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Gold nanoparticles have been used as drug carriers and imaging reagents. The plant extract-capped gold nanoparticles provide
better properties than chemically synthesized gold nanoparticles. In this study, Zingiber zerumbet extract-mediated green
production of gold nanoparticles (Z. zerumbet@Au NPs) was established. Based on the UV-visible spectroscopy and transmission
electron microscope (TEM) results, most Z. zerumbet@Au NPs were spherical. When more Z. zerumbet extracts were added, more
spherical nanoparticles were formed. The hydrodynamic size changed slightly along with time, and the average size was ap-
proximately 170 nm. Capping of Z. zerumbet extract on the surface of gold nanoparticles was confirmed by Fourier transform
infrared spectroscopy (FTIR). In general, phenolic compounds or flavonoid compounds were considered to be the reducing agent.
However, zerumbone was identified as the reducing agent in this study. The resulting oxidized products were characterized by
high-performance liquid chromatography-mass spectrometry (HPLC-MS). As a result, the solvent was proven to be involved in
nanoparticle synthesis. Overall, Z zerumbet@Au NPs showed great potential to be used in cosmetic- or biomedicine-related fields.

1. Introduction

Many nanoparticle-related studies have been focused on the
synthesis of nanoparticles. Gold nanoparticles are the most
studied nanometal because they have unique optical,
physical, and catalytic properties. In addition, the bio-
compatibility of gold nanoparticles enables them to have
a wide range of applications in biomedicine- and biosensing-
related fields [1-5]. Gold nanoparticles are easily modified
by attaching nucleic acids, proteins, peptides, and organic
compounds. Therefore, they are used as drug carriers and
imaging reagents. Gold nanoparticles can also be used in
cosmetics- and biomedicine-related fields [6-8].

When synthesizing gold nanoparticles, both reducing
and capping agents are required to produce gold atoms and
keep nanoparticles stable in solutions. Sodium borohydride,
hydrazine, and surfactants are usually used in the synthesis
of gold nanoparticles. Those synthetic reactions require
inputted energy. If residual toxic chemicals are not

completely removed, the entire biological system may be
jeopardized. Therefore, the one-pot gold nanoparticle syn-
thesis with plant extracts is an easy and eco-friendly method
to avoid harmful chemicals adsorbed on the surface of
nanomaterials [9-13]. The plant extract-capped gold
nanoparticles provide better properties than chemically
synthesized gold nanoparticles [12]. Biologically fabricated
monometallic gold nanoparticles are considered to be
a nanoantioxidant [14]. Studies showed that nano-
antioxidants were better than natural antioxidants in radical
scavenging and quenching capacities as the development of
nanotechnology [8].

Z. zerumbet which is close to ginger has broad appli-
cations in herbal medicine such as relieving inflammation
symptoms. In Z. zerumbet, zerumbone is the major active
ingredient, and it has anti-inflammatory and anticancer
activities [15-18]. Studies showed that the reducing and
capping agents of gold nanoparticle synthesis with plant
extracts were nontoxic phytochemicals [19, 20]. Although
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the extract of Z. zerumbet had been used in silver nanoparticle
synthesis [13], the reducing agent was not identified. On the
other hand, green synthesis studies usually focus on nano-
particles. Synthesized compounds had not been identified. In
fact, compounds formed and adsorbed on the gold nano-
particle surface with Z. zerumbet extracts (Z. zerumbet@Au
NPs). Identification of those compounds will enhance the
synthesis process for providing safer nanomaterials.

In this study, gold nanoparticles were first synthesized by
a sustainable one-pot method with the aqueous extract of
Zingiber zerumbet rhizome at room temperature. The
morphology of Z. zerumbet@Au NPs was examined using
a transmission electron microscope (TEM). The reductants
in Z. zerumbet extract were identified by high-performance
liquid chromatography (HPLC). Then, the resulting oxi-
dized products were characterized by mass spectroscopy
(MS). The surface coverage of synthesized gold nanoparticles
was investigated by Fourier transform infrared spectroscopy
(FTIR).

2. Material and Chemicals

2.1. Materials and Reagents. The rhizome of Z. zerumbet was
bought from the local market in Taiwan. Chloroauric acid
(HAuCly-3H,0) was purchased from Sigma-Aldrich Cor-
poration (St. Louis, MO, USA). Methanol and acetonitrile
(HPLC grade) were purchased from Mallinckrodt Baker Inc.
(Phillipsburg, NJ, USA).

2.2. Sample Preparation. The rhizome of Z. zerumbet was
washed thoroughly and then air-dried before extraction.
Z. zerumbet rhizome was pulverized in methanol. For one
gram of Z. zerumbet rhizome, 5 mL of methanol was used in
each extraction. The rhizome of Z. zerumbet was extracted
twice with methanol to achieve complete extraction. After
collecting the extract, excess methanol was removed by using
a rotary evaporator. After removing excess methanol, the
residual extract was lyophilized. The dry extract was stored at
—20°C for further experiments.

A stock aqueous extract was prepared by dissolving
0.2 gram of the dry Z. zerumbet extract in 10 mL of deionized
water. The concentration of zerumbone in the solution was
determined to be 1.36 mg/mL by HPLC. To synthesize gold
nanoparticles, various volumes of the stock aqueous Z. zerumbet
extract were added into 5mlL of the chloroauric acid solution
(ImM). The added volumes of stock aqueous Z. zerumbet
extract were 0.125, 0.25, 0.5, 1.0, and 2.0 mL, respectively. The
mixtures of Z. zerumbet@Au NPs were kept in the dark at room
temperature during the reaction process.

2.3.  Characterization of Z. zerumbet@Au  NPs.
Z. zerumbet@Au NPs were characterized by UV-visible
spectroscopy (Jusco V-630 UV-VIS spectrophotometer,
Tokyo, Japan). The morphology of Z. zerumbet@Au NPs was
examined using a transmission electron microscope (TEM,
JEM-2010, JEOL Ltd., Tokyo, Japan) equipped with a field-
emission gun. The acceleration voltage was set to be 100kV.
To prepare samples for TEM analysis, the solution containing

Journal of Chemistry

Z. zerumbet@Au NPs was centrifuged to remove residual
reagent. After centrifugation, gold nanoparticles were
resuspended with deionized water. Exactly 5uL of purified
gold nanoparticles was cast on a copper grid, then air-dried,
and stored in a desiccator before TEM analysis. The hydro-
dynamic size of Z. zerumbet@Au NPs was measured with
a Malvern Zetasizer Nano ZS instrument (Malvern In-
strument LTD, Worcestershire, UK) at 25°C. Purified
Z. zerumbet@Au NPs were resuspended in deionized water.
The dispersant refractive index, viscosity, and dielectric
constant were 1.33, 0.89 cps, and 78.5, respectively.

FT-IR spectroscopy was used to examine capping agents
adsorbed on gold nanoparticles. Purified Z. zerumbet@Au
NPs were dried before FT-IR analysis. The spectra of dry
gold nanoparticles and plant extract were obtained using
a Perkin-Elmer FT-IR spectrometer (Spectrum One, Wal-
tham, MA, USA). Spectra of samples were recorded in the

range of 400 to 4,000 cm ™" with a resolution of 4cm™.

2.4. HPLC Analysis of Z. zerumbet Extract. Z. zerumbet ex-
tract and zerumbone standard solution were analyzed before
and after gold nanoparticles synthesis by using a Perkin-Elmer
HPLC instrument (250 LC Systems, Waltham, MA, USA)
equipped with a 150 x 4.6 mm i.d. C18 column (ODS Hypersil,
Thermo Fisher Scientific Inc., Waltham, MA, USA). The
mobile phase was a mixture of acetonitrile and deionized water.
The elution gradient was as follows: initial acetonitrile com-
position was set to 10%, increased to 90% in 30 minutes, and
held at 90% for 5 minutes. The wavelength was set at 250 nm.
When nanoparticle synthesis was completed, the reaction
mixture was centrifuged with a centrifugal force of 9,870 G for
10 minutes. The supernatant which contained the residual
Z. zerumbet extract or zerumbone solution was collected for
HPLC analysis. All samples were passed through a 0.45uym
syringe filter before HPLC analysis.

The residual zerumbone solution was analyzed by using
a Hitachi L7100 LC system coupled with a Finnigan LCQ
Advantage electronspray ion-trap mass spectrometer (Ther-
mal, San Jose, CA, USA) to identify obtained products after
gold nanoparticle synthesis. The following parameters were set
for mass analysis: the sheath gas flow rates and auxiliary gas
flow rate were set at 35 and 10 arb, respectively. The ion spray
voltage was 4.0kV, and the capillary temperature was 230°C.
Selected products were further subjected to collision-induced
dissociation (CID) analysis to obtain the associated frag-
mentation spectra. All data were acquired in positive mode.

3. Results and Discussion

3.1. Synthesis of Z. zerumbet@Au NPs. After adding the
aqueous Z. zerumbet extract to the chloroauric acid solution,
UV-visible spectroscopy was used to monitor gold nano-
particle formation. The UV-visible spectra of synthesized
gold nanoparticles are shown in Figure 1. The maximum
absorption (A,,,) was around 550 nm because of the lo-
calized surface plasmon resonance of gold nanoparticles. As
shown in Figure 1(a), gold nanoparticles started to form

after one and half hours while the corresponding A, was
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FIGURE 1: UV-visible spectra of Z. zerumbet@Au NPs. (a) One mL of Z. zerumbet extract was added to 5 mL of chloroauric acid solution. (b)
Various volumes of Z. zerumbet extract were added to 5 mL of chloroauric acid solution. The spectra were recorded after 48 hours of addition.

around 548 nm. Since the synthesis was performed at room
temperature, the reaction rate was slower than that of the
Turkevich method with hot chloroauric acid. The A, is
decreased to around 539nm after 48hours of reaction.
Although the reaction rate was slower, no extra energy was
required. During the synthesis process, smaller gold
nanoparticles formed, and the A, changed from 548 to
539 nm. Based on Figure 1(b), the size of gold nanoparticles
was affected by the amount of Z. zerumbet extract. When
more Z. zerumbet extract was added, the gold nanoparticle
size decreased. For example, when extracts increased from
0.125 to 2.0mL, the A_,, of gold nanoparticles decreased
from 550 to 536 nm (Figure 1(b)).

3.2. Characterization of Z. zerumbet@Au NPs by TEM and FT-
IR. The morphology of gold nanoparticles was examined by
TEM. Figure 2 shows the TEM images of Z. zerumbet@Au
NPs. Based on Figure 2, gold nanoparticles were poly-
morphic including spheres, triangles, bars, and irregular
shapes. Most of the gold nanoparticles were spherical.
However, some nanoparticles looked like icosahedrons and
hexagons. The percentages of spheres, triangles, and bars are
summarized in Table 1.

The percentage of spherical gold nanoparticles was
greater than 80% in all cases. Based on Table 1, when more
Z. zerumbet extract was added, more spherical nanoparticles
were formed. Because more than 80% of nanoparticles were

spherical, only spherical nanoparticles were counted when
calculating particle diameter. When the volume ratio
(Z. zerumbet extract/HAuCly solution) increased, the av-
erage size of gold nanoparticles decreased (Table 1) and the
spherical particle size distribution range decreased (Fig-
ure 2). As a result, adding more plant extracts reduced the
gold nanoparticle size. HAuCl, molecules were reduced to
gold nanoparticles when adding more plant extracts. Once
gold nanoparticles are formed, compounds originating from
plant extract are attached to the surface of gold nanoparticles
as capping agents. Thus, they kept gold nanoparticles from
aggregation. When the volume ratio was high, more gold
ions were reduced, and then, more compounds were able to
attach on the gold nanoparticle surface. That resulted in the
formation of small gold nanoparticles and size distribution.

The hydrodynamic size of selective Z. zerumbet@Au NPs at
various time intervals was measured. The results showed that
the particle size changed slightly along with time (Table 2).

The determination of hydrodynamic size considered the
hydration layer, capping agents, and other compounds that
may stabilize nanoparticles. Therefore, the hydrodynamic
size is usually larger than the size observed in TEM images.
According to Table 2, the hydrodynamic size changed
slightly along with time, and the average size was approx-
imately 170 nm.

The functional groups of capping agents on the gold
nanoparticle surface were examined using IR spectroscopy.
Figure 3 shows the IR spectra of Z. zerumbet extract and
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F1GURE 2: Morphology and particle size distribution of synthesized gold nanoparticles. The volume ratios (V

/Viiaucy,) in (a—e) were 0.025,
0.05, 0.1, 0.2, and 0.4, respectively.
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TaBLE 1: The average size and shape of synthesized gold nanoparticles.
Shape (%

Volume ratios V. /Vyaua .Aver.age . pe (%)

i 4 particle size (nm) Spheres Triangles Bars Others*
0.025 21.3+12.2 82.8 3.1 1.2 13.0
0.05 22.5+13.0 88.5 54 3.3 2.8
0.1 16.0+14.2 91.2 4.2 1.9 2.8
0.2 10.2+4.6 89.6 7.6 2.0 0.8
0.4 9.3+34 90.8 51 31 0.9
*Others included icosahedrons and hexagons.

TaBLE 2: Hydrodynamic size of selective Z. zerumbet@Au NPs.
Time (days)
1 2 9 16 23

Hydrodynamic size (nm) 170.80 £ 6.14 145.25+3.99 177.38 £6.87 140.80 + 3.50 198.93 +£3.21

The volume ratio (Z. zerumbet extract/HAuCl, solution) was 0.05.
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F1GURE 3: IR spectra of Z. zerumbet extract and Z. zerumbet@Au NPs. (a) Z. zerumbet extract. (b and c) Z. zerumbet@Au NPs with the
volume ratios (Z. zerumbet extract/HAuCly solution) of 0.2 and 0.4, respectively.

extract-capped gold nanoparticles. Panel (A) was the IR
spectrum of Z. zerumbet extract. The panels (B) and (C) were
IR spectra of gold nanoparticles capped with Z. zerumbet
extract with volume ratios (Z. zerumbet extract/HAuCl,
solution) of 0.2 and 0.4, respectively. Based on Figure 3, the
IR spectra of Z. zerumbet@Au NPs were similar to that of
Z. zerumbet extract. Similar IR profiles indicated that the
capping agents on the gold nanoparticle surface originated
from Z. zerumbet extract. More Z. zerumbet extracts were
added indicating higher plant extract concentration on the
gold nanoparticle surface. Thus, the IR signal intensity
increased.

The signal that appeared at 3385cm™" corresponded to
the stretching vibration of hydroxyl groups that originated
from various compounds such as polyphenols, flavonoids,
and saccharides. To obtain stable gold nanoparticles, various
compounds in plant extracts were attached to the surface of
nanoparticles via amino, carbonyl, or hydroxyl groups after
nucleation. When compared with the signals of Z. zerumbet
extract, the position slightly shifted from 3351 to 3385cm™".

This change indicated the attaching of capping agents via
hydroxyl groups. In the Z. zerumbet extract spectrum, peaks
appeared at 1653, 1404, and 1358 cm ™' were attributed to the
absorption of zerumbone. Zerumbone was the major
component in Z. zerumbet extract. These values agreed with
those reported in literature. Literature reported that the «,
B-unsaturated carbonyl group of zerumbone and its de-
rivatives gave the stretching vibration signal at 1655cm™’,
whereas the germinal dimethyl groups gave the starching
signal at 1385 and 1356 cm ™" [21]. The corresponding signals
of 1639 and 1409 cm™" were observed with the presence of
gold nanoparticles but the intensity decreased. The ab-
sorption at 1726 cm ™' became prominent. This signal may be
originated from the carbonyl stretching of compounds with
functional groups such as aldehyde or ketone. Because
zerumbone was consumed during synthesis, it may serve as
the reducing or capping agent (based on HPLC results). As
a result, the signal of 1726cm™" from other compounds
became visible due to the reduction of zerumbone con-
centration. Other absorptions at 2927 and 1051 cm ™" could



be assigned to C-H and C-O stretching, respectively. De-
tailed IR signal assignments including all possible functional
groups are shown in Table 3. Because IR profiles of
Z. zerumbet extract and Z. zerumbet@Au NPs were similar,
compounds in Z. zerumbet extract served as the capping
agents.

3.3. HPLC Analysis of Z. zerumbet Extract. Velmurugan et al.
used the Zingiber officinale root extract to synthesize gold
and silver nanoparticles [22]. They speculated that water-
soluble ingredients such as ascorbic and oxalic acids were the
reductants. However, no further analysis was provided [22].
In this study, HPLC was used to investigate the specific
compound in Z. zerumbet extract which was involved in the
gold nanoparticle formation. Z. zerumbet extracts were
analyzed by HPLC before and after gold nanoparticle for-
mation. The analytical results are shown in Figure 4. The
upper and lower panels of Figure 4(a) were HPLC chro-
matograms of Z. zerumbet extract and the corresponding
residue after nanoparticle synthesis, respectively. The peak at
26.4min was zerumbone. The HPLC chromatogram of re-
sidual Z. zerumbet extract did not show the corresponding
peak at 26.4 min. However, two peaks appeared at 15.5 and
17.2 min. These changes in Z. zerumbet extract composition
indicated that zerumbone participated in gold nanoparticle
formation. Zerumbone was the reducing agent in gold
nanoparticle synthesis.

To confirm that zerumbone served as reducing and
capping agents, the zerumbone standard was used to syn-
thesize gold nanoparticles and the residual solution was
analyzed by HPLC. Twenty-four hours after adding the
zerumbone standard, gold nanoparticles were formed and
the solution turned purplish. Zerumbone and resulting
products were the capping agents since only the zerumbone
standard was added. Because these gold nanoparticles easily
precipitated, they were not as stable as Z. zerumbet@Au NPs.
The stability of Z. zerumbet@Au NPs was attributed to plant
phytochemicals such as flavonoids, polyphenols, terpenoids,
and other compounds including proteins and amino acids
[19, 20]. These compounds served as capping and reducing
agents. Literature also revealed the presence of polyphenols
and flavonoids in Z. zerumbet [13, 23]. When Z. zerumbet
extract was used in synthesis, capping agents were assorted
to produce stable gold nanoparticles.

The upper panel of Figure 4(b) was the HPLC chro-
matogram of the residual zerumbone solution after syn-
thesis. Similar to the plant extract, zerumbone was used up,
and new peaks (1, 2, and 3) appeared at around 16.0, 17.2,
and 22.5min after synthesis. The disappearance of the
zerumbone peak indicated that zerumbone was used up.
Zerumbone was oxidized to reduce chloroauric acid to gold.
In addition, the reducing power of zerumbone was com-
pared with that of sodium citrate by synthesizing gold
nanoparticles in the presence of zerumbone and sodium
citrate. The lower panel of Figure 4(b) was the HPLC
chromatogram of the residual reaction mixture. In the
presence of sodium citrate, the zerumbone was not com-
pletely consumed and the oxidized products were less.
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TaBLE 3: IR absorption of Z. zerumbet extract and Z. zerumbet@Au
NPs.

Absorption frequency
(em™)

Origination
of IR absorption

-OH stretching of polyphenols or
flavonoids
-NH stretching of amide

3385 (3351)

-CH stretching of methylene and methyl

2927 (2919) groups

1726

Carbonyl stretching of -C=C-CO-C=C-
group of zerumbone
Carbonyl stretching of amide I band

1639 (1653)

Germinal dimethyl stretching of
zerumbone
Aromatic C=C ring stretching

C-O stretching of alcohol

1409 (1404/1358)

1051/1044

According to HPLC results, zerumbone in Z. zerumbet
extract was the reducing agents in gold nanoparticle syn-
thesis. When sodium citrate and zerumbone were present,
both compounds reduced the chloroauric acid and then
produced gold nanoparticles.

The oxidation products resulting from the zerumbone in
nanoparticle synthesis were identified by mass spectroscopy.
Table 4 shows the mass of three major products (compounds
1, 2, and 3) and their parent collision-induced fragments.
Because the detecting wavelength was 250nm in HPLC
analysis, all compounds observed should have the same
conjugation as zerumbone. According to the retention time,
compounds 1, 2, and 3 all had higher polarity than zer-
umbone. The increase in mass indicated the addition of an
oxygen atom to the structure. Because epoxide has a higher
ring strain, hydroxylation is more likely to occur. The
structures of oxidized products were assigned tentatively
according to the collision-induced fragments and their sta-
bility. These oxidized products were either hydroxylated or
methoxylated depending on whether methanol was present
during synthesis. Compared with the zerumbone, the mass of
compounds 1 and 2 increased by 16 mass units, and their
fragmentation patterns were the same (data were not shown).
Therefore, compounds 1 and 2 had the same skeletal structure
with an additional hydroxyl group attached at different po-
sitions (Table 4). The orientation of the hydroxyl group could
not be distinguished by mass spectrometry. Based on the
molecular weight difference and collision fragments, com-
pound 3 had an additional methoxy group attached either at
the C4 or the C5 position (Table 4). Because the zerumbone
used in nanoparticle synthesis was dissolved in methanol, the
methoxy group could originate from the solvent. However,
the aqueous Z. zerumbet extract was used in the synthesis.
Thus, compound 3 was not observed in the HPLC chro-
matogram of residual plant extract. As a result, it is clearly
indicated the participation of solvent during nanoparticle
synthesis. The reaction mechanism of gold nanoparticle
synthesis using plant extracts was not clear. In general,
phenolic compounds and flavonoids were thought to be the
reductants and capping agents [20, 24-26]. Ramzan et al. used
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FIGURE 4: (a) HPLC chromatograms of Z. zerumbet extract and reaction residue. The upper panel is the HPLC chromatogram of Z. zerumbet
extract, whereas the lower panel is that of residual Z. zerumbet extract after gold nanoparticle formation. (b) The upper panel is the HPLC

chromatogram of residual zerumbone solution after gold nanoparticle formation, whereas the lower panel is that of residual zerumbone
solution in the presence of sodium citrate.

TaBLE 4: The chemical structure of oxidized products and the parent collision-induced fragments.

Compound Retention time (min) Molecule mass m/z value* Chemical structure
Zerumbone 26.1 218 201.2
0
CH,

[ U o

1 16.0 234 217.13 HC
HC N
CH,

2 17.2 234 217.07
3 22.5 248 217.08

*The parent collision-induced fragment.

standard phytochemical tests to assess alkaloids, phenolic
compounds, and flavonoids in Z. zerumbet extract [13]. They
concluded that these phytochemicals were responsible for
AgNP reduction and capping based on the qualitative results.
However, the HPLC results of this study showed that zer-
umbone, not phenolic compounds or flavonoid compounds,
was the reducing agent for gold nanoparticle formation.

4. Conclusions

Z. zerumbet extract-mediated green production of gold
nanoparticles was established in this study. Based on the
UV spectroscopy and TEM results, most Z. zerumbet@Au
NPs were spherical. The hydrodynamic size changed
slightly along with time, and the average size was ap-
proximately 170 nm. However, the correlation between
size and shape requires more studies to provide uniform

nanoparticles. Based on the HPLC and MS results, zer-
umbone served as the reducing agent during the gold
nanoparticle synthesis. Zerumbone was oxidized and then
mixed with other compounds in Z. zerumbet extract to be
the capping agent to stabilize gold nanoparticles. The
functional groups of capping agents on the gold nano-
particle surface were determined by FT-IR. The solvent
was proven to be involved in nanoparticle synthesis. The
oxidized compounds were formed and adsorbed on the
gold nanoparticle surface. The solvent effect needs to be
considered for providing safer nanoparticles with less
toxicity.

Data Availability

The data supporting the current study are available from the
corresponding author upon request.
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