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Theoretical predictions and experimental
verifications of SERS detection in colorants

Mingyan Cao, &2 Jiamin Chen,? Xiaohong Sun,? Feng Xie & *® and Boyan Li® *?

Synthetic colorants added during food processing not only fail to provide nutrients, but also can be harmful
to human health when used in excess. To establish a simple, convenient, rapid and low-cost surface-
enhanced Raman spectroscopy (SERS) detection method for colorants, an active surface-enhanced
substrate of colloidal gold nanoparticles (AuNPs) was prepared in this study. The density functional
theory (DFT) method of B3LYP with 6-31G(d) was applied to determine the theoretical Raman spectra of
erythrosine, basic orange 2, 21 and 22, and to attribute their characteristic spectral peaks. The SERS
spectra of the four colorants were pre-processed using local least squares (LLS) and morphological
weighted penalized least squares (MWPLS), and multiple linear regression (MLR) models were established
to quantify the four colorants in beverages. The results showed that the prepared AuNPs with a particle
size of about 50 nm were reproducible and stable, with a good enhancement of the SERS spectrum of
rhodamine 6G at 1078 mol L™ The theoretical Raman frequencies were in good agreement with the
experimental Raman frequencies, and the peak position differences of the main characteristic peaks of
the four colorants were within 20 cm™. The MLR calibration models for the concentrations of the four
colorants showed relative errors of prediction (REP) of 2.97-8.96%, root mean square errors of
prediction (RMSEP) of 0.03-0.94, R? of 0.973-0.999, and limits of detection of 0.06 ng mL~% The
present method could be used to quantify erythrosine, basic orange 2, 21, and 22, revealing its wide
range of applications in food safety.

1 Introduction

Food additives are natural or synthetic substances added to
food by manufacturers to prevent spoilage or to enhance
appearance, taste, texture, or nutritional value, and excessive
consumption is harmful to human health.' Erythrosine, basic
orange 2, 21 and 22 are four common food additives. Erythro-
sine, a synthetic xanthophyll colorant widely used in the food
industry, poses a potential health hazard to humans when
consumed in excess.” The Joint FAO/WHO Expert Committee on
Food Additives 86th Meeting Summary and Conclusions 2018
established an acceptable daily intake of 0-0.1 mg kg™ ' body-
weight for erythrosine,® where excessive consumption can cause
potential reproductive and neurobehavioral toxicity.* Basic
orange 2, 21 and 22 belong to industrial dyes, all of which are
moderately toxic carcinogenic compounds and have been
explicitly banned from use in food.®* However, due to their
strong coloring power, stable color and cheap availability, many
manufacturers use them illegally in food products. A survey of
children aged 3 years and 8-9 years showed that children who
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ingested basic dyes had higher global hyperactivity aggregate
scores compared to children who consumed placebo.® In addi-
tion to these basic dyes, other food additives, either directly
(chemicals intentionally added to foods) or indirectly (materials
that may contaminate foods as part of packaging or
manufacturing), also have potentially adverse health effects on
children. Preservatives such as nitrates and nitrites are prone to
cause methemoglobinemia and brain tumors in infants.”®
Bisphenol A, used to make baby bottles, can cause childhood
obesity and albuminuria.>*® Phthalates, used in the manufac-
ture of personal care products and flexible plastic tubing, can
also cause childhood obesity and insulin resistance.™

The commonly and widely used methods for the detection of
food colorants are chromatography, mass spectrometry, gas
chromatography-mass spectrometry and spectrophotometry
since their good accuracy and high precision."”*® Moreover,
a number of improved and emerging techniques have made the
detection of food additives more portable, convenient, and
visualized. For instance, colorimetry, fluorometry, combination
of colorimetry and fluorometry, surface-enhanced Raman
spectroscopy (SERS), and their derivatives combining with filter
paper and/or smartphone for visual readout have made great
progress in enhancing portability and practicality.””>* These
techniques can be very useful and promising for food colorant

© 2023 The Author(s). Published by the Royal Society of Chemistry
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detection due to their good sensitivity, repeatability and
stability.

In the current work, we aimed to establish a convenient,
rapid and low-cost SERS detection method for food colorants to
facilitate the food safety monitoring. SERS is a highly sensitive,
fast and simple analysis technique that adsorbs the molecules
to be measured on the surface of rough nano-metal materials to
enhance the Raman signal of the subject by 10°~10". It not only
enables non-destructive in situ detection of trace substances,
but also provides information about the molecular structure of
the substance to be tested, which has great potential for
development in the food industry.>*** The SERS effect depends
on the stability and sensitivity of the active substrate.””
Currently, the main substrates used in SERS for the detection of
colorants in food are metal sol nano-active substrates, gold (Au)
or silver (Ag) nano-rod active substrates and metal electrode
active substrates.”® Most of the novel nanomaterial substrates
are improved based on metal nano-active substrates, thus
improving the performance of the new nano-substrates. Such as
using colloidal Au active substrates as gold seeds, adding cetyl
trimethyl ammonium bromide, synthesizing Au nano-rod active
substrates and detecting temptation red as well as sunset yellow
in beverages.” The preparation of uniformly sized, effect-
enhancing active substrates is important for the development
of SERS substrates.

To the best of our knowledge, there have been few studies of
direct detection of the erythrosine, basic orange 2, 21 and 22 by
SERS. In this study, we prepared stable, sensitive and uniform-
sized colloidal gold nanoparticles (AuNPs) as a SERS-enhanced
substrate to construct a simple, rapid, sensitive and environ-
mentally friendly SERS technique that can be used to detect
food colorants.

2 Methods and materials

2.1 Reagents

Gold(m) chloride (CAS#27988-77-8) and sodium citrate tribasic
(CAS#6858-44-2) were purchased from Sigma-Aldrich
(Shanghai, China). Nitric acid (CAS#7697-37-2) was bought
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Rhodamine 6G (R6G) was obtained from (CAS#989-38-8) San-
gon Biotech (Shanghai, China). The standard substances
erythrosine (GBW(E)100163, CAS#16423-68-0), basic orange 2
(CAS#532-82-1), 21 (CAS#3056-93-7) and 22 (CAS#4657-00-5)
were supplied by Bjhongmeng Co., Ltd (Beijing, China). Four
types of beverages FDDR, FDDY, VCD and DPD are commer-
cially available.

2.2 Apparatus

The SERS experiments were detected by a Polaris-R80 portable
Raman spectrometer (Polaris Scientific, Suzhou, China).
Transmission electron microscopy (TEM) images were obtained
on a JEM-2100 instrument (JEOL Ltd, Mitaka-shi, Japan). The
ultraviolet (UV) absorption spectrum was measured by a UV-
1700SPC UV  spectrophotometer (Macylab instrument,
Shanghai, China).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.3 AuNPs preparation and characterization methods

AuNPs were prepared using the chemical reduction method.*
50 mL gold(m) chloride solution (1.00 mmol L") was trans-
ferred to a 250 mL three-mouth flask, stirred and heated to boil
in a refluxing manner. Then 1.85 mL sodium citrate tribasic
solution (38.80 mmol L™ ') was slowly added to the flask after
reflux and continuously heated for 15 min. The solution was
allowed to cool naturally to room temperature and the colloidal
AuNPs were obtained. The UV spectrophotometer was pre-
heated for 30 min. Using distilled water as a reference, the
prepared AuNPs were diluted three times and placed in
a cuvette for absorption spectroscopy. Subsequently, 10 pL of
colloidal AuNPs were placed on a clean copper net and dried
naturally. The morphological feature and particle sizes of
AuNPs were observed at 30KX, 50KX and 100KX magnifications
with TEM operating at a voltage of 20 kV.

2.4 Beverage samples preparation

Each beverage sample was accurately weighed at 10.00 g and
placed in a beaker for ultrasonic exhaust treatment to reduce
the effect of CO, in the beverage on the target signal. After
degassing, the samples were allowed to stand for 5 min and
diluted to 2, 5 and 10 times as needed. Appropriate volume of
supernatant was filtrated through a 0.22 pm hydrophilic filter
membrane, and 100 pL of the filter liquor was taken into
a sample bottle for testing.

2.5 SERS measurements

100 pL of either R6G or beverage samples was taken in the
sample bottle, and then 500 pL of colloidal AuNPs and 100 pL of
nitric acid solution (agglomeration agent, 0.5 mol L") were
added in turn. After mixing, the detection was carried out on the
Raman spectrometer instrument. The laser power was 250 mW
and the integration time was 15 s.

2.6 Density functional theory (DFT) calculation

Density Functional Theory (DFT) B3LYP method and 6-31G(d)
basis set were used to calculate the theoretical SERS spectra of
erythrosine, basic orange 2, 21 and 22 by GaussView5.0 and
Gaussian 09.°"** We compared the experimental SERS spectra
with the theoretical SERS spectra, determined the attribution of
the characteristic spectral bands and correlated the vibration
wavenumber and vibration mode of the molecular group.

2.7 Data analysis

Multivariate data analysis was completed using PLS Toolbox 4.0
(Eigenvector Research, Inc., US) and in-house written routines
in the MATLAB environment (The MathWorks, Inc., US) on
a standard PC.

3 Results and discussion
3.1 Characterization of AuNPs

Gold(m) chloride can react with sodium citrate tribasic to form
gold particles with a diameter of tens of nanometers.*® The
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Fig. 1 Characterization of AuNPs. (A—C) TEM images of AuNPs observed at 30KX, 50KX and 100KX. Scale bar, 100, 50 and 20 pm; (D) UV
absorption spectrum of AuNPs; (E) overlay SERS spectra of R6G solutions at different concentrations of 0 (a), 1078 (b), 10~ (c), 107 (d) and 10~°

(e) mol L%

particle sizes and morphological features of the AuNPs were
observed by TEM at 20KX, 50KX and 100KX magnifications,
which showed that the AuNPs were in uniform-sized, with
a particle size of about 55 nm and a spherical shape (Fig. 1A-C).
The characterization detection results showed that the AuNPs
had only one absorption spectral peak at 450-650 nm. The
largest UV absorption peak was at 535 nm, the half-peak width
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of the absorption peak was 46 nm, and the peak shape was
narrow (Fig. 1D), indicating that the size distribution of AuNPs
was uniform and no other sizes of AuNPs were produced.

The SERS characterization of AuNPs using R6G as a probe
showed that when the concentration of R6G was as low as
10~® mol L™, it still produced obvious characteristic peaks at
610, 773, 1184, 1136 and 1509 cm . These results indicated

B
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Fig. 2 SERS spectra acquired from R6G probe in 107 mol L™ for testing. (A) The stability of AuNPs colloid over a storage period of 49 days; (B)

the reproducibility of AUNPs preparation for different batches.
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Fig. 3 Optimization of SERS measurements by testing erythrosine solution in 10 ug mL™%. (A and B) Effect of different concentrations of reunion
agent nitric acid (0.05, 0.01, 0.2, 0.5 and 1.0 mol L) on SERS of erythrosine; (C and D) effect of integration time on SERS of erythrosine; (E and F)
effect of laser power on SERS of erythrosine; (G and H) effect of mixing time of AuNPs and sample to be tested on SERS.
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that AuNPs prepared in this experiment increased the sensi-
tivity of SERS (Fig. 1E).

3.2 Stability and reproducibility of colloidal AuNPs

The stability and reproducibility of AuNPs were examined every
seven days using R6G as the probe. The results showed that the
AuNPs had the best stability and R6G had the best spectral
enhancement effect at day 7 and day 14, which then decreased
with time (Fig. 2A). During the preservation, the AuNPs inter-
acted with each other and formed agglomerates, which led to
a decrease in stability and affected the enhancement effect of
colloidal AuNPs.** The relative variance of the eight SERS
spectra collected within the range of 330-1800 cm ™' was
14.61% in 0-49 days and 8.30% in 0-28 days. Therefore,
colloidal AuNPs can be stored for about 28 days at room
temperature away from light.

To determine the reproducibility of AuNPs prepared from
different batches, SERS were examined by using R6G at
a concentration of 107® mol L ™" as a probe, and three SERS
spectra were randomly collected from each batch. The relative
variance of the 18 calculated SERS spectra in 330-1800 cm !
wave number was 0.50%, indicating that the SERS spectra
varied little between different batches and the colloidal AuNPs
were reproducible (Fig. 2B).

3.3 Optimization of SERS measurements

We investigated the effect of coagulants on the SERS signal of
erythrosine in this section. The role of the reunion agent is to
promote the agglomeration of AuNPs, forming “hot spots”
between the particles, thus making the signal of the test
substance enhanced.* After adding 0.05 mol L' nitric acid,
the SERS signal showed no difference, indicating that there
was no agglomeration between AuNPs or no agglomeration to
the “hot spots” generation. When the nitric acid concentration
was 0.10 mol L™, the SERS signal was significantly enhanced
(Fig. 3A). However, as the concentration of nitric acid
increased, the SERS signal of erythrosine did not increase but
decreased significantly (Fig. 3B). The above results suggested
that the reunion agent increased the agglomeration effect of
the particles, with the disappearance of some of the “hot
spots”. We speculate that when the reunion agent is added to
the system, it increased the agglomeration effect of the parti-
cles, causing them to clump together and form larger aggre-
gates. This can result in the redistribution of particles across
the system, leading to a decrease in local concentrations and
ultimately causing the hot spots to disappear.***” Nitric acid is
a strong acid and may be hazardous to the environment and
the operators. We therefore chose 0.10 mol L™ " nitric acid as
the optimal concentration without affecting the signal
enhancement.

This section explored the effect of integration time on the
SERS signal of erythrosine. The longer the integration time, the
stronger the SERS signal of the target substance. The integra-
tion time started from 9 s, and when the integration time
increased to 18 s, the peak at 1320 cm ™' showed a “plateau”
phenomenon. When the integration time was further increased,
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the “plateau” phenomenon became more obvious (Fig. 3C),
indicating that the AuNPs were highly sensitive and had a good
enhancement effect on the erythrosine, and the peak reached
the maximum range of the instrument. Therefore, the SERS
data obtained from the integration time of 18 s and later would
be inaccurate for qualitative and quantitative analysis. Even
though the concentration of erythrosine gradually increased
with the integration time (Fig. 3D), 15 s was still selected as the
optimal integration time.

This section investigated the effect of laser power on the
SERS signal of erythrosine. The power was set at 225, 250, 275
and 300 mW. The SERS signal intensity at the laser power of 250
mW increased significantly compared to that at 225 mW, but
the subsequent increase in laser power had almost no effect on
the SERS signal (Fig. 3E). Therefore, in combination with the
results in Fig. 3F, 250 mW was finally selected as the optimal
laser power to ensure the signal intensity and the instrument
lifetime.

This section was to investigate the effect of mixing time with
AuNPs colloids on the SERS signal of erythrosine. When AuNPs
colloids were added to the erythrosine sample, they interacted
with each other. Some of the sample molecules were adsorbed
onto the surface of the AuNPs, while others were shed from the
AuNPs, and the whole process is a dynamic one. Thus, signal
instability is a common problem encountered in SERS detection
when AuNPs are added to the sample.

After mixing the sample with colloidal AuNPs well, SERS
spectra were collected every 1 min. The relative variance of the
eight spectra collected from 0 to 7 min was 0.63% in 330-
1800 cm™ " wave number (Fig. 3G). In addition, the dependence
of the intensity changes on the mixing time at 1165 and
1320 cm™ " from 0 to 7 min was investigated. The signal inten-
sity of erythrosine was stable within 7 min (Fig. 3H). It is sug-
gested that the use of AuNPs as the active substrate stabilizes
the SERS signal.

Currently, the adsorption mechanism of erythrosine, basic
orange 2, 21 and 22 by colloidal gold nanoparticles is not yet
fully understood and requires further investigation. However,
it is believed that the adsorption may involve several factors
such as electrostatic interactions, hydrogen bonding, hydro-
phobic interactions, and van der Waals forces between the
dyes and the surface of the colloidal gold nanoparticles. The
specific contributions of these factors may vary depending on
the properties of the dye molecules and the surface of the
nanoparticles. Additionally, the adsorption mechanism may
also be influenced by the size, shape, and surface charge of the
colloidal gold nanoparticles, as well as the concentration and
pH of the solution. In this study, the surface of AuNPs
becomes negatively charged due to the adsorption of citrate
ions, while basic orange 2, 21 and 22 are classified as basic
dyes carrying positive charges. Therefore, it is speculated that
the adsorption of these dyes by AuNPs may be related to
electrostatic interactions. Further research is needed to better
understand the underlying mechanisms involved in the
adsorption of these dyes by AuNPs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.4 Theoretical and experimental Raman spectra of
erythrosine, basic orange 2, 21 and 22

In this section, we determined the theoretical Raman spectra of
erythrosine, basic orange 2, 21 and 22 by using the DFT B3LYP
method with a 6-31G(d) basis set. The ratio of the overlapping
areas of theoretical and experimental Raman spectra to the
experimental Raman spectral areas was calculated, and the
main characteristic peak positions of the two spectra can be well
matched. Then, according to the optimized molecular spatial
structures, the characteristic peaks of the four colorants were
identified by combining the theoretical and experimental
spectra, which provided theoretical support for the qualitative
analysis of erythrosine, basic orange 2, 21 and 22.

Firstly, the spatial structure of erythrosine was optimized
and computed. Since erythrosine has iodine atoms, the SDD
pseudopotential basis set was also used (Fig. 4A). Next, we
compared the theoretical and experimental Raman spectra.
Both spectra were normalized to compare the similarities and
differences more clearly between them. The overlapping areas
of the two spectra are calculated by using the spline fitting
function and trapezoidal rule. In the 330-1800 cm ' wave
number, the ratio of the overlapping areas to the experimental
Raman spectra areas was 28.67% (Fig. 4B). The similarity
between the theoretical and experimental Raman spectra was
compared in terms of peak positions, and the vibrational
attribution of the main Raman characteristic peaks of erythro-
sine was obtained. The peak position differences between the
main characteristic peaks of theoretical and experimental
Raman spectra were within 20 cm™" (Table 1). There are some

View Article Online

Paper

differences between the theoretical and experimental charac-
teristic peaks, which may be due to the following two reasons:
(1) the theoretical calculation considers the optimal configura-
tion of a single molecule in an ideal state, while the actual state
of existence of molecules is likely to be multiple molecules
clustered together. Theoretical Raman spectra do not consider
the interactions between multiple molecules, and thus lead to
some discrepancies between theory and experiment;*® (2)
experimental Raman spectra were obtained by dissolving
erythrosine in water for detection, ignoring solvent effects.
Moreover, many functional groups can be better bound to the
surface-active substrate after hydrolysis, and the peaks with
insignificant intensity in the theoretical Raman spectra are
enhanced in the experimental Raman spectra, which may be
one of the reasons for the smaller ratio of the overlapping areas
to the experimental Raman spectra areas.

The spatial structures of basic orange 2, 21 and 22 were
obtained by the same method (Fig. 4C, E, and G). The ratios of
the theoretical and experimental spectra overlapping areas of
basic orange 2, 21 and 22 to the experimental Raman spectral
areas were 12.18%, 19.70% and 27.12%, respectively (Fig. 4D, F,
and H). The vibrational attribution of the main characteristic
peaks of basic orange 2, 21 and 22 was identified and the results
are shown in Tables 2-4.

3.5 SERS measurements of erythrosine, basic orange 2, 21
and 22 from beverages

3.5.1 Data pre-processing. The four selected beverages
(FDDR, VCD, FDDY, DPDY) were added as substrates to the

Table 1 Comparison of the theoretical vibration modes and experimental Raman spectra of erythrosine®

No. Experimental (cm™") Theoretical (cm ™) Assignment

1 466 482 o(phenyl)

2 613 624 6(phenyl)

3 944 947 »(C-H)

4 1165 1176 »(C-C), 6(C-H)
5 1274 1273 6(C-H), »(C-0)
6 1461 1468 »(C=C), §(C-H)
7 1598 1607 o(phenyl)

¢ Vibration modes: », stretching; ¢, in-lpane deformation.

Table 2 Comparison of the theoretical vibration modes and experimental Raman spectra of basic orange 2¢

No. Experimental (cm ") Theoretical (cm ™) Assignment

1 517 507 6(phenyl)

2 993 995 5(C-H)

3 1147 1155 »(C-N), 6(C-H)

4 1165 1182 §(C-H), »(C-N)

5 1260 1256 »(C-N), »(C=N), §(C-H)
6 1370 1368 »(C-H), 6(C-H), é(phenyl)
7 1507 1506 6(C-H), v(N=N)

8 1615 1612 vy(phenyl), 6(N-H)

“ Vibration modes: v, stretching; 6, in-lpane deformation; subscript s: symmetric.
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No. Experimental (cm ™) Theoretical (cm™") Assignment

1 557 557 d(phenyl)

2 800 820 é(phenyl)

3 1115 1109 »(C-N), 6(C-H)

4 1189 1196 6(C-H)

5 1261 1269 »(C-N), ¥(C-N), 6(C-H)
6 1285 1295 »(C-N), 6(C-H), »(C-C)
7 1365 1368 8(C-H), »(C=N)

8 1457 1451 86(C-H), »(C=N)

9 1470 1469 8(C-H)

10 1539 1536 6(C-H), 5(phenyl)

11 1570 1584 6(C-H), ¥(C=N), y(C=C)

“ Vibration modes: v, stretching; ¢, in-lpane deformation.

Table 4 Comparison of the theoretical vibration modes and experimental Raman spectra of basic orange 224

No. Experimental (cm ™) Theoretical (cm™") Assignment

1 555 566 d(phenyl)

2 923 925 8(C-H)

3 1115 1115 6(C-H)

4 1124 1123 6(C-H)

5 1294 1296 8(C-H)

6 1365 1355 6(C-H), »(C-C)

7 1532 1525 6(C-H), §(C-H)

8 1581 1584 6(C-H), ¥(C=C), »(C=N)

“ Vibration modes: », stretching; ¢, in-lpane deformation.

standard substances of the four colorants respectively, formu-
lated as positive samples with different concentrations, and the
multiple linear regression (MLR) calibration models were

established separately. The Raman spectrum is mainly influ-
1

enced by the Mie scattering before 300 cm™ " wave number,

2.5x10"

Intensity / a.u.

T T T T T T T T T T T T 1
1510 1520 1530 1540 1550 1560 1570

Raman shift / cm™!

which is constantly changing. After 1800 m~ " wave number, it is
mainly influenced by water. Therefore, it has an impact on the
predictive power of the MLR model.** In this work, 330-
1800 cm ™' wave numbers were selected for pre-processing, MLR
model establishment and SERS measurements.

2.5x10" 7

Intensity / a.u.

T T T T T 1
1550 1560 1570

Raman shift / cm’!

Fig.5 Illustration of band alignment of the spectra of the DPD-basic orange 21 mixtures before (A) and after (B) spectra calibration, concerning

the 1536 cm™* band.
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Fig. 6 SERS of the FDDY-basic orange 22 mixtures before (A) and after (B) background correction.

A total of eight MLR models were established. The concen-
trations of FDDR-erythrosine were 0.10, 0.20, 0.50, 0.80, 1.00,
2.00, 5.00, 8.00 and 10.00 ug mL™". The concentrations of VCD-
erythrosine were 1.00, 2.00, 5.00, 8.00, 10.00, 12.00, 15.00 and
20.00 pg mL™*. The concentrations of FDDY-basic orange 2 were
1.00, 2.00, 5.00, 8.00, 10.00, 12.00 and 20.00 pg mL™*. The
concentrations of FDDY-basic orange 21 were 0.05, 0.08, 0.10,
0.20, 0.50, 0.80, 1.00, 2.00 and 5.00 pg mL ™. The concentrations
of FDDY-basic 22 were 0.05, 0.08, 0.10, 0.20, 0.50, 0.80 and 1.00
ng mL . The concentrations of DPDY-basic orange 2 were 0.10,
0.20, 0.50, 0.80, 1.00, 2.00, 5.00 and 8.00 pug mL™‘. The
concentrations of DPDY-basic orange 21 were 0.10, 0.20, 0.50,
0.80, 1.00, 2.00, 5.00 and 8.00 pg mL ™. The concentrations of
DPDY-basic orange 22 were 0.10, 0.20, 0.50, 0.80, 1.00, 2.00, 5.00
and 8.00 pg mL ™.

3.5.2 Spectra calibration. The same chemical substance
has the same spectrum, but the spectrum of the same batch of
samples measured under the same conditions may have small
drifts in their peaks due to the influence of ambient tempera-
ture, instrument, laser source and sample concentration. The
MLR model is constructed based on the entire spectrum, and its
accuracy and sensitivity can be affected by the peak drift of the
Raman spectrum. In this study, the Local Least Square (LLS)
was used to pre-process the obtained spectra.** Taking the
spectrum obtained from the measurement of DPD-basic orange

Table 5 The MLR model of DPD-basic orange 21 SERS spectra with
different pre-processing

RMSEP (ug
MLR modelling data REP (%) mL™) RV (%)
Raw data 11.36 0.16 5.63
LLS 11.06 0.12 7.87
MWPLS 3.12 0.03 27.45
LLS + MWPLS 2.97 0.03 28.67
y — — 66.01

15094 | RSC Adv, 2023, 13, 15086-15098

21 as an example, the characteristic peak of the Raman spec-
trum drifted to the right with increasing concentration of basic
orange 21 at 1536 cm™ ' wave number (Fig. 5A). After the cali-
bration, the drift was eliminated (Fig. 5B).

3.5.3 Background correction. During the detection process,
the signal generated by the interference of the inductively
coupled detector, the laser source (producing diffuse reflection,
Mie scattering and Rayleigh scattering) and solvent fluores-
cence is called the background. The background signal itself
contains no sample information. The presence of background
in the SERS spectrum affects the validity of the target signal and
increases the difficulty of qualitative analysis and quantitative
detection of the target substance. Background interference also
affects the selectivity and sensitivity of the analysis method and
reduces the accuracy and precision of the spectral modeling.
For further accurate analysis, it is necessary to eliminate or
correct the background interference.

In the present study, we used Morphological Weighted
Penalized Least Squares (MWPLS) to correct the background
interference from the SERS spectral data.**

The spectra of basic orange 22 before and after background
correction are shown in Fig. 6A and B. The SERS spectra of
FDDY-basic orange 21 were pre-processed with spectra cali-
bration and background correction separately to construct the
MLR model. The effect of the pre-processing method on the
MLR model was evaluated by comparing the main parameters
of the two models. The relative errors of prediction (REP) and
root mean square error of prediction (RMSEP) were used to
compare the effect of the two pre-processing methods on the
predictive ability of the MLR model, and smaller REP and
RMSEP indicate better predictive ability. As shown in Table 5,
both pre-processing methods improved the MLR model.
Therefore, it is necessary to perform spectra calibration and
background correction before constructing the MLR model. The
background correction pre-processing method had a greater
impact on REP and RMSEP, suggesting the background inter-
ference may be the main factor affecting the predictive ability.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 The SERS (A) and MLR model (B) of different concentrations of basic orange 21 in FDDY. Black and red solid circles respectively labelled the
FDDY-basic orange 21 mixture samples in the calibration and prediction sets.

Although spectra calibration showed less effectiveness in
improving SERS, it may be more effective in severe peak drift
conditions.

To further discuss the effect of the two pre-processing
methods on the data, the relative variances of the raw data,
the spectra calibration data, the background correction data,
the spectra calibration and background correction data and the
concentration values corresponding to the spectra were calcu-
lated separately. The results showed that the relative variance of
the spectra improved from 5.63% to 5.71% (1.42% improve-
ment) after spectra calibration. The relative variance of the
spectra improved from 5.63% to 27.45% (79.48% improve-
ment). The relative variance of SERS after background correc-
tion was closer to the relative variance of the concentration
values because the common interference between SERS was
eliminated after background correction. And the differences
between SERS at each concentration were also highlighted,
leading to a more conducive quantitative analysis.

3.5.4 Model construction of erythrosine, basic orange 2, 21
and 22 in beverages. FDDY-basic orange 21 was used as an
example for SERS measurement. Compared to the SERS with
the addition of basic orange 21, no characteristic peak was

shown in the blank control, indicating that the FDDY contains
no basic orange 21. The SERS spectrum of the blank had
a signal within 1300-1800 cm ' wave numbers, which was
mainly caused by the absorption of water (Fig. 7A). The estab-
lished MLR model is shown in Fig. 7B. The R?>, REP and RMSEP
of the standard curve are 0.997, 5.85% and 0.02, respectively.
For linear calibration curves, the instrument response (y) is
assumed to be linearly related to the standard concentration (x)
over a finite concentration range, expressed in the model as y =
a + bx. The limit of detection (LOD) and limit of quantification
(LOQ) are expressed as LOD = 3Sa/b and LOQ = 10Sa/b,
respectively, where Sa is the standard deviation of 20 blank
responses and b is the slope of the calibration curve.*

The eight MLR models developed in this study had good
predictive ability, with an R* range of 0.973-0.999, REP range of
2.97-8.96%, RMSEP range of 0.03-0.94, and low detection limit
of 0.06 ug mL~" (Table 6). The relative variance was 6.28% for 20
repeated measurements of basic orange 21 (0.6 pg mL™ ') in
FDDY beverages over the course of a day. Different concentra-
tions of standard substances of erythrosine, basic orange 2, 21
and 22 were added to FDDR, FDDY, VCD, and DPD samples
within a linear range. The concentrations of FDDR-erythrosine

Table 6 Calibration models of four colorants in spiking beverage mixtures, established on the SERS spectra in the region of 330-1800 cm ™! after

background correction and band alignment

Linear range RMSEP (ng LOD LOQ
Mixtures (ng mL™Y) Regression equation R REP (%) mL ™) (ng mL™) (ng mL™")
FDDR-erythrosine 0.10-10.00 y = 0.102 + 1.009x 0.999 7.13 0.18 0.27 0.90
VCD-erythrosine 1.00-20.00 y = —1.305+1.122x 0.998 8.96 0.75 0.69 2.31
FDDY-basic orange 2 1.00-20.00 y = 1.195 + 0.845x 0.973 8.17 0.94 0.39 1.23
FDDY-basic orange 21 0.05-2.00 y=—-0.013 + 1.011x 0.997 5.58 0.02 0.06 0.20
FDDY-basic orange 22 0.05-1.00 y = 0.025 + 1.050x 0.999 6.77 0.04 0.06 0.20
DPD-basic orange 2 0.10-8.00 y = —0.040 + 1.033x 0.980 8.93 0.10 0.15 0.51
DPD-basic orange 21 0.10-8.00 y = —0.020 + 0.983x 0.999 2.97 0.03 0.06 0.20
DPD-basic orange 22 0.10-8.00 y = —0.380 + 1.057x 0.991 3.29 0.33 0.06 0.20
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Table 7 Predictions of four colorants in spiking beverage mixtures, by
eight calibration models using the SERS spectra in the region of 330—
1800 cm™ after background correction and band alignment

RMSEP (ug
Mixture scenarios mL™") REP (%)
FDDR-erythrosine 0.41 7.22
VCD-erythrosine 0.26 6.35
FDDY-basic orange 2 0.55 9.79
FDDY-basic orange 21 0.38 7.65
FDDY-basic orange 22 0.15 8.74
DPD-basic orange 2 0.04 6.67
DPD-basic orange 21 0.24 8.62
DPD-basic orange 22 0.54 9.44

were 0.90, 4.00 and 6.00 ug mL ™', VCD-erythrosine were 7.00,
9.00 and 11.00 ug mL ™", VCD-erythrosine were 4.00, 6.00 and
7.00 pg mL~', FDDY-basic orange 2 were 4.00, 6.00 and
7.00 pg mL ', FDDY-basic orange 21 were 0.40, 0.60 and 0.70 pg
mL~', FDDY-basic orange 22 were 0.07, 0.09, 0.40 and 0.60 pg
mL~", DPDY-basic orange 2 were 0.40, 0.60 and 0.70 ug mL ",
DPDY-basic orange 21 were 0.60, 0.70 and 0.90 ug mL ", and
DPDY-basic orange 22 were 0.40, 0.60 and 0.70 pg mL™". Five
batches of predicted samples were simulated to evaluate the
predictive ability of the model with two indicators, REP and
RMSEP, ranging from 6.67 to 9.79% for REP and 0.04 to 0.54 pg
mL ™" for RMSEP (Table 7). The above results indicated that the
SERS technique combined with the chemometric method is
suitable for the rapid quantitative analysis of erythrosine, basic
orange 2, 21 and 22 in beverages.

4 Limitations of the study

The present study on the development of a SERS detection
method for colorants has several limitations that need to be
addressed. Firstly, we only focused on four synthetic colorants.
Future studies should evaluate a wide range of colorants to
determine the applicability of this method in food safety.
Secondly, we did not evaluate the cross-reactivity of the method
to other substances present in beverages, which could lead to
false-positive results or interference. Thirdly, we did not
examine the effect of environmental factors such as tempera-
ture and humidity on the stability and reproducibility of the
AuNPs. More studies are needed to investigate the impact of
these factors on the performance of the method and ensure that
the method remains reliable under different environmental
conditions.

5 Conclusion

In this work, the SERS-enhanced active colloidal AuNPs
substrate was successfully synthesized, with great reproduc-
ibility, high stability and satisfactory enhancement of the SERS
spectra of erythrosine, basic orange 2, 21 and 22. Based on DFT
B3LYP method with a 6-31G(d) basis set, the theoretical Raman
spectra of the four colorants were calculated. The theoretical
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and experimental Raman spectra can be well matched and the
main characteristic peak position differences were within
20 cm~'. Moreover, the characteristic peaks of the four color-
ants were assigned according to the optimized molecular
spatial structures, which provides theoretical support for their
qualitative analysis. Finally, the SERS technique combined with
chemometrics, LLS and MWPLS was used to pre-process the
SERS spectra of the four synthetic colorants in beverage
samples, and the MLR models of the SERS spectra and the
concentration of colorants in beverages were established. The
predictive ability of the models was good, as assessed by R?,
REP, RMSEP, LOD and LOQ. The SERS combined with chemo-
metric analysis offered a rapid and viable method suitable for
the detection of colorants or industrial pigments, which could
be artificially used as synthetic additives to beverage in an
excessive or illegal way, so as to ensure food safety.
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