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In the present study, we report cytotoxic and antimicrobial potential of gold nanoparticles (Au NPs) synthesized
using chitosan derived from squilla shell wastes. Here we adopted ecofriendly approach for the synthesis of Au
NPs and characterized them using UV–visible spectroscopy, Fourier transform infrared spectroscopy, X-ray dif-
fraction, atomic force microscopy, transmission electron microscopy (TEM) and dynamic light scattering (DLS)
methods. The UV–visible spectroscopic analysis revealed an absorption peak at 529 nm, which represents the
Surface Plasmon Resonance of Au NPs. TEM analysis showed that the biosynthesized Au NPs were spherical in
shapewith an average size of 80 to 82 nm. Interestingly, the biosynthesized AuNPs showed antimicrobial activity
against selected Gram-positive and negative bacterial isolates and also showed activity against fungal pathogens.
Further, the cytotoxic effect of the synthesized Au NPs against MCF-7 cell lines was assessed by MTT assay with
IC50 value of 250 μgmL−1. In addition, double staining of treatedMCF-7 cells with acridine orange and ethidium
bromide shows that the Au NPs exert apoptosis mediated cytotoxicity.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Nanotechnology is an emerging field, which has potential applica-
tions in various fields, and it is generally used for the improvement of
human beings' quality of life. Nanoparticles (NPs) have wide range of
applications owing to their unique physical, chemical, electrical,
mechanical, magnetic, thermal, dielectric, optical and biological proper-
ties [1]. Particularly, the noble metal NPs such as gold, silver and
platinum arewidely used in cosmetics and biomedicine. Among numer-
ous noble metals, gold is one of the most commonly studied metal
owing to its stable chemical property, biocompatibility and non-
immunogenicity [2]. In particular, gold has been used in the treatment
of rheumatoid arthritis [3,4]. Gold is easily formulated in various shapes
and different sizes such as nanoparticles, nanorods, nanowires,
nanocages and nanoclusters [5]. These fascinating aspects make gold
nanoconstructs key materials of nanoscience and nanotechnology [2].
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Similarly, red colloidal gold is used as revitalizer in China and India
and has broad biological activity [6]. Furthermore, gold-based NPs are
excellent candidate for bio-conjugation based applications [7]. Au NPs
has received greater attention due to their unique and tunable surface
plasmon resonance (SPR) and potential applications in biomedical sci-
ence such as drug delivery [8], radiotherapy imaging [9] and gene deliv-
ery systems [10]. Besides, Au NPs exhibit size and shape dependent
antimicrobial activity [11] and are promising therapeutic candidates
for cancer therapy. The anticancer activity of Au NPs has been evaluated
against various human cancer cells [12,13]. In addition, Au NPs have
long life-time fluorescence, large two-photon excitation, high emission
rate, and large Stokes shift. The mechanism of photoluminescence and
photophysical properties of Au NPs is still not clearly understood. How-
ever, their unique optical properties establish Au NPs to be a novel
fluorophore for a wide range of biomedical applications such as
biodetection, biosensing and bioimaging in vitro and in vivo [1,14,15].

Generally, metal nanoparticles are synthesized and stabilized by
chemical methods [14] (Ishida et al., 2016), electrochemical reduction
[15], photochemical reactions [16], thermal decomposition [17] and
also by physical methods for example heat evaporation [18]. The NPs
synthesized via chemical and physical methods are highly reactive, haz-
ardous and cause potential damage to environment [19,20]. Therefore,
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there is a growing need for eco-friendly biomimetic approach for the
synthesis of NPs.

Biomimetic is an interdisciplinary approach in which NPs are syn-
thesized biologically [21]. A wide variety of biological sources such as
plant extracts, microorganisms, enzymes, starch and biopolymers
have been utilized by researchers towards greener synthesis of
NPs. Recently, synthesis of NPs using marine resources has gained
much attention [22]. However, most of marine resources have been
extensively exploited for various applications and the development
of nanoscience in utilizingmarine resources is still at its infancy. Var-
ious marine flora, fauna and bioactive materials were used for the
synthesis of NPs. Particularly, biocompatible and biodegradable
sources such as seashells, pearls and fish bones have been used ex-
tensively [23].

The synthesized metal NPs can be stabilized using biopolymers to
avoid particle agglomeration. Among the biopolymers, chitin/chitosan
have been used extensively. Chitin is the second most naturally avail-
able biopolymer next to cellulose. Chitosan is a deacetylated chitin pre-
ferred mostly for the preparation of nanocomposite, owing to its ability
to interact with metal nanoparticles [24–27]. Other natural polymers
such as natural rubber [28] (Valdés et al., 2014), polysaccharides [29],
cellulose [30] and starch [31] have also been used as stabilizers for the
preparation of metal nanoparticles because of their biocompatibility,
biodegradability and low toxicity.

Chitin is typically found as crystalline form in the exoskeleton of ar-
thropods or in the cell walls of fungi and yeast [32]. Furthermore, ma-
rine crab and squilla exoskeleton wastes have been reported to be the
most abundant sources of chitosan [33]. Nearly 60,000 tons of head
and shell wastes are disposed yearly from crustacean processing indus-
tries, particularly abundant in the Gulf of Mannar Region [34]. The utili-
zation of squilla shell (crustacean) wastes has significant ecological
benefits, which could serve as an alternative to the disposal of crusta-
cean wastes.

Themain objective of ourwork is to utilize squilla shell waste for the
synthesis of AuNPs.We have previously reported the synthesis of chito-
san nanoparticle from crab and squilla waste [35]. In the present study,
we describe the synthesis, characterization and cytotoxic effects of Au
NPs derived from squilla shell wastes, which could be exploited in the
near future for therapeutic applications.

2. Materials and method

2.1. Collection of squilla shell waste

Squilla mantis shells were collected from local fishermen of
Mandapam Coast, Ramnad district Tamil Nadu. The species were se-
lected based on the biological richness and availability in the Gulf of
Mannar Region. The samples were washed to remove the epiphytes,
sediments etc. The shells were separated, washed with distilled water
and dried at room temperature in a dust free environment for two
weeks. The dried shells were grounded and sieved using 0.3–0.5 mm
mesh. The final yield was determined by physical measurement and
subjected to chitin extraction. The chitin was further processed with
Scheme 1. Schematic representation of chitosan
the demineralization (DM), deproteinization (DP), decolorization
(DC), deacetylation (DA) for the production of chitosan and the ex-
tracted chitosan as well as its characrerization was reported in our pre-
vious article [33]. Finally, the obtained chitosan was used to carry out a
biological synthesis of Au NPs (Scheme 1).
2.2. Chitosan mediated Au NPs

Nearly 0.25 g of extracted chitosan was dissolved in 10 ml of 1%
acetic acid followed by stirring for 30 min. Due to the poor solubility
of chitosan, the mixture was vortexed and then filtered withWhatman
No. 1 filter paper to obtain clear solution, which was stored for about a
week until further use. This solution served as stock and was diluted to
the needed concentrations. An aqueous solution of 1 mM HAuCl4 (gold
chloride; 1 mL) was mixed with chitosan solution (3 mL), and then the
mixture was heated up to 70 °C in water bath under magnetic stirring
until a red solution was obtained [36]. The change of color of the solu-
tion occured from colorless to ruby red color, indicating the formation
of Au NPs. Simultaneously, a control setup was maintained without
adding HAuCl4. The synthesized NPs-containing solutions were centri-
fuged thrice at 3000 rpm for 30 min using a refrigerated centrifuge
(REMI, India). The pellets were collected and dispersed in sterile
deionised water. The purified particles were freeze-dried using a freeze
dryer (Micro Modulyo 230, Thermo Electron Corporation, India)
(Scheme 2).
2.2.1. Characterization of Au NPs
The UV–visible spectra of the Au NPswere recorded using Shimadzu

dual-beam spectrophotometer (Shimadzu, UV 2500, Japan) operated at
a resolution of 1 nm between 300 and 800 nm in a 10 mm-path-length
quartz cuvette. TheAuNPs solutionwas diluted 20 timeswith deionised
water to avoid errors due to high optical density of the solution. FTIR
spectra of the Au NPs were recorded using a Shimadzu 8201 PC FTIR
spectrometer. The spectral region between 4000 and 400 cm−1 was
scanned and the KBr disc method was used for recording spectra.
Powder XRD patterns of the AuNPswere also recorded byX-ray diffrac-
tometer (XPERT-PRO) operated at 40 kV and 30 mA with Cu Kα radia-
tion (λ = 1.54060 Å). The powder XRD patterns were obtained in the
2θ range of 10 to 80° at a fixed time mode and at room temperature.
Atomic force microscopic images of the Au NPs were taken by using
Shimadzu SPM 9500-2 J scanning probe microscope and the roughness
was alsomeasured. The transmission electronmicroscopic images were
obtained under 200 kV ultra-high resolution transmission electron
microscope (JEOL-2010) to visualize the morphology and size of the
synthesized Au NPs. The presence of Au NPs and potential other ele-
mental materials in the lyophilized samples was confirmed by Phoenix
EDX. Dynamic light scattering was used to determine the particle size
distribution of the lyophilized Au NPs. These were dispersed in milli-Q
water by ultrasonic process. The distribution of particle size of the syn-
thesized Au NPs was analyzed using Particle Size Analyzer (Malvern
Nano ZS, ZETA Sizers Nanoseries).
extraction from Squilla mantis shell wastes.



Scheme 2. Schematic illustration of chitosan medicated synthesis of Au NPs.
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2.3. Anti-microbial activity of Au NPs

Bacterial cultures such as Staphylococcus sp., and Bacillus sp (gram
positive) and Escherichia coli, Proteus sp., Pseudomonas sp., Serratia
sp. and Klebsiella sp. (gramnegative) and fungal cultures such as Asper-
gillus niger, Aspergillus flavus, Aspergillus fumigatus and Candida
albicans were collected from Bose clinical laboratory, Madurai, India.
Bacteria were cultured in Nutrient Agar (Hi-Media) and the fungi
were maintained in Potato Dextrose Agar (PDA).

The agar disc diffusion method was employed to quantify the an-
tibacterial and antifungal activity of the synthesized Au NPs against
clinical pathogens. Overnight grown culture (100 μL) of each strain
was individually swabbed on a Muller Hinton Agar (MHA) plate.
Samples of ~40 μL (100 μg mL−1) of Au NPs were carefully trans-
ferred onto sterile discs (6 mm) and placed on MHA plates sepa-
rately; commercially available ampicillin (25 μg) disc was used as
positive control for bacterial cultures. Amphotericin (20 μg) was
used as positive control for fungal cultures. The Petri plates were in-
cubated for 24 h at 37 °C for bacteria and 28 °C for 48 h for fungi. After
incubation, the zone of inhibition (ZOI) was measured in millime-
ters. The same experiments were repeated thrice and the mean ±
SD are reported.
2.4. Cell lines

The Human breast adenocarcinoma (MCF-7) cell line was procured
from the National Centre for Cell Sciences (Pune, India). Cells were
Fig. 1. UV–visible spectrophotometry spectra o
grown in T-25 culture flasks containing Dulbecco Modified Eagle's Me-
dium (DMEM) and Roswell ParkMemorial Institute (RPMI) – 1640 sup-
plemented with 10% fetal bovine serum (FBS). Upon reaching
confluence, the cells were detached using Trypsin Phosphate Versene
Glucose (TPVG) solution.

2.4.1. Cell cultivation
Cells were cultured with culture medium in a T-25 tissue culture

flask. Cell density was always kept under 2 × 104 cells mL−1 to avoid
mutations of the cells. Passaging of the cells was done 3 times a week.
Cultivation and experimental incubation were performed in a cell incu-
bator at 37 °C, 90% air humidity and 5% CO2.

2.4.2. MTT assay
The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bro-

mide (MTT) dye reduction assay was performed to determine the cyto-
toxic effect of the Au NPs at various concentrations. The assay depends
on the reduction of MTT by mitochondrial succinate dehydrogenase
and reductase, an enzyme present in the mitochondria of viable cells,
to water insoluble formazan. This blue color product formation is di-
rectly proportional to the viable cell number and inversely proportional
to the degree of cytotoxicity [37].

The MCF-7 cells were grown in a 96-well plate (ELISA) containing
Dulbecco's modified Eagle medium (DMEM) supplemented with 10%
heat-inactivated fetal bovine serum and antibiotics. About 1 ml of cell
suspension (1 × 105 cells mL−1) was seeded in each well and the cells
were cultured in the appropriate medium supplemented with 10%
fetal bovine serum and 1% penicillin–streptomycin at 37 °C under 5%
f chitosan mediated synthesized Au NPs.



Fig. 2. FTIR spectra showing the wavenumber region from 4500 to 500 cm˗1 (a), powder XRD pattern in the 2θ range from 20° to 80° of chitosan mediated Au NPs (b).
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CO2 environment for the formation of confluent monolayer. The mono-
layer of cells in the platewas gentlywashedwith DMEMand exposed to
1 mL of DMEM medium containing different concentration of chitosan
mediated synthesized gold NPs (10, 25, 50, 100 and 250 μg mL−1).
After 48 h of incubation, 200 μl of MTT (5 mg mL−1) solution and
1 mL of DMSO was added and left for 45 s. The extracted blue MTT
Fig. 3. AFM images obtained in height mode (a), orthogonal projection from height mode (b)
chitosan mediated synthesized NPs.
formazan was dissolved in 1 mL isopropyl alcohol with the specified
percentage of HCl, and their absorbance values were measured at
600 nm using a spectrophotometer (Analytik Jena, Spekol 1200). The
untreated cells are used as positive control (i.e., 100% viable), and
used for calculating cell viability of treated cells. The results are
displayed as percentage of viable cells compared with the control. The
and roughness of Ag NPs (c) using morphological identification and surface roughness of



Fig. 4. Low (a) and high (b)magnification TEM images and EDX analysis (c) of Au NPs using atomic percentage of synthesized NPs. DLS analysis of chitosan mediated synthesized Au NPs
used to determine their size range and distribution (d).
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inhibitory concentration required to inhibit the growth by 50% (IC50)
was calculated using Graphpad prism and the equation

Cellviability %ð Þ ¼ A570 of drug treated sample=A570 of control
� 100:

2.4.3. Morphological changes
MCF-7 cells were grown and incubated with synthesized Au NPs at

different concentrations between 10 and 250 μg/ ml and then they were
fixed in methanol: acetic acid (3:1, v/v). The cover slips were gently
mounted on glass slides for morphometric analysis. Morphological
Fig. 5.Antibacterial (a) activity of AuNPsusing Staphylococcus sp., and Bacillus sp., Escherichia co
NPs using Aspergillus niger, Aspergillus flavus, Aspergillus fumigatus and Candida albicans.
changes of MCF-7 cells were observed by phase contrast microscopy
(Carl Zeiss Inc., Germany).
2.4.4. Acridine orange/ethidium bromide (AO/EB) staining
The AO/EB staining was carried out to find the morphological evi-

dence of apoptosis according to Ribble et al. [38]. The MCF-7 cells
were treated with 250 μg/ ml concentration of synthesized Au NPs for
about 24 h. Fluorescent dyes, ethidium bromide (100 μg mL−1) and ac-
ridine orange (100 μg mL−1) were added to the fixed cells and incu-
bated in dark condition for 10 min at room temperature. Changes in
the nuclei of cells were observed within 15 min after AO/EB staining
under an Olympus inverted fluorescence microscope (Ti-Eclipse) at
200× and 400× magnifications. The untreated cells were used as
li, Proteus sp., Pseudomonas sp., Serratia sp. andKlebsiella sp. and antifungal (b) activity of Au



Table 1
Antimicrobial activity of Au NPs data with statistical analysis mean ± SD.

Sl. No Bacterial strains ZOI Mean ± SD (mm)

1 E. coli 10.3 ± 0.51
2 Proteus Sp. 8.5 ± 0.42
3 Pseudomonas Sp. 5.6 ± 0.28
4 Bacillus Sp. 6.3 ± 0.32
5 Serritia Sp. 7.9 ± 0.40
6 Klebsiella Sp. 10.9 ± 0.54
7 Staphylococcus Sp. 10.7 ± 0.54

Sl. No Fungal strains ZOI Mean ± SD (mm)

8 A. flavus 10.6 ± 0.53
9 A. niger 9.8 ± 0.49
10 A. fumigatus 10.4 ± 0.52
11 C. albicans 8.2 ± 0.41
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control. A minimum of 100 cells was counted in each sample. Morpho-
logical criteria were used to evaluate cell injury. Cells containing normal
nuclear chromatin exhibit green nuclear staining. Cells containing
fragmented nuclear chromatin due to apoptosis exhibit yellow to red
nuclear.

3. Results and discussion

3.1. Characterization of Au NPs

UV–visible spectroscopy is an important technique to determine the
morphology and stability of Au NPs. In the present study, chitosan ex-
tracted from squillawasmixedwith gold chloride and the reactionmix-
ture was monitored every 10 min up to 60 min of incubation. No color
change was observed in control, whereas Au NPs synthesis was con-
firmed by the color change occuring in other samples. The appearance
of colorless to ruby red is an indication for the production of Au NPs
[39]. The color change in the reactionmixture could bedue to the collec-
tive oscillation of free electrons present in reduced Au NPs [40]. Fig. 1a
Fig. 6.MCF-7 cells treatedwith different concentrations of chitosanmediated synthesized AuNPs,
(b),MCF-7 cells treatedwith 25 μg/ml of AuNPs (c),MCF-7 cells treatedwith 50 μg/ml of AuNPs (d
Au NPs (f).
shows the UV–visible spectra maximum peaks, occurring due to pres-
ence of Au NPs synthesized in the presence of chitosan at different incu-
bation periods. In case of gold ion reduction, the band corresponds to
the surface plasmon resonance (SPR) that occurred at 522 nm. The
SPR undergoes red shift or blue shift depending on the quantum size ef-
fects. Broad peaks are indicative of the polydispersity nature of Au NPs
in the solution. It is well known that the optical properties of metal
NPs strongly depend on their size and shape. The height of the peak is
proportional to the concentration of the Au NPs produced and the
shift of the peak towards a lower wavelength depending upon the incu-
bation time indicates the reduction of particle size [41]. In the present
study, the intensity of surface plasmon peaks of Au NPs was foundmax-
imumat 60min of incubation period. A color change of AuNPs from col-
orless to pink color was observed during the synthesis and incubated at
60 min (Fig. 1b,c). This suggests that the reducing and capping abilities
of chitosan are realized and are efficient in their function at this gold salt
concentration. The technique outlined above proved to be very useful
for the analysis of nanoparticles [42].

The FTIR spectrum of the synthesized Au NPs show peaks at wave-
number positions of ~585, 1014, 1273, 1384, 1635, 2073 and
3433 cm−1 (Fig. 2a). The intense broad absorbance peak located at
~3433 cm−1 is for the hydrogen−bonded O-H stretching. The band lo-
cated at ~2073 cm−1 is related to the stretching vibration of H–
bonded alcohols. The band located at ~1635 cm−1 denotes the vibration
of N\\H bending of primary amines. The band located at ~1384 cm−1

relates to the N_O bending and the bands located at ~1273 and
1014 cm−1 belong to the C\\O stretching of alcohols, carboxylic acids,
esters and ethers.

The powder XRD pattern of the Au NPs is shown in Fig. 2b. Number
of Bragg reflections located at 2θ values of ~37.1, 43.6, 62.9 and 74.1°
correspond to the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) Miller indices, re-
spectively. The data indicate that the synthesized Au NPs are spherical
in shape and crystalline in nature (ICCD-JCPDS card no. 65-2871),
which is in agreement with Karthik et al. [43]. Although the Au NPs
are spherical and crystalline in nature, other small peaks possibly re-
lated to the presence of bioorganic compounds/proteins, possibly left
controlMCF-7 cells not treatedwith Au NPs (a), MCF-7 cells treatedwith 10 μg/ml of Au NPs
),MCF-7 cells treatedwith 100 μg/ml of AuNPs (e) andMCF-7 cells treatedwith 250 μg/ml of



Table 2
Cell viability of MCF-7 cell lines against chitosan mediated synthesized Au NPs.

Au NPs (μg ml˗1) Cell viability (%)

10 92.83 ± 7 IC50−230.2 μg ml˗1
25 77.75 ± 1.25
50 68.75 ± 5.92
100 61.83 ± 3
250 50.67 ± 0.5

Fig. 7. Cell viability of chitosan mediated synthesized Au NPs treated MCF-7 cells with
different concentration of Au NPs (10 μg/ml – 250 μg/ml).
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during the removal of impurities, can sometimes be observed [44]. The
obtained powder XRD pattern clearly illustrates that the gold ions were
reduced to gold NPs and stabilized by the presence of chitosan. The
powder XRD pattern shows the reflection planes that confirm the pres-
ence face-centered cubic form ofmetallic gold andnopeaks of other im-
purity crystalline phases were observed [45].

The AFM images depict the surface morphology and size of the syn-
thesized Au NPs. The images revealed that the synthesized Au NPs are
sphericalwithout other observable nanostructuremorphologies, as sug-
gested by the UV–visible absorbance spectrum. Furthermore, the parti-
cles are polydispersed, without agglomeration occurring between them
(Fig. 3a,b). The particles are not monodispersed and non-agglomerated
since the presence of some essential bio organic compounds present in
the chitosan possibly act as ligand and stabilize the synthesized Au NPs.
The size of the synthesized Au NPs is ~80 nm. AFM images show the
spherical shape of the Au NPs with an average diameter of 85 nm. Addi-
tionally, the Au NPs surface appeared regular without roughness. The
lack of pores at the surface of Au NPs as suggested by AFM imaging is
due to that the cavities are smaller than theAFM tips (about 1 nm). Gen-
erally, the particles appear well separated on glass slide, indicating that
the surface-capping agents prevent aggregation of NPs. The roughness
of the Au NPs was measured by AFM. Maximum roughness (Rp) peak
height value of 8.9 nm, averagemaximum roughness (Rpm) peak height
value of 6.1 nm, maximum roughness valley depth (Rv) value of 7.4 nm
and averagemaximum roughness valley depth (Rvm) value of 5.9 nm for
the chitosan mediated synthesized Au NPs were obtained (Fig. 3c).

The morphology, size distribution and chemical composition of the
Au NPs were examined by TEM (Fig. 4a,b) coupled with energy-
dispersive X-ray spectroscopy (EDX) (Fig. 4c). EDX analysis of the Au
NPs shows strong signals for gold along with other weak signals.
These weak signals could come from chitosan macromolecules present
at the surface of Au NPs acting as capping agents. Fig. 4c shows two
strong signals for Au NPs at different energy positions and confirms
the presence of gold as Au NPs [46]. In addition, a considerable peak is
also observed in Au NPs specific site. The image shows that Au NPs
were spherical and polydispersed with their size ranging from 80 up
to 83 nm. The results observed using UV–visible spectrophotometry,
powder XRD, AFM, and TEMwas further supported byDLS. The aqueous
dispersion of chitosan mediated Au NPs was analyzed by DLS at 25 °C.
The result of the DLS shows that 53% of the nanoparticles were 5 nm
in size and 37% of nanoparticles were 10 nm in size (Fig. 4d). The aver-
age size distribution of Au NPs in aqueous solution was found to be
82.7 nm.

3.2. Antimicrobial activity

The antibacterial and anti-fungal activity of Au NPs against clinical
pathogens were investigated. The inhibition of microbial growth around
the disc is due to the release of diffusible inhibitory compounds that orig-
inate from Au NPs. The Au NPs show the potential inhibitory activity
against E.coli, Staphylococcus sp, Klebsiella sp with the ZOI of 13, 10 and
12 mm, respectively. The ZOI of Serratia sp and Proteuss sp were 8 mm
(Fig. 5a). The Au NPs show the least antibacterial activity against other
bacterial isolates such as Pseudomonas sp and Bacillus sp (Table 1).
Prema and Thangapandiyan [47] reported antibacterial activity of Au
NPs with and without chitosan capping agent. The Au NPs elicit antibac-
terial activity either by generating holes and pits on the cell wall due to
surface ionization that affects the membrane permeability, resulting in
leakage of the cell contents. The Au NPs bind to the bacterial DNA and in-
hibit the unwinding and transcription process [48,49]. The synthesizedAu
NPs aremore active against gram-negative than positive bacteria. The dif-
ference in the antibacterial activitymay be related to the cell wall compo-
sitions of these bacteria. The outer membrane of gram-negative cells is
more complex and contains specialized protein and polysaccharides.
These proteins are involved in membrane permeability and intrude
with the entry of Au NPs and cause slow or prevent the entry into the
cell [50]. On the other hand, the cell wall of gram-positive bacteria does
not contain the special layers that possess gram-negative bacteria and al-
lows the AuNPs entering the cell membrane. The AuNPs alters themem-
brane potential, affect ATP synthesis enzyme activities and reduce theATP
level, representing a wide-range decline in metabolism; moreover it in-
hibits the tRNA bindingwith the subunit of ribosome and significantly af-
fects the biological process [51,52].

The synthesized Au NPs show activity against A. niger (13 mm), A.
fumicatus (10 mm) Aspergillus flavus (11 mm) and for Candida albicans
(12 mm) (Fig. 5b). The synthesized Au NPs are highly active against A.
niger compared to the other fungal isolates (Table 1). The Au NPs interact
with fungal membrane proteins and alter their normal conformations,
leading to the loss of their activity. Thus, fungal membrane is incapable
of regulating the H+ transport across themembrane, leading to the retar-
dation of the cell growth. This finally causes the cell death [53]. In a previ-
ous study, it was shown that the antifungal activity of Au NPs is size
dependent. The extent of inhibition increased upon decreasing particle
size [54]. In this study, Au NPs with 2–10 nm size were active against As-
pergillus sp. and Candida sp. This may be due to the fact that decrease in
the particle size increases the surface area of the Au NPs, which enhances
its interaction with the binding sites of the plasma membrane proteins.
Furthermore, it may be assumed that the smaller Au NPsmay diffuse eas-
ily through the cellmembrane and reach the core of fungal cell. Since gold
has greater tendency to react with the sulphur and phosphorus contain-
ing soft bases, the synthesized NPs interact with the sulphur containing
proteins in the membrane or the phosphorus containing bases in the
DNA of the cells to retard their normal functioning like replication, syn-
thesis, repair, which leads finally to the cell death [55].

3.3. Anticancer activity

The MCF-7 cancer cells were exposed to Au NPs at various concen-
trations like 10, 25, 50, 100 and 250 μg mL−1. The result shows that



Fig. 8. Live/death cells images obtained after AO/EB staining of MCF-7 control cells (a), MCF-7 cells treated with squilla chitosan mediated Au NPs (b).
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the percentage of cell viability gradually decreased upon increasing con-
centration of Au NPs (Table 1), suggesting a dose dependent behaviour.
Furthermore, the highest cell viability was observed for cells treated
with the lowest concentration of AuNPs. TheAuNPs showenhanced ac-
tivity in all the tested concentrations except at 25 μgmL−1. This suggests
that the Au NPs possess better inhibition ability even at relatively low
concentration. Likewise, the study ofMartínez-Torres et al. [56] showed
the IC50 of chitosan Au NPs was 75 μM against MCF 7 and cell lines. Fur-
thermore, it is debated that the effect of Au NPs against cancer cells is
size, shape and surface charge dependent and that the higher the posi-
tivity, the greater the effect [57].

The changes in morphology of cells treated with Au NPs were ana-
lyzed by inverted phase contrast light microscopy. The results revealed
that the control MCF-7 cells showed characteristic including spindle
shape morphology, resembling healthy fibroblasts (Fig. 6a).On the
other hand, the MCF-7 cells treated with different concentrations of
Au NPs showed distorted morphology resembling dead fibroblasts
(Fig. 6a–f). This is represented graphically in Fig. 7. The IC50 value of
230.2 μg mL−1 was observed for Au NPs against MCF-7 cell line
(Table 2).

To find whether the cytotoxic effect of NPs can be related to the in-
duction of apoptosis, morphological assay of dead cells was investigated
by using AO/EB double staining and subsequently visualized under fluo-
rescence microscopy. As shown in Fig. 8a, no obvious morphological
changes were observed in the control and almost all the cells were
stained green, indicating the viability (~100%) of the control cells. On
the contrary, the cells (treated with 230.2 μg mL−1) at early apoptosis
stage were visualized as green arcs and the cells at late apoptotic stage
were observed as yellow/orange nuclei. This observation suggested
that the cells exposed to chitosan-mediated synthesized Au NPs induce
apoptosis in MCF cell lines and inhibit the proliferations of MCF cells.
Programed cell death or apoptosis is often considered as a mode of ac-
tion of NPs and other polysaccharides. Apoptosis may occur either by
cell shrinkage or DNA fragmentation [58]. In the present study, we ob-
served the characteristic features of apoptotic cells such as condensed
nuclei and apoptotic bodies (Fig. 8b) when the cells are treated with
chitosan-mediated synthesized Au NPs. The chitosan-mediated synthe-
sized Au NPs cell death in MCF cells is not depend on caspase activity
[56] but depends on ROS production. Furthermore, Martínez-Torres
et al. [56] showed that the chitosan-mediated synthesized Au NPs did
not induce nuclear alterations in MCF cells and did not modify the cell
cycle. Also, they were found to inhibit the long-term proliferations of
cancer cells. In addition, themechanism of cell death of Au NPs depends
on the materials used for NP synthesis as well as the cell lines used.
Hence, it can be concluded that the chitosan-mediated synthesized Au
NPs induce ROS mediated cell death.

4. Conclusion

The present study summarizes the facile synthesis of Au NPs using
squilla shell chitosan as a template. The adopted method is compatible
with green chemistry principle as the chitosan biopolymer can improve
the reduction and stability of Au NPs. The use of biopolymers in the syn-
thesis of nanoparticles in nanotechnology enables environmentally
friendly, easily scaled up for large-scale synthesis. The proposed meth-
odology is free of using high pressure, energy, temperature and toxic
chemicals. The formation, size, shape and elemental composition of
the synthesized Au NPs was confirmed by UV–visible spectrophotome-
try, FTIR spectroscopy, powder XRD, AFM, TEM and DLS. The green syn-
thesized Au NPs showed significant antimicrobial action against several
pathogenic bacteria and fungi. The in-vitro anticancer activity studied
against MCF-7cells showed great activity that would pave the way to
further study the activity of the Au NPs against various cancer cell
lines. The improper disposal of seafood waste is a continuous problem
along the coastal areas. Therefore, our observations indicate the utiliza-
tion of squilla shell waste for high value applications to solve environ-
mental issues and suggest a new platform for nanomedicine
preparation and may promote the socioeconomic value of coastal area
for local people.
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