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GREEN SYNTHESIS OF GOLD NANOPARTICLES USING MENTHA SPICATA L.
AND ITS APPLICATION AS A CATALYST FOR OXIDATION NADH TO NAD*
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ABSTRACT

Due to their high biocompatibility, stability, and unique characteristics, gold nanoparticles (AuNPs) have
numerous applications in the medical and biological fields. Plant-based nanoparticle synthesis is beneficial over
other biological processes because it can be scaled up to an industrial scale. The electrochemical measurement of
dihydronicotinamide adenine dinucleotide (NADH) is crucial because it serves as a required coenzyme for several
dehydrogenases. NADH is the final electron donor molecule in the mitochondrial electron transport pathway.
This study examined the catalytic role of AuNPs produced using Mentha spicata L. in the oxidation of NADH to
nicotinamide adenine dinucleotide (NAD"). AuNPs reduced NADH fluorescence intensity. As the quantity of AuNPs
increased, the intensity of the 260 nm NAD" band increased, while that of the 340 nm NADH band decreased. The
surface plasmon absorbance band of AuNPs at 520 nm increased in intensity due to the presence of NADH. This
study provides significant evidence that the AuNPs surface catalyzes the oxidation of NADH to NAD". The catalyst
characteristic of this crucial reaction may have significant potential applications in the biological and medicinal fields.
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INTRODUCTION

Researchers have devoted considerable time and
effort to studying nanotechnology in recent years [1].
The characteristics of nanomaterials differ significantly
from those of their bulk counterparts. Recent techniques
focus on low-cost alternatives for producing and
manipulating nanoscale materials [2]. When it comes
to advancing science and technology, nanotechnology

is at the forefront [3].

Dihydronicotinamide adenine dinucleotide (NADH),
tryptophan, pyridoxine, and riboflavin are some of the
many fluorophores found in living cells, each stimulating
and emitting light at a slightly different frequency [4].
Any metabolic shift in a cell population or activity can
be traced back to a change in the quantities of these
intracellular chemicals, which play crucial roles in
cell growth and metabolism. Therefore, many critical
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physiological factors of a fermentation process can be
monitored in real time via fluorescence detection of
cell fluid at various stimulation frequencies using non-
invasive optical sensors. Since fluorescence readings
are visual, there is no latency associated with acquiring
and tracking this vital information about cells’ internal
processes [5].

The two primary intracellular electron transporters in
living organisms are nicotinamide adenine dinucleotide
(NAD") and NADH. More than 300 different
dehydrogenase enzymes require NAD™ as a coenzyme.
In living cells, reversible redox reactions involve
nicotinamide adenine dinucleotide (NAD) molecules.
The two types of coenzymes are unphosphorylated
NAD" and NADP". The reduced versions of NAD" and
NADP* are NADH and NADPH, respectively. While
NADH and NADPH give electrons to other compounds,
NAD" and NADP* receive them. The microconidial
transport chain is a multi-enzyme redox system in which
NADH serves as a central component [6].

To detect fluorescence in a culture, a specific
frequency of light must first excite a specific molecule
within the cells. A photodiode or photomultiplier detects
the slightly longer wavelength of light emitted by the
stimulated fluorophore. When cells are illuminated
at 366 nm, NADPH fluoresces at 460 nm. This trait
has been heavily examined to gain insights into how
alterations in cultural behaviour affect the amounts of
reduced pyridine nucleotides. NADH fluorescence has
been shown to represent the internal milieu of bacteria
colonies subjectively and numerically [7].

Mentha spicata L. (spearmint) is a versatile
herb with diverse antioxidant, pharmacological, and
biological properties. Due to its pharmacological and
biological properties, M. spicata L. is used in traditional
medicine. Its phenolic acids, flavonoids, and terpenes
have antioxidant, anti-inflammatory, analgesic, and
antibacterial activities. Phenolic chemicals in M. spicata
L. scavenge free radicals and prevent oxidative stress,
protecting cells [8, 9]. M. spicata L. has been found to
have anti-diabetic effects, with studies demonstrating
that it can reduce blood glucose levels and enhance
insulin sensitivity. Additionally, M. spicata L. has been
found to possess anti-inflammatory properties, with
its essential oil exhibiting anti-inflammatory effects in
animal models [10, 11].

Metal nanoparticles play a crucial role in redox
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reactions due to their unique properties and high
reactivity. The efficient transfer of electrons between
reactants is crucial for numerous biological and
industrial processes, and metal nanoparticles provide a
promising approach to enhancing their efficiency and
selectivity [ 12]. Continuing research in this field focuses
on developing new metal nanoparticles with tailored
properties for specific redox reactions and enhancing
our understanding of the fundamental mechanisms
underlying their catalytic activity [13, 14]. Metallic
nanoparticles are appealing catalysts due to their high
surface-to-volume ratio and increased surface atomic
catalytic activity compared to mass materials.

This study employs UV-Vis absorbance and
fluorescence spectroscopy to investigate the effects of
gold nanoparticles (AuNPs) on NADH in detail. AuNPs
were found to actively affect the oxidation of NADH
to NAD", an essential biological process. The catalytic
ability of AuNPs in the oxidation-reduction of NADH
could be beneficial for future metabolic and medicinal
applications.

EXPERIMENTAL

Materials

B-Nicotinamide adenine dinucleotide sodium salt
(NADH-Na,), chloroauric acid, and 2,2-diphenyl-1-
picrylhydrazyl hydrate (DPPH) were purchased from
Sigma-Aldrich Chemicals.

Preparation of plant extract and synthesis of AuNPs

Leaves of Iraqi Mentha spicata L. were cut into small
pieces and diced in a blade blender, and 5 g of leaves were
heated with a stirrer at 50 - 70°C with 100 mL of double
distilled water (DDW) and twice with 70 % methanol
for 15 min. It was filtered using Whatman No. 1 filter
paper and stored in the freezer. The synthesis of AuNPs
was performed by reducing one mM or 1.0 g L' of
chloroauric acid (10 mL) with 750 pL of leaf extract at
70°C. Slight heating for several minutes was required
until GNP formation was observed, as indicated by
the color change to a deep red or purple in the gold
nanoparticle product’s colour indicator.

Purification of AuNPs
The phyto-reduced sample will aggregate after
acetone (1:4) treatment, but cold spinning may separate
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it and disperse the particles. The resultant pellet was
cleaned and dissolved in sterile deionized water to
produce biochemically inert nanoparticles.

Characterization of AuNPs
UV-Vis spectral analysis

The UV-Vis spectrum of the reaction solution was
measured after diluting a small amount with deionized
water, yielding a spectrum over a broad range of 200 to
800 nm. This permitted the monitoring of the reduction
of purified gold ions.

The free radical scavenging activity (2,2-Diphenyl-
1-picrylhydrazyl (DPPH) assay)

By applying the DPPH assay, it was determined the
extent to which AuNPs were able to capture the steady
free radical [15, 16]. In a nutshell, DPPH was dissolved
in methanol at a concentration of 0.1 mM. To 3 mL
of methanolic DPPH solution, we added a portion of
AuNPs (20 - 100 pL). The absence of AuNPs was used
as a negative control, and methanol with DPPH was
used as a positive control. After 30 min of incubation,
the radical scavenging activity was determined by
measuring the degree to which the purple hue had faded
at an absorbance of 517 nm. Free radical scavenging
activity was calculated as follows: FRSA= [(4c - 4s)/
Ac] x 100. After 60 min, compare the absorption of the
material under test (As) to that of the reference (Ac).

Cupric reducing antioxidant capacity (CUPRAC)
The antioxidants in the sample or standard act to
reduce Cu'" to Cu*. This reduced copper will create a 2:1
combination with the chromogenic substance in a highly
selective method [17]. The most excellent absorbance of
this constant compound develops at 450 nm. The results
from each sample are compared to those from a reference
solution containing a known quantity of Trolox.

NADH fluorescence inhibition

A simple mixing of standard gold solutions (OD =
1.0) and stock NADH solutions (0.03 - 0.9 mL) with
water was used to create a final solution in a total volume
of 3.0 mL, resulting in a series of combined solutions
of AuNPs and NADH. According to Stephan Link’s
calculation of the absorption coefficient (¢ = 7.2 x 108
for gold nanoparticles smaller than 15 nm), the end
quantities of gold nanoparticles were determined [18].

NADH absorbance inhibition

The absorbance spectrum of each sample was
recorded in a quartz cell using a Shimadzu UV-1801PC
spectrophotometer. A Shimadzu RF-5301PC Spectro
fluorophotometer was used to analyse the fluorescence
spectrum at an excitation wavelength of 325 nm.

RESULTS AND DISCUSSION

AuNP synthesis and characterization
UV spectrophotometry

After adding Mentha spicata L., the bioreduction of
Au’" to Au® proceeds progressively. The leaf extract was
mixed with chloroauric acid (HAuCl,). The bio-reduced
gold glyconanoparticles produced a purple-coloured
solution, a characteristic of AuNPs [19]. This finding
demonstrates an environmentally friendly method for
stabilizing the created AuNPs and reducing the amount
of gold ions. An example of the UV-Vis absorbance
bands of Mentha spicata L.-derived AuNPs is shown
in Fig 1.

Noble metal nanoparticles, such as silver and gold,
exhibit surface plasmon resonance (SPR) bands with
distinct absorbance peaks in the visible spectrum,
making them crucial for various optical applications.
Since nanoparticles lack metallic or atomic electrical
characteristics due to their confined energy levels, the
SPR band results from the quantum size effect of the
nanoparticles. The size, inter-particle spacing, shielding
type, and form of the nanoparticles significantly
influence their electrical characteristics. A quantum size
effect is observed when the de Broglie wavelength of the
valence electrons has the same scale as the size of the
atom itself. When this occurs, electrons act electrically
like quantum spots in zero dimensions. In these metal
containers, freely moving electrons become confined
and exhibit the SPR band, a distinctive group vibration
frequency of their plasma resonance.

Fig. 1 illustrates that the SPR band for AuNPs is
located between 500 and 600 nm, and its position is
closely related to the size of the nanoparticles. AuNPs
smaller than 5 nm are challenging to identify and produce
broad peaks in their SPR bands. However, the SPR
band becomes more visible once particle size surpasses
5 nm. The SPR band shifts to shorter wavelengths for
smaller nanoparticles, known as a blueshift, and to longer
wavelengths for larger nanoparticles, known as a redshift.
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Fig. 1. The UV-Vis absorbance bands of AuNPs prepared from an extract of Mentha spicata L. The concentrations of

AuNPs were varied from 1.2 mM to 0.3 mM.
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Fig. 2. The XRD pattern for gold nanoparticles synthesized by using Mentha spicata L. extract.

X-ray diffraction (XRD)

This study utilized a Phillips PW 1830 diffractometer
to investigate the XRD patterns of AuNPs synthesized
via the bioreduction pathway at 40 kV and 20 mA with
Cu Ko radiation. Fig. 2 shows the identified patterns.

The synthetic AuNPs’ crystalline characteristic
based on a face-centered cubic (fcc) structure was
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confirmed by an XRD pattern showing four diffraction
peaks at 26 values of 39.01°, 46.48°, 64.69°, and
77.62°. Scherer’s calculation of the Bragg angle was
used to determine that the average particle size of
the produced AuNPs was 24 nm. The acquired XRD
patterns confirmed the presence of gold colloids in the
material. Like the report of the Joint Committee on
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Fig. 3. TEM image for gold nanoparticles
synthesized by using Mentha spicata L. extract.

Particle Diffraction Standards (file no.: 04-0784) [20,
21], four distinct diffraction peaks-coded (111), (200),
(220), and (311)-were found in the 20 range of 20-80°,
reflecting the fec structure of solid gold. In addition,
the XRD pattern showed a single, prominent diffraction
point at 260 =39.01, corresponding to the (111) reflection
of gold’s fcc crystal structure. The (200), (220), and
(311) reflection lines correspond to the 46.48°, 64.69°,
and 77.62° weak diffraction peaks. The XRD results
showed that the freshly created product comprised highly
crystalline AuNPs. The resulting AuNPs had a particle
size range of 11 - 77 nm, were monodisperse, and were
spread evenly without aggregation.

Transmission Electron Microscopy (TEM)

TEM was used to probe the AuNPs’ morphology.
Fig. 3 shows a TEM image of the AuNPs, and Fig. 4
shows the energy-dispersive X-ray (EDX) spectrum
of the AuNPs. A carbon-coated copper grid was used
to prepare thin films of the sample; the grid was then
placed under a suitable lamp for 5 min to dry the film
after the excess solution had been blotted off with paper.

The TEM and EDX results of a typical AuNP sample
indicate the large quantity and good uniformity achieved
using this approach. These AuNPs had a mean diameter
of 15 nm. The TEM image showed crystalline clusters
and homogeneous solid AuNPs (Fig. 3). Ananomaterial’s
molecular composition can be determined using energy

Fig. 4. EDX spectrum for gold nanoparticles synthesized by using
Mentha spicata L. extract.

dispersive spectroscopy (EDX) [22]. EDX confirmed
the creation of AuNPs, showing the highest count per
second at 2.3 keV (Fig. 4).

Dynamic light scattering (DLS)

DLS is one of the most common methods for
determining particle size, and its findings are shown in
Fig. 5. When a homogeneous light beam, such as a laser,
is shone onto a solution containing circular particles in
Brownian motion, it undergoes a Doppler shift, altering
the frequency of the oncoming light. The particle’s
size causes this variation. DLS enabled us to calculate
the sphere size distribution and describe the AuNPs’
movements in the medium by quantifying their diffusion
coefficient and using the autocorrelation function.

An experiment was conducted using an advanced
DLS system (Zetasizer Nano S, Malvern Instruments,
UK). The distinctive peaks in the Zetasizer image (Fig.
5), which show an average diameter of 25 nm with
extremely smooth borders, provide further evidence and
confirmation of the biosynthesized gold nanostructure.

The AuNPs’ zeta potential and particle size were
measured using a Zetasizer instrument for further
analysis. Fig. 5 shows that the typical AuNP had a
diameter of around 25 nm and a zeta potential of -26.8
mV. The zeta potential showed the durability of colloidal
gold in solution. A previous study reported that the
ideal difference between a stable and unstable colloidal
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Fig. 5. Dynamic light scattering (DLS) of the gold nanoparticles produced by using Mentha spicata L. extract.

solution is typically greater than +30 mV or less than
-30 mV. Stable particles often have zeta potentials >+30
mV or <-30 mV [23].

Atomic force microscopy (AFM)

Fig. 6 shows an atomic force micrograph of the
synthesized AuNPs with aerial and 3D topographical
views of the topological structures. The AFM images
were also used to analyse the fractal behaviour of
the placed and heated sheets. The AFM images were
analysed to determine the porosity, irregularity, and
fractal dimension. The surface shape was irregular due
to both free and aggregated AuNPs.

Cupric reducing antioxidant capacity (CUPRAC)
Neocuproine copper(Il) chloride, a novel reagent
for the CUPRAC total antioxidant capacity test, is
readily available, potent, selective, and responsive to
all antioxidants [24]. CUPRAC was used to evaluate
the antioxidant potential of three AuNP concentrations.
Table 1 compares the Cu**-reducing ability of synthetic
AuNPs with Trolox, a common antioxidant. Because
the AuNPs reduced the Cu (II)-neocuproine reagent
with a proportional change in their scavenging capacity,
CUPRAC levels increased with the AuNP concentration
(Table 1). The antioxidant test results demonstrated the
effectiveness of AuNPs on various in vitro systems.

2,2 - Diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging activity

The colour of DPPH, a stable nitrogen-centered free
radical, changes from violet to yellow when it is reduced
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via hydrogen reduction or electron transfer. Antioxidants,
also known as radical scavengers, can cause this response
[25]. The radical scavenging activity of all AuNPs
under investigation increased with their concentration,
demonstrating a concentration-dependent effect.

Most AuNPs used in biological applications today
are groups shielded by polyheterofunctionalized
monolayers. The mixed monolayer primarily comprises
ligands that provide cluster stability and solubility in
the aqueous medium, as well as ligands with biological
functions (e.g., DNA, proteins, drugs, and biotic factors),
and ligands that target specific directions (e.g., leading
peptides, molecular ligands, and antibodies) [26].

AuNPs exhibit antioxidant activity due to their
distinct physical characteristics, including a high
surface-to-volume ratio and the ability to interact with
biological molecules. They can scavenge free radicals,
highly volatile chemicals that can harm cells and tissues
through oxidative stress [27]. AuNPs have been shown
to enhance the activity of antioxidant enzymes such
as catalase and superoxide dismutase and encourage
the production of antioxidant compounds, including
glutathione and vitamin C [28]. Their form, size,
and surface charge have a significant impact on their
antioxidant activity. Because of their small size, AuNPs
can enter cells and interact with cellular components.
Additionally, because of their surface charge and
functional groups, they can interact with proteins and
effectively neutralize free radicals. Due to their unique
characteristics, AuNPs are a promising antioxidant in
various fields, including medicine, skincare, and the
food industry [29, 30].
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Fig. 6. AFM images of the gold synthesized nanoparticles by using Mentha spicata L. extract: (a) Topographic view, (b)
Three-dimensional view and (c) distribution of particle diameters derived from.

Table 1. In vitro antioxidant assay of AgNPs by DPPH and CUPRAC methods (all values were measured as Trolox

equivalent).
Method | DPPH Free Radical Scavenging method CUPRAC Assay
AuNPs concentration (Trolox equivalent, pmol L") (Trolox equivalent, pmol L)
50 umol mL"! 155 245
100 pmol mL"! 285 393
150 umol mL"! 390 545

AuNP fluorescence properties

AuNPs can quench the fluorescence of NADH,
a coenzyme involved in various metabolic processes
in living cells. When different AuNP concentrations
were added to an NADH solution, NADH fluorescence
decreased (Fig. 7). Adding AuNPs to the NADH solution
effectively suppressed NADH’s peak fluorescence at
460 nm (EX= 325 nm). The quenching effect increased

with the concentration of AuNPs. The same reduction
was seen at different NADH concentrations.

The fluorescence quenching of NADH by AuNPs
was attributed to an interaction between the AuNP and
the aromatic ring of the adenine moiety in NADH.
This interaction leads to the transfer of electrons from
the excited state of NADH to the AuNPs, resulting
in a reduction in NADH fluorescence intensity. This
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Fig. 7.NADH (0.08 mM) fluorescence spectroscopy at different concentrations of AuNPs (EX=325 nm). The time-resolved
fluorescence decay spectra of NADH at 460 nm, obtained at various gold nanoparticle quantities, are shown in the inset.

phenomenon has been studied in various contexts,
including in vitro experiments and living cells, and
has been utilized in the development of biosensors for
measuring NADH [31]. The AuNPs’ quenching effect on
NADH fluorescence can be influenced by factors such as
their size and shape, the distance between the AuNPs and
NADH, and the concentrations of AuNPs and NADH
[32]. The interaction between AuNPs and NADH offers
a valuable tool for detecting and monitoring NADH-
related metabolic processes in living cells, with potential
applications in various fields, including medicine and
biotechnology [33, 34]. For example, by using AuNPs
to quench NADH fluorescence, biosensors could be
designed to detect changes in NADH concentrations
in biological samples. This approach has potential
applications in fields such as clinical diagnosis and
monitoring of metabolic disorders [35]. Another
application of this interaction is in the imaging of living
cells and tissues. The quenching effect of AuNPs on
NADH fluorescence can be utilized to image NADH-
related metabolic processes in living cells and tissues
[36]. This approach has potential applications in fields
such as cancer diagnosis and the monitoring of cellular
metabolism [37]. Furthermore, the interaction between
AuNPs and NADH can be utilized to investigate the
mechanism of action of enzymes involved in NADH-
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related metabolic pathways, providing insights into their
roles in cellular metabolism [22, 38].

AuNP absorption properties

The absorption spectra were recorded after
adding AuNPs to the NADH solution. Fig. 8 shows
NADH’s three UV-Vis absorption bands. When
the dihydronicotinamide moiety is in a coplanar
conformation with the carboxamide moiety, electrons
are conjugated between them, resulting in a band at 340
nm [38]. The adenine ring’s n-nt* shift is responsible for
the stronger band at 260 nm. The dihydronicotinamide
transition n-* is responsible for the most substantial
band at 205 nm. Fig. 8 shows that the NADH (260 nm)
and AuNP (520 nm) absorption intensities increased
linearly with AuNP concentration, while the 340 nm
band intensity decreased. While the increase in the
adenine ring’s absorbance at 260 nm indicates that the
AuNPs do not destroy the adenine, this band has a higher
extinction coefficient than NADH. Due to the addition
of NAD", the oxidized form of NADH, it has been noted
that the 260 nm absorption coefficient of NAD" is higher
than that of NADH (14.4 x1073). Due to a twisted and
cisoid shape between the oxidized nicotinamide and
carboxamide, the 340 nm band disappears [18]. Because
NAD™ has a more significant molar absorption coefficient
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Fig. 8. Absorption spectrum bands of different concentrations of NADH (0.08 mM) and different concentrations of gold

nanoparticles.

than NADH, the generation of NAD* may be what
caused the rise in the 260 nm band and the drop in the
340 nm band. Due to the influence of Au nanoparticles,
NADH’s absorbance bands have changed, suggesting
that NADH may be converted to NAD".

CONCLUSIONS

Gold nanoparticles can affect the absorption
and fluorescence spectra of nicotinamide adenine
dinucleotide (NADH). When NADH molecules are
close to gold nanoparticles, they can experience changes
in their electronic environment, resulting in alterations
to their absorption spectrum. This effect is thought to
be due to the interaction between the NADH molecule
and the AuNPs surface, which can alter the electronic
structure of the molecule and result in a change in
its absorbance properties. Additionally, the size and
shape of the gold nanoparticles can also influence the
magnitude and direction of this effect. For example,
smaller nanoparticles have been found to have a more
significant effect on the NADH absorption spectrum
compared to larger nanoparticles. Overall, the effect of
gold nanoparticles on the NADH absorption spectrum
is an active area of research with potential applications
in biosensing and imaging.
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