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ABSTRACT

The objective of the present study was to develop a one-pot strategy to synthesis gold nanoparticle com-
plexes using cinnamaldehyde, a potent antibiofilm agent which in its free form, exhibits high volatility
and unstable nature. Hence, we developed cinnamaldehyde gold nanoparticles (CGNPs) in a single step
to overcome the limitations of free cinnamaldehyde. Furthermore, reduction abilities of cinnamaldehyde
under different experimental conditions, that is, varying precursor concentrations of cinnamaldehyde
and gold, metal salts, pH, temperature, and light sources, were investigated. UV-vis spectroscopy, trans-
mission electron microscopy, attenuated total reflectance Fourier transform infrared spectroscopy, and
dynamic light-scattering measurements revealed that heat influenced the nanoparticle formation in the
presence of cinnamaldehyde, and as produced cinnamaldehyde immobilized on gold nanoparticles were
spherical, monodispersed, and stable by surface charge. CGNPs containing 0.01% cinnamaldehyde by
weight exhibited effective biofilm inhibition of up to >80% against Gram positive bacteria (methicillin-
sensitive and -resistant strains of Staphylococcus aureus, MSSA and MRSA, respectively) and Gram negative
(Escherichia coli and Pseudomonas aeruginosa) and a fungus Candida albicans. In addition, CGNPs attenu-
ated the virulence of C. albicans by inhibiting hyphae formation. Based on observations of their antibiofilm
effects and confocal microscopy findings, CGNPs caused biofilm damage by direct contact. Thus, cin-
namaldehyde appears to be a promising reduction material for the eco-friendly, one-pot synthesis of

CGNPs with excellent antibiofilm activity.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Infectious diseases induced by microbes constitute a huge
challenge and continue to affect billions of people annually [1].
Furthermore, microbial resistance to and the ineffective wide-
spectrum activities of conventional antibiotics result in high
morbidity and mortality rates [2-4]. Biofilms are much more
pathogenic than planktonic cells and are responsible for more than
80% of infectious diseases because of their presumed ability to con-
fer resistance to pathogens by restricting exposure to antibiotics,
which is accomplished by the production of extracellular polymeric
substances (EPS), the induction of multi-drug efflux pumps, and the
presence of persister cells [5-7]. Accordingly, it is important alter-
native antimicrobial agents capable of inhibiting microbial growth
and biofilms be developed to control infections, and nanotechnol-
ogy appears to be well poised to meet this challenge.
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Nanoscale noble metals, especially gold, have fascinated
researchers due to their unique optical, electronic, catalytic and
magnetic properties, which are often fundamentally different from
those of their bulk counterparts due to their diminutive sizes and
surface effects [8-10]. However, the chemical and physical tech-
niques current used to synthesize gold nanoparticle (GNPs) require
the use of toxic, expensive chemicals as reducing agents, stabiliz-
ing agents, and as solvent systems, and these pose risks to both
the environmental and health [11,12]. Biosynthetic methods using
plant extracts have received more attention than physically, chem-
ically, and even microbially based methods of synthesis, which all
require an aseptic environment for the production of nano-scale
metals. As a result, one-pot synthetic methods based on phyto-
chemicals that overcome the difficulties of multi-pot processes,
which include long reaction times, the use of harmful chemicals,
particle agglomeration, crystal deformation, scale-up difficulties,
toxicity issues, and production cost [13]. Therefore, facile, rapid,
eco-friendly, one-pot synthetic methods for producing nano-sized
metals using phytochemicals are required.

Cinnamaldehyde is a bioactive compound found in the bark
extract of the cinnamon tree and is currently used by the food
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preservation industry as a safe antimicrobial with U.S. Food and
Drug Administration approval [14]. Cinnamaldehyde can destroy
fungi cells, inhibit mold growth, and mycotoxin production by
microbes [15]. However, its high volatility, instability, sparing
water solubility, poor dispersability, its irritant effect, and its inabil-
ity to reach target sites severely limit its biological applications
[16-18]. We considered that cinnamaldehyde-mediated synthesis
of nanocomplexes containing metal nanoparticles and cinnamalde-
hyde might provide a means of addressing these limitations.

In the present study, we describe the direct, one-pot, eco-
friendly synthesis of cinnamaldehyde coated gold nanoparticles
(CGNPs) using cinnamaldehyde as a green-reducing agent. The syn-
thetic process used involved the optimization of conditions, that
is, precursor concentration, pH, metal salts, and light sources. The
CGNPs studied with respect to particle size, surface charge, sur-
face functionalization and antimicrobial efficiency against Gram
positive bacteria (methicillin-sensitive and -resistant strains of
Staphylococcus aureus, MSSA and MRSA, respectively) and Gram
negative (Escherichia coli and Pseudomonas aeruginosa) and a fungus
Candida albicans.

2. Materials and methods
2.1. Microbial strains and growth conditions

The microbial strains used were enterohemorrhagic Escherichia
coli (E. coli) O157:H7 [ATCC 43895, EDL933], Pseudomonas
aeruginosa (P. aeruginosa PAO1), methicillin-sensitive Staphylo-
coccus aureus (MSSA 6538) [ATCC 6538], methicillin-resistant
Staphylococcus aureus (MRSA) [ATCC BAA-1707], and Candida albi-
cans (C. albicans DAY 185). All the microbial experiments were
conducted at 37°C in Luria-Bertani (LB) medium for bacteria and
in potato dextrose broth (PDB) for C. albicans. Initially, bacterial
cells (stored at —80°C in glycerol) were streaked on Luria-Bertani
agar (LBA) plates at 37 °C. An overnight grown single colony was
then inoculated into 25ml of fresh LB broth in a 250 ml Erlen-
meyer flask and incubated on a shaking incubator (at 250 rpm/min)
for 24h at 30°C. In case of C. albicans (also stored at —80°C in
glycerol) was streaked on potato dextrose agar (PDA) plates and
incubated at 37°C for 48 h. A well grown single colony was then
inoculated into 25 ml of PDB and cultured overnight at 37 °C. For
phenotypic assays, stationary phase cells were re-inoculated into
their respective media at an initial turbidity of 0.05 at 600 nm. All
other chemicals utilized in this study were purchased from Sigma-
Aldrich (St. Louis, USA).

The minimum inhibitory concentrations (MICs) of cinnamalde-
hyde, CGNPs, cinnamic acid, GNPs, SiGNPs and TGNPs were
determined in 96-well polystyrene plates (SPL Life Sciences, Korea)
using the standard broth microdilution method as prescribed by
the Clinical and Laboratory Standards Institute (CLSI) protocol.
Overnight grown bacteria or C. albicans cells were inoculated at
a dilution of 1:100 in their respective media with serial twofold
dilutions to yield final concentrations ranging from 0.005 to 0.5%,
v v-! or w v-! of cinnamaldehyde or NPs, respectively. The MIC
was determined to the lowest concentration that inhibited 80%
microbial growth or no longer visible turbidity which was assessed
by optical density readings at 600 nm using a Thermo Scientific
Multiskan EX microplate reader (Thermo Fisher Scientific, Vantaa,
Finland).

2.2. Green synthesis of cinnamaldehyde-gold nanoparticles
(CGNPs)

A schematic of the method used is provided in Fig. 1a. Typi-
cally, CA was dissolved by vortexing in warm ethanol. Separately,

HAuCly-4H,0 was added to 5 ml distilled water and kept on a hot
water bath. CA and HAuCl4-4H,0 solutions were mixed together
with continuous stirring at 100 °C. The reaction mixture turned a
ruby-red color within a minute, indicating CGNP formation, puri-
fied by dialysis, and stored at 4 °C for further use.

2.3. Influence of various parameters on CGNPs syntheses

The same experimental method was used to determine the
effects of CA and HAuCl4-4H,0 concentrations, pH, metal salts
of HAuCls-4H,0 (Au), AgNOs3, (Ag), CuSO4 (Cu), TiO, (Ti), and
Zn(NO3), (Zn), and light (sunlight, UV light, visible light, and no
light) on CGNP synthesis.

2.4. Characterizations of nanoparticles

The absorbance spectra of CGNPs were recorded between 200
and 700 nm using an UV-vis spectrophotometer (UV-1800, Shi-
madzu, Japan). A Zetasizer Nano ZS dynamic light-scattering (DLS)
analyzer (Malvern Instruments, Malvern, UK) was used to deter-
mine particle sizes (nm) and zeta potentials (mV). Prior to UV-vis
analysis, samples of synthesized nanoparticles were diluted 1000
times with ultrapure water. Results were the averages of 15 deter-
minations.

Infrared spectra of CA and CGNPs were obtained using by atten-
uated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) using a Perkin-Elmer Spectrum Two" instrument at a
resolution of 4cm~! (Perkin-Elmer Inc., Norwalk, CT, USA). Sixteen
scans of spectra were collected and processed using Spectrum 10™
software.

Morphological features of CGNPs were investigated by high res-
olution transmission electron microscopy (HR-TEM, Tecnai G2 F20,
FEI, USA) at an accelerating voltage of 200 kV. Before examinations,
CGNPs dispersions were drop cast onto 300-mesh carbon coated
TEM grids and air dried at room temperature.

Amount of cinnamaldehyde present in synthesized CGNPs were
quantified using spectrophotometric method at 290nm using
UV-vis spectrophotometer (UV-1800, Shimadzu, Japan). Initially,
using standard cinnamaldehyde stock solutions, a standard cal-
ibration curve was obtained which was linear in the range of
0.00025-0.1% v/v (data not shown) with a correlation coefficient
of R2=0.999. From this Beer and Lambert’s law based calibra-
tion curve [19], the unknown concentration of cinnamaldehyde in
CGNPs were calculated after intercepting the absorbance of CGNPs.

2.5. Quantification of biofilm inhibition by crystal violet assay

Static biofilm forming assays for bacteria and C. albicans were
performed on 96-well polystyrene plates (SPL Life Sciences, Korea),
as previously reported [20]. Briefly, microbes grown to the station-
ary phase were adjusted to an initial turbidity of 0.05 at 600 nm and
co-cultured with or without bare gold nanoparticles (GNPs), lig-
and attached GNPs including silica coated GNPs (SiGNPs), tyrosine
containing GNPs (TGNPs), and CGNPs at different concentrations
(0-0.01%) in their respective media without shaking at 37°C for
24 h. Cell growth at 620nm was measured using a Thermo Sci-
entific Multiskan EX (Thermo Fisher Scientific, Vantaa, Finland).
Biofilm inhibition was quantified after copiously washing plates
with distilled water to remove non-adherent cells, and staining
with 300 pl of crystal violet (0.1%, v/v) for 20 min at room temper-
ature. Plates were then washed three times with distilled water,
blotted onto tissue paper towels, dried and extracted with ethanol
(95%, v/v). Total biofilm formation was measured at 570 nm, and
results are presented as the averages and standard deviations of
at least three replicates. The significances of% biofilm formation
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Fig. 1. UV-visible absorbance spectra (blue- cinnamaldehyde, red- CGNPs) of cinnamaldehyde reduced gold nanoparticles (CGNPs) produced at 100°C (a), and TEM image
showing the successful formation of CGNPs when cinnamaldehyde was used as a reducing agent (b); the inset image shows the cinnamaldehyde capping layer, which differs

in contrast from the Au core (b).

differences were determined using the Student’s t-test, and signif-
icance was accepted for p values of <0.05.

2.6. Confocal microscopy analysis of biofilm growth

Bacteria and C. albicans were cultured in 96-well polystyrene
plates (SPL Life Sciences, Korea) with or without CGNPs. Planktonic
cells were then removed by washing with PBS buffer and stained
with carboxyfluorescein diacetate succinimidyl ester (Invitrogen,
Molecular probes Inc., Eugene, USA). Biofilms were visualized under
a Nikon Eclipse Ti (Tokyo) confocal laser scanning microscope
(CLSM) equipped with a 20x objective. Three-dimensional biofilm
color images were constructed using NIS-Elements C version 3.2
(Nikon eclipse). At least 10 random positions were chosen each of
two independent cultures.

2.7. Visualization of hyphal inhibition

The inhibitory effect of CGNPs on the yeast-to-hypha transi-
tion was determined using RPMI 1640 (Invitrogen, USA) medium
buffered with HEPES (pH 7.3) after treatment for 24 h at 37 °C. Sam-
ples were withdrawn at predetermined times and the impact of
CGNPs on hyphal growth was visualized using the iRiS™ Digital
Cell Imaging System (Logos Biosystems, Anyang, Korea) equipped
with an inverted Plan Achromatic 20x or 40x Ph objective lens.

2.8. Morphological analysis of C. albicans with CGNPs

To evaluate possible surface interactions caused by CGNPs on C.
albicans, cells were treated and analyzed by transmission electron
microscopy (TEM). Initially, overnight grown cells were incubated
with CGNPs at 0.007% v/v for 24 h with shaking at 37 °C. Pre-fixation
was performed using aldehyde mixture (glutaraldehyde 2.5% and
formaldehyde 2%) and the cells were harvested by using centrifu-
gation, washed with water and immediately post-fixed using 2%
osmium tetroxide and kept overnight at 4°C. 0.2 M phosphate
buffer was used to wash the cells and cell blocks were made using
2% agarose. After dehydration with series of ethanol, the specimens
were embedded in an Epon resin (Hatfield, USA), which was kept at
different temperatures for complete polymerization. Thin sections
were made using a MT-X ultramicrotome (Tucson, USA) and loaded
onto TEM grids. The grids were stained with 1% uranyl acetate fol-
lowed by lead citrate in the presence of sodium hydroxide. Finally,

microscopy was performed using a H-7600 electron microscope
(Tokyo, Japan) at 120-keV.

3. Results and discussion
3.1. Synthesis and characterizations of CGNPs

In this study, cinnamaldehyde was used as a reducing agent
at 100°C to prepare CGNPs in one-step. The formation of CGNPs
was visualized by a color change from pale yellow to pinkish-
purple (Fig. 1ainset) within a minute of mixing indicating reduction
of Au3* to Au (0). When alcohols (ethanol) added to aldehydes,
it reacted and formed reversible hemiacetal or acetal. But in the
presence of excess water or aqueous acid, the formed hemiacetal
or acetal may be hydrolyzed back into their starting components
of aldehydes or ketones. Additionally, elsewhere available refer-
ences [21-23] explain that the —CHO group’s involvement and the
importance of heat in the metal ion reduction processes to produce
nanoparticles.

UV-vis spectroscopy provides an indirect means of examining
the production of CGNPs from gold chloride solution because it
detects the surface plasmon resonance (SPR) of metallic nanopar-
ticles, which is related to nanoparticle size, shape, interparticle
distances, and the surrounding environment [24]. Fig. 1a shows
the narrow peak at 540 nm emanating from small spherical GNPs.
CGNPs also exhibited an absorption band at 290 nm that exactly
matched a peak in reference spectrum of cinnamaldehyde [25],
and confirmed its involvement in the reduction process. Fur-
ther, the appearance of two well resolved bands in the SPR’s of
CGNPs provided direct evidence of the formation of stable CGNP
complexes in aqueous solution. At the same time, cinnamalde-
hyde having 290 nm as maximum UV absorbance could be due to
the extended m-conjugation with benzene ring. In corroboration,
the produced cinnamaldehyde immobilized gold nanoparticles
(Figs. 1 and 2 and S1) showed the absorption spectra at 290 nm
which belongs to cinnamaldehyde thus confirming the production
of cinnamaldehyde-metal core complex. For a comparison, we pre-
pared nanoparticles using cinnamic acid which showed maximum
absorbances at 260 nm [26,27] and 554 nm for cinnamic acid and
GNPs, respectively. Also, cinnamic acid utilized >16 min (data not
shown) to reduce metal salts to form nanoparticles which is much
longer than cinnamaldehyde mediated synthesis. At the same time
cinnamic acid produced nanoparticles suffered with low UV-vis
absorption intensity at 554 nm with broad spectra (Fig. S1) corre-
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Fig. 2. The impact of cinnamaldehyde concentration on CGNP formation. Different concentrations (0.001-0.12%) were examined to assess the reducing power of cinnamalde-
hyde. The inset shows color changes (indicative of CGNP formation) observed on increasing cinnamaldehyde concentration.

sponding to the formation of larger nanoparticles. These results
confirmed that cinnamaldehyde is a better and major reducing
agent to produce uniformly sized GNPs than cinnamic acid.

TEM was used to determine the shape, dimensions, and distri-
butions of CGNPs (Fig. 1b). The CGNPs produced were spherical,
had a narrow size distribution (11 +3 nm), and exhibited a high
degree of crystallinity. In addition to acting as a reducing agent
cinnamaldehyde capped GNPs to provide resistance to aggregation.
Hence, contrast differences in the metal core and surface covering
from the magnified view of Fig. 1b inset revealed the formation of
CGNP complexes with distinct interfacial and spatial arrangements
between nanostructures [28-30].

The reaction between cinnamaldehyde and Au ions was
confirmed by ATR-FTIR spectroscopy (Fig. S2). cinnamaldehyde
displayed characteristic peaks at 1680cm~! and 1621cm~! cor-
responded to the stretching vibrations of C=0 and C=C groups
[31,32]. The presence of signature peaks at 1718cm~! and
1650cm~! indicating cinnamaldehyde/GNP complex formation.
The disappearance of peak at 1125cm~! after reaction showed
—CHO was mainly responsible for reducing Au ions. Furthermore,
CGNPs exhibited distinctive peaks at 638, 803, and 1380 cm™! cor-
responding to (CH=CH bending, —CH bending, and —CH stretching,
respectively) of the phenyl group of cinnamaldehyde. The two
characteristic signatures at 1508 and 1088 cm~! were assigned to
—C—0—C— or —C—0—, derived from heterocyclic alkaloids which
cap nanoparticles [33].

3.2. Optimization of CGNPs synthesis

To ascertain the role of reducing agent involvement in the pro-
duction of CGNPs, cinnamaldehyde concentration was optimized
by UV-vis spectrophotometry. Increasing the concentration of cin-
namaldehyde resulted in a SPR red-shift. As shown in Fig. 2, at
concentrations less than (0.02%) no CGNPs were formed but at con-

centrations between 0.02-0.12% showed distinct peaks claiming
the formation of CGNPs. Depending on varying cinnamaldehyde
concentrations, the CGNPs formation was differed which exhibited
color changes (Fig. 2 inset). Appearance of intense pinkish vio-
let color indicates the formation of stable CGNPs (at 0.02-0.06%
of cinnamaldehyde) which showed better absorbance intensity.
On the other hand, blue color at lower cinnamaldehyde concen-
tration (0.005 and 0.01%) and less intense pinkish violet color
appeared at highest cinnamaldehyde concentrations (0.1 and
0.12%) showed that there was no nanoparticle formation or increas-
ing cinnamaldehyde concentration could not efficiently reduce Au
ion into nanoparticles, respectively. Further, it was noted from
DLS measurements that larger particles at 190 +32 nm (data not
shown) were obtained at cinnamaldehyde concentration of 0.12%
and smaller particles (114+21nm) (Table S1) were produced
at 0.02% concentration. According to the results obtained a cin-
namaldehyde concentration of 0.02% was considered optimal in
terms of producing smaller particles. Since, chemicals of greater
reducing capacity are more effective at reducing metallic ions to
nanoparticles [34,35], we believe cinnamaldehyde could acted as
reducing agent by neutralizing free radicals to form CGNPs [36-38].
Thus, it would appear nanoparticles produced using cinnamalde-
hyde could prevent or reduce the harmful effects of reactive oxygen
species [39].

Fig. 3 shows a histogram of CGNP polydispersity index (PDI)
versus Au distribution. Initially, PDI of CGNPs decreased as Au3*
concentration increased from 20 to 100 WM and remained low
(between 0.06 and 0.08) for concentrations up to 140 wM. Also, for
more concentrated Au solutions (up to 200 wM), higher PDI values
were obtained indicating the formation of asymmetric particles or
larger aggregates. At Au3* concentrations between 100 and 140 uM
highly mono-dispersed particles were formed, and thus, 120 pM
was determined to be the optimum Au3* concentration range for
nanoparticle formation. Furthermore, the absorption intensities of
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Fig. 3. Influence of Au concentration on CGNP’s poly dispersity index of particle size distributions. The inset shows the linear relation between CGNP absorbance and Au

concentrations.

the CGNPs produced at 540 nm were found to be linearly related to
Au3* concentration, showing that nanoparticle synthesis obeyed
the Beer-Lambert law (Fig. 3 inset). These results show it is possi-
ble to generate concentrated solutions of monodisperse CGNPs by
choosing the appropriate concentration of Au [40].

The influence of pH’s (3, 7 and 11) at different temperatures (25
or 100°C) was investigated on nanoparticle complex formation by
cinnamaldehyde for different metal salts (AgNO3, CuSOy4, TiO,, and
Zn (NOs3),) (Fig. 4a). Since changes in reaction mixture colors are
indicative of nanoparticle formation [41], the color changes pro-
duced were photographed. As shown in Fig. 4a, cinnamaldehyde
reduced Au, Ag, Ti, and Zn under specific temperatures and pH
values. For Au, particle formation was observed at all pH values
excepting pH 3 and 7 at 25°C. Ag was reduced by cinnamalde-
hyde to form silver nanoparticles in pH 3 and 11 at 100°C, but no
color change under other conditions. For Cu no color was observed
under any experimental condition. On the other hand, cinnamalde-
hyde reduced Ti and Zn, which produced a mild white color at pH
values of 7 and 11 at 25°C. Furthermore, observed color changes
correlated with UV-vis spectrophotometry absorbance spectra.
When reduced by cinnamaldehyde, Au, Ag Ti, and Zn (Fig. S3a-S3d)
showed specific plasmon resonance absorptions at 430, 540, 454,
and 365 nm, respectively, which confirmed nano-particle forma-
tions [42-45]. These experiments showed cinnamaldehyde can act
as a powerful reducing agent and reduce Au, Ag, Ti, and Zn to
form their respective nanoparticles. As previously reported, phy-
tochemicals with high antioxidant and reducing powers efficiently
generate nanoparticles [34,35], and as shown by the present study,
cinnamaldehyde is a strong enough reducing agent to synthesize a
wide variety of metal nanoparticles in a single-stage process.

Different light sources were used to examine the effect of light
on CGNP formation; particle sizes were determined by DLS. As illus-

trated in the figure (Fig. 4b), the reduction of Au ions to CGNPs, as
evidenced by color change to pinkish-purple, was observed when
reaction mixtures were exposed to different light sources or even
left in the dark. However, no color change was observed when the
reaction was attempted at 4°C in the dark. Thus, although light
promoted nanoparticle production, heat would seem to play a pre-
dominantrole. This result (Table S1) concurs with a previous report
[46] that temperature was largely responsible for the formation of
smaller nanoparticles. In addition, the CGNPs produced had similar
PDI values and high zeta potential values indicating high stabil-
ity. Hence, cinnamaldehyde with or without light formed stable
nanoparticles at higher temperatures.

3.3. Antimicrobial activity against pathogens

The antimicrobial activities of cinnamaldehyde, CGNPs, cin-
namic acid, GNPs, SiGNPs and TGNPs were investigated by
measuring MICs. For the tested bacteria and C. albicans, the MICs
of CGNPs were found to range from 0.008 to 0.05% (Table S2).
Notably, cinnamaldehyde requires higher concentrations (almost
2-fold high) than CGNPs to suppress the microbial growth for all the
tested strains. Meantime, cinnamic acid, GNPs, SiGNPs and TGNPs
have showed high MICs of >0.1%, claiming no antimicrobial activity.
These results confirmed that CGNPs effectively involved in microbi-
cidal activity which was in corroboration with antibiofilm activity.
This study explained that regardless of microbial cell’s nature, all
the tested microorganisms were susceptible to CGNPs because the
smaller sized CGNPs get attached to microorganisms due to the
liphophilic attraction between cinnamaldehyde (present in CGNPs)
and microbial cell wall [47].
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Fig. 5. The effects of CGNPs on biofilm formation by E. coli 0157:H7, P. aeruginosa, MSSA 6538, and MRSA were examined after incubation for 24 h in 96-well plates without
shaking. *p <0.05 versus control.

3.4. Inhibition of biofilm growth and development 0.01%, CGNPs inhibited biofilm formation by E. coli 0157:H7 and
MRSA by >90%, and biofilm formation by P. aeruginosa and MSSA

The inhibitory effects of CGNPs at 0-0.01% on biofilm formations 6538 by ~65% and >85%, respectively. P. aeruginosa biofilms were

by E. coli 0157:H7, P. aeruginosa, MSSA 6538, MRSA, and C. albicans more resistant than those of the other bacteria, which may have
were investigated using static biofilm assay (Fig. 5 and Fig. 6a, b). been due to the ability of this bacterium to change its outer mem-
All tested strains showed significant dose-dependent antibiofilm brane after interacting with CGNPs [48]. Of the microorganisms
effects that agreed well with MICs values. At a concentration of tested, C. albicans biofilm growth was inhibited by ~93% by CGNPs
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Fig. 6. Antifungal activity of CGNPs. The effects of different concentrations of CGNPs, on biofilm formation by C. albicans (a), confocal laser photomicrograph showing structural
alterations in biofilms treated with CGNPs at 0.01% (b) optical photomicrographs of hyphal inhibition by CGNPs after treatment for different times (c). ‘None’ indicates no

CGNP treatment.

at 0.01%, which also inhibited E. coli 0157:H7, P. aeruginosa, MSSA
6538, and MRSA growth by >50% (Fig. S4). Surprisingly, C. albicans
cell growth was completely inhibited by CGNPs at 0.01% (data not
shown). To corroborate antibiofilm results, we examined structural
changes in C. albicans biofilms using confocal microscope (Fig. 6b).
As compared to untreated controls, biofilm formation was inhib-
ited by >90% by CGNPs at 0.01%. These observations suggest CGNPs
might permeate biofilm layers and eradicate sessile bacteria due to
the presence of cinnamaldehyde.

Additionally, impacts of bare GNPs, and surface modified GNPs
including SiGNPs, and TGNPs on pathogenic biofilms at 0-0.01%,
w/v concentrations were investigated against pathogenic strains
of E.coli 0157:H7, MSSA 6538 and C. albicans (Fig. S5). At the tested
concentrations, GNPs, SiGNPs, and TGNPs showed no significant
antibiofilm activity (Fig. S5) on all three microbes. In contrast,
CGNPs effectively inhibited biofilm formation by bacteria and a
fungi (Figs. 5 and 6). This specific antibiofilm activity of CGNPs

could due to the penetration of deeper biofilm layers and eradicate
sessile bacteria after exposure to attached cinnamaldehyde. Hence-
forth, the unavailability of antimicrobial agent like cinnamaldehyde
in bare and ligand attached GNPs showed no antibiofilm activ-
ity rather promoting the cell growth which might be due to the
non-toxic nature of surface ligands including silica and tyrosine
[49-52]. On the other hand, the effects of cinnamaldehyde reduced
silver nanoparticles (CAgNPs) on biofilm formation was assessed
using E. coli 0157:H7, MSSA 6538, and C. albicans. Without a won-
der, a remarkable biofilm inhibition on all the strains (Fig. S6) were
observed which might be due to the synergistic antimicrobial activ-
ity of cinnamaldehyde with silver nanoparticles [53]. However,
after considering the utilization of high pH values by AgNOs3 to form
CAgNPs that requires longer processing steps to make it biocompat-
ible and because of harmful toxic nature of silver ions from AgNPs
[54-56], further applications of CAgNPs in our experiments was
limited.
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Fig. 7. Transmission electron microscopy (TEM) of untreated and CCGNPs treated C. albicans. Control cells show regular contour cytoplasm (a and b) and the magnified view
show intact cell structure without any damage (c). Treated cells show the entry of CGNPs through cell wall (d and e) and severe intracellular damage (f). Yellow arrows
indicate the presence of CGNPs and the inset displays CGNPs attachment on the cell membrane of C. albicans (f inset). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

3.5. Biological activity of CGNPs on C. albicans yeast-to-hypha
transition

Recognizing the positive link between biofilms and hyphal
development in C. albicans, the effects of CGNPs on yeast-to-hyphal
transitions were tested [57]. Optical microscopy (iRiS™ Digital Cell
Imaging System) was utilized to examine the degree of hyphal inhi-
bition by CGNPs at 0.01%, which was previously found to reduce
biofilm formation effectively by crystal violet staining after 24 h of
incubation (Fig. 6¢). In untreated samples, culture in PDB for 4-48 h
caused the fungi to produce pseudohyphae and true hyphal forma-
tion up to the characteristic filamentous hyphal stage. In contrast, in
the presence of CGNPs 0.01%, hyphal formation was inhibited from
4h, and at 48 h, only fungal cells without hyphae were observed.
One plausible mechanism of this effect on hyphal formation is that
CGNPs inactivate hydrolytic enzymes in the fungi thus reduced
virulence by hyphal inhibition [58].

3.6. Interactions of CGNPs with C. albicans

To understand the surface interactions of CGNPs to a biologi-
cal system, a cross-sectional TEM on CGNPs treated C. albicans was
performed (Fig. 7). Untreated control cells retained a normal mor-
phology with intact thin cell walls and cytoplasm (Fig. 7a and b)
[59]. Magnified view (Fig. 7c) depicts visible organelles in the cyto-
plasm and mitochondria with intact plasma membrane. On the
other hand, prominent changes were observed in CGNPs treated C.
albicans including degraded cytoplasm, destroyed organelles and
many necrotic cells (Fig. 7d and e) [47,60]. Importantly, attach-
ment and entry of CGNPs through cell walls clearly visible from
Fig. 7f inset, indicating that CGNPs penetrated through cell wall
and caused severe damage to the cytoplasm and significant mor-
phological changes including storage granules and disintegration
of intracellular structures. Hence, we suggest that the diminutive
sized CGNPs could penetrate cell wall, interacted with intracel-
lular components, released cinnamaldehyde and destroyed the C.
albicans cells.

To the best of our knowledge, this is the first report to
describe a simple, one-pot synthesis of water dispersible CGNP
nanocomplexes with enhanced antimicrobial/antibiofilm proper-
ties. Although in a previous report, we found that the anti-biofilm
effect of cinnamaldehyde coated GNPs required additional chemi-
cals and extra processing times to ensure nanoparticles were well
coated to achieve intended activity [42]. The method used in the
present study allows CGNPs to be produced in a single step with no
additional reagents. In other studies considerably higher concen-
trations of cinnamaldehyde (up to 5%, v/v) were used to achieve
antimicrobial activity [32,48].

Since the exact mechanism of action of CGNPs is not fully under-
stood, we propose the hypothesis that because of ultrasmall size
and large surface area CGNPs could permeate through biofilms
and causing antimicrobial/antibiofilm activity. Even though free
cinnamaldehyde is lipophilic, it could not pass through biofilm
layers but CGNPs could invade those layers and might delivered
cinnamaldehyde to eradicate sessile bacteria. As reported earlier
[61,62], the current study suggests that the diminutive sizes of
CGNPs are responsible for the penetration through biofilm layers,
reach cells, interact with cellular components and kill microbes.
Furthermore, the acidic pH of biofilm could hydrolyze CGNPs and
release cinnamaldehyde to exert antimicrobial activity [63,64].
Furthermore, we believe that cinnamaldehyde in nanocomplexes
may disrupts cytoplasmic contents [65], inhibits quorum sens-
ing [66], penetrates cell walls due to its lipophilic nature [47],
and induces protein release or precipitation [67]. The antimicro-
bial and antibiofilm properties of CGNPs observed on pathogenic,
multi-drug resistant bacteria, and C. albicans suggests that cin-
namaldehyde containing CGNP nanocomplexes offers a potential
alternative to traditional antibiotics.

4. Conclusions

In summary, we used cinnamaldehyde to produce metal
nanoparticles in an eco-friendly manner. We found that reaction
conditions significantly influenced nanoparticle production, and
that their optimization resulted in a one-pot method of rapidly
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producing stable, mono-dispersed CGNPs. Furthermore, CGNPs
effectively inhibited pathogenic fungal and bacterial biofilms,
which may reduce antibiotic resistance. Our observations suggest
that cinnamaldehyde offers a means of avoiding the use of toxic
chemicals to make potentially therapeutic metal nanoparticles in a
single-step.
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