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This study linked natural plant materials and nanomaterials; reporting an environmentally friendly, non-toxic
and efficient method for the green synthesis of gold nanoparticles (AuNPs) using an ethyl acetate extract of
Radix Hedysari (EAR). The components of the extract were identified using HPLC and it was found that

formononetin accounted for more than 90% of the total contents. We predicted that formononetin in

EAR plays a crucial role in green synthesis. Thus, formononetin was used as a standard reductant to
synthesize AuNPs, and the result confirmed our prediction. The synthetic mechanism was also discussed
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in detail in the article. Moreover, EAR—AUNPs realized the sensitive and selective colorimetric detection

of ferrous ions (Fe?*) among other metal ions, and were applied to spiked tap water with a low detection
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1 Introduction

Gold nanoparticles (AuNPs) have attracted tremendous atten-
tion due to their exciting optical properties, unique physico-
chemical properties and potential applications, ranging from
optoelectronics to theragnostics.>” Various methods have been
developed to synthesize and stabilize AuNPs, such as chemical,
photochemical, sonochemical and electrochemical methods,*”
in which chemical methods have been extensively used due to
their simplicity.® However, chemical methods suffer from
drawbacks of toxic reagents and bad biocompatibility,” and can
be considered to be harmful to human health and environ-
mentally unfriendly.® Thus, developing green synthetic
methods for AuNPs increases the applicability of nanoscience.®
As an excellent candidate for the green synthesis of AuNPs,
plant extracts and their individual ingredients have attracted
much attention from researchers due to the advantages of no
toxicity, efficiency, low cost and renewability.’ However, in
most cases, the mechanism and the ingredients which are
responsible for the green AuNPs synthesis remain to be eluci-
dated.™ It has been supposed that common components in
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limit of 1.5 pM in a wide range from 10 pM to 500 uM. EAR-AuUNPs were green synthesized using Radix
Hedysari extract for the first time and were successfully applied in real sample detection.

plants such as amino acids, phenols, organic acids, flavonoids,
alkaloids, polyphenols, terpenoids, heterocyclic compounds,
and polysaccharides, act as reducing agents, as well as stabi-
lizing agents for AuNPs.”>"* Meanwhile, the surface of AuNPs
may be functionalized by various components in natural plants.
Radix Hedysari, the main root of Hedysarum polybotrys
Hand.-Mazz., is a well-known Chinese herbal plant belonging to
the Fabaceae family." Radix Hedysari has been widely used in
daily life not only as a dietary supplement and seasoning,'>*®
but also as a traditional Chinese medicine for the treatment of
diarrhoea, diabetes mellitus, chronic nephritic proteinuria, and
inflammation.”””™ This is owing to the various ingredients
contained in Radix Hedysari such as polysaccharides, flavo-
noids, ginsenoside, trace elements and amino acids,* which are
beneficial to human health. In particular, flavonoids have
proven antioxidant activity in in vivo and in vitro experiments by
many researchers. They exhibit strong antioxidant capacities
through scavenging oxygen free radicals, promoting anti-
oxidizers, or inhibiting oxidative enzymes.”® Depending on
their structural characteristics, flavonoids are classified into six
categories which share the same basic structure of 2-phenyl-
chromogen.” Flavonoids have different conjugations and
varying numbers of hydroxyl groups, which enable them to act
as reducing agents, as hydrogen- or electron-donating species.*
Take formononetin for example, the phenolic hydroxyl group at
the C, position (C,—~OH) is the active site of the formononetin
molecule, which can increase the antioxidant activity and
reducing capacity of the molecule itself.** Therefore, we
synthesize AuNPs using the flavonoid compounds in Radix
Hedysari extracts and explore its excellent optical properties.
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In this article, we designed and prepared green synthetic
AuNPs using an ethyl acetate extract of Radix Hedysari (EAR).
The composition of the extract was identified using high
performance liquid chromatography (HPLC), and it was
surprisingly found that more than 90% of the composition was
formononetin. To clarify the synthetic mechanism, the for-
mononetin standard was also attempted and AuNPs were
successfully obtained. The result indicates that the for-
mononetin in EAR plays a crucial role in the green synthesis of
AuNPs. The possible mechanism was also discussed. Mean-
while, as a sensitive optical sensor, the synthesized EAR-AuNPs
were used to detect ferrous ions (Fe>") which is a heavy metal
environmental pollutant and is harmful to human health.
Finally, the EAR-AuNPs realized rapid, sensitive and selective
colorimetric detection of Fe*" among various metal ions. The
detection mechanism was explored and the synthesized EAR-
AuNPs were further applied into the spiked tap water with the
detection limit of 1.5 uM. In conclusion, our study developed
the potential of traditional herbal plants, creatively linking
them to nanomaterials.

2 Experimental section
2.1 Chemicals and reagents

The roots of Radix Hedysari were purchased from Longnan,
Gansu Province and identified by Professor Zhigang Ma at
Lanzhou University. Chloroauric acid (HAuCl,-3H,0) was
purchased from Sigma-Aldrich (USA) and applied directly. For-
mononetin was purchased from Aladdin Bio-Chem Technology
Co., Ltd (Shanghai, China). Metal-salts of Al(NOj;);, AgNOs3,
Cr,0;, FeCl;, KCl, FeSO,-7H,0, CuCl,, NaCl, NiCl,, Zn(NO;),,
and Pb(NOj;), were purchased from Baishi Chemical Co., Ltd
(Tianjin, China). All the experimental solutions were prepared
using distilled water and all chemicals involved in this study
were of analytical reagent grade.

2.2 Preparation of the ethyl acetate extract of Radix Hedysari

The ethyl acetate extract of Radix Hedysari (EAR) was prepared
according to our previous work.”>'¢ In brief, dried Radix Hedy-
sari powder was extracted with 6-fold ethyl acetate 3 times, 2 h
each time. All of the extracting solutions were merged and
vacuum recycled to obtain the dried ethyl acetate extract, which
was stored under appropriate conditions before use.

2.3 Preparation of AuNPs using different reductants

2.3.1 Preparation of different sized AuNPs using the ethyl
acetate extract. Different sized AuNPs were green synthesized
using EAR (EAR-AuNPs), in which EAR also acted as the stabi-
lizer and modifier. 0.15 g of EAR was dissolved into 1 mL of
ethanol to ensure the solubility and dispersion of the solution.
0.1 mL, 0.25 mL, 0.5 mL, 1 mL, or 1.5 mL of the solution were
added into a boiling HAuCl, solution (20 pL of 10% HAuCl,
dissolved into 50 mL distilled water) under vigorous stirring.
The mixed solutions were kept boiling for 15 min and then
cooled to room temperature to obtain the different sized EAR-
AuNPs solutions.
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2.3.2 Preparation of AuNPs using formononetin standard.
AuNPs were synthesized by formononetin standard. 20 mg of
formononetin standard was dissolved into 4 mL of ethanol to
obtain the solution with good solubility. Then the solution was
added into the boiling HAuCl, solution as mentioned above.
The color of the resulting solution was purple.

2.4 Characterization of EAR-AuNPs

The composition of EAR was identified using a Waters 2695
high performance liquid system (HPLC), including 717 auto-
sampler manager and 2996 UV detector, connected to Millen-
nium 32 software (Waters, USA). HPLC conditions were as
follows: a Spursil C18 column (250 x 4.6 mm, 5 pm) was used.
The mobile phase was formed by solvent A (acetonitrile) and
solvent B (water solution) with a linear gradient as follows: 0-
30 min: 30% A, 30-65 min: 60% A. The flow rate was 1.0
mL min~", column temperature was 30 °C and injection volume
was 20 pL. The spectrum was monitored at 280 nm.

Fourier transform infrared (FT-IR) spectra were conducted
on a Nicolet NEXUS-870 FT-IR spectrometer (Thermo Nicolet,
USA). An ultraviolet spectrometer (UV-vis, Perkin Elmer, USA)
equipped with a 1 cm-path-length quartz cell was operated to
obtain the UV-vis spectrum. The size of AuNPs was confirmed
on the laser dynamic scattering instrument Zetasizer Nano 3600
(Malvern, UK). Transmission electron microscopy (TEM) images
were measured on an FEI Tecnai G2TF20 instrument (FEI-
TECNAI, USA) operating at an acceleration voltage of 200 kV.
The laser dynamic scattering instrument, Zetasizer Nano 3600
(DLS, Malvern, UK), was used to record the size of nanoparticles
in the solution.

2.5 The optimization of external conditions

The external conditions such as pH and temperature were
optimized to improve the analytical merit of synthesized EAR-
AuNPs. To select the optimal reaction temperature, the
synthesized AuNPs solution was placed at temperatures varying
from 20 °C to 80 °C. To choose the optimal pH value, the EAR-
AuNPs solution was adjusted over pH 1-14.

2.6 Analytical merit of EAR-AuNPs for sensing Fe>*

Under optimal external conditions (pH value of 6, temperature
of 20 °C), EAR-AuNPs were prepared for the sensitive detection
of Fe**. 40 pL of different concentrations of Fe** were added
into 360 pL of freshly prepared EAR-AuNPs solution (charac-
teristic absorption at 540 nm). The final concentrations of the
solutions were 10 uM, 25 uM, 50 uM, 100 uM, 500 uM and 1 mM.
After vortex blending for 10 s, the mixture was kept for 10 min to
observe the color change.

To explore the selectivity of EAR-AuNPs, the sensor was
prepared for the detection of Fe>" among 10 other metal ions. 40
uL of different metal ion solutions (Pb*", K*, Fe**, Cu**, Fe*",
Zn**, Ni**, Na", Cr**, Ag") were added into 360 pL of EAR-AuNPs
solution with the same concentration of 100 puM. The experi-
ment was conducted in the same way as above, to observe the
color change and record the Uv-vis spectrum.

This journal is © The Royal Society of Chemistry 2020
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To explore the anti-interference performance of EAR-AuNPs,
the sensor was prepared to detect Fe>* in the presence of other
metal ions. 20 uL of Fe** solution was added into 360 uL of EAR-
AuNPs solution mixed with 20 pL of different metal ion solu-
tions (Pb*", K', Cu®*", Fe**, zZn**, Ni**, Na*, Cr*, Ag"). The
concentration of each metal ion is 100 uM. The experiment was
conducted in the same way as above.

2.7 Real sample detection

To further investigate the application of EAR-AuNPs, the same
experiment was used again to detect Fe>" in tap water. The tap
water sample was collected at the School of Pharmacy, Lanzhou
University. A series of Fe** standard solutions were directly
spiked into the tap water samples. 40 pL of spiked tap water was
added into 360 puL of EAR-AuNPs solution, the mixture was
continuously vortex-blended for 20 s and then incubated for
10 min to observe the color change. The final concentrations
were 10 uM, 25 uM, 100 uM, 500 uM and 1 mM.

3 Results and discussion
3.1 Comparison of synthesized EAR-AuNPs

AuNPs with various sizes were green synthesized by adding
different contents of EAR solution. The color of EAR-AuNPs
solutions are shown in Fig. 1A, and the corresponding charac-
teristic absorption peaks were 570 nm, 544 nm, 540 nm,
538 nm, 548 nm, respectively. The UV-vis of the EAR solution is
also shown in Fig. S17 to remove the interference of the solvent.
EAR-AuNPs solutions with characteristic absorption peaks at
544 nm, 540 nm, and 538 nm were almost uniform in their
purple color. While EAR-AuNPs with characteristic absorption
peaks at 548 nm or 570 nm were gray in solution, indicating
large-sized AuNPs were obtained, which are probably unsuit-
able for colorimetric detection. This is due to the narrow visual
range. The naked eye can easily recognize the color change from
red/purple to gray or clear, while it is less likely to recognize the
change from gray to clear or a darker grey. Besides, the stability
of the large-sized EAR-AuNPs was poor, especially at high
temperature or a strong acid/alkali environment. The TEM
images of the different-sized EAR-AuNPs are shown in Fig. S2
and S3.1 It was found that most nanoparticles at a maximum
absorption wavelength of 540 nm were relatively regular.
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Individual particles, were irregular, this was because Radix
Hedysari has a variety of ingredients rather than a single one,
which react differently with chemical reagents. However, at
other maximum absorption wavelengths, the morphology of
most nanoparticles was irregular. Therefore, the purple EAR-
AuNPs solution with characteristic absorption peak at 540 nm
was selected for subsequent experiments to explore its detection
performance. And the above experimental results proved the
reducing ability of EAR.

3.2 Mechanism for green synthesis

In order to clarify the green synthesis mechanism for EAR-
AuNPs, HPLC was first applied to identify the components of
EAR. By comparing the retention time and characteristic UV-vis
spectrum between the EAR sample (Fig. 2A) and formononetin
(Fig. 2B) standard solution, the formononetin compound in
EAR was unambiguously identified. It is worth noting that the
content of formononetin accounted for more than 90% of the
total content of EAR through the quantitative statistics. There-
fore, we supposed that formononetin in EAR has reducing
ability and played a major role in the green synthesis. To prove
this hypothesis, the standard formononetin was also added into
a boiling solution of HAuCl, under the same conditions to
observe the change. The reaction product is shown in the
Fig. 1B. The color of solution was purple with the characteristic
absorption peak was at 560 nm. The TEM image is shown in
Fig. S4.1 The results indicate that the standard formononetin
has reducing ability and could be used to synthesize AuNPs,
further confirming that formononetin in EAR plays a crucial
role in the green synthesis of EAR-AuNPs. Formononetin is one
of the major flavonoids with strong antioxidant capacities
which has been proved through a series of reactions that could
scavenge oxygen free radicals. Formononetin has the common
structure of 2-phenylchromogen which is shared by all flavo-
noids. The varying number of hydroxyl groups in flavonoid
structures enables them to act as reducing agents, as hydrogen-
or electron-donating species oxidative enzymes.> In the struc-
ture of formononetin, the phenolic hydroxyl group at the C,
position (C,-OH) is the active site, significantly improving the
antioxidant activity and reducing capacity of the molecule itself.
Thus Au(i) could be reduced to Au(0) by formononetin owing to
its reductive group. Through HPLC identification, it could be
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Fig.1 Photographs and normalized UV-vis absorption spectra of (A) various EAR—AuUNPs synthesized by adding different contents of EAR, and (B)
AuNPs synthesized by formononetin standard with characteristic absorption peaks.
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Fig. 2 HPLC spectrum of (A) EAR and (B) formononetin standard. (C) The FT-IR spectra of EAR and EAR—AuUNPs.

clearly observed that formononetin in the extract plays
a primary function in the green synthesis of EAR-AuNPs.

3.3 Characterization of EAR-AuNPs

In the FT-IR spectrum (Fig. 2C), the absorption peaks of EAR
were identified as the O-H stretching vibration at 3405 cm™",
C-H stretching vibration at 2924 and 2852 cm™', C=0
stretching vibration at 1737 and 1624 cm ™', C-C stretching
vibration at 1514 and 1464 cm !, O-H bending vibration at
1378 cm !, =C-O-C stretching vibration at 1270 and

1249 cm™', O-H stretching vibration at 1178, 1120 and
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1073 ecm ™', C-H bending vibration at 846 cm ™", which are
almost consistent with the characteristic groups of the for-
mononetin standard. Thus, it is worth noting that for-
mononetin accounted for the majority of the total content in
EAR. The result further confirmed the main structure of EAR
and the successful synthesis of EAR-AuNPs.

3.4 Analytical merit of EAR-AuNPs

3.4.1 Optimization of external conditions. External condi-
tions have considerable influence on the detection performance
of AuNPs, thus it is crucial to optimize the external conditions
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Fig. 3 Photographs and normalized UV-vis absorption spectra for EAR—AUNPs under (A), different temperatures and (B), (C) different pH values.
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such as temperature and pH value. As shown in Fig. 3A, the
synthesized EAR-AuNPs were subjected to a series of tempera-
tures ranging from 20-80 °C. The color change was observed
and the UV-vis spectrum was recorded. It was found that when
the temperature was above 60 °C, the EAR-AuNPs became
unstable, leading to the color change and red-shift of the
characteristic absorption peak. This change became more
obvious when the temperature reached 80 °C. Therefore, EAR-
AuNPs could remain stable in the range 20 °C to 60 °C, and the
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temperature should be kept below 60 °C during the experiment
to guarantee the reaction.

To investigate the influence of temperature, the EAR solu-
tions were kept at 60 °C, 70 °C, 80 °C, respectively and then
freeze-dried into powder to obtain FT-IR spectrograms. The FT-
IR spectrograms of different EAR solutions are shown in
Fig. S5.1 It was found that characteristic functional groups in
EAR did not change at different temperatures, indicating that
changes in temperature had little effect on EAR itself. As for
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Fig. 4 (A) The possible mechanism of the colorimetric sensing of Fe?* using EAR—AUNPs. (B) Photographs and normalized UV-vis absorption
spectra of EAR-AUNPs added by a series concentration of Fe?*. (C) The correlation between Fe?* concentration and absorbance. A dynamic
response toward As4g over the logarithm of concentration corresponding to (B). TEM results of (D) dispersed EAR—AuNPs and (E) aggregated
EAR-AUNPs. Size distribution of (F) dispersed EAR—AUNPs solution and (G) aggregated EAR-AuUNPs solution detected by DLS.
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EAR-AuNPs, they have small particle size and large specific
surface area, causing a large surface free energy in the nano
system. Therefore, gold nanoparticles are in a high energy state
which is thermodynamically unstable. They can spontaneously
agglomerate, oxidize or adsorb on the surface to reduce the
number of unstable atoms on the surface, so as to reduce the
energy of the system. We hypothesized that the high tempera-
ture condition could increase the thermodynamic instability of
the nanoparticles and stimulate the surface free energy of the
particles, thus leading to aggregation to reduce the system
energy. Therefore, gold nanoparticles showed instability with
the increase in temperature.

The pH values of EAR-AuNPs were adjusted from 1-14 to
observe the color change and UV-vis spectrum. As shown in
Fig. 3B, when the pH value varied from 6 to 1, the color of the
solution gradually darkened as the pH value gradually
decreased, especially when it was below 4. The UV-vis spectrum
was also gradually red-shifted. When the pH value changed
within the range 6-14, the color of the EAR-AuNPs solution
basically remained unchanged, which is consistent with the UV-

| -~
Blank Ag™

Cu**  Zn** PBH¥ Ni¥* Na'

1.4 4
—Blank
1.24 —Ag+ Na®
L2+ 3+
C N
L0+ u2+ Cr7.+
—Zn ——Fe
0.8+ pp¥t — K"

2+

—Ni

0.6

Absorbance

0.4

0.2

0.0
400

T T T T
500 600 700 800

Wavelength (nm)

G I NE e G

1
900

View Article Online

Paper

vis spectrum (Fig. 3C). The activity of EAR-AuNPs decreased
slightly when the pH value was above 13. The result indicates
that EAR-AuNPs were prone to instability in acidic solution, and
the pH value of solution should be higher than 4.

Under acidic conditions, the concentration of hydrogen ions
in the solution is high, and is prone to electrostatic attraction
with the negative charge on the surface of EAR-AuNPs, leading
to aggregation of the nanoparticles. Therefore, as at lower pH
values, the concentration of hydrogen ions in the solution is
higher, and EAR-AuNPs would be more unstable.

3.4.2 Sensitivity of colorimetric detection for Fe**. The
analytical merit of EAR-AuUNPs for Fe** detection was investi-
gated under optimal conditions. The possible mechanism for
colorimetric sensing of Fe** is exhibited in Fig. 4A. The com-
plexing action between the lone pair electrons on the hydroxide
radical and Fe?" occurred, which shortens the distance between
particles, leading to the aggregation of AuNPs and the color
change of solution. The result in Fig. 4B further confirmed this
hypothesis. A series of concentrations of Fe>* was added into
the EAR-AuNPs solution and the color of the solution was
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Fig. 5

(A) Photographs and UV-vis absorption spectra of EAR—AuNPs with the addition of different kinds of metal ions. The concentration of

each was 100 pM. (B) Histogram of absorbance at 540 nm after adding Fe?* corresponding to the spectrum in (A). (C) Photographs and UV-vis
absorption spectra of EAR—AUNPs with the addition of 100 pM Fe®" and other kinds of metal ions. The concentration of each was 100 pM.
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sponding to (A).

observed. With the increasing target concentration, the color of
the solution gradually changed from purple to gray, and the
characteristic absorption peak shifted from 540 nm to 560 nm,
indicating the formation of aggregates. Accordingly, the color-
imetric response at an absorption of 540 nm (As4,) was intro-
duced to illustrate the accurate quantitative determination of
Fe”". The result is shown in Fig. 4C, a linear regression between
the Asy and a series concentration of Fe?" was established
where y = —0.3899x + 1.6772 in the range of 10 pM-500 pM with
a correlation coefficient (R*) of 0.99. TEM (Fig. 4D and E) and
DLS results (Fig. 4F and G) also confirmed the changes of
morphology and size of EAR-AuNPs in the absence or presence
of Fe*". Without the addition of the target, the EAR-AuNPs were
homogeneous and monodisperse with good stability. While the
addition of Fe** could trigger the aggregation of EAR-AuNPs,
leading to the change of particle morphology and the increase
of particle size. In the DLS result, it was worth noting that the
particle size of EAR-AuNPs is much larger than that in TEM.
This was mainly because the TEM measured the actual size at
the dried state of sample, while DLS measured a hydrodynamic
diameter (hydrated state), and therefore the AuNPs showed
a larger hydrodynamic volume due to the solvent effect in the
hydrated state.”

3.4.3 Selectivity and anti-interference performance of EAR-
AuNPs. To ensure the application of EAR-AuNPs in real
samples, the selectivity and anti-interference performance of
EAR-AuNPs for Fe** were also investigated. The same concen-
tration of 100 uM of various metal ions were added into the
above EAR-AUNPs solution. As shown in Fig. 5A, When Fe>* was
added, the color of the solution changed from purple to grey
with the characteristic absorption peak shift from 540 nm to
560 nm. While the rest of the solutions added containing other
metal ions exhibited no obvious color change with the charac-
teristic absorption peak remaining almost the same. However,
in the presence of other metal ions, the same concentration of
Fe*" was also detected, accompanied with the obvious color
change and red-shift of the characteristic absorption peak
(Fig. 5C), which indicated the good anti-interference

This journal is © The Royal Society of Chemistry 2020

performance of EAR-AuNPs. The statistical result of the histo-
gram shown in Fig. 5B further exhibits that there was a clear
difference between Fe®" and the other metal ions. Fe** could
induce the complexing action, leading to the aggregation of
nanoparticles. The result indicated that among the many
common metal ions, Fe** could be sensitively and selectively
determined by EAR-AuNPs.

3.4.4 Real sample detection. In order to investigate the
practical use of EAR-AuNPs, they were applied to spiked tap
water. A series concentration of Fe>* was dissolved in tap water
to obtain the spiked samples with final concentrations of 10
uM, 25 uM, 100 pM, 500 uM, 1 mM. Then the spiked tap water
samples were added into EAR-AuNPs solutions to observe the
color change. As shown in Fig. 6A, with increasing Fe®*
concentration, the color of the solution gradually changed from
purple to gray and the UV-vis spectrum red-shifted. The cali-
bration curve was obtained by plotting the absorbance value at
540 nm (As40) against concentration. According to the statistical
result, the calibration curve is linear over the range from 10 pM
to 500 pM with the regression equation As,, = —0.02x + 0.196,
and correlation coefficient R* of 0.99 (Fig. 6B). The detection
limit (LOD) observed by the naked eye was 10 pM while the
calculated value was determined to be 1.5 uM based on the
formula: LOD = 30/s, in which ¢ represents the blank standard
deviation and s represents the slope of the linear regression
equation.>®

4 Conclusions

Such EAR-AuNPs has the following benefits and applications:
(1) the EAR-AuNPs were green synthesized with the ethyl acetate
extract of Radix Hedysari for the first time, which was eco-
friendly and had good biocompatibility compared with toxic
chemical methods. (2) This work provided a sensitive and
selective detector for Fe** over various other metal ions, which
was successfully applied to spiked tap water. (3) The compo-
nents of EAR were identified by HPLC and formononetin
accounted for more than 90%, which provided strong evidence
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to illustrate the synthetic and detection mechanism of EAR-
AuNPs. (4) We developed the potential of traditional Chinese
medicine and expanded its practical application.
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