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ABSTRACT: Disposal of agricultural waste has a negative impact on the environment

and human health and may contribute to the greenhouse effect. The field of — *
nanotechnology could provide alternative solutions to upcycle agricultural wastes in a [
safer manner into high-end value products. Organic waste from plants contain Tt
biomaterials that could serve as reducing and capping agents in the synthesis of b
nanomaterials with enhanced activities for use in biomedical and environmental |

applications. Persea americana (avocado) is a fruit with a high nutritional value;
however, despite its rich phytochemical profile, its seed is often discarded as waste.
Therefore, this study aimed to upcycle avocado seeds through the synthesis of gold o
nanoparticles (AuNPs) and evaluate their anticancer, antioxidant, and catalytic

activities. The biosynthesis of avocado seed extract (AvoSE)-mediated AuNPs
(AvoSE—AuNPs) was achieved following the optimization of various reaction o
parameters, including pH, temperature, extract, and gold salt concentrations. The e
AvoSE—AuNPs were poly-dispersed and anisotropic, with average core and hydrodynamic sizes of 14 + 3.7 and 101.39 + 1.4 nm,
respectively. The AvoSE—AuNPs showed excellent antioxidant potential in terms of ferric reducing antioxidant power (343.88 +
0.001 umolAAE/L), 2,2-diphenyl-1-picrylhydrazyl (128.80 + 0.0159 ymolTE/L), and oxygen radical absorbance capacity (1822.02
+ 12.6338 umolTE/L); significantly reduced the viability of Caco-2 and PC-3 cells in a dose-dependent manner; and efficiently
reduced 4-nitrophenol (4-NP) to 4-aminophenol. This study demonstrated how avocado seeds, an agricultural waste, can be used as
sources of new bioactive materials for the synthesis of AuNPs, which have excellent antioxidant, anticancer, and catalytic activities,
showing AvoSE—AuNPs’ versatility in various applications. In addition, the AvoSE—AuNPs exhibited good stability and recyclability
during the catalytic activity, which is significant because some of the primary issues with the use of metallic NPs as catalysts are
around the cost-effectiveness, recovery, and reusability of the catalyst.
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1. INTRODUCTION

Gold nanoparticles (AuNPs) are one of the most widely
studied nanoparticles (NPs) due to their unique physiochem-
ical properties and good chemical stability, which can be
leveraged in a broad range of applications including catalysis,
bio-labeling, diagnostics, and drug delivery.'~* Chemical and
physical reduction methods are no doubt the most common
and widely used methods for AuNP preparation. However,
these methods utilize toxic chemicals and physical processes
which are expensive, require high-energy consumption, and
subsequently produce nanoproducts that can be harmful.’~*
Consequently, their use in clinical and biomedical applications
is constrained despite the considerable potential of NPs.”*
Therefore, there is a need for the development of green
synthesis methods which are more environmentally friendly
and can produce NPs that are more reliable and biologically
compatible.

Green nanotechnology is a maturing field of nanotechnology
that serves as an alternative to chemical and physical methods
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for the synthesis of NPs.” The green synthesis approach uses
natural products from bacteria, fungi, enzymes, plants, and
biopolymers for the production of NPs.'"’""* Green synthesis
of NPs using plants or plant products is an approach that
interconnects nanotechnology and plant biotechnology.'®
Using plants for the synthesis NPs provides a reliable and
simple approach that eliminate employing various production
steps. Plants contain metabolites like terpenoids, polyphenols,
alkaloids, and phenolic acids which play important roles in the
bio-reduction and stability of metal ions to produce NPs.'®"”
However, finding effective ways to purify and concentrate NPs
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synthesized from whole plants remain a costly challenge.'”
Hence, the utilization of plants extracts from various parts of
the plant, such as leaves, stems, roots, etc., has gained great
significance because plants provide renewable and cost-
effective resources for the synthesis of NPs. Moreover, plant-
extract mediated synthesis produce higher NP yields, are easy
to purify, synthesis parameters are controllable, and easy to up-
scale.'¥"”

Persea americana (avocado) is one of the largest fruit crops
in the world with an estimated global production of over 50.4
million tonnes.”® Majority of avocado produced either as fresh
fruit or avocado processed products such as guacamole,
avocado oil, and flavoring agents are for human consump-
tion.” These products are derived from the mesocarp, while
the geels and seeds are regarded as waste with no commercial
use.”” The avocado seed is a well-known repertoire of interest
with highly valuable phytochemicals and have been proven to
have antimicrobial, antioxidant, anti-inflammatory, and anti-
cancer activities.”> > Despite these therapeutic potential uses,
avocado seed still remains an under-utilized resource and a
waste problem for the avocado industry.”” Moreover, due to
the large amounts of avocado seeds produced annually, there is
a need to find alternative uses for this agro-waste product and
reduce its associated environmental burden. Therefore, the aim
of this study was to synthesize AuNPs using an aqueous
avocado seed extract (AvoSE) and to evaluate their anticancer,
antioxidant, and catalytic activities.

2. MATERIALS AND METHODS

2.1. Preparation of AvOSE. Fresh avocados were
purchased from a local fruit market (Bellville Market, Cape
Town, South Africa), and their seeds were isolated. The seeds
were left to dry at room temperature for 3 months. Thereafter,
the dried seeds were ground into fine powder using a blender.
A 10% AvoSE was prepared by mixing 10 g of powder with 100
mL of distilled deionized water (ddH,0). The mixture was
heated in a microwave until boiling and then left stirring at
1000 rpm overnight at 25 °C. Afterward, the mixture was
centrifuged at 9000 rpm at 4 °C for 10 min and the
supernatant was vacuum filtered through Whatman no. 1 filter
paper. The filtrate was frozen at —80 °C and freeze-dried using
a FreeZone 25 L freeze dryer (Labconco, Kansas City, MO,
USA). The dried extracts were wrapped in aluminum foil and
stored at room temperature in a desiccator until needed.

2.2. Optimization of Reaction Conditions for the
Synthesis of AuNPs Using AvoSE. Optimization of AuNP
synthesis using aqueous AvoSE was done to obtain NPs
(AvoSE—AuNPs) with tunable size and morphology. AvoSE—
AuNPs were synthesized by mixing AvoSE and HAuCl,-3H,0
at a volume ratio of 1:9 in 2 mL Eppendorf tubes. AvoSE—
AuNPs’ formation was indicated a by color change from light
yellow to wine red/purple. Various parameters, such as
temperature (25, 37, SO, 80, and 100 °C), pH (4, S, 5.74, 6,
7,8, 9, and 10), concentration of AvoSE (0.5, 1, 2, 4, 8, 16, 32,
and 64 mg/mL), concentration of gold salt (0.25, 0.5, 0.75, 1,
2, 3, 4, and 5 mM), and reaction time (0—60 min) were
optimized for the synthesis of AvoSE—AuNPs. All reactions
were shaken on an orbital shaker (Eppendorf Thermomixer
Comfort, Hamburg, Germany) at 1000 rpm. The AvoSE—
AuNPs were centrifuged at 14,000 rpm for 15 min. The pellets
were re-suspended in a volume of ddH,O that is equal to the
volume of the synthesis reaction. The washing was repeated
two more times as above.

2.3. AvoSE—AuNP Characterization. The spectra of
AvoSE—AuNPs were determined using a POLARstar Omega
microplate reader (BMG Labtech, Offenburg, Germany) at a
wavelength range of 400—800 nm. The hydrodynamic
diameter, poly-dispersity index (PDI), and zeta potential ({-
potential) of AuNPs were determined using a Nano-ZS90
Zetasizer instrument (Malvern Instruments Ltd., Malvern, UK)
at a scattering angle of 90° at 25 °C. The morphology and size
of the AvoSE—AuNPs were determined using a FEI Tecnai G*
20 field-emission gun HRTEM (Hillsboro, OR, USA) operated
in bright field mode at an accelerating voltage of 200 kV.
Fourier transform infrared (FTIR) analysis was performed to
determine the functional groups in AvoSE and AvoSE—AuNDPs
using the PerkinElmer Spectrum One FTIR spectrophotom-
eter (Waltham, MA, USA). The AvoSE and AvoSE—AuNP
dried samples were mixed with KBR and scanned on FTIR
over the range of 4000—400 cm™' at 2 cm™' resolution.

2.4. Phytochemical and Antioxidant Activities of
AvoSE and AvoSE—AuNPs. AvoSE (1 mg/mL) and
AvoSE—AuNPs (0.017 mg/mL) were investigated for the
presence of flavanols, flavonols, and polyphenols; as well as
their antioxidant capacity, namely, ferric reducing antioxidant
power (FRAP), oxygen radical absorbance capacity (ORAC),
and 2,2-diphenyl-1-picrylhydrazyl (DPPH), using previously
reported standard biochemical methods.*®

2.4.1. Flavonol Content. The flavonol content in AvoSE
and AvoSE—AuNPs were determined according to Mazza et
al? using quercetin (0, 5, 10, 20, 40, and 80 mg/L) as a
reference standard. Briefly, 12.5 yL of samples were added in a
96-well plate and this was followed by the addition of 12.5 uL
0.1% HCI prepared in 95% ethanol and 225 uL of 2% HCL
The mixture was incubated for 30 min at room temperature
and the absorbance was measured at 360 nm on a Multiskan
SkyHigh microplate spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). The flavonol content in the
samples were expressed as milligram quercetin equivalent per
gram of the sample (mgQE/g).

2.4.2. Flavanol Content. The flavanol content in AvoSE and
AvoSE—AuNPs were determined according to Alabi et al,*®
using catechin (0, S, 10, 25, 50, and 100 M) as a reference
standard. Briefly, 25 uL of samples and 275 uL of 4-
(dimethyamino)-cinnamaldehyde were dispensed into a 96-
well plate and incubated for 30 min at room temperature. The
absorbance of the mixture was read at 640 nm using a
Multiskan SkyHigh microplate spectrophotometer. The
flavanol contents in the AvoSE and AvoSE—AuNPs were
expressed as mg catechin equivalent per gram (mgCatechin/g).

2.4.3. Total Phenolic Contents. The total phenolic contents
of AvoSE and AvoSE—AuNPs were determined according to
Waterhouse>’ using gallic acid (0, 20, 50, 100, 250, and 500
mg/ L) as a reference standard. Briefly, 25 pg/mL samples were
added into a 96-well plate followed by the addition of 125 uL
Folin reagent and incubated for S min. Thereafter, 100 yL of
7.5% aqueous sodium carbonate was added to the mixture.
The plate was incubated at room temperature for 2 h and the
absorbance was measured at 765 nm using a Multiskan
SkyHigh microplate spectrophotometer. The polyphenol
content in the AvoSE and AvoSE—AuNPs were expressed as
mg gallic acid equivalents (GAE) per dry mass of the sample
(mgGAE/g).

2.4.4. ORAC Assay. The peroxyl-radical absorbing potential
of antioxidants present in Avo-SE and AvoSE—AuNPs were
measured according to Ou et al.>* using Trolox (a water-

https://doi.org/10.1021/acsomega.3c02260
ACS Omega 2023, 8, 26088—26101


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Scheme 1. AvoSE-Mediated Synthesis of AuNPs
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Figure 1. UV—vis spectra of AvoSE—AuNPs showing the effect of extract concentration and temperature on the synthesis.

soluble analogue of vitamin E) as a standard reference. Briefly,
12 pL of samples were dispensed in a 96-well plate, followed
by 138 uL of 1.2 mM ORAC fluorescein solution and 50 uL of
2,2'-azobis (2-methylpropionamidine). The fluorescence in-
tensity (485 ex/525 em) was monitored by a Fluoroskan
Ascent microplate fluorometer (Thermo Fisher Scientific,
Waltham, MA, USA) for 2 h at 1 min intervals. The results
were expressed in micromoles of Trolox equivalents (TE) per
liter of sample (umolTE/L).

2.4.5. DPPH Assay. The DPPH radical scavenging ability of
AvoSE and AvoSE—AuNPs was determined according to Lim
and Lim,” using Trolox as the reference standard. Briefly, 10
uL of samples and 300 uL of DPPH reagent were added into a
96-well plate. The mixture was incubated for 30 min at room
temperature and the absorbance was measured at 734 nm
using a Fluoroskan Ascent microplate fluorometer. The results
were expressed as ymolTE/L.

2.4.6. FRAP Assay. The ferric reducing power of AvoSE and
AvoSE—AuNPs was determined according to the method of
Benzie and Strain’* using ascorbic acid as a reference standard.
Briefly, 10 puL of samples were mixed with 300 yL of FRAP
reagent into a 96-well plate and incubated for 30 min at room
temperature. The absorbance was taken measured at 593 nm
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using a Fluoroskan Ascent microplate fluorometer, and the
results were expressed as micromoles of ascorbic acid
equivalents (AAE) per liter of sample (umolAAE/L).

2.5. In Vitro Cytotoxic Effect of AvoSE—AuNPs.
2.5.1. Cell Culture. Human colon (Caco-2) and prostate
(PC-3) cancer cell lines were purchased from the American
Type Culture Collection (Manassas, VA, USA). Caco-2 and
PC-3 cells were cultured in Dulbecco’s modified Eagle’s
medium and RPMI-1640 (Gibco, Roche, Germany), respec-
tively, supplemented with 10% FBS (Gibco, Roche, Germany)
and 1% pen—strep (Gibco, Roche, Germany). The cells were
cultured at 37 °C in a humidified 5% CO, incubator.

2.5.2. Cytotoxic Effects of AvoSE—AuNPs Using the MTT
Assay. Effects of the AvoSE—AuNPs on Caco-2 and PC-3 cells
were determined using the MTT reagent following a previous
protocol with slight modifications.”> Caco-2 and PC-3 cells
were individually seeded into sterile 96-well microplates at a
density of 1 X 10° cells/mL, and incubated at 37 °C for 24 h.
Afterward, the growth medium was replaced with 100 uL of
either AvoSE—AuNPs or 5% dimethyl sulfoxide (Kimix, Cape
Town, South Africa) as a positive control or growth medium as
negative control and further incubated for 24 h. Then, 10 uL of
MTT reagent (5 mg/mL MTT) was added in each well and
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Figure 2. UV—vis spectra of AvoSE—AuNPs showing the effect of pH on AvoSE—AuNPs’ synthesis.
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Figure 3. UV—vis spectra of AvoSE—AuNPs showing the effect of gold salt concentration on AvoSE—AuNPs’ synthesis.

the plates were incubated for a further 3 h at 37 °C. The
MTT—medium mixture was aspirated, replaced with 100 yL of
dimethyl sulfoxide, and incubated for 30 min. The absorbance
was measured on a POLARstar Omega microplate reader at
570 nm and a reference wavelength of 700 nm. Percentage cell
viability was calculated in reference to the negative control.

2.6. Catalysis. 2.6.1. Catalytic Activity of AvoSE—AuNPs.
To investigate whether AvoSE—AuNPs have catalytic activity,
the reduction of 4-nitrophenol (4-NP) in the presence of the
biogenic AuNPs and NaBH, was performed following previous
methods.**™*® The absorption spectra of the reactions were
read at a range of 270—700 nm using a POLARstar Omega
microplate reader.

2.6.2. Reuse of AvoSE—AuNPs for 4-NP Reduction. To
monitor the effects of the reusability of AvoSE—AuNPs on the
reduction reaction, a similar method was used as above. After
each 1 h cycle, the reaction solution was centrifuged at 14,000
rpm for 10 min at 25 °C. The supernatant was discarded and
the pellet was re-suspended in 30 yL of ddH,O. The reduction
reaction was conducted as described above using the same
AvoSE—AuNPs. This was repeated four more times.

2.6.3. Hydroxyl Radical Confirmation as Active Species
Generated during Catalytic Reduction by AvoSE—AuNPs.
The hydroxyl radical (*OH) species generated during the
catalytic reduction of 4-NP were analyzed using isopropyl
alcohol (IPA). The procedure was similar to the catalytic
activity (Section 2.6.1), except that 10 or 25% IPA (30 or 75
uL) was added to the reaction prior to addition of NaBH,.

3. RESULTS AND DISCUSSION

3.1. Synthesis of AvOSE—AUNPs. AuNPs were prepared
by a plant extract-mediated method using AvoSE. Aqueous
AvoSE was added to HAuCl, and the bio-reduction reaction
was indicated by a visible color change (Scheme 1). The
AvoSE, which exhibited an orange color, was mixed with the
pale yellow HAuCl, aqueous solution (1 mM) and a rapid
color change from pale yellow to purple occurred, indicating
the formation of AuNPs from the Au* precursor.””*’ The
color change is attributed to the SPR which is due to the
collective oscillation of electrons of AuNPs in resonance with
light.*!
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Figure 4. UV—vis spectra of AvoSE—AuNPs showing the effect of synthesis time on AvoSE—AuNDPs’ synthesis. Inset: absorbance of AvoSE—

AuNPs at 530 nm over time.

3.2. Characterization of the Biogenic AvoSE—AuNPs.
3.2.1. UV-Vis Analysis. The formation of AvoSE—AuNPs was
monitored by both changes in color and the appearance of the
SPR peak on the UV—vis spectrum. Typically, the SPR peak
for AuNPs occurs in the 500—580 nm range30 and its width
and position are strongly determined by several factors such as
size, morphology, and surface features. These properties can be
fine-tuned and improved by altering reaction parameters
including temperature, pH, extract, and gold salt concen-
trations during synthesis.”> Therefore, detailed investigation of
the effects of various reaction conditions such as extract
concentration, temperature, pH, gold salt concentration, and
reaction time were conducted to investigate their effects on the
AvoSE—AuNP synthesis.

(a) Effect of plant extract concentration and temperature on
AvoSE—AuNP synthesis

As shown in Figure 1, the reduction of Au®* into Au’ by
AvoSE and the formation of AvoSE—AuNPs was evidenced by
the UV—vis spectra for all AvoSE concentrations and
temperatures. AuNPs synthesized with 1.56 mg/mL AvoSE
had a low absorbance which could be attributed to insufficient
amount of reducing agents available to react with Au®* present
in solution, resulting in a low synthesis yield. The reaction
containing 3.125 and 6.25 mg/mL AvoSE displayed broad SPR
wavelength ranging between 554 and 568 nm, which indicated
the formation of larger and anisotropic AuNPs.**~*
Interestingly, 12.5 mg/mL AvoSE produced SPR peaks that
are narrow, sharp, and symmetrical, indicating the formation of
smaller AuNPs. Although reactions containing 25 mg/mL
AvoSE exhibited similar results to the synthesis at 12.5 mg/
mL, the SPR peaks were slightly broader compared to 12.5
mg/mL AvoSE. A rapid color change was observed for
mixtures containing 50 and 100 mg/mL AvoSE; however, the
SPR peaks were broad, indicating that the NPs may be
polydisperse, anisotropic, and large in size.” This may be due
to the presence of much higher amount of reducing agents as
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compared to the amount of Au’* present in solution. Hence,
12.5 mg/mL of AvoSE was selected as the optimum AvoSE
concentration for the synthesis of AvoSE—AuNPs.

The effect of temperature on the synthesis of AvoSE—
AuNPs was also investigated. The results indicated that the
absorbance maximum obtained for AvoSE—AuNPs synthesized
at AvoSE concentrations between 1.56 and 12.5 mg/mL
increased with an increase in temperature, indicating a higher
synthesis yield. Interestingly, the AuNP synthesized using 12.5
mg/mL AvoSE at 80 °C had distinct and narrow SPR peaks;
thus, indicating the synthesis of smaller NPs, which may be
attributed to the faster reaction rate at higher temperatures.*’
High temperatures increase the kinetic energy of molecules,
and this promotes the fast reduction of Au®*, hence reducing
the probability for large particle size growth. A slight reduction
in the absorbance was observed at 100 °C and this may be an
indication that AuNPs synthesized using AvoSE require heat
activation, but up to a certain point. Additionally, when the
temperature is raised to a particular level and the number of
NPs increases, the likelihood of NPs adhering to one another
will also increase, resulting in larger AuNPs. This will result in
a decrease in the adsorption of AuNPs on the SPR.***
Therefore, 80 °C was chosen as the optimum temperature.

(b) Effect of pH on AvoSE—AuNP synthesis

The pH of the solution is another crucial factor that has an
effect on the formation of AuNPs. It is well known that pH has
the ability to change the charge of biomolecules, thus impact
both their capping/stabilizing properties, and subsequently
affect the shape and size of the particles.*”*® As shown in
Figure 2, AuNPs synthesized at pH range of 4—6 and at pH 8
and 9 had broad SPR peaks at a wavelength ranging between
538 and 546 nm, indicating that the synthesized AvoSE—
AuNPs were polydispersed. AuNPs produced at pH 7 and 10
exhibited SPR peaks at 534 nm. However, AuNPs at pH 7
exhibited a sharp and narrow SPR peak which indicated the
formation of smaller AvoSE—AuNPs. At higher pH values, the
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Figure 6. Representative FTIR spectra of AvoSE and AvoSE—AuNPs.

large number of phenolic functional groups available for gold

binding facilitated a higher number of Au®** to bind and

subsequently form a large number of NPs with smaller
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diameters.*® Therefore, in this study, the optimum pH chosen

for the synthesis was pH 7. These results are in agreement with
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Table 1. Characterized IR Absorptions from the FTIR
Spectrum of AvoSE and AvoSE—AuNPs

peak position in peak position in shift in type of
extract (cm™) AuNPs (cm™) position  chemical bond
3352.36 3306.09 +46.27 —OH, —NH
2114.65 2108.8 +5.85 C=C
1646.91 1637.64 +9.27 —NH
1044.31 1060.36 —16.05 C-N
646.18 613.44 +32.74 C—Br

Table 2. Phytochemical Analysis and Antioxidant Capacity
of AvoSE and AvoSE—AuNPs

phytochemical/antioxidant
activity AvoSE AvoSE—AuNPs

flavonols (mgQE/g) 0.0189 + 0.0013 0.2147 + 0.0008
flavanols (mgCatechin/g) 0.0595 + 0.0012 0

92.2178 + 0.0147 0

65.9252 + 4.2423 1822.015 + 12.6338

7.4927 + 0.0244 128.7942 + 0.0159

533.8856 + 0.0191 343.870S + 0.0010

polyphenols (mgGAE/g)
ORAC (umolTE/L)
DPPH (umolTE/L)
FRAP (umolAAE/L)

reported studies that the addition of hydroxide ions assists in
the reduction reaction of metal ions.*””°

(c) Effect of HAuCl, on AvoSE—AuNP synthesis

The possibility of controlling the particle size and formation
of NPs were further investigated by changing the concentration
of HAuCl, (Figure 3). AvoSE—AuNPs produced using 0.25
and 0.5 mM HAuCI, exhibited broad SPR peaks with low

absorbances, which indicated that AvoSE—AuNPs’ formation
was not favorable at these concentrations. Narrow, sharp, and
symmetrical spectra (at 536 nm) were formed at 0.75 and 1
mM HAuCl,. At higher HAuCl, concentrations (2 and 3 mM),
the spectra showed NP formation; however, the wavelengths
were at 548 and 562 nm, respectively. The redshift suggested
that these AvoSE—AuNPs could be anisotropic and large. The
spectra for AuNPs produced with 4 and 5 mM HAuCl, were
broad, with lower absorbances. This was likely due to excess
gold ions present in proportion to reducing agents, which
resulted in competition for reducing agents and hindered
AuNPs nucleation. The results are in accordance with other
studies, where biosynthesis of NPs increased with the increase
in ion salt concentration.*”>" Therefore, 1 mM HAuCl, was
chosen as the optimum salt concentration for the synthesis of
AvoSE—AuNPs.

(d) Kinetics of AvoSE—AuNP synthesis

The kinetics of the AvoSE—AuNPs formation using the
optimized conditions (12.5 mg/mL AvoSE, pH 7, 80 °C and 1
mM HAuCl,) was studied in order to determine the rate of
reaction and the optimum duration needed for the reduction
to reach completion. As shown in Figure 4, the AvoSE—AuNP
formation followed a rapid increase in the intensity of the
spectra in the first 8 min and slowed down after 10 min. There
was no significant change in absorbance after 30 min. This
suggested that AvoSE—AuNP synthesis under optimum
conditions is rapid and was completed within 30 min. The
increase in absorbance at 530 nm over time (inset) indicated
an increase in the synthesis yield. This is in accordance with

OH OH
X i X
HO. O HO O
OH HOW OH OH
HO “OH

OH

H
Catechin

Caffeic acid

l

HAuCl,3H,0

o ® * .
AvoSE-AuNPs

Figure 7. Possible mechanism of AvoSE—AuNPs’ synthesis.
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previous studies which have demonstrated that the absorbance
is directly proportional to the AuNP concentration or synthesis
yield.”>* The rate of synthesis was found to be 0.3608 min~’;
further giving credence to the optimization done before the
determination of the rate of synthesis and confirmed that
nucleation was completed at 30 min. The reaction time in this
study was found to be lower than several reported studies.”*™>°
AvoSE—AuNPs were synthesized using the following optimal
parameters: 12.5 mg/mL AvoSE, pH 7, 80 °C and 1 mM
HAuCl, for 30 min.

3.2.2. DLS and TEM Analysis. Figure Sa,b shows the average
hydrodynamic size (101.39 + 1.4 nm), PDI (0.295 + 0.02),
and {-potential (—24.26 + 0.99 mV) of the optimized AvoSE—
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AuNPs. Thus, indicating that the NPs were mostly
monodispersed and highly stable.””*® Transmission electron
microscopy (TEM) images revealed that the AvoSE—AuNPs
were anisotropic and predominantly spherical in shape (Figure
Sc). The other shapes observed were hexagonal, triangular, and
rod-shaped NPs.* In plant extract-mediated synthesis, differ-
ent phytochemicals in the extracts are capable of reducing the
Au*" and give rise to anisotropic AuNPs.*” " No signs of
aggregation was observed in this study, and this could be
attributed to the presence of phytochemicals in the extract,
which also acted as stabilizing agents during the biosynthesis.”*
This is further supported by the presence of a “halo” around
the NPs. The AvoSE—AuNPs had an average core size of 14 +
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Figure 10. Possible mechanism of catalytic reduction of 4-NP.

3.7 nm (Figure Sd), which is significantly smaller than that
measured by DLS (101.39 + 1.4 nm). This variation may be
attributed to the adsorption of organic stabilizers from the
extract on the surface of AuNPs, and the hydrodynamic
capacity of water on the stabilized AuNPs could have had an
effect on the average particle hydrodynamic size obtained by
the DLS.” Figure Se shows the selected area electron
diffraction (SAED) pattern, which confirms the crystalline
nature of the AvoSE—AuNPs. The observed rings were found
to correspond to the (111), (200), (220), (311), and (222)
reflections of face centered cubic gold. The bright observed
rings were indexed according to studies which reported similar
results to that of biosynthesized AvoSE—AuNPs.*%°

3.2.3. FTIR Analysis. FTIR analyses of both the AvoSE—
AuNPs and AvoSE were performed to identify the functional
groups which are involved in the biosynthesis of the AvoSE—
AuNPs. The results for FTIR analysis are shown in Figure 6,
and the bonds that are involved in the formation of AvoSE—
AuNPs are shown in Table 1. The FTIR spectra of AvoSE—
AuNPs has broad absorption peak at 3305.09 cm™'
corresponding to the vibration of —OH and —NH stretching
bonds which are due to the presence of alcohols, phenols,
carboxylic acids, and primary/secondary amines.”” The
presence of a weak peak at 2108.8 cm™ corresponds to the
existing vibration of C=C which is attributed to the presence
of alkynes.”®®” The absorption peaks at 1637.64 and 1060.36

cm™! are attributed to the —NH bending and C—N stretchin%
vibrations representing primary and aromatic amines,”
respectively. Apart from the listed peaks, AvoSE—AuNPs also
showed an absorption peak at 613.44 cm™ which is primarily
due to a C—Br stretch. These results are in accordance with
several studies which have identified peaks at 3330, 3000—
2840, 2920, 1730, 1580, and 1150—1000 cm™ from raw
avocado seeds.”" The spectra indicated the presence of
hydroxyl and carboxylic groups on the AvoSE—AuNPs, and
this may possibly be a result of the involvement of flavonoids,
terpenoids, phenolic compounds, and/or carbohydrates in the
synthesis process. Several studies have reported the role of
hydroxyl and carboxylic acids-containing compounds in the
bio-reduction, capping, and stabilization of AuNPs.”>”® Amino
acids and proteins are also suggested to act as stabilizers of
AuNPs after the reduction process.”* The functional groups
listed were identified on the AvoSE—AuNPs, and thus, we
speculate their involvement in the synthesis of AvoSE—AuNPs.
These data are corroborated by Bogireddy and Agarwal.”®
3.3. Phytochemical and Antioxidant Analysis of
AvoSE—AUNPs. The quantitative phytochemical content
and antioxidant activity of aqueous AvoSE and AvoSE—
AuNPs were investigated. As shown in Table 2, the
comparative analysis showed that AvoSE revealed the presence
of flavonols (0.0189 + 0.0013 mgQE/g); flavanols (0.0595 +
0.0012 mgCatechin/g); and polyphenols (92.2178 + 0.0147
mgCatechin/g), while AvoSE—AuNPs showed higher flavonol
contents (0.2147 + 0.0008 mgQE/g) compared to AvoSE. No
flavanol and polyphenol contents were detected. This suggests
that the flavanols and polyphenols present in AvoSE may have
been consumed during the reduction process leading to the
synthesis of AvoSE—AuNPs. Avocado is a nutritious food that
is rich in phytochemicals and the polyphenols are the most
abundant. Major polyphenols that have been identified in
AvoSE include catechin, caffeic acid, kaempferol, chlorogenic
acid, and procyanidins.”® These compounds are the major
constituents of antioxidants and possess reducing properties
necessary for the synthesis of NPs. Moreover, DPPH, ORAC,
and FRAP anti-oxidant assays showed that both AvoSE and
AvoSE—AuNPs have excellent antioxidant activity (Table 2).
In comparison, AvoSE and AvoSE—AuNPs showed DPPH
radical scavenging power of approximately 7.50 + 0.0244 and
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Figure 11. Reusability of 10 yg/mL AvoSE—AuNPs for the reduction of 4-NP with NaBH,. The percentage catalytic activities of 4-NP in each
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Figure 12. Effect of IPA concentration on the reduction kinetics of 4-NP in the presence of AvoSE—AuNPs. (a) No IPA and (b) 10% IPA.

128.80 + 0.0159 pumolTE/L, ORAC antioxidant capacity of
65.93 + 4.2423 and 1822.02 + 12.6228 umolTE/L, and FRAP
of 533.89 + 0.0191 and 343.88 + 0.0010 umolAAE/L,
respectively. As expected, AvoSE—AuNDPs exhibited higher
antioxidant activity compared to AvoSE, and this could be due
to the inclusion of antioxidants such as polyphenols and
flavonoids as reductants of Au* for the formation of AuNPs.””
The possible mechanism of the formation of AvoSE—AuNPs is
shown in Figure 7.

3.4. In Vitro Cytotoxic Effects of AvoSE—AuNPs. Cell
viability using the MTT assay was performed on Caco-2 and
PC-3 cells following a 24 h exposure to increasing
concentrations of AvoSE—AuNPs (0.78—S0 ug/mL). Treat-
ment with 5% DMSO served as a positive control. The results
depicted in Figure 8 revealed that AvoSE—AuNPs and DMSO
treatments caused a decrease in the viability of cells in
comparison to untreated control. Figure 8a showed that lower
concentrations (0.7813—3.125 ug/mL) of AvoSE—AuNPs had
no effect on the viability of Caco-2 cells; however, significant
reduction in cell viability was noted for concentrations ranging
from 6.25 to 50 pg/mL. Interestingly, Caco-2 cells exposed to
50 pug/mL of AvoSE—AuNPs had a 58% cell viability rate,
indicating that the AvoSE—AuNPs were toxic to Caco-2 cells
only at higher concentrations. In contrast, the AvoSE—AuNPs
showed a dose-dependent decrease in % viability of PC-3 cells
(Figure 8b), with 0.7813 and 50 pg/mL showing 86 and 50%
viability, respectively, indicating their higher sensitivity effect
on PC-3 cells as compared to Caco-2 cells. Although this study
suggests that AvoSE—AuNPs exhibited anticancer effects on
both Caco-2 and PC-3, this effect was more pronounced in
PC-3 cells. The inhibition of cell proliferation and reduction in
cell viability of avocado seed has been well documented.”>*®”*
A study by Alkhalaf et al. revealed % decrease in cell
proliferation of human liver (HepG2) and colon (HCT-116)
cancer cells after treatment with lipid extract of avocado
seeds.”””” Similarly, Dabas et al. demonstrated the cytotoxic
effect of AvoSE on prostate (LNCaP), breast (MCF-7), lung
(H1299), and colon (HT-29) cells with half maximal
inhibitory concentrations rangging from 19 to 132 ug/mL
following a 48 h treatment.”” The anticancer properties of
AvoSE are often credited to its constituent bioactive
compounds, namely, tannins, phenolics, and flavonoids.®
Therefore, the anticancer activity of AvoSE—AuNPs presented
in this study could also be attributed to the bioactive
compounds present in AvoSE, which were responsible for
the formation of AvoSE—AuNPs.

3.5. Catalysis. 3.5.1. Catalytic Activity of AvoSE—AuNPs.
The catalytic reduction of 4-NP by AvoSE—AuNPs in the
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presence of NaBH, was also investigated in this study. The
catalytic reduction reaction was initiated by the addition of
NaBH, to 4-NP, which resulted in a color change from light-
yellow to a bright yellowish-green color.”> This color change
showed the formation of 4-nitrophenolate ions, which is
characterized by a shift in absorption peak from 321 to 400 nm
(Figure Slab). The AvoSE did not show any catalytic activity
when added to the 4-NP and NaBH, solution, and as a result,
the 4-nitrophenolate peak remained unchanged up to 60 min,
with no formation of 4-AP (Figure Slc). In contrast, the
addition of AvoSE—AuNPs to the reaction resulted in the
decrease of the 4-nitrophenolate peak over time; this was
followed by the appearance and gradual increase of the peak at
300 nm (Figure 9a), indicating the formation of 4-AP.***' =%
This suggested that the catalytic reduction occurs rapidly and
was completed within 45 min when using AvoSE—AuNDPs.

Several studies have reported that the amount of nano-
catalyst, the initial concentration of 4-NP, and NaBH, are
important factors that influence the catalytic reduction of 4-NP
to 4-AP by metal NPs.**"®® Moreover, since the reaction
kinetics is a pseudo-first order with respect to 4-NP
concentration, an apparent reaction rate constant, kapp, was
calculated from the linear slope of the In(A,/A,) versus time
plot, where A,/A, is the nitrophenolate absorbance normalized
to the absorbance at the start of the reaction. Therefore, to
study the effect on k,,, experiments were carried out by
varying the AvoSE—AuNPs and 4-NP concentration, with a
constant NaBH, concentration. Figure 9b shows the plots of
pseudo-first-order kinetics for the catalytic reduction of 4-NP
using varying concentrations of AvoSE—AuNPs (S, 10 and 20
pug/mL). The rate constant for pseudo-first-order kinetics were
found to be 3.9 X 1073, 3.3 X 1073, and 2 X 1073 57! for §, 10,
and 20 ug/mL AvoSE—AuNPs, respectively. The results
indicated that the rate of 4-NP reduction was correspondingly
increased with the increase in the concentration of the
AvoSE—AuNPs. A study by Bogireddy and Agarwal revealed a
kypp of 1.55 X 107° s~" when using 30 yg/mL AvoSE—AuNPs
at 10 mM NaBH,, > further corroborating the ability of
AvoSE—AuNPs in reducing 4-NP.

Figure 9¢,d shows the spectra for the catalytic reduction of
4-NP using 2 and 10 mM 4-NP, respectively. The k,p,, for 2
mM 4-NP was found to be 5.5 X 107 s/, indicating a high 4-
NP reduction rate at this concentration. The results indicated
that the reduction of 4-NP was slow at increased
concentration, which is attributable to a high kinetic barrier.
It has always been assumed that the adsorption of molecules
onto the NPs surface is fast and reversible, and that the co-
adsorption of 4-NP and NaBH, is required because all steps of
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this reaction proceed only on the surface of the NPs, in
accordance with the Langmuir—Hinshelwood model.*” How-
ever, when the initial 4-NP concentration in solution is high,
the active sites are mostly occupied by 4-NP molecules and a
minority by active hydrogen species, which result in a low
velocity constant of the reaction.** In contrast, as the surface
area increases and the initial concentration of 4-NP remains
constant or decreases, fewer 4-NP molecules adsorb on the
surface because the majority of active sites are occupied by
active hydrogen species, which lead to the increasing reaction
velocity.*”** According to Neal and colleagues, in this catalysis
reaction, the 4-NP jon (i, nitrophenolate) is first adsorbed
onto the catalyst (AuNPs) where it is then reduced to 4-AP
(or 4-aminophenolate) by a hydrogen species derived from
BH,™. They further suggested that the overall process sees two
oxygen atoms on the 4-NP ion replaced with two hydrogen
atoms to yield the 4-AP product. The 4-AP, once generated, is
rapidly desorbed from the surface of the AuNPs.*’ The
possible mechanism of catalytic action of AvoSE—AuNPs is
shown in Figure 10.

3.5.2. Reuse of AvoSE—AuNPs for 4-NP Reduction. The
presence of a peak at ~530 nm (Figure S2) showed that the
AuNPs have not been transformed in the reaction and were
still intact, thus indicating that they can be used in another
cycle. Therefore, in order to evaluate the recyclability of the
catalyst, the NPs were recovered by centrifugation and reused
as catalysts in other reactions. The 5 ug/mL AvoSE—AuNPs
were recyclable and used up to four times (Figure S3), whereas
the 10 pg/mL AvoSE—AuNPs was used up to five times
(Figure S4). Although the catalytic activity slightly decreased
during cycles for 10 ug/mL AvoSE—AuNPs, the % catalytic
reduction of 4-NP to 4-AP exceeded 74% after being used for
five times (Figure 11). The results confirmed that the AvoSE—
AuNPs exhibited good stability and recyclability during the
catalytic reduction of 4-NP. This is important as some of the
main concerns regarding the use of metallic NPs as catalysts
lies within the cost effectiveness, recovery, and reusability of
the recovery and reusability of the catalyst.””""

3.5.3. Hydroxyl Radical Confirmation. To ascertain the role
of hydroxyl radical requirement for the catalytic reduction
mechanism, an oxidizing agent, IPA, was used as a scavenger.92
As illustrated in Figure 12, when the 4-NP reduction was
performed in the presence of 10% IPA, only 5% of 4-NP was
reduced, compared to 94% degradation in the reaction without
IPA. It has previously been shown that the reduction kinetics is
strongly affected by the presence of alcohol in the reaction
medium.”” This study further corroborated other works
showing that the hydroxyl radical is indeed the major reducing
agent in the reduction of 4-NP to 4-AP.

4. CONCLUSIONS

This study investigated the antioxidant, anticancer, and
catalytic activities of AvoSE—AuNPs. The optimized parame-
ters for the synthesis of AvoSE—AuNPs were 12.5 mg/mL
AvoSE, pH 7, 80 °C, 1 mM HAuCl, and 30 min synthesis
time. The AvoSE—AuNPs were predominantly spherical in
shape, displayed excellent antioxidant and significant anti-
cancer activities, as well as high recyclable catalytic activity for
the reduction of 4-NP to 4-AP. Overall, this study
demonstrated that green synthesized AvoSE—AuNPs have
potential usefulness as novel NPs in biological and environ-
mental applications.
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