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Coumarin is harmful to health but still used in cosmetics, tobacco, or illegally added into food as a spice in
trace amounts so that it is exceedingly difficult to be determined accurately. Thus, it isimportant to develop
a reliable method to qualitatively and quantitatively determine coumarin. Herein, we report a coumarin
detection method using surface-enhanced Raman spectroscopy (SERS) coupled with an intelligent
multivariate analysis. First, a flower-like silver-based substrate was fabricated and characterized by XRD,
TEM, and EDS. Subsequently, coumarin with different concentrations was detected using this flower-like
silver as the SERS substrate. The Raman vibration assignments reflect the information about the structure
of the coumarin molecule efficiently. The limits of detection (LOD) for coumarin using the flower-like
silver substrate can reach 1078 M. It means the detection limit of coumarin by this method is less than
1.46 png kg~L which is much more sensitive than the previously reported one. Based on the Raman
characteristic peaks of coumarin, various methods like linear regression, binary linear regression, and

Received 16th August 2017 o ! ) . ) )
Accepted 3rd October 2017 PCA were used to quantitatively analyze coumarin. These analysis results show that with the binary linear
regression model, a strong linear relationship between lg / (/ is the Raman peak intensity) and —lg C (C is

DOI: 10.1039/c7ra09059e the concentration of coumarin) can be observed and the correlation coefficient R? was close to 1. This
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Introduction

Coumarin is a natural ingredient in tonka bean, woodruff and
sweet clover."* It was first isolated from tonka beans in 1822 and
the first chemical synthesis succeeded in 1868.** It smells like
fresh hay and vanilla and was originally used as a flavouring
agent in food and tobacco. In 1954, coumarin was banned from
being added as the flavoring agent in food in the USA because, in
some animal experiments, it found to have hepatotoxic effects
on rats and might be linked to cancer.>” In 1965, coumarin used
as the flavouring substance in food was prohibited by British
Food Standards Agency.*” Then, Germany, China and other
countries issued a law to forbid the usage of coumarin as a food
additive.'®* However, in order to pursue the interests, some
food processors and distributors illegally added coumarin into
food products such as milk powder and soybean milk. Moreover,
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method provides a high sensitivity and rapid method to detect the additives in food and cosmetics, etc.

although it is not allowed to be added to foods, coumarin may
present in some parts of the plants added to foods to provide
flavor, causing food to contain a trace amount of coumarin. As
an exception, coumarin is allowed to be added in cosmetics like
body lotion, face-cream and so on."” However, according to the
Federal Institute for Risk Assessment, skin resorption can
significantly attribute to the overall exposure of coumarin.
Particularly for children, coumarin could be more harmful.** In
cosmetics, the amount of coumarin is limited to 10 pug g~ .*°

Thus, analytical methods are needed for the qualitative and
quantitative determination of coumarin. Nowadays, several
analytical approaches have been used to determine coumarin,
such as high performance liquid chromatography (HPLC),"*™**
mass spectrometry (MS),'® ultra performance liquid chroma-
tography coupled with mass spectrometry (UPLC-MS),"”*® liquid
chromatography mass spectrometry (LC-MS),>*® gas chroma-
tography (GC),*** and gas chromatography with mass spec-
trometry (GC-MS).>*** These methods have high selectivity and
sensitivity, but they are complex and time-consuming and
require pre-treatment, valuable equipment and good operation
skills.

The aim of this study was to develop an easy and fast
streamlined method for the detection and quantification of
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coumarin. Compared to other methods, surface-enhanced
Raman spectroscopy (SERS) does not need the complex
sample pre-treatments, has the advantages of high sensitivity,
good flexibility, reliability, and fast detection and can also
provide a high degree of structural information about a single
molecule.”>** SERS has been explored for wide application in
bio-medicine, chemical and material analysis, and environ-
mental monitoring.**** The mechanism of SERS enhancement
includes electromagnetic enhancement (EM) and chemical
enhancement (CM).***® Several researchers have shown that the
electromagnetic enhancement factor is about 10* and the
chemical enhancement contributes to an average enhancement
factor of 100.*** The EM is the main contributor to the drastic
signal enhancement in SERS. The EM mechanism is based on
the size, shape, and type of the noble-metal substrates and their
abilities to support plasmon resonances.**** The traditional
SERS substrates include roughened electrodes, island films,
and surface-confined nanostructures.”” These substrates are
easy to fabricate but lack reliability and stability, and the SERS
signals are not uniform. They have severely limited the wide
practical applications of SERS.*”*° To overcome these short-
comings, recently, a number of approaches that use non-
traditional substrates such as shell-isolated nanoparticle,
silver nanocubes, and nanotriangles have been proposed;
however, the reproducibility of these substrates is poor.**~**

In this study, the flower-like silver substrate was fabricated
and used to detect coumarin. The substrate showed a high
sensitivity for a rapid detection of coumarin. The Raman shifts,
their relative intensities, and the assignments of the charac-
teristic peaks of coumarin were summarized. These results
provided the structural information of coumarin, which can be
used for the qualitative analysis of coumarin. In addition,
a quantitative analysis model for determination of coumarin
was established using binary linear regression. This model
provides a reference to quantitatively detect coumarin.

Experimental

Coumarin (=98%), polyvinylpyrrolidone (PVP, K17, >95%),
silver nitrate (AgNO;z;, =99.8%), ascorbic acid (ASA, >99.0%),
and rhodamine 6G (R6G, =95%) were obtained from Aladdin
Industrial Corporation and used without further purification.
Ultrapure water (18.3 MQ) was used for all solution prepara-
tions. A schematic of the fabrication of the flower-like silver
substrate is described in Fig. 1. First, 0.2 ml of AgNO; solution
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Fig. 1 A schematic illustration of the fabrication of the flower-like
silver substrates.
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(1 M) and 2 ml of PVP solution (1%) with 10 ml of ultrapure
water were added into 30 ml beaker successively. After they were
mixed thoroughly in a thermostat with a magnetic stirrer at
room temperature, 1 ml of ASA solution (0.1 M) was quickly
added into the above-mixed solution, and then the solution was
stirred persistently for 10 min (Fig. 1a). Second, the product of
reaction was separated from the solution by centrifugation at
8000 rpm for 10 min and then washed with 10 ml of ultrapure
water in an ultrasonic reactor. This second step was repeated
four times for removing the residual impurities on the surface
of silver nanoparticles (Fig. 1b). Then, nano-silver colloidal
solution was obtained. Third, the silicon wafer was soaked in
this nano-silver colloidal solution and dried in a vacuum oven at
60 °C for 6 h to avoid oxidation (Fig. 1c). Finally, the flower-like
silver substrates were obtained (Fig. 1d).

The R6G solutions were prepared at concentrations ranging
from 10~° to 10~* M, and coumarin solutions were prepared at
concentrations ranging from 10~® to 10~* M. The R6G and
coumarin solutions aliquoted with different concentrations
were titrated onto the flower-like silver substrates and then
transferred into the vacuum oven at 40 °C for 8 h. Their SERS
spectra were recorded by a confocal microscope/Raman spec-
trometer system (Renishaw, inVia Reflex Raman) with a 785 nm
excitation wavelength with 5 s exposure time and twice
accumulation.

The flower-like silver substrates were characterized field-
emission scanning microscopy (HITACHI, SU8010 FE-SEM)
and EDS spectroscopy (Team Apollo XL EDS). Their structure
was analyzed via X-ray diffraction (XRD) (BRUKER-AXS). The
UV-visible spectra were recorded via UV-vis spectroscopy (TU-
1901, Purkinje, China). The Raman spectra of the probe mole-
cules and coumarin were measured with the confocal
microscope/Raman spectrometer system (Renishaw, inVia
Reflex Raman).

Results and discussion

The morphology of the flower-like silver substrate was investi-
gated via a scanning electron microscopy (SEM) system. Fig. 2a
shows that the flower-like silver nanoparticles were deposited
onto the silicon wafer and well dispersed and had a narrow
diameter distribution (600-800 nm). Fig. 2b shows the detailed
morphology of the flower-like silver nanoparticles. Numerous
ridges with a thickness of 50-75 nm existed over the surface.
The XRD pattern of the substrate clearly indicates that the
flower-like silver nanoparticles displayed high crystallinity
(Fig. 2¢). Four characteristic peaks at 38.1, 44.1, 64.7 and 77.5°
were assigned to the (111), (200), (220) and (311) planes of Ag
crystals, respectively (JCPDS no. 01-1164). The complete
composition of the substrate was further confirmed by the
energy dispersive spectrum (EDS) (Fig. 2d). The UV-vis absorp-
tion spectrum of the flower-like silver colloid was measured in
the range of 190-900 nm (Fig. 2¢), which exhibited a broad peak
from 400 to 800 nm, indicating that the substrate has a broad
local surface plasmon resonance region. To evaluate the
enhanced effectiveness of the substrate, R6G was chosen as
a nonresonant probe molecule with a known molecular

This journal is © The Royal Society of Chemistry 2017
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Fig.2 Basic characterization of the flower-like silver substrate. (a) SEM
image (scale bar: 2 um), (b) SEM image (scale bar: 200 nm), (c) XRD
pattern, (d) EDS spectrum, (e) UV-vis spectrum of the flower-like silver
substrate, and (f) SERS spectra of R6G.

footprint. Fig. 2f illustrates the SERS spectra obtained from six
different concentrations of R6G. The spectra reveal that an R6G
concentration as low as 10~° M still exhibited an observable
SERS signal, indicating that the flower-like silver substrate has
high sensitivity.

In this study, the SERS enhancement distributed on the
surface was measured by randomly collecting the SERS signal
intensity from 30 different test areas of the flower-like silver
substrate. Fig. 3a shows the stability of the R6G peak at
1510 em™ " at the concentration of 10~° M from the flower-like
silver substrate. Fig. 3b shows the stability of the R6G peak at
1362 cm ™' at the concentration of 10> M from the flower-like
silver substrate. The R6G SERS intensity varies by only 8%,
indicating reproducibility and that the substrates are highly
uniform.
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Fig. 3 (a) The stability of the R6G peak at 1510 cm ™! at the concen-
tration of 107> M from the flower-like silver substrate. The RSD of the
peak intensity is 8.92%. (b) The stability of the R6G peak at 1362 cm ™! at
the concentration of 10™> M from the flower-like silver substrate. The
RSD of the peak intensity is 8.09%.
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As shown in Fig. 4b (top left), coumarin consists of a lactone
ring and an aromatic ring. The schematic of a SERS experiment
with coumarin on the flower-like silver substrate is shown in
Fig. 4a. A 5 mm diameter laser was vertically projected on the
sample to be tested, with a laser power of 25 mW and 5 s
exposure time and twice accumulation. Fig. 4b shows the SERS
spectra of coumarin at different concentrations from 10™% M to
10~* M. Some Raman peaks at 813, 1175, 1267, 1431, 1588, and
1665 cm ' were clearly observed. The detection limit of
coumarin was less than 1.46 ug kg '. Table 1 shows the
assignments of the main peaks of coumarin in Raman and
vibration modes. These Raman shifts could be used to quali-
tatively analyze coumarin.

In the SERS spectra of coumarin at different concentrations
from 10~ % M to 10~ * M, the SERS signal intensities decreased
with decreasing concentration of carmine. However, the char-
acteristic peaks at 1175, 1267, 1558, and 1665 cm™ ' remained,
indicating that these characteristic peaks can be used for
quantitative analysis. The intensity of the peaks followed the
order 1665 > 1558 > 1175 > 1267 cm .

In order to obtain the quantitative analysis model for
coumarin, different methods including linear regression,
binary linear regression, and principal component analysis
(PCA) were used to analyze the SERS spectra. First, the
maximum characteristic peak at 1665 cm™ " was selected, and
the correlation between lg I (I is the intensity) and —Ig C (C is
the concentration of coumarin) was established using linear
regression. The relevant equation is

“Lg C= —434 Lg I +23.32 with R* = 0.988. (1)

Second, two largest characteristic peaks at 1665 and
1558 cm™ " were selected and the correlation between Ig I and
—lg C was established by the binary linear regression. The
relevant equation is

LgC=-3886Lgl +33.64Lgl+28.11 )

In eqn (2), C is the concentration of coumarin (mol L™ %), I; is
the intensity of the peak at 1665 cm™ ", I, is the intensity of the
peak at 1558 cm™ ' and R* = 1.

1665
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Fig. 4 (a) Schematic diagram of a SERS experiment with coumarin on

the flower-like silver substrate and (b) the structure of coumarin
molecule (the upper left) and the SERS spectra of different concen-
trations of coumarin absorbed on the flower-like silver substrate.
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Tablel The assignments of the main peaks of coumarinin Raman and
vibration modes

SERS spectrum

(em™) Assignment

813 Ring breath

1175 C-H, twisting and rocking in-plane

1267 Ring breath

1431 Ring stretching

1588 C=C stretching

1665 Conjugated C=0 stretching, C=C stretching

-Lg C (M)

34 36 38 40 42 44 46 36 38
Le1(au)

1665

-LgC (M)

36 38 40 42 44 46 48

Lgl(au) Lgl (au.)

-LgC

M1 M2 M3 M4 M3
3.6 38 4.0 4.2 44 4.6 48

LeT @) Relevant equation

Fig. 5 Fitting results of lg / and —lg C based on different characteristic
peaks. (a) Linear regression with the characteristic peak at 1665 cm™L,
(b) binary linear regression with the characteristic peaks at 1665 and
1558 cm™?, (c) PCA with the characteristic peaks at 1665, 1558, and
1175 cm™%, (d) PCA with the characteristic peaks at 1665, 1558, and
1267 cm™, (e) PCA with the characteristic peaks at 1665, 1558, 1175,
and 1267 cm™, and () error verification of —lg C with different relevant
equations, M1-M5 is the relevant egn (1)—(5).

Finally, three sets of characteristic peaks at (1) 1665, 1558,
and 1175 em™ ", (2) 1665, 1558, and 1267 cm™ ", and (3) 1665,
1558, 1267, and 1175 cm™ ' were selected. The correlation
between lg I and —Ig C was established using the PCA. The
relevant equation and R-Square are

—Lg C=—4.12LgI+23.18, R = 0.985 (3)
—Lg C=—4.14Lg I +23.25, R> = 0.985 (4)
—Lg C = —4.05Lg [+ 23.03, R> = 0.983 (5)
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Fig. 6 The SERS spectrum of the milk containing 10> M coumarin
absorbed on the flower-like silver substrate.

Fig. 5 shows the fitting results of Ig 7 and —lg C with different
characteristic peaks and the relative error of —lg C (C = 10~ ° M)
with different relevant equations. The results of the fitting and
relative error verification show that the model using the binary
linear regression based on the characteristic peaks at 1665 and
1558 cm ' is the most suitable for quantitative detection of
coumarin.

The flower-like silver substrate was employed for the prac-
tical detection of coumarin in a real sample. A type of milk
powder was dissolved directly in purified water and 10> M
coumarin was added to the milk solution. The milk solution
containing coumarin was titrated onto the flower-like silver
substrate and it was then transferred into the vacuum oven at
40 °C for 8 h. The SERS spectra were recorded using a confocal
microscope/Raman spectrometer system (Renishaw, inVia
Reflex Raman) with a 785 nm excitation wavelength and 5 s
exposure time and twice accumulation. As shown in Fig. 6, some
Raman peaks at 813, 892, 1136, 1267, 1360, 1588, and
1665 cm™ " were clearly observed, which include the Raman
peaks of coumarin at 813, 1267, 1588, and 1665 cm ™.

Based on the SERS spectrum of the milk containing 10> M
coumarin, the intensity of the characteristic peaks at 1588 and
1665 cm~ " was selected to calculate the concentrations of
coumarin in the milk solution, which was 10~ M based on the
calculations using the quantitative analysis model. The RSD of
the concentration was 9%. This result shows that the quanti-
tative analysis model has high accuracy.

Conclusions

In this study, the high-sensitivity SERS substrate was fabricated
by depositing flower-like silver on the surface of the silicon
wafer. The results of XRD and SEM show that the flower-like
silver nanoparticles have high crystallinity and a narrow diam-
eter distribution (600-800 nm). The sensitivity measurement
using a nonresonant probe molecule R6G shows that the limit
of detection was 107° M. With these flower-like silver
substrates, the Raman peaks of coumarin at 813, 1175, 1267,
1431, 1588, and 1665 cm ™' are clearly observed. These Raman
peaks correspond to different vibration modes, representing the
structure information of the coumarin molecule, and can be

This journal is © The Royal Society of Chemistry 2017
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used to qualitatively analyze coumarin. The data from the SERS
spectrum indicate that the detection limit of coumarin is less
than 10~° M and the corresponding mass concentration is 1.46
png kg~'. The comparison of different data treatments applied
on the Raman spectra such as linear regression, binary linear
regression, and principal component analysis (PCA) show that
the quantitative analysis model using binary linear regression
based on the characteristic peaks at 1665 and 1558 cm™ ' has
a better correlation. The result from testing the real sample
shows that the quantitative analysis model has high accuracy.
Thus, this study describes a SERS substrate that is highly
uniform, shows good reproducibility and high sensitivity and
can be used in fast qualitative and quantitative detection of
coumarin. In addition, this flower-like silver substrate and the
related method can be applied extensively to examine other
food additives.
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