoplasmic materials 

and ultrastructural changes of bacterial lysis.42–44 Therefore, 

TEM was employed to visualize the impacts of CNMA-GNPs 

on the ultrastructure of MSSA 6538 biofilms. As shown in 

Figure 4A and A′, colony biofilms grown without treatment 

displayed well-conserved morphological characters, such 

as closely packed cells, typical cytoplasmic membranes, and 

distinctive cell wall. Normal and magnified views of biofilm 

cells (Figure 4B and B′) exposed to Si-GNPs showed similar 

morphological features. Notably, the lack of damage to cells 

with attached Si-GNPs indicated they were not harmful to 

cells. In stark contrast, CNMA-GNPs exhibited antibiofilm 

activity as indicated by reduced cell density and scattered 

cellular debris (Figure 4C and C′). Some morphological 

changes were also observed, such as the swelling and dis-

integration of bacterial cells. Furthermore, the EDS spectra 

(Figure 4D) shows the characteristic elemental peaks of C, 

O, Au, and Si, which confirms the successful attachment of 

CNMA-GNPs on bacteria.

Figure S5 shows that CNMA-GNPs interacted with 

bacterial cell walls and exerted antimicrobial activity within 

a few hours. Since nanodispersed materials have small sizes, 

they are more likely to contact bacteria and be attached due 

to their lipophilic attraction of CNMA in CNMA-GNPs. 

After exposure to CNMA-GNPs for 0.5–1 h, signs of cell 

damage, such as, premature cell division and cell wall 

thickening were observed, and after exposure for 1.5–2 h, 

interacted CNMA-GNPs caused severe cell damage, and 

exposure for 2.5–3 h caused the complete disintegration of 

bacterial cells.

To the best of our knowledge, this is the first report 

to describe the preparation and silica coating of CNMA- 

conjugated GNPs to produce water dispersible CNMA-

GNPs with enhanced antimicrobial/antibiofilm activities 

against various bacteria, especially enterohemorrhagic 

E. coli O157:H7, P. aeruginosa, and MRSA. A previous 

study described, the antibiofilm activity of silica nanopar-

ticle stabilized CNMA capsules.39 However, an extremely 

high concentration of CNMA (5%, v/v)23,39 was needed for 

effective antibacterial activity, which was much higher than 

the CNMA-GNP concentrations found to be needed in this 

study. Si et al45 reported that in the absence of a stabilizing 

agent, CNMA was completely dissolved into the media and 

only had slight antibacterial activity.

The mechanism responsible for the antibiofilm activity 

of CNMA has not been fully elucidated. Our results suggest 

nanodispersions containing CNMA could have acted by 

inhibiting quorum sensing,46 by attaching cell walls due to 

lipophilic nature of CNMA,47 by interacting with cytoplasmic 

′ ′

′

Figure 4 Morphologies of untreated and treated bacteria as determined by TEM. Low and high magnification images showing the ultrastructural changes induced in MSSA 
6538 treated with nothing (A and A′), si-gNPs (B and B′), or cNMa-gNPs (C and C′). Yellow arrow indicates nanocomposites and red arrow indicates cell damages. 
elemental spectrum of the cNMa-gNPs treated bacteria depicting the presence of au and silica (D).
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contents,48 by releasing CNMA, or by causing protein 

precipitation.49 Importantly, CNMA-GNPs were markedly 

more effective than free CNMA, which supports the notion 

that nanodispersions increase interactions with biofilms.50

As demonstrated earlier,51 we also claimed that the 

diminutive sizes of CNMA-GNPs might allow them to invade 

protective layers of EPS and kill bacteria. Furthermore, 

the acidic pH in biofilm environments could hydrolyze 

nanodispersions and promote the sustained release of 

CNMA.41,52 Notably, CNMA-GNPs were more effective 

than CNMA alone against the tested bacteria, including 

multidrug resistant strains, which supports the hypothesis 

that nanodispersions offer a valuable treatment alternative 

to traditional antibiotics.

survival of infected C. elegans
Caenorhabditis elegans have been shown to be an excel-

lent model for studies on the in vivo pathogenicity of S. 

aureus.53,54 Since S. aureus infects and kills nematodes,53 

and in this study, we evaluated the in vivo effects including 

toxicity of nanoparticles with and without CNMA using 

C. elegans. It was observed (Figure 5) that CNMA-GNPs 

significantly prolonged the viability of infected nema-

todes, indicating that CNMA-GNPs reduce the virulence 

of S. aureus. On the other hand, Si-GNPs failed to pre-

vent nematode death due to the highly virulent S. aureus. 

Additionally, the effect of CNMA-GNPs on C. elegans 

survival was comparable with its effect on the common 

food: E. coli OP50. These observations suggest CNMA-

GNPs disinfected the nematode environment and showed 

twofold increase in worm survivability. This significant C. 

elegans survival from S. aureus infection after treatment 

with CNMA-GNPs might be because of the loaded CNMA. 

CNMA acts as a quorum sensing inhibitor and probably 

interferes with the cellular processes of S. aureus, including 

swarming motility, and might possibly affect the bacterial 

dissemination in the host.30,55 Additionally, the prolonged 

survival rates of the nematodes shown in Figure 5 indicate 

that CNMA-GNPs have no significant biological toxicity 

under a long incubation period. The observed no toxicity of 

CNMA-GNPs prominently suggested that the silica coat-

ing does not allow the biological system of the nematode 

to interact with nanoparticle core directly, thus resulting 

less toxicity.31

Internalizations and excretion of  
cNMa-gNPs in C. elegans
To determine nanoparticle uptake, internalization, and 

excretion by the nematode, C. elegans were exposed to 

CNMA-GNPs at a CNMA loading of 0.005% v/v for 24 h  

and then imaged. Figure 6 shows the phase contrast and 

dark field images of nematodes treated without (Figure 6A)  

or with CNMA-GNPs (Figure 6B and C). The phase con-

trast images of whole nematode (Figure 6A [a]) and cor-

responding dark field images of the head and tail portion 

(Figure 6A [b and c]) showed no changes in the contrast 

signals of the internal structures of the nematode, whereas, 

the phase contrast image in Figure 6B (a) shows the presence 

of accumulated CNMA-GNPs (black color) in the intestine 

and excretory organs. Dark field images in Figure 6B (b and c)  

depict CNMA-GNPs as bright spots. CNMA-GNPs were 

internalized by C. elegans, as monodispersed nanoparticles, 

which were observed in the pharynx, whereas aggregated 

particles were visible as bright spots in the intestine and 

anus regions (yellow arrows). In addition, the magnified C. 

elegans tail view shown in Figure 6C (a and b) demonstrates 

contrast signal enhancement by CNMA-GNPs within the 

nematode. Furthermore, when animals were fed with CNMA-

GNPs, they retained the ingested particles for more than 

12 h. In a previous study when C. elegans was deprived of 

food, no or few particles were excreted.56 The retention of 

particles in the intestines of treated worms indicates CNMA-

GNPs were biostable in the worm’s digestive system, which 

can even degrade bacteria in ~2 min.57 As similar report of 

Mohan et al,58 after resumption of feeding the worms with 

E. coli OP50, the CNMA-GNPs were pushed down by the 

gut lumen and were excreted out of nematode within an hour. 

A video showing the excretion of CNMA-GNP aggregates by 

C. elegans fed with bacteria can be found in Supplementary 

Figure 5 Kaplan–Meier survival curves for nematodes infected with S. aureus. 
results of killing assays of C. elegans strain fer-15; fem-1 infected with S. aureus and fed 
with si-gNPs or cNMagNPs. Non-treated infected nematodes were considered 
as none. The percentage survivals shown represent the results of three independent 
experiments (n=60) performed. E. coli OP50 was the common food source and used 
as the control strain.
Abbreviations: cNMa, cinnamaldehyde; gNP, gold nanoparticle; si, silica.
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Figure 6 Microscopic study of nanoparticle internalizations by C. elegans. Phase contrast and dark field microscopy images of C. elegans nematodes; (A) Non-treated 
nematode (a- whole body; b- tail and c- head), (B) cNMa-gNP treated worms co-incubated with Mssa 6538 (a- whole body; b- tail and c- head of nematode) and (C) high 
magnification tail images (a- phase contrast, b- dark field). Arrows show individual and aggregated CNMA-GNPs.

materials (Video S1). Particles in the pharynx of C. elegans 

reached the digestive system apparently unaffected, similar 

to the available literature reports.58,59 In another study, the 

presence of digestive enzymes and acidic environment of the 

digestive system of C. elegans were found to dissolve metal 

nanoparticles and thus have toxic effects on C. elegans.60,61 

However, in the case of CNMA-GNPs, the silica coating 

must be digested before the gold core is accessible to the 

intestinal environment, which suggests that the silica coating 

on CNMA-GNPs protects the bare GNPs and thus decreases 

potential toxicity issues.

Conclusion
In summary, we report the development of a biocompatible 

antimicrobial nanodrug delivery system (CNMA-GNPs). The 

surface-engineered gold nanoparticles produced successfully 

eradicated pathogenic biofilms, including those of antibiotic-

resistant strains. Furthermore, CNMA-GNPs effectively 
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eliminated pathogenic infection, and thus promoted C. 

elegans viability. Future interdisciplinary studies will be car-

ried out to understand the governing molecular interactions 

between CNMA-GNPs and bacteria or biofilms, which will 

offer the possibility to rationalize the novel strategies to target 

infectious wounds. Furthermore, combining CNMA-GNPs 

with photothermal therapy in clinical models is highly 

expected to produce advanced nanomedicine for the treat-

ment of chronic infected wounds.
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θ
Figure S1 X-ray diffraction patterns of gNPs (black), si-gNPs (red) and cNMa-gNPs (blue).
Abbreviations: cNMa, cinnamaldehyde; gNP, gold nanoparticle; si, silica.

Figure S2 (Continued)

Supplementary materials
Interaction of cNMa-gNPs with 
planktonic Mssa 6538
The ability of CNMA-GNPs to affect the maturation of 

planktonic bacteria was investigated by TEM. Cultures in 

the logarithmic phase were exposed to 0.005% (v/v) CNMA 

containing GNPs for 0–3 h at 37°C with shaking at 250 rpm. 

After exposure, bacteria were washed with PBS buffer by 

centrifugation at 4000 × g for 10 min at 4°C and then fixed 

for 12 h at 4°C with aldehyde mixture (glutaraldehyde 2.5% 

and formaldehyde 2%). Cells were then washed with PBS, 

post-fixed for 30 min with 1% osmium tetroxide, dehydrated 

in a graded acetone series, and embedded in Epon resin 

mixture (Hatfield, USA). Ultrathin sections were obtained 

using a MT-X ultramicrotome (Tucson, USA), stained with 

uranyl acetate and lead citrate, and observed under a H-7600 

electron microscope (Tokyo) at 120 keV.
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Development of gold nanoparticles with antibiofilm drug cinnamaldehyde

Figure S3 In vitro release profile of CNMA from CNMA-GNPs in different pH buffered saline at 37°c.
Abbreviations: cNMa, cinnamaldehyde; gNP, gold nanoparticle.

Figure S2 high resolution region XP spectra of cNMa-gNPs. (A) survey spectrum, (B) c 1s, (C) O 1s, (D) N1s, (E) si 2p, and (F) au0 4f7/2 and 4f5/2, respectively. Black lines 
indicate experimental results, and colored lines representing different chemical states.
Abbreviations: cNMa, cinnamaldehyde; gNP, gold nanoparticle; si, silica.

Figure S4 (Continued)
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Figure S5 TEM findings and the mechanism of cell damage. Thin section photograph of a MSSA 6538 bacterium treated with CNMA-GNPs for 0.5 to 3 h. High magnification 
images showed the time-dependent penetration and bactericidal effect of cNMa-gNPs. The yellow arrows indicate nanoparticles binding with cells and the red arrows 
show the severity of cell damage. 
Abbreviations: cNMa, cinnamaldehyde; gNP, gold nanoparticle; Mssa, methicillin-sensitive Staphylococcus aureus; TeM, transmission electron microscopy.

Figure S4 Planktonic cell growths of E. coli O157:h7, P. aeruginosa, S. aureus Mssa 6538 and S. aureus Mrsa in the presence of (A) cNMa, (B) si-gNPs and (C) cNMa-
gNPs, measured at OD620.
Abbreviations: cNMa, cinnamaldehyde; gNP, gold nanoparticle; Mrsa, methicillin-resistant Staphylococcus aureus; Mssa, methicillin-sensitive Staphylococcus aureus.
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