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KEYWORDS Abstract In the current study, gold nanoparticles (AuC6NPs and AuC8NPs) were prepared

Gold nanoparticles; through sodium borohydride reduction method by using Calix[6 Jrene and Calix[8 ]Jrene as a stabi-

S. aureus; lizing agents. The synthesized AuNPs were screened for cytotoxic, phytotoxic, antifungal and
E. coli; antibacterial activities. The fabricated AuNPs were characterized by UV-visible spectroscopy,
Antibacterial mechanism; atomic force microscopy (AFM) and FTIR spectroscopy. Antibacterial activities of the AuNPs
Phytotoxicity; were tested against E. coli and S. aureus. The AuC6NPs were found to be effective against the

Cytotoxicity and atomic
force microscopy

growth of gram positive bacteria and inhibited the growth of S. aureus. AuC6NPs interact with bac-

terial cell and damaged cell membrane. Roughness of the bacterial surface and membrane rupture

can be clearly observed by AFM images. The AuNPs possess insignificant antifungal activity

against Aspergillus niger and Candida albicans. Moreover, AuC8N Ps have significant phytotoxicity

and moderate cytotoxicity.
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been used efficiently to develop various nano devices
(Heerema and Dekker, 2016) and immunosensors for different
biological, physical, pharmaceutical and biomedical applica-
tions (Ahmed et al., 2016; Anwar et al., 2018; Rao et al.,
2017). Higher surface area to volume ratio and smaller size
make them unique and active reagents for diverse applications.
Functionalized gold nanoparticles are reported for their appli-
cations in a broad range due to their low toxicity, good stabil-
ity and easy synthesis (Hornos Carneiro & Barbosa Jr, 2016).

1. Background

Applications of nanoparticles (NPs) in different research areas
such as nonomedicine (Chen et al., 2016; Swierczewska et al.,
2016), water treatment (Donovan et al., 2016), cosmetics
(Jiménez-Pérez et al., 2017) and agriculture (Servin and
White, 2016) has risen considerably in recent past. NPs have
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Functionalization of AuNPs with calixarenes opens new possi-
bilities of applications. Calixarene is a macrocycle with unique
three dimensional surfaces and is the subject of interest in bio-
logical domain since decades (Muneer et al., 2016; Nimse &
Kim, 2013; Patil et al., 2016). Physical properties of NPs
improve considerably by functionlaization with calixarene
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due to its unique architecture. Hence, calixarene coalesce with
the nanomaterials serve as a potential and attractive compo-
nent in the field of nanotechnology.

In this study, we report functionalization of gold nanopar-
ticles with calixarene in order to develop a new therapeutic
agent. Calixarene stabilized nanomaterials have gained
tremendous attraction and have been used in various fields
such as catalysis (Panchal et al., 2017), sensors (Maity et al.,
2014) and molecular recognition (Gode et al., 2017). Recently,
Hennie et al carried out controlled fictionalization of nanopar-
ticles with calixarene ligand (Valkenier et al., 2017). Giuseppe
et al used calixarene-based nanoassembly as a potential vehicle
for ophthalmic drug delivery (Granata et al., 2017). Nilesh
et al successfully released doxorubicin into cancer cell while
using silica-calix hybrid composites. Resent research suggests
the shift of calixarene functionalized nanomaterial towards
biomedical application.

Metals have been used as an antimicrobial agent since
ancient time. Therefore a recent increase in the use of metal
nanoparticles for development new therapeutic agents is
noticed (Balogh et al., 2001; Chen et al., 2010; Luo et al.,
2014). Comprehension studies on calixarene functionalized
gold nanoparticles for antimicrobial effect along with cyto-
toxic effect are rarely reported (Kellici et al., 2016). The prime
focus of current project is evaluation of the antimicrobial
activities of AuNPs. The efficiency of synthesized AulNPs
was investigated against gram positive and gram negative bac-
teria and fungi along with its cytotoxic and phototoxic effect.
Calixarene coated AuNPs were synthesized by a simple and
economical chemical reduction process. Antibacterial mecha-
nism was checked at different doses of AuNPs against human
pathogen bacteria: E. coli, and S. aureus. Change in cellular
morphology of the bacteria was evaluated through AFM.
Aspergillus niger and Candida albicans strains of fungi were
used for antifungal activity and the zones of inhibition were
calculated by the Agar well diffusion method.

2. Results and discussion

2.1. Characterization of synthesized AuNPs

UV-visible spectroscopy is one of the basic technique to deter-
mine the structure and optical properties of metallic nanopar-
ticles because the position and shape of the absorption band is
associated with the diameter and aspect ratio of metallic
nanoparticles (Noguez, 2007). Colloidal AuNPs show a char-
acteristic red color as the surface electron cloud vibrates and
absorbs the electromagnetic radiation of a particular energy.
The samples of AuNPs were prepared by a chemical approach
and the variation in the UV-visible spectrum of the resultant
sol was observed to analyze the size effect of metallic nanopar-
ticles on surface Plasmon band (SPB).

UV-Visible spectra of the AuC6NCs showed SPB at
525 nm (Fig. 1A) and the SPB of AuC8NCs was observed at
540 nm (Fig. 1B), indicating reduction of Au®" ions.

Atomic force microscopy (AFM) was executed to deter-
mine the particle size, and their size distribution of AulNPs
(AuC6NPs and AuC8NPs). AFM analysis showed that fabri-
cated AuNPs are spherical in shape however polydisperse.
The analysis of histogram reveals that the AuC6N Ps have size
in range of 11-57 nm (Fig. 2A) whereas particle size of most of
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Fig. 1 UV-visible spectrum for AuC6NPs and AuC8NPs

respectively.

the NPs was found to be in the range of 31-34 nm. The sizes of
AuC8NPs were in a range of 5-60 nm (Fig. 2B) with particles
size of most of the NPs in the range of 41-44 nm. AFM results
endorse the findings of UV-visible spectroscopy (Fig. 2A and
B) (see Fig. 3).

The synthesized AuNPs (AuC6NPs and AuC8NPs) were
subjected to FTIR analysis for understanding of the nature
of interactions. The FTIR spectra of ligand C6 and C8 shows
absorption band of medium intensity at 3127 cm™' for OH
functionality (Gutsche, 2008). Absorption band at 2960 cm™!
corresponds to CH asymmetric stretch. Aromatic ring bending
vibration appears at 1700 cm~!, C—O stretching vibration
appears at 1482 cm™! and tertiary alcohol vibration band is
visible at 1205cm™' in calixarene. After the formation of
metallic nanoparticle peak at 3127 cm™' became more intense
and broad that indicates the involvement of alcohol function-
ality in nanoparticles stabilization. On the other hand, shifting
of band from 1700 cm™" to 1798 cm™" and 1482 cm™' t01408
cm ! shows interaction of aromatic ring with nanoparticles.

2.2. Stability of gold nanoparticles

The stability of AuNPs is of prime concern when its different
applications are sought. The stability of NPs is generally
required over a wide pH range, in presence of electrolyte,
and on temperature treatment. In this context, the effect pres-
ence of electrolyte on the stability of AuNPs was studied by
addition of NaCl solution of varying the concentration (0.5
to 1000 mM) and AuNPs were found to be stable over a wide
range of electrolyte concentration. On the same line, the pH
effect on the stability of AuNPs is evaluated. AuC6NPs were
found to be stable over whole pH range while AuC8NPs were
stable in basic condition only (Fig. 4B).

2.3. Biological activities of synthesized AuNPs

The bactericidal effect of AuNPs (AuC8NPs and AuC8N Ps)
was evaluated against E. coli and S. aureus. The MIC value
was calculated by monitoring the growth of S. aurues and
E. coli. It is concluded that AuC6NPs have stronger effect on
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Fig. 2 Atomic force microscopy (AFM) analysis of AuNPs: topographical images and histograms (A) AuC6NPs; and (B) AuC8NP.
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Fig. 3 FT-IR spectrum of gold nanoparticles (AuC6NPs and AuC8NPs) and ligand (C6 and C8).
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Fig. 4 Representing stability of gold nanoparticles (4) Effect of pH and salt on AuC6NP (B) effect of pH and salt on AuC8NP.

the growth of bacteria compared to AuC8NPs. Moreover,
AuC6NPs inhibited the growth of both gram negative and
gram positive bacteria.

The antibacterial effect of the AuNPs on different doses
indicates that antibacterial action of AuNPs and ligands have
dose dependency i.e. high antibacterial activity at high concen-
trations and vice versa. Maximum percent inhibition was
observed at higher doses for both S. aureus and E. coli,
Fig. 5. Having said that, AuC6NPs showed stronger effect
against S. aureus, hence, are more potent compared to
AuC8NPs. Maximum percent inhibition of 4uC6NPs was cal-
culated 90% for S. aureus and 60% for E. coli at 500 ng/mL

Subsequent changes in cell morphology of E. coli and S.
aurues were examined by AFM, Figs. 6 and 7. The untreated
bacterial strains of E. coli and S. aurues are compared with
treated bacterial strains with C6 and AuC6NPs. Untreated
E. coli and S. aureus were investigated and cultures exhibited
cells with regular shapes and smooth membranes (Figs. 6A
and 7A). This serves as a control for monitoring the changes
after treatment. Cell degradation and membrane rupture were
observed upon treatment with AuC6NPs and C6. AuC6NPs
show extensive degradation unlike pure C6 ligand while, com-
plete degradation of S. aureus cells is noticed after 24 h incuba-

tion leading to rough cell surface. Like behavior is observed
for E. coli cells. Extensive membrane damage leads to the leak-
age of interacellular components and ultimately causing cell
lysis. Morphological changes and cell rupture endorsed the
binding and internalization of AuC6NPs. Hence, AFM images
show clear evidence for antibacterial effect on AuC6NPs.

Antifungal activity was monitored by using two antifungal
strains namely, Aspergillus niger and Candida albicans. None
of the synthesized AuNPs showed significant activity against
any strain of fungi. Thirty % inhibition of AuC8NPs against
Aspergillus niger and twenty % against Candida albicans was
observed. In case of AuC6NPs 25% inhibition was noticed
against Aspergillus niger and 30% against Candida albicans.
Comparison of both samples of gold nanoparticles against
Aspergillus niger and against Candida albicans is demonstrated
Fig. 8A. The results of phytotoxic analysis of AuNPs is
depicted in Fig. 8B where AuC8N Ps show 70% growth regula-
tion while 45% growth regulation was observed for AuC6NPs.
AuC8NPs have shown to be the more phytotoxic compared to
AuC6NPs. Paraquat was used as an standard drug.

Brine shrimp viability bioassay was used to examine the
potential toxicity of prepared AulNPs. Results of the toxicity
evaluation against brine shrimp on both samples of gold
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Fig. 5 % inhibition of gold nanoparticles (AuC6NPs and AuC8NPs) and ligand (C6 and C8) against E. coli and S. aureus.

nanoparticles (AuC6NPs and AuC8NPs) showed the mortality
at high concentration as shown in Table 1. Lethality was found
to be directly proportional to the concentration. However,
cytotoxic effects of gold nanoparticles toward shrimp’s larvae
can be linked to anticancer activity and can be used as a poten-
tial source of anticancer drugs.

Various AuNPs-based systems have been employed for
antimicrobial applications. Recently Elisabetta de Alteriis
and co-workers demonstrated in vitro antifungal activity of
indolicidin-capped AuNPs (AuNPs-indolicidin) against Can-
dida albicans. Similarly, Webster and co-workers reported
mono and bimetallic NPs which are active against MDR
E. coli (Webster & 1 cholula-Diaz, 2019). Above therapeutic
agent is only active against gram negative strain whereas,
our fabricated system is equally effective against both gram
negative and positive becteria. Major advantage of this work
is, our synthesized NPs are economical, environmentally
friendly and have shown competent results against both bacte-
rial and fungal strains at the same time. Overall, our research
offers a tremendous platform to design antimicrobial thera-
peutics in future studies. The present work suggests the
nanoparticles may have potent anticancer activity. Further
research is required to investigate the anticancer potential of
the particles

2.4. Conclusion

In this study, we report the successful preparation of gold
nanoparticles by using Calix[6 Jrene and Calix[8 ]rene as a sta-
bilizing agent. Synthesized gold nanoparticles were character-
ized by UV-vis spectroscopy, FT-IR and AFM. It is
believed that hydroxyl group present in the ligand (C6 and
C8) has stabilized the gold ions into metallic nanoparticles.
The synthesized AuC6NPS exhibited strong antibacterial
activity against S. aureus. Furthermore, changes in cell struc-
ture and roughness on surface of the bacteria verify cell lysis.
AuC6NPS killed bacteria with greater efficiency in comparison
to ligand C6. Both samples of gold nanoparticles possess
promising phytotoxicity and moderate cytoxicity. Our synthe-
sized gold nanoparticles may have commercial viability to

develop nanomedicine against different microbes and human
pathogens. Taken together, cytotoxic and phytotoxic effects
of gold nanoparticles can be linked with anticancer activity
and hence, the synthesized nanoparticles could be alternative
source of anticancer drugs.

3. Experimental section

3.1. Materials

Analytical grade reagents such as hydrogen tetrachloroaurate
(ITD) trihydrate (HAuCly-3H,0) 99.995%, sodium borohydride
(NaBH4) 98%, calix[6]arene 97% and calix[8]arene 90%
were purchased from Sigma Aldrich. The solutions were pre-
pared in deionized water. For antibacterial activity E. coli
and S. aureus bacterial strains were used whereas antifungal
activities were carried out by using Aspergillus niger and Can-
dida albicans fungal strains.

3.2. Synthesis of gold nanoparticles

The AuNPs were synthesized by using sodium borohydride as
a reducing agent. Initially the solutions of calix/6 Jarene (C6)
and calix[8 Jarene (C8) were prepared in DMF which were fur-
ther diluted in deionized water to prepare 0.1 mM solution.
Two samples of AuNPs (AuC6NPs and AuC8N Ps) were syn-
thesized by adding 5 mL C6 to sample 1 and 3 mL C8 to sam-
ple 2 in tetrachloroaurate (III) trihydrate solution (0.1 mM,
30 mL). The samples were reduced by drop wise addition of
sodium borohydride (4 mM). Pink color was obtained immedi-
ately after adding NaBH,4, the mixture was stirred till wine red
is obtained.

3.3. Methodology of antifungal activity

The Agar tube dilution Method was used to determine anti-
fungal activity (Atta-ur-Rahman & Abbas, 1991) and
Amphotericin B was used as an standard. All the samples
and standard were dissolved in sterilized distilled water/
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Fig. 6 AFM images of S. aureus. (A) Control (B) C6 treated S. aurues (C) AuC6NPs treated S. aurues.

DMSO (24 mg/mL). Samples with various concentrations slanting position at room temperature for overnight. After
(50400 pg /ml) were placed in test tube containing sterile inoculation fungal cultures the samples were left to incubate
Sabouraud’s Dextrose agar medium and were inoculated in for 7 days at 29 °C. While, Growth inhibition was calculated
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Fig. 7 AFM images of E. coli. (A) Control (B) C6 treated E. coli (C) AuC6NPs treated E. coli.

against reference to the negative control by applying follow- 3.4. Methodology of antibacterial activity
ing formula:
% inhibition of fungal growth = 100 — linear growth and

: ' Bacterial cultures were grown in nutrient agar medium at the
test (mm)/linear growth in control (mm) x 100

concentration of 10° cells/mL. Later, a hole of 60 mm was
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Table 1 Brine shrimp lethality bioassay analysis of AuC6NPs and AuC8NPs gold nanoparticles.

Sample code Dose (pg/ml) No. of shrimps

No. of survivors

LDs, of nanoparticle (ug/ml) LDsq of Std. Drug (ug/ml)

AuC8NPs 0.0129 25
0.129 30 24
1.29 20
AuC6N Ps 0.013 23
0.13 30 22
1.3 18

66.7184 7.2539

21.37 20.5459

Paraquat is used as a standard drug.
Incubation conditions = 28 + 1 °C.

made in each plate by using a borer, Different concentrations
ranging from 10 to 500 pg/ mL of Ceftriaxone, and AuNPs
were inserted in each hole simultaneously to evaluate the effi-
ciency of methodology. However, 500 pg mL ™! stock solutions
of Ceftriaxone, and AuNPs were used to avoid nonspecific
merged zones of inhibition. The plates were incubated at
37°C £ 1 for 24 h. After 24 h incubation, zone of inhibition
was calculated at millimeter scale. Afterwards Minimal Inhibi-
tory Concentration (MIC) of gold nanoparticles was calcu-
lated against each bacterial strain, for E. coli = Ceftriaxone
MIC was calculated 10 pg/mL and for S. aureus was calcu-
lated 20 pg/mL. Two bacterial strains S. aureus ATCC 9144
and E. coli ATCC 10536 were used to evaluate antibacterial
activity of samples.

3.5. Brine shrimp lethality assay

Cytotoxic activity of synthesized AuNPs was determined by
brine shrimp lethality assay. Sample was prepared by taking
2 mL of AuNPs solutions in a vial and 5, 50, 500 pL of prepared
solution of AuNPs was transferred to other three vials. Brine
shrimp (Artemia saline) eggs were hatched in artificial sea water
(prepared by dissolving 38 g/L sea salt in water) and were incu-
bated for 48 h at 37 °C. After 2 days nauplii were transferred
with Pasteur pipette in the vials containing 2 mL of sample. Teen

larvae were transferred to each vials and sea water was added to
make volume up to SmL. A vial containing 50 uL. DMSO
instead of sample was used as control. After 24 h of incubation
the number of survived shrimps were counted and recorded in
each vial. Etoposide was used as a positive control. Final data
was analyzed with Finnery computer program to determine
the LDj5, values with 95% confidence level.

3.6. The Lemna bioassay

Phytotoxic activity of AuNPs was determined by using the
modified protocol of Lemna minor. Different constituents
were mixed in 1000 mL distilled water to prepare medium
and the pH (6.0 to 7.0) of the medium was adjusted by
KOH solution. The E-medium was prepared by adding
100 mL of stock solution into 900 mL of distilled water. Three
flasks were inoculated with 10, 100, and 1000 pL from the
stock solution of AuNPs for 10, 100, and 1000 pg/mL respec-
tively. The solution was left to evaporate under sterile condi-
tions for overnight. 20 mL of E-medium was added to each
flask containing a rosette of three fronds of Lumna minor
was added. All flasks were plugged with cotton and placed in
the growth cabinet for 7 days. The number of fronds per flask
was counted and their growth regulation was calculated with
the reference to the negative control.
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3.7. Characterization technique

UV-visible spectroscopy (Thermo Scientific Evolution 300
spectrophotometer) and FT-IR (Bruker Victor 22 spectropho-
tometer) were employed for analysis.

3.8. Analysis of cellular morphology

Change in morphology on bacterial surface was monitored by
Agilent 5500 Atomic Force Microscopy (AFM), (Arizona
USA). Initially mica slides were prepared by adding 10 mL
polylysine. Treated and untreated S. aureus, Ecoli cultures were
placed on already prepared mica slides and air-dried. These air-
dried slides were then subjected for AFM analysis. The varia-
tions in the morphology of treated and untreated samples were
evaluated. The images were acquired in tapping mode.

3.9. Abbreviations

NP: nanoparticles AuNP: gold nanoparticles AFM: atomic
force microscopy SPB: surface Plasmon band C6: calix/6]
arene C8: calix[8]arene
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