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The improvement of detection accuracy without loss of rapidity and sensitivity by optical sensors in complex
food analysis is still full of challenges owing to the matrix interference. Herein, a novel and simple self-
calibration colorimetric/fluorescence/surface-enhanced Raman spectroscopy (SERS) tri-modal optical sensor
based on aminated Rhodamine 6G (R6G-NH3) was developed for highly rapid, sensitive, and accurate detection
of Hg?* in food samples. The high recognition specificity of R6G-NH; for Hg?" can be achieved through the metal
chelation interaction between Hg2+ and -NHy, -COOH groups in R6G-NHy with formation of R6G-NH2-Hg2+-

R6G-NH, complex. The DFT and FDTD simulations were adopted to confirm the theoretical feasibility in Hg?*
detection by tri-modal optical. Under the optimum conditions, the analytical method based on self-calibration tri-
modal optical sensor for Hg?>" detection was established with promising properties (rapidity, linearity, linear
range, LOD, and LOQ), providing a strategy in rapid, selective, sensitive, and accurate detection for food safety.

1. Introduction

With the rapid development of economy and society, and the sig-
nificant improvement of living standard, several focal issues have been
beginning to emerge. Among these issues, food safety issues associated
with existent hazards in foods have drawn increasing concern due to
their potential risks to human health (Su et al., 2024; Yi et al., 2024). It is
well known that the determination of hazards content in foods is the
prerequisite for food safety control. Thus, various analytical methods
including traditional chromatography (Cacciola et al., 2020; Rocio-
Bautista et al., 2022), electrochemical method (Gu et al., 2020), spec-
trometry (Kun Ge et al., 2023; K. Ge et al., 2019), enzyme linked
immunosorbent assay (ELISA) (Civera et al., 2024), and atomic spec-
trum (Song et al., 2023), have been established to monitor food hazards
for ensuring the food quality and safety. Among these methods, spec-
troscopy has been considered as the efficient methods owing to their
advantages of rapidity, portability, and sensitivity in food safety analysis
(Deepa & Ganesh, 2016; Peveler, 2024). Various spectroscopic methods
have been adopted for high analysis of food contaminants, such as
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ultraviolet-visible (UV-Vis) spectroscopy (Tsotsou & Potiriadi, 2022),
and fluorescence spectroscopy (Tang et al., 2022), and surface-enhanced
Raman spectroscopy (SERS) (Neng et al., 2020). However, the low
detection accuracy induced by instability and irreversibility of general
optical sensors still limit their practicality and reliability in high-quality
detection, especially in complex food samples (Fang et al., 2021).
Currently, several sample pre-treatment methods are considered as
the effective tool to reduce the matrix interference and improve the
detection accuracy, such as liquid—liquid extraction (Marsousi et al.,
2019), headspace microextraction (Zhu et al., 2024), magnetic extrac-
tion (Mhd Haniffa et al., 2021), and solid phase micro extraction (SPME)
(Yang et al., 2023). However, the complex operation and long pro-
ceeding time of sample pre-treatment method still need be improved
(Chen et al.,, 2017). In addition, combining the features of different
spectroscopic instruments can identify and correct errors caused by
system itself or during the detection process, ensuring accurate and
reliable results (L. Yang, et al., 2024; H. Zhang, Li, et al., 2022). For
instance, when rapid detection of a large number of actual samples, a
portable spectrometer can be used for initial screening (Piotrowski et al.,
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2019), followed by more accurate quantitative analysis by one or more
spectroscopy (Wang et al., 2023), namely self-calibration strategy.
Zhang et al. (Hanqiang Zhang et al., 2023) proposed a colorimetric/
fluorescence dual-model sensors based on thymine-modified Au
nanoparticles/reduced-state sulfur nanodots (T-AuNPs/r-SDs) for highly
accurate determination of Hg?' through mutual calibration. Addition-
ally, Au nano bipyramids-persistent luminescence nanoparticle com-
posites (Au NBPs-ZGGO NP) were designed and fabricated for
fluorescence/SERS dual-model analysis of Staphylococcus aureus en-
terotoxins (Zhao et al., 2021). The high detection accuracy can be
achieved via self-calibration between fluorescence and SERS method.
Thus, the multi-modal optical sensor is a promising candidate for ac-
curacy enhancing in detection of food hazards in complex samples (Sun
et al., 2023).

Heavy metal ions are one of the major risk factor to human health
through foulants of water, soil, and air (Meng et al., 2023). Among
various heavy metal ions, mercury ion (Hg2+) (even low levels) show
irreversible damages to human health, particularly affecting the nervous
system, kidneys, and liver (Zamora-Ledezma et al., 2021). In addition,
Hg?" can bioaccumulate through the food chains including water, fruits,
meat, vegetables, and grains (Hernandez-Martinez & Navarro-Blasco,
2013; Song et al., 2023). The safety value of Hg?" ions in drinking
water are set to 6.0 pg/L by the World Health Organization (WHO),
suggesting the rapid, sensitive, and accurate analytical methods for
Hg?" detection is essentially urgent (Gu et al., 2021; Luo et al., 2022).
Currently, the combination of optical sensors with probe molecules in
detection of heavy metal ions has gradually received considerable at-
tentions (Kumar, 2023; Nan et al., 2021; Zhang, Zhong, et al., 2022). The
specific reaction between heavy metal ions and functional groups of
probe molecules generally exhibit higher sensitivity and selectivity,
mainly caused by significant structural changes of probe molecules (Fan
et al.,, 2022). For example, it has been reported that the core shell
magnetite colloid nanocrystal clusters-poly methacrylic acid magnetic
beads coupled with aptamers have been developed to detect Hg" using
fluorescence/SERS dual-modal sensor (Li et al., 2020). Lan et al. (Lan
et al., 2018) prepared a fluorescent probe based on pyrazole derivatives
modifying rhodamine for UV-Vis/fluorescence dual-modal analysis of
Hg?" with high selectivity and accuracy. Thus, the development of
probe molecules with multi-modal optical sensors is an ideal strategy for
highly rapid, sensitive, selective, and accurate detection of Hg?*.

In the present work, we proposed a novel self-calibration colori-
metric/fluorescence/SERS tri-modal optical sensor based on aminated
Rhodamine 6G (R6G-NH>) probe for highly rapid, sensitive, and accu-
rate detection of Hg?" in food samples. The -NH, and -COOH groups in
R6G-NH; can interact with Hg?* with high specificity to form R6G-NHy-
Hg?"-R6G-NH, complex through metal chelation reaction, thus
inducing optical changes in UV-Vis, fluorescence, and SERS spectrum.
In addition, the theoretical feasibility in Hg?' detection by self-
calibration tri-modal optical sensor was validated by DFT and FDTD
calculations. The rapidity (within 13 min) and high accuracy (through
self-calibration function) for detection of Hg?" can be achieved using tri-
modal optical sensor. Under the optimum conditions, the detection
method for Hg?" based on self-calibration tri-modal optical sensor was
established with promising analytical performance (linearity, linear
range, LOD, and LOQ). Finally, the as-developed method based on tri-
modal optical sensor was applied to determination of Hg?>" in real
food samples, showing great superiorities in recoveries, RSDs, and ac-
curacy (self-calibration function). The established method provides a
new venue in quantitative detection of hazards in complex food samples
with high rapidity, selectivity, sensitivity, and accuracy by multi-modal
optical sensors with self-calibration function.
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2. Experimental section
2.1. Chemicals and reagents

All used chemicals and reagents were at least analytically pure
without further purification. Gold chloride trihydrate (HAuCls-3H0,
99.9 %) was purchased from Bide Pharmatech Co., Ltd. (Shanghai,
China). Rhodamine 6G (R6G, 95 %), ethylenediamine (EDA, 98 %) and
anhydrous sodium citrate (CgHsO7Nas, 99 %) were obtained from
Aladdin Biochemistry Science and Technology Co., Ltd. (Shanghai,
China). Mercury ion standard solution (Hg?*, 1.0 mg/mL) was provided
by Sinopharm Chemical Reagent Co., Ltd. (Tianjin, China). Methanol
(MeOH, 99.9 %), acetonitrile (ACN, 99.9 %), anhydrous ethanol (EtOH,
99.7 %), and trichloroacetic acid (TCA, 99.5 %) were obtained from
Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai, China).
Ultrapure water with resistivity of 18.2 MQ/cm was used for all exper-
iments and the glassware was cleaned using aqua regia (HCl: HNO3 =
3:1, v/v) before used. The other chemicals and regents can be seen S1 in
Supplementary Materials.

2.2. Instruments

The UV-Vis, fluorescence and SERS analysis was recorded by Shi-
madzu UV-2600i spectrophotometer (Shimadzu, Japan), F-4600 fluo-
rescence spectrophotometer (Hitachi, Japan), and i-Raman Plus
portable Raman spectrometer (Aexy = 785 nm, BWTek, USA), respec-
tively. The characterizations of AuNPs was conducted by JEM-2100
transmission electron microscope (TEM, JEOL, Japan) and Zetasizer
Nano ZS90X DLS (Malvern, UK), respectively. The R6G-NH; probe was
characterized by LC-MS-IT-TOF HRMS (Shimadzu, Japan), INVENIO-S
FTIR (Fourier transfer infrared, FT-IR, Bruker, UK) and x-ray photo-
electron spectroscopy (XPS, Thermo Scientific K-Alpha, UK), respec-
tively. HZP-T503 PH Meter (Huazhi, China) was used to monitoring the
pH value. The concentration of Hg?>" was confirmed by inductively
coupled plasma mass spectrometry (ICP-MS, Agilent 5800, US).

2.3. Synthesis of R6G-NH, probe

Generally, the R6G-NH; probe with spirolactam-closed structure was
prepared according to previous methods (P. Li et al., 2013). The detailed
preparation process was described as follows: 4.0 mmol of R6G was
rapidly dissolved in hot EtOH (40 mL), followed by injection of EDA
(1.4 mL). Then, the resulting mixture was refluxed at 85 °C for several
hours until the color of mixture was changed to light pink. After cooling
down to room temperature, the precipitate was washed with cold EtOH
(60 mL) for three times. Finally, the result product was recrystallized by
cold ACN to obtain pure R6G-NHy powder (white-pink color).

2.4. Detection of HZ*" by tri-modal optical sensor

The self-calibration colorimetric/fluorescence/SERS tri-modal opti-
cal sensor was applied to detection of Hg?t in standard solution to
investigate the analytical performance of method. Generally, 8.0 mg/L
R6G-NH, (1.0 mL) was mixed with different concentrations of Hg2+
standard solution (1.0 mL), followed by incubation at room temperature
(25 °C) for 8 min to obtain the reaction mixture. For colorimetric and
fluorescence detection, UV-vis absorption at 529 nm and fluorescence
emission intensity at 556 nm (Ex = 530 nm) were recorded. For SERS
analysis, the enhanced substrate of Au nanoparticles (AuNPs) was pre-
pared (Please see S2 in Supplementary Materials). Thus, 0.15 mL ob-
tained reaction mixture was mixed with 0.15 mL concentrated AuNPs in
96-pore plate for 5 min, followed by SERS detection. The SERS detection
parameters are present as follows: wavelength range: 200-2000 cm ™ };
integral time: 5 s; laser power: 210 mW. All optical measurement
(colorimetric/fluorescence/SERS) was repeated three times with paral-
lel three samples.
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Scheme 1. Schematic illustration of preparation of R6G-NH,, probe for self-calibration colorimetric/fluorescence/SERS tri-model optical analysis of Hg" in foods.

2.5. Analysis of Hg?" in actual sample

The as-developed self-calibration colorimetric/fluorescence/SERS
tri-modal optical sensor was applied to detection of Hg?" in real samples
to confirm the feasibility of method. Four kinds of food samples
including skimmed milk and grapes (from local supermarket in Kunm-
ing), tap water (from a laboratory in Kunming) and river water (from
Laoyu River in Kunming) were used as actual samples. Before the tri-
modal detection, the essential sample pre-treatment process was adop-
ted for reducing the matrix interference. The purchased skimmed milk
(2.5 mL) was treated with 1.0 mL trichloroacetic acid (30 %, v/v) by
vortexing for 5 min to remove proteins. Then, the result mixture was
centrifuged at 10,000 rpm for 15 min, and the supernatant was collected
and filtered by 0.22 pm nylon membrane. The collected tap water and
river water were centrifuged at 11,000 rpm for 30 min, and the super-
natant was collected and filtered by 0.22 pm nylon membrane. Grapes
were firstly juiced, followed by been mixed with ultrapure water. The
result mixture was centrifuged at 10,000 rpm for 20 min, and the su-
pernatant was collected and filtered by 0.22 pm nylon membrane. After
sample pre-treatment process, the concentration of Hg?" in above actual
samples were measured by self-calibration tri-modal analysis with
similar process with standard solution of Hg?*. The standard ICP-MS
method was also used to further evaluate the accuracy of tri-modal
optical method.

3. Results and discussion
3.1. Preparation and characterization of R6G-NH3 probe

The R6G-NH;, probe with high specificity for Hg?" was prepared by
spirolactam-closed R6G based on Michael addition reaction (Scheme
1a). The functional groups with high chemical affinity provide dominant
position for recognition of Hg?" with selectivity, exhibiting tri-modal
signals including UV-Vis absorption, fluorescence, and SERS spectra
(Scheme 1b). On the one hand, the rapid and selective analysis of Hg2+
can be achieved based on the quick response of optical sensing and high
specificity of R6G-NH; probe for Hg2+. On the other hand, the self-
calibration functions with colorimetric/fluorescence/SERS tri-modal
optical sensor ensure the high detection accuracy.

The fluorescence emission, UV-visible absorption, and SERS spectra
were investigated to compare differences between R6G and R6G-NHo. It
can be found that the R6G-NH;, exhibited negligible peak (fluorescence
emission and UV-visible absorption spectra) compared with R6G
(Fig. Sla, b), and the SERS spectra intensity shows opposite phenome-
non (Fig. S1c). The excitation (Ex) and emission (Em) spectra of R6G-
NH, illustrated the Ex and Em peak at 530 and 556 nm, respectively
(Fig. S1d). In addition, the ESI-HRMS, FT-IR and XPS analysis were
adopted to confirm the successful preparation of R6G-NH,. In addition,
the R6G-NH; molecule was characterized using ESI-HRMS with mass-to-
charge ratio (m/z) of 457.2, suggesting the successful preparation of
R6G-NH; by R6G (Fig. Sle). The FT-IR spectra was performed on R6G-
NH; and R6G powder to further verify the successful synthesis of R6G-
NH,. As it can be seen in Fig. S1f, the R6G-NH; displayed stretching
vibration at 1685 cm™!, corresponding to the formation of amide
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Fig. 1. The feasibility of colorimetric (a), fluorescence (b), and SERS (c) analysis of ng’ by R6G-NH, probe. TEM images for AuNPs (d) and R6G-NH, + AuNPs +
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structure (-C=0) from the reaction between carboxyl group (-COO) of
R6G (1715 cm’l) and ethylenediamine (EDA). Furthermore, the
obvious peaks at 2930 and 2967 cm ™! were attributed to the asymmetric
and symmetric stretching vibrations of the -CHo,CH»- group. Finally, the
most prominent two FT-IR characteristic peaks above 3300 cm ™%, cor-
responding to the free -NH; groups, providing further confirmation of
successful formation of R6G-NH;. Additionally, the XPS analysis was
performed on R6G-NHj; and R6G powder to further verify the successful
preparation of R6G-NH,. As it can be seen in Fig. S2, the same elemental
composition (C, N, O) for R6G-NH; and R6G was observed. As shown in
Fig. S3a, the XPS spectra of C 1 s for R6G exhibits peaks at 283.3 eV,
284.9 eV, and 287.6 eV, attributing to C-C/C=C, C-O/C-N, and O-C=0,
respectively. For R6G-NHj, the obvious peaks at 283.7 eV, 284.8 eV, and
285.5 eV assigned to C-C/C=C, C-O/C-N, and C=O indicated the
transformation of R6G (O-C=0 bond, 287.6 eV) to R6G-NH; (C=0
bond, 285.5 eV) (Fig. S3d). Fig. S3b shows the detailed N 1 s peak of R6G
at 397.9 eV and 398.8 eV, corresponding to N—H and -N=, respectively.
After converting to R6G-NHj, the detailed XPS peaks at 396.6 eV (C—N
(—C, —R)), 397.8 eV (N—H), and 398.6 eV (—NH) can be confirmed
(Fig. S3e). The obvious change of detailed XPS spectra (N 1 s) can be
attributed to the reaction between R6G and ethylenediamine. The
detailed O 1 s peaks at 530.5 eV and 530.9 eV represent the formation of
C=0 and C—O bond in both R6G and R6G-NH; (Fig. S3c, f). These
above XPS results demonstrate that R6G-NH; was successfully prepared
based on R6G.

3.2. The feasibility of tri-modal optical sensor

Considering the high specificity of R6G-NH, for Hg>", we propose a
self-calibration colorimetric/fluorescence/SERS tri-modal optical
method for highly rapid and accurate analysis of Hg?" based on metal
chelation reaction. R6G-NH, has an aminated ring-closed spirocyclic
structure based on the parent of the R6G-based xanthine, indicating the

formation of R6G-NH,-Hg?*-R6G-NH, complex through strong coordi-
nation with metal ions by amino (-NHy) and carboxyl (-COOH) groups
(P. Li et al., 2013). The color of R6G-NH; will be changed from colorless
to light pink after addition Hg?* (Fig. S4), leading to optical changes in
colorimetric, fluorescence, and SERS. As shown in Fig. 1a—c, the UV-Vis
absorption (529 nm), fluorescence intensity (556 nm), and SERS in-
tensity (610 cm™?) significantly increased after addition of Hg2* (100.0
ng/L), suggesting the feasibility in selective detection of Hg?* by R6G-
NH; probe. In addition, the characterizations of AuNPs in TEM, Zeta
potential, and dynamic light scattering (DLS) were further performed to
verify the feasibility. As displayed in Fig. 1d, e, the AuNPs showed ag-
gregation after addition of Hg?" in the presence of R6G-NH, probe. The
AuNPs with negative charge will interact with positively charged R6G-
NH; molecules, leading to the observed aggregation (Fig. 1f). Finally,
the size distribution of AuNPs significantly increased from 43 nm to 459
nm in the presence of R6G-NH,, probe and Hg?" (Fig. S5).

In addition, the simulations based on density functional theory (DFT)
and finite difference time domain (FDTD) were adopted to further
confirm the feasibility. As it can be seen in Fig. S6, the Gibbs free energy
(Ag) for recognition of Hg?>" by R6G-NH, probe was —4.4 eV, meaning
the high specificity of R6G-NH, for Hg?*. Additionally, the electro-
magnetic field distribution of AuNPs was investigated by FDTD simu-
lations (Fig. S7). The strongest electromagnetic field intensity can be
found when the distance between AuNPs is 0.5 nm and the electro-
magnetic field intensity was significantly decreased with distance
increased, demonstrating the strong correlation between distance of
AuNPs and electromagnetic field intensity. Thus, the feasibility of SERS
detection of Hg?* by R6G-NH probe further can be confirmed based on
AuNP aggregation. The above results suggest the high feasibility of R6G-
NH,, probe for highly rapid and selective analysis of Hg>".
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3.3. Optimization of tri-modal optical method

Before the quantitative detection of Hg?*, several experiment pa-
rameters including pH value, concentration of R6G-NHj probe, and re-
action time of have been investigated to obtain the best detection
performance. The effects of pH value with different buffer solutions on
UV-Vis absorption, fluorescence emission intensity, and SERS intensity
in the presence of R6G-NH, were evaluated. As shown in Fig. S8, the
UV-Vis absorption, fluorescence intensity, and SERS intensity of R6G-
NH;, exhibited unstable signals in pH range from 1.0 to 11.0 with three
common buffers including PBS, HAc-NaAc, and Tris-HCl buffer. The
above results suggest the pH sensitivity of R6G-NH;, probe, demon-
strating that the ultrapure water was best solvent for next detection
process. Furthermore, the concentration of R6G-NH; probe is a crucial
factor in affecting sensitivity and selectivity for Hg?" determination. As
it can be seen in Fig. S9, R6G-NH; probe with different concentration
(0-12.0 mg/L) yielded different UV-Vis absorbance, fluorescence
emission intensity, and Raman intensity at 529 nm, 556 nm and 610
em™}, respectively. The UV-Vis absorbance, fluorescence emission in-
tensity, and Raman intensity increased as the heating concentration
increased from O to 12.0 mg/L, and then shows downward trend.
Finally, the incubation time between R6G-NH, probe and Hg?' was
optimized. As displayed in Fig. S10a, b, the UV-Vis absorbance and
fluorescence emission intensity got the highest signal in incubation time
of 8 min. For further SERS analysis, the best incubation time between
mixture of R6G-NH, probe + Hg?" and AuNPs was also obtained in 5
min, which exhibited highest SERS intensity at 610 cm?! (Fig. S10c).

3.4. Development of tri-modal optical sensor for analysis of Hg®*

Under the optimum conditions, the optical response of tri-modal
optical sensor to Hg?" with different concentrations was investigated
and the fitting standard curve was further established. As shown in
Fig. 2a-c, the UV-Vis absorption (529 nm), fluorescence emission (556
nm), and SERS intensity (610 cm™ D gradually increased with the in-
crease of concentration of Hg?" in range of 5.0-300.0, 1.0-400.0, and
2.0-1000.0 pg/L, respectively. The fitting relationship between the
spectral intensity and the concentrations of Hg?" was plotted with
correlation coefficient (R?) of 0.9981, 0.9984, and 0.9920 for UV-Vis,
fluorescence, and SERS model, respectively (Fig. 2d-f). The linear
equation of yyy_yis = 0.00026x + 0.00068, yp, = 24.6x + 75.6, and
ysers = 13.8x + 1488.6 can be obtained for above optical models. The
LOD and LOQ for UV-Vis, fluorescence, and SERS model were 1.5 and
5.1 pg/L, 1.2 and 4.1 pg/L, 1.8 and 5.9 pg/L, respectively. Hence, the
recognition of Hg?* by self-calibration colorimetric/fluorescence/SERS
tri-modal optical sensor exhibited high rapidity, sensitivity, and con-
sistency, making it suitable for the quantitative detection of Hg?* in food
samples.

The selectivity and anti-interference ability of self-calibration tri-
modal optical sensor was evaluated before next actual sample analysis.
Fig. 3a—c exhibited that the AI**, Ba®*, ca®*, Kt, Mg?", Zn?*, Na¥,
cu®*, Co?t, and Cr®" with different folds (please see Table S1) have
negligible optical response on tri-modal sensor including UV-Vis ab-
sorption, fluorescence emission intensity, and Raman intensity
compared to Hg?* (100.0 pg/L), meaning the good selectivity of tri-
modal optical sensor for Hg?" analogues. Moreover, the anti-
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Table 1
Analysis of Hg?" in foods with ICP-MS and colorimetric/fluorescence/SERS tri-
modal optical method.

Samples Original Assay  Added Found Recovery RSD
(ICP-MS) (ng/L) (ng/L) (%) (%, n

=3)
10.0 9.7 97.6 1.2
uv 50.0 49.9 99.7 0.6
200.0 184.1 92.1 0.5
5.0 4.6 95.2 0.2
Milk N.D.* FL 50.0 47.9 96.1 0.2
300.0 274.0 91.4 0.3
5.0 9.9 104.5 2.1
SERS  50.0 55.2 103.7 0.8
500.0 435.8 89.2 0.9
10.0 10.4 102.9 1.9
uv 50.0 47.7 95.7 0.7
200.0 195.1 97.6 1.3
5.0 3.9 86.7 0.6
Grape N.D. FL 50.0 46.2 92.9 0.4
300.0 310.0 103.3 0.1
5.0 4.78 99.8 1.3
SERS  50.0 47.2 98.1 0.7
500.0 523.1 103.9 1.2
10.0 9.4 95.1 1.7
uv 50.0 47.9 96.1 1.3
200.0 187.9 94.0 0.7
Tap 5.0 3.8 84.6 0.5
water N.D. FL 50.0 43.9 88.5 0.6
300.0 307.0 102.3 0.1
5.0 3.7 98.8 1.1
SERS 50.0 46.8 97.8 2.7
500.0 492.1 98.7 1.4
10.0 9.7 97.9 2.6
uv 50.0 47.3 94.8 0.7
200.0 191.6 95.9 1.3
River 5.0 3.8 85.1 0.4
water N.D. FL 50.0 50.7 101.2 0.2
300.0 293.3 97.8 0.1
5.0 7.7 102.5 2.4
SERS  50.0 50.8 100.6 2.0
500.0 473.3 95.5 0.7

2 N.D. =Not detected.

interference ability of self-calibration tri-modal optical sensor was
further evaluated using above metal ions as interferences. As shown in
Fig. 3d-f and Table S2, the above interfering metal ions show negligible
effect on analysis of Hg?t (100.0 pg/L) by tri-modal optical methods
including UV-Vis absorption (529 nm), fluorescence emission intensity
(556 nm), and Raman intensity (610 cm’l). The above results demon-
strate the practicality of tri-modal optical sensor in detection of Hg" in
actual samples.

3.5. Stability and repeatability

The stability and repeatability of the self-calibration tri-modal opti-
cal sensor was evaluated for Hg>" detection under various conditions. As
shown in Fig. 4a, e, i, the detection of Hg?* (100.0 pg/L) by tri-modal
optical sensor for 11 repeat measurements exhibited low RSDs of 1.2
%, 2.8 %, and 1.4 % for colorimetric, fluorescence, and SERS model,
respectively. In addition, the with long-term stability and repeatability
of tri-modal optical sensor was evaluated within 13 months in the
presence of Hg" (100.0 pg/L), displaying low RSDs of 2.0 %, 3.7 %, and
4.7 % for colorimetric, fluorescence, and SERS model, respectively
(Fig. 4b, £, j). The good stability of tri-modal optical sensor also can be
seen with exposure time in range of 1-24 h in the presence of 100.0 pg/L
Hg2+ (RSDs <4.4 %) (Fig. 4c, g, k). Finally, the 13 batches of tri-modal
optical sensors were applied to detection of Hg?" (100.0 pg/L) with
RSDs as low as 2.2 % (Fig. 4d, h, i), indicating the promising stability of
inter-batch. The above results demonstrate the satisfied stability and
repeatability of as-developed self-calibration tri-modal optical sensor for
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quantitative analysis of Hg?".

3.6. Analytical applications in food samples

To further validate the practicality and reliability of self-calibration
tri-modal optical sensor, four food samples including skimmed milk,
grapes, tap water, and river water were used as actual samples. The
standard ICP-MS method was applied to confirm the detection accuracy
of tri-modal optical sensor. As shown in Table 1, the Hg?" can not be
detected by using ICP-MS method, as well as colorimetric, fluorescence,
and SERS tri-modal optical methods. Thus, certain concentrations of
Hg?* was spiked in food samples, known as recovery experiments. The
recoveries of 92.1-102.9 %, 84.6-103.3 %, and 89.2-104.5 % can be
found for colorimetric, fluorescence, and SERS method with RSDs of
0.5-2.6 %, 0.1-0.6 %, and 0.7-2.7 %, respectively (Table 1). In addition,
relative errors within colorimetric, fluorescence, and SERS method was
calculated to further confirm the detection accuracy and self-calibration
function of tri-modal optical sensor. The difference of 6.0 %, 1.3 %, 3.7
%, and 3.3 % can be obtained for skimmed milk, grapes, tap water, and
river water by colorimetric, fluorescence, and SERS model, respectively,
indicating the high detection accuracy and self-calibration function of
as-developed tri-modal optical sensor (Table S3). These results indicate
that the self-calibration tri-modal optical sensor has great potential in
rapid, accurate, and quantitative detection of Hg?' for food samples
with high reliability and accuracy, providing reliable analytical method
for ensuring food safety.

4. Conclusion

In conclusion, a novel self-calibration colorimetric/fluorescence/
SERS tri-modal optical sensor based on aminated Rhodamine 6G (R6G-
NH) probe was designed and fabricated for highly rapid, sensitive, and
accurate detection of Hg2+ in foods. The R6G-NH; with -NH; and -COOH
groups will interact with Hg?* for formation of R6G-NHy-Hg?"-R6G-
NHy complex through metal chelation reaction, resulting in optical
changes in UV-Vis, fluorescence, and SERS spectrum. Thus, the specific
recognition and anti-interference properties of tri-modal optical sensor
for Hg" can be confirmed. The theoretical feasibility of self-calibration
tri-modal optical sensor was verified by DFT and FDTD simulations. In
addition, the rapid and accurate detection for Hg?* can be achieved
within 13 min owing to the self-calibration function with tri-modal
methods. Under the optimum conditions, the integration of tri-modal
optical sensor enables promising analytical performance for Hg?",
including broad detection range (1.0-1000.0 pg/L), good correlation
coefficient (R? = 0.9981), low LOD (1.2 pg/L) and LOQ (4.1 pg/L).
Finally, the self-calibration colorimetric/fluorescence/SERS tri-modal
optical sensor was used to quantitative determination of Hg?" in
actual food samples, showing great superiorities in recoveries
(84.6-104.5 %), RSDs (0.1-2.7 %), and accuracy (1.3-6.0 %, self-
calibration tri-modal method). The tri-modal optical sensor was
applied to analysis of Hg?" in food samples, exhibiting excellent supe-
riorities in recoveries and accuracy (self-calibration function). Our data
opens a new venue in design and fabrication of multi-modal optical
sensors with self-calibration function for detection of food hazards in
complex food samples with high rapidity, selectivity, sensitivity, and
accuracy.
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