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In this study, gold nanoparticles with Eutrema japonicum (AuNPs-E.j.) were synthesized using the
butylene glycol extract of the plant's grated stem and Au(m) chloride trihydrate solution. The primary
characterization of synthesized AuNPs-Ej. using a UV-Vis spectrometer indicated the presence of a
surface plasmon resonance band between 500 and 600 nm, indicating the reduction of Au(m) to Au(0).
Infrared spectroscopy revealed the existence of C-O, OH, C-H, C=0, and C-C vibrations or stretching
along with aliphatic hydrocarbon chains of as-synthesized AuNP-E.j. Dynamic light scattering indicated
an average particle size of 3594 nm and a zeta potential value of 3.53 mV. AuNPs-Ej. reduced
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1,1-diphenyl-2-picryhydrazyl and phosphomolybdenum radicals, with ascorbic acid equivalent
antioxidant capacity of 1.08 and 24.63 mg/100 mL, respectively. In addition, the albumin denaturation
inhibitory activity of AuNPs-Ej. was equivalent to a percentage inhibition value of the standard drug
(diclofenac) value (0.36 mg/100 ml). This study confirmed that AuNPs-E,j. have the potential as a
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Introduction

Plant Eutrema japonicum (E.j.) (syn. Wasabia japonica), commonly
known as ‘Wasabi’ or ‘Japanese horseradish’ belongs to the
Brassicaceae family and is native to Japan. Its stem is ground into
a paste that serves as a pungent condiment for the consumption of
’sushi’ and other foods. The fresh paste has a distinct flavor and
stimulates the nose," with allyl isothiocyanate as the volatile
compound responsible for its initial pungency. This compound
is formed by the hydrolysis of allyl glucosinolate, a natural
thioglucoside. When the plant is grafted, cell rupture results in
the release of myrosinase, which catalyzes hydrolysis."* As a
protective mechanism, the plant releases allyl isothiocyanate when
damaged.’

Such plants contain numerous complex chemicals derived
from the hydrolysis of thioglucosides, including sinigrin and other
glucosinolates, yielding glucose and methylthioalkyl isothiocya-
nates [6-(methyl sulfinyl)hexyl isothiocyanate, 7-methyl thio-heptyl
isothiocyanate, and 8-methylthiooctyl isothiocyanate]."™ These
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therapeutic agent for treating oxidative stress, inflammatory problems and related diseases.

isothiocyanates inhibit microbial growth, preserve food against
spoilage, and suppress oral bacterial growth.® In addition, the
Wasabi plant is rich in carotenoids and flavonoids (isovitexin 4’-O-
glucoside, luteolin 3’,7’-diglucoside, kaempferol 3-O-rutinoside,
and phenylpropanoids).” "' Extracts of the leaves and roots of
E.j. exhibit anti-inflammatory, anti-neuroinflammatory, antigeno-
toxic, antioxidant, anticancer, neuroprotective, and antiobesity
properties.'®*°

Recently, Katarzyna et al. performed LC-DAD-IT-MS and LC-
QTOF-MS analyses of the leaf and root extracts of Wasabi, reveal-
ing the presence of 42 constituents, including glycosinolates,
phenylpropanoid glycosides, flavone glycosides, and hydroxycin-
namic acids. The extracts were assessed for their potential cyto-
toxic effect on human colon adenocarcinoma cells, effects on the
growth of probiotic and intestinal pathogenic strains, and their
anti-inflammatory properties. The ethanol extract, obtained from
the biennial roots, exhibited the most potent effects compared to
other samples."”

Developing new environmentally friendly solvents to replace
conventional organic solvents is crucial for advancing green
extraction techniques.'® However, conventional solvents have
limitations, including time, cost, and energy consumption for
the separation of organic solvents from extracts. To overcome
these limitations, solvents such as butanediol or butylene
glycol (BG; 1,3-BG was used in this study) can be used for plant
extraction. These solvents are widely used in cosmetic and
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pharmaceutical formulations without being removed from the
extract and are categorized as a safe chemical and flavor molecule
by the United States Food and Drug Administration (FDA). BG is
detected in some bell peppers and is typically administered to
stimulate the biosynthesis of B-hydroxybutyrate, a ketone body
linked to healthy benefits."® BG is used as a hypoglycaemic agent,
Intermediate in manufacture of polyester plasticizers; humectant
for cellophane, tobacco and has some mould inhibiting action.*

Green nanotechnology focuses on synthesis using natural
sources such as plants, bacteria, and fungi, which are safer for
the environment and humans.””** Researchers have intensively
screened molecules that can reduce metallic ions, such as Ag, Au,
and Fe, to their reduced ions. Gold nanoparticles (AuNPs) have
various applications owing to their surface plasmon resonance (SPR),
size- and shape-dependent properties, and biocompatibility.** The
pioneering work of Turkevich et al. marked a significant milestone
in AuNP synthesis, leading to diverse modified and improved
methods.>* However, the synthesis of AuUNPs remains a complex
research area that involves controlling various parameters such as
particle size, charge, elemental composition and several physico-
chemical factors, particularly the temperature gradient, efficiency
of reagent mixing, and resulting local concentration gradient.

This study explored the application of E.j. BG extract (BG-E.j.)
as a reducing or capping agent for synthesizing metallic AuNPs.
To our knowledge, this is the first study that used “Wasabi” for
the synthesis of metal NPs. The synthesized AuNPs were char-
acterized and evaluated for their antioxidant capacity, such as
phosphomolybdenum and 1,1-diphenyl picrylhydrazyl (DPPH).
In addition, their albumin denaturation activity was examined
to validate their therapeutic application scope.

Results and discussion

E.j. Wasabi (Fig. S1, ESIf) was purchased from Daio Wasabi
Nozyo (Nagano, Japan). A grated paste (30 g) was added to 100
mL of the prepared 30% BG solution for extraction, followed by
centrifugation and filtration. A 5 mM Au(m) chloride trihydrate
(HAuCl,-3H,0) solution was prepared. Three samples (Fig. S2,
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ESIt) were prepared as follows: control sample ‘A’ consisting of
equal volumes of 30% BG and 5 Mm HAuCl,-3H,O solution,
reference sample ‘B’ consisting of a 0.1% w/v ascorbic acid
(A.a.) in 30% BG solution, and test sample consisting of 30% w/
v E.j. in 30% BG extract solution. Each mixture was stirred at
1500 rpm and heated at 110 °C for 5 min. A color change was
observed in the samples, and UV-Vis spectroscopy was per-
formed (Fig. 1). The prepared AuNP solution was then stored
and used for further investigation.

The color of the standard reducing agent (A.a.) changed
immediately from yellow to bluish purple upon addition to the
HAuCl,-3H,0 solution, confirming the formation of AuNP-A.a.,
as previously reported.>® After vigorous stirring and heating, the
color of the samples containing the plant extract or A.a. changed
to dark purple with black precipitates. The color of control
sample ‘A’ did not change for the entire process (Fig. S2, ESIT).
The observed color changes in samples B and C were primarily
attributed to the SPR phenomenon. SPR occurs when the
collective oscillations of free electrons in NPs interact with the
electromagnetic field of light. This interaction results in the
absorption of light at specific wavelengths, leading to a change
in the color of the solution, which serves as a valuable indicator
for the successful formation of NPs. Thus, a simple and non-
invasive method based on the SPR phenomenon can be devel-
oped for monitoring the synthesis of AuNPs.>*

UV-Vis spectroscopy was performed on the samples at differ-
ent time intervals; the spectra are shown in Fig. 1. The prepared
AuNP samples were measured at time intervals (¢ = 0 and 6 h)
after AuNP synthesis (Fig. S3, ESIT). An SPR band within the 500-
650 nm range was observed for the AuNP-E.j. and AuNP-A.a.
solutions, indicating distinct absorbances for the samples.

The infrared (IR) spectra of the samples were recorded
between 4000 and 500 cm™ " (Fig. 2). Intense absorption bands
were observed at 3337 cm™ " (OH for alcohol), 2927 cm™* (C-H
for characteristic stretching methyl group), 2358 cm ™" (weak
bands of conjugated C=C), 1744 cm ' (C=O0 for a conjugate
aldehyde or a primary amide), 1368 cm ™" (C-H stretching for
the hydrocarbon chain), 1218 cm™" (C-O bending or phenol
group), 1056 cm ™' (C-H), 960 cm~ ' (C-H or OH), 905 cm ™'

25 UV-Vis data of AuNP-E. j. and AuNP-A. a.
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Fig. 1 UV-Vis spectra of the gold nanoparticles (AuNPs) from E. japonicum (E.j.) and ascorbic acid (A.a) (AuNP-E.j. and AuNP-A.a, respectively).
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IR data of AuNP-E. j. and BG samples
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Fig. 2 Infrared spectra of AUNP-Ej. and butylene glycol (BG) samples.

(C-H aromatics), and 850 cm™ "' (O-Ag interaction in the pro-
duced NPs, the C-Cl stretching in an alkyl group, or the out-of-
plane bending vibration of the C-H group).

In the IR spectrum for AuNP-E.j., peaks corresponding to
C—=C conjugate stretching at 2358 cm™ ", the carboxylic group
for the conjugate aldehyde or a primary amide at 1744 cm ™,
hydrocarbon chains for C-H at 1368 and 1056 cm !, C-O
bending for phenol groups, and C-H or O-H rocking along
the fingerprint region were more intense than those for the BG
sample. The elements or functional groups were derived from the
compounds present in E.j. and were responsible for the reduction,
capping, or stabilization of the formed AuNPs. Therefore, various
compounds are considered responsible for NP synthesis.

Dynamic light scattering (DLS) results for AuNP-E.j. indicate
an average hydrodynamic particle size of 35.94 nm, and a
polydispersity index (PDI) of 0.285, indicating that the samples
are suitable for analysis (Fig. 3). According to DLS guidelines, a
PDI value of <0.1 indicates high monodispersity, a PDI value
between 0.1 and 0.25 represents a narrow distribution with
minimal aggregates, and a PDI value >0.25 indicates polydis-
persity with significant aggregation. Therefore, AUNP-E.j. were
found to be significantly polydispersed and aggregated.

The zeta potential (ZP or {) value of AuNP-E.j. was 3.53 mV.
The ZP or electrokinetic potential reflected the potential differ-
ence between the electric double layer of the electrophoretic
mobile particles and the layer of the dispersant around them in
the slipping plane. As a general rule, { > 30 and < 60 mV in the
absolute value is considered good and represents excellent
stability in that order, while { > £30 mV indicates monodisperse
formulations without aggregates. In contrast, { ~ £20 mV is
characteristic of short-term stability, while { < 5 mV indicates
that rapid aggregation in AuNP-E.j.>°

The ascorbic acid equivalent capacity (AAEAC) of the samples
to reduce phosphomolybdenum and DPPH was tested. Triplicate
serially diluted A.a. solutions at varying concentrations were
tested for percentage inhibition, and histograms were plotted
for different wavelengths (Fig. S4 and S5, ESIf).

The DPPH radical assay was performed as described previously.>’
The A.a. samples for calibration were prepared at various concen-
trations (125-15.625 pg/mL). The absorbance of the samples
was measured using UV-Vis spectrometry at 517 nm to calculate
percentage inhibition. The percentage inhibition of the sample
decreased with decreasing sample concentration. A phospho-
molybdenum reduction test was performed as described in our

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Hydrodynamic particle size and zeta potential of AUNP-E,j.

previous study.”*® A.a. at a concentration of 250-15.625 pg/mL
was used for calibration, and absorbance was measured via UV-Vis
spectrophotometry at 695 nm (Fig. 4). Percentage inhibition was
calculated by the same method as that reported previously.””

For each sample (AuNP-A.a., AuNP-E.j., E.j. extract, and
HAuCl,-3H,0/30% BG solution) prepared in triplicate using
2 mL of the solution, the percentage inhibition per assay was
measured. The AAEAC for each sample was calculated from
calibration equations (y = 35.07 In(x) — 82.62) and (y = 3.97x +
1.17) for the DPPH and molybdenum reduction assays, respec-
tively (Fig. 4).

In the DPPH reduction assay, the AuNP-A.a. exhibited the
highest potency, inhibiting the radical or oxidizing agent by
10.2%. AuNP-A.a., E.j. extract, and AuNP-E.j. exhibited decreasing
AAEAC values of 1.41, 1.12, and 1.08 mg/100 mL, respectively,
which were equivalent to that of A.a. For the molybdenum
reduction test, the inhibitory effects of the samples were in
decreasing order: AuNP-E.j. > E,j. extract > AuNP-A.a. For this
test, AUNP-E.j. exhibited the highest AAEAC value of 24.63 mg/100
mlL, followed by 23.73 and 2.67 mg/100 mL for E.j. extract and
AuNP-A.a, respectively.

The heat-induced egg albumin denaturation method, as
described in previous reports, was used to measure the anti-
inflammatory activity of the prepared samples.*"** This method
measures the ability of the samples to inhibit protein tertiary or
secondary structure disorientation. Diclofenac (a nonsteroidal
anti-inflammatory medication) at concentrations (100, 50, and
25 pg/mL) was used for calibration. Diclofenac inhibits egg

Mater. Adv,, 2025, 6, 2365-2370 | 2367
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Mo(VI) Reduction Assay
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Fig. 4 Calibration curves and DPPH & Mo(vi) reduction capacity for AuNPs and E.j. extract.

albumin denaturation in a concentration-dependent manner
(Fig. 5). From the obtained calibration equation, y = 31.24Inx +
13.67, the percentage clearance of synthesized AUNP-E.j. was calcu-
lated. The diclofenac equivalent albumin denaturation activity of
synthesized AUNP-E.j. was 4.5 times higher than the sample without
the plant extracts (HAuCl,-3H,0/30% BG solution) (Table 1).

AuNPs have been extensively applied in modern medical and
biological studies. AuNPs are used across almost all medical
fields, including diagnostics, therapy, prevention, and hygiene.
Their unique physical and chemical properties, particularly
their optical properties, size, shape, and structure, render them
useful. Unlike conventional therapeutic agents, nanoscale drug
carriers exhibit enhanced permeability and retention effects.”
Among the numerous available drug delivery systems, AuNPs
are considered leading platforms for numerous therapeutic
purposes. In this study, AuNPs synthesized from E.j. were
tested for their antioxidant and anti-inflammatory activities
for the first time.

2368 | Mater. Adv,, 2025, 6, 2365-2370
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Fig. 5 Diclofenac as control during the calibration of the albumin dena-
turation test.

As shown in Fig. 4, the DPPH reduction assay reveals
excellent percentage inhibition and antioxidant capacity of
the AuNP-A.a. and E.j. plant extracts, in that order, in relation
to those of AuNP-E.j. However, AuNP-E.j. exhibited superior

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Standard drug (diclofenac) equivalent albumin denaturation
activity of AuNPs

Diclofenac equivalent

Absorbance albumin denaturation
Test samples A) Average A (SD) activity (mg/100 mL)
Control — 0.63 (0.130) —
(PBS solution)
AuNP-Ej. 0.299 0.296 (0.003) 0.36

0.297

0.292
HAucCl,-3H,0/ 0.236 0.236 (0.004) 0.49
30% BG solution 0.240

0.232

phosphomolybdenum reduction capacity to E.j. extracts and
AuNP-A.a. Therefore, E.j. and AuNP-A.a. are potential antioxidant
agents capable of reacting with reactive oxygen, resulting in their
elimination or termination.

The inhibition of albumin denaturation by the AuNP-E.j.
solution, demonstrating its anti-inflammatory potential, exhibited a
slightly lower activity than that by the sample consisting of BG and
HAuCl,-3H,0. Therefore, the phytochemicals present in E.j. such as
phenolics, glycosides, terpenoids responsible for the reduction of
Au’* to Au® for the formation of AuNPs were prerequisites for the
biological activity of AuNP-E.j.*° In previous reports, the anti-
inflammatory and antioxidant activities of AuUNP-E.j. were attributed
to the presence of phenolic compounds in the Wasabi extracts.®
Yoshida et al isolated compounds such as 5-hydroxy ferulic acid
methyl ester and all-trans-lutein from the methanol leaf extract of
Wasabi, which inhibited NO production in murine macrophage
cells."® A recent clinical trial report showed that the Wasabi extract
decreased tyrosinase activity and melanin content and suppressed
in vitro AGEs formation while improving skin conditions.

BG has the potential to serve as an alternative solvent for
plant extracts, as it is widely used in cosmetic and pharmaceutical
preparations without being removed from the final extract. In
addition, it is categorized as a safe chemical by the United States
FDA. BG has been used to extract bioactive compounds from
plants such as Camellia seed dregs, Camellia japonica leaves, and
apple waste peel.*>>* To our knowledge, this study is the first to
characterize green-synthesized AuNPs from E.j. and examine their
antioxidant and anti-inflammatory properties.

Conclusions

AuNP-E.j. was synthesized for the first time from the BG-E.j.
extract using a green process. Plants Wasabi contain phytochem-
icals that act as reducing, capping, or stabilizing agents for AuNP
formation. Nanometric AuNP-E.j. was charged and aggregated, as
confirmed by DLS and particle size and ZP analyses. The anti-
oxidant and anti-inflammatory efficacies of AuNP-Ej. were
assessed against free radicals or oxidizing agents to highlight their
potency. This study demonstrated the potential pharmaceutical
uses of AuNPs produced using a green method as the basis for
future novel, effective, and safe antioxidant or anti-inflammatory
medications to alleviate age-associated oxidative stress and inflam-
matory pathologies.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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