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functionalized Au@AgNPs for specific detection of
Hg®* based on quality by design (QbD)+

Hui Zhang, (2 *2 Baoling Wang, 2@ Xiaoyi Liu,? Hongxu Zhang,? Jiangyu Yao,?
Xingchu GongP and Jizhong Yan*@

The current study highlights the advantages of using the quality by design (QbD) approach to synthesise and
optimize SERS substrates for the detection of Hg?*. Considering that the performance of Au@AgNPs is
affected by many factors, Plackett—Burman (PB) experimental design was used to determine the critical
process parameters (CPPs) for evaluating the performance of Au@AgNPs. The quantitative relationships
between the CPPs and the critical quality attributes (CQAs) were assessed by Box-Behnken Design
(BBD). The optimal design space for Au@AgNPs was calculated via a Monte Carlo algorithm. Finally,
detection of Hg?* in the range of 1 ~ 100 ng mL™! (R? = 0.9891) was achieved by SERS in combination
with 4,4-bipyridine (Dpy) as signal molecules. The recoveries for licorice ranged from 83.53% to 92.96%.
Specificity and practicality studies indicated that the method based on the QbD concept and design
space not only met the optimal performance of Au@AgNPs but also improved the rapid detection of
Hg?" in Chinese medicine samples.

1 Introduction

Traditional Chinese Medicine (TCM) plays an important role
in curing diseases and keeping the body in good condition, it
also has been greatly contributing to the treatment of the
COVID-19. However, its further development worldwide has
been seriously hampered by contamination with trace harmful
substances during cultivation and production.”” Heavy metal
ions, one of the most important factors currently polluting the
environment, have caused widespread concern as they cannot
be degraded by microorganisms and accumulate in the human
body through various forms of interconversion.** In partic-
ular, heavy metal ions such as mercury (Hg”"), cadmium
(cd®"), lead (Pb*"), arsenic (As**) and copper (Cu**), which are
not essential for life activities, damaging the brain and
eyesight if they enter the body, even at trace levels. It has been
reported that these heavy metals exert dangerous effects by
affecting protein folding, cell signalling, DNA functions.>®
Hg>", as a highly toxic pollutant, is rich in stability and water
solubility making it prone to accumulation. Once it entered
the human body, it not only disrupted human metabolism, but
also damaged the immune system and central nervous system,
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posing in a serious threat to human health and life.*"
Therefore, it is necessary to strictly control the amount of Hg**
in food, herbs, water and other substances. A lot of methods
have been used to detect Hg”", including Atomic Absorption
Apectrometry (AAS),*'>** inductively coupled plasma mass
spectrometry (ICP-MS),***¢ Fluorescence'”*® and Electro-
chemistry."*® Although most of these methods are convincing
and accurate enough, they generally require expensive
instrumentation and sophisticated equipment, which makes
them unavailable for rapid and on-line detection in situ anal-
ysis. In recent years, novel techniques such as spectroscopy,>*
spectral imaging® and computer imaging® have received
widespread attention in the areas of drug quality and food
safety. Among these, surface-enhanced Raman spectroscopy
(SERS), is a powerful molecular vibration spectroscopy tech-
nique that has obtained great progress in the detection of
harmful chemical residues, such as heavy metal ions and
pesticide residues due to its simplicity of sampling, non-
destructive and rapid data collection nature.>*>”

Most scholars believe that SERS consists mainly of both
physical and chemical enhancement. Physical enhancement,
which is the dominant factor, is thought to be the enhance-
ment of the electromagnetic field on the surface of the metal
nanostructure excited by incident light. Chemical enhance-
ment is based on charge transfer between molecules.**°
Currently, AuNPs and AgNPs are the two commonly used SERS
substrates, whose surface plasmon resonances in the visible
and near-infrared (NIR) range are widely reported.***>
Compared to the instability and aggregation of monometallic
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nanoparticles, Au@AgNPs exhibits not only the high
enhancement properties of AgNPs, but also the advantages of
long stability and high homogeneity of AuNPs.*>** More
importantly, Au@AgNPs are the best alternative to achieve
high performance SERS substrates compared to expensive and
cumbersome self-assembled nanomaterials such as nano-
pores and nanoarrays.’****

Au@AgNPs were achieved via gold seed solutions and the
process was optimized by employing Quality by Design (QbD).
QbD is considered an important method to improve product
quality by designing scientific, rational and reliable
processes.***” It has been widely used in chemical synthesis,*®
herbal extraction,* separation and quantification processes.*’
In this work, the enhanced performance of Au@AgNPs was
considered as a critical quality attribute (CQAs), and the crit-
ical process parameters (CPPs) were screened by Plackett-
Burman (PB) design. Then, a mathematical model between
CPPs and CQAs of the Au@AgNPs synthesis process was
developed through Box-Behnken (BBD) design, and the design
space was calculated and validated using a Monte Carlo
algorithm.*!

Here, we presented a highly sensitive and selective Dpy-
functionalized Au@AgNPs as a label-free probe for the detec-
tion of Hg>" (Scheme 1). The indirect determination of Hg”" in
homogeneous solutions was achieved with the use of
Au@AgNPs as SERS substrate, mainly based on the original
Raman signal of Dpy and the strong coordination with metal
ions. In the range of 1-100 ng mL ", there was a clear correla-
tion between the reduced Raman intensity of Dpy and the
concentration of Hg”". In fact, there have been several reports
on Hg>" detection based on Dpy-conjugated noble metal NPs.*?
The pyridine group on Dpy acted as adsorption sites of Hg”".
The N atoms on the pyridine ring of Dpy were adsorbed onto the
silver shell of Au@AgNPs, subsequently generating a Raman
signal. When Hg”" was present in the system, the strong coor-
dination of Hg>" to Dpy exceeded the binding capacity between
Dpy and Au@AgNPs. Therefore, Hg>* could quench the Raman
signal of Dpy in Au@AgNPs, thus providing an ultra-sensitive
analytical method for indirect detection of Hg>".

1 Hg*

S H: G

QO ¢ o8 @ @
AuNPs Au@AgNPs  DPY | Non- Aggregation /

Scheme 1 Schematic illustration of the fabrication of Au@Ag-Dpy
SERS probe and a sensing protocol for Hg®*. (a) Indicates the SERS
signal without the addition of mercury ions; (b) indicates the SERS
signal after the addition of mercury ions.
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2 Experimental
2.1 Chemicals and reagents

Licorice herbs were supplied by the laboratory. Nitric acid
(HNOs;, 65%) and hydrochloric acid (HCl, 35-38%) were
purchased from Sinopharm Chemical Reagent Co., Ltd (Hang-
zhou, China). Ascorbic acid (AA, 99%), silver nitrate (AgNOs;,
=99.0%) and trisodium citrate (C¢HsNazO,-2H,0, =99.0%)
were brought from Chengdu Kolon Chemicals Co., Ltd. 4,4-
bipyridine (Dpy) and chloroauric acid (HAuCl,-4H,0, 99.9%)
were purchased from Macklin. The standard solutions of Hg,
Cd, As, Cu, Pb (1000 pg mL ") were brought from national
institutes for food and drug control. All glassware used in the
work was washed with aqua regia (HCI/HNO; = 3 : 1, v/v) and
then rinsed with ultrapure water (18.2 MQ cm).

2.2 Apparatus and instruments

The Raman spectra were collected by Prott-EZRamanB2 (SB5)
analyser (Enwave Optronics Inc, USA) with excitation wave-
length of 785 nm and 1 cm quartz cell. An intelligent double-
controlled thermostatic magnetic stirrer (Model DF101S,
China) and a digital shaker (TYZD-II, China) were used for the
synthesis of Au@AgNPs. UV-Vis spectrophotometer (UV-2450,
Japan) with a scanning range of 200 to 800 nm was used to
record absorption spectra. 300 kV high resolution transmission
electron microscope (Tecnai G2 F30, Netherlands) was selected
for characterisation of nanomaterials. Ultrasonic detector (KQ-
250DB, Kunshan, China) with a frequency of 35 kHz. Elec-
tronic balance (FA2204N, Shanghai, China). Ultrapure water
purification system (Milli Q, Thermo Fisher Scientific, China).

2.3 Preparation of AuNPs and Au@AgNPs

The gold nanoparticles (AuNPs) were synthesized according to
the previously reported method.** Typically, 950 uL of HAuCl,-
“4H,0 (5 g L") was added to a three-necked flask containing
60 mL of ultrapure water. The solution was heated to boiling and
held at 120 °C for 1 min, then 600 pL of 1% trisodium citrate was
rapidly added and stirred continuously under strong magnetic
field stirring for 5 min. A change from a colourless solution to
a burgundy colour could be observed, the heating was switched
off and the solution was cooled to room temperature.

The core-shell Au@AgNPs were synthesized based on the
above AuNPs as seed solution. Firstly, 3 mL of AuNPs seed
solution was added to a 10 mL EP tube, and ultrasounded for 10
minutes in order to avoid aggregation. Then, 150 pL of 10 mM
ascorbic acid was added to the test tube and mixed with the
AuNPs seed colloid under shaking on a digital shaker for 2 min.
Finally, 160 pL of freshly prepared aqueous AgNO; solution at
a concentration of 10 mM was added drop by drop at 15 second
intervals with continuous shaking. After 15 min of continuous
shaking, the core-shell Au@AgNPs were transferred to brown
bottles and stored at 4 °C. All experiments were carried out at
room temperature. The morphology and particle size of the
prepared Au@AgNPs were characterised by UV-visible absorp-
tion spectroscopy (UV-vis) and transmission electron micros-
copy (TEM).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.4 Optimization of the synthesis process of Au@AgNPs by
QbD

2.4.1 Determination of critical process parameters (CPPs).
Based on previous experiments, it was found that the environ-
ments, reaction systems, instrumentation and analytical
parameters were the main factors affecting the capability of
Au@AgNPs. The different risks for the synthesis of Au@AgNPs
were described in a fishbone diagram (Fig. 1). Six factors that
have a more critical influence on the performance of Au@AgNPs
were selected for investigation through risk assessment and
single-factor experiments. The Raman enhancement effect (R)
of Au@AgNPs was identified as the CQAs. Six factors, including
trisodium citrate dosage (X;), gold nanosynthesis time (X,),
ascorbic acid dosage (X;), silver nitrate dosage (X,), oscillation
time (Xs) and incubation time (Xs), were used as potential CPPs.
The factors and corresponding levels of the PB experimental
design were shown in ESI 1.1 According to the Placket-Burman
(PB) design, the CPPs affecting the performance of Au@AgNPs
will be further determined.

2.4.2 Establishment of regression modelling between CPPs
and CQAs. A Box-Behnken experimental design was used to
investigate the mathematical model between the CPPs and
CQAs of the Au@AgNPs synthesis process (shown in ESI 27).
The amount of ascorbic acid was fixed at 150 pL, the shaking
time was fixed at 15 min and the incubation time was fixed at
5 min.

2.4.3 Development of the method operable design region
(MODR). MODR was calculated based on the results of the
regression model (BBD) and based on the Monte Carlo algo-
rithm in the environment of MATLAB software. In the optimi-
zation procedures, MODR was established with (R) as the
evaluation index and X;, X, and X, as CPPs. The number of
calculations was set as 1000, the pass rate was 0.8, and the step
sizes was set as 0.5, 0.2 and 0.5 P-values < 0.05 was considered
significant. Averaged by comparing the data from the three
experiments, and then the SERS spectra were plotted using
Origin 2019b.

2.5 Procedure for the detection of Hg>"

In brief, 200 pL Au@AgNPs, 200 pL Dpy and 200 pL at different
concentrations of Hg>" were added sequentially to a 3 mL
cuvette, mixed thoroughly and reaction for 5 min. The SERS
signal was acquired by Raman spectroscopy. The signal change
of Dpy at 1296 cm ™" was recorded as a basis for quantification.
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\ N \,
N Excitation wavelength \ Heating temperature \,
\_Humidity Factory \_pH
Barometric_pressure z
Noise Model Stirring speed

TSC dosage

i
/ i’
Amount of AA Accumulation
Frequency ,/ Oscillation time _Power

S/

Temperature

/Synthesis time / Scan time

//Syuthesis tim
/ V4 /

/ Amount of AGNO,

Synthesis of AuNPs Synthesis of AU@AgNPs Other parameters

Fig. 1 Fishbone diagram of CPPs affecting the performance of
Au@AgNPs.
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All samples were collected using a portable Raman spectrom-
eter equipped with a semiconductor laser of 300 mW power and
a Peltier-cooled CCD detector at —70 °C. The spectra were
scanned from 250 to 2350 cm™ ', the acquisition time for each
spectrum was set to 10 s, each spectrum was accumulated for
five times, and all experiments were performed three times in
parallel. Cosmic ray interference was removed using a self-
contained algorithm, averaged by comparing the data from
the three experiments, and then the SERS spectra were plotted
using Origin 2019b.

2.6 Detection of Chinese medicine samples

To verify the practicality of this protocol, our strategy was tested
using liquorice extraction as a spiked sample. Firstly, the
liquorice was powdered and sieved, 5 g of the powder was added
to 50 mL of water, ultrasound for 30 min, centrifuged and
passed through a 0.22 pm filter membrane to remove insoluble
impurities. Then, a series of Hg>" standard solutions were
added to the mixture. Finally, the spiked samples were tested by
SERS method.

2.7 Data processing

Experimental design and data analysis were performed by
Design Expert V8.0 software (Stat-Ease, USA). Method operable
design region was calculated by MATLAB (Mathematical Works,
USA). Raman spectral data processing was implemented by
Origin 2019b, and SERS spectra were acquired for five times of
each sample.

3 Results and discussion
3.1 Discrimination of CPPs and CQAs

In the present study, the effect of some potential CPPs on the
enhancement performance of Au@AgNPs was investigated by
means of a Plackeet-Burman (PB) experimental design, and the
results were shown in Table 1.

As shown in Table 2, the CPPs affecting the performance of
Au@AgNPs according to P-value were X; > X, > X, > X5> X > X;.
The results showed that X; had an extremely significant effect
on the performance of Au@AgNPs with P-value < 0.0001, X, and
X, reached a significant level with P-value < 0.05, while X3, X5
and X, had no significant effects on the performance of
Au@AgNPs. A multiple regression analysis of the CPPs was
carried out by Design Expert 8.0 software. Fig. 2 showed the
Pareto analysis plots of six CPPs and CQAs. In summary, X;, X,
and X,, were selected for further Box-Behnken experimental
design and analysis. X3, X5 and X, were fixed at 150 pL, 15 min
and 5 min, respectively.

3.2 Analysis of response surface experimental design

The response surface experiments were implemented by the
Box-Behnken experimental design. The results and regression
equations were presented in ESI 2 and 3.7 Models were fitted to
17 sets of experimental data by the Desing-Expert software, and
the ANOVA were presented in Table 3. The regression model
had a p-value < 0.0001, indicating that the model was highly
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Table 1 Plackeet—Burman design experiment

Potential CPPs CQAs
Number X; (uL) X, (min) X5 (uL) X, (uL) X5 (min) X, (min) R (a.u.)
1 400 5 150 200 10 5.00 6204
2 400 5 150 150 10 3.00 6332
3 400 5 200 150 15 5.00 9457
4 400 10 150 200 15 3.00 16 932
5 400 10 200 200 10 3.00 13 233
6 400 10 200 150 15 5.00 11 873
7 600 5 200 150 15 3.00 31 676
8 600 5 200 200 10 5.00 34 252
9 600 5 150 150 15 3.00 32 521
10 600 10 200 200 10 3.00 39 497
11 600 10 150 200 15 5.00 41 505
12 600 10 150 150 10 5.00 34111

Table 2 Effect evaluations of each factor under Plackett—Burman test
design®

Potential

CPPs P-value Significance

Model <0.0001 Extremely significant
X, <0.0001 Extremely significant
X, 0.0142 Significant

X, 0.9588

X, 0.0480 Significant

X5 0.1386

Xs 0.5273

¢ Significant (P < 0.05); extremely significant (P < 0.01).
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Fig. 2 Pareto analysis charts of the CPPs and the CQAs.

significant. The p-value for the lack of fit was 0.9555 > 0.05, and
the experimental error was not significant, which proved that
the model was acceptable. The P-value of the monomial coeffi-
cient X; was <0.0001, which was a highly significant term (++),
X, (P = 0.0089 < 0.05) and X, (P = 0.0032 < 0.05) were both
significant terms. The P-values of the binomial coefficient X;>
and X,” were <0.0001, indicating that the effect of X; and X, on
the Raman enhancement of Au@AgNPs was very obviously,
while the effect of the X, was relatively weak. Based on the p-

9124 | RSC Adv, 2022, 12, 9121-9129

values of the independent variables X;, X, and X,, the order of
importance of each factor on the Raman enhancement effect of
Au@AgNPs was determined as X; > X, > X,. This was consistent
with the above description. The fitted model had a regression
coefficient of determination R*> = 0.9897 and a corrected
regression coefficient of determination R*> adj = 0.9765, indi-
cating that the data model was well fitted (ESI 31). The response
surface interactions for each factor were shown in Fig. 3. The
BBD results showed that the best experimental points for the
three parameters were X; = 550.70 uL; X, = 6.55 min; X; =
170.67 pL, respectively.

3.3 Design space development and operation point selection

In order to improve the robustness of the Au@AgNPs synthesis
method, a Monte Carlo algorithm was used to automatically
obtain the design space of the method. As shown in Fig. 4, the
shape of the design space was regular and the red area was the
optimal design space. The results indicated that the three CPPs
were 510 to 550 pL for X;, 150 to 190 uL for X,;, and 5 to 9 min for
X,, respectively. The design space was then experimentally
validated, and the validation results were shown in Table 4. The
results showed that the actual and predicted values of R were
basically consistent, illustrating that the design space estab-
lished in this study was relatively reliable.

3.4 Characterization of AuNPs and Au@AgNPs

The Au@AgNPs were optimized and synthesised according to
the method determined by QbD above. UV-Vis absorption
spectroscopy and TEM were used to characterize the properties
of the Au@AgNPs. As shown in Fig. 5A, the UV-Vis spectrum
with an obvious absorption band at 526 nm, which belonged to
the characteristic peak of Au. The UV-Vis spectrum of
Au@AgNPs had distinct absorption bands at 495 nm and
417 nm, which were the surface plasmon resonance peak of the
Ag shell and the surface plasmon resonance peak of the Au,
respectively (Fig. 5B). A blue-shifted was observed on the peak
about 417 nm after the Ag shell was coated, which was caused by
the hole coupling between the AuNPs and the Ag shell.** The
TEM results showed that the AuNPs prepared by this method

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 ANOVA of Raman enhancement effect of Au@AgNPs
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Source model Sum of squares df Mean square F-value P-value Significant level
Model 1.968E + 009 9 2.187E + 008 74.97 <0.0001 ++

X1 1.463E + 009 1 1.463E + 009 501.74 <0.0001 ++

Xa 1.947E + 007 1 1.947E + 007 6.67 0.0089 +

X4 2.246E + 007 1 2.246E + 007 7.70 0.0032 +

X1 X, 2.136E + 006 1 2.136E + 006 0.73 0.2733

X1 Xy 5.991E + 007 1 5.991E + 007 20.54 0.7420

XoX4 61 256.25 1 61 256.25 0.021 0.8462

X,? 2.077E + 008 1 2.077E + 008 71.21 <0.0001 ++

X, 9.936E + 005 1 9.936E + 005 0.34 0.0055

X2 2.401E + 008 1 2.401E + 008 82.32 <0.0001 ++

Residual 2.042E + 007 7 2.917E + 006

Lack of fit 1.058E + 007 3 3.526E + 006 1.43 0.9555 Not significant
Pure error 9.838E + 006 4 2.460E + 006 74.97

Cor total 1.988E + 009 16

were spherical and relatively uniform in size, with an average
particle size of 23 nm (Fig. 5C). The morphology of the core-
shell Au@AgNPs was shown in Fig. 5D, the thickness of the
core-shell obtained by adding different volume of AgNO; into
Au seeds. The thickness of the core-shell of Au@AgNPs was
8.5 nm and showed excellent SERS activity.

3.5 Optimize the reaction system of Dpy and Au@AgNPs

In order to obtain the best probe performance for Hg>" detection,
the necessary experimental parameters were systematically opti-
mized. The concentration of Dpy and the incubation time of
Au@AgNPs-Dpy were taken into. As shown in Fig. 6A, the Raman
signal showed a trend of enhancing and then decreasing with
increasing Dpy concentration. In particular, the Raman signal of
Dpy was suppressed when the concentration exceeded 10~ *M.
Due to that the more Dpy was introduced into the system, the
more Au@AgNPs-Dpy binding exceeded the optimum level,
masking the enhancement of Au@AgNPs. Therefore, 10~ * M of
Dpy was chose as the optimal concentration.

According to previous study, diazide NPs were formed when
Dpy was combined with AgNPs. Therefore, the variation of
Raman signal intensity for different incubation times of Dpy
and Au@AgNPs was further tested. As shown in Fig. 6B, the
Raman intensity (R) gradually increased over 1-5 minutes. This
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Fig. 4 Analytical design space and verification points.

indicated that Dpy was continuously binding to Au@AgNPs. It
was not until after 5 minutes that the system reached saturation
with Au@AgNPs. With further increases in incubation time, R
will not change much. Therefore, the best time for incubation
was chosen to be 5 minutes.

3.6 Detection of Hg>* with Dpy-functionalized SERS
substrates

The SERS spectra of Au@AgNPs-Dpy with different Hg>"
concentrations (1-100 ng mL™ ') were shown in Fig. 7. The

Fig. 3 Three-dimensional response surface diagram of the interaction of three factors. (A) Interaction between X; and X»; (B) interaction

between X; and X4; (C) interaction between X, and Xi.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Results of validation experiments
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Number X, (uL) X, (min) X, (uL) R (a.u.) Prediction Qualified rate
01 520 5 150 45 063 44 466 98.67%

02 540 8 180 46 345 45 009 97.11%

03 560 9 160 43 815 44 032 100.49%

04 450 10 200 20 098 21777 108.35%

05 620 5 100 35077 37 091 105.74%

detection of Hg>" was achieved by observing the decrease in the
SERS intensity of Dpy. The Raman intensity at 1296 cm ™" rep-
resented its characteristic Raman peak, which decreased with
the increasing of Hg>* concentration. As the Hg”* concentration
increased, the Dpy was stripped off the surface of the Ag shell,
which caused a gradual decrease in the Raman intensity of Dpy.
As shown in Fig. 7B, the relative Raman intensity of Dpy showed
a good linear relationship with the concentration of Hg**. (I —
I, I and I, represented the SERS intensity of Dpy at 1296 cm ™"
when Hg?" presented or absented). A regression equation was
further obtained: y = 90.221x + 1687.4 (R* = 0.9891). Compared
to the absence of Hg>", there was a significant reduction in the
Raman intensity of the mixture when the Hg>" concentration
was over 1 ng mL~". Therefore, the limit of detection was 1 ng
mL ", which was below the level allowed in drinking water and
pharmacopoeias 2020. On the other hand, 10 SERS spectra of
Au@AgNPs incubated with 50 ng mL~' Hg®" were randomly
selected to assess the reproducibility of our tests. All spectra
showed highly consistent characteristic peaks and signal
intensities for Dpy. As shown in Fig. 7C, the RSD of the char-
acteristic Raman peak of Dpy at 1296 cm™ ' was 6.81%, indi-
cating the good reproducibility of these experiments.
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Considering the specificity of the Au@AgNPs-Dpy probe in
the determination of Hg>*, we tested the Raman response of the
Dpy probe after the addition of different ions, including Pb*",
cd*, As*", Cu®" at a concentration of 10 ug mL ™" and Hg>" at
a concentration of 1 ug mL ™", As shown in Fig. 7D, the Raman
intensity decreased significantly when Hg>* was added, whereas
the addition of other heavy metal ions only resulted in a slight
decrease in the SERS intensity of the Dpy at 1296 cm .
Therefore, these results indicated that the method established
in this paper was highly selective for the detection of Hg*". The
main reason for this was that Hg>" could coordinate with the N
atom on Dpy to form a coordination structure, and the covalent
bond formed by the coordination of the N atom with Hg was
much more stable than that of the other metal ions. The addi-
tion of Hg>" inhibited the binding of Dpy to Au@Ag NPs, so the
Raman intensity of Dpy was significantly reduced.

3.7 Detection of Hg*" in liquorice extract

To investigate the practical application of the constructed
Au@AgNPs-Dpy approach for the determination of Hg>,
recovery experiments were carried out in liquorice extract.
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Fig.5 The characterization of AUNPs and core—shell Au@AgNPs. The UV-Vis spectra of (A) AuNPs and (B) Au@AgNPs; TEM images of (C) AuNPs
and (D) core—shell Au@AgNPs. The colours of AuNPs and Au@AgNPs are indicated in the upper right corner of (A) and (B), respectively.
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Notably, the actual sample assay was carried out by injecting
Hg>" into liquorice extract. After filtration through a 0.22 pm
microporous filter to remove any particulate suspension, the
liquorice extract was treated with different concentrations of
Hg>". The prepared samples were then measured by Raman
spectrometry. As shown in Table 5, the recoveries ranged from
83.53% to 92.96%. The above results indicated that the SERS
method was reliable, accurate, and applicable, which had
a good potential for practical assays.
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(A) Raman intensity at different concentrations (Dpy). (B) Raman intensity of Dpy with Au@AgNPs at different incubation times.

3.8 Compare the sensitivity of different analytical methods

In addition, to compare the sensitivity of this study with other
detection techniques. We collected and summarised recent
work on the detection of Hg*". As shown in Table 6, ICP-MS,
AAS, colorimetric, fluorescence, electrochemical and UV-
visible methods were listed. It was clear that Au@AgNPs-Dpy
had low detection limits compared to most of the above
analytical strategies. It was worth mentioning that no specialist

y=90.221x + 1687.4
R*=10.9891

2000

o T T T T T T
0 20 40 60 80 100
Hg?(ppb)

D 9

Hg™ As? cu®* cd* Pb?*

Fig.7 (A) The Raman spectra of the Au@AgNPs incubated with different amounts of Hg?* (a—g: 1, 10, 20, 40, 60, 80, 100 ppb). (B) Linearity of the
relative Raman intensity of Dpy (10~*M) at 1296 cm ™! with respect to Hg?*" concentration. (C) 10 randomly selected SERS spectra acquired from
Au@Ag NPs incubated with Hg?*. (D) The relative SERS intensity of Dpy at 1296 cm™ (R—R,) after added with Hg?* or other cations. The error bars
in each data showed the scattering in the signal from five repeated measurements.
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Table 5 Detect the Hg?* in Licorice based on SERS analysis

Recovery
Samples Spiked Detected (%) RSD (%)
Licorice 10 ng 8.11 88.11 3.76
Licorice 20 ng 17.569 88.78 4.12
Licorice 40 ng 34.1161 83.53 3.61
Licorice 60 ng 57.7547 92.96 4.43

Table 6 Comparison of previously reported method with the present
method for the detection of ng+

Analytical technique Dynamic range LOD (ppb) Ref.

AAS — 30 4
Fluorescence 0.01-10 x 10°°M 11 17
Electrochemical 20-1600 pg L* 3.0 20
UV-visible spectroscopy  2.5-58 x 107'M 5.8 43
ICP-MS 0.01-10 mg L 7.0 14
Colorimetry 0.1-1.0 x 10°°M  15.6 44

SERS 0.5-100 pg mL 100 45

SERS 5-1000 pg L~ 5 46

SERS 1-100 ng mL ™" 1.0 This work

operator or complex sample pre-treatment was required.
Therefore, it offers clear advantages in practical sample
detection.

4 Conclusions

In summary, a novel method based on QbD concept for the
preparation of a core-shell nanomaterial (Au@AgNPs) was
presented. The prepared Au@AgNPs combined the advantages
of both AuNPs and AgNPs, with both good SERS performance
and good stability. The design space conditions for the
Au@AgNPs were obtained using Monte Carlo algorithm: (X;)
510-550 pL for trisodium citrate, (X,) 150-190 pL for silver
nitrate, (X,) 5-9 min for nanogold synthesis. The Dpy-based
functionalised Au@AgNPs were used for the determination of
Hg>" in Chinese medicine samples with good linearity in the
range of 1-100 ng mL™~". The detection limit was 1 ppb, which
was well below the requirements in EPA and Ch.P 2020. In
addition, selectivity and practicality studies showed that this
method had excellent specificity and sensitivity. Compared with
conventional methods such as ICP-MS and AAS for the detec-
tion of Hg”*, the SERS method based on the Dpy probe molecule
has the advantages of simple pre-treatment, low solvent
consumption, low detection sample volume, green and non-
polluting, and convenient and sensitive detection, which is ex-
pected to provide a series of inexpensive, simple, reliable and
ultra-sensitive detection strategies for the future field analysis
of heavy metals in TCM products.
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