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Introduction

In recent years, there has been a growing trend of  using pesticides 
and other chemicals on fruits. Forchlorfenuron (1-(2-chloro-4-
pyridyl)-3-phenyl urea) is a phenyl urea compound that has strong 
cytokinin activity of  promoting cell division and cell enlargement 
[1]. It can be used as a plant growth regulator on grapes, raisins, 
kiwifruits, and melons to improve fruit size and weight [2]. 
However, excessive use of  forchlorfenuron can cause exploding 
of  fruits, contamination of  the environment, and may cause 
negative long-term effects on human health [2, 3]. Therefore, 
there has been increasing awareness in recent years about the 
residues of  this synthetic chemical on fruits and vegetables. Thus, 
much attention has been drawn on monitoring the chemical 
contaminants in fruits and vegetables because most of  them 
are eaten raw, which usually results in higher levels of  chemical 
residues compared to other food groups [4]. 

Current methods to detect and quantify forchlorfenuron include 
high-performance liquid chromatography (HPLC) [4, 5], mass 
spectrometry [6], immunochromatographic assay [7], and other 
chromatography-based methods. However, these methods are 
time-consuming, labor-intensive, and expensive. Therefore, novel 
analytical techniques are needed for rapid detection of  chemical 
contaminants in foods with high accuracy and sensitivity.

Raman spectroscopy is one of  the vibrational spectroscopic 
methods and has been considered a useful analytical technique 
to assess food quality [8]. Inelastic light scattering of  the incident 
light from a sample creates the Raman signals, which is related 
to characteristic molecular vibrations of  analyte molecules. 
This gives unique Raman shift in the frequency or wavelength 
resulting in characteristic Raman emission [9]. Therefore, Raman 
spectroscopy can provide useful Raman spectral information on 
various chemicals and biochemical components. One advantage 
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of  Raman spectroscopy is that chemicals can be tested in a 
complex system and is non-invasive. It requires minimum sample 
preparation with little destruction of  samples [10, 11]. However, 
because only one out of  one million photons undergoes Raman 
scattering, Raman spectroscopy is only suitable for measuring 
components that are in high concentration [11].

Since the 1970s, scientists have discovered and developed surface-
enhanced Raman spectroscopy (SERS) that can detect samples 
based on significantly enhanced Raman signals compared 
to traditional Raman [12-14]. This significant enhancement 
is mainly attributed to two contributions: electromagnetic 
field enhancement and chemical enhancement [15, 16]. The 
electromagnetic field enhancement factor is caused by localized 
surface plasmon resonance that is excited by electromagnetic 
radiation and arises the coherent oscillation of  the surface 
conduction electrons [17]. When the light is incident on the 
nanostructured substrate, it drives the electron into collective 
oscillation and then generates large electromagnetic fields on the 
roughened surface of  the nanosubstrate [16]. The electromagnetic 
enhancement plays a major role in SERS and is influenced by size, 
shape, and roughened surface of  the nanomaterial [16]. Chemical 
enhancement mechanism has an average enhancement factor of  
100 which is a charge-transfer state created between the metal 
and analyte molecules [18]. The molecules are directly adsorbed 
to the roughened surface of  the nanosubstrate, which enables the 
resonance excitation. Nowadays, many novel nano substrates are 
applied in SERS to increase Raman signals and gold and silver are 
two most common nanomaterials used as SERS substrates [15].

There has been increasing use of  SERS for rapid detection 
and characterization of  different food contaminants, including 
melamine, organophosphonate, and seafood antibiotics [19-
21]. The objective of  this study was to detect and characterize 
forchlorfenuron extracted from grape skins by SERS method 
coupled with gold nano substrates. HPLC was also used to verify 
and compare with SERS results. Partial least squares analysis (PLS) 
was used as a statistical method to analyze the SERS spectral data.

Materials and Methods

Materials

Forchlorfenuron was purchased from Sigma-Aldrich (St Louis, 
MO, USA). Organic grapes were purchased from a local market 
and washed to ensure no pesticide residues on grapes.

Sample preparation

A stock solution of  forchlorfenuron (100 μg/mL) was prepared 
by dissolving forchlorfenuron powders in 50% acetonitrile 
that was used as the solvent system (acetonitrile: deionized 
water = 1:1, v/v), and stored at 4°C. A serial concentrations 
of  forchlorfenuron solutions (0, 0.1, 1, 5, 10, 50, and 100ppm)
were prepared by dilution from the stock solution. The 0 μg/mL 
solution was used as the control group. 

The sample preparation procedure and extraction method were 
based on our previous paper [20] with some modifications. 
Briefly, grapes were weighed and their sizes were measured. The 
surface area of  the fruit was then calculated accordingly. Based 

on the concentrations of  standard forchlorfenuron solutions, 
the mass of  forchlorfenuron that should be spiked on 1 cm2 of  
fruit skin was obtained. The samples were peeled and different 
concentrations of  forchlorfenuron solutions were dropped evenly 
on 4 cm2 of  grape skins. The skins of  the samples were then 
blow-dried using an air dryer, cut into small pieces, and placed 
in conical tubes containing 4 mL of  mixed solvent (acetonitrile/
H2O=1:1, v/v). The mixtures were vigorously vortexed for 1 min 
and then sonicated using an ultrasonic processor for 5min. The 
supernatants were filtered with a 0.45 μm syringe filter. Finally, the 
filtrates were used for SERS measurement.

SERS Substrates

The SERS substrates, Q-SERSTM G1, were obtained from 
Nanova Inc. (Columbia, MO, USA). Q-SERSTM substrates are 
gold-coated nano structures fabricated on a silicon wafer. During 
the measurement, a volume of  0.3 to 0.5 μL of  the filtrate was 
dropped on the surface of  a substrate using a micropipette. The 
substrate was then placed on a hot plate and heated at 35°C until 
the solvent completely evaporated.

SERS Measurement

A Renishaw RM1000 Raman spectrometer system 
(Gloucestershire, UK) equipped with a Leica DMLB microscope 
(Wetzlar, Germany) was used to test pure forchlorfenuron. This 
system is equipped with a 785nm near-infrared diode laser source. 
During the measurement, light from the high power (maximum 
at 300 mW) diode laser was directed and focused onto the sample 
at a microscope stage through a ×50 objective. A 578×385 pixels 
charge-coupled device array detector detected Raman scattering 
signals. The size of  each pixel was 22×22μm. Spectral data were 
collected by WiRE 3.2 software (Gloucestershire, UK). The 
detection range for forchlorfenuron is from 500 to 1800 cm-1. 
Spectra of  samples were collected using a ×50 objective with 10s 
exposure time. For forchlorfenuron extracted from the grape 
skin, the SERS measurement was conducted using a Renishaw 
InVia Raman microscope equipped with a Leica Microsystem 
CMC GmbH using 785nm near-infrared diode laser source. 
The extracted samples were tested under the condition of  10s 
exposure time, 1 accumulation, and a ×50 objective with 5% laser 
power. The spectra were collected by Wire 3.3 software.

For HPLC test, both pure and extracted samples were pretreated 
by centrifugation at 10000 rpm at 4°C for 10 min, and then 
stored at 4°C before testing. The measurement was conducted 
using Agilent 1100 system (Santa Clara, CA, USA) with a C18 

column. Parameters for measurement included: a mobile phase 
of  methanol/water (63:37 v/v), temperature at 40°C, 260 nm 
detecting UV light, 1mL/min flow rate, and 10μ Linjection 
volume.

Data Analysis

SERS spectral data were collected and analyzed by Delight 
software version 3.2.1 (D-Squared Development Inc., LaGrande, 
OR, USA). Data were first processed by second order polynomial 
subtraction to offset baseline shift. Gaussian smoothing was 
used at 4 cm-1 to eliminate high frequency instrumental noises. 
PLS linear regression analysis models were established to predict 
pesticide concentrations in the samples. The higher an R value is 
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obtained, the better predictability the model indicates [22]. The 
lowest root mean square error of  prediction (RMSEP) value was 
used to choose the optimum number of  PLS latent variables. 
RMSEP can be calculated in the following equation:

  -----(1)

Ci’ is the predicted concentration (ppm) of  forchlorfenuron 
solutions, Ci  is the actual concentration (ppm) of  forchlorfenuron. 
A higher R value or a lower RMSEP value suggests a better 
predictability of  the PLS model.

The detection limit (DL) for forchlorfenuron can be calculated 
and expressed from the PLS calibration curve according to both 
the International Union of  Pure and Applied Chemistry (IUPAC) 
and the American Chemical Society (ACS).

DL= 3δ/m -----(2)

Where δ is the standard error in the y-intercept, m is the slope 
of  the PLS model, and 3 represents the model was conducted at 
99.86% confidence interval.

The standard PLS calibration curve of  forchlorfenuron was 
obtained by testing different concentrations of  standard 
forchlorfenuron solutions. Two concentrations (5 and 50 ppm) 
of  forchlorfenuron solutions extracted from the grape skins were 
selected to determine the recovery percentage, which can be 
calculated based on the following equation:

Recovery % = (Cquantified-Ccontrol) / Cspiked× 100%

where Cquantified is the quantified forchlorfenuron concentration 
in the spiked grape samples, Ccontrol is the forchlorfenuron 
concentration in the control grape samples, and Cspiked is the known 
concentration of  spiked forchlorfenuron calculated according to 
the spiked amount of  the pure forchlorfenuron solution and the 
weight of  grape skins.

Results and Discussion

Figure 1 shows the chemical structure of  forchlorfenuron and its 
normal Raman spectra and SERS spectra by measuring 5 ppm 
of  forchlorfenuron solution on a gold slide or on a Q-SERS 
nano substrate. The Raman signals of  forchlorfenuron were 
significantly enhanced on Q-SERS nano substrates compared 
with its normal Raman spectra acquired on a gold slide without 
nanostructures. Characteristic and distinctive spectral features 
were observed in the SERS spectra. The most predominant 
peak of  forchlorfenuron is at 998 cm-1 due to the symmetric ring 
stretching of  monosubstituted benzene part together with the ring 
breathing of  pyridine part. Another typical peak at 845 cm-1 can be 
attributed to substituent sensitive vibrations of  the pyridine part 
that includes a C-Cl linkage; a peak at 1271 cm-1 is due to the C-N 
asymmetric stretching vibration of  monosubstituted benzene; a 
peak at 1328 cm-1 is due to benzene ring skeletal vibrations. The 
band assignments were summarized in Table 1. SERS spectra of  
pure forchlorfenuron solutions were consistent with the spectra 

of  the powder form of  forchlorfenuron, indicating that there is 
little interference from the organic solvent.

Average SERS spectra (n=5) of  different concentrations (0 to 100 
ppm) of  forchlorfenuron solutions were obtained on Q-SERS. 
The SERS spectra of  forchlorfenuron were distinctive compared 
to the control (0 ppm of  forchlorfenuron in acetonitrile solvent). 
The Raman intensity of  the predominant peaks increased with 
the increase of  sample concentrations. The spectral features 
at 845, 866, and 998 are still discernible at the 0.1 ppm level. 
Figure 3 shows the second derivative transformation of  the most 
predominant peak at 998 cm-1. Second derivative transformation 
was used to adjust baseline shifts and separate overlapping bands. 
This figure demonstrates that it can clearly differentiate between 
different concentrations of  forchlorfenuron.

RMSEP values obtained from the PLS model are shown in Figure 
4. The lowest RMSEP value was achieved when applying four 
latent variables, indicating that the optimum RMSEP value to 
construct the PLS model is four. A PLS model was established by 
plotting predicted concentrations verse actual concentrations of  
samples using four latent variables (Figure 5). Satisfactory results 
were obtained with R value of  0.96 and RMSEP of  9.336×10-6, 
suggesting that PLS is a reliable analytical tool for quantification 
of  forchlorfenuron in solution. The DL of  forchlorfenuron by 
SERS was calculated based on the equation 2 and are shown in 
Table 2. The DL for detection of  pure forchlorfenuron solutions 
was 3.15 ppm and 4.43 ppm for samples extracted from the grape 
skin.

To predict the concentration of  forchlorfenuron residues and 
calculate the recovery values, a calibration curve was established 
(Figure 5). Unlike traditional chromatographic methods of  
obtaining the calibration curve from pure samples first, and then 
quantifying the concentrations extracted from food samples 
accordingly, this method is based on the PLS models and predicts 
the concentrations of  forchlorfenuron directly. As shown in 
Table 3, the recovery percentage of  pure forchlorfenuron with 
concentrations of  50 and 100 ppm are 111.97% and 79.04%, 
respectively. While for lower concentrations of  samples, the 
recoveries were low, suggesting that more studies are needed to 
establish a more sensitive detection protocol with a lower DL. 

We also detected and quantified forchlorfenuron extracted from 
real fruit sample. Five different concentrations (1 to 100 ppm) of  
forchlorfenuron were spiked on the grapes and then extracted. 
Average SERS spectra (n = 7) of  the extracts were acquired using 
gold nano substrates (Figure 6). Spectral data were preprocessed 
by the same transformations as the pure samples. The spectral 
pattern was highly consistent with that from pure forchlorfenuron 
(Figure 2). The lowest RMSEP value was achieved at six latent 
variables with an R value of  0.94 and RMSEP of  1.305 × 10-

5. The DL of  forchlorfenuron extracted from grape skin was 
calculated to be 4.43 ppm (Table 2). This value is a little higher 
than that obtained from the pure sample, which is reasonable due 
to the additional extraction procedure. Previous studies suggest 
that the extracted samples should have the same composition 
as the standard pure samples [23]. Therefore, the recovery of  
forchlorfenuron extracted from grape skin was established in the 
same way as the pure chemical. Results show that the recovery 
were from 30 to 194.6% for concentrations ranging from 1 to 100 
ppm (Table 3).
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Figure 1. Normal Raman spectra and SERS spectra of  5 ppm forchlorfenuron solution on gold slide and Q-SERS. Black 
line: forchlorfenuron solution tested on Q-SERS; Red line: forchlorfenuron solution tested on gold slide. Data were pro-

cessed with smoothing at 4 cm-1.
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Figure 2. Average SERS spectra (n=5) of  different concentrations of  pure forchlorfenuron solutions. Spectra were processed 
by smoothing at 4cm-1 and a 2nd polynomial subtraction for baseline adjustment.
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Table 1. Band assignments of  predominant peaks in SERS spectra of  forchlorfenuron.

Band (cm-1) Assignment 
Monosubstituted benzene part

615 w Depolarized in-plane ring deformation
998 s Symmetric ring stretch

1028 m In-plane CH stretching
1271 m C-N asymmetric stretching vibration
1328 m Ring skeletal vibration
1456 w Ring deformation vibration
1603 m Ring stretching vibration

Pyridine part (2-substitued)
845 m Substituent sensitive vibration
998 s Ring breathing
700 w C-Cl stretching
637 w NCO deformation vibrations

w= weak, m= medium, s= strong
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In addition, HPLC was used for further quantification of  
forchlorfenuron extracted from grape skin. A calibration curve 
was established by testing pure chemical solutions ranging from 
0 to 100 ppm (Figure 7), exhibiting a linear regression with an R 
value of  0.99. Five different concentrations of  forchlorfenuron 
from 1 to 100 ppm extracted from grape skin were then tested by 
HPLC and the recovery percentage was calculated based on the 
calibration curve, ranging from 72.2 to 158.4% accordingly (Table 
4). These results demonstrate that it could be a practical approach 
to combine SERS with HPLC to screen and analyze large number 
of  food samples for detecting chemical contaminants and 

residues in fruits. SERS can be used to screen food samples on-
site and in real time, eliminate presumptive negative samples of  
chemical contamination from the sample population, and then 
verify presumptive positive samples using HPLC protocols.

Conclusions

Forchlorfenuron extracted from grape skins was detected by SERS 
methods. Characteristic SERS spectra of  various concentrations 
of  forchlorfenuron were acquired using gold nano substrates. 
SERS is a rapid and reliable method for detection of  chemical 

Figure 3. Second derivative transformation of  average SERS spectra (n=5) at 1000 cm-1 for different concentrations of  pure 
forchlorfenuron solutions.
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Figure 4. RMSEP values of  the partial least squares (PLS) models with different latent variables.
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Figure 5. Predicted concentration (ppm) vs. actual concentration (ppm) of  pure forchlorfenuron solutions using PLS mod-
els. Data processed with smoothing at 4 cm-1, a 2nd polynomial subtraction for baseline adjustment, four latent variables, 
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Table 2. Calculation of  detection limits (DL) of  SERS method for forchlorfenuron.

Sample R Standard error Slope DL (ppm)
Pure forchlorfenuron 0.96 0.93 0.886 3.15

Forchlorfenuron extracted from grape skin 0.94 1.3 0.880 4.43

Table 3. Recovery of  pure forchlorfenuron solutions.

Sample Spiked (ppm) Quantified (ppm) Recovery (%)

Pure forchlorfenuron
50 55.99 111.97
100 79.04 79.04

Forchlorfenuron extracted from grape skin

1 0.30 30
5 9.73 194.60
10 16.72 167.20
50 57.06 114.12
100 86.66 86.66

Figure 6. Average SERS spectra (n=7) of  different concentrations of  forchlorfenuron solutions extracted from grape skins. 
Spectra were processed by smoothing at 4 cm-1 and a 2nd polynomial subtraction for baseline adjustment.
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Figure 7. Calibration curve for forchlorfenuron acquired by HPLC.
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contaminants in various food matrices and there is a great 
potential in using gold-coated nanosubstrates in SERS. Further 
research is needed to develop better substrates to improve the 
results. SERS in combination with other methods such as HPLC 
will be a novel approach for rapid detection and discrimination of  
various chemical and biochemical contaminants in foods.
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